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ABSTRACT

Deveopment of neural stem cell line using
hypoxia-inducible gene expression system

Sung Sam Jung

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Keung Nyun Kim)

Nonviral ex vivo local gene therapy systems consisting of regulated
gene expression vectors and cellular delivery platforms represent a novel
strategy for tissue repair and regeneration. We introduced a
hypoxia-regulated plasmid-based system into mouse neural stem cells
(NSCs) as an efficient gene expression and delivery platform for rapid,
robust and persistent hypoxic/ischemic-regulated gene expression in the
spinal cord. A synthetic hypoxia-responsive erythropoietin (Epo)
enhancer, the SV40 minimal promoter and the luciferase (Luc) reporter
gene were incorporated in a DsRed-expressing double-promoter plasmid
for cell lipofection and Zeocin-selection to establish a hypoxia-regulated
stable NSC line (NSC-Epo-SV-Luc). A non-hypoxia-regulated stable
NSC line (NSC-SV-Luc) was also established as a control. Under the
transcriptional regulation of the Epo enhancer, in vitro luciferase
expression in NSC-Epo-SV-Luc, but not in NSC-SV-Luc, was sensitively
augmented according to the strength and duration of the hypoxic stimulus

and was quickly down-regulated to a low basal level after reoxygenation



of the hypoxic cells. Furthermore, deoxygenation of the reoxygenated
cells clearly enhanced the luciferase activity again. After transplantation
into a rat spinal cord injury (SCI) model, only NSC-Epo-SV-Luc showed
ischemic injury-specific luciferase expression Notably, the engineered
NSC lines maintained the neural differentiation potential and retained the
hypoxia-regulated luciferase expression after differentiation. We propose
that NSCs engineered with the Epo-SV-therapeutic gene will be valuable
for developing a controllable stem cell-mediated nonviral gene therapy
for SCI or other central nervous system diseases accompanied with

chronic or episodic hypoxic/ischemic stresses.

Key words: Controllable gene therapy; Neural stem cell; Non-viral gene

delivery; Hypoxia; Erythropoietin enhancer; Spinal cord injury
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I. INTRODUCTION

Stem cells can be used to restore tissue function because they secrete
paracrine trophic factors to increase cell survival, directly replace dying and
dead cells, and function as vehicles that deliver therapeutic genes to injured
tissue targets '. A combination of stem cells and gene therapy is thus expected to
become a promising strategy for increasing the efficacy over stem cells or gene
therapy alone *°. A variety of ex vivo local gene therapy systems consisting of
cellular delivery platforms have been successfully used to increase gene
delivery efficiency and tissue repair potential in animal models *” and human

. -12
diseases ®

. Until now, one of the most extensively studied candidates are
mesenchymal stem cell (MSC)-based gene and cell therapy, mainly because
MSCs can be readily isolated from bone marrow or adipose tissue and are
reported to possess multipotent differentiation capacity even after being
genetically modified with therapeutic genes '*'°. However, the transduction of
the therapeutic genes into MSCs remains difficult for sufficient and persistent
expression, even when recombinant viral vectors are used as gene carriers '*'7.

Meanwhile, the use of viral materials has raised safety concerns in the treatment



14, 18-20

of human diseases , and the uncontrollable expression of foreign genes

also potentially leads to serious adverse effects '*2°

. Thus, the safety and
efficacy of this new therapy remain a major obstacle in its advancement to the
clinical setting for tissue repair and regeneration.

The development of a controllable gene therapy system is highly desirable to
increase safety and maintain efficient therapeutic gene expression specific to the
defect and injured tissue *'. Using a synthetic erythropoietin (Epo) enhancer
upstream of a SV promoter in a pSV plasmid, we previously established a novel
hypoxia-inducible gene expression system that achieves high therapeutic gene
expression specific to hypoxic conditions and avoids unwanted gene
overexpression in normoxic conditions *. In an animal spinal cord injury (SCI)
model, although the naked gene delivery efficiency was very low, but the
effective regulation of gene expression by this hypoxia-inducible gene
expression system for VEGF gene therapy was confirmed ». The above results
suggest a potential application of the hypoxia-inducible gene expression system
during gene therapy for regeneration of ischemic tissue. However, to improve
gene delivery efficiency for this system a novel gene delivery strategy needs to
be developed.

As the use of viral materials evokes many health concerns in the treatment of
human diseases and since MSCs are extremely resistant to nonviral transduction
14172425 " alternative cells must be developed as nonviral-based gene delivery
platforms to increase the efficacy of cell and gene therapy for various diseases.
Neural stem cells (NSCs) possess capacity for long-term expansion in vitro and
extensive functional stability and plasticity, and are amenable to genetic
engineering as large-scale cell sources for neural transplantation % *.
Genetically modified NSCs have been transplanted into animal models of SCI
and stroke to promote functional recovery **°. Compared to MSCs, NSCs can

be more easily engineered with a foreign gene and were more feasibly used as a

non-viral delivery platform for a therapeutic or reporter genes. Through



lipofection with Lipofectamine 2000 and selection with Zeocin, a stable NSC
line was established in our preliminary study using a double-promoter plasmid
expressing a DsRed fluorescence reporter gene.

To simplify the establishment of hypoxia-regulated stable NSCs by using
only a single plasmid, the Epo-SV-Luc fragment from pEpo-SV-Luc was
incorporated in the DsRed-expressing double-promoter plasmid. In this
construct, the hypoxia-inducible overexpression of the luciferase gene is
regulated by the Epo enhancer upstream of a SV40 promoter, and the
constitutive expression of the reporter DsRed, a red fluorescence protein for
easy detection, is driven by an EFla promoter as an internal expression
reference. Following the engineering of stable NSCs with Epo-SV-Luc, we
confirmed that this stable NSC/gene system sensitively enhanced the luciferase
expression upon hypoxic stimulus, both in vifro and in vivo, and quickly
down-regulated luciferase expression to a low basal level after reoxygenation of

the hypoxic cells.

II. MATERIALS AND METHODS

1. Plasmids construction

The construction of pEpoSV-Luc with Epo enhancer and pSV-Luc was
described previously **. Two inverted Epo enhancer sequences were ligated at
the Xbal site and then inserted to the Bglll site in pSV-Luc. To subclone
pBudCE4.1-DsRed, the DsRed fragment was obtained by BamHI/Hpal
digestion from a pDsRed-monomer-golgi Vector (Clontech, Palo Alto, CA,
USA) and then inserted into the compatible sites (Bglll/Pmel) downstream of
the EF-la promoter in pBudCE4.1 (Invitrogen, Carlsbad, CA, USA). To
construct pBudSV-Luc and pBudEpoSV-Luc, the SV-Luc and EpoSV-Luc
fragments (Nhel/BamHI) from pSV-Luc and pEpoSV-Luc, respectively, were



inserted into pBudCE4.1-DsRed to replace the CMV promoter-containing

sequence between Spel and BamHI sites.

2. Establishment of stable NSC lines and in vitro neuronal differentiation

The mouse NSC line used in this study was purchased from the American
Type Culture Collection (ATCC, Catalog #CRL-2925). The cells were
maintained in DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin in a 5% CO, incubator. To establish stable NSC lines,
about 0.8 ug of the pBudCE4.1-DsRed, pBudSV-Luc or pBudEpoSV-Luc was
lipofected into 1x10* normal NSCs according to a previously described protocol
3! After 24 hours of culture in a 12-well plate and then subculturing in 100-mm
dishes, the cells were fed with culture medium containing 200 pg/ml Zeocin
every two days until formation of visible colonies. Single Zeocin-resistant and
DsRed-positive cell colonies were mechanically isolated and disaggregated by
trypsin in a 96-well plate. Each suspended colony was then transferred into a
24-well plate and maintained in culture medium containing 50 pug/ml Zeocin.
The expanded stable NSC lines with intense DsRed expression were cultured
under normoxic or hypoxic conditions for screening in a luciferase activity
assay.

To evaluate the differentiation potency of the established stable NSC lines,
the cells were seeded into a 24-well plate (5x10°/well) or 6-well plates
(3x10°/well). Neuronal differentiation was induced by treatment with 1 pM
retinoic acid (RA) for 7 days. For the luciferase assay, the differentiated cells in
6-well plates were further cultured under normoxic or hypoxic conditions for 12
hours. Morphological examination of stable NSCs or the differentiated neuronal
cells were examined and images were visualized using an inverted fluorescence
microscope equipped with an Olympus DP71 camera and DP Controller

software (Olympus, IX71, Japan).



3. Hypoxia

Hypoxic conditions were created by flushing a hypoxic gas mixture, using a
Forma Series II Water Jacketed CO, Incubator (Thermo Fisher Scientific Inc.,
USA), in which hypoxia (1% O2) in a gas phase can be achieved within 30 min
after opening and closing of the door. More strict control of hypoxia, with
medium pre-equilibrated under hypoxic conditions, was applied to study the
kinetics of hypoxia-responsive luciferase expression. Furthermore, a
comparative study of the hypoxia-responsive luciferase expression was also

performed using the hypoxic-mimicking reagent, CoCl,.

4. Luciferase assay

The luciferase activities expressed by the engineered NSCs both in vitro and
in vivo rat spinal cord were measured by the Promega Luciferase Assay System
according to the manufacturer’s protocol. Briefly, the cells or tissues were lysed
with 1x Reporter Lysis Buffer (Promega, Madison, WI, USA) through
homogenization and one freeze-thaw cycle. Following a 15-min incubation on
ice and 2-min centrifugation at maximum speed, the supernatant lysates were
transferred to fresh tubes prechilled on ice and used immediately or stored at
-80°C until use. After measuring the protein concentration with a BCA kit
(Pierce, Iselin, NJ, USA), luciferase production in cell or tissue lysates was
measured by luminometery. Levels are expressed as relative light units (RLU)

per microgram of total protein.

5. Luciferase expression imaging

IVIS image system was used to confirm whether NSCs introduced by
hypoxia inducible gene expression system show the hypoxia specific expression
under hypoxia. Luciferase expression of stable NSCs was confirmed according

to a previously-described method *.



6. RT-PCR

Total RNA was extracted from normoxic or hypoxic cultures of stable NSCs
using a RNA extraction kit (QIAGEN, Valencia, CA, USA). The
reverse-transcribed samples were amplified by PCR using Taq polymerase with
luciferase forward primer (5’-CAAATCATTCCGGATACTGCG-3’) and
luciferase reverse primer (5’-GAATTACACGGCGATCTTTCC-3").

7. Western blot assay

In addition to morphological examination to identify neural differentiation,
western blot assays were conducted to detect the expression of specific marker
proteins in NSC and RA-treated cultures, using mouse cortex extracts as a
control. Following BCA assay, samples were electrophoresed on 12%
SDS-PAGE gels and transferred onto PVDF membranes at 200 V for 1 h. Filters
were blocked for 2 h at room temperature with 5% nonfat milk in PBS
containing 0.05% Tween 20. The blots were probed with rabbit anti-MAP2 or
B-II-tubulin and mouse anti-nestin, SSEA-1/CD-15, GFAP, or [-actin
antibodies, respectively, and bands were visualized with suitable horseradish
peroxidase-conjugated reagents (Pierce, Iselin, NJ, USA) and ECL western

blotting detection reagents (Amersham, GE Healthcare, UK).

8. Rat SCI model

Animal studies followed protocols approved by the Animal Care Committee
of the Medical Research Institute of Yonsei University Hospital. Adult male
Sprague-Dawley rats (250 g) were obtained from Orient Bio Co. (Kyungki-do,
Korea). Animals were anesthetized using sodium penthobarbital (20 mg/kg).
After laminectomy, SCI was performed at the T9 level by compression with a
vascular clip (width, 2 mm; occlusion pressure, 50 g) for 10 minutes as
previously described **. Non-SCI rats were used as a normal control group.

Immediately following surgery and SCI, cell transplantation was performed into



the injured or non-injured epicenter of the spinal cord using an electrode
microneedle. The SCI and non-SCI rats for transplantation were divided into
two groups. Group 1 received NSCs-SV-Luc cells (3x10° cells/5 pl DMEM)
while Group 2 received NSCs-EpoSV-Luc cells (3x10° cells/5 ul DMEM). All
animals received cyclosporine (10 mg/kg, Chong Kun Dang Pharm, Seoul,
Korea) every day after transplantation. Two days after transplantation, animals
were anesthetized and then transcardially perfused with saline. Spinal cord
tissues, including the injury epicenter and transplanted sites, were obtained and

lysed as above for luciferase assay.

9. Immunohistochemistry

To test the in vivo neural differentiation of the transplanted stable NSCs, the
cell transplantation was performed seven days after surgery and SCI. After
transplantation for four weeks, animals were fixed by transcardial perfusion
with ice-cold PBS and then 4% paraformaldehyde. Fixed spinal cord tissues,
including the injury epicenter and transplanted sites, were removed and
longitudinal sections of 10-um thicknesses were mounted on glass slides. The
sections were then stained overnight at 4°C with mouse anti-GFAP (1:500) and
rabbit anti-MAP-2 (1:500). The secondary FITC-conjugated goat anti-mouse or
rabbit [gG was used for detection. Confocal images were obtained with a Nikon

Eclipse C1-plus Confocal Microscope system

10. Statistical analysis
The differences between the two groups in all experiments were analyzed
using a two-tailed Student’s t-test. A P value less than 0.01 was considered

statistically significant.



III. RESULTS

1. Construction of hypoxia-inducible gene expression double-promoter
plasmids

The hypoxia-inducible gene expression plasmid, pEpo-SV-Luc (Fig. 1), was
previously constructed using the Epo enhancer and pSV-Luc plasmid *. This
Epo-SV-Luc reporter system could achieve efficient delivery and significant
transcriptional regulation of gene expression under in vitro hypoxic conditions,
but was inefficient in spinal cord in vivo. To overcome this problem, a double
promoter pBudCE4.1 vector was used for ex vivo engineering of
hypoxia-regulated NSCs to ensure sufficient in vivo gene delivery and
expression. The plasmid, pBudCE4.1, was initially constructed to express a
DsRed fluorescence gene driven by the EFla promoter (pBudCE4.1-DsRed).
Then the SV-Luc or Epo-SV-Luc fragment from pSV-Luc or pEpo-SV-Luc was
further inserted to replace the CMV promoter of pBudCE4.1-DsRed, leading to
the construction of pBudSV-Luc or pBudEpo-SV-Luc (Fig. 1). These constructs
were confirmed by restriction analysis as well as by their expression of DsRed

and/or luciferase in transfected NSCs, as described below.
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Fig.1. Construction of hypoxia-responsive double-promoter plasmids co-expressing
DsRed and luciferase (Luc). (A) The map of pEpoSV-Luc. Two inverted Epo
enhancer sequences were ligated at the Xbal site and then inserted to the BgllI site in
pSV-Luc. (B) The map of pBudCE4.1-DsRed. The DeRed reporter gene expression is
constitutively regulated by an EFla promoter. (C and D) The maps of pBudSV-Luc
and pBudEpoSV-Luc. The SV-Luc and EpoSV-Luc fragments generated by
Nhel/BamHI digestion from pSV-Luc and pEpoSV-Luc, respectively, were inserted
into pBudCE4.1-DsRed at the Spel/BamHI digestion site. Arrowheads indicate the

subcloning sites.

2. Generation of nonviral hypoxia-regulated or non-regulated NSC lines

To evaluate the potential use of NSCs as a non-viral gene delivery platform, the
double promoter plasmids were lipofected into NSCs using Lipofectamine 2000
reagent. Following transient transfection, the NSCs grew normally, and more than
90% of the cells were red fluorescence-positive when transfected with
pBudCE4.1-DsRed, pBudSV-Luc or pBudEpo-SV-Luc, as indicated by the
representative image in Fig. 2A. After nonviral lipofection and a 10-day Zeocin

selection, more than 1% of the lipofected NSCs formed visible colonies and

11



expressed the red fluorescence DsRed protein. Fig. 2B showed the formation of a
typical round colony with clear boundary and intense DsRed fluorescence, which
could be easily identified and isolated, and rapidly expanded into stable cell lines.
Whenever the empty vector, non-hypoxia-responsive or hypoxia-responsive
plasmid was transfected, there were no differences in the proliferation rate and the
cell morphology of the stable NSCs (Fig. 2C and D). These results indicate that
NSCs have the advantage of high gene transduction efficiency and desirable gene
expression, which suggests that they can be a viable non-viral gene delivery
platform for combined stem cell and gene therapy.

To test whether the luciferase expression is hypoxia-inducible in stable NSCs
engineered with the plasmid constructs, a luciferase assay was performed after
transient transfection and colony isolation and expansion. As shown in Fig. 2E,
NSCs could achieve significant hypoxia-responsive luciferase expression after
transient transfection with pBudEpoSV-Luc, but not with pBudSV-Luc, even
though the basal luciferase expression of pBudEpoSV-Luc was slightly higher
than that of pBudSV-Luc. Compared to transient transfection, it seemed that the
levels of luciferase expression were much higher in stable NSCs. The luciferase
expression levels in several representative stable NSC lines are shown in Fig. 2F.
No detectable luciferase activity appeared in the stable NSC line transfected with
pBudCE4.1-DsRed, an empty vector (EV) without the luciferase gene. Under
hypoxic conditions, all tested stable NSC lines engineered with pBudSV-Luc
showed a slight decrease in luciferase expression, but when engineered with
pBudEpoSV-Luc, they showed a clear increase in luciferase expression.
Noticeably, hypoxia-responsive luciferase expression could be induced up to
4-fold higher than the basal luciferase expression that remained at a relatively low
level in NSC-EpoSV-Lucl6#, in contrast to the NSC-SV-Luc7#, which had high
normoxic expression, but low hypoxic expression of luciferase. These two stable
NSC lines were therefore chosen for the comparative study in the following
experiments. Taken together, these results indicate that NSCs can be efficiently
engineered with a hypoxia-responsive gene expression system to achieve low
basal gene expression under normoxia and high gene expression under hypoxia,

which is critical for increasing both the safety and efficacy of gene therapy.

12
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Fig.2. Generation of the nonviral hypoxia-regulated or non-regulated NSC lines. (A)
Efficient transfection of the hypoxia-responsive plasmids into mouse NSC lines
using Lipofectamine 2000. (B) Typical colony formation after nonviral lipofection
and zeocin selection. (C and D) Characteristics of the representative stable NSC line
lipofected with non-hypoxia-responsive or hypoxia-responsive plasmid. Scale bars
in all images represent 50 um. (E and F) Hypoxia-regulated luciferase expression in
transiently transfected mouse NSCs or in several representative hypoxia-regulated
or non-regulated stable NSC lines. Levels are expressed as relative light units (RLU)
per microgram of total protein. EV, empty vector. *P<0.001, hypoxia versus

normoxia. A two-tailed Student’s #-test was used (means.d., n=4).

3. Hypoxia-responsive luciferase expression in stable NSC lines

Since the Epo enhancer regulates gene expression at the transcription level,
RT-PCR assay was conducted to verify its transcriptional regulation of luciferase
expression after engineering into stable NSCs. Following hypoxia or normoxia

incubation, total mRNA was extracted from the stable NSC lines. Luciferase
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mRNA levels were then analyzed and normalized to GAPDH expression levels
through RT-PCR assay and then quantitative densitometric analysis. As shown in
Fig. 3, the luciferase mRNA levels of NSC-EpoSV-Lucl6# significantly
increased in the presence of 100 uM CoCl, or under hypoxia (1% O,), whereas
NSC-SV-Luc7# showed no clear change in luciferase mRNA levels under either
condition. Therefore, hypoxia-responsive luciferase expression in stable NSCs
engineered with Epo-SV system was regulated at the transcriptional level either in
the presence of hypoxia-mimicking CoCl, or under hypoxic conditions.
Expression pattern of luciferase in normoxia and hypoxia was confirmed using
IVIS imaging system. NSC-EpoSV-Luc constantly showed the controlled

luciferase expression compared to NSC-SV-Luc.

M EV  SV-Luc EpoSW-Luc M EV  SV-luc EpoSV-Luc
=+ -+ -+ CoCl2(100pM) - o+ - o+ - + Hypoxia (1% 02)

- Luciferase = Luciferase
C
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Fig.3. Transcriptional regulation of the hypoxia-regulated luciferase expression
in stable NSC lines. (A and B) Hypoxia-regulated luciferase expression in stable
NSC lines with the Epo-SV system is regulated at the transcriptional level either
in the presence of hypoxia-mimicking CoCl2 (A) or under hypoxic condition
(B). Luciferase mRNA levels were analyzed and normalized to GAPDH
expression levels through RT-PCR assay (upper panels) and then quantitative
densitometric analysis (lower panels). (C) Luciferase expression was analyzed
by IVIS imaging system. *P<0.001, versus normoxia. A two-tailed Student’s

t-test was used (mean=s.d., n=3).



4. Kinetics of hypoxia-responsive luciferase expression in stable NSC lines

To determine the sensitivity and strength of hypoxia-responsive gene
expression in stable NSC-EpoSV-Luc lines, the cells were cultured in different
concentrations of oxygen or CoCl, and examined for luciferase expression by
luminometery. After reducing the oxygen concentration, luciferase expression
was upregulated sensitively according to the decrease in oxygen tension. Cells
exhibited less than a 2-fold induction of luciferase expression when incubated at
4-5% O,, higher than a 2-fold induction when cultured at 2-3% O,, and about a
4-fold induction at 1% O, (Fig. 4A). Similarly, induction of luciferase
expression sensitively increased in a dose-dependent manner after the addition
of 0-200 uM hypoxic-mimicking CoCl,, with a peak of induction up to 5-fold at
200-300 pM CoCl, (Fig. 4B). Although being extensively used to mimic
hypoxia, it should be noticed that CoCl, appeared toxic to the cells when its
concentration was higher than 300 pM. As a negative control, luciferase
expression in NSC-SV-Luc7# expectedly showed a slight decrease, instead of a
hypoxia-responsive increase, in all tested conditions both under hypoxia and in
the presence of CoCl,.

We next examined the responsive speed and the persistence of transgene
expression through analysis of the hypoxia-responsive time course in the stable
NSC-EpoSV-Luc line. As shown in Fig. 4C, the engineered EpoSV-Luc in
NSCs clearly responded to hypoxic stimulus after as few as 2 (1% O,) or 3 (200
uM CoCl,) hours. During the hypoxic incubation under 1% O,, the maximum
response speed appeared at about 3-6 hours and the hypoxia-inducible
luciferase expression continuously increased at all tested time points during two
days. When incubated in the presence of 200 uM CoCl,, the hypoxia-inducible
luciferase expression quickly increased from 3 to 24 hours, but dropped
abruptly after incubation for 36 hours. This pattern implied that, in addition to
high concentration of CoCl,, long incubation with CoCl, might also potentially

result in toxicity to the cells. Other than certain toxic effects caused by CoCl,,

15



the cells exhibiting hypoxia-responsive luciferase expression showed almost the
same morphology and proliferative rate as normal NSCs, indicating that NSCs
are potentially resistant to sublethal hypoxia and that hypoxia responsiveness of
the engineered element did not affect NSC characteristics.

One advantage of the hypoxia-inducible gene expression system is that gene
expression could be downregulated in normal or recovered tissue to avoid the
risk of potential side effects. To confirm this effect in the stable NSC line, we
further performed a reoxygenation study under mimic conditions of recovered
tissue by switching NSCs from hypoxia to normoxia. Cells were first cultured
under hypoxia for 12 hours, and then recovered under normoxic conditions for
12 hours plus an additional 12 hours, followed by deoxygenation under the
second hypoxia for 12 hours (Fig. 4D). During the first hypoxia stage, luciferase
expression in the NSC-EpoSV-Lucl6# line increased dramatically, as above. In
response to the increase in oxygen tension, expectedly, luciferase expression
rapidly attenuated to a very low level within 12 hours, and gradually reached
the basal level within an additional 12 hours. Particularly, deoxygenation of the
reoxygenated cells clearly enhanced the luciferase activity. However, all these
hypoxia-responsive gene expression patterns were not observed in
NSC-SV-Luc7#. These results confirmed that the EPO enhancer can regulate

the gene expression level in response to oxygen pressure.
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Fig. 4. Kinetics of the hypoxia-regulated luciferase expression in stable NSC
lines. (A and B) The sensitivity and strength of hypoxia-regulated gene
expression in stable NSC lines. Hypoxia-regulated luciferase expression was
demonstrated with the increase in the strength of hypoxia (A) or the
concentration of hypoxia-mimicking CoCI2 (B). (C) The responsive speed and
the persistence of hypoxia-regulated gene expression in stable NSC lines. Time
course of the hypoxia-regulated luciferase expression was analyzed under
hypoxia (1% O2) or in the presence of hypoxia-mimicking CoCl2 (200 uM). (D)
Reoxygenation study after hypoxia treatment. Cells were first cultured under
hypoxia for 12 hours, and then recovered under normoxic conditions for 12
hours plus an additional 12 hours, followed by deoxygenation under the second
hypoxia for 12 hours. Induction folds (hypoxia/normoxia) of luciferase

expression are presented in all experiments.
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5. Neural differentiation potency of stable NSC lines in vitro and in vivo

The therapeutic potential of NSCs is mainly attributed to their ability to
differentiate into all neural cell types including neurons, astrocytes and
oligodendrocytes. To confirm whether the engineered NSCs still retain their
neural differentiation potency, the stable NSC lines were treated with 1 uM RA
to induce differentiation. After treatment with RA for several days, neuron
formation was initiated. Neurite-like processes outgrew early after RA treatment
for 3 days, and elongated quickly in the following 4 days along with the
formation of prominent neuronal networks (Fig. 5A). During these neuronal
developmental stages, individual and grouped neurons could be identified in the
RA-treated cultures. These results were similar to the neuronal differentiation
patterns of the normal NSCs described in previous reports *>**. In addition, the
neuronal differentiation was further confirmed by immunoblot assay with
neuronal markers. After RA-induction for 7 days, the cells were harvested and
lysed for western blot analysis. As shown in Fig. 5B, the neural stem cell
markers, nestin and SSEA-1/CD15, were expressed in the stable NSC lines with
or without RA treatment, however, the neuronal markers, MAP-2 and
B-II-tubulin, were detected only in the RA-treated cultures. The astroglial
marker, GFAP, could not be detected in any of the cell samples, except for the
mouse cortex extracts. Together with the morphological development of
neurons, these immunoblotting results strongly suggest that the engineered
stable NSCs retain their neuronal differentiation potency in vitro.

Further, we performed a luciferase assay for the neuronal differentiated NSC
lines after normoxic or hypoxic incubation for 12 hours. After RA induction for
7 days, the basal luciferase expression at normoxic condition decreased in
NSC-SV-Luc7#, but clearly increased in NSC-EpoSV-Lucl6#, which was
possibly induced in response to the relatively hypoxic status in the dense and
overconfluent neuronal aggregates. Nevertheless, hypoxia-inducible luciferase

expression could still be detected in NSC-EpoSV-Lucl6#, but not in
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NSC-SV-Luc7# (Fig. 5C). Given that the basal luciferase expression in
NSC-EpoSV-Lucl6# increased following RA treatment, the induction fold of
luciferase expression was accordingly decreased during the neuronal
differentiation process of the stable NSC line, while the hypoxia-responsive
characteristic of the engineered EpoSV element was maintained.

In order to examine the in vivo differentiation potential of the stable NSCs,
rat spinal cord tissues transplanted with NSCs for 4 weeks were stained with
neural markers including GFAP and MAP-2. As shown in Fig. 5D, the green
immunofluorescence image of spinal cord tissue probed with anti-GFAP
antibody clearly overlapped with some red fluorescence of the DsRed-positive
NSCs, indicating that there was partial differentiation of NSCs into
GFAP-positive glial cells. Colocalization with DsRed fluorescence was
observed when the tissue was probed with the MAP-2 for neuronal markers.
These results imply that the engineered stable NSCs retain their neural

differentiation potency in vivo.
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Fig.5. Neural differentiation potency of stable NSC lines in vitro. (A and B) The
engineered stable NSCs retained their neuronal differentiation potency in vitro.
The stable NSC lines were treated with 1 UM RA to induce differentiation.
Arrows indicate individual and grouped neurons and arrowheads indicate
neurites. /n vitro neuronal differentiation was identified by morphological
examination (A) and immunoblot assay (B) with neural markers. (C) The
hypoxia-responsive characteristics of the engineered EpoSV element were
maintained after neuronal differentiation. (D) The engineered stable NSCs
retained their neural differentiation potency in vivo. Immunofluorescence
staining with neural and glial markers was conducted to identify the in vivo
neural differentiation. Scale bars in all images represent 20 um. *P<0.001,
hypoxia versus normoxia. A two-tailed Student’s #-test was used (meants.d.,

n=4). Scale bars in all images represent 20 pm.
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6. In vivo ischemic injury-specific luciferase expression

To verify the in vivo hypoxia/ischemia inducible expression of luciferase, the
engineered stable NSC lines, NSC-SV-Luc7# and NSC-EpoSV-Lucl6#, were
transplanted into injured and uninjured rat spinal cord. Two days after
transplantation, spinal cord tissues were removed and lysed for luciferase assay.
As shown in Fig. 6, luciferase expression could be detected in all transplanted
spinal cord tissues, indicating that transplantation with both NSC-SV-Luc7#
and NSC-EpoSV-Lucl6# efficiently delivered the luciferase gene to the target
tissues. Most importantly, transplantation of NSC-EpoSV-Lucl6#, but not
NSC-SV-Luc7#, showed ischemic injury-specific luciferase expression and
achieved a maximal induction of approx 2.5 to 4.3-fold above the basal
expression level in uninjured rat spinal cord tissues. These data were consistent
with the in vitro luciferase expression patterns of the two stable NSC lines
under normoxic or hypoxic conditions. Therefore, in addition to successful and
efficient delivery of the gene to target tissues, the transplanted stable NSCs
engineered with the EpoSV-gene fragment were capable of increasing gene
expression specific to the ischemic tissues, while maintaining low gene
expression levels in normal tissues.

We confirmed whether how long times continue the luciferase expression
after transplantation. In this result, luciferase expression in both NSC-SV-Luc
and NSC-EpoSV-Luc transplanted was maintained for 2 weeks, but expression

intensity was low at 2 weeks post transplantation.
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Fig.6. In vivo ischemic injury-specific luciferase expression of stable NSCs
transplanted in rat spinal cord injury model. (A) Luciferase expression levels in
transplanted spinal cord of rats. Injured or non-injured spinal cord tissues
transplanted with stable NSC lines for two days were removed and lysed for
luciferase assay. Levels are expressed as relative light units (RLU) per
microgram of total protein. (B) Induction fold (SCl/normal) of luciferase
expression in transplanted spinal cord of rats. (C) Luciferase expression of
stable neural stem cells transplanted into the injured spinal cord. *P<0.01, SCI

versus normal. A two-tailed Student’s ¢-test was used (mean#s.d., n=4).

IV. DISCUSSION

This study aimed to increase the safety and efficacy of gene therapy for SCI

and other ischemic central nervous system (CNS) diseases through
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establishment of stable therapeutic NSCs engineered with a hypoxia-inducible
gene therapy system. This novel strategy focused on achieving successful and
efficient gene delivery and subsequent regulatory gene expression in the target
tissue. To regulate gene expression in vivo, defect or injury tissue-specific

20. 21 Because

regulatory gene expression systems are highly desirable
hypoxic/ischemic stresses usually accompany SCI, various hypoxia-responsive
elements, such as the Epo enhancer and RTP801 promoter have been used to
develop hypoxia-inducible gene expression systems for SCI therapy ***. We
have confirmed that the Epo enhancer-based system increases gene expression

22, 23

specifically in hypoxic cells . Furthermore, in vivo ischemia-specific

regulated gene expression with this system has been verified in various animal

35,36 - . 2
**” and injured rat spinal cord =~

models, such as ischemic rabbit myocardium
¥ Moreover, only a basal level of gene expression is detected in normal tissue,
suggesting that this system may also minimize the side effects in normal or

: 22,23
recovered tissue “

. Therefore, the Epo enhancer-based system and other
hypoxia-regulated gene expression systems represent a much safer gene therapy
platform with a high potential for a range of clinical applications.

Unfortunately, the in vivo gene expression exhibited by these systems is
unsuitable for treatment of ischemic injury tissues due to inefficient in vivo
delivery, even when very large amount of plasmid DNA are used for the
injection, with or without PEI and Lipofectamine **> *. In order to achieve
efficient gene delivery and expression in vivo, viral-based approaches are often
adopted *°. However, the uncontrollable gene expression that may result from
the use of viral vectors with or even without permanent integration potentially
results in serious adverse side effects '*'*. In addition, the special properties of

14, 18-20
’ , such as

viral materials have raised many other serious safety concerns
the immune and inflammatory responses to the viral-encoded proteins, the
activation of oncogenes or inactivation of tumor-suppressor genes resulting

from the integration of a foreign gene, and the potential risk of generating an
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infectious, replication-competent virus. Because non-viral-based systems could
circumvent these safety concerns, many efforts have focused on the
development of novel and efficient nonviral ex vivo gene delivery systems.

Recently, due to significant progress in stem cell biology, varieties of stem
cells including MSCs, NSCs and induced-pluripotent stem cells (iPSCs) could
potentially offer valuable and feasible sources for therapeutic cells '*'*. Patient
or disease-specific human iPSCs have become available recently and could be
differentiated into transplantable NSCs, neurons or other useful therapeutic
lineages for potential autologous transplant to treat patients **. Based on the
confirmed therapeutic potential of each type of stem cells '+ 3152627245 4
combined stem cell and gene therapy may increase the efficacy over cell or
gene therapy alone. Thus, ex vivo engineered stem cells have become a
promising nonviral gene expression and delivery platform for gene therapy.

In the current study, an Epo enhancer-based gene expression system was
incorporated in a DsRed-expressing double-promoter plasmid for ex vivo
engineering of hypoxia-regulated stable NSCs. Because of the expression of the
selectable marker Zeocin and the fluorescent DsRed gene, this plasmid allowed
not only efficient ex vivo engineering of stable NSCs, but also easy detection of
the engineered NSCs both in vitro and in vivo. Using this plasmid, we
demonstrated that NSCs have the advantages of high gene transduction
efficiency and desirable gene expression; thereby the hypoxia-regulated
luciferase expression system could be efficiently lipofected into NSCs to
achieve low basal gene expression under normoxia and to induce high gene
expression under hypoxia. Furthermore, the engineering of hypoxia-regulated
NSCs improved the kinetics of gene regulation both in vitro and in vivo. In
kinetics studies, the hypoxia-regulated NSC line showed high sensitivity and
rapid response to oxygen tension, and thus enabled a prominent induction of
robust and persistent gene expression upon hypoxic stimulus, or a significant

downregulation of gene expression to a low basal level after reoxygenation of
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the hypoxic cells.

In contrast to the low delivery efficiency achieved by direct injection of the
plasmid DNA %, transplantation of the hypoxia-regulated or non-regulated
stable NSC line successfully delivered sufficient gene expression to the target
spinal cord, as shown by the basal expression in normal tissue and the much
higher induced expression in ischemic-injured tissue. Most importantly, only
transplantation of the hypoxia-regulated NSCs achieved ischemic
injury-specific luciferase expression. The hypoxia-regulated NSCs transplanted
into ischemic rat spinal cord tissues led to a maximal induction of approx 2.5 to
4.3-fold above the basal expression level, consistent with in vitro data in this
study and previous in vivo results from direct injection of the plasmid DNA **%.
Noticeably, the engineered stable NSCs retained neural differentiation potency
in vitro, while the hypoxia-responsive characteristic of the engineered EpoSV
element was maintained after the differentiation. All of the features of
hypoxia-regulated NSCs suggest that this is a highly favorable nonviral gene
expression and delivery platform.

In this study, we confirmed the long time effect of luciferase expression of
NSCs after transplantation. NSCs (3x10° cells) were immediately transplanted
into the injured site of spinal cord, and were analyzed at 1 or 2 weeks post
transplantation. Luciferase expression was maintained for 2 weeks, but its
intensity was decreased at 2 weeks post transplantation (data not shown). Spinal
cord injury leads to the hypoxic environment, expression of HIF-la (hypoxia
inducible factor-l1a) increased after spinal cord injury. Expression of HIF-1a
peaked at 3 day, then slowly decreased after 1 week post injury *. Because our
hypoxia inducible gene expression system depended on the HIF-1a expression,
the expression of luciferase might be decreased by low expression of HIF-1a
after 1 week post injury. This system may be useful to detect the hypoxic
environment after spinal cord injury without animal sacrifice but also provide

the optimal time point for stem cell transplantation.
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Recently, we and others have shown that hypoxia-induction of gene expression
in vitro and in vivo could be further increased dramatically when using nonviral or
viral vectors that incorporate the Epo enhancer or hypoxia-responsive elements
(HRE) concatamers together with an oxygen-dependent degradation (ODD)
domain of hypoxia-inducible factor-1a *>*"*. Even though the hypoxia-induction
of this ODD-fused expression system is sensitive and robust, the absolute gene
expression levels appeared less sufficient for effective therapy than other
mentioned systems **. We speculate that NSCs engineered with this system could
reduce the basal expression to a minimal level, overcome the limitations of
insufficient in vivo gene delivery, and implement hypoxia-inducible gene
expression in ischemic tissues. In future work, we will incorporate therapeutic
genes such as VEGF, GM-CSF, or other neurotrophic factors into this NSC-based
hypoxia-regulated system to evaluate their therapeutic efficacy and safety for SCI

and other ischemic CNS diseases.

V. CONCLUSION

We established hypoxia-regulated stable NSCs as a controlled nonviral ex
vivo stem cell-based gene therapy system. The genetically engineered
hypoxia-responsive stable NSCs can be conferred with high sensitivity and
rapid response to oxygen tension, thus leading to a prominent induction of
robust and persistent gene expression upon hypoxic/ischemic stimulus both in
vitro and in vivo. In addition, this system demonstrates minimal activation under
normoxia and in normal tissue, a significant down regulation of the gene
expression to a low basal level once the hypoxic cells recover to normoxic
conditions. Therefore, hypoxia-regulated NSCs ex vivo engineered with a
therapeutic gene is good candidate for a controllable nonviral gene expression
and delivery platform, and will be valuable for the treatment of SCI or other

CNS diseases accompanied with chronic or episodic hypoxic/ischemic stresses.
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