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An engineered Sox17 induces somatic to neural stem
cell fate transitions independently from pluripotency
reprogramming
Mingxi Weng1,2, Haoqing Hu1, Matthew S. Graus3,4, Daisylyn Senna Tan1, Ya Gao1, Shimiao Ren1,
Derek Hoi Hang Ho1,2, Jakob Langer1, Markus Holzner1, Yuhua Huang1, Guang Sheng Ling1,
Cora Sau Wan Lai1,5, Mathias Francois3,4,6, Ralf Jauch1,2*

Advanced strategies to interconvert cell types provide promising avenues to model cellular pathologies and to
develop therapies for neurological disorders. Yet, methods to directly transdifferentiate somatic cells intomulti-
potent induced neural stem cells (iNSCs) are slow and inefficient, and it is unclear whether cells pass through a
pluripotent state with full epigenetic reset. We report iNSC reprogramming from embryonic and aged mouse
fibroblasts as well as from human blood using an engineered Sox17 (eSox17FNV). eSox17FNV efficiently drives
iNSC reprogrammingwhile Sox2 or Sox17 fail. eSox17FNV acquires the capacity to bind different protein partners
on regulatory DNA to scan the genome more efficiently and has a more potent transactivation domain than
Sox2. Lineage tracing and time-resolved transcriptomics show that emerging iNSCs do not transit through a
pluripotent state. Our work distinguishes lineage from pluripotency reprogramming with the potential to gen-
erate more authentic cell models for aging-associated neurodegenerative diseases.
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INTRODUCTION
The discovery of induced pluripotent stem cells (iPSCs) reprogram-
ming via the overexpression of Oct4, Sox2, Klf4, and c-Myc
(OSKM) (1, 2) opened up opportunities for the patient-specific
modeling of diseases, personalized drug evaluation, and cell-re-
placement therapies (3). Controlled differentiation of PSCs led to
functional neuronal and gliogenic lineages suitable for cell replace-
ment therapies (4–6). Likewise, patient-specific iPSCs can be estab-
lished from patients with Alzheimer ’s disease, Huntington’s
disease, and Parkinson’s disease (7, 8) and further used to model
diseases and test drugs. However, there are several shortcomings as-
sociated with iPSC-derived neural cells. First, the generation of
defined neural cells from iPSCs requires cumbersome and lengthy
protocols and quality control procedures during both the iPSC gen-
eration and differentiation stages. Second, the tumorigenic risk of
remnant iPSCs in the differentiated cell population complicates
clinical application (9). Third, iPSCs represent a rejuvenated fetal-
like state even from centenarian donors limiting their use to model
age-associated neurodegenerative diseases (10).
As a potential solution to these problems, several studies have

described the direct conversion of mouse and human somatic
cells into induced neurons (iNs) (11, 12). Unlike iPSC-derived
neurons, iNs are barely rejuvenated (13–15). Thus, they can
closely reflect the transcriptional and epigenetic signatures of
aging. These properties make iNs a suitable cell model for aging-

related neurodegenerative diseases (10, 16). A shortcoming of post-
mitotic iNs is their inability to divide and lack of multipotency.
Therefore, they cannot be produced at scale or used as starting ma-
terials for organoids.
Induced neural stem cells (iNSCs) could potentially take the best

parts of iPSCs and iNmethods while avoiding their shortcomings of
lengthy procedures, tumorigenicity, rejuvenation as well as lack of
self-renewal andmultipotency. Expandable iNSCs that can differen-
tiate into neurons, astrocytes, and oligodendrocytes were reported
in several seminal studies (17–26). Most of the iNSC induction
methods depend on the ectopic expression of multiple transcription
factors (TFs), among which Sox2 is the most commonly used factor.
Refined composition of TF cocktails (27), small molecules (28), and
special culture conditions (29) have also been applied to enhance
the iNSC reprogramming. Yet, the reprogramming mechanism
and roadmap has not been clearly defined for any reprogramming
cocktails. Lineage-tracing analysis suggested that methods that rely
on the short-term expression of OSKM or the continuous expres-
sion of BSKM (Brn4 replaces Oct4 along with SKM) transit through
a pluripotent state (30, 31). However, the precise roadmap depends
on the transgene delivery method and the design of the reprogram-
ming cassette (32). Overall, none of the iNSCs generation methods
has found widespread use and is often hampered by rather low ef-
ficiency and protocols that can consume several months (33). We
therefore investigated whether iNSC reprogramming could be en-
hanced with engineered proteins and engaged in a systematic com-
parison of iNSC reprogramming vis-à-vis pluripotency
reprogramming.
Natural mammalian TFs have not evolved to direct non-natural

cell fate conversions in cultured cells. We have previously applied
rational protein engineering techniques and directed molecular
evolution in mammalian cells to identify variants of SRY-related
high-mobility group box (SOX) and Pit-Oct-Unc (POU) family
TFs that enhance speed and efficiency of pluripotency
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reprogramming and allow the omission of otherwise essential
factors (34–36). For example, pooled saturation mutagenesis
library screens led to the identification of eSox17 variants with
high performance in pluripotency reprogramming that dwarf the
conventionally used Sox2 (36). This led us to test whether eSox17
efficiently substitutes for the commonly used Sox2 to enhance iNSC
reprogramming and reduce the requirement for otherwise essential
components.
Here, we present a robust protocol which relies on eSox17FNV to

efficiently generate self-renewable and tripotent iNSCs from mouse
and human somatic cells. Unexpectedly, only eSox17FNV can
support iNSC reprogramming, while wild-type Sox factors
cannot. POU factors such as Oct4 or Brn4 are not necessary for
iNSC reprogramming. The two-factor (2F) cocktails support
iNSCs generation, while they are unable to generate iPSCs. We
further evaluate the role of metabolism, transgene silencing, chro-
matin opening, time-course transcriptomics, chromatin scanning,
transactivation, and partner factor interaction in iNSC reprogram-
ming to define molecular and physiological cornerstones. A sensi-
tive lineage-tracing system shows that iNSCs reprogrammed with
eSox17FNV within 2F and three-factor (3F) cocktails do not transit
pluripotency. Mouse iNSCs (miNSCs) generated from aged fibro-
blasts retain aging-related epigenetic profiles. This indicates the
possibility of decoupling reprogramming and rejuvenation and des-
ignates iNSCs as a more suitable cell source than iPSCs to model
neurodegenerative diseases.

RESULTS
eSox17FNV enables rapid and efficient lineage
reprogramming in mouse
Han et al. (20) reported the intriguing finding that the replacement
of Oct4 with Brn4 in a four-factor (4F) cocktail [Brn4 (B, also
known as Pou3f4), Klf4 (K), c-Myc (M) and Sox2] leads to the
direct reprogramming of fibroblast to a neural stem cell (NSC)
state. However, only two to five colonies emerge 4 to 5 weeks
after transduction followed by another 2 months to ensure trans-
gene silencing and the acquisition of multipotency (33).We selected
this miNSC reprogramming method to evaluate whether engi-
neered TFs (eTFs) can enhance efficiency and increase the kinetics
of neural reprogramming. We used an established mouse NSC
medium supplemented with basic fibroblast growth factor (bFGF)
and epidermal growth factor (EGF) (Fig. 1A), a Sox2-GFP reporter
to identify miNSCs (fig. S1A) (37) and doxycycline (Dox)–induc-
ible lentiviral vectors. Mouse embryonic fibroblasts (MEFs) were
isolated from Sox2-GFP+ embryos (fig. S1B), and the contaminant
GFP+ neural cells were removed by fluorescence-activated cell
sorting (FACS) (fig. S1, C and D). We initially performed pooled
screens in which Sox2 was replaced by site-saturation mutagenesis
libraries of Sox17, and identified several eSox17 variants that could
generate Sox2-GFP+ cell clusters (fig. S1E). However, none of them
outperformed our previously identified Sox17L111F/V118N/E122V
triple mutant (henceforth called eSox17FNV) (36) with regard to re-
programming speed and efficiency (fig. S1F). We thus chose the
eSox17FNV variant for further iNSC reprogramming experiments.
We then performed time-course experiments to determine the
optimal duration of reprogramming factor overexpression (fig.
S1G). While B/K/M/eSox17FNV efficiently generated Sox2-GFP+
colonies, we were unable to obtain any Sox2-GFP+ colonies with

the NSC factor Sox2 or the endodermal gene Sox17 even if we ex-
tended the reprogramming experiments up to 35 days (Fig. 1, B and
C, and fig. S1, H and I). The minimal time period of Dox treatment
to induce GFP+ colonies that can be stably expanded was 12 days,
and the number of GFP+ colonies increased substantially with pro-
longed Dox treatment (fig. S1I).
In the eSox17FNV condition, we observed the first Sox2-GFP+

colonies as early as day 8, and the number of GFP+ colonies in-
creased rapidly after day 8 to 40 to 80 GFP+ colonies per 25,000
starting cells by day 20 (Fig. 1, C and D). The Sox2-GFP+ cells
formed neurosette-like structures after day 13 and could be main-
tained as individual clonal lines for more than 20 passages in the
absence of Dox while retaining the ability to form neurospheres
on gelatin (Fig. 1E). These results show that eSox17FNV can
rapidly and efficiently generate Sox2+ cells from fibroblasts while
the wild-type Sox genes fail.

eSox17FNV and Klf4 are sufficient for mouse lineage
reprogramming
To evaluate the requirement for each factor of the 4F cocktail to gen-
erate Sox2+ cells, we omitted individual TFs in a systematic manner.
In 3F conditions, B/K/M and B/M/eSox17FNV cocktails could not
convert MEFs into Sox2+ cells. Conversely, a K/M/eSox17FNV cock-
tail without Brn4 can generate Sox2+ cells with efficiency and kinet-
ics reminiscent of the 4F cocktail. A B/K/eSox17FNV cocktail lacking
cMyc can also generate Sox2+ cells although with decreased efficien-
cy (Fig. 1, F andH, and fig. S2A). Among all of the 2F combinations,
only eSox17FNV alongside Klf4 could generate Sox2+ cells, while
eSox17FNV alone could not (Fig. 1, G and H, and fig. S2B). These
Sox2+ cells generated with eSox17FNV 3F and 2F cocktails could
be expanded for more than 20 passages (fig. S2, C and D). Together,
these results suggest that POU and Myc factors are dispensable for
the generation of Sox2+ cells while the eSox17FNV/Klf4 duo is
essential.

eSox17FNV enables lineage reprogramming of adult and old
fibroblasts
Adult, aged, and senescent cells are typically more recalcitrant and
difficult to reprogram compared to embryonic cells. To address
whether eSox17FNV-driven reprogramming depends on specific
starting cell populations, we tested reprogramming of Sox2-GFP
adult ear fibroblasts (aEFs, 8-week-old) and old tail-tip fibroblasts
(oTTFs, 12-month-old) (fig. S2E). aEFs and oTTFs could be effec-
tively reprogrammed into Sox2+ cells with eSox17FNV containing 4F
and 3F cocktails (fig. S2, F and G). These results suggest that
eSox17FNV is capable to reprogram not only fetal cells but also
aged mouse cells from different tissues toward Sox2+ cells.

eSox17FNV-reprogrammed Sox2-positive mouse cells can
differentiate into neurons, astrocytes, and
oligodendrocytes
We next characterized eSox17FNV-reprogrammed Sox2+ cells.
These Sox2+ cells generated from embryonic, adult, and aged
mouse fibroblasts with different factor combinations express the
NSC markers Nestin, Sox1, Sox2, Pax6, Olig1, Olig2, and Fabp7 at
protein and transcript levels (Fig. 2A and fig. S3, A and B). By con-
trast, they did not express fibroblast genes Thy1, Col1a1, and Pdgfr
(fig. S3C) or pluripotency genes Pou5f1 and Nanog (fig. S3D).
Clonal cell lines derived from these Sox2+ colonies showed lentiviral
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Fig. 1. eSox17FNV rapidly and efficiently generates mouse Sox2-positive cells. (A) Schematic illustration of the neural reprogramming experiment. (B) Whole-well
scans (top) of wells from 12-well plate at reprogramming day 20 using a GFP channel; representative phase-contrast (middle) and corresponding Sox2-GFP fluorescence
(bottom) images of reprogramming cells in indicated conditions at day 20. Scale bar, 80 μm. (C) Number of Sox2-GFP+ colonies in indicated conditions from day 0 to day
20. (D) Counts of Sox2-GFP+ colonies at day 20 of reprogramming in indicated 4F conditions. (E) Representativemicroscope images of miNSC reprogrammingwith B/K/M/
eSox17FNV from day 0 to day 18 and picked miNSC colonies at passages 1, 2, and 10. Neurorosette-like structures are indicated by white arrows. Scale bar, 160 μm. (F and
G) The number of Sox2-GFP+ colonies in indicated 3F (F) and 2F/one-factor (G) conditions from day 0 to day 20 of reprogramming. (H) Counts of GFP+ colonies at day 20 of
reprogramming in indicated 3F and 2F conditions containing eSox17FNV. (C), (F), and (G) show a representative reprogramming time course performed in three technical
replicates as mean ± SEM, and (D) and (H) show data points from three independent experiments done in triplicate, the black bar denotes the mean. Source data are
provided in data S1. B, Brn4; K, Klf4; M, c-Myc.
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Fig. 2. miNSCs generated with eSox17FNV self-renew and are tripotent. (A) Immunocytochemistry of MEF-derived miNSCs using antibodies against NESTIN, SOX1,
SOX2, PAX6, and FABP7. Scale bar, 20 μm. (B) Representative karyogram of MEF-derived miNSCs at passage 15. (C and D) In vitro differentiation of MEF-derived 4F and 2F
miNSCs into Tuj1+ neurons, GFAP+ astrocytes, and O4+ or MBP+ oligodendrocytes determined by immunostaining (C). Differentiation efficiency was quantified by the
ratio of the number of immunoreactive cells to the number of DAPI+ cells (D). Scale bar, 40 μm (C). D, n = 3, mean ± SEM. (E to G) In vivo differentiation of miNSCs. DsRed-
tagged MEF-derived 2F miNSCs transplanted into the mouse hippocampus differentiated into Tuj1+ or MAP2+ neurons, GFAP+ astrocytes and O4+ oligodendrocytes.
Arrows point to representative colocalized cells. Scale bar, 20 μm. (G) Quantification of DsRed+ cells that are immunoreactive for Tuj1, GFAP, or O4 (n = 3 mice, mean
± SEM).
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transgene silencing after three passages in the absence of Dox (fig.
S3E). These Sox2+ cells could be stably expanded on gelatin andMa-
trigel in mNSC medium for more than 20 passages without acquir-
ing karyotypic abnormalities (Fig. 2B).
To evaluate the multipotency of these Sox2+ cells, we first differ-

entiated them in vitro into Tuj1+ neurons, glial fibrillary acidic
protein–positive (GFAP+) astrocytes, and oligodendrocytes im-
muoreactive for O4 and myelin basic protein (MBP) (Fig. 2C and
fig. S3, F and G). These Sox2+ cells showed an efficient differentia-
tion potential reminiscent to primary NSCs (Fig. 2D). We further
investigated their differentiation potential in vivo. DsRed-labeled
2F-reprogrammed Sox2+ cells derived from MEFs were transplant-
ed into the hippocampus of adult mice and analyzed after 2 months.
They survived, did not form tumors, and were able to differentiate
into Tuj1- andMAP2-positive neurons (Fig. 2E), O4-positive oligo-
dendrocytes, and GFAP-positive astrocytes (Fig. 2, F and G). In
sum, eSox17FNV-reprogrammed Sox2+ cells express NSC markers
and self-renew. They are tripotent with the ability to generate
neurons, astrocytes, and oligodendrocytes in vitro and in vivo.
Therefore, we term them miNSCs.

eSox17FNV-reprogrammed miNSCs exhibit a gene
expression profile reminiscent of primary NSCs
To further verify the identity of eSox17FNV-reprogrammed
miNSCs, we next profiled their gene expression by bulk RNA se-
quencing (RNA-seq). Principal components (PC) analysis (PCA)
showed that all miNSCs closely cluster with primary mouse NSCs
but clearly differ from the parental fibroblasts and mouse PSCs in-
cluding embryonic stem cells (ESCs) and iPSCs (Fig. 3A and fig.
S4A). Differential gene expression analysis showed 1262 and 4202
differentially expressed genes (DEGs) in miNSCs compared with fi-
broblasts or PSCs, respectively (fig. S4, B and C). Gene ontology
(GO) analysis of the 1262 up-regulated DEGs in miNSCs compared
with fibroblasts revealed an enrichment for neuronal functions such
as synapse organization, axonogenesis, and regulation of neurogen-
esis (Fig. 3B). Consistent with immunostaining and quantitative
real-time polymerase chain reaction (qRT-PCR) results, miNSCs
and primary NSCs showed high expression levels of NSC markers
but not pluripotency markers or fibroblast markers (Fig. 3C). We
observed some variability across miNSC lines generated with 2F
or 4F cocktails. For example, miNSC lines obtained by 2F repro-
gramming showed a lower expression of some NSC markers such
as Sox1 and Pou3f4 compared to 4F-generated iNSC lines
(Fig. 3C). Yet, in 2F miNSCs, the expression of these two markers
is substantially up-regulated compared with fibroblasts (fig. S4D).
We next inspected the expression of regional markers for the

antero-posterior and dorso-ventral axes in the RNA-seq data.
Most miNSCs lines express forebrain markers (Emx2 and Lhx2),
midbrain markers (En1 and En2), and hindbrain markers (Gbx2,
Hoxa1, Hoxa2, Hoxa4, Hoxb2, and Hoxb4) (38). The forebrain
marker Foxg1 is only expressed in one 4F-miNSC line as well as
in the primary NSC derived from embryonic mouse brain (fig.
S4E). Most of the MEF- and EF-derived miNSCs express dorsal
markers (Irx3 and Irx5) but not ventral markers (Nkx2-2, Nkx6-2,
and Shh) (39) or spinal cord markers (Hoxb5, Hoxb6, Hoxb7, and
Hoxb8), suggesting a dorso-anterior identity of these miNSCs (fig.
S4E). By contrast, the tail-tip fibroblast (TTF)–derived miNSCs and
one 2F MEF-derived miNSC line express spinal cord markers
(Hoxb5, Hoxb6, and Hoxb8) and dorsal marker (Irx3 and Irx5)

but not ventral markers, suggesting a dorso-posterior identity of
these miNSCs (fig. S4E).
To evaluate the homogeneity of miNSC lines, we performed

single-cell RNA-seq (scRNA-seq) for a K/M/eSOX17FNV-repro-
grammed 3F-miNSC line and a K/eSOX17FNV-reprogrammed 2F-
miNSC line as well as a primary NSC line. These three cell lines
show similar expression of NSC markers (Fig. 3, D and E). The
three cell lines form different clusters as they differentially express
regional identity markers in line with bulk RNA-seq analysis. The
forebrain markers Foxg1, Emx2, and Lhx2 are highly expressed in
the primary NSCs, the spinal cordmarkerHoxb8 is highly expressed
in the 2F-minNSCs, and dorsal markers Irx3 and Irx5 are expressed
in all these cell lines (Fig. 3F, and data S2). scRNA-seq analysis also
identifies cell cycle stages in all these three clusters (fig. S4F), which
underscores the ability of these cells to proliferate and self-renew.
Together, these results show that miNSCs generated with
eSox17FNV form homogeneous cultures resembling primary
NSCs. Yet, both the reprogramming factor cocktail as well as the
cell source for the reprogramming experiments affect the regional
identities of miNSC lines.

miNSCs derived from old fibroblasts resist a full
epigenetic reset
iPSC induction is accompanied by a drastic epigenetic reset and the
rejuvenation of old cells (40). Therefore, iPSC-derived neural line-
ages are also rejuvenated even if the somatic cells used for repro-
gramming were derived from aged donors (16, 22). To evaluate
whether our miNSC reprogramming method also leads to rejuvena-
tion, we generated miNSCs from 2.5-year-old mouse TTFs and per-
formed reduced representation bisulfite sequencing (RRBS). Age
prediction with a Mouse Epigenetic Clock (41) revealed that the bi-
ological ages of two of five miNSC lines are close to their chrono-
logical ages (fig. S5A). PCA of the methylation patterns of 20 aging-
related hypermethylated regions (42) indicated that miNSCs from
old TTF show a methylation pattern that is distinct from young
primary NSCs and MEFs (fig. S5B). In particular, miNSCs from
old TTFs show high methylation levels at nine CpG sites of Hsf4
promoter (fig. S5, C and D). These results indicate that miNSCs
derived from old fibroblasts do not experience the full epigenetic
reset encountered during iPSC generation and suggest that it is pos-
sible to decouple iNSC reprogramming from rejuvenation.

A glycolytic switch is required for miNSC reprogramming
We next set out to investigate the roles of Klf4 and eSox17FNV
factors in neural transdifferentiation. We noted a color change of
the reprogramming medium that depends on the used TF combi-
nations. The NSC medium of cells transduced with K/eSox17FNV
turned yellow faster than that of cells transduced with B/
eSox17FNV or M/eSox17FNV (fig. S6A). This might indicate lactic
acidosis caused by enhanced glycolysis, a metabolic state reminis-
cent of the Warburg effect in cancer cells (43). Thus, we evaluated
the effect of metabolic change during miNSC reprogramming. The
treatment of a glycolytic inhibitor dichloroacetic acid markedly
reduced the number of Sox2-GFP+ miNSC colonies in both B/K/
M/eSox17FNV and K/eSox17FNV conditions (fig. S6B) without af-
fecting cell growth (fig. S6C). This indicates that glycolysis is cru-
cially required for iNSC generation.
We found that in 2F conditions, overexpression of Klf4, com-

pared with Brn4 and c-Myc, decreased mitochondrial content
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(fig. S6D) and increased glucose uptake (fig. S6E). We found that
the glucose transporter genes Slc2a1 [encoding glucose transporter
1 (GLUT1)] and Slc2a3 [encoding glucose transporter 3 (GLUT3)]
(fig. S6F) were selectively up-regulated under conditions that
support miNSC generation. In miNSC reprogramming condition,
overexpression of Klf4 led to substantially increased glycolysis and
glycolytic capacity. By contrast, overexpression of Brn4, c-Myc, or
eSox17FNV did not affect the metabolic phenotype of MEFs (fig. S6,

G to L). These results suggest that Klf4 plays a key role in miNSC
reprogramming by up-regulating glycolytic activity.

Transgene silencing permits miNSC maturation after
eSox17FNV priming
To understand the unique role of eSox17FNV in iNSC generation, we
measured gene expression of cell intermediates from reprogram-
ming day 4 to day 30 by bulk RNA-seq (Fig. 4A). We included 4F

Fig. 3. Expression profile and positional identity of eSox17FNV-reprogrammed miNSCs. (A) Principal component (PC) analysis (PCA) of global gene expression
profiles determined by bulk RNA-seq with two technical replicates. Mouse ESC and iPSC data are from GSE93029. (B) Gene ontology (GO) analysis performed using
up-regulated DEGs inmiNSCs compared with fibroblasts. (C) Clustered heatmap based on the expression of selected fibroblast, NSC and PSC lineagemarkers represented
as log2-transformed read counts. Cells used for single-cell RNA-seq (scRNA-seq) were highlighted in red. (D) Uniformmanifold approximation and projection (UMAP) plots
of Louvain clusters of scRNA-seq data of primary mouse NSCs (pNSC), K/M/eSox17FNV-reprogrammed 3F-miNSCs and K/eSox17FNV-reprogrammed 2F-miNSCs. (E) UMAP
plots of NSC genes in scRNA-seq data. (F) Dot plots of regional identity genes for forebrain (FB), midbrain (MB), hindbrain (HB) and spinal cord (SC) as well as dorsal (D) and
ventral (V) axis in scRNA-seq data. TTF, tail-tip fibroblast; EF, ear fibroblast; DF, dermal fibroblast; pNSC, primary Sox2-GFP NSC; mESC, OG2mouse ESC; miPSC, OG2mouse
iPSCs; OKMS2, Oct4/Klf4/c-Myc/Sox2.
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conditions transduced with B/K/M/Sox2 (4F-Sox2), B/K/M/Sox17
(4F-Sox17), and B/K/M/eSox17FNV (4F-eSox17FNV) and a 2F con-
dition transduced with K/eSox17FNV (2F-eSox17FNV) (fig. S7, A and
B). The expression profiles of the 2F-eSox17FNV condition were dis-
tinct from the 4F conditions at all time points and showed a sepa-
rated route (Fig. 4B and fig. S7C). At the early stage of
reprogramming (day 4 and day 8), all 4F conditions showed rapid
loss of somatic MEF identity, silencing of mesenchymal genes, and
activation of epithelial genes (Fig. 4C and fig. S7, D to F), indicating
a mesenchymal-to-epithelial transition (MET) (44). However, com-
pared with the 4F condition, the K/eSox17FNV 2F condition showed
mitigated silencing of mesenchymal genes and reduced up-

regulation of epithelial genes (Fig. 4C and fig. S7, D to F). These
results suggest that cells in the K/eSox17FNV 2F condition go
through a different trajectory during reprogramming.
Before day 18 (Dox-on stage), the three 4F conditions showed

overall similar global expression profiles at each time point
(Fig. 4B and fig. S7C), indicating that global expression changes
progress similarly regardless of whether reprogramming competent
or incompetent Sox factors were transduced. At this stage, NSC
markers are still barely expressed in all conditions and only very
slowly emerge in the eSox17FNV condition (Fig. 4D and fig. S7G).
Notably, in the 4F-eSox17FNV condition, pluripotency genes such as
Pou5f1 (encoding OCT4) were selectively up-regulated (Fig. 4D and

Fig. 4. Transgene silencing is critical for the maturation toward miNSCs. (A) Schematic illustration of miNSC reprogramming and RNA-seq, ATAC-seq experiments. (B)
PCA of mean expression profiles of two RNA-seq replicates in indicated conditions determined by RNA-seq. D, day. (C and D) Mean expression of genes for indicated
categories (top) and a representative gene from each category (bottom) in indicated conditions. Dash line indicates the time point to withdraw Dox at day 18. See fig. S7
(D to H) for more genes in each category. (E to G) Expression of lentiviral transgenes (E), pluripotency gene (F), and NSC genes (G) in cells cultured in NSC medium at day
24 and day 30 with or without Dox detected by qRT-PCR (n = 2, mean). (H) Schematic diagram demonstrating the sequential events occurring during miNSC reprogram-
ming with 4F cocktail.
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fig. S7H). When Dox was removed after day 18 (Dox-off stage), the
expression of exogenous factors was rapidly silenced (Fig. 4D).
Then, the 4F-eSox17FNV condition started to show distinct expres-
sion profiles and gradually transits toward NSCs in stark contrast to
Sox2 or Sox17-expressing cells (Fig. 4D). Pluripotency genes mark-
edly decreased, and NSC genes such as Fabp7were prominently up-
regulated in this condition (Fig. 4D and fig. S7, G and H). At day 30,
the 4F-eSox17FNV condition showed a clear up-regulation of NSC
markers over the 4F-Sox2 and 4F-Sox17 conditions (fig. S7I). These
results indicate gradual maturation of 4F-eSox17FNV-repro-
grammed cells into NSCs after exogenous gene silencing. After
manual picking and expansion, the established 4F-eSox17FNV and
2F-eSox17FNV miNSC clonal lines became similar to the primary
NSCs (Fig. 4B), and GO enrichment analysis of the top 200 PC1
genes showed a prevalence of neural-related functions (fig. S7J).
To evaluate the effect of exogenous factors at the late stage of re-

programming, we extended Dox treatment in the 4F-eSox17FNV
condition. We found that continuous Dox treatment led to the
failure of complete exogenous gene silencing (Fig. 4E), high expres-
sion levels of pluripotency genes (Fig. 4F), and inhibition of NSC
gene activation (Fig. 4G). By contrast, after withdrawing Dox, exog-
enous genes were rapidly silenced (Fig. 4E), pluripotency gene ex-
pression decreased (Fig. 4F), and NSC genes started to express
(Fig. 4G). Collectively, results suggest that the exogenous 4F-
eSox17FNV cocktail initially reprograms the cells to a plastic inter-
mediate stage necessary for the subsequent maturation toward
miNSCs. Exogenous factor silencing is required for the cells to
mature into authentic miNSCs (Fig. 4H).

The chromatin opening in miNSC reprogramming is muted
compared to iPSC reprogramming
The ability to access and open silent chromatin and initiate cell fate
conversion is a key feature of iPSC reprogramming factors, and
widespread opening and closing of chromatin is apparent from
day 1 in pluripotency medium (45). To evaluate the chromatin ac-
cessibility at the onset of iNSC reprogramming and to ask whether
the three 4F cocktails engage and remodel the chromatin of MEFs
differentially, we performed ATAC-seq (assay for transposase-ac-
cessible chromatin using sequencing) (46). PCA of ATAC-seq
peaks revealed a cluster of 4F conditions distinct from the 2F con-
dition and MEFs (fig. S8A). We next defined categories of ATAC-
seq peaks with regard to their status in MEFs to identify closing or
opening sites at this early stage of reprogramming. Most of the open
chromatin loci were already open in MEFs (OO) in all samples.
Around 8.2% of the sites that were open in MEFs got closed in all
the reprogramming conditions (OC). About 4.6% of the sites were
closed in MEFs but commonly open in all reprogramming condi-
tions (CO), and only 1.5% of the sites were specifically opened in
different reprogramming conditions (condition-specific CO) (fig.
S8B). Overall, the data showed similar global chromatin opening as-
sociated with TF induction, and only a small portion of genomic
loci were uniquely opened by each Sox factor at the early stage of
reprogramming. Among the open or closed genomic loci, we iden-
tified somatic genes specific to OC group, such as Cdh2 and Twist2,
and epithelial genes specific to the CO group, such as Cdh1 and
Krt78 (fig. S8C), indicating the occurrence of MET.
We compared our ATAC-seq data of miNSC reprogramming

with the public ATAC-seq data of mouse iPSC reprogramming
(45, 47). iPSC reprogramming using Klf4/Sox2 or Oct4/Klf4/Sox2

at day 1 showed three times more CO peaks than miNSC repro-
gramming with B/K/M/Sox cocktails at day 4, while the number
of OC peaks were similar (fig. S8D). This global analysis suggests
that the pioneer activity of eSox17FNV, Sox2, and Sox17 is broadly
similar at the onset of reprogramming. Further, the chromatin
opening in miNSC reprogramming conditions is overall more
muted compared to the rapid and profound changes seen in iPSC
reprogramming as early as day 1 (45, 47).

eSox17FNV dimerize with neural POU factors on the
canonical SoxOct motif more tightly than Sox2
We next analyzed the ATAC-seq data in amore quantitative manner
to contrast the chromatin landscape formed by the three Sox factors.
We used the sensitive chromVARmethod (48) to ask whether peaks
annotated with specific TF motifs exhibit a detectable variation in
chromatin accessibility across all ATAC-seq samples. We found that
peaks containing the canonical Sox2:Oct4 motifs showed increased
accessibility specifically in the 4F-eSox17FNV condition (Fig. 5A).
By contrast, loci with the compressed Oct4:Sox17 motifs, single
Sox motifs (Sox2 and Sox4), and Klf4 motifs showed increased ac-
cessibility in the 4F-Sox17 condition (Fig. 5A). Both canonical and
compressed SoxOct motifs are composed of directly adjacent Sox
and Oct half sites that differ in a single base-pair spacer (canonical:
CATTGTcATGCAAAT versus compressed CATTGTATGCAAAT;
octamer sequences underlined, spacer in small cap). Using
MAnorm (49), we defined 1379 and 2193 peaks unique for
eSox17FNV when compared with Sox17 or Sox2, respectively,
many of which are marked by the canonical SoxOct motif (Fig. 5,
B and C). Likewise, ATAC-seq footprinting analysis using hmm-
based identification of transcription factor footprints (HINT) (50)
revealed a specific binding activity of eSox17FNV at loci with the ca-
nonical SoxOct motifs (Fig. 5D). Reanalysis of chromatin immuno-
precipitation sequencing data during miPSC reprogramming (36)
verified that eSox17FNV acquired a strong preference for the canon-
ical Sox2:Oct4 motif while Sox17 prefers the compressed
Sox17:Oct4 motif (fig. S8E). Consistently, electrophoretic mobility
shift assays (EMSAs) using purified proteins of the Sox high mobil-
ity group domain (HMG) and Brn2 POU domains with fluorescent
DNA probes showed that eSox17FNV cooperatively dimerizes with
the neural POU factor Brn2 on the canonical SoxOct motif reminis-
cent to Sox2 and in stark contrast towild-type Sox17 (Fig. 5, E and F,
and fig. S8, F and G). We also performed EMSAs using full-length
proteins extracted from whole-cell lysates and verified the prefer-
ence of Sox17/Brn2 dimers for the compressed and of Sox2/Brn2
as well as eSox17FNV/Brn2 dimers for the canonical element (fig.
S8H). In single-tube competition assays, eSox17FNV outcompeted
Sox2 in the dimerization with Brn2 on the canonical DNA
element, suggesting that it dimerizes with critical partner factors
more tightly (fig. S8H). This may contribute to the outperformance
of eSox17FNV over Sox2 in miNSC reprogramming. Collectively,
these results indicate that eSox17FNV acquired fundamentally differ-
ent preference to associatewith partner factors to open chromatin in
comparison to Sox17. This suggests that altered protein-protein in-
teractions in a chromatin context are key to direct the reprogram-
ming process.
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The C terminus of eSox17FNV is critical for high-
performance miNSC reprogramming
We next wondered whether the poorly conserved C termini of both
proteins distinguish their function in iNSC generation. A Sox2 con-
struct with the Sox17 C terminus (Sox2-C17) bestowed some iNSC
reprogramming capacity to the otherwise inactive Sox2 (Fig. 5G).
Conversely, replacing the C terminus of Sox17 with the C terminus

of Sox2 (eSox17FNV-C2) led to a marked impairment of the repro-
gramming capabilities of eSox17FNV (Fig. 5G). This shows that the
HMG box alone cannot explain the unique ability of eSox17FNV to
drive iNSC reprogramming but its C-terminal transactivation
domain critically contributes to this function and the outperform-
ance of Sox2.

Fig. 5. DNA engagement, dimerization and chromatin mobility of eSox17FNV is profoundly different from Sox17. (A) Accessibility variation of ATAC-seq peaks
annotated by the presence of indicated TF motifs determined by chromVAR (48). (B) Heatmaps for ATAC-seq signals around unique peaks defined by MAnorm (49) with a
peak number and top knownmotif of each cluster. (C) Occurrences of the canonical Sox2:Oct4motifs and the compressed Oct4:Sox17motifs mapping to ATAC-seq peaks
in each of the four clusters in (B). (D) Motifs with differential TF binding activity in ATAC-seq footprints analyzed by HINT-ATAC (50). P < 0.05, t test. (E) EMSA using indicated
mixtures of purified Sox HMG proteins with the Brn2 POU protein and Cy5-labeled canonical Sox2:Oct4 DNA element. Brn2 POU, amino acids 264 to 421; Sox2 HMG,
amino acids 41 to 119; Sox17 HMG, amino acids 66 to 144; eSox17FNV, amino acids 58 to 166. (F) Estimation of cooperativity factors for the three Sox factors and Brn2 on
the canonical Sox2:Oct4 DNA element. n = 3 to 5, mean ± SD, **P < 0.01 from Tukey HSD. (G) miNSC reprogramming efficiency using Sox2, Sox17, and eSox17FNV domain
swap constructs co-expressed with Brn4, Klf4, and c-Myc. n = 2 biological replicates with three technical replicates. t test, ***P < 0.001, **P < 0.01. (H to K) SMT assay of
Sox2, Sox17, and eSox17FNV. (H) Population mobility profile based on mean squared displacement. (I) Nonconfined mobility versus confined mobility population based
on the mobility profile. Long-lived dwell time (J) and short-lived dwell time (K). (J and K) n ≥ 10 cells. (L) AC calculated by the frequency of forward angles (0° to 30°) and
backward angles (150° to 180°) (51). n ≥ 17 cells. (J to L) Mean ± SD, Tukey-corrected analysis of variance (ANOVA) post hoc test, **P < 0.005, ****P < 0.0001.
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Single-molecule tracking reveals that Sox17 and eSox17FNV

scan chromatin differently
Previous studies have used single-molecule tracking (SMT) to reveal
the search pattern of TFs on chromatin and its effect on gene reg-
ulation (51–54). We used SMT to investigate how eSox17FNV navi-
gates the human genome in comparison to both Sox2 and Sox17. To
do this a Halo-tagged version of each TF was used (51, 53, 54). This
method provides molecular mobility profiles based on mean
squared displacement, the temporal binding dynamics, and distri-
bution of angles between consecutive frames to distinguish con-
fined or nonrestricted motions of the TFs. Compared to wild-type
Sox17 and Sox2, eSox17FNV molecules have a greater nonconfined
mobility fraction of the population (Fig. 5, H and I). Despite an
overall more mobile behavior, the long dwell time of eSox17FNV
was increased compared to Sox2 (Fig. 5, J and K). The long dwell
time signifies specific binding to functional binding sites likely in-
volved with transcriptional modulation per se, while the short dwell
time is considered to represent states where a TF is associated with
nonspecific binding sites or scanning behavior (52, 53). The in-
crease in diffusion of eSox17FNV is also observed in the distribution
of angles between consecutive frames. Typically, small-angle trajec-
tories (0° to 30°) denote a more linear trajectory and have a more
diffusive behavior, whereas trajectories with large angles (150° to
180°) correspond to more confined and restricted mobility (51).
The eSox17FNV molecules show an enlarged proportion of smaller
angles compared to wild-type Sox17 and Sox2 (fig. S9, A to D). This
observation is further mirrored by the asymmetry coefficient (AC)
with eSox17FNV having a more positive AC compared to the other
Sox2 and Sox17 (Fig. 5L). A negative AC represents the frequency at
which molecules encounter obstacles, are caught in confined
regions, or transiently interact with other proteins (51, 55).
Together, these data imply that eSox17FNV navigates the genome

in an altered pattern compared to its wild-type counterpart. Subtle
mutations at the DNA binding domain that affects protein partner-
ships and cobinding to DNA profoundly change diffusion, chroma-
tin scanning, and dwell time which in aggregate facilitates the
efficiency to search for target genes.

eSox17FNV-mediated miNSC reprogramming sidesteps a
pluripotent state
Lineage tracing with Nanog or Oct4 reporters suggested that trans-
differentiation of somatic cells into iNSC driven by the BSKM or
restricted expression of OSKMmay pass through a transient plurip-
otent stage (30, 31). Our goal, however, is to establish an iNSC re-
programming method that exclusively directs cells toward a neural
lineage to avoid the shortcomings of iPSCs. We first used Oct4-GFP
reporter MEFs to monitor the pluripotency status during miNSC
reprogramming (fig. S10A). Unexpectedly, the Oct4-GFP reporter
was occasionally activated in K/M/eSox17FNV conditions even
when cells were cultured in mNSC medium (fig. S10, B to D).
However, in four independent experiments, we only once observed
a single GFP+ colony from Oct4-GFPMEFs with K/eSox17FNV, but
it was impossible to pick and maintain these cells.
We next used a more stringent Nanog lineage tracing system de-

veloped by the Hanna laboratory (30) to unequivocally track the
pluripotency acquisition during eSox17FNV-mediated reprogram-
ming. For this purpose, we introduced Nanog-CreER:Rosa26-loxP-
STOP-loxP-tdTomato reporter into ESCs derived from Sox2-GFP
mice to generate double-reporter MEFs after blastocyst injection

(fig. S10E). To further dissect the routes of eSox17FNV-mediated re-
programming in an unbiased manner, we performed miPSC and
miNSC reprogramming experiments in parallel using a feeder-
free and chemically defined media and the “POU free” 3F cocktail
consisting of K/M/eSox17FNV (Fig. 6A). We first induced transgene
expression with Dox in serum-free N2B27 medium from days 0 to 8
without growth factors (phase 1). Next, we split cultures and trans-
ferred the cells to either N2B27 2i/LIF medium for miPSC induc-
tion [phase 2 (2iLIF)] or bFGF/EGF NSC medium [phase 2 (EGF/
bFGF)] for miNSC induction. We withdrew Dox at day 16 [phase 3
(2iLIF or EGF/bFGF)] (Fig. 6A). After day 8, Sox2-GFP+/
tdTomato− cell colonies emerged in EGF/bFGF conditions and
Sox2-GFP+/tdTomato+ colonies in 2iLIF condition (Fig. 6, B and
C). At day 24, more than 50 Sox2-GFP+/tdTomato− miNSC colo-
nies or more than 100 double-positive miPSC colonies were ob-
tained (Fig. 6D). Notably, around 80% of Sox2-GFP+ miPSC
colonies were also tdTomato+, whereas less than 5% of Sox2-
GFP+ miNSC colonies were tdTomato+ (Fig. 6E). This confirms a
recent finding by Velychko et al. (56) that POU factors are not re-
quired for effective pluripotency reprogramming. It further indi-
cates that NSC conditions strongly drive neural reprogramming
and only rare cell populations pass to a pluripotent state. Time-
course RNA-seq analysis showed the progressive activation of plu-
ripotency genes in the 2iLIF condition starting when transgenes are
active (Fig. 6F). By contrast, the effective activation of NSC genes in
the EGF/bFGF condition is delayed and requires transgene silencing
(Fig. 6G). PCA indicates the reprogramming roadmap for these two
conditions (Fig. 6H). Within the first 8 days when Klf4/c-Myc/
eSox17FNV was induced, gene expression profiles gradually depart-
ed from MEFs. After the split of induction conditions, the separa-
tion of transcriptional states became apparent, indicating the
acquisition of divergent cellular fates dictated by extrinsic factors.
Cells in 2iLIF condition rapidly developed a gene expression
pattern reminiscent of ESC. By contrast, cells in EGF/bFGF condi-
tion more slowly approach expression profiles resembling
NSCs (Fig. 6H).
Next, we tested the dual-reporter MEFs in pluripotency and

miNSC reprogramming conditions with the 2F Klf4/eSox17FNV
combination. The tdTomato reporter was never activated by Klf4/
eSox17FNV transduction in neither Serum/LIF miPSC reprogram-
ming medium nor EGF/bFGF miNSC reprogramming medium
(Fig. 6I). This indicates that overexpression of Klf4 and
eSox17FNV does not lead to the acquisition of pluripotency.We con-
clude that eSox17FNV can drive the fibroblasts to alternative cell
fates upon exposure to extrinsic factors for pluripotency (LIF)
and NSCs (EGF and bFGF). miNSC reprogramming with Klf4/c-
Myc/eSox17FNV 3F cocktail typically goes through an Oct4+/
Nanog− prepluripotent stage. This state can be avoided when c-
Myc is eliminated from the reprogramming cocktail as the Klf4/
eSox17FNV combination directly converts fibroblasts into miNSCs
in a lineage-exclusive fashion (Fig. 6J).

eSOX17FNV enables reprogramming of human blood cells
into iNSCs
To apply eSox17FNV-driven iNSC reprogramming to human
somatic cells, peripheral blood mononuclear cells (PBMCs) were
used instead of fibroblasts because of their availability via noninva-
sive means and a lower mutation burden compared to skin fibro-
blasts. To avoid chromosome rearrangement frequently observed
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Fig. 6. The eSox17FNV/Klf4/c-Myc direct nonoverlapping reprogramming routes toward miPSC and miNSCs driven by distinct signaling cues. (A) Schematic
illustration of iNSC and iPSC reprogramming experiments. 2iL: CHIR99021, PD0325901, and LIF; 4OHT, 4-hydroxytamoxifen. (B) Representative microscope images of
colonies in indicated conditions. Scale bar, 80 μm. (C) Whole-well scans of 24-well plates at day 24 of reprogramming using green and red fluorescence channels. (D
and E) Counts of Sox2-GFP+ colonies and tdTomato+ colonies in indicated conditions (D) and percentage of tdTomato+ colonies out of Sox2-GFP+ colonies at repro-
gramming day 24 (E) (n = 4, mean ± SEM). (F and G) Mean RNA-seq expression of selected pluripotency genes (F) and NSCmarker genes (G). (H) PCA of transcriptomes of
bulk cell populations at different time points with ESCs and NSCs/iNSC as references. (I) Klf4/eSox17FNV combination is not able to activate Nanog during reprogramming.
Representative microscope images of cells at day 22 of iNSC and pluripotency reprogramming with Klf4/eSox17FNV. Scale bar, 80 μm. (J) Possible routes of eSox17FNV-
mediated reprogramming toward iNSCs and iPSCs.
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in lymphocytes, erythroid progenitor cells (EPCs) were expanded
and used as starting cells to generate human iNSCs (hiNSCs).
EPCs were transduced with Dox-inducible lentiviral particles en-
coding human KLF4, C-MYC, and eSOX17FNV (K/M/eSOX17FNV).
We found that overexpression of K/M/eSOX17FNV and culture in an
optimized human NSC medium with bFGF, EGF, CHIR99021 (gly-
cogen synthase kinase-3 inhibitor), SB431542 (transforming growth
factor–β receptor type I/ALK5 inhibitor), purmorphamine (PMA)
[hedgehog-smoothened (Shh) agonist], tranylcypromine (mono-
amine oxidase inhibitor), and sodium butyrate (histone deacetylase
inhibitor) allows the conversion of EPCs into iNSCs (Fig. 7A and
fig. S11A). After omitting individual factors from this 3F cocktail,
we found that C-MYC and eSOX17FNV (M/eSOX17FNV) are suffi-
cient for iNSC conversion (fig. S11A). Transduced EPCs formed ad-
herent, elongated cells within 4 days, and NSC-like colonies within
11 to 20 days (Fig. 7B). These colonies can be picked and expanded
in hNSC medium supplemented with bFGF, EGF, CHIR99021, and
SB431542. Stable hiNSCs independent of transgenes could be gen-
erated after five passages (Fig. 7B). Immunostaining and quantita-
tive real-time PCR (qRT-PCR) revealed that hiNSCs express NSC
markers SOX1, SOX2, PAX6, and FABP7 (BLBP) (Fig 7C and fig.
S11B), but EPC markers CD71 (TFRC) and CD117 (KIT) or pluri-
potency genes POU5F1 andNANOG could not be detected (fig. S11,
C and D). hiNSCs could be stably expanded on Matrigel in hNSC
medium for more than 20 passages with a normal karyo-
type (Fig. 7D).
To evaluate the multipotency of M/ eSOX17FNV-reprogrammed

hiNSCs, we differentiated hiNSCs in various conditions. In a spon-
taneous neuronal differentiation condition within 3 weeks, hiNSCs
gave rise to NF+/TH+ dopaminergic neurons and MAP2+/
vGLUT2+ glutamatergic neurons, respectively (Fig. 7E). hiNSCs
could also quickly differentiate into TUJ1+/HB9+ and NF+/ISL1+
motor neurons within 2 weeks (Fig. 7F). Notably, hiNSC-derived
neurons were immunoreactive for presynaptic marker Synapsin-1
(SYN1) and postsynaptic marker postsynaptic density protein 95
(PSD95) (Fig. 7G). These neurons (12 of 34) displayed frequent
and spontaneous neuronal activity detected by calcium imaging
(Fig. 7H and movie S1), indicating the generation of mature and
functional neurons. In addition to neuronal lineages, hiNSCs
were also able to differentiate into GFAP+ astrocytes and O4+/
OLIG2+ oligodendrocytes (Fig. 7I). These results indicated that
EPC-hiNSCs can generate multiple neuronal subtypes and
glial cells.
To further characterize the hiNSCs, we analyze the global gene

expression of EPCs, three hiNSCs lines from two donors, ESCs,
hiPSCs, and ESC/hiPSC-derived neural progenitor cells (NPCs).
PCA of bulk RNA-seq revealed that hiNSCs clustered closely with
ESC/hiPSC-derived NPCs but are distinct from EPC and PSC clus-
ters (Fig. 7J). GO analysis of the top 300 up-regulated genes in
hiNSCs compared with EPCs unveiled an enrichment for neural-
related biological processes, such as axon development, axonogen-
esis, and forebrain development (Fig. 7K). In hiNSCs, many NSC
markers such as SOX1, SOX2, PAX6, FABP7, and HES5 were
highly expressed, while EPC markers such as GYPA, HBA1, and
IKZF1 and pluripotency markers such as POU5F1, NANOG, and
ZFP42 were repressed (Fig. 7L). We also investigated the regional
identity of hiNSCs. hiNSCs expressed forebrain markers (SIX3
and DLX2), midbrain marker (PAX5, EN1, and EN2), hindbrain
markers (GBX2, HOXB2, and HOXB4) but not spinal cord

markers (HOXB5, HOXB6, HOXB7, and HOXC6). Along the
dorso-ventral axis, hiNSCs expressed several dorsal markers such
as PAX3, IRX3, IRX5, and SP8, while ventral markers were poorly
expressed (Fig. 7M) (39). These results suggest that hiNSCs have a
dorso-anterior identity. All together, we demonstrated that
eSOX17FNV can generate self-renewing and multipotent iNSCs di-
rectly from human blood.

DISCUSSION
iNSCs might combine the benefits of iPSCs and postmitotic iNs
while avoiding their limitations to establish authentic, safe, and ac-
cessible cell models to study and treat neurological disorders. A
problem with past protocols of iNSC generation has been low effi-
ciency and long conversion times that precluded its widespread use
across laboratories akin to the now omnipresent iPSC technology
(57, 58). Here, we present a fast and efficient approach to generate
iNSCs from murine and human cells with eSox17FNV, which comes
with several advantages: (i) Compared with somatic-iPSC-NSC
pipelines and previous iNSC reprogramming protocols (33)
(which may take up to 2 to 3 months), the direct reprogramming
of fibroblasts into iNSCs with eSox17FNV is markedly faster with
fewer purification steps. The first initial iNSC colonies emerge
within 2 weeks of reprogramming and clonal iNSC lines can be es-
tablished within less than 4 weeks. (ii) Our approach can efficiently
generate iNSC colonies from a low number of starting cells. The
robust and reproducible iNSC generation with eSox17FNV opens
up the opportunity for nonspecialized laboratories to take advan-
tage of iNSCs. (iii) iNSCs generated with eSox17FNV are almost
identical to primary NSC in morphology, global gene expression
profile, and tripotency, indicating their bona fide NSC identity.
iNSCs exhibit vigorous self-renewal in long-term culture, which
bestows them clonogenicity and potential for large-scale production
and genome editing. iNSCs can be differentiated into diverse neu-
ronal subtypes and gliogenic lineages. This multipotency enables
the study of various neurological disorders as well as the generation
of multitissue organoid models. When starting from iNSCs, the dif-
ferentiation into mature neuronal subtypes is substantially faster
compared to starting from iPSCs. (iv) Direct reprogramming by-
passes the oncogenic iPSC state and generates iPSC-free iNSCs,
which could substantially reduce the risk of tumorigenesis when
applied for tissue regeneration in vivo. (v) NSCs exhibit molecular
aging in the mature brain, which may impair their normal function
during aging and brain injury (59, 60). It was reported that iNSCs
generated by direct reprogramming fully or partially preserved age-
related epigenetic signatures of the parental cells (22, 61). In con-
trast, the age of iPSCs and iPSC-derived NSCs were epigenetically
reset to an embryonic state (22). We show that iNSCs avoid a full
epigenetic reset and retain at least some aging-related epigenetic
profiles of the starting cells, indicating directly reprogrammed
iNSCs could be better cell sources than iPSC and iPSC-derived
NSC to model aging-related neurological diseases. The degree of re-
juvenation associated with iNSC vis-à-vis iPSC generation in mouse
and human cells should be a focus of future research.
In our approach, ectopic eSox17FNV is essential to generate not

only miNSCs but also hiNSCs. However, in both systems, an addi-
tional accessory factor is needed. In iNSC reprogramming from
mouse fibroblasts, Klf4 is required while the reprogramming of
human blood requires C-MYC. We reasoned that the species and
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starting cell types may affect the dependency on accessory repro-
gramming factors.
Direct reprogramming of somatic cells into iNSCs is a progres-

sive conversion passing through plastic intermediate stages that can
also be achieved with factor combinations allowing iPSC generation
(62). We used fluorescent reporters, lineage tracing system, and
time-course global gene expression analysis to dissect cellular

trajectories during iNSC reprogramming. Our results show that
Klf4/c-Myc/eSox17FNV efficiently reprograms mouse fibroblasts to
iNSCs without maturing into full-blown Nanog-positive pluripo-
tent cells. Cells depart from this intermediate stage once transgenes
are switched off guided by extrinsic factors (bFGF and EGF)
(Fig. 6J). Yet, in culture conditions favouring pluripotent cells,
the 3F Klf4/c-Myc/eSox17FNV cocktail can also effectively generate

Fig. 7. Generation of iNSCs with
eSOX17FNV from human blood cells.
(A) Schematic illustration of repro-
gramming of human EPCs into hiNSCs.
(B) EPCs were converted to hiNSCs
with C-MYC and eSOX17FNV (M/
eSOX17FNV) combination. hiNSC colo-
nies emerging at days 11 to 20 were
picked and expanded on Matrigel for
14 passages. Scale bar, 160 μm. (C)
Immunocytochemistry of hiNSCs using
antibodies against SOX2, PAX6, SOX1,
and FABP7. Scale bar, 80 μm. (D) Rep-
resentative karyograms of hiNSCs from
EPCs of donor 275-5 at passage 14. (E)
After 3 weeks of in vitro spontaneous
differentiation, hiNSCs gave rise to
NF+/TH+ dopaminergic neurons and
MAP2+/vGLUT2+ glutamatergic
neurons. (F) After 2 weeks of in vitro
motor neuron differentiation, hiNSCs
gave rise to TUJ1+/HB9+ and NF+/ISL1+

motor neurons. (G) Neurons sponta-
neously differentiated from hiNSCs
were immunoreactive for MAP2, SYN1,
and PSD95. (H) Normalized Ca2+ Fluo-4
traces of fluorescence live-cell imaging
in five individual spontaneously diff-
erentiated neurons from hiNSCs
reveals spontaneous neural network
activity. One region of interest (ROI)/
cell. (I) In vitro differentiation of hiNSCs
into GFAP+ astrocytes and O4+/OLIG2+

oligodendrocytes. (J) PCA of global
gene expression profiles determined
by RNA-seq. (K) GO analysis performed
using top 300 up-regulated DEGs in
hiNSCs compared with EPCs. (L) Mean
expression of selected NSC, PSC and
EPC lineage markers represented as
log2-transformed read counts. (M)
Mean expression of selected forebrain,
midbrain, hindbrain, spinal cord, dorsal
and ventral regional identity genes
represented as log2-transformed read
counts. P, passage. Scale bars, 80 μm (B
and C) and 20 μm (E to H). (J and L) H1-
ESC data are from GSE75748, hiPSC
data are from GSE79636, H1-ESC–
derived neural progenitor cell (H1-ESC-
NPC) data are from GSE56785. A-P,
antero-posterior; D-V, dorso-ventral.
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iPSCs. By contrast, the 2F Klf4/eSox17FNV combination does not
activate pluripotency genes throughout the reprogramming
period regardless of the culture medium, indicating direct conver-
sion from fibroblasts toward iNSCs (Fig. 6J). This shows that the
reprogramming toward pluripotency and multipotency can be
achieved using mutually incompatible factor cocktails.
We demonstrate that eTFs can facilitate the direct conversion of

somatic cells into iNSCs. Why is only eSox17FNV able to drive fast
and efficient generation of iNSCs whereas wild-type Sox2 and
Sox17 fail? The inability of Sox2 to promote reprogramming con-
trasts to previous reports where Sox2-based cocktails led to success-
ful iNSC generation (20). These outcomes can be rationalized by key
differences between our method and the pioneering findings from
Han et al. First, we used Dox-inducible lentivirus instead of a con-
stitutive retrovirus to control exogenous gene expression. Second,
we used a much smaller number of starting cells and shorter repro-
gramming time frame. Third, we used purified Sox2-GFP MEFs
rather than bulk cells without reporter as starting material. To as-
certain that engineered Sox17 is indeed critical for our direct lineage
reprogramming approach and to work out the mechanistic under-
pinnings for its function, we used Sox2 and Sox17 as controls in
most experiments. Clearly, the changed capacity to bind partner
factors including but not limited to Brn2 affects DNA and chroma-
tin interactions and alters the mode as to how eSox17FNV explores
genomic DNA as shown by SMT. Compared to Sox2, Sox17 has a
unique C-terminal domain that potently promotes iNSC generation
(Fig. 5G). How this domain affects epigenetic processes and
protein-protein interaction networks remains to be investigated.
During transgene overexpression, we only observe subtly different
gene expression profiles and chromatin opening between
eSox17FNV and Sox2/Sox17. Yet, as soon as transgenes are silenced,
profound differences emerge and only cells previously exposed to
eSox17FNV mature toward a NSC state. This suggests that
eSox17FNV creates a poised state through altered genome engage-
ment and cofactor recruitment but needs to give way to endogenous
factors for the lineage commitment to take place. This is in stark
contrast to iPSC reprogramming where active transgenes do not
impede the activation of pluripotency network. Yet, even for
iPSCs, prolonged transgene activation leads to a “fuzzy” state of plu-
ripotency (63).
Together, this study presents a robust approach to reprogram

murine and human somatic cells into iNSCs with eSox17FNV. We
anticipate that the application of engineered and enhanced TFs
(eTFs) could also benefit a wide range of cell fate conversions for
basic research and translational purposes. The translation of eTF-
driven direct lineage reprogramming of human iNSCs could lead
to more authentic cell models for age-associated neurodegenerative
by advancing speed of cell model generation, eliminating the safety
risk of oncogenes, and reducing the rejuvenation associated with the
iPSC technology while retaining the scalability andmultilineage po-
tential of stem cells.

MATERIALS AND METHODS
Ethics statement
PBMCs were obtained from healthy volunteers with informed
consent. The precision medicine study and stem cell platform was
approved by the Institutional Review Board of the University of

Hong Kong/Hospital Authority Hong Kong West Cluster (study
approval no.: UW 21-640).

Animals
Sox2-GFP mice (Mutant Mouse Resource & Research Centers, no.
037525-UNC) and OG2 mice (Jackson Laboratory, no. 004654)
were maintained in the Centre for Comparative Medicine Research
(CCMR) at the University of Hong Kong. All animal experiments
were authorized by licenses from the Hong Kong Government De-
partment of Health and University of Hong Kong Committee on
the Use of Live Animals in Teaching and Research (CULATR No.
4855-18, No. 5278-19, and No. 5510-20).

Cell culture
Human embryonic kidney (HEK) 293T cells were cultured in 293T
medium: high-glucose Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, 12100046) supplemented with 10% fetal bovine
serum (FBS, Gibco, no. 10270106). All MEFs were maintained in
MEF medium: DMEM supplemented with 10% FBS, 1% Gluta-
MAX (Gibco, no. 35050061), 1% nonessential amino acids
(NEAA, Gibco, no. 11140050), 1% penicillin-streptomycin
(Gibco, no. 15140122).
Primary mouse NSCs and miNSCs were plated in 0.2% gelatin

(Sigma-Aldrich, no. G9391) or 1%Matrigel (Corning, no. 354234)–
coated cell culture plates and cultured in mNSC medium: N2B27
medium supplemented with recombinant human bFGF (10 ng/
ml; PeproTech, no. 10018B), recombinant human EGF (10 ng/ml;
PeproTech, no. AF10015). The N2B27 medium contains DMEM/F-
12 (Gibco, no. 12500062) supplemented with 1% N2 (Gibco, no.
17502048), 2% B27 (Gibco, no. 17504044), 1% GlutaMax, and 1%
penicillin-streptomycin.
hiNSCs were plated in Matrige-coated plates and cultured in

hiNSC medium: hN2B27 medium [DMEM/F12:Neurobasal
(Gibco, no. 21103049) (1:1), 1% N2, 2% B27 (minus vitamin A,
Gibco, no. 12587010), 1%GlutaMAX, and 1% penicillin-streptomy-
cin], bFGF (20 ng/ml), EGF (20 ng/ml), 3 μM CHIR99021 (Selleck-
Chem, no. S2924), 5 μM SB431542 (SelleckChem, no. S1067), and L-
ascorbic-acid-2-phosphate (LAAP; 64 μg/ml; Sigma-Aldrich,
no. 49752).
Primary mouse NSCs, miNSCs, and hiNSCs were routinely pas-

saged every 4 to 5 days by treatment with Accutase (Gibco,
A1110501). All cells were cultured at 37°C, 21% O2, and 5% CO2
and tested free of mycoplasma before they were used for
experiments.

Plasmid construction and lentivirus production
The pHAGE2-TetO-mBrn4, pHAGE2-TetO-mKlf4 (Addgene, no.
136613), pHAGE2-TetO-mcMyc (Addgene, no. 136614), and
pHAGE2-TetO-mSox2 (Addgene, no. 136612) lentiviral vectors
were provided by S. Velychko (56). The pHAGE2-TetO-hBKSZ len-
tiviral vector was provided by M. Thier (26). Age I and Sal I restric-
tion sites were added to this backbone by PCR. The coding DNA
sequencing of mouse Sox17, eSox17FNV, Sox2-C17, and eSox17FNV-
-C2 and human KLF4, C-MYC, eSOX17FNV, and SOX2-C17 were
cloned into this backbone by restriction digestion and ligation. The
constructed plasmids will be available via Addgene (www.addgene.
org/Ralf_Jauch/) or by request. The FUW-M2rtTA plasmid was
from Addgene (no. 20342). The lentiviruses were produced in
HEK293T cells. Briefly, HEK293T cells were transfected with
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pHAGE2-TetO lentiviral plasmid and packaging plasmids psPAX2
(Addgene, no. 12260) and pMD2.G (Addgene, no. 12259) using
polyethyleneimine (Polysciences, no. 23966). Culture medium
was changed 12 hours after transfection. Supernatant of each
virus was collected three times 48, 72, and 96 hours after transfec-
tion, pooled, and filtered through a 0.45 μm filter (Millipore) to
remove cells debris. Viral titer was measured with the qPCR Lenti-
virus Titer Kit (Abm, no. LV900). Filtered lentivirus supernatant of
mouse TFs was used directly for mouse cell reprogramming. For
human iNSC reprogramming from blood cells, lentiviruses were
concentrated by 100-fold by ultracentrifugation at 60,000g, 4°C
for 120 min followed by resuspension in Dulbecco’s phosphate-
buffered saline (DPBS).

Preparation of MEFs
MEFs were isolated from day 13.5 mouse embryos. Briefly. the
embryos were isolated from the uteri and washed with DPBS
(Gibco, no. 21600044). The head and red tissue (heart and liver)
of each embryo were removed. The remaining tissues were
washed with DPBS and minced into small pieces using razor
blades and trypsinized with 3 ml 0.25% trypsin (Gibco, no.
25200072) per embryo for 15 min at 37°C. MEF medium was
added to stop trypsinization, and the dissociated cells were collected
by centrifugation at 300g for 10 min. The cells from every three
embryos were resuspended in 25 ml MEF medium, seeded on a
150 mm tissue culture dish, and incubated in a humidified 5%
CO2 incubator at 37°C. For MEFs from Sox2-GFP–positive
embryos, GFP-positive cells were removed by FACS. For repro-
gramming experiments, MEFs within three passages were used.

Preparation of ear and tail-tip fibroblasts from adult and
old mice
Ears and 5 cm of tail of a mouse were cut into small pieces (less than
5 mm in size) with scissors. The cut tissues were then transferred to
cryotubes containing collagenase D-pronase solution (Sigma-
Aldrich, no. 10165921001) and digested at 37°C for 90 min with
horizontal shaking at 200 rpm. The digested tissues were then neu-
tralized with complete medium: RPMI 1640 medium (Gibco, no.
31800022) supplemented with 10% FBS, 0.05 mM β-mercaptoetha-
nol, and 1% penicillin-streptomycin. Cell debris was removed by
passing through 70 μm cell strainer. The resultant cell suspension
was spun down by centrifugation for 7 min at 500g. Supernatant
was removed, and cell pellet was washed with complete medium
by centrifugation. Cell pellets from ear tissues and tails were resus-
pended in complete medium and incubated at 37°C in a humidified
5% CO2 incubator.

Derivation of primary mouse NSCs
Primary (NSCs) were derived from a Sox2-GFP embryo at day 13.5.
Briefly, the head of a Sox2-GFP embryo was collected during MEF
preparation and minced with a razor blade into small pieces. After
trypsinization with 0.25% trypsin for 15 min at 37°C, MEF medium
was added to stop trypsinization and the cells were collected by cen-
trifugation at 300g for 10 min. The cells were washed with DPBS,
resuspended in NSC medium, and seeded on a 100 mm tissue
culture dish. After incubation in a humidified 5% CO2 incubator
at 37°C for 2 to 4 days, GFP-positive neurospheres were picked
and seeded directly on a Matrigel-coated 24-well plate in NSC
medium. After culture for 2 to 4 days, the cells were digested with

Accutase. Single-cell suspension in NSC medium was seeded on a
96-well plate at the density of one cell per well. The cells were cul-
tured for another 6 to 10 days. Each GFP-positive neurosphere with
a size >200 μm in diameter was transferred to onewell of aMatrigel-
coated 48-well plate and expanded as clonal lines.

Generation of miNSCs from mouse fibroblasts
To generate miNSCs, mouse fibroblasts (includingMEFs, aEFs, and
oTTFs) were seeded inMEFmedium into 12-well plates at a density
of 2.5 × 104 cells per well (~6.5 × 103 cells/cm2) 12 to 16 hours before
transduction. On the day of lentiviral transduction, 1 ml mixture
containing 100 μl of lentivirus supernatant of each TFs, 200 μl
M2rtTA lentivirus, MEFmedium, and polybrene (8 μg/ml) was pre-
pared and added into each well. Twenty-four hours after transduc-
tion, lentiviruses were removed. The cells were washed with DPBS
once and cultured in NSC medium containing Dox (1 μg/ml;
Sigma-Aldrich, no. D9891) to initiate reprogramming. The day of
adding NSCmedium containing Dox was considered as reprogram-
ming day 0. NSC medium containing Dox was changed every other
day for around 21 days. The reprogramming cells were monitored
using a CKX53 inverted fluorescence microscope (Olympus)
during reprogramming experiments. Distinct colonies were manu-
ally picked at days 20 and 21 of reprogramming and expanded in
NSC medium as clonal lines. Whole-well scans were taken at day
20 of reprogramming from 12-well plate using an ImageXpress
Micro XLS confocal High-Content Imaging System (Molecular
Devices) or a Typhoon5 Biomolecular Imager (GE Healthcare).

Generation of human iNSCs from blood cells
EPCs were expanded from human PBMCs as previously reported
(64). Briefly, PMBCs were seeded at 2 × 106 to 3 × 106 cells/ml
and cultured in EPCmedium: StemSpan SFEM (StemCell Technol-
ogies, no. 09600) supplemented with SCF (300 ng/ml; PeproTech,
no. 300-07), erythropoietin (10 U/ml) (MedChem Express, no. HY-
P7164), IL-3 (50 ng/ml; Gibco, no. PHC0034), 1 μM dexametha-
sone (Sigma-Aldrich, no. D4902), 1% Insulin-Transferrin-Sele-
nium-Ethanolamine (ITS -X) (Gibco, no. 51500056) for 1 day.
Floating cells were transferred to empty cell culture plates to
remove the attached cells and cultured for one more day without
medium change. Then, the cells was adjusted to 5 × 105 cells/ml
and cultured in EPC medium for another 6 days with medium
change every other day.
To initiate hiNSC reprogramming, at day −1, 10 μl of concen-

trated lentiviruses of each TFs and M2rtTA were added to 1 × 105
EPCs resuspended in 0.5 ml of EPC medium in a 24-well plates.
Spin infection was performed at 900g, 32°C for 60 min using an Ep-
pendorf 5910R centrifuge with swing-out buckets for plates. Cells
were then re-suspended without medium change and cultured for
another 1 day. At day 0, the medium was changed to fresh EPC
medium containing Dox (1 μg/ml) and incubated for another 2
days. At day 2, the transduced cells were replated into Matrigel-
coated 12-well plates in StemSpan SFEM containing Dox and cul-
tured for another 2 days. After day 4, the medium was half changed
to fresh hiNSC medium supplemented with 0.5 μM PMA (Selleck-
Chem, no. S3042), 100 μM sodium butyrate (NaB, Sigma-Aldrich,
no. B5887), and 5 μM tranylcypromine (Sigma-Aldrich, no. P8511)
every 2 days. PMA, NaB and tranylcypromine were only present for
10 days, Dox was present from day 0 to passage 5. hiNSC colonies
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were picked at day 20 and further expanded in Matrigel-coated
plates in hiNSC medium.

Pluripotency reprogramming of mouse cells
MEFs were seeded on a 12-well plate at a density of 1.5 × 104 cells
per well (~4 × 103 cells/cm2). After 12 to 16 hours of incubation,
MEFs were transduced with Dox-inducible lentiviruses and rtTA
lentivirus. Twenty-four hours after transduction, medium was
changed to mESC medium containing Dox (1 μg/ml). mESC
medium contains high-glucose DMEM supplemented with 15%
FBS, 1% GlutaMAX, 1% NEAA, 1% sodium pyruvate (Gibco, no.
11360070), 0.05 mM β-mercaptoethanol (Gibco, no. 31350010),
2-phospho-L-ascorbic acid trisodium salt (LAAP; 50 μg/ml;
Sigma-Aldrich, no. 49752), 1% penicillin-streptomycin, and
human LIF (10 ng/ml; prepared in house). Reprogramming cells
were fed with fresh mESC medium containing Dox every day for
2 to 3 weeks. Whole-well scans were taken at day 20 of
reprogramming.

Estimation of cell proliferation
At day 0, iNSCs were dissociated with Accutase into single cells and
resuspended in NSC medium. Cells were counted with a LUNA-II
Automated Cell Counter (Logos Biosystems, no. L40002) and
seeded at a density of 1 × 104 cells on each well of Matrigel-
coated 24-well plates. After every 4 days, cells were dissociated
and counted for 8 days. Cumulative cell number was calculated to
estimate cell proliferation.

Differentiation of miNSCs in vitro
To differentiate iNSC toward neurons, iNSCs were seeded at a
density of 1 × 105 cells per well on Matrigel-coated 12-well plates
in NSC medium. After 24 hours, the medium was switched to neu-
ronal differentiation medium: Neurobasal medium (Gibco, no.
21103049) supplemented with 1% N2, 2% B27, 1% GlutaMAX,
1% NEAA, and 1% penicillin-streptomycin. The medium was
changed every other day. After 6 to 8 days, the cells were stained
for Tuj1 to detect neurons. Neuronal differentiation efficiency
was determined by the percentage of Tuj1+/DAPI+ (40,6-diamidi-
no-2-phenylindole–positive) cells out of total DAPI+ cells.
To differentiate iNSCs toward astrocytes, iNSCs were seeded at a

density of 5 × 104 cells per well on Matrigel-coated 12-well plates
and incubated in NSC medium. After 24 hours, the medium was
replaced with astrocytic differentiation medium: DMEM/F-12 sup-
plemented with 1% N2, 2% B27, 1% GlutaMAX, 1% NEAA, 2%
FBS, and 1% penicillin-streptomycin. After medium change every
2 days for 6 to 8 days, the cells were stained for GFAP to detect as-
trocytes. Astrocyte differentiation efficiency was determined by the
percentage of GFAP+/DAPI+ cells out of total DAPI+ cells.
To derive oligodendrocytes, iNSCs were seeded at a density of 3

× 104 cells per well on Matrigel-coated 12-well plates and incubated
in NSC medium for 24 hours. Oligodendrocyte differentiation was
induced in two steps. For the first 4 days, the medium was switched
to oligodendrocyte differentiation medium for step one: DMEM/F-
12 supplemented with 1% B27, bFGF (20 ng/ml), recombinant
human PDGF-AA (20 ng/ml; PeproTech, no. 10013A) and 1% pen-
icillin/streptomycin. After 4 days, the medium was changed to oli-
godendrocyte differentiation medium for step 2: DMEM/F-12
supplemented with 1% B27, PDGF-AA (5 ng/ml), 15 nM T3
(Sigma-Aldrich, no. T6397) and 1% penicillin-streptomycin. After

another 5 to 7 days, the cells were stained for O4 to detect oligoden-
drocytes. Oligodendrocyte differentiation efficiency was deter-
mined by the percentage of O4+/DAPI+ cells out of total
DAPI+ cells.

Differentiation of human iNSCs in vitro
For spontaneous hiNSC differentiation, cells were seeded on PDL-
coated (Gibco, no. A3890401)/laminin-coated (Sigma-Aldrich, no.
11243217001) glass coverslip and cultured in hN2B27 medium sup-
plemented with LAAP (64 μg/ml), BDNF (10 ng/ml; PeproTech, no.
450-02), GDNF (10 ng/mg; PeproTech, no. 450-10), and 0.5 mM
dbcAMP (Sigma-Aldrich, no. D0627) for 21 days. For induction
of motor neurons, hiNSCs were cultured in hN2B27 medium sup-
plemented with LAAP (64 μg/ml), 10 μM DAPT (GSI-IX, Pepro-
Tech, no. 2088055), 0.5 μM retinoic acid (RA, Sigma-Aldrich, no.
R2625), 1 μM PMA, 10 μM forskolin for 2 days and then BDNF
(10 ng/ml), GDNF (10 ng/ml), and NT-3 (10 ng/ml; PeproTech,
no. 450-03) were added to the medium for another 8 to 10 days.
For astrocyte differentiation, hiNSCs were seeded on a Matrigel-

coated glass coverslip and cultured in N2B27 medium supplement-
ed with CNTF (20 ng/ml; PeproTech, no. 450-13) and BMP-4 (10
ng/ml; PeproTech, no. AF-120-05ET) for 21 days. Oligodendrocytes
were generated in three steps as previously described (65). First,
hiNSCs were seede on a Matrigel-coated glass coverslip and cul-
tured in N2 medium (DMEM/F12, 1% N2, 1.6 g/l D-glucose,
insulin (0.02 mg/ml; Sigma-Aldrich, no. 91077C), 1% penicillin/
streptomycin) supplemented with EGF (10 ng/ml), PDGF-AA (10
ng/ml), and 10 μM forskolin for 2 weeks. Second, the medium were
switch to N2medium supplemented with PDGF-AA (10 ng/ml), 45
nM T3, noggin (200 ng/ml; PeproTech, no. 120-10C), and LAAP
(64 μg/ml) for 1 week. Third, for terminal differentiation, the
cells were cultured in N2 medium supplemented with 45 nM T3,
LAAP (64 μg/ml), and laminin (1 μg/ml) for 4 weeks. For each dif-
ferentiation, half of themediumwas changed every 2 days before the
cells were collected for immunocytochemistry.

Transplantation of iNSCs and immunohistochemistry
miNSCs and primary mouse NSCs were labeled with pMX-DsRed
retrovirus and were purified by FACS. DsRed-tagged miNSCs were
expanded and dissociated into single cells with Accutase and resu-
pended and diluted to a final concentration of 1 × 105 cells/μl. The
transplantation was performed on 2-month-old female wild-type
C57BL/6 J mice. For surgery, the animals were deeply anesthetized
with ketamine/xylazine. Before surgery, the hair was removed from
the surgical site, and the skull surface was exposed by making a
midline incision. Using X and Y stereotaxic coordinates, the injec-
tion skull sites were thinned with microdrill, 3 μl of the cell suspen-
sion was injected into the hippocampus using a Hamilton 7105KH
5- μl syringe at a rate of 1 μl/min. After injection, the skin was
sutured with nylon suture and returned to the home cage. After
holding for 2 months, the injected animals were deeply anesthetized
and intracardially perfused with 30 ml 4% PFA in DPBS. The brains
were collected and postfixed with 4% PFA overnight at 4°C followed
by rinsing three times with DPBS. Coronal sections (50 μm) were
cut with a Vibratome (Leica VT 1000 S). Free-floating sections
were permeabilized in PBST (DPBS with 0.3% Triton X-100) for
30 min. Sections were blocked with blocking buffer (PBST with
5% BSA, 1.5% goat serum, 2.5% and 1.5% donkey serum) for 1
hour, and then incubated with primary antibodies diluted in
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blocking buffer overnight at 4°C followed by incubation with Alexa-
fluorophore conjugated secondary antibodies at room temperature
for 2 hours and with DAPI for 5 min. Sections were analyzed with a
Zeiss LSM 900 confocal microscope.

Calcium imaging
Calcium imaging of iNSC-derived neurons was performed as pre-
viously reported (66). In brief, cells cultured on PDL/laminin-
coated glass coverslip were incubated with 2 μM Fluo-4-AM
(Thermo Fisher Scientific, no. F14201) at 37°C, 5% CO2 for 30
min. The cells were washed three times with artificial cerebrospinal
fluid (ACSF) (125 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM
MgCl2, 10 mM Hepes, 25 mM, D-glucose in Deionized water) and
incubated at room temperature in the dark for additional 20 to 25
min to allow for complete dye de-esterification. Then the cells were
placed in a 30° to 32°C heated adaptor and live-cell imaging was
performed by a Nikon ECLIPSE Ti Inverted Microscope with 20X
objective and excitation wavelength of 485 nm and emission wave-
length of 525 nm. Images were taken every second for 5 min using a
ZEISS Axiocam 702 mono camera and analyzed with ZEISS ZEN
3.3 (blue edition). Data were exported and transferred to GraphPad
Prism 8 for further analysis.

Karyotyping
More than 2 × 106 mouse or human iNSCs at 90% confluence were
treated with colcemid (0.025 μg/ml; Gibco, no. 15212012) at 37°C
for 45 min. The cells were subsequently washed with DPBS and dis-
sociated into single cells with Accutase. The cells were resuspended
in 6 ml of 0.075 M KCl and incubated at 37°C for 15 min. Then 0.5
ml of fixative solution (acetic acid and methanol at 1:3) were gently
added, mixed and incubated at 37°C for 5 min. The cells were fixed
three times in 5 ml of fixative solution at 37°C for 40 min. The fixed
cells were gently resuspended in 300 μl of ice-cold fixative solution,
dropped onto pre-cleaned cold glass slice and incubated at 65°C
overnight. After trypsin treatment and Giemsa staining with.
Karyomax Giemsa Stain Solution (Gibco, no. 10092013), meta-

phase spreads were screened by a Zeiss Axioscope inverted micro-
scope with 100X objective and analyzed with Ikaros software
(MetaSystems). At least 20 metaphase spreads were analyzed for
karyograms.

RNA isolation and qRT-PCR
Total RNA was extracted using Trizol reagent (Invitrogen, no.
15596018) following the user guide quantified using a Nanodrop
One spectrophotometer (Thermo Fisher Scientific). 1.5 μg total
mRNA from each sample was used to synthesize the cDNA with a
ReverTra Ace qPCR RT master mix with gDNA remover
(TOYOBO, no. FSQ-301). qRT-PCR was performed with iTaq Uni-
versal SYBR Green Supermix (Bio-Rad, no. 1725122) on a CFX-96
thermocycler (Bio-Rad) in technical triplicates. PCR primers used
for qRT-PCR are listed in table S1. The 2-∆∆CT method was used to
calculate relative gene expression with GAPDH as reference gene.
The R package ggplot2 was use to plot the results.

Immunocytochemistry
Cells were fixed with 4% paraformaldehyde (PFA; Sigma-Aldrich,
no. P6148) at room temperature for 15 min, washed three times
with DPBS, permeabilized with 0.2% Triton X-100 (Sigma-
Aldrich, no. T8787) at room temperature for 20 min, blocked in

5% bovine serum albumin (BSA; United States Biological, no.
A1311) at room temperature for 1 to 2 hours and incubated in
primary antibodies diluted in 1% BSA at 4°C overnight or at
room temperature for 2 hours. After three-times rinse with DPBS,
the cells were incubated in secondary antibodies diluted in 1% BSA
in dark at room temperature for 2 hours followed by three times
washing with DPBS. After DAPI staining at room temperature for
15 min, the cells were washed three times and imaged with a CKX53
inverted fluorescence microscope (Olympus) or an LSM 900 confo-
cal microscope (Zeiss). All antibodies used in this study are listed in
table S2.

Generation of Sox2-GFP/Nanog-CreER/Rosa26-tdTomato
reporter cells
Sox2-EGFP+/−/Rosa26-tdTomato+/− double knock-in mouse ESC
(mESC) lines were derived as described before (67). Briefly, homo-
zygous Rosa26 LoxP-stop-LoxP tdTomato+/+mice (Jackson Labora-
tory, no. 007905) were crossbred with heterozygous Sox2-EGFP+/−
mice. At day E3.5, blastocysts were extracted and individually
seeded on a flat-bottom 12-well plate on inactivated MEF feeder
cells in KSR-mESC medium: high-glucose DMEM supplemented
with 15% knockout serum replacement (KSR, Gibco, no.
10828028), 1% GlutaMAX, 1% NEAA, 1% penicillin/streptomycin,
0.1 mM β-mercaptoethanol, and LIF (10 ng/ml). Developed double
knock-in mESC were expanded as single clonal lines.

Nanog-CreER cassette was knocked into the double knock-in
mESC to generate Sox2-GFP/Nanog-CreER/Rosa26-tdTomato re-
porter cells as described previously (30). Briefly, Nanog-CreER-
pgk-Hygro targeting construct, a gift from J. Hanna (30)
(Addgene, no. 59720) was linearized with Sal1 restriction enzyme
(NEB, no. R3138), transfected into the double knock-in mESCs
with Lipofectamine Stem Transfection Reagent (Invitrogen, no.
STEM00001). Twenty-four hours after transfection, the cells were
dissociated with 0.05% trypsin into single cells, seeded on Matri-
gel-coated six-well plates in serum/2iLIF medium containing Hy-
gromycin (100 μg/ml; GoldBio) for 7 to 10 days. Serum/2iLIF
medium contains high-glucose DMEM supplemented with 15%
FBS, 1% GlutaMAX, 1% NEAA, 1% sodium pyruvate, 0.05 mM
β-mercaptoethanol, LAAP (50 μg/ml), 1% penicillin-streptomycin,
LIF (10 ng/ml), 3 μM CHIR99021 (SelleckChem, no. S2924), and 1
μM PD0325901 (SelleckChem, no. S1036). Hygromycin-resistant
Sox2-EGFP+/−/Nanog-CreER+/−/Rosa26-tdTomato+/− triple
knock-in mESCs was confirmed by genotyping PCR using
primers in table S1 and 4-OHT treatment test (PeproTech, no.
6833585). Correctly targeted clonal triple knock-inmESCs were mi-
croinjected into blastocysts and transferred into pseudopregnant
host mice, which was done in CCMR. At day E13.5, chimeric
embryos were collected and used to prepare reporter MEFs as de-
scribed above. To remove the cells from the host embryos, MEFs at
passage 0 were cultured in MEF medium containing Hygromycin
(100 μg/ml) for 4 to 6 days, followed by FACS to remove GFP-pos-
itive cells. GFP-negative reporterMEFs used for reprogramming ex-
periments within three passages.

Mitochondrial staining assay
Cells werewashed oncewith DPBS, trypsinized into single cells with
0.05% trypsin (Gibco, no. 25300062) and centrifuged for 5 min at
300g. After removing the supernatant, the cells were resuspended to
5 × 105 cells/ml with NSC medium. In a 96-well cell culture plate,
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200 μl of cells (1 × 105 cells) were added per well, and then 20 μl of
MitoTracker Green FM (Invitrogen, no. M7514) was added to each
well (final concentration 50 nM) and incubated for 30 min at 37°C.
After incubation, the cells from each well were washed once with 1
ml of DPBS, centrifuged for 5 min at 300g. After removing super-
natant, the cells were resuspended in FACS buffer and filtered
through 40 μm strainers. Mean fluorescence intensities (MFI) of
the green fluorescent probe in stained live single cells were quanti-
fied using NovoCyte Advanteon flow cytometer (Agilent) with a
488 nm laser.

Glucose uptake assay
Single-cell suspension was prepared as described in mitochondrial
staining assay. Cells (100 μl; 5 × 104 cells) were added to each well in
a 96-well cell culture plate, then 100 μl of 2-NBDG (Invitrogen, no.
N13195) was added to each well (final concentration 100 μM) and
incubated for 30 min at 37°C. After incubation, the cells were
washed once with DPBS and resuspended in FACS buffer and fil-
tered through 40 μm strainers. MFIs of the green fluorescent
probe in stained live single cells were quantified using NovoCyte
Advanteon flow cytometer with a 488 nm laser.

Extracellular metabolic flux analysis
Glycolysis stress tests were performed with the Seahorse XF Glycol-
ysis Stress Test Kit (Agilent, no. 103020100) following instructions
by the manufacture. In brief, the day before measurement, the
XFe96 Sensor Cartridge (Agilent, no. 102418100) was hydrated in
Seahorse XF Calibrant (Agilent, no. 100840000) at 37°C in a non-
CO2 incubator overnight. Cells were seeded onto a XF96 plate
(Agilent) precoated with Matrigel at 2 × 104 cells per well in NSC
medium and incubate at 37°C in a CO2 incubator overnight. On the
day of measurement, the medium was changed to XF DMEM
(Agilent, no. 103575100) supplement with 2 mM XF glutamine
(Agilent, no. 103579100) and was equilibrated for 1 hour at 37°C
in a non-CO2 incubator. Then, the extracellular acidification rate
(ECAR) was measured in four steps before and after sequential in-
jections of 10 mM glucose, 1 μM oligomycin, and 50 mM 2-deox-
yglucose (2-DG) using the calibrated sensor cartridge and a
Seahorse Xfe96 Analyzer (Agilent). ECAR was repeatedly measured
in at least three mix-wait-measure cycles in each step for the dura-
tion of the experiment (90 to 120 min).

Protein purification
The constructs of pETG20a-Sox were used to express the fusion
protein containing an N-terminal His6-TrxA tag were expressed
in Escherichia coli Rosetta (DE3) competent cells grown in LB
medium supplemented with 0.2% Glucose and ampicillin (100
μg/ml) at 37°C to OD600 of ~0.6 to 0.8 before adding 0.5 mM iso-
propyl-β-thio galactoside for induction at 16 to 18°C for 18 to 22
hours. Cell pellet was resuspended in [Sox lysis: 20 mM tris-HCl
(pH 8.0), 500 mM NaCl, and 20 mM imidazole] and incubated
for 30 min on ice before freezing at −80°C. Cells are thawed and
disrupted by sonification. The fusion proteins in the soluble fraction
were first captured using HisPur Ni-NTA Superflow Agarose
washed with 30 mM imidazole buffer and eluted with elution
buffer [Sox: 20 mM tris-HCl (pH 8.0), 500 mM NaCl, and 300
mM imidazole]. Fusion proteins are subsequently cleaved using
tobacco etch virus protease at 4°C overnight to remove the Trx
tags. The cleaved protein was further purified using a 1 ml

HiTrap SP HP (Cytiva) column equilibrated in buffer A [Sox: 20
mM tris-HCl (pH 8.0), and 250 mM NaCl] connected to an
ÄKTA pure protein purification system (GE Healthcare) and
eluted with a linear NaCl gradient using buffer B [Sox: 20 mM
tris-HCl (pH 8.0) and 1 M NaCl]. Fractions containing the
desired protein were pooled, exchanged into a buffer A using
HiLoad 16/600 Superdex 75 pg (Cytiva), and frozen in liquid nitro-
gen and stored in aliquots at −80°C.

EMSAs using purified proteins
Native 12% polyacrylamide gel electrophoresis (PAGE) gels were
prepared with tris/glycine (TG) buffer [25 mM tris (pH 8.3); 192
mm glycine] and cast as mini gels. Double-stranded DNA probes
with 50 cy5 or cy3 dyes at forward strand were prepared using an
annealing buffer [20 mM tris/HCl, 50 mM MgCl2, and 50 mM
KCl (pH 8.0)] and heated to 95°C for 5 min and subsequent
cooling at 1°C/min to 16°C in a T100 Thermo Cycler (Bio-Rad).
Proteins were thawed and filtered through 0.45 μm centrifugal
filters. Protein samples and fluorescently labeled DNA are incubat-
ed for ~1 to 2 hours in EMSA buffer [10 mM tris/HCl (pH 8.0), BSA
(0.1 mg/ml), 50 μMZnCl2, KCl 100mM, 10% glycerol, 0.10% Igepal
CA630, and 2 mM βME]. Gels were first to pre-ran using 1 × TG
buffer [0.25 mM tris and 192 mM glycine (pH 8.0)] at 200 V for 30
min, and then 10 μl samples were loaded and gels run for 30 min at
200 V at 4°C. Images are captured using an Amersham Typhoon 5
Biomolecular Imager and quantified using ImageQuantTL 7.0.
Having two different proteins, hence two separate monomeric

binding states. There were four microstates defined as f0, f1, f2,
and f3, which correspond to the fractional concentrations of the
free DNA (f0), two alternative monomer-DNA complexes ( f1,2),
and the heterodimer-DNA complex ( f3), respectively. The hetero-
dimer cooperativity factor ω can be calculated from these values
through equation in (68).

EMSA using whole-cell protein extraction from
mammalian cells
The coding sequences of full-length TFs were amplified by PCR and
inserted into pLVTHM-3xflag vector [1] between Pme I and Mlu I
sites by restriction digestion and ligation. Plasmids were transfected
into HEK293T cells to overexpress the proteins of interest for 72
hours. Cells were collected, washed with DPBS and then re-sus-
pended in lysis buffer [20 mM Hepes-KOH (pH 7.8), 150 mM
NaCl, 0.2 mM EDTA (pH 8.0), 25% glycerol, and 1 mM dithiothrei-
tol (DTT) with cOmplete protease inhibitor cocktail (Roche, no.
11836145001) added freshly]. To lyse the cells, 4 cycles of freeze-
thaw with liquid nitrogen were used followed by centrifugation at
14,000g for 10 min at 4°C. Supernatant was collected and total
protein concentration was estimated with a Nanodrop One spectro-
photometer followed by quantification by Western blot analysis
with anti-flag antibody. When loading onto the gels, the SOXs con-
centrations were adjusted to the same level and the total protein
levels between different samples were adjusted by adding nontrans-
duced lysate. To resolve protein/DNA complexes, 6% native 18.5 cm
by 20 cm PAGE gels [cast with tris/glycine buffer (Bio-Rad, no.
1610771)] were used. DNA probes and proteins mixtures were in-
cubated for 2 hours on ice in binding buffer [25 mM Hepes-KOH
(pH 8.0), 50 mMNaCl, 0.5 mM EDTA, 0.07% Triton X-100, BSA (4
mg/ml), 7 mM DTT, and 10% glycerol]. Gels were pre-run at 300 V
for 2 hours with 1 × tris/glycine buffer at 4°C. Then, samples were
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loaded and run for 2.5 hours at 300 V at 4°C. Images were scanned
with a GE Typhoon 5 Biomolecular Imager.

SMT assay
HeLa cells were cultured in DMEM supplemented with 10% FBS,
5% GlutaMAX, and 1% NEAA and maintained at 37°C with 5%
CO2. Cells were seeded at a density of 20,000 cells per well in
eight-well chamber glass slides (Ibidi) coated with 0.5% gelatin 24
hours before transfection. Transfections were performed using the
X-tremeGENE 9 Transfection Reagent kit (Roche, Basel, Switzer-
land) to introduce 500 ng of plasmid DNA using FluoroBrite
DMEM (Gibco) as the low serum transfection media. After 24-
hour growth, cells were washed twice and cultured in Fluorobrite
DMEM (Gibco) imaging media with 1.5 nM JF549 Halo-tag
ligand for 10 min. Following incubation, cells were washed twice
and transferred to Fluorobrite DMEM (Gibco) supplemented
with 10% FBS, 5% GlutaMAX, and Hepes.
Images were acquired on a Nikon total internal reflection fluo-

rescence (TIRF) microscope at a TIRF angle of 60.18° to achieve
HILO illumination, an iXon Ultra 888 EMCCD camera with filter
cube TRF49909-ET-561 laser bandpass filter and a 100 X oil 1.49
NA TIRF objective. Cells were imaged using a 561 nm excitation
laser at a power density of 10.3 μW to perform two different acqui-
sition techniques: a fast frame rate that uses 50 Hz (20 ms frame
rate) to acquire 6000 frames without intervals to measure displace-
ment distribution and fraction bound, and a slow frame rate that
uses 2 Hz (500 ms frame rate) to acquire 500 frames without inter-
vals to measure residence times.
All images were cropped using ImageJ (fast and slow tracking).

Molecules were identified using a custom-written MATLAB imple-
mentation of the MTT algorithm, known as SPT_LocAndTrack
(69). Parameters used for mobility and fraction bound analysis: Lo-
calization error: 10−6.5; Blinking (frames): 1; max number of com-
petitors: 3; max expected diffusion coefficient (μm2/s): 2. Time
points = 7, clipfactor = 4. Cells with less than 700 trajectories
based on above parameters are excluded from analysis. All trajecto-
ries that have less than 7 (time points) tracks are removed from
further analysis. Mean squared displacement calculations use the
first four frames of each trajectory. Parameters used for Residence
time tracking: Localization error: 10−7; Blinking (frames): 1; max
number of competitors: 3; max expected diffusion coefficient
(μm2/s): 0.31. Residence time analysis was performed using
MATLAB code (Calculatelength_2fitting_v3) provided by Zhe Liu.
Angle and AC: Angles and AC were calculated using the same

method and formulas as described by Izeddin et al. (51).
AC formula

Log2
FWD
BWD

� �

where FWD = 0° to 30° and BWD = 150° to 180°.
Data were plotted and statistically tested using GraphPad Prism

9.1 (GraphPad Software) and Python. Results are displayed as
means ± the SD unless indicated otherwise. Statistical significance
was determined by analysis of variance (ANOVA) followed by
Tukey post hoc test.

RNA sequencing
Cells were cultured in 6-well or 12-well culture plates in replicates,
washed once with DPBS, and collected by adding 500 μl Trizol (In-
vitrogen). Total RNAwas isolated using Trizol reagent as described
above and dissolved in nuclease-free water. More than 1.5 μg total
RNA of each sample was submitted to Novogene (Beijing, China)
for 150 bp paired-end RNA-seq. Raw sequencing data per sample
(6 Gb) in fastq format were provided for analysis.

RNA-seq data analysis
Raw RNA-seq reads in fastq format were aligned to the reference
transcriptome (mm10 for mouse and hg38 for human) using
RSEM (70) and bowtie 2.0 (71) (with options: rsem-calculate-ex-
pression --bowtie2 --bowtie2-sensitivity-level very_sensitive --no-
bam-output --estimate-rspd --paired-end). Gene level alignment
results of samples were merged and annotated using glbase3 (72).
Read counts per genes were calculated using RSEM and normalized
to GC content using EDAseq (73). GC-normalized read counts≥20
in at least two samples were kept, leading to a final read count table.
This table was used to inspect individual gene expression, generate
correlation heatmaps, perform PCA and analyze DEGs. Correlation
heatmaps were generated using the correlation_heatmap function
of glbase3 with option mode = “r2,” or using the cor function of
R with the option method = “pearson.” PCA was generated using
the get_pca function of glbase3 or using the rpca function of
R. DEG analysis was performed using the DEseq function with
the option fitType = “local” and the results function of DESeq2.
The R packages data.table, ggplot2, and pheatmap were used for
data analysis and visualization. GO analysis was performed using
enrichGO function of clusterProfiler for DEGs or top 200 gene
loadings in PCA.

Single-cell RNA-seq
Mouse primary NSCs and iNSCs at passage 15 were dissociated into
single cells using Accutase and resuspended in DPBS containing
0.04% BSA with more than 90% viability. scRNA-seq library prep-
aration and Illumina sequencing (Pair-End sequencing of 151 bp)
were done at The University of Hong Kong, LKS Faculty of Medi-
cine, Centre for PanorOmic Sciences (CPOS), Genomics Core.
Single cell encapsulation and cDNA library was prepared from
each sample using the 10X Genomic Chromium Single Cell Con-
troller (10X Genomics) and Chromium Next GEM Single Cell 30
Reagent Kit v3.1 and Chromium Next GEM Chip G Single Cell
Kit according to manufacturer’s instructions. In brief, single cells
in suspension were counted and loaded into individual wells of
10X Chromium Single Cell chip. Single cells were encapsulated
into Gel Beads-in-emulsion (GEM) by 10X Chromium Single Cell
Controller. Single Cell 3’ Reagent Kit v3.1 was used to perform
reverse transcription on GEMs, followed by cDNA purification
and amplification. The double-stranded cDNA then went through
enzymatic fragmentation, adapter ligation, index PCR and SPRIse-
lect size selection following manufacturer’s protocol. Library size
and concentration were determined by Qubit, qPCR and Bioanalyz-
er assays. Pooled libraries were then sequenced on Illumina
NovaSeq 6000 platform using 151 bp paired-end sequencing. Raw
sequencing reads were assigned into individual samples using
bcl2fastq (Illumina) with each sample having an average throughput
of 60.9 Gb of raw data (406 million reads) followed by alignment to
mm10 mouse genome using Cell Ranger analysis pipeline (10X
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Genomics) with default parameters. A total of 18,143 cells were pro-
filed to an average depth of 66,713 reads per cell.

scRNA-seq data analysis
scRNA-seq data analysis and visualization were performed using
Seurat R package (version 4.3.0, https://satijalab.org/seurat/) (74).
A Seurat object was created for each sample using CreateSeuratOb-
ject function after reading in the gene-by-cell unique molecular
identifier (UMI) count matrix from Cell Ranger analysis using
Read10X function. All Seurat objects were merged using merge
function for standard pre-processing workflow. Cells were filtered
using subset function and cells with 2000 to 30,000 UMIs and
with 2000 to 6000 genes expressed and with less than 15% mito-
chondria UMI rate were kept, leaving 16,953 genes across 16,478
cells for further analysis. The expression matrix was then normal-
ized by LogNormalize method to 10,000 UMIs per cell using Nor-
malizeData function. Two thousand variable genes were identified
by vst method using FindVariableFeatures function. The data was
scaled using ScaleData function and PCA was performed using
RunPCA function based on the scaled data using the variable
genes as input. Cells were clustered using the FindNeighbors and
FindClusters function with the first 10 PCs and resolution = 0.1
and Louvain algorithm. The first 10 PCs were used for Uniform
Manifold Approximation and Projection (UMAP) construction
using RunUMAP function. The marker genes were calculated by
FindAllMarkers function with Wilcoxon Rank Sum test algorithm
and logfc.threshold = 0.25 and min.pct = 0.1. Marker genes were
shown in UMAP plots using FeaturePlot function and DotPlot
function. Cell cycle scores were calculated using the CellCycleScor-
ing function.

Reduced representation bisulfite sequencing
Genomic DNA (gDNA) of cells was isolated using Quick-DNAMi-
croprep Kit (Zymo, no. D3021). More than 1.5 μg gDNA of each
sample was submitted to Novogene (Beijing, China) for RRBS.
RRBS libraries were prepared as previously reported (75). Briefly,
the gDNA was digested using Msp I, followed by end repair, and
dA-tailing. The adapter ligation was performed by using adapters
with all cytosines being methylated. After size selection, DNA frag-
ments were bisulfite treated. After the bisulfite conversion, unme-
thylated cytosines were converted to U and further to T after PCR
amplification, while methylated cytosines remained unchanged.
After PCR amplification, the libraries were checked with Qubit
and real-time PCR for quantification and bioanalyzer for size dis-
tribution detection. Quantified libraries were pooled and sequenced
on Illumina NovaSeq 6000 platform using 150 bp paired-end se-
quencing with more than 10 Gb of raw data (67 million reads)
per sample in fastq format.

RRBS data analysis and methylation age prediction
RRBS data were processed for mouse methylation age prediction as
previously described (41). RRBS raw reads were trimmed with Trim
Galore (version 0.6.6, −rrbs) followed by alignment to the mouse
genome (GRCm38/mm10) with Bismark (version 0.23.1).Then
Bismark coverage files were generated from the deduplicated bam
files using Bismark Methylation Extractor (−gzip –bedGraph).
The bedGraph files were convertecd to BigWig files using bed-
GraphToBigWig. The Bismark coverage files were used to calculate
the methylation age using mouse epigenetic clock with an

imputation step (https://github.com/EpigenomeClock/
MouseEpigeneticClock). The Bismark coverage results were filtered
to exclude CpG sites which had less than 5X coverage in more than
90% of samples, resulting more than 2.2 million CpG sites included
in all samples.

Assay for transposase-accessible chromatin using
sequencing
Sox2-GFP MEFs at reprogramming day 4 were washed once with
DPBS, trypsinized with 0.05% trypsin into single cells, and cryopre-
served in MEF medium containing 10% DMSO. The cryopreserved
cell samples were submitted to Novogene (Beijing, China) for
ATAC-seq. Raw sequencing data per sample (12 Gb) in fastq
format were provided for analysis.

ATAC-seq data analysis
ATAC-seq data were trimmed to 35 bp length to remove Tn5 trans-
posase sequence and then mapped to mouse genome assembly
mm10 using bowtie2 (−-very-sensitive --end-to-end --no-unal
--no-mixed -X 2000). Mapped reads were filtered to removed low
quality reads and sorted using samtools (76) (samtools view -q 30
| sort). Mitochondrial reads were removed afte alignment (grep -v
chrM). PCR duplicates were removed using samtools (rmdup) and
only uniquely mapped reads were kept. The BAM files of replicates
of each sample were merged with samtools (merge). The merged
BAM files were converted to BigWig files using bedtools (77) (bam-
tobed), genomeCoverageBed from bedtools and bedGraphToBig-
Wig. Peaks were called with MACS2 (78) (with option -g mm -f
BAMPE --call-summits). Enriched motifs in 200 bp regions of
ATAC-seq peaks was analyzed using the findMotifsGenome.pl
function of HOMER (79) (mm10 -size -100,100). Nearest genes
were assigned to the ATAC-seq peaks using the annotatePeak.pl
function of HOMER.

chromVAR analysis
For ATAC-seq data, chromVAR (48) was used to compare the chro-
matin accessibility variation for peaks marked by different TF
motifs. Peaks of all ATAC-seq samples were combined into a read
count matrix. For overlapping peaks, the peaks with higher peak
scores or overall higher read counts were kept. Motif position
weight matrices (PWMs) from the HOMER database were obtained
with the chromVARmotifs R package. Motif matches in peak
regions were assigned using the motifmatchr package. GC bias cor-
rected accessibility deviations were calculated based on merged
reads from ATAC-seq replicates. For better comprehension, the
two motifs from HOMER database are renamed as canonical
SoxOct [OCT4-SOX2-TCF-NANOG (POU,Homeobox,HMG)]
and compressed Sox17:Oct4 [Oct4:Sox17 (POU,Homeo-
box,HMG)]. Accessibility variability data are presented as a
heatmap using the pheatmap R package.

Footprint analysis
HINTwas used to identify the active TF binding sites for ATAC-seq
data as described previously (50). In brief, Tn5 insertion bias was
corrected and footprints were called using the rgt-hint footprinting
function. Motifs overlapping with the footprints were found with
the rgt-motifanalysis matching function using motifs from
JASPAR database. Average ATAC-seq profiles around binding
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sites of motifs and Differential TF binding were analyzed using the
rgt-hint differential function.

Supplementary Materials
This PDF file includes:
Figs. S1 to S11
Tables S1 and S2
Legend for movie S1
Legends for data S1 and S2

Other Supplementary Material for this
manuscript includes the following:
Movie S1
Data S1 and S2
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