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Introduction
Cholesterol plays an important role in brain tissue, particu-
larly in signal transmission along neuronal axons, nervous 
system development, and regeneration[1-3]. Activation of 
neurons and emerging, development and maintenance of 
synapses are closely related to cholesterol[4-5]. Normal brain 
function depends on cholesterol stability[6-7]. Cells of sur-
rounding tissues can intake cholesterol from low-density 
lipoproteins in the blood, but the brain cannot and must 
directly synthesize cholesterol[8]. Brain cholesterol levels are 
not related to blood cholesterol levels[9-10], and the only fac-
tors influencing brain cholesterol levels are its self-synthesis 
and secretion[11]. Alzheimer’s disease patients are reported to 
show abnormal cholesterol metabolism[1, 12].

3β-Hydroxysteroid-Δ24 reductase (DHCR24) is a mem-
ber of the family of flavin adenine dinucleotide-dependent 
oxidoreductases, which catalyze cholesterol synthesis from 
desmosterol[13]. Accumulating evidence demonstrates that 
DHCR24 located at the endoplasmic reticulum is a multi-
functional enzyme that possesses anti-apoptotic and cho-
lesterol-synthesizing activities[14]. DHCR24 mRNA expres-
sion levels are decreased in the affected hippocampus from 
Alzheimer’s disease patients, compared with the unaffected 

side[15]. Biochemical and clinical studies show that DHCR24 
is implicated in neuroprotective processes through several 
mechanisms[16-18]. DHCR24 can modulate membrane choles-
terol levels, which are associated in vivo with amyloid precur-
sor protein processing and amyloid β generation[17-18]. Fur-
thermore, DHCR24 overexpression protects neuronal cells 
from oxidative stress-induced apoptosis[15-16, 19]. Conversely, 
DHCR24 also effectively inhibits caspase-3 activation, a key 
mediator of the apoptotic process[14-15]. Moreover, DHCR24 
interacts with p53, increasing its stability and thereby regu-
lating cell growth, senescence, and apoptosis[20-21]. We have 
previously demonstrated that DHCR24 plays an important 
role in the insulin-Akt cell survival signaling pathway, by 
maintaining cholesterol biosynthesis and cholesterol-rich ca-
veolae structures. Therefore, we speculate that DHCR24 may 
also function similarly in neurons, because many neuronal 
growth factor receptors are located within caveolae or lipid 
rafts, which require cholesterol homeostasis[22-23]. Overall, 
findings to date demonstrate that DHCR24 possesses neuro-
protective functions, suggesting that DHCR24 may be a new 
treatment target for gene therapy of Alzheimer’s disease.

DHCR24 is widely expressed in many tissues, although 
specifically targeting neuronal DHCR24 is the preferred 
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treatment strategy. DHCR24 overexpression in tissues and 
cells outside the brain, may cause excessive cholesterol 
synthesis and generate unwanted side effects e.g., hyper-
lipidemia[24-26]. To investigate the neuroprotective effects of 
DHCR24 and the possibility of DHCR24 as a gene target 
of AD therapy, we used the neuron-specific promoter, syn-
apsin-1 (SYN1), to generate a recombinant adenovirus over-
expressing DHCR24 specifically in neuronal cells.

Results
Design of recombinant adenovirus expressing the 
DHCR24 gene specifically in neuronal cells
Agarose gel electrophoretic analysis showed that clone 9 in 
the rat (r) SYN1 group and clone 1 in the human (h) SYN1 

group both contained the SYN1-DHCR24 (2,000 bp) and 
pcDNA3.1A (5,500 bp) fragments (Figure 1A), demonstrat-
ing successful construction of the recombinant plasmid, 
pcDNA3.1A-SYN1-DHCR24-myc. Subsequently, the recom-
binant plasmid, pShuttle-SYN1-DHCR24, was identified 
by KpnI and HindIII double digestion. We obtained r(h)
SYN1-DHCR24 (2,000 bp) and pShuttle (6,600 bp) frag-
ments in both rat and human SYN1 groups (Figure 1B). 
Finally, clones 2 and 3 in the rat SYN1 group and clones 4 
and 5 in the human SYN1 group contained SYN1-DHCR24 
(4,500 bp) and pAdEasy (30 kbp) fragments (Figure 1C), in-
dicating they are positive homologous recombination clones. 
Overall, we successfully generated the recombinant plasmids, 
pAdEasy-1-r(h) SYN1-DHCR24.

Figure 1 Enzyme digestion identification of recombinant plasmids.
(A) KpnI and PmeI double digestion of pcDNA3.1A-SYN1-DHCR24-myc from several clones. Left: 1, DNA marker; 2–9, different clones. Right: 3, 
DNA marker; 1 and 2, different clones. (B) KpnI and HindIII double digestion of pShuttle-SYN1-DHCR24 from several clones. 1: DNA marker; 2: 
positive clone. (C) PacI digestion of pAdEasy-1-SYN1-DHCR24, from several clones. 1: DNA marker; 2–5: different clones. DACR24: 3β-Hydroxys-
teroid-Δ24 reductase; SYN1: synapsin-1.
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DHCR24-myc expression induced by 
Ad-SYN1-DHCR24-myc in AD-293 cells
At 7–10 days after transfection, western blot analysis showed 
bands of approximately 56 kDa present in all Ad-CMV-DH-
CR24-myc (positive control), Ad-rSYN1-DHCR24-myc and 
Ad-hSYN1-DHCR24-myc transfected groups. No obvious 
bands were detected in the Ad-CMV-LacZ control group 
(Figure 2), showing that Ad-SYN1-DHCR24-myc was suc-
cessfully packaged and induced DHCR24-myc expression in 
AD-293 cells.

Amplification, purification, and expression of 
recombinant adenovirus Ad-r(h)SYN1-DHCR24-myc
We studied selective DHCR24-myc induction in neuronal 
cells, using MIN6 and N2A cells. Results of our western blot 
analysis are shown in Figure 3A, B. The positive control (Ad-
CMV-DHCR24-myc) induced DHCR24 overexpression in 
both MIN6 and N2A cells. Strong bands were present in Ad-
rSYN1-DHCR24 and Ad-hSYN1-DHCR24-myc infected 
N2A neuronal cells, but not in MIN6 cells. This suggests 
DHCR24-myc overexpression is only induced by Ad-r(h)
SYN1-DHCR24-myc adenovirus in N2A cells. 

To further examine DHCR24 expression induced by Ad-r(h)
SYN1-DHCR24-myc in neuronal cells, we performed immu-
nocytochemical analyses using an antibody against the myc 
peptide. In N2A cells, very weak fluorescent signals were present 
in the nuclei of negative controls (Ad-CMV-LacZ) (Figure 3C). 
However, strong green fluorescent signals were observed around 
the nuclei in both Ad-rSYN1-DHCR24 and Ad-hSYN1-DH-
CR24-infected N2A cells, suggesting strong neuronal DHCR24 
expression induced by Ad-r(h)SYN1-DHCR24-myc. This result 
is consistent with a previous study[15, 22], and demonstrates that 
Ad-r(h)SYN1-DHCR24-myc can selectively drive DHCR24 
expression in neuronal cells.

Ad-r(h)SYN-DHCR24 protects neuronal cells from 
apoptosis caused by reactive oxygen (H2O2)
To determine if Ad-r(h)SYN1-DHCR24-myc-induced se-
lective DHCR24 expression can protect neuronal cells, we 
treated N2A cells with H2O2 and performed in situ apoptotic 
(TUNEL) assays. At 48 hours after H2O2 treatment, most 
adherent Ad-rSYN1-DHCR24-infected cells were positively 
stained (Figure 4A, C), while only a few TUNEL-positive cells 
were detected in the Ad-CMV-LacZ infected group. Similar 

results were obtained with the Ad-hSYN1-DHCR24 infected 
group (data not shown). These results suggest that exogenous 
DHCR24 induced by Ad-r(h)SYN1-DHCR24-myc may pro-
tect neuronal cells from apoptosis induced by H2O2. 

In addition, we investigated the mechanism underlying the 
neuroprotective function of Ad-r(h)SYN1-DHCR24-myc. We 
measured intracellular reactive oxygen species using the fluo-
rescent probe, 2′,7′-dichlorofluorescein diacetate (H2DCFDA). 
After H2O2 exposure for 3 and 12 hours, green fluorescent 
signals representing reactive oxygen species levels were much 
weaker in Ad-rSYN1-DHCR24 infected cells (Figure 4B) com-
pared with Ad-CMV-LacZ control cells (P < 0.05; Figure 4D). 
These results demonstrate that Ad-r(h)SYN1-DHCR24-myc 
may protect neuronal cells from apoptosis under oxidative 
stress through reactive oxygen species-scavenging activities, 
consistent with our previous studies[19].

Discussion
In the present study, we constructed two recombinant ade-
noviruses (Ad-rSYN1-DHCR24-myc and Ad-hSYN1-DH-
CR24-myc) that drive DHCR24 expression specifically in 
neuronal cells. We detected DHCR24 expression in neuronal 
cells infected with Ad-r(h)SYN1-DHCR24-myc, and con-
firmed a neuroprotective function of induced DHCR24. 

The neuroprotective function of DHCR24 has generally 
been accepted[14-20], suggesting DHCR24 is a promising tar-
get for gene therapy of neurodegenerative diseases, such as 
Alzheimer’s disease[18, 27-28]. Currently, adenoviruses are one 
of the most widely used vectors for gene transfer and gene 
therapy of nervous system diseases[29-30]. Adenoviral vectors 
have many advantages over other gene therapy vectors[31], 
e.g., they have high transduction efficiencies, are capable of 
containing DNA inserts up to 8 kb, have extremely high viral 
titers (in the order of 1010–1013), and can infect both replicat-
ing and differentiated cells[32-33]. Also, they do not cause mu-
tagenic effects associated with random integration, as they 
do not integrate into the host genome[34]. Furthermore, they 
exhibit low pathogenicity in humans, and cause few, and 
only mild, symptoms associated with the common cold[35]. 
Therefore, we chose the adenovirus as the vector of gene 
therapy to deliver DHCR24 into cells and determine the fea-
sibility of DHCR24 gene therapy for Alzheimer’s disease[36]. 

Although several vectors driving DHCR24 expression (in-

Figure 2 Western blot analysis for the identification of DHCR24-myc in AD-293 cells.
AD-293 cells were transfected with linearized pAd-r(h)SYN1-DHCR24-myc, and harvested after 7 days. Western blot analysis using a primary myc 
antibody was performed. Ad-CMV-DHCR24 and Ad-CMV-LacZ were used as positive and negative controls, respectively. Representative images 
are shown in A. Quantitative results are shown in B. Data are expressed as mean ± SD. The experiment was performed in triplicate. Differences 
among groups were compared using one-way analysis of variance followed by Bonferroni’s multiple t-test. aP < 0.05, vs. Ad-CMV-LacZ. DACR24: 
3β-Hydroxysteroid-Δ24 reductase; SYN1: synapsin-1; h: human; r: rat; Ad: adenovirus.
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cluding Ad-CMV-DHCR24 generated by us previously) are 
reported and widely used for DHCR24 functional analysis, 
a vector driving neuron-specific DHCR24 expression has 
not been reported. Our preliminary experiments showed 
that in N2A cells, DHCR24 overexpression (delivered by 
Ad-CMV-DHCR24) caused elevation of intracellular choles-

terol (data not shown). DHCR24 is ubiquitously expressed 
in many tissues, including brain, heart, lung, liver, and colon, 
suggesting DHCR24 functions in many tissues. This leads to 
the likelihood that side effects may occur in these other tis-
sues if a non-specific vector like Ad-CMV-DHCR24 is used 
to target DHCR24 in gene therapy for Alzheimer’s disease, as 

Figure 3 Selective Ad-r(h)SYN1-DHCR24-myc expression in neuronal cells.
Cells were infected with the indicated adenoviruses and subjected to western blot (A) or immunocytochemical (B) analyses. (A) Western blot analysis 
using anti-myc antibody was performed 48 hours after infection. (B) Quantitative results. DHCR24-myc expression levels were normalized to β-actin 
levels and expressed as percentages relative to maximal levels in MIN6 cells transfected with Ad-CMV-DHCR24. Data are expressed as mean ± SD. 
The experiment was performed in triplicate. Differences among groups were compared using one-way analysis of variance followed by Bonferroni’s 
multiple t-test. (C) N2A cells were infected with adenovirus for 48 hours before immunocytochemical analysis. Hoechst staining identified nuclei 
(blue fluorescence). Merged images show predominant DHCR24 expression in the endoplasmic reticulum. Scale bars: 10 μm. DACR24: 3β-Hydroxys-
teroid-Δ24 reductase; SYN1: synapsin-1; h: human; r: rat; CMV: cytomegalovirus.
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Figure 4 Ad-rSYN1-DHCR24-myc protects neuronal cells from apoptosis induced by H2O2 and DHCR24 overexpression induced by Ad-rSYN1-
DHCR24-myc, scavenged intracellular reactive oxygen species generated by H2O2.
(A) N2A cells were infected with the indicated adenovirus for 48 hours (h), followed by H2O2 treatment for a further 48 h, and then in situ apop-
totic (TUNEL) assays were performed. White arrows show apoptotic positive cells; red arrows show apoptotic negative cells. (C) Percentage of 
TUNEL-positive cells (apoptotic cells). aP < 0.05, vs. Ad-CMV-LacZ group. (B) N2A cells were infected with the indicated adenovirus for 48 h, 
followed by H2O2 treatment for a further 48 h, and then incubated with 20 µmol/L H2DCFDA for 30 minutes (min) at 37°C. Cells were then fixed 
and mounted. Cell images were obtained using a confocal laser microscope. (D) Fluorescent intensities of H2DCFDA are expressed as percentages 
of the maximal level at 1 min after H2O2 exposure in Ad-CMV-LacZ-infected cells. Scale bars: 10 µm. aP < 0.05, vs. levels in cells infected with Ad-
CMV-LacZ. Data are expressed as mean ± SD. The experiment was performed in triplicate. Differences among groups were compared using one-
way analysis of variance. DACR24: 3β-Hydroxysteroid-Δ24 reductase; SYN1: synapsin-1; h: human; r: rat; CMV: cytomegalovirus.
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non-specific vectors will induce DHCR24 overexpression in 
many tissues, potentially increasing intracellular cholesterol 
levels in these cells or tissues. To avoid unnecessary side ef-
fects of DHCR24 expression in other tissues, and ensure neu-
ron-specific DHCR24 expression, we cloned the recombinant 
neuron-specific promoter sequence (r(h)SYN1) fragment, 
upstream of DHCR24 cDNA in the adenovirus genome. This 
recombinant adenovirus drives neuron-specific DHCR24 
expression, and is the first attempt to use this vector for tis-
sue-specific DHCR24 expression. Our work will provide a ref-
erence for further animal model studies on DHCR24 function-
al analysis in other specific tissues, e.g., liver, heart and lung.    

We found Ad-r(h)SYN1-DHCR24-myc also induced 
DHCR24 expression in AD-293 cells, which were used ini-
tially to identify DHCR24 protein expression just after viral 
packaging. We did not investigate the reason for this, but it 
may be explained by a recent finding[37-39] showing that hu-
man embryonic kidney (HEK)293 cells (from which AD-
293 cells are derived) express many neuronal specific proteins 
including neurofilament, suggesting this cell line has neuronal 
characteristics. In addition, other researchers have found 
similar results, for example the SYN1 promoter induced weak 
expression of downstream genes during adenoviral passage in 
HEK-293 cells[37-38]. 

We also confirmed the neuroprotective function of 
DHCR24 by Ad-r(h)SYN1-DHCR24-myc in N2A neuronal 
cells. We found DHCR24 overexpression induced by Ad-r(h)
SYN1-DHCR24-myc could protect N2A cells from H2O2-in-
duced oxidative stress and apoptosis, through the reactive 
oxygen species-scavenging activities of DHCR24.

It should be noted that this study only examined the neuro-
protective function of Ad-r(h)SYN1-DHCR24-myc under ox-
idative stress, as it is generally accepted that oxidative stress is 
a main mechanism of Alzheimer’s disease, with many reports 
demonstrating that DHCR24 protects neuronal cells from 
oxidative stress induced by H2O2 or amyloid β[15-16, 19]. How-
ever, endoplasmic reticulum stress, cholesterol biosynthesis, 
and traffic disorders are also involved in Alzheimer’s disease 
pathogenesis[1, 12, 24, 40-41]. We believe that DHCR24 can exert 
its neuroprotective function through multiple pathways, for 
example, the anti-endoplasmic reticulum stress function or 
facilitating cholesterol biosynthesis. We have also demonstrat-
ed that in N2A cells, DHCR24 overexpression (delivered by 
Ad-CMV-DHCR24) can protect cells from apoptosis through 
increasing intracellular cholesterol levels and facilitating cave-
olae structure in cholesterol-rich plasma membrane domains 
(data not shown). The exact mechanism by which Ad-r(h)
SYN1-DHCR24-myc protects neuronal cells from apoptosis 

Figure 5 Construction of Ad-r(h)hSYN1-DHCR24-myc.
Promoter fragments from rat kidney and human HepG2 cells were PCR amplified and subcloned into pGEMT-easy by TA cloning, for amplifica-
tion and sequencing confirmation. Next, positive pGEMT/r(h)SYN1 fragments were subcloned into pCDNA3.1A-DHCR24-myc to obtain r(h)
SYN1-DHCR24-myc expression cassettes. Fragments containing the complete expression cassette were ligated into pShuttle by KpnI and PmeI di-
gestion. pShuttle-r(h)SYN1-DHCR24-myc was linearized with PmeI and transformed into ultracompetent BJ5183 bacteria containing pAdEasy-1, 
generating the recombinant plasmid pAdEasy-r(h)SYN1-DHCR24-myc. Finally, recombinant pAd-SYN1-DHCR24-myc was linearized by PacI 
digestion and transfected into AD-293 cells for viral packaging. DACR24: 3β-Hydroxysteroid-Δ24 reductase; SYN1: synapsin-1; h: human; r: rat; 
CMV: cytomegalovirus; MCS: multiple cloning sites.
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requires further investigation. 
In summary, we have for the first time successfully con-

structed an adenovirus that induces DHCR24 specifically in 
neuronal cells. Our results will lay the foundation for further 
studies on DHCR24 gene therapy and neuronal functional 
research in animal models.
 

Materials and Methods
Design
A contrast observation of cell biology.

Time and setting
The experiments were performed at the School of Life Sci-
ence, Liaoning University and School of Basic Medical Sci-
ences, Shenyang Medical College, China from January 2010 
to December 2012.

Materials
Cell lines
HEK AD-293 cells were obtained from the Cell Resource 
Center of Life Sciences, Chinese Academy of Sciences 
(Shanghai, China), and cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) containing 4.5 g/L glucose and 
L-glutamine without sodium pyruvate, which is DMEM 
containing high glucose (Corning cellgro, Tewksbury, MA, 
USA), and supplemented with 10% (v/v) fetal bovine serum 
and 1% penicillin-streptomycin.

N2A cells (American Type Culture Collection, Manassas, 
VA, USA) were cultured in DMEM/F12 (high glucose) sup-
plemented with 10% fetal bovine serum and 1% penicil-
lin-streptomycin.

MIN6 cells were kindly donated from the University of 
Osaka (Osaka, Japan) and grown in DMEM (25 mmol/L glu-
cose) supplemented with 10% fetal bovine serum, 50 mg/L 
streptomycin, and 75 mg/L penicillin sulfate. 

All cell lines were equilibrated with 5% CO2 and 95% O2 
at 37°C. 

Plasmids
Recombinant plasmids pcDNA3.1a-DHCR24-myc, Ad-
CMV-DHCR24, and Ad-CMV-LacZ were made previously 
in Lu’s laboratory[22]. 

The vector, pGEMT-easy, was obtained from TaKaRa (Da-
lian, Liaoning Province, China). 

Vectors 
Competent cells (BJ5183) and the AdEasy™ Adenoviral Vec-
tor System were purchased from Agilent Technologies (La 
Jolla, CA, USA).

Methods
Construction of recombinant pShuttle-r(h)SYN1-DHCR24-myc
Ad-CMV-DHCR24-myc and Ad-CMV-LacZ were generated 
as previously described[16]. Construction of the expression 
adenovirus Ad-r(h)SYN1-DHCR24 is shown in Figure 5. To 
express DHCR24 specifically in nerve cells, we cloned cDNA 
from a tissue-specific (SYN1) promoter (obtained from hu-
man HepG2 cells or rat tissue) upstream of DHCR24-myc 
cDNA, generating the expression cassette, SYN1-DHCR24-
myc. To ensure and improve expression efficiencies, we ex-
tracted SYN1 promoter sequence from a male Sprague-Daw-
ley rat with 250 g of body weight, or human transformed 

cells, and constructed independently two adenoviruses incor-
porating rSYN1-DHCR24-myc and hSYN1-DHCR24-myc, 
respectively (Ad-r(h)SYN1-DHCR24-myc). Human genomic 
DNA was extracted from the human hepatoma cell line, 
HepG2 (American Type Culture Collection; ATCC, HB8065). 
We designed specific SYN1 primers according to previous 
studies[37-38, 42]. Primers for rat SYN1 were: forward, 5′-GGT 
ACC TAG GAG CCT TAC GGG TCC-3′; reverse, 5′-CCA CCA 
CAC TGG GGT GGC AGC TTG GGG C-3′. Primers for nest-
ed PCR of human SYN1 were: first set forward, 5′-GCC TGT 
GTG GAT GTG GGA GAC TAA T-3′; reverse, 5′-TGC AGG 
TCT GTC ATG TAC CCA TTT G-3′; and second set forward, 
5′-GGT ACC TGA CGA CCG ACC CCG-3′; reverse, 5′-CCA 
CCA CAC TGG GGC TGC GAC TTG GGG-3′. 

Following gel purification of PCR products, PCR frag-
ments were cloned into the vector, pGEM-T-easy, using 
TA Clone. Clones were confirmed by DNA sequencing and 
extracted to obtain plasmids, pGEMT/r(h)SYN1. These 
plasmids were digested with KpnI and BstxI enzymes, and 
r(h)SYN1 fragments cloned into corresponding sites of the 
prepared vector, pcDNA3.1A-DHCR24-myc. Enzyme di-
gestion confirmed pcDNA3.1A-r(h)SYN1-DHCR24-myc 
plasmids, which were then digested with KpnI and PmeI, and 
the fragments containing the complete expression cassette, 
r(h)SYN1-DHCR24-myc, ligated into pShuttle digested 
with KpnI and EcoRV. The resulting positive plasmids were 
named pShuttle-r(h)SYN1-DHCR24-myc.

Homologous recombination of recombinant plasmids
The AdEasyTM Adenoviral Vector System was used to con-
struct recombinant adenoviruses. pShuttle-r(h)SYN1-DH-
CR24-myc was linearized with PmeI and transformed into 
ultracompetent BJ5183 bacteria containing pAdEasy-1. Posi-
tive homologous recombination clones (pAdEasy-r(h)SYN1-
DHCR24-myc) were identified by enzyme digestion. Plates 
containing transformation of linearized empty shuttle vector 
had uniform-sized colonies arising from uncut/recircular-
ized vector. Compared with control shuttle vector plates, 
transformants on plates containing pAdEasy-1 recombinants 
appeared as two populations of normal and reduced size (at 
an approximate ratio of 3:1). Small colonies are potential re-
combinants and normal-sized colonies background from the 
shuttle vector. All protocols and procedures were performed 
according to the manufacturer’s instructions.

Package, amplification, identification and purification of 
recombinant adenoviruses
The recombinant pAd-SYN1-DHCR24-myc was linearized 
by PacI digestion and transfected into AD-293 cells using 
Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, 
USA), according to the manufacturer’s instructions for 
packaging virus. After transfection, linearized recombinant 
adenoviral DNA is repaired in the cells and packaged into 
the normal viral style, with protein coats and infecting abil-
ity. After detachment of most of the cells, they were har-
vested into 10 mL EP tubes and freeze-thawed three times 
to destroy the cells and release the virus. Next, the cells were 
centrifuged at 1,500 × g for 5 minutes at room temperature. 
Cell pellets were subjected to western blot analysis to identify 
DHCR24 expression. Supernatants were used to infect more 
293 cells for amplification. Approximately 90% confluent 293 
cells in 500 cm2 flasks were cultured in 50 mL growth medi-
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um per flask (at least six flasks). After cell detachment, all 
the cells were harvested into 50 mL tubes and centrifuged at 
800 × g for 5 minutes at room temperature. Cell pellets were 
resuspended in a total of 10 mL solution A (10 mmol/L Tris 
pH 8.0, 1 mmol/L MgCl2) and collected in one tube. Next, 
they were freeze-thawed three times, and then centrifuged at 
8,200 × g for 5 minutes at room temperature to release row 
viruses. 

We purified Ad-hSYN1-DHCR24 and Ad-rSYN1-DHCR24 
by CsCl density-gradient ultracentrifugation[43-44]. In the bot-
tom of a tube, 4.2 mL heavy CsCl (1.45 g/mL), 4.2 mL light 
CsCl (1.20 g/mL) and 3 mL sample were added, and cen-
trifuged at 160,000 × g for 2 hours at 20°C. The white band 
between heavy and light CsCl was collected into a fresh tube 
using a 22G needle, ultracentrifuged at 280,000 × g overnight 
at 20°C, and then the white band was collected into dialysis 
membrane. After dialyzing for 6–8 hours, we changed the solu-
tion and dialyzed overnight. Absorbance was measured using a 
BioSpec-nano (Shimadzu Corporation, Tokyo, Japan), and the 
solution sterilized through a 0.22 µm filter and stored at –80°C. 

We produced adenovirus stock solutions with titers of 1 × 
109 pfu/µL (Ad-rSYN1-DHCR24-myc) and 3.5 × 109 pfu/µL 
(Ad-hSYN1-DHCR24-myc). MIN6 cells are a pancreatic 
cell line that secrete insulin in response to glucose and other 
secretagogues. N2A cells are a semi-adherent, fast-growing, 
mouse neuroblastoma cell line, and are frequently used in 
biological research for Alzheimer’s disease.

Detection of apoptosis by TUNEL staining
N2A cells were infected with adenovirus for 48 hours, fol-
lowed by H2O2 treatment for a further 48 hours, and then in 
situ apoptotic assays were performed. DNA fragmentation 
due to apoptosis was analyzed by the TUNEL method using 
an in situ apoptosis kit (Takara, Otsu, Japan), according to 
the manufacturer’s protocol. Cells were stained with Hoechst 
33342, mounted using a mounting agent resistant to fluores-
cent quenching (Beyotime, Haimen, Jiangsu Province, Chi-
na), and observed by laser confocal fluorescence microscopy 
(Carl Zeiss, Jena, Germany).

Detection of myc-tagged DHCR24 expression by western blot 
analysis
Procedures for western blot analysis have been described 
previously[19, 22]. In brief, we used equal amounts of N2A 
and MIN6 cells, and infected them with adenoviruses in six-
well plates. Forty-eight hours after transfection, cells were 
harvested. Whole-cell lysates (40 µg/lane) were separated 
by 10% SDS-PAGE, and transferred onto polyvinylidene 
difluoride membrane (Amersham Pharmacia, Piscataway, 
NJ, USA). Blots were probed with mouse anti-myc antibody 
(1:1,000; BD Biosciences, Bedford, MA, USA) overnight 
at 4°C, followed by incubation with horseradish peroxi-
dase-conjugated rabbit anti-mouse IgG antibody (1:2,000; 
Cell Signaling Technology, Danvers, MA, USA) for 1 hour at 
room temperature. Proteins were visualized using enhanced 
chemiluminescence reagents (Pierce, Rockford, IL, USA). 
DHCR24-myc expression levels were normalized to β-actin 
levels, and expressed as percentages of Ad-CMV-DHCR24.

Measurement of intracellular reactive oxygen species using a 
fluorescent probe
Intracellular reactive oxygen species were measured using a 

fluorescent dye technique coupled with laser confocal fluo-
rescence microscopy[14, 45-46]. N2A cells were cultured on glass 
coverslips and adenovirus-transfected for 48 hours, followed 
by H2O2 exposure for the indicated time. Cells were then 
treated for 30 minutes with 20 µmol/L H2DCFDA (Molecu-
lar Probes, Eugene, OR, USA) in PBS. Coverslips were fixed 
and mounted. For detection of H2DCFDA fluorescence, 
the main beam splitter for excitation, the secondary beam 
splitter for emission, and barrier filter were 488 nm, 570 nm, 
and 505 nm long, respectively. Several images were captured 
under the same set of optical parameters. Densitometric 
analysis was performed using Multi-Gauge software in LAS-
1000 (Fuji Film Co., Fuji, Japan).

Statistical analysis
Statistical analysis was performed using one-way analysis of 
variance followed by Bonferroni’s multiple t-test, or without 
Bonferroni correction (in the reactive oxygen species test). 
A P value < 0.05 was considered statistically significant. All 
analyses were performed using SPSS 15.0 statistical analysis 
software (SPSS, Chicago, IL, USA).
 
Acknowledgments: We would like to thank Rasheed S and 
Daniels D from Shenyang Medical College in China for giving as-
sistance in correcting this manuscript; and Miyazaki J from Osaka 
University in Japan for giving the MIN6 cells.
Author contributions: Lu XL and Gao B participated in the 
study design and concept. Lu XL was responsible for assessment, 
statistical analysis, manuscript authorization and the funding 
process. Jia D conducted the experiments, collected data and wrote 
the manuscript. Zhao CG and Liu T constructed recombinant 
plasmid. Jia D, Chen SC and Wang WQ were in charge of cell 
culture. Quan XP and Sun DL were in charge of adenovirus puri-
fication. All authors approved the final version of the manuscript. 
Conflicts of interest: None declared.
Peer review: The present study aims to verify the role of DHCR24 
in gene therapy for Alzheimer’s disease, which has been rarely re-
ported. Using genetic engineering technology, we constructed rep-
lication-defective adenovirus recombinant adenovirus containing 
DHCR24 and SYN1 gene promoter of neuron-specific expression, 
and found that the constructed recombinant adenoviruses could 
delay and reduce neuronal apoptosis after DHCR24 was transfect-
ed into neurons.

References
[1] Yanagisawa K. Cholesterol and pathological processes in Alzhei-

mer’s disease. J Neurosci Res. 2002;70(3):361-366.
[2] Koudinov AR, Koudinova NV. Essential role for cholesterol in syn-

aptic plasticity and neuronal degeneration. FASEB J. 2001;15(10): 
1858-1860.

[3] Fan QW, Yu W, Senda T, et al. Cholesterol-dependent modulation 
of tau phosphorylation in cultured neurons. J Neurochem. 2001; 
76(2):391-400.

[4] Dietschy JM, Turley SD. Cholesterol metabolism in the brain. Curr 
Opin Lipidol. 2001;12(2):105-112.

[5] Puglielli L, Tanzi RE, Kovacs DM. Alzheimer’s disease: the choles-
terol connection. Nat Neurosci. 2003;6(4):345-351.

[6] Dietschy JM, Turley SD. Cholesterol metabolism in the brain. Curr 
Opin Lipidol. 2001;12(2):105-112.

[7] Vanmierlo T, Bloks VW, van Vark-van der Zee LC, et al. Alter-
ations in brain cholesterol metabolism in the APPSLxPS1mut 
mouse, a model for Alzheimer’s disease. J Alzheimers Dis. 2010; 
19(1):117-127.



512

Lu XL, et al. / Neural Regeneration Research. 2014;9(5):504-512.

[8] Rodríguez E, Mateo I, Infante J, et al. Cholesteryl ester transfer 
protein (CETP) polymorphism modifies the Alzheimer’s disease 
risk associated with APOE epsilon4 allele. J Neurol. 2006;253(2): 
181-185. 

[9] Michikawa M. Cholesterol paradox: is high total or low HDL cho-
lesterol level a risk for Alzheimer’s disease? J Neurosci Res. 2003; 
72(2):141-146.

[10] Heverin M, Bogdanovic N, Lütjohann D, et al. Changes in the 
levels of cerebral and extracerebral sterols in the brain of patients 
with Alzheimer’s disease. J Lipid Res. 2004;45(1):186-193. 

[11] Björkhem I. Crossing the barrier: oxysterols as cholesterol trans-
porters and metabolic modulators in the brain. J Intern Med. 2006; 
260(6):493-508.

[12] Schneider A, Schulz-Schaeffer W, Hartmann T, et al. Cholesterol 
depletion reduces aggregation of amyloid-beta peptide in hippo-
campal neurons. Neurobiol Dis. 2006;23(3):573-577.

[13] Waterham HR, Koster J, Romeijn GJ, et al. Mutations in the 3beta- 
hydroxysterol Delta24-reductase gene cause desmosterolosis, an 
autosomal recessive disorder of cholesterol biosynthesis. Am J 
Hum Genet. 2001;69(4):685-694.

[14] Lu X, Li Y, Liu J, et al. The membrane topological analysis of 3β- 
hydroxysteroid-Delta24 reductase (DHCR24) on endoplasmic 
reticulum. J Mol Endocrinol. 2012;48(1):1-9.

[15] Greeve I, Hermans-Borgmeyer I, Brellinger C, et al. The human 
DIMINUTO/DWARF1 homolog seladin-1 confers resistance to 
Alzheimer’s disease-associated neurodegeneration and oxidative 
stress. J Neurosci. 2000;20(19):7345-7352.

[16] Di Stasi D, Vallacchi V, Campi V, et al. DHCR24 gene expression is 
upregulated in melanoma metastases and associated to resistance 
to oxidative stress-induced apoptosis. Int J Cancer. 2005;115(2): 
224-230.

[17] Crameri A, Biondi E, Kuehnle K, et al. The role of seladin-1/
DHCR24 in cholesterol biosynthesis, APP processing and Abeta 
generation in vivo. EMBO J. 2006;25(2):432-443.

[18] Cecchi C, Rosati F, Pensalfini A, et al. Seladin-1/DHCR24 protects 
neuroblastoma cells against Abeta toxicity by increasing mem-
brane cholesterol content. J Cell Mol Med. 2008;12(5B):1990-2002.

[19] Lu X, Kambe F, Cao X, et al. 3beta-Hydroxysteroid-delta24 reduc-
tase is a hydrogen peroxide scavenger, protecting cells from oxida-
tive stress-induced apoptosis. Endocrinology. 2008;149(7):3267-
3273.

[20] Kuehnle K, Crameri A, Kälin RE, et al. Prosurvival effect of 
DHCR24/Seladin-1 in acute and chronic responses to oxidative 
stress. Mol Cell Biol. 2008;28(2):539-550.

[21] Wu C, Miloslavskaya I, Demontis S, et al. Regulation of cellular 
response to oncogenic and oxidative stress by Seladin-1. Nature. 
2004;432(7017):640-645.

[22] Lu X, Kambe F, Cao X, et al. DHCR24-knockout embryonic fi-
broblasts are susceptible to serum withdrawal-induced apoptosis 
because of dysfunction of caveolae and insulin-Akt-Bad signaling. 
Endocrinology. 2006;147(6):3123-3132.

[23] Lu X, Kambe F, Cao X, et al. Insulin-like growth factor-I activation 
of Akt survival cascade in neuronal cells requires the presence of 
its cognate receptor in caveolae. Exp Cell Res. 2008;314(2):342-
351.

[24] Drzewińska J, Pułaski L, Soszyński M, et al. Seladin-1/DHCR24: 
a key protein of cell homeostasis and cholesterol biosynthesis. Po-
stepy Hig Med Dosw (Online). 2009;63:318-330.

[25] Paratcha G, Ibáñez CF. Lipid rafts and the control of neurotrophic 
factor signaling in the nervous system: variations on a theme. Curr 
Opin Neurobiol. 2002;12(5):542-549.

[26] Tan LX, Sun SG, Zhang SG. Effect of cholesterol on development 
and maturity in differently developing stage in rat hippocampus 
area. Zhongguo Linchuang Kangfu. 2005;9(36):157-159.

[27] Benvenuti S, Saccardi R, Luciani P, et al. Neuronal differentiation 
of human mesenchymal stem cells: changes in the expression of 
the Alzheimer’s disease-related gene seladin-1. Exp Cell Res. 2006; 
312(13):2592-2604.

[28] Luciani P, Ferruzzi P, Arnaldi G, et al. Expression of the novel ad-
renocorticotropin-responsive gene selective Alzheimer’s disease 
indicator-1 in the normal adrenal cortex and in adrenocortical 
adenomas and carcinomas. J Clin Endocrinol Metab. 2004;89(3): 
1332-1339.

[29] Nász I, Adám E. Recombinant adenovirus vectors for gene therapy 
and clinical trials. Acta Microbiol Immunol Hung. 2001;48(3-4): 
323-348.

[30] Adám E, Nász I. Adenovirus vectors and their clinical application 
in gene therapy. Orv Hetil. 2001;142(38):2061-2070.

[31] Thacker EE, Nakayama M, Smith BF, et al. A genetically engi-
neered adenovirus vector targeted to CD40 mediates transduction 
of canine dendritic cells and promotes antigen-specific immune 
responses in vivo. Vaccine. 2009;27(50):7116-7124.

[32] Benihoud K, Yeh P, Perricaudet M. Adenovirus vectors for gene 
delivery. Curr Opin Biotechnol. 1999;10(5):440-447.

[33] Pandori M, Hobson D, Sano T. Adenovirus-microbead conjugates 
possess enhanced infectivity: a new strategy for localized gene de-
livery. Virology. 2002;299(2):204-212. 

[34] Schiedner G, Morral N, Parks RJ, et al. Genomic DNA transfer 
with a high-capacity adenovirus vector results in improved in vivo 
gene expression and decreased toxicity. Nat Genet. 1998;18(2):180-
183.

[35] Morsy MA, Gu M, Motzel S, et al. An adenoviral vector deleted for 
all viral coding sequences results in enhanced safety and extended 
expression of a leptin transgene. Proc Natl Acad Sci U S A. 1998; 
95(14):7866-7871.

[36] Weber C, Armbruster N, Scheller C, et al. Foamy virus-adenovirus 
hybrid vectors for gene therapy of the arthritides. J Gene Med. 
2013;15(3-4):155-167.

[37] Boulos S, Meloni BP, Arthur PG, et al. Assessment of CMV, RSV 
and SYN1 promoters and the woodchuck post-transcriptional reg-
ulatory element in adenovirus vectors for transgene expression in 
cortical neuronal cultures. Brain Res. 2006;1102(1):27-38.

[38] Kügler S, Meyn L, Holzmüller H, et al. Neuron-specific expression 
of therapeutic proteins: evaluation of different cellular promot-
ers in recombinant adenoviral vectors. Mol Cell Neurosci. 2001; 
17(1):78-96.

[39] Shaw G, Morse S, Ararat M, et al. Preferential transformation of 
human neuronal cells by human adenoviruses and the origin of 
HEK 293 cells. FASEB J. 2002;16(8):869-871.

[40] Lukiw WJ. Alzheimer’s disease (AD) as a disorder of the plasma 
membrane. Front Physiol. 2013;4:24.

[41] Nakagawa T, Zhu H, Morishima N, et al. Caspase-12 mediates 
endoplasmic-reticulum-specific apoptosis and cytotoxicity by am-
yloid-beta. Nature. 2000;403(6765):98-103.

[42] Sauerwald A, Hoesche C, Oschwald R, et al. The 5’-flanking region 
of the synapsin I gene. A G+C-rich, TATA- and CAAT-less, phy-
logenetically conserved sequence with cell type-specific promoter 
function. J Biol Chem. 1990;265(25):14932-14937.

[43] Armendáriz-Borunda J, Bastidas-Ramírez BE, Sandoval-Rodrí-
guez A, et al. Production of first generation adenoviral vectors for 
preclinical protocols: amplification, purification and functional 
titration. J Biosci Bioeng. 2011;112(5):415-421.

[44] Lock M, Alvira M, Vandenberghe LH, et al. Rapid, simple, and 
versatile manufacturing of recombinant adeno-associated viral 
vectors at scale. Hum Gene Ther. 2010;21(10):1259-1271.

[45] Lu X, Liu J, Cao X, et al. Native low density lipoprotein induces 
pancreatic β cell apoptosis through generating excess reactive oxy-
gen species. Lipids Health Dis. 2011;10:123.

[46] Lu X, Liu J, Hou F, et al. Cholesterol induces pancreatic β cell 
apoptosis through oxidative stress pathway. Cell Stress Chaper-
ones. 2011;16(5):539-548. 

Copyedited by Jackson C, Hasse R, Li HF, Liu ZF, Yu J, Yang Y, Li CH, 
Song LP, Zhao M


