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Abstract

There are several major pathological changes in Alzheimer’s disease, including apoptosis of choli-
nergic neurons, overactivity or overexpression of B-site amyloid precursor protein cleaving enzyme
1 (BACEL1) and inflammation. In this study, we synthesized a 19-nt oligonucleotide targeting BACEL1,
the key enzyme in amyloid beta protein (AB) production, and introduced it into the pSilenCircle
vector to construct a short hairpin (ShRNA) expression plasmid against the BACE1 gene. We
transfected this vector into C17.2 neural stem cells and primary neural stem cells, resulting in
downregulation of the BACE1 gene, which in turn induced a considerable reduction in reducing AB
protein production. We anticipate that this techniqgue combining cell transplantation and gene ther-
apy will open up novel therapeutic avenues for Alzheimer’s disease, particularly because it can be
used to simultaneously target several pathogenetic changes in the disease.
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INTRODUCTION

Alzheimer’s disease is a common neurode-
generative disease. At present, drug therapy
cannot reverse the course of Alzheimer’s
disease; it can only temporarily relieve
symptoms. There are no effective treatments
apart from acetylcholinesterase inhibitors,
which only temporarily augment cholinergic
function.

The combination of neural stem cell trans-
plantation and genetic modification makes it
possible to harness the dual functions of
cellular replacement and gene therapy™?.
Many successful experiments have been
performed using neural stem cell transplan-
tation, particularly for Parkinson’s disease,
for which the pathogenesis is relatively well
known™®!. For example, the degeneration or
even loss of dopaminergic neurons in the
substantia nigra results in a decrease in do-
pamine levels in the corpus striatum. There-
fore, tyrosine hydroxylase gene-modified
neural stem cells are transplanted into the
corpus striatum, increasing dopamine neuro-
transmitter levels. This is an ideal treatment
method because it is specifically aimed at the
major pathogenetic change in Parkinson’s
disease®*.

In contrast to Parkinson’s disease, there are
several pathological changes in Alzheimer’s
disease, including apoptosis of cholinergic
neurons, an increase in levels and activity of
B-secretase (beta-site amyloid precursor
protein cleaving enzyme, BACEL), and in-
flammation™*?. Some studies have indicated
that transplantation of rat neural stem cells
transfected with nerve growth factor, choline
acetyltransferase or brain-derived neuro-
trophic factor can improve cognitive perfor-
mance™*®. However, it is usually insufficient
to introduce a gene™ into cells to only
upregulate the expression Alzheimer’s dis-
ease-related proteins. Thus, in the present
study, we synthesized a short hairpin RNA
(shRNA) construct targeting BACEL, the key
enzyme in amyloid beta protein (AB) produc-
tion, downregulating its expression. The
amyloid cascade hypothesis for the patho-

genesis of Alzheimer’s disease postulates
that memory deficits are caused by in-
creased levels of both soluble and insoluble
AB, which are derived from the larger amy-
loid precursor protein after undergoing se-
quential proteolytic processing. BACEL1L is
the rate-limiting enzyme in this AR synthetic
pathway. Overexpression of AR exists only if
there is overactivity or high levels of the
enzyme.

AB is the key factor in Alzheimer’s disease
pathogenesis, because it not only has direct
neurotoxicity, but can also combine with
FPR-like-1 in mononuclear phagocytes,
activating these small glial cells that gather
in the lesion site and release inflammatory
proteins. As a result, AR has indirect neuro-
toxic effects as well®”. The latest research
shows that AB also affects the proliferation,
survival and differentiation of neural stem
cells, and may even reduce their ability to
migrate  toward the lesion  site®.
Post-mortem analysis of brain samples from
Alzheimer’s disease patients has shown
increased levels of BACE1 protein and AR
levels in cortical regions®?. Thus, de-
creasing AP levels in the brain is a possible
therapeutic approach for Alzheimer’s dis-
ease, and many experiments indicate that
proteins such as BACE1 and neprilysin
could be used as therapeutic agents to re-
duce AP levels in Alzheimer's disease
brain(+2¢,

Neural stem cell transplantation is designed
to replace damaged nerve cells, and thereby
restore cell loops and cell function. There
are primarily two methods: (1) differentiation
of endogenous neural stem cells; (2) ex-
ogenous neural stem cell transplantation.
These two methods can both be applied for
Alzheimer’s disease therapy.

In most cases, it is insufficient to replace lost
nerve tissue only by enhancing the produc-
tion of endogenous neural stem cells, espe-
cially in the spinal cord or striatum®?%. |n
this study, we chose the C17.2 cell line to
use as exogenous neural stem cells, and
primary neural stem cells to use as endo-
genous neural stem cells.
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In the present study, we downregulated the expression of
the BACE1 gene in C17.2 neural stem cells and primary

neural stem cells via genetic modification for the first time.

A short hairpin DNA oligonucleotide was introduced into
the pSilenCircle plasmid to express a short hairpin RNA
(shRNA) complementary to a sequence in the coding
region of human BACE1 mRNA. The shRNA was able to
inhibit the expression of the BACEL gene in C17.2 neural
stem cells and primary neural stem cells. Thus, when
these cells were transplanted into the brain, they not only
could replace the lost nerve cells through proliferation
and differentiation, but also could downregulate the ex-
pression of BACEL protein, resulting in a reduction in AR
production. This can inhibit the inflammatory reaction,
and promote the proliferation, survival, differentiation and
migration of neural stem cells to the lesion area. There-
fore, this technology simultaneously harnesses the pow-
er of cell transplantation and genetic therapy, and targets
multiple pathological changes in Alzheimer’s disease.

RESULTS

Identification and differentiation of C17.2 neural stem
cells and primary neural stem cells

About 95% of C17.2 neural stem cells attached to the bot-
tom 4 hours after passage. Furthermore, a monolayer of
neural stem cells spread out and formed an almost con-
fluent sheet after 3—4 days of passage. The neural stem
cells were spindle or irregular in shape (Figure 1A, B).

Figure 1 The identification of C17.2 neural stem cells.

(A, B) Cultured C17.2 neural stem cells 2 and 4 days after
passage under an inverted microscope (black arrows). (C)
Neural stem cells under an inverted microscope. (D)
Nestin-positive neural stem cells (red fluorescence, white
arrow) after immunofluorescence staining under an
inverted microscope, which is an important marker for the
identification and isolation of neural stem cells. (A, C, D)
Scale bars: 50 ym; (B) scale bar: 100 ym.

After about 80% confluence, neural stem cells were
passaged, surviving well in subsequent passages.
Compared with C17.2 neural stem cells, the primary
neural stem cells isolated from hippocampal tissue pro-
liferated and aggregated into free-floating neurospheres
in serum-free medium after 2-3 days of cultivation (Fig-
ure 2). The number of neurospheres increased with cul-
tivation time.

However, when the neurospheres were passaged onto a
culture plate covered with polylysine and supplemented
with serum-containing medium after 7 days of culture,
the neurospheres adhered to the bottom and a mono-
layer of primary neural stem cells emerged from the
neurospheres 36 hours after inoculation (Figure 3A, B).

Figure 2 Primary neural stem cell proliferation and
aggregation into neurospheres after 48 hours of culture.

Both pEGFP and psiEGFP expression plasmids were
transfected into the neurospheres that developed from the
primary neural stem cells. (A) Image under an inverted
microscope (black arrows). (B) EGFP fluorescence within
the neurospheres (white arrows). Scale bars: 100 um.
EGFP: Enhanced green fluorescent protein.

Nestin is regarded as an important marker for the identi-
fication and isolation of neural stem cells. Therefore,
immunofluorescence staining for nestin was conducted
after 7 days of culture. Nestin was expressed in almost
all C17.2 neural stem cells and primary neural stem cells
(Figure 1C, D; Figure 3C, D), suggesting that these two
cell types were characteristically neural stem cells. To
investigate whether these nestin-positive cells pos-
sessed the pluripotent capacity to differentiate into neu-
ronal cells as well as astrocytes and oligodendrocytes in
vitro, the serum-free medium was replaced and the cells
were cultured for an additional 7 days in the se-
rum-containing medium. B-Tubulin is known to be a
marker of neurons, while glial fibrillary acidic protein is a
marker of astrocyte-like cells and oligodendrocytes. Im-
munofluorescence staining showed that the C17.2 neural
stem cells and primary neural stem cells had spread out
from the neurospheres and morphologically differen-
tiated into neuron-like cells bearing long neurites or into
astrocytic or oligodendrocytic cells (Figure 3E—H). This
suggests that the C17.2 neural stem cells and primary

3097



Liu ZH, et al. / Neural Regeneration Research. 2013;8(33):3095-3106.

neural stem cells display a high capacity to proliferate
and can phenotypically differentiate into functional neu-
ronal and glial cell types in vitro.

Figure 3

Identification and differentiation of primary
neural stem cells.

(A, B) Neurospheres of primary neural stem cells adhered
to the bottom, and a monolayer of primary neural stem
cells started outgrowth from the neurospheres 5 days after
adherence under an inverted microscope. (C, D)
Neurospheres of primary neural stem cells were
nestin-positive 36 hours after adherence (white arrows).
(E, F) Primary neural stem cells had differentiated into
neuroglial cells with glial fibrillary acidic protein
immunoreactivity 7 days after adherence (purple arrows).
(G, H) Primary neural stem cells had differentiated into
nerve cells with B-tubulin immunoreactivity 7 days after
adherence (green arrows). (A, C) Scale bars: 200 um; (B,
E—H) scale bars: 100 um; (D) scale bar: 50 ym.

Construction and confirmation of siBACEL1 plasmid
We constructed the shRNA expression plasmid, which
was used directly in neural stem cell and primary neural
stem cell RNAi experiments. The shRNA sequence
contained the shRNA sense strand, antisense strand and
a loop sequence. We introduced the shRNA sequence
into the pSilenCircle plasmid to construct psiBACE1-1,
psiBACE1-2, psiBACE1-3 and psiBACE1-4 shRNA ex-
pression plasmids (Figure 4).
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The Stul digestion sites in the pSilenCircle plasmid were
lost in clones with successful fragment insertion, while
plasmids without insertions retained the Stul digestion
sites. The pSilenCircle plasmids were cut by Stul en-
zyme into 3.5 kb and 1.1 kb linear fragments, while psi-
BACE1-1, psiBACE1-2, psiBACE1-3 and psiBACE1l-4
remained uncut (4.6 kb) (Figure 5A, B). We could select
plasmids with successfully inserted shRNA sequences
after restriction digestion with Stul. The shRNA expres-
sion plasmids were then sequenced to confirm proper
insertion (Figure 5C).

Each shRNA plasmid carried a BACE1 sequence cas-
sette encoding a target-specific 19-nt shRNA with a 6-bp
loop. When transfected into neural stem cells or primary
neural stem cells via lipid-based transfection, the plas-
mids expressed shRNA from the U6 promoter. The
shRNA offered an opportunity to potently and stably si-
lence BACEL gene expression.

Evaluation of target gene expression

The pEGFP expression plasmids were transfected into
C17.2 neural stem cells at 0.6, 1.2, 1.8, 2.4 and 3.0 ug
(mixed with 50 pL Lipofectamine 2000). 1.2 ug of pEGFP
displayed the most effective transfection rate, more than
85% (Figure 6).

In this study, siGFP was individually co-transfected with
each of the four siBACE1 plasmids into C17.2 neural
stem cells. The BACEL1 activity assay was performed 48
hours after transfection of the expression plasmids, i.e.,
psiBACE1-1, psiBACE1l-2, psiBACE1-3 and psi-
BACEL1-4, to identify the most efficient plasmid. Except
for psiBACE1-4 (control plasmid), each of the other
plasmids inhibited BACEL1 activity by at least 72%, as
assessed with real-time PCR assay (Figure 7). Howev-
er, psiBACE1-2 displayed the greatest efficiency in
knocking down BACEL expression (over 87%) after 48
hours of transfection, which is ideal for accomplishing
our goal. In addition, the siBACE1-2 plasmid was ca-
pable of stable inhibition of target gene expression;
even 7 days after transfection, it still inhibited BACE1
activity by over 69% (Figure 8). This capacity for stable
expression in neural stem cells is a major advantage of
the shRNA system, especially when targeting a protein
with slow turnover.

In the RNAI experiments with primary neural stem cells,
the shRNA plasmids were the same as those used in the
C17.2 neural stem cells, but only psiBACE1-2, which
exhibited the strongest inhibition of BACE1 activity, was
used (Figure 8).
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siRNA1: siRNA2:
5’acaccgactgtggctacaacattcttgcttgaagactgtggctacaacattct 3° 5’acaccggctttgtggagatggtggattgettgaaggetttgtggagatggtggat 3°
3’gctgacaccgatgttgtaagaacgaacttctgacaccgatgttgtaagaaaaa S°  3’gccgaaacacctctaccacctaacgaacttccgaaacacctctaccacctaaaaa 5°

siRNA3: control siRNA:
5’acaccgtggactgcaaggagtacaattgettgaagtggactgecaaggagtacaatd  5acaccgacctaggtactatgegaattgettgaaggacctaggtactatgegaat3’
3’gcacctgacgttecteatgttaacgaacttcacctgacgttectcatgttaaaaa S°  3°gttcgeatagtacctaggtcaacgaacttttcgeatagtacctaggtcaaaaas’

psiRNA-BACE1-1:
TTATATATCTTGTGGAAAGGACGAAACACCGACTGTGGCTACAACATTCTTGCTTGAAGACTGTGGCTAC
AACATTCTTTTTACAGTTTTTGCTAGAGGGCCCTATTCTATAGTGTCACCTAAATGCTAGAGCTCGCTGAT
CAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGG
AAGGTGCCACTCCCAC

psiRNA-BACE1-2:
CCCTTATATTCGCCTTTTTCAGCTTGAGATTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAAC
ACCGGCTTTGTGGAGATGGTGGATTGCTTGAAGGCTTTGTGGAGATGGTGGATTTTTACAGTTTTITGCTAG
AGGGCCCTATTCTATAGTGTCACCTAAATGCTAGAGCTCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGC
CAGCCATCTGTTGTTTGCCC

psiRNA-BACE1-3:
TTAATATATCTTGTGGAAAGGACGAAACACCGTGGACTGCAAGGAGTACAATTGCTTGAAGTGGACTGC
AAGGAGTACAATTTTTACAGTTTTTGCTAGAGGGCCCTATTCTATAGTGTCACCTAAATGCTAGAGCTCGC
TGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACC
CTGGAAGGTGCCACTCC

Figure 4 Sequence of the short hairpin RNAs (shRNAS).

Upper: The three shRNA sequences that were complementary with the coding region of human B-site amyloid precursor
protein cleaving enzyme 1 (BACE1) mRNA, and an irrelevant shRNA (control). Below: The three short hairpin RNA (shRNA)
expression sequences were introduced into pSilenCircle plasmids to construct psiBACE1-1, psiBACE1-2 and psiBACE1-3
shRNA expression plasmids.
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Figure 5 Successful construction of pSilenCircle plasmids.

(A) Because of the insertion of exogenous fragments, the short hairpin RNA (shRNA) expression plasmids could not be cut by
Stul enzyme. The psiBACEL1-1 (1, 2), psiBACE1-2 (3, 4), psiBACE1-3 (5, 6) and psiBACE1-4 (7, 8) all were 4.6 kb in length.
(B) The pSilenCircle plasmids without insertion of exogenous fragments (1) were cut by Stul enzyme into 3.5 kb and 1.1 kb
linear fragments. The psiBACE1-1 (2, 3), psiBACE1-2 (4, 5), psiBACE1-3 (6, 7) and psiBACE1-4 (8, 9) still were 4.6 kb in
length. (C) The three shRNA expression plasmids were sequence-verified.
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Figure 6 Green fluorescent protein (GFP) expression in
C17.2 neural stem cells after transfection.
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(A) C17.2 neural stem cells were transfected with 0.6, 1.2,
1.8, 2.4 or 3.0 ug pEGFP expression plasmid. 1.2 ug of
pEGFP displayed the most effective transfection rate of
more than 85% at different time points post-transfection.
Results were assessed using GFP fluorescence intensity.
(B, C) C17.2 neural stem cells abundantly expressed the
GFP protein (green) 24 hours after transfection (visualized
under an inverted fluorescence microscope). (B) Scale
bar: 200 ym; (C) scale bar: 50 ym.

B-actin BACEI

150- 3 ¢ — 25 A0

1004

Expression rate of BACE1 (%)

Figure 7 Beta-site amyloid precursor protein cleaving
enzyme 1 (BACEL) expression in C17.2 neural stem cells
48 hours after transfection (real-time reverse-transcription
PCR).

The psiBACE1-2 plasmid displayed the greatest efficiency
in knocking down BACEL expression, with an efficiency of
more than 87% after transfection. The psiBACE1-1 and
the psiBACE1-3 plasmids also reduced BACE1
expression. Each group consisted of three sections. Tests
were repeated three times. Data were analyzed with
one-way analysis of variance and least significant
difference test. P < 0.01, vs. control.
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Figure 8 Effect of SiBACE1-2 on BACE1-2 expression in
C17.2 neural stem cells and primary neural stem cells
(real-time reverse-transcription PCR).

The siBACE1-2 plasmids could inhibit BACE1 activity by
over 69%, even 7 days (d) after transfection. psiBACE1-2
reduced BACEL expression in C17.2 neural stem cells
and primary neural stem cells 3, 5 and 7 days after
transfection. Each group consisted of three sections. Tests
were repeated three times.

All values are presented as mean + SD. Data were
analyzed by one-way analysis of variance and least
significant difference test. *P < 0.01, vs. control. BACE1:
[3-Site amyloid precursor protein cleaving enzyme 1.

The primary neural stem cells isolated from hippocampal
tissue were cultured for 7 days, and the resulting neu-
rospheres were co-transfected with siGFP and si-
BACE1-2 plasmids. The ability of psiBACE1-2 to down-
regulate BACE1 was confirmed by PCR after 48 hours of
transfection (data not shown). We also examined the
long-term ability of psiBACE1-2 to downregulate BACE1
expression in the primary neural stem cells. As shown in
Figure 8, we observed effective downregulation of
BACEL1 expression by psiBACE1-2 3-7 days after the
SshRNA treatment. The reduction in BACE1 transcript
levels was stable during the course of RNAI treatment.
These results demonstrate that the siBACE1-2 plasmid
provides a stable and long-term means of inhibiting
BACEL gene expression.

The measurement of cell viability is very important in
developing a safe shRNA expression plasmid for neural
stem cells. We examined cell viability using the X-gal
assay after transfection with the sShRNA expression
plasmid. Greater than 95% of neural stem cells survived
after 2 days in control (untransfected) cultures. Cell via-
bility was also quite high (up to 90%) 48 hours after
shRNA treatment (Figure 9). Therefore, there was no
significant difference between untransfected cells and
those transfected with siBACE1-2 plasmid.
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Figure 9 Cell viability of C17.2 neural stem cells 48 hours
after transfection (X-gal staining).

The X-gal assay was used to assess cell viability after
transfection with the shRNA expression plasmid under the
inverted fluorescence microscope. C17.2 neural stem cells
were used. There was no significant difference in cell
viability between cells transfected with siBACE1-2 plasmid
(A, B) and those that were untransfected (C, D). Red
arrows show the stained C17.2 neural stem cells. (A, C)
Scale bars: 200 ym; (B) scale bar: 50 um; (D) scale bar:
100 um. BACE1: B-Site amyloid precursor protein cleaving
enzyme 1.

DISCUSSION

Cell transplantation has proven to be an effective method
for treating diseases, especially when combined with
genetic engineering; it can not only repair damaged tis-
sue through cell replacement, it can also be used as a
form of gene therapy®. Among the neurodegenerative
diseases, Parkinson’s disease is often the first to be se-
lected for cellular and genetic therapeutic studies, be-
cause there is a relatively clear pathogenesis. For ex-
ample, the impairment of motor function is mainly related
to the loss of the neurotransmitter dopamine. Thus, the
transplantation of cells that secrete dopamine can in-
crease neurotransmitter levels, and thereby have a sub-
stantial therapeutic effect®. However, in contrast, there
are numerous pathogenetic processes in Alzheimer’s
disease. In addition to the apoptosis of cholinergic neu-
rons?”?8 recent studies show that the levels and activity
of B-secretase are considerably elevated in brain regions
affected by Alzheimer’'s disease. The lack of a simple
pathogenesis makes Alzheimer's more complex and
difficult to treat through cell transplantation. However, the
overactivity or overexpression of B-secretase likely leads
to the overproduction of AB, ultimately inducing cognitive
dysfunction in patients.

In a previous study, we inhibited the expression of the

BACEL1 gene using RNAI in nerve cells, resulting in a
robust reduction in AB production®. However, the new
challenge we faced in this study was how to simulta-
neously provide two or more therapeutic effects to tackle
the complicated pathogenesis of Alzheimer's disease.
We focused on the replacement of lost nerve cells and
reducing the activity or levels of BACE1 protein. Although
fibroblasts or Schwann'’s cells are often used as gene
carriers, they cannot integrate with nerve tissues of the
host or form synaptic connections after transplantation
into the brain because they are not neuronal cells. Con-
sequently, they cannot survive for long periods in the
host or stably express the exogenous gene in the nerv-
ous system. Therefore, in this study, we used C17.2
neural stem cells as the carriers of the gene. C17.2
neural stem cells can proliferate and maintain their
self-renewal and multipotent differentiation capacities in
vitro. They can also migrate to the damaged area in the
brain, where they may survive, proliferate and differen-
tiate into neuron-like cells and form synaptic connections
with host nerve cells. However, unlike primary nerve cells,
neural stem cells are readily obtained and can be easily
transfected with target genes®®. Studies have shown
that the expression of the target gene can last for 22
months and substitute for the endogenous gene after
transplantation of neural stem cells into the host®"2,
There are currently many reports on the treatment of
neurodegenerative diseases with neural stem cell trans-
plantation, in which researchers usually introduce neu-
rotrophic factor genes to restore specific nerve functions.
Thus, neural stem cells are ideal gene carriers for the
treatment of neurodegenerative diseases, and they can
have the dual function of cell replacement and gene
therapy. The detailed understanding of neural stem cell
transplantation has opened up novel therapeutic ave-
nues for Alzheimer’s disease.

In a growing number of studies, the nerve growth factor
gene was introduced into neural stem cells, which were
then transplanted into the brains of Alzheimer’s disease
animal models for preventing or delaying the onset of
symptomatic Alzheimer's disease®* . However, the lack
of nerve growth factor is only one of the several patho-
genetic changes in Alzheimer’s disease. The latest stu-
dies indicate that the level of BACEL1 in the brain of pa-
tients with Alzheimer’s disease is 40—60% higher than in
normal aged persons, and the activity of BACEL is rela-
tively much higher as well. Although the basis for the
higher BACEL1 activity remains largely unknown, it is
thought that downregulating the activity of the enzyme is
the best strategy for the treatment of Alzheimer’s dis-
ease®™*. Hence, we considered it necessary to develop
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a novel method of neural stem cell transplantation, aimed
simultaneously at several pathogenetic changes in Alz-
heimer’'s disease. Unlike other studies in which genes
were introduced to increase the expression of proteins,
we introduced an shRNA expression plasmid to knock
down BACEL expression in neural stem cells and reduce
AB protein levels. Such neural stem cells could have a
greater therapeutic effect.

After transplantation, the neural stem cells generated in
this study should proliferate and differentiate into neu-
ron-like cells, and substitute for the lost nerve cells in the
injured region, but without excessive BACE1 gene ex-
pression. Although it is not clear how BACEL activity is
increased in Alzheimer’s disease patients, it is possible
that the activity of BACE1 within neural stem cells might
be increased in the microenvironment where they are
transplanted into the Alzheimer’s disease brain, because
it has been found that there is a complicated interaction
between exogenous neural stem cells and the brain mi-
croenvironment“?, Recent studies show that the prolife-
ration of neural progenitor cells, and their survival and
potential to differentiate into neuron-like cells are af-
fected in the hippocampal dentate gyrus of Alzheimer's
disease transgenic mice*. In vitro studies show that AR
in its pathological form (AB42) may affect the proliferation,
survival and differentiation of neural progenitor cells. It is
thought that Alzheimer’s disease patients gradually lose
neurons and develop dementia because of neural pro-
genitor cell damage induced by AB422. Here we as-
sumed that the inhibition of AB synthesis within neural
stem cells through RNAIi should reduce AB42 aggrega-
tion. As a result, our strategy should promote the proli-
feration, survival and differentiation of the neural stem
cells into neuron-like cells.

At present, there are two ways to treat neurodegenera-
tive diseases with neural stem cells; (i) the induction of
differentiation of endogenous neural stem cells and (ii)
the transplantation of exogenous neural stem cells. The
mechanism of migration of endogenous neural stem cells
in the embryo is quite well understood. Numerous im-
portant signaling molecules and cytokines are involved in
the dynamics of migration of neural stem cells in the
embryo™*®. However, the mechanism in the adult remains
largely unknown. Even less is known about the process
in pathologic conditions such as Alzheimer’s disease!*”.
Recent studies show that AB42 can affect the migration
of neural stem cells, and in vivo experiments demon-
strate that the transplanted neural stem cells can migrate
to the region of AR injection where they may differentiate
into neurons and astrocytes*”. A is frequently aggre-
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gated in the hippocampus and subventricular zone,
where numerous neural stem cells are gathered™’.. It has
been recently shown that AB42 is the ligand for the
chemoattractant receptor FPR-like-1, which is expressed
on the surface of neural stem cells®®. Zhang et al @
identified many receptors responsible for the migration of
neural stem cells, including FPR, SDF-1 and CXCR-4,
and found that the migration of neural stem cells was
significantly affected after incubation with low concentra-
tions of AB42 for long periods. Notably, the expression of
CXCR-4 on the surface of neural stem cells also showed
a dose-dependent decrease. Therefore, they conjectured
that AB42 reduces CXCR-4 expression via FPR, leading
to a reduction in neural stem cell migration. The upregu-
lation of GRK2 on the surface of neural stem cells was
also associated with the inhibition of neural stem cell
migration.

In this study, the risk of overproduction of AB42 was re-
duced by having introduced an shRNA expression plas-
mid targeting the BACEL gene into neural stem cells. As a
result, the neural stem cells should be much more efficient
in migrating to the damaged area. Consequently, our
study is vitally important in efforts for improving neural
stem cell migration in pathological states. Studies have
shown that successful implementation of SiRNAs in vivo is
hampered by the low bioavailability of these hydrophilic
compounds and their inability to cross key biological bar-
riers such as the blood-brain barrier*®*. Thus, introduc-
ing a shRNA plasmid (such as ours) via intraventricular
injection should be much more therapeutically effective.

The shRNA expression plasmid with the U6 promoter
used in the present study stably expressed the shRNA
for a long period of time, and significantly inhibited the
expression of the BACEL gene in neural stem cells.
These neural stem cells should not only proliferate and
differentiate into nerve cells to replace the lost neurons,
they should also have reduced endogenous BACE1 ac-
tivity, suggesting that they should successfully fulfill the
dual objective of treatment and prevention. Therefore,
we reasonably consider that the transplantation of neural
stem cells transfected with a shRNA expression plasmid
against BACEL is an ideal form of targeted gene therapy,
aimed at tackling the complex pathogenesis of Alzhei-
mer’s disease.

MATERIALS AND METHODS

Design
A randomized, controlled in vitro study.
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Time and setting

Experiments were performed at the Department of Neu-
robiology and Anatomy, Zhongshan School of Medicine,
Sun Yat-sen University, China from June 2010 to March
2012.

Materials

Sprague-Dawley (SD) neonatal male rats (newborn),
weighing about 1.5 g, were purchased from the Expe-
rimental Animal Center of Sun Yat-sen University in
China (license No. SYXK (Yue) 2007-0081). Rats were
housed in a quiet room with a ventilation and air filtra-
tion system at 20°C and 50% humidity, and allowed free
access to food and water. Bedding and drinking water
were replaced daily. Animal procedures were conducted
in accordance with the Guidance Suggestions for the
Care and Use of Laboratory Animals, issued by the
Ministry of Science and Technology of Chinal*.

Methods

Cell culture

The C17.2 neural stem cell line was purchased from
Kunming Institute of Zoology, Chinese Academy of
Sciences in China. The C17.2 neural stem cells were
cultured in Dulbecco’s modified Eagle’s medium
(DMEM)/F12 (1:1) medium (Invitrogen, Carlsbad, CA,
USA), supplemented with 20 ng/mL epidermal growth
factor and 10 ng/mL basic fibroblast growth factor, in a
5% CO, humidified atmosphere at 37°C. The primary
neural stem cells were obtained from neonatal rats.
Hippocampal tissue was dissected and digested with
0.1% trypsin-ethylenediamine tetraacetic acid (EDTA;
Invitrogen) and 0.5 mg/mL DNase (Sigma, St. Louis, MO,
USA) at 37°C for 40 minutes and then centrifuged at
1 000 r/min (radius: 13.5 cm) for 10 minutes. Then, pri-
mary neural stem cells were cultured in 83% DMEM with
10% fetal bovine serum, 5% horse serum (Gibco), 1%
L-glutamine and 1% antibiotic solution in an incubator at
37°C and 5% CO,. After culture, primary neural stem
cells isolated from the hippocampal tissue of neonatal
rats proliferated and aggregated into floating neuros-
pheres in culture in vitro. The C17.2 neural stem cells
and primary neural stem cells were cultured for another 7
days prior to transfection.

Immunocytochemical staining
The free-floating neurospheres of primary neural stem

cells attached to the culture plate covered with polylysine.

A monolayer of primary neural stem cells started out-
growth from the neurospheres 8 hours post-inoculation.
Primary neural stem cells and C17.2 neural stem cells
were fixed in 4% paraformaldehyde in 0.1 mol/L PBS pH

7.4 for 15 minutes at room temperature, and then
washed three times with 0.1 mol/L PBS. Afterwards, the
cells were permeabilized with 0.1% Triton X-100 in PBS
for 15 minutes and blocked with 5% goat serum albumin
for 30 minutes. The cells were incubated with anti-nestin
(1:100), anti-B-tubulin (1:100) and anti-glial fibrillary
acidic protein (1:100) monoclonal antibodies (Abcam Inc,
Cambridge, MA, USA) for 1 hour at room temperature,
and subsequently incubated with secondary antibodies;
fluorescein isothiocyanate-conjugated goat anti-rat 1gG
and tetramethylrhodamine isothiocyanate-conjugated
goat anti-rat IgG (1:1 000; Zhongshan Co., Ltd., Beijing,
China) for 2 hours at room temperature. The fluores-
cence images of nestin (red), B-tubulin (red) and glial
fibrillary acidic protein (green) staining in C17.2 neural
stem cells and primary neural stem cells were captured
using a Zeiss Axio Imager Z1 microscope (Carl Zeiss,
Jena, Germany).

Plasmid construction

To screen for the most effective shRNA sequence, we
designed three shRNA sequences that were comple-
mentary to the coding region of human BACE1 mRNA,
and we designed an irrelevant (control) shRNA as well.
The shRNA sequences were as follows: shRNA1l
(sense) 5'-gctttgtggagatggtgga-3'; shRNA2 (sense)
5'-gacgctcaa catcctggtg-3'; shRNA3 (sense)
5'-tggactgcaaggagtaca a-3' and irrelevant shRNA
(sense) 5'-ttggctttgctgtcagege- 3'. The shRNA DNA oli-
gonucleotides were introduced into pSilenCircle plas-
mid (Allele Biotech & Pharmaceuticals, Inc, San Diego,
CA, USA) to produce four recombinant plasmids; psi-
BACE1l-1, psiBACEl-2, psiBACE1l-3 and psi-
BACE1-4P%. All constructs were sequence- verified by
Sangon Biotech (Shanghai) Co., Ltd., Shanghai, China.
The shRNAs were delivered as gene constructs com-
posed of the U6 RNA-based polymerase Ill promoter,
the short hairpin DNA oligonucleotide encoding the
shRNA against the BACE1 gene and a modified termi-
nator, which could synthesize shRNA duplexes 19 nt in
length with 2 nt overhangs at the 3' end. Pol lll-directed
synthesis of shRNA should produce high levels of
shRNA expression, which, in turn, should result in
highly efficient gene silencing.

Cell transfection

Neural stem cells were cultured in 24-well plates at a
density of 2 x 10° cells/well for 24 hours prior to trans-
fection. Various concentrations of psiEGFP were diluted
into 50 yL DMEM. 10 pL Lipofectamine 2000 (Invitrogen)
was diluted into 50 yL DMEM and mixed with psiEGFP
plasmid at room temperature. After about 80% conflu-
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ence, the GFP-expressing plasmid (pEGFP-C1) and
psSiEGFP plasmid (Clontech, Mountain View, CA, USA)
encoding the shRNA against the EGFP gene were si-
multaneously transfected into neural stem cells to facili-
tate the evaluation of the effectiveness of the exogen-
ously introduced shRNA. The recombinant psiBACE1-1,
psiBACE1-2, psiBACE1-3 and psiBACE1-4 were also
individually transfected into neural stem cells with Lipo-
fectamine 2000 according to the manufacturer’s instruc-
tions. The same procedure was used for the transfection
of primary neural stem cells. The serum-free medium
containing the DNA-liposome complexes was changed
and replaced with fresh medium 4-6 hours
post-transfection, and the neural stem cells and primary
neural stem cells were continuously cultured for 12—-84
hours. The fluorescence images of the C17.2 neural
stem cells and primary neural stem cells were obtained
using a Zeiss Axio Imager Z1 inverted fluorescence mi-
croscope (Carl Zeiss).

Detection of RNAI activity using real-time
reverse-transcription PCR

The RNAI activity was measured at different time points.
We transfected pEGFP-C1 Vector (Clontech) into C17.2
cells and primary neural stem cells or neurospheres to
optimize the conditions for transfection and observe the
expression of the exogenous gene in these cells. The
expression of the exogenous gene and the silencing
effect were quantified using quantitative real-time re-
verse-transcription PCR (RT-PCR) on a Bio-Rad
Chromo 4 instrument with a SYBR Green real-time
RT-PCR master mix kit (Takara, Dalian, China). The
procedure was as follows: 1 x 10° C17.2 cells or pri-
mary neural stem cells were plated into 35-mm glass
dishes to achieve approximately 60—80% confluence in
transfection experiments. An aliquot of pEGFP-C1
vector was diluted to 50 yL with DMEM (serum-free)
and incubated for 5 minutes at room temperature.
Subsequently, Lipofectamine 2000 was diluted to 50 pL
with DMEM and incubated for 5 minutes at room tem-
perature. Then, pEGFP-C1 vector and Lipofectamine
2000 diluent were mixed together and incubated for 20
minutes to produce the pEGFP-C1 vector- Lipofecta-
mine 2 000 complexes. The complexes were added to
each well of cells and incubated for 30 minutes at room
temperature. The psiBACE1l-1, psiBACE1l-2, psi-
BACE1-3 and psiBACE1-4 (negative control) were
separately transfected into C17.2 cells, primary neural
stem cells or neurospheres as mentioned above. Re-
verse transcription was performed to produce
cDNA, which was used to assess the silencing effect using
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PCR. PCR was performed in triplicate. The expression
of the gene was normalized to -actin using the ddCt
method®",

Cell viability assay using X-gal staining

Cell viability was measured using X-gal staining®. The
untransfected or transfected C17.2 neural stem cells
were cultured at a density of 2 x 10° cells/well in 24-well
plates and fixed in X-gal solution (Invitrogen) containing
2% paraformaldehyde for 10 minutes after washing with
X-gal. Cells were then washed three times and incubated
with X-gal solution for 14 hours at 37°C. Images were
captured on a Zeiss Axio Imager Z1 inverted fluores-
cence microscope.

Statistical analysis

All data were analyzed using one-way analysis of va-
riance and least significant difference test for compari-
sons between two groups using the SPSS 16.0 software
package (SPSS, Chicago, IL, USA). In all statistical
analyses, P < 0.05 was regarded as statistically signifi-
cant. All values are presented as mean + SD.

Research background: Preventing A formation and deposi-
tion is the main strategy in Alzheimer’s disease treatment.
BACEL1 is a key enzyme in AR metabolism. Reducing BACE1
gene expression is effective in preventing the production of
AB.

Research frontiers: In this study, 19-nt constructs targeting the
BACE1 gene were introduced into the pSilenCircle vector to
construct shRNA expression plasmids against the BACE1 gene.
This vector was transfected into C17.2 neural stem cells and
primary neural stem cells, resulting in the downregulation of
BACEL1 gene expression.

Clinical significance: This study explored a new method to
treat Alzheimer’s disease using cell transplantation and gene
therapy through the modification of neural stem cells.
Academic terminology: B-secretase 1, also known as BACEL1,
membrane-associated aspartic protease 2 (memapsin-2) and
aspartyl protease 2, is an enzyme that in humans is encoded by
the BACEL gene.

Peer review: This study investigated targeting B-secretase
with RNAI in neural stem cells for Alzheimer’s disease therapy,
and this work is interesting. However, some studies have
shown that the cell membranes of nerve cells can prevent the
penetration of siRNAs. Moreover, the blood-brain barrier can
also restrict siRNAs from entering the central nervous system.
Thus, the use of shRNA approaches for the treatment of cen-
tral nervous system diseases is promising compared with
SiRNA.
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