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Oct4-induced oligodendrocyte progenitor cells
enhance functional recovery in spinal cord
injury model
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Abstract

The generation of patient-specific oligodendrocyte progenitor cells
(OPCs) holds great potential as an expandable cell source for cell
replacement therapy as well as drug screening in spinal cord injury
or demyelinating diseases. Here, we demonstrate that induced
OPCs (iOPCs) can be directly derived from adult mouse fibroblasts
by Oct4-mediated direct reprogramming, using anchorage-
independent growth to ensure high purity. Homogeneous iOPCs
exhibit typical small-bipolar morphology, maintain their self-
renewal capacity and OPC marker expression for more than 31
passages, share high similarity in the global gene expression profile
to wild-type OPCs, and give rise to mature oligodendrocytes and
astrocytes in vitro and in vivo. Notably, transplanted iOPCs
contribute to functional recovery in a spinal cord injury (SCI)
model without tumor formation. This study provides a simple
strategy to generate functional self-renewing iOPCs and yields
insights for the in-depth study of demyelination and regenera-
tive medicine.
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Introduction

Oligodendrocyte progenitor cells (OPCs) are originated from the

neuroepithelium during embryonic development (Noll & Miller,

1993). OPCs are a bipotent glial cell type in the central nervous

system (CNS) that can differentiate into both astrocytes and

myelinogenic oligodendrocytes, responsible for forming myelin

sheath (Franklin & Ffrench-Constant, 2008) that insulates axons for

the efficient propagation of action potentials (Najm et al, 2011).

Demyelinating conditions, such as traumatic spinal cord injury

(SCI), cause immediate cell damage, which can subsequently lead to

both motor and sensory dysfunctions that result in devastating

paralysis (Lee et al, 2014). Since there are no full restorative treat-

ments yet available and current strategies including surgical inter-

ventions and medications carry severe side effects (Silva et al,

2014), cell replacement therapy by transplanting neural/glial

progenitors (Ben-Hur & Goldman, 2008; Jin et al, 2011) for restora-

tion of demyelinated lesions is a promising treatment option. In

particular, transplantation of oligodendrocytes or OPCs derived from

pluripotent stem cells promotes axonal remyelination and facilitates

functional recovery of the damaged spinal cord (Faulkner &

Keirstead, 2005; Keirstead et al, 2005; Sharp et al, 2010; All et al,

2012; Wang et al, 2013; Douvaras et al, 2014). However, the clinical

application of pluripotent stem cell derivatives is limited due to the

tumorigenic potential of the residual undifferentiated stem cells after

transplantation (Miura et al, 2009; Fong et al, 2010). Direct lineage

conversion of one somatic cell type into other cell types, such as

myoblasts, neuronal cells, hepatocytes, cardiomyocytes, and

endothelial cells, has been developed, which eliminates tumori-

genicity through bypassing an intermediate pluripotent state (Davis

et al, 1987; Efe et al, 2011; Huang et al, 2011, 2014; Sekiya &

Suzuki, 2011; Li et al, 2013; Han et al, 2014; Morita et al, 2015).

Meanwhile, this strategy is still challenging since the induced cells

are in the postmitotic state, which impedes the large-scale expansion

of desired cell types. Previous studies reported generation of expand-

able induced neural progenitor cells (iNPCs) from fibroblasts using

distinct sets of neural transcription factors or reprogramming factors

(Kim et al, 2011; Mitchell et al, 2014b). However, the low differenti-

ation efficiency of iNPCs to mature oligodendrocytes limits its appli-

cation as a SCI treatment. Thus, self-renewing and bipotent OPCs

rather than iNPCs are considered as more appropriate cell source for

developing cell-based therapies for SCI. Recently, two research
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groups have reported generation of induced oligodendrocyte pro-

genitor cells (iOPCs) from murine fibroblasts with combinations of

transcription factors including Sox10, Olig2, and Nkx6.2 (Najm et al,

2013) or Sox10, Olig2, and Zfp536 (Yang et al, 2013). However,

these cells can be expanded for only up to five passages and are

restricted exclusively to the oligodendrocyte lineage (Najm et al,

2013). Moreover, the global gene expression profile of these iOPCs is

distinct from the wild-type OPCs (wtOPCs) (Yang et al, 2013).

Our previous studies revealed that ectopic expression of Oct4

alone can induce pluripotency in both mouse and human NSCs

(Kim et al, 2009a,b,c). Remarkably, a number of recent studies

showed Oct4-mediated direct reprogramming (Mitchell et al, 2014a)

can promote direct lineage conversion of fibroblasts into blood

progenitor cells (Szabo et al, 2010) as well as neural progenitor cells

(Mitchell et al, 2014b), astrocytes into neural stem cells (Corti et al,

2012), or peripheral blood cell into neural progenitor cells (Lee et al,

2015) through passing cell plasticity stage (Mitchell et al, 2014a).

Here, we demonstrated that the ectopic expression of Oct4 with

defined culture conditions is sufficient to generate homogeneous,

self-renewing and bipotent iOPCs from fully differentiated somatic

cells through passing the aggregate stage and demonstrates its

functionality in rat SCI models. Our strategy reduces host genome

modifications by minimizing the use of transcription factors to a

single factor and facilitates future therapeutic applications for

demyelinating conditions, including SCI.

Results

Generation of iOPCs from adult mouse fibroblasts by Oct4

To generate induced oligodendrocyte progenitor cells (iOPCs) using

a minimal number of transcription factors, we employed Oct4-

mediated direct reprogramming strategy, which induces cell fate

plasticity at the early phase of reprogramming through mediating

ectopic expression of Oct4 (Mitchell et al, 2014a; Xu et al, 2015).

The procedure for generating iOPCs is summarized in a schematic

design (Stage 1; Fig 1A). Briefly, we first isolated the mouse skin

fibroblasts from 6-week-old adult mice as parental cells and con-

firmed that the cells did not express pluripotency or neural-lineage

markers (Fig EV1A–C). The fibroblasts were transduced with retro-

viruses encoding Oct4 and cultured in defined OPC induction

medium. The transduced cells underwent morphological changes

into spindle-shaped cells 14–21 days after Oct4 induction (Fig 1B

and C), whereas uninfected cells did not change during the entire

process (Fig 1D). Next, we mechanically isolated the cells exhibiting

spindle-shaped morphology and replated them in OPC medium

supplemented with platelet-derived growth factor AA (PDGF–AA),

an essential mitogen for OPCs (Noble et al, 1988; Raff et al, 1988;

Richardson et al, 1988; Hu et al, 2012). Within 35 days after infec-

tion, these cells formed floating OPC aggregates (OPC-AGs) (Stage 2;

Fig 1E), and the OPC-AGs were subsequently transferred onto

gelatin-coated plates in OPC medium. Bipolar OPC-like cells outgrew

from the attached OPC-AGs and could be maintained in a highly

homogeneous monolayer culture (Stage 3; Fig 1F and G). After

consecutive passages, we established two iOPC clones named iOPC-

C1 and iOPC-C2. Immunostaining revealed that the iOPC clones co-

expressed OPC-specific surface markers, A2B5, PDGFRa, and NG2,

and also expressed an early OPC marker, Olig2 (Fig 1H). We further

evaluated whether iOPCs can maintain the proliferation after

multiple passages. Both iOPC clones were stably expanded for more

than 31 passages (Fig 1I). The mean population doubling times

(mDT) of iOPC clones were approximately 26 h at both passages 3

(P3) and 31 (P31) (Fig 1J). We next confirmed the integration of

Oct4 transgene in the host genome of iOPC clones by genomic poly-

merase chain reaction (PCR) (Fig EV1D). Exogenous expression of

Oct4 mRNA was dramatically silenced in both clones at passage 5

(P5), as examined by quantitative reverse transcription–PCR (qRT–

PCR) (Fig EV1E). Furthermore, the iOPCs maintained a normal

mouse chromosome karyotype (2n = 40) after Oct4 induction

(Fig EV1F). These results support that Oct4 expression with our

defined culture condition is sufficient to convert the cell fate of adult

mouse fibroblasts into expandable iOPCs.

Self-renewing iOPCs can differentiate into mature
oligodendrocytes and astrocytes

Next, we investigated the self-renewal capacity and bipotency of

iOPCs through examining populations of iOPCs, oligodendrocyte,

astrocyte, and neurons at early (P5) and late passage (P35) in the

OPC culture condition. Both iOPC clones homogeneously expressed

A2B5, PDGFRa, and NG2. In contrast, glial fibrillary acidic protein

(GFAP)+ astrocytes were rarely present, and neither receptor-

interacting protein (RIP)+ mature oligodendrocytes nor neuron-

specific class III beta-tubulin (Tuj1)+ neurons were detected

(Figs 2A and B, and EV2A). The mean percentage of positive cells

for each marker is presented in Appendix Table S1. We next examined

the bipotency of iOPCs to differentiate to bothmature oligodendrocytes

▸Figure 1. Generation and characterization of Oct4-induced OPCs from fibroblasts.

A Experimental scheme for generating iOPCs from fibroblasts through Oct4-mediated reprogramming and in vitro differentiation into mature oligodendrocytes (OPC-
AGs, OPC aggregates).

B–G Morphology of Oct4-infected fibroblasts in OPC induction medium (B) at 14 days post-infection. (C) Zoomed image of the white square in (B), which shows a
spindle-shaped morphology. (D) Typical morphology of fibroblasts in OPC medium without Oct4 induction. (E) Appearance of OPC-AGs within 35 days after
infection. (F) OPC-like cells outgrew from OPC-AGs on gelatin-coated plates. (G) Zoomed image of the white square in (F), which shows the bipolar morphology of
OPC-like cells. Scale bars, 250 lm.

H Immunofluorescence images of iOPC-C1 and iOPC-C2 stained with OPC-specific markers, A2B5, PDGFRa, NG2, and Olig2, in OPC medium. Cells were co-stained
with A2B5 and PDGFRa (left-most columns), A2B5 and NG2 (left-middle columns), NG2 and PDGFRa (right-middle columns), and Olig2 and DAPI (right-most
column). Cells were counterstained with DAPI. Scale bars, 75 lm.

I Morphology of iOPC clones at early (passage 3) and late passages (passage 31). Scale bars, 125 lm.
J Growth curves and mean doubling time (mDT) of iOPC clones at passage 3 (P3) and passage 31 (P31). Each point refers to the cell numbers of two iOPC clones

every 24 h. Data are presented as the means � SD (n = 3).
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and astrocytes. iOPCs at P5 were seeded onto PDL/laminin-coated

plates in oligodendrocyte differentiation medium supplemented with

thyroid hormone (T3) (Stage 4; Fig 1A). Cellular morphology was

dramatically changed within 5 days (Figs 2C and EV2B), and oligo-

dendrocytes with branched structures and star-shaped astrocytes

were detected throughout 28 days of differentiation (Figs 2D–F and

EV2C–E). Furthermore, immunostaining revealed the co-existence

of O4+ oligodendrocytes (~94 � 1.3%) and GFAP+ astrocytes

(~16.2 � 1.9%) after differentiation (Fig 2G–I), whereas none of the

cells differentiated to neurons or oligodendrocytes in neuronal

differentiation medium (Fig EV2F). These results indicate that

iOPCs are glial lineage-restricted bipotent progenitors. Moreover, we

observed differentiation of iOPCs to galactosylceramidase (GalC)+

premyelinating oligodendrocytes, and RIP and myelin basic protein

(MBP) co-expressing mature oligodendrocytes with complex

branches in the late stage of maturation (Fig 2J). Remarkably, the

iOPCs were able to differentiate to mature oligodendrocytes at late

passage (P35) as well (Fig EV2G). The differentiation efficiency of

iOPCs to each mature oligodendrocyte marker-positive cell along

with GFAP+ astrocyte is presented in Appendix Table S2. These

results demonstrate that self-renewing and bipotent Oct4-iOPCs can

differentiate to mature oligodendrocytes and astrocytes, but not to

the neuronal lineage.

Oct4-iOPCs exhibit similar global gene expression profiles as
wild-type OPCs

To investigate whether the iOPCs exhibit molecular similarity with

wild-type OPCs (wtOPCs), we compared global gene expression

patterns among fibroblasts (Fib), Oct4-infected cells at day 3 (FOct4-

D3) and day 10 (FOct4-D10), mock-infected cells, iOPC clones at P5,

and wtOPCs derived from pluripotent stem cells (Najm et al, 2013).

Heat map analysis revealed that the global gene expression patterns

of both iOPC clones were very similar to wtOPCs (Fig 3A), but

distinct from the parental fibroblasts and the mock-infected cells.

We analyzed the heat map further by selecting 80 genes that are

commonly up-regulated in the iOPCs and wtOPC and classified them

through Gene Ontology (GO) term enrichment profiling. We found

most of the GO terms associated with the 80 genes are “oligodendro-

cyte/neural development” and “myelination” (Appendix Table S3).

We narrowed down the 80 genes to 32 OPC and oligodendrocyte

lineage-specific genes (Cahoy et al, 2008) and found high level of

similarity in the expression levels of the 32 genes (Fig 3B). More-

over, pairwise scatter plots demonstrated high similarity between

wtOPCs and iOPCs especially in OPC-specific genes, including Mag,

Nkx2.2, Olig1, Olig2, Sox10, Cnp, Cspg4, and Ptprz1, distinct from

the fibroblast (Fig 3C). The hierarchical clustering, 3D PCA analysis,

and the distance map showed that iOPCs and wtOPCs are tightly

correlated (Fig 3D and Appendix Fig S1A and B). To validate the

microarray data, we examined the mRNA expression of OPC-specific

genes including Ptprz1, Siat8a, Nkx2.2, Olig1, Olig2, Sox10, Cnp,

Mag, and Myrf by qRT–PCR. Consistent with the microarray result,

the expression level of OPC-specific genes was up-regulated in the

iOPC clones relative to the fibroblasts (Fig 3E). Together, these

results revealed a high degree of similarity in molecular identity

between iOPCs and wtOPCs.

Oct4-iOPCs enhance recovery in a rodent spinal cord
injury model

To examine the in vivo functionality of the iOPCs, we transplanted

GFP-labeled iOPCs into adult rat SCI models (n = 8). We induced

contusive damage to thoracic vertebrae 9 (T9) of the spinal cord

and injected 1.2 × 105 iOPCs at P5 into the upper (T8) and lower

(T10) vertebrate after 1 week of injury. To confirm the tissue recov-

ery of the injury site, we conducted hematoxylin and eosin (H&E)

staining of coronal and sagittal sections of the rat spinal cord

after 6 weeks of transplantation. Transplanted iOPCs promoted the

◀ Figure 2. Self-renewal capacity and biopotency of iOPCs.

A Immunofluorescence images of iOPC-C1 at passage 5 (P5) and 35 (P35) stained with A2B5 and RIP (left columns), PDGFRa and GFAP (middle columns), and NG2 and
Tuj1 (right columns). Cells were counterstained with DAPI. Scale bars, 125 lm.

B Quantification of A2B5+, PDGFRa+, NG2+, RIP+, GFAP+, and Tuj1+ cells in undifferentiated iOPCs. Each type of marker-positive cells was counted in three biological
replicates. Data are presented as the means � SD (n = 3).

C–F Morphological changes of iOPC-C1 during differentiation on PDL/laminin-coated plates at (C) days 5, (D, E) 14, and (F) 28. (E) Zoomed image of the white square in
(D) shows the mature oligodendrocytic morphology with complex branches (green arrowhead) and heterogeneous astrocytic morphology (red arrowhead). Scale
bars, 50 lm.

G, H Biopotency of iOPC in vitro after 2 weeks of differentiation showing (G) O4-immunostained oligodendrocytes and GFAP-stained astrocytes derived from iOPC-C1.
(H) Zoomed image of the white square in (G). Scale bars, 75 lm.

I The differentiation efficiency of iOPCs into O4+ oligodendrocytes and GFAP+ astrocytes. Data are presented as the means � SD (n = 3).
J Expression of the premyelinating oligodendrocytes markers GalC (left-most columns), mature oligodendrocytes RIP (left–middle columns), and MBP (right–middle

columns) and co-expression of RIP and MBP (right-most columns) at late stage of maturation of iOPC clones (P5). Scale bars, 75 lm.

Figure 3. Global gene expression profiles of Oct4-induced OPCs.

A, B Heat map analysis of (A) the global gene expression profiles and (B) 32 OPC and oligodendrocyte lineage enriched genes of Fib, FOct4-D3, FOct4-D10, mock, iOPC-
C1, iOPC-C2, and wtOPCs. The upper color bar codifies the gene expression in the log2 scale. Shown are 767 probes selected based on codified variation ≥ � 4
across all samples.

C Pairwise scatter plots of the global gene expression of wtOPCs versus iOPC-C1/iOPC-C2, iOPC-C1 versus iOPC-C2 and Fib versus iOPC-C1/iOPC-C2/wtOPC. The black
lines indicate the boundaries of twofold changes in gene expression. The OPC-enriched genes (Mag, Nkx2.2, Olig1, Olig2, Sox10, Cnp, Cspg4, and Ptprz1) are
highlighted with orange circles. Gene expression levels are shown on a log2 scale.

D Hierarchical clustering of wtOPCs, iOPC-C1, iOPC-C2, Fib, FOct4-D3, and FOct4-D10.
E qRT–PCR analysis of mRNA expression level for OPC lineage-specific genes (Ptprz1, Siat8a, Nkx2.2, Olig1, Olig2, Sox10, Cnp, Mag, and Myrf) in iOPCs relative to

fibroblasts. Graphs represent log2-fold changes after normalization to GAPDH. Data are presented as the means � SD (n = 3).
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recovery of spinal cord in the shape and reduced cavity size

compared with vehicle-injected control (Fig 4A and B). Further-

more, we observed robust engraftment of the transplanted GFP+

iOPCs that migrated toward the injury site (Fig 4C and D). Next, we

immunostained tissue slides with MBP to investigate whether

engrafted iOPCs contribute to myelination in vivo (Fig 4E and F).

GFP+ iOPCs were distributed in the vicinity of the myelinated nerve

fibers in the white matter (Fig 4G and H). This result suggests that

myelination was associated with the transplanted iOPCs. To identify

the cellular features of iOPCs in the SCI model, we assessed in vivo

differentiation potential of the iOPCs. Most of the GFP+-engrafted

cells robustly expressed mature oligodendrocyte markers such as

CNPase, MBP, APC-CC1, and O4 (Figs 4I and J, and EV3A and B)

and were mainly localized near neurofilament (NF)+ host neurons

in the injury site (Figs 4K–N and EV3C and D). The interaction

between iOPC-derived mature oligodendrocyte (GFP+CNPase+/

GFP+MBP+/GFP+AP-CC1+) and the host NF+ neurons in the

injury site was clearly observed in the three-dimensional recon-

structed images (Figs 4O and P and EV3E, and Movie EV1). These

results strongly indicate differentiation of the transplanted iOPCs

into myelin-producing oligodendrocytes that enhance the remyelina-

tion process by ensheathing damaged neurons. In addition, a

few astrocytes (GFP+GFAP+) (Fig EV3F–H) and undifferentiated

iOPCs (GFP+PDGFRa+/GFP+A2B5+/GFP+NG2+/GFP+Olig2+)

were observed as well (Fig EV3I). We further examined in vivo dif-

ferentiation potential of iOPCs in mouse SCI models (n = 4) and

observed expression of A2B5, PDGFRa, CNPase, and GFAP from the

engrafted cells in the mouse spinal cord tissue as well (Fig EV3J–Q).

Next, we evaluated the motor function recovery of the hind limbs

by measuring Basso–Beattie–Bresnahan (BBB) scores for 10 weeks

in rat SCI models that were treated either with PBS (control)

(n = 10) or with iOPCs injection (n = 8). Both groups exhibited

regaining motor ability for the first 2 weeks of the injury due to the

natural reflex recovering ability in rats (Basso et al, 1995).

However, rats transplanted with iOPCs improved in BBB scores

from week 2 (n = 8) that persisted steadily through week 10 (n = 4)

showing significant improvement in locomotor recovery (P < 0.05),

which is distinct from the control group which reached the plateau

in the BBB score by week 2 (Fig 4Q). To assess the risk of tumor

formation, we subcutaneously transplanted iOPCs (P5) into severe

combined immunodeficient (SCID) mice and no tumors were

observed for 9 months of experiment period (Fig EV3R). These

results show that iOPCs can differentiate into mature oligodendro-

cytes and astrocytes without tumor formation in vivo and success-

fully promote functional recovery of locomotion in a SCI model.

Discussion

Here, we have successfully generated self-renewing iOPCs from

adult mouse fibroblasts through Oct4-mediated direct reprogram-

ming methodology. Conventionally, OPCs were isolated from fetal

brain or derived from pluripotent stem cells (Sim et al, 2011; All

et al, 2012; Wang et al, 2013). However, primary OPCs are limited

in availability, and pluripotent stem cell-derived OPCs have the risk

of tumor formation after transplantation and are low in differentia-

tion efficiency. In contrast, the direct lineage conversion strategy

has the advantage in high-yield generation of the desired cells with-

out the tumorigenic potential by bypassing an intermediate pluripo-

tent state (Najm et al, 2013; Yang et al, 2013). Recent studies

revealed that iOPCs can be generated from mouse and rat fibroblasts

by defined sets of lineage-specific transcription factors, including

Sox10, Olig2, and Nkx6.2 (Najm et al, 2013) or Sox10, Olig2, and

Zfp536 (Yang et al, 2013). However, the iOPCs generated by Sox10,

Olig2, and Nkx6.2 transgenes were not bipotent OPCs as they cannot

be differentiated into astrocytes, and they were expandable up to

only 5 passages (Najm et al, 2013). In addition, the global gene

expression pattern of the iOPCs generated by Sox10, Olig2, and

Zfp536 transgenes exhibited a transcription profile that is more

similar to primary pre-oligodendrocytes than the OPCs (Yang et al,

2013).

In contrast to the previously reported direct conversion methods

for generating iOPCs, we showed that a single transcription factor

Oct4 in combination with defined OPC induction medium is suffi-

cient to generate iOPCs from the mouse fibroblast. Previous studies

reported that fewer viral integrations were detected in single-factor-

derived iPSCs (Kim et al, 2009b) compared with iPSCs generated by

four transcription factors, thereby reducing chances of insertional

mutagenesis (Wernig et al, 2007; Aoi et al, 2008). Thus, our single-

factor-derived iOPCs would have higher levels of genomic stability

by having lower chance of viral integration into the host genome

than the previously reported three-factor-derived iOPCs. Moreover,

the previous studies isolated iOPCs by purifying proteolipid protein

(Plp)+ or O4+ cells from a heterogeneous population (Najm et al,

Figure 4. Therapeutic potential and differentiation capacity of transplanted iOPCs in a spinal cord injury model.

A, B H&E staining of rat spinal cords at 6 weeks after transplantation with (A) vehicle or (B) iOPC-C1 (left, coronal plane section; right, sagittal plane section). Black
arrowheads indicate the injury sites (a’ and b’) of each group. Scale bars, 400 lm.

C, D Immunofluorescence image of (C) GFP-labeled iOPC-C1 in a sagittal section of the rat spinal cord. (D) Zoomed image of the yellow square in (C) showing the
migration of transplanted cells toward the injury site. Scale bars, 500 lm.

E–H Immunohistochemical analysis of the white matter of the rat spinal cord transplanted with iOPCs (E) for MBP revealing localization of GFP+ iOPC-derived
oligodendrocytes at myelinated nerve fiber structures. Staining was visualized by diaminobenzidine (DAB). Zoomed image of the black square in (E) shows (F) DAB-
stained MBP, (G) locality of GFP+ oligodendrocytes, and (H) co-localization of GFP+ oligodendrocytes and MBP. Scale bars, 150 lm.

I–P Expression of the mature oligodendrocyte markers (I) CNPase and (J) MBP in transplanted GFP+ iOPC-C1. Cells co-expressing GFP and oligodendrocyte markers are
indicated with white arrowheads. (K, L) GFP+ cells (white arrowheads) wrap neurofilaments (NF) stained host neurons. Confocal z-stacks of the indicated area
(asterisks) show that NF+ host neurons are surrounded by (M) GFP+CNPase+ or (N) GFP+MBP+ cells. (O, P) Three-dimensional reconstructions of rat spinal cord
sections using IMARIS software show the complex structure of the host neurons and GFP+ cells forming axon ensheathments. Co-expression (yellow) of GFP+ iOPCs
(green) and mature oligodendrocyte markers (red) is observed around neurons (blue). Scale bars, 30 lm.

Q BBB score evaluation of the left (left panel), right (middle panel), and average (right panel) of both hind limbs during the 10 weeks following transplantation. Data
are presented as the means � SD (n = 3–8). *P < 0.05 (one-way ANOVA).
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2013; Yang et al, 2013). However, the iOPCs in these studies may

include heterogeneous population having various viral integration

sites in the host genome. Moreover, Plp and O4 are also expressed

in pre-oligoendrocytes as well as mature oligodendrocytes which

interrupt isolation of homogeneous OPC population. Therefore, the

purifying method used in the previous studies yields difficulty in

developing a single homogeneous cell line, which leads to the diffi-

culty in determining the accurate conversion efficiency. In contrast,

we demonstrated a clonal reprogramming method, as we have

shown previously in generation of iPSCs from NSCs (Kim et al,

2009c). This approach enables the establishment of homogeneous

cell lines from single colonies. Additionally, as the previous direct

conversion strategies have demonstrated low conversion efficien-

cies, it is not feasible to obtain iOPCs with high yield and purity.

Our iOPCs are self-renewing and bipotent progenitors that maintain

typical OPC features including bipolar morphology, OPC marker

expression, and high differentiation efficiency in vitro and in vivo

throughout multiple passages (> 31 passages). Strikingly, the global

gene expression pattern of Oct4-iOPCs exhibits high levels of simi-

larity to the publically available GEO data sets of wtOPCs (Najm

et al, 2013). Lastly, we generated iOPCs through sequential induc-

tion with defined medium at each stage to induce the target cell fate

more precisely. Thus, our strategy allows generation of a pure popu-

lation of proliferative iOPCs that resembles key morphological and

molecular features of wtOPCs in large scale.

Recent studies demonstrated that transplantation of OPCs dif-

ferentiated from ESCs or iPSCs is a promising strategy to promote

recovery after SCI (Keirstead et al, 2005; Sharp et al, 2010; Czepiel

et al, 2015). However, the risk of tumorigenicity from undifferenti-

ated cells remains as a major challenge for its therapeutic use. In

this study, Oct4-iOPCs differentiated to mature oligodendrocytes and

surrounded host neurons, displaying extensive ensheathment when

transplanted into the rodent SCI model. Notably, the transplantation

of iOPCs facilitated remyelination and significant locomotor func-

tional recovery without tumor formation. Thus, Oct4-iOPCs can

serve as a prospective cell source for the establishment of cell-based

therapy for SCI. To note, we mainly focused on a rat SCI model

because of the small size of the mouse SCI models that limits surgi-

cal maneuvers and device implantations (Nakae et al, 2011).

However, rat models are commonly used interchangeably with

mouse models due to its cost and convenience in surgical maneu-

vers (Talac et al, 2004).

Several lines of evidence have demonstrated that Oct4 is involved

in the initial cell fate commitment during reprogramming. Previ-

ously, we reported that Oct4 is required to induce NSCs towards the

pluripotent state, which validates the critical role of Oct4 in cell fate

determination (Kim et al, 2008; Kim et al, 2009a,b,c). Here, we

generated iOPCs by using a similar approach to the recent works on

generation of iNPCs or blood progenitors from somatic cells through

OCT4-mediated direct reprogramming (Szabo et al, 2010; Mitchell

et al, 2014b; Lee et al, 2015). The previous studies signify the

importance of the lineage-specific induction medium since Oct4-

induced somatic cell fate determination seems to depend on the

lineage-specific culture condition (Szabo et al, 2010; Mitchell et al,

2014a,b; Lee et al, 2015). Specifically, the recent work on blood-

derived hiNPCs showed that blood cells can be directly repro-

grammed into iNPCs by using OCT4 in combination with bFGF and

epidermal growth factor (EGF)-supplemented NPC induction

medium, and small molecules (SMAD and GSK-3 inhibitors) (Lee

et al, 2015). In the same line, we used OPC induction medium

supplemented with PDGF-AA, an essential OPC-inducing growth

factor (Hu et al, 2012), to convert the cell fate of Oct4-induced

fibroblast into iOPC. Therefore, our study demonstrated Oct4-

induced somatic cell fate can be determined to OPC lineage by

providing OPC lineage-specific culture condition. Importantly, we

did not obtain any Tuj1+ neurons in the process of generating iOPCs

(Figs 2A and EV3A) and from the iOPCs under neuronal induction

condition (Fig EV3F). Thus, these results suggest that transient NPC

state was not involved during the reprogramming, possibly due to

the OPC lineage-specific stimuli in our OPC induction medium.

However, a detailed signaling pathway that mediates generation of

iOPCs through bypassing NPC state remains to be elucidated.

In conclusion, we demonstrated that Oct4 with defined iOPCs

induction condition reprograms adult somatic cells into self-

renewing and bipotent iOPCs, thereby allowing large-scale expan-

sion of the oligodendrocytes and astrocytes. This single-factor-

mediated conversion method is a safer and simpler protocol that

potentially reduces the chance of viral insertional mutagenesis.

Although further investigation is needed to study the mechanism of

Oct4-triggered lineage conversion, our strategy may provide the

basis for future human iOPC generation and new insights to investi-

gate high-throughput drug screening and stem cell-based therapies

for SCI and demyelinating disorders.

Materials and Methods

Isolation of mouse skin fibroblasts

The experimental procedures were approved by the Animal Care

and Use Committee at Ulsan National Institute of Science and Tech-

nology (Ulsan, South Korea). Primary dermal fibroblasts were

isolated from skin biopsies of 6-week-old CF1 mice (Jackson Labora-

tories) as described previously (Driskell et al, 2013) and cultivated

in fibroblast medium [DMEM high glucose (GIBCO), 10% fetal

bovine serum (GIBCO), penicillin/streptomycin (GIBCO), non-

essential amino acids (GIBCO), and b-mercaptoethanol (GIBCO)]

MEF medium. Parental fibroblasts were passaged 2–3 times before

Oct4 induction.

Virus production

To produce viruses, a pMX-based retroviral vector containing Oct4

cDNA (Addgene #13366) and the SFFV–GFP lentiviral vector, a gift

from Dr. Axel Schambach (Warlich et al, 2011), were transfected

into 293T cells using the X-tremeGENE9 DNA transfection reagent

(Roche) to package the VSV-G-pseudotyped virus. After 48 h of

transfection, the virus-containing supernatants were collected and

filtered through a 0.45-lm syringe filter. The viruses were harvested

as previously described (Zaehres & Daley, 2006).

Generation of iOPCs

Primary adult mouse fibroblasts were seeded at 1 × 104 cells on

gelatin-coated 6-well plates. On the next day, the fibroblasts

were infected with a pMX retroviral vector expressing Oct4 in
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MEF medium containing 6 lg/ml protamine sulfate. The viral

supernatant was removed after 24 h of infection and replaced with

fresh MEF medium. At 3 days post-infection, the medium was

switched to OPC induction medium (1:1 mixture of DMEM/F12

(GIBCO) and neurobasal medium (GIBCO) supplemented with N2

(GIBCO), B27 (GIBCO), penicillin/streptomycin, 10 ng/ml PDGF-AA

(Peprotech), and 10 ng/ml FGF2 (Peprotech)). Oct4-infected cells

were mechanically isolated by a glass micropipette and transferred

into defined OPC medium (DMEM/F12 supplemented with N2, peni-

cillin/streptomycin, 20 ng/ml PDGF-AA (Peprotech), and 10 ng/ml

FGF2). The floating aggregates were re-plated onto gelatin-coated

plate, and the OPC-like cells were subsequently passaged 3–5 times

until the cells become homogeneous. We conducted further charac-

terization of the iOPCs at early passages (P3 and P5) and late

passages (P31 and P35).

Oct4 transgene silencing analysis

Total RNA of iOPC-C1 and iOPC-C2 was extracted using an RNeasy

mini kit (Qiagen). cDNAs were synthesized by SuperScript� III

reverse transcriptase (Invitrogen), and 500 ng total RNA was

obtained per reaction. Real-time PCR analysis was performed on a

LightCycler 480 and SYBR Green I Master mix (Roche) in a total

volume of 20 ll. The experiments were performed in triplicate, and

expression was normalized to GAPDH. Gene expression was

measured by the Ct calculation method. The sequences of the

primers used in this experiment are listed in Appendix Table S5.

RT–PCR and quantitative RT–PCR

DNA-free total RNA of iOPC-C1 and iOPC-C2 (P5) was extracted

using the RNeasy mini kit (Qiagen). Total RNA (500 ng) was used

to synthesize cDNAs using SuperScript� III reverse transcriptase

(Invitrogen). RT–PCR was performed using recombinant Taq DNA

polymerase (Invitrogen). qRT–PCR analysis was conducted on a

LightCycler 480 instrument with SYBR Green I Master mix (Roche).

The experiments were performed in triplicate, and expression was

normalized to the housekeeping gene GAPDH. Gene expression was

measured by calculating Ct values. All of the experiments were

conducted according to the manufacturer’s instructions. The

sequences of the primers used are listed in Appendix Table S5.

In vitro differentiation of iOPCs

1 × 104 iOPCs (P5 and P35) were seeded on PDL/laminin-coated

4-well plates in OPC medium. For oligodendrocyte differentiation,

the medium was switched to oligodendrocyte differentiation

medium 1, which contains DMEM/F12 supplemented with N2, peni-

cillin/streptomycin, 10 ng/ml FGF2 (Peprotech), and 10 mM

forskolin (Sigma-Aldrich), for 4–5 days. For further maturation, the

medium was changed to oligodendrocyte differentiation medium 2,

which contains 30 ng/ml 3,30,5-triiodothyronine (T3; Sigma-

Aldrich) and 20 ng/ml ascorbic acid (AA; Sigma-Aldrich). For astro-

cyte differentiation, we differentiated iOPCs in DMEM containing

2% FBS for 7–9 days. For neuronal differentiation, the cells

were cultured in neuronal differentiation medium 1 (DMEM/F12

supplemented with N2, B27, and 10 ng/ml FGF-2) for 5 days and

then switched to neuronal differentiation medium 2 (DMEM/F12:

neurobasal (1:1) supplemented with 0.5% N2 and 0.5% B27) (Kim

et al, 2009b).

Immunocytochemistry (ICC) analysis

iOPCs or iOPC derivatives were fixed with 4% paraformaldehyde

for 10 min and permeabilized with 0.1% Triton X-100 for 10 min.

The cells were then incubated in 4% FBS blocking solution for

30 min and subsequently incubated in primary antibodies diluted in

blocking solution for 1 h at room temperature. After the primary

antibody incubation, cells were washed with PBST (0.05% Tween-

20) three times. The secondary antibodies were diluted in PBS and

applied for 1 h: Alexa Fluor 488/568 anti-mouse IgG1, IgG3, IgM,

and anti-goat IgG (Invitrogen, 1:1,000). Nuclei were stained with

DAPI (Invitrogen). The primary antibodies used for ICC analysis are

listed in Appendix Table S4.

Microarray analysis

Global gene expression of the following cell populations were pro-

filed by microarray analysis: fibroblasts, FOct4-D3 (3 days after Oct4

induction), FOct4-D10 (10 days after Oct4 induction cultured in OPC

medium), mock (mock-infected fibroblasts cultured in OPC medium

for 10 days), iOPC-C1, and iOPC-C2. We compared these samples

with previously published data for wtOPCs (undifferentiated OPCs

from pluripotent stem cells) (Yang et al, 2013). Total RNA of iOPC

clones (P5) was isolated using an RNeasy mini kit (Qiagen) accord-

ing to the manufacturer’s instructions. The samples were hybridized

to an Affymetrix Mouse Gene 1.0 ST array. Normalization was

performed with the robust multi-array analysis (RMA) algorithm

(Irizarry et al, 2003). Data processing and graphic production were

performed with in-house-developed functions in MATLAB. The hier-

archical clustering of genes and samples was performed with the one

minus correlation metric and the unweighted average distance

(UPGMA) linkage method. Differentially expressed genes were

analyzed by comparing gene expression of iOPC clones (iOPC-C1,

iOPC-C2) relative to fibroblasts. Among the highly up-regulated

genes (˃ 1.2-fold), genes that are related to neural/oligodendrocyte/

OPC development or myelin function were screened according to

Gene Ontology (GO) term enrichment profiling. Microarray data

from the wtOPCs were downloaded from the GEO database (data

accessible at NCBI GEO database (Najm et al, 2013), accession

GSE45440). The data discussed in this publication were deposited in

NCBI Gene Expression Omnibus (Edgar et al, 2002) and are

accessible through GEO Series accession number GSE52035.

Contusion spinal cord injury and transplantation

The procedures were approved by the Animal Care and Use Commit-

tees of Yonsei University College of Medicine (Seoul, Korea). Adult

male Sprague Dawley rats (220–240 g) and 6-week-old male severe

combined immunodeficient (SCID) mice were anesthetized with

intraperitoneal injections of ketamine (90 mg/kg), rompun (0.2 ml/kg),

and promazine (1 mg/kg). The skin was shaved and decontami-

nated with serial 70% ethanol and povidone–iodine washes. A

dorsal laminectomy was performed on the T9 vertebrae to expose

the spinal cord. The contusion injury was induced at spinal segment

T9 using the Infinite Horizon Impactor (Precision Systems,
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Kentucky, IL, USA) with a force of 230 Kdyn. After contusion, the

muscle and skin were sutured. For transplantation, iOPC-C1 (P5)

was labeled with GFP by the lentiviral system, and the integrated

cells were detected by green fluorescence. After 1 week of injury,

1.2 × 105 iOPCs were injected into T8 and T10 using a glass micro-

pipette. The animals were provided food and water regularly and

received manual bladder expression twice daily for urination.

Basso-Beattie-Bresnahan (BBB) test

The locomotor recovery of the animals was assessed by two inde-

pendent observers using the BBB open-field locomotor score. The

experiment was performed by blinded observation. The rat SCI

models were separated into PBS-injected control group (n = 10) and

1.2 × 105 iOPCs (P5)-injected experimental group (n = 8) and were

tested weekly for up to 10 weeks after transplantation. Hind limb

locomotion was assessed by the BBB open-field scale as described

previously (Basso et al, 1995).

Histological process and immunohistochemical (IHC) analysis

The rats were anesthetized and perfused in PBS at 6 weeks after

transplantation. The spinal cords were fixed overnight in 4%

paraformaldehyde and dehydrated using a series of alcohol and

xylene. The tissue was embedded in paraffin blocks and sectioned

sequentially at 16 lm in the sagittal or coronal planes. The sections

were permeabilized with 0.2% Triton X-100 and blocked with CAS-

Block solution (Invitrogen) to prevent non-specific binding. For IHC

analysis, the sections were incubated with primary antibodies

diluted in CAS-Block solution overnight at 4°C. After the primary

antibody incubation, the cells were washed with PBST (0.05%

Tween-20) three times for 10 min each. The following secondary

antibodies were diluted in PBS and applied for 1 h: Alexa Fluor

405/488/568 anti-mouse IgG1, IgG3, IgM, anti-goat IgG, and anti-rat

IgG (Invitrogen, 1:200). Fluorescence images were visualized with

Olympus IX81-ZDC and FV1000 microscopes. The primary anti-

bodies used for IHC analysis are listed in Appendix Table S4.

For diaminobenzidine (DAB) immunostaining, the tissue sections

were incubated in the primary antibody and then treated with 0.3%

H2O2 in PBS for 30 min at room temperature to block endogenous

peroxidases. The sections were then incubated with a horseradish

peroxidase-conjugated anti-rat IgG antibody (Invitrogen, 1:200) for

2 h. We used DAB (Invitrogen) to visualize the sections by treating

them for 5 min at room temperature.

For hematoxylin and eosin staining, paraffin blocks were

prepared by aforementioned method with SCI rats 6 weeks after

transplantation. The paraffin blocks were sectioned sequentially at

4 lm in the sagittal or coronal planes. Nucleus was stained with

hematoxylin (Sigma-Aldrich) and blued in 0.2% ammonium

hydroxide. Tissue were then placed in Eosin Y solution (Sigma-

Aldrich) and followed by several washings and dehydrating. Slides

were mounted with mounting solution (Leica).

Karyotyping

The fibroblasts and iOPCs were treated with 0.1 lg/ml demecolcine

(Sigma-Aldrich) for 8 h in a 37°C CO2 incubator. The cells were

collected and trypsinized into a single-cell suspension and then

incubated in 75 mM KCl for 20 min at 37°C. Carnoy’s solution

(methanol:acetic acid = 1:3) was slowly added to the cells, which

were then fixed for 5 min at room temperature. The cells were fixed

twice more with fresh Carnoy’s solution for 20 min each and

dropped onto humid glass slides. The chromosomes clearly spread

and were counted in individual cells.

Growth curve and mean doubling time

iOPC clones (1 × 104 cells) at P3 and P31 were seeded onto 4-well

plates and cultivated for 10 days. The cells were collected from trip-

licate wells and manually counted each day (24 h) using a hemacy-

tometer (Marienfeld). The average cell numbers on each day were

plotted, and the mean doubling time was calculated based on the

growth curve.

Data deposition

The microarray data reported in this article have been deposited in

the NCBI Gene Expression Omnibus database under accession

number GSE52035.

Statistical analysis

All data in this article are presented as the means � SD (standard

deviation). Data from at least three independent samples were used

for statistical analysis. A P-value < 0.05 (one-way ANOVA) was

considered significant.

Expanded View for this article is available online:

http://emboj.embopress.org
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