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Recent advances have shown the direct reprogramming of mouse and human fibroblasts into induced neural stem
cells (INSCs) without passing through an intermediate pluripotent state. Thus, direct reprogramming strategy possibly
provides a safe and homogeneous cellular platform. However, the applications of iNSCs for regenerative medicine are
limited by the restricted availability of cell sources. Human umbilical cord blood (hUCB) cells hold great potential
in that immunotyped hUCB units can be immediately obtained from public banks. Moreover, hUCB samples do not
require invasive procedures during collection or an extensive culture period prior to reprogramming. We recently re-
ported that somatic cells can be directly converted into iNSCs with high efficiency and a short turnaround time. Here,
we describe the detailed method for the generation of iNSCs derived from hUCB (hUCB iNSCs) using the line-
age-specific transcription factors SOX2 and HMGA2. The protocol for deriving iNSC-like colonies takes 1~2 weeks
and establishment of homogenous hUCB iNSCs takes additional 2 weeks. Established hUCB iNSCs are clonally ex-
pandable and multipotent producing neurons and glia. Our study provides an accessible method for generating hUCB

iNSCs, contributing development of i vitro neuropathological model systems.
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Introduction

The advances in direct lineage conversion technology
have facilitated the obtaining of diverse somatic cell types
for regenerative medicine (1). Bypassing the pluripotent
state, this technology could resolve the limitations of di-
rected differentiation strategies using induced pluripotent
stem cells (iPSCs). Several studies have reported that di-
rect conversions into terminally committed cells such as
neurons (2), hepatocytes (3) and cardiomyocytes (4) could
complement the long-term differentiation and teratoma
formation issues of iPSCs. However, these cell types in-
herently limit therapeutic applications because they are
unable to proliferate. Thus, transdifferentiation into spe-
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cific adult stem or progenitor cells has proven to be ad-
vantageous for scalability and biomedical applications.
Using this strategy, hepatic stem cells (5), hematopoietic
progenitor cells (6), oligodendrocyte progenitor cells (7)
and neural stem cells (8, 9) have been successfully induced
from mouse and human somatic cells.

Previous studies have revealed that induced neural stem
cells show robust capacities for unlimited proliferation
and tri-lineage differentiation (9, 10). Additionally, when
transplanted into mouse brain, the cells differentiated into
neurons and glial cells, potentiating diverse in vivo
applications. However, to date, the methods for generating
iNSCs have met with limited success because of the tedi-
ous and inefficient reprogramming process required.
Moreover, the starting cell sources were restricted to
mouse somatic cells and human fibroblasts. Therefore,
strategies for generating iNSCs from various cell sources
and enhancing reprogramming efficiency are necessary.

In this context, human umbilical cord blood (hUCB)
cells are an attractive alternative for use in reprogramming.
The initial attempt, reported in 2009, demonstrated that
hUCB cells are more amenable than other adult somatic
cells for reprogramming into iPSCs (11). Moreover, the
main advantages of hUCB are non-invasiveness for pa-
tients during acquirement and immediate availability with
worldwide public bank (12). Additionally, these cells are
in the immunologically naive state, containing minimal
genetic mutations compared with developmentally distinct
cell types such as fibroblasts. Based on these character-
istics, hUCB may be an attractive cell source for the gen-
eration of clinical-grade iNSCs.

Recently, Lee et al. reported that hUCB cells can be
readily utilized for OCT4-mediated reprogramming into
neural stem cells (13). Up to date, however, the detailed
method for direct generation of SOX2-mediated iNSCs
with hUCB cells has not been reported. We have pre-
viously reported that somatic cells can be directly con-
verted into iNSCs with exogenous SOX2 and HMGA2
(14). Here, we presented SOX2-induced direct conversion
method to reproducibly generate iNSCs from hUCB-de-
rived CD34" cells without passing through pluripotent
state. We also demonstrate that hUCB iNSCs have self-re-
newal and tripotent differentiation capacity.

Materials and Methods

Human Umbilical cord blood CD34+ cell isolation and
cell culture

Mononuclear cells (MNCs) were harvested from hUCB
using Lymphoprep (Stem Cell Technologies) density-gra-

dient centrifugation. The isolation and research protocols
were approved by the Boramae Hospital Institutional
Review Board (IRB) and the IRB of Seoul National
University (1109/001-006). Isolated mononuclear cells
were subject to magnetic bead selection for purification of
CD34" cells using a CD34 microbeads kit (Miltenyl
Biotec) following the manufacturer’s instructions. The pu-
rity of the isolated cells was assessed through flow
cytometry. hUCB CD34 " cells were maintained in Iscove’s
modified Dulbecco’s medium supplemented with 10% fe-
tal bovine serum, 50 ng/ml SCF, 100 ng/ml FIt3L, 50
ng/ml TPO and 20 ng/ml IL-6 before infection. All cyto-
kines were purchased from R&D Systems.

Flow cytometry analysis

The cells were washed with PBS, incubated with an-
ti-CD34-FITC antibody (BD Biosciences) for 30 min at
4°C. After washing, cells were resuspended in 500 1 of
PBS and analyzed using FACSCalibur (BD Biosciences).

Virus infection and neural stem cell culture

Viral production and infection were performed as pre-
viously described (13). The retroviral pMX-SOX2 and
pPMX-HMGA?2 vectors were packaged in HEK293 FT cells
(Invitrogen) using FuGENE 6 (Roche). hUCB CD34"
cells were infected with retroviruses for 2 rounds in the
hematopoietic cells growth medium. With day 0 des-
ignated as the time of first infection, the medium was
changed to ReNcell NSC maintenance media (Millipore)
containing 20 ng/ml bFGF and 20 ng/ml EGF on day 3.
All cytokines were purchased from R&D Systems. As pos-
itive control for human neural stem cells, H9 hESC-de-
rived NSCs (H9-NSCs, Invitrogen) were cultured using
the ReNcell media.

Immunocytochemistry

Cells were fixed in 4% paraformaldehyde (PFA, in PBS)
for 20 min at room temperature, permeabilized with
0.25% Triton X-100 for 10 minutes, incubated with 5%
normal goat serum for 1 hour and incubated with primary
antibodies overnight at 4°C. Subsequently, the cells were
incubated with secondary Alexa 488- or 594-labeled anti-
bodies (Invitrogen) for 1 hour at room temperature. The
nuclei were counter-stained with 4°,6-diamidino-2-phenyl-
indole (DAPI) for 5 minutes. The images were taken using
a confocal microscope (Eclipse TE200, Nikon). The details
about primary antibodies are listed in Table 1.

Quantitative reverse transcription-PCR (qRT-PCR)
Total RNA was extracted using TRIzol reagent accord-
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Table 1. Antibodies used for immunocytochemistry

Primary antibody Manufacturer Cat. no.

Induced neural stem cells

Anti-SOX2 Abcam ab97959

Anti-PAX6 Covance PRB-278P

Anti-HMGA2 Abcam ab52039

Anti-Ki67 Abcam ab15580

Anti-NESTIN Abcam ab22035
Neurons

Anti-Neurofilament Cell signaling #2836
Astrocytes

Anti-GFAP Abcam ab4648
Oligodendrocytes

Anti-O4 Millipore mab345

Anti-OLIG2 Abcam ab81093

ing to the manufacturer’s instructions. cDNA was synthe-
sized by reverse transcription using the Superscript III
First-Strand Synthesis System (Invitrogen). qPCR was
performed using the SYBR Green PCR Master Mix
(Applied Biosystems). The following primers were used:
SOX2 (F: AGTCTCCAAGCGACGAAAAA, R: TTTCAC-
GTTTGCAACTGTCC), PAX6 (F: CAGCTCGGTGGTG-
TCTTTG, R: AGTCGCTACTCTCGGTTTA), NESTIN (F:
AACAGCGACGGAGGTCTCTA, R: TTCTCTTGTCCC-
GCAGACTT), GLAST (F: CTCACAGTCACCGCTGTCAT,
R: ACTATCTAGCGCCGCCATTC), OLIG2 (F: CCGAT-
GACCTTTTTCTGCCG, R: CCACTGCCTCCTAGCTT-
GTC), OCT4 (F: GACAGGGGGAGGGGAGGAGCTAGG, R:
CTTCCCTCCAACCAGTTGCCCCAAAC), NANOG (F:
AATAACCTTGGCTGCCGTCTC, R: AGCCTCCCAATC-
CCAAACAAT).

In vitro differentiation culture

For differentiation and monolayer culture, hUCB
iNSCs were seeded onto poly-L-ornithine/fibronectin
(PLO/FN)-coated plates. Neural differentiation medium
consisted of DMEM/F12 and Neurobasal medium (1:1), 2
mM GlutaMAX, 1% Penicillin-streptomycin, 1 #M Retinoic
acid, 20 ng/ml BDNF, 20 ng/ml GDNF, 200 «M Ascorbic
acid, and 5 #M Forskolin. For oligodendrocyte differ-
entiation, cells were cultured in induction medium #1
which consists of DMEM/F12, 1% N2, 100x MEM-NEAA,
1 «M Retinoic acid, 2 #M purmorphamine, 2 mM
GlutaMAX and 10 ng/ml bFGF for 1 week. Subsequently,
induction medium #2 containing DMEM/F12, 0.5x N2,
2% B27, 100x MEM-NEAA, 30 ng/ml T3, 1 mM cAMP,
2 1M purmorphamine, 20 ng/ml PDGF, 100 ng/ml IGF,
and 10 ng/ml NT3 was used for 2 weeks. For astrocyte
differentiation, EGF and bFGF were removed from NSC

maintenance medium and 1% FBS was added.

Results

Derivation of iNSC-like colonies from hUCB CD34*
cells

In order to generate iNSCs from hUCB, we first at-
tempted to isolate MNCs from hUCB (Fig. 1A). As
HetaSep sediments red blood cells (RBCs) by aggregation,
HetaSep solution was mixed with hUCB samples at the
ratio of 1:5. Subsequently, we applied Lymphoprep den-
sity gradient method to culture MNCs. After centri-
fugation, MNCs in between upper plasma and bottom
Lymphoprep layers were harvested (Fig. 1B). We used
typical magnetic bead for positive selection of CD34™ cells
from MNCs and purified cells were maintained in hema-
topoietic stem cells growth medium for 3 days (Fig. 1C).
At day 1 of derivation, the purity was approximately 85~
90% (Fig. 1D). The conversion process was induced by
two rounds of transduction of retroviral SOX2 and
HMGA2 into hUCB CD34" cells. We supplemented cyto-
kines (SCF, FlIt3L, TPO, and IL-6) in virus-containing
medium to activate the proliferation of the population of
hematopoietic stem cells, as retrovirus are transduced only
into dividing cells. After the transduction, cells were cul-
tured in IMDM with the cytokines for 24 h to further
stimulate the proliferation. To re-plate suspended hUCB
CD34™ cells on feeder cells, we inactivated STO cells with
mitomycin C and seeded them on gelatin-coated plates fol-
lowing a conventional feeder-dependent iPSC generation
protocol (Fig. 1E). After 1 day, the medium was replaced
with hNSC medium and replenished every day until
iNSC-like colonies appear. We have found that although
colonies appear as early as in 7 days, it is better to sustain
the proliferation of colonies for more than 14 days for the
ease of the colony-picking step (Fig. 1F and 1G). Finally,
iNSC colonies were picked in small pieces using a pasture
pipette and transferred to non-coated plates for homoge-
neous culture of neurospheres.

Clonal expansion and characterization of hUCB iNSCs

In order to determine whether the hUCB iNSCs have
clonal expansion properties like human neural stem cells,
we attempted to sub-culture neurospheres derived from
hUCB iNSC colonies. The neurospheres derived from ini-
tial iNSC-like colonies were transferred on PLO/FN-coat-
ed plates for monolayer culture (Fig. 1H). When the cells
reached 80~90% confluence, they were detached using
Accutase, and the neurosphere culture step was repeated
at least three times for the establishment of homogeneous
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Fig. 1. Derivation of hUCB iNSCs. (A) Schematic presentation of protocols for hUCB iNSCs generation. hUCB CD34 ™ cells are isolated
and expanded with proliferation-stimulating cytokines for 2~3 d and transduced with SOX2 and HMGA2 retrovirus. Distinct iNSC colonies
appear after 7~10 d and are picked for repetitive sphere culture and monolayer culture for 10~14 d. (B) Before centrifugation, the upper
layer is RBCs-reduced hUCB and the bottom layer is Lymphoprep (left). After centrifugation, a thin layer containing mononuclear cells
appears between upper plasma layer and bottom Lymphoprep layer (right). (C) Phase contrast images of hUCB CD34 ™" cells cultured with
cytokines at day 0 (left) and day 3 (right). Scale bars, 200 zm. (D) Flow cytometric analysis of hUCB CD34" cells cultured for 1 d
with cytokines. The cells were 90.88% positive for CD34. (E) Representative image of hUCB CD34" cells seeded on STO feeder cells.
(F, G) Example of hUCB iNSC colonies cultured in neural stem cell inductive medium for 7 d (F) and 12 d (G). (H) Morphology of neuro-
spheres derived from initial hUCB iNSC colonies (left) and monolayer cultured hUCB iNSCs (right). (I) Morphology of homogeneous hUCB
iNSCs cultured on PLO/FN-coated plates at passage 6. Scale bars in (E, F, H, ) and (G) are 250 £m and 100 zm, respectively.
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Fig. 2. Characterization of hUCB iNSCs. (A) Immunocytochemistry analysis of NSC-specific marker proteins in hUCB iNSCs using antibodies
against SOX2, PAX6, NESTIN, HMGA2, and KI67. Nuclei were counterstained with DAPI. Scale bars, 50 1m. (B) Relative expression
levels of the neural stem cell-specific markers were measured through gqRT-PCR in two lines of hUCB iNSCs and H9-NSCs. (C) Relative
expression levels of the pluripotent stem cell-specific markers were measured through gRT-PCR in human embryonic stem cell (hESC),
hUCB CD34+ cells, two lines of hUCB iNSCs and H9-NSCs. Error bars denote the standard deviation of triplicate reactions.
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Fig. 3. In vitro differentiation of hUCB iNSCs. (A~C) Immunocytochemical analysis of hUCB iNSCs after differentiation into three major
cell types: neurons (NF) (A); astrocytes (GFAP) (B); and oligodendrocytes (OLIG2 and O4) (C). Scale bars, 50 z«m.

hUCB iNSC lines (Fig. 1I).

After passage 6, we briefly performed immunostaining
with neural stem cell markers, PAX6 and NESTIN, for the
selection of fully converted hUCB iNSCs. We have found
that hUCB iNSC lines have different characteristics de-
pending on their original colonies and that some cell lines
show weak expression of neural stem cell markers. Upon
passaging, immunostaining and qRT-PCR for diverse neu-
ral stem cell markers were performed, and activation of
endogenous genes was confirmed before proceeding into
further experiments. As shown in Fig. 2A, hUCB iNSCs
prominently expressed neural stem cell-specific markers,
including SOX2, NESTIN, and PAX6. Furthermore, hUCB
iNSCs were immunoreactive for proliferation marker
Ki67. qRT-PCR analysis showed that both two cell lines
(hUCB iNSC #7 and hUCB iNSC #8) expressed endoge-
nous NSC markers; SOX2, NESTIN, GLAST, BLBP,
PAX6, and OLIG2 (Fig. 2B). The expression levels of
NSC markers were indistinguishable from H9-NSCs, sug-
gesting that hUCB iNSCs were properly reprogrammed.
Subsequently, we investigated whether the established
hUCB iNSCs express pluripotent cell markers. qRT-PCR
results showed that OCT4 and NANOG were not ex-
pressed in hUCB-INSCs, suggesting that pluripotent cells
are not contained in hUCB-iINSCs (Fig. 20).

hUCB iNSCs differentiate into tri-lineages

To verify that the hUCB iNSCs were capable of differ-
entiating into neurons, astrocytes and oligodendrocytes in
vitro, we plated the cells onto PLO/FN-coated coverslips
in 24 well culture plate. Withdrawal of bFGF and EGF
and change into tri-lineage differentiation medium in-
duced the differentiation of iNSCs. Accordingly, the cul-

turing of hUCB iNSCs in neuronal differentiation media
supported the generation of neurons, which expressed
neuron-specific marker Neurofilament (NF) (Fig. 3A).
Moreover, exposure of hUCB iNSCs to astrocyte differ-
entiation media resulted in the formation of astrocytes
that expressed GFAP (Fig. 3B). In addition, hUCB iNSCs
could differentiate into O4- and OLIG2-positive oligoden-
drocytes (Fig. 3C). Thus, hUCB iNSCs are tripotent and
can generate neurons, astrocytes, and oligodendrocytes in
1LY0.

Discussion

Our study shows that hUCB CD34" cells can be ro-
bustly reprogrammed into iNSCs without pluripotency
factors. These reprogrammed hUCB iNSCs are capable of
clonal expansion and differentiation into tri-lineages.

Recently, several groups have reported methods for con-
verting fibroblasts into iNSCs by the overexpression of
pluripotency-associated factors under proper signaling en-
vironments (9, 15). However, such methods cannot elimi-
nate the potential for passing cells through an inter-
mediate pluripotent state during reprogramming, raising
concerns for tumorigenesis even after establishment of
iNSCs (16). In addition, a recent study reported that
iNSCs generated using pluripotency factors show rela-
tively high chromosomal instability (17).

On the other hand, Lujan et al. reported the direct con-
version into iNSCs using lineage-specific transcription
factors (18). In this method, expandable and multipotent
iNSCs were generated from mouse somatic cells. However,
this conversion method was limited by the requirement of
multiple transcription factors and by very low efficiency.
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Subsequently, an advanced method was reported, trans-
ducing only the transcription factor SOX2 to convert
mouse embryonic fibroblasts (MEFs) and human fetal
foreskin fibroblasts (HFFs) into functional iNSCs (10).
The conversion efficiency was improved, reaching 0.96%
with MEFs when cultured on glass coverslips coated with
poly-L-ornithine and laminin. However, this method was
limited for its application to scalable experiments because
seeding cells on glass coverslips was indispensable for in-
ducing neural morphologies. Moreover, the conversion ef-
ficiency of HFFs described in this report remains unclear.
The difficulty of obtaining human fetal skin biopsies
could hinder further therapeutic applications.

In comparison with the outlined reports, we have broad-
ened the cell sources to hUCB, which requires no invasive
procedure and extensive culture prior to reprogramming.
Moreover, we applied direct lineage conversion method
which lacks the risk of tumorigenicity and we confirmed
hUCB iNSCs lack expression of pluripotent markers.

However, our technology is accompanied by a weakness
in the application for cell replacement therapy. We uti-
lized retroviral vectors, which possess drawbacks such as
genomic insertion and residual expression of transgenes.
Therefore, the development of safer and efficient gene de-
livery methods is required for further clinical application.
Recently, iPSCs were successfully generated with non-in-
tegrative gene-delivery tools such as mRNAs and proteins
(19, 20). Moreover, the direct conversion of mouse somatic
cells into iNSCs has been reported using cocktails of
cell-permeable small molecules (21). Thus, it is expected
that combinations of small molecules or non-integrative
gene delivery methods will be applicable for the gen-
eration of hUCB iNSCs.
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