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Abstract The effects and mechanism of action of oligo-
deoxyribonucleotides containing CpG motif (CpG-ODNs)
on neuron cells are largely unexamined. Here, we found that
CpG-A ODNSs but not other types of CpG-ODNs induced
neurite retraction and cell apoptosis of rat embryonic neurons
in a TLR9-independent manner. These effects of CpG-A
ODNs were primarily due to the poly-guanosine at the 3’
terminus (3'G-ODNs). Pull-down analysis showed that 3'G-
ODNs s associated with transcription factor Y-BOX1 (YB-1) to
facilitate the translocation of YB-1 into the nucleus via the
nuclear localizing sequence of YB-1. YB-1 then interacted
with the promoter of F-spondin directly at —45 and —1,375
sites as demonstrated by chromatin immunoprecipitation
(ChIP) analysis. Binding of YB-1 to F-spondin promoter
resulted in downregulation of F-spondin expression. Over-
expression of F-spondin rescued the cell death and neurite
retraction induced by 3’G-ODNs in embryonic neuron cells.
Taken together, these findings suggest that 3'G-ODNs en-
hance nucleus YB-1 to inhibit F-spondin leading to cell death
and neurite retraction of embryonic neuron cells
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Abbreviation

siRNA  Small interference RNA

TSR Thrombospondin type 1 repeat
PNS Peripheral nervous system

PBMC  Peripheral blood mononuclear cell
HLA Human leukocyte antigen
Introduction

DNA fraction isolated from Mycobacterium bovis bacillus
Calmette—Guerin activates both human and mouse non-B,
non-T cells to produce type I interferons (IFNs) [1]. Such
immunostimulation can also be generated by unmethylated
single-stranded (ss) oligodeoxyribonucleotides (ODNs) contain-
ing CpG dinucleotides with certain flanking sequences (CpG
motifs) [2, 3], which have been identified as a ligand for TLR9
[4]. There are three known classes of CpG ODNs: A-class
(CpG-A ODNs), B-class (CpG-B ODNs), and C-class CpG
ODNg, all of which possess unmethylated CpG dinucleotides.
CpG-A ODNE s are effective in activating NK cells and stimulat-
ing plasmacytoid dendritic cells (pDCs) and macrophages to
produce high levels of interferon o« (IFN-) [5, 6]. The activity
of CpG-A ODNSs to stimulate plasmacytoid dendritic cells
(pDCs) is due to their phophodiester CpG-containing palin-
dromic motifs and a poly-G tail at the 3'-end (3'G-ODNs) which
is important for self-assembly of CpG-A ODNSs into higher-
order tertiary structures through G-tetrad formation [7].

DNA and RNA oligomers that contain consecutive guanine
(G) nucleotides have the ability to form stable inter- and intra-
molecular four-stranded secondary structures, referred to as G-
quartets [8, 9]. Moreover, G-quartets have been proposed to be
involved in the regulation of gene expression and enhancement
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of cancer cell apoptosis [10]. Whether CpG-A ODNs or 3'G-
ODN s can regulate gene expression and apoptosis of neuronal
cells, however, is poorly understood.

F-spondin, a member of the TSR superfamily, is a secreted
adhesion molecule isolated from embryonic floor plate of the
developing vertebrate central nervous system [11-13]. Be-
cause F-spondin mRNA and protein expression is highly
unregulated after axotomy of the adult sciatic nerve, it has
been suggested that F-spondin may participate in axonal re-
generation in the PNS [11, 14]. Nevertheless, the fundamental
mechanisms of F-spondin-mediated neuron regeneration or
neuron survival are not clearly understood. We previously
found that F-spondin was up-regulated in peripheral blood
mononuclear cell (PBMC) by CpG-B ODN stimulation [15].
Because CpG-B ODN has capability to induce anti-apoptotic
effect in PBMC, it implicates that F-spondin may involve in
anti-apoptotic process. Besides, it has recently been reported
that F-spondin plays an important role in promoting cell
survival in chicken ciliary ganglion and murine neuroblasto-
ma cells [16, 17]. These studies indicate that F-spondin is
essential for neuron development and neuron cell survival.

In this study, we found that CpG-A ODNs induced cell
aggregation and neurite shrink in TLR-9-expressing embry-
onic neuron cells. These effects of CpG-A ODNs were mainly
mediated by the 3'G-ODNss rather than TLR-9 activation. 3'G-
ODN's bound to Y-BOX1 (YB-1) and promoted YB-1 trans-
location into nucleus. Accumulation of YB-1 in nucleus re-
pressed F-spondin gene expression that in turn induced the
cell death and neurite retraction of rat embryonic neuron cells.

Materials and Methods
Animals

Female pregnant Sprague—Dawley rats (Biolasco Co., Tai-
pei) were housed in individual cages. The animals were
maintained on a 12-h light/dark cycle with food and water.
All animal care and experimental procedures in the animals
were performed under protocols approved by the Academia
Sinica Institutional Animal Care and Utilization committee.

Reagents

TLRO ligand, CpG-A ODNs (ODN 1585 and ODN 2216), CpG-
B ODNs (ODN1668 and ODN2006), and their controls were
purchased from InvivoGen (San Diego, CA). psiGL3 vector
(silence control vector) and psi-mTLR9 (mTLRO silenced plas-
mid) were also purchased from InvivoGen (San Diego, CA). 3’
G-ODNs, 5'G-ODNs, poly-G, FAM-labeled 3'G-ODNs, bioti-
nylated 3'G-ODNs, and biotinylated 5'G-ODNs were synthe-
sized by Genedragon Co. (Taipei, Taiwan). Rabbit polyclonal
anti-mTLR9 was purchased from Imgenex (Los Angeles, CA).

Rabbit polyclonal anti-F-spondin was purchased from Abcam
Biotechnology (Cambridge, UK). The anti-YB-1 and anti-Lamin
A/C antibodies were purchased from Epitomics (Burlingame,
CA). The anti-hnRNPH1, anti-EF1A1, and anti-BIII tubulin anti-
bodies were purchased from Genetex Co. (Hsinchu, Taiwan).
The anti-actin antibody was purchase from Millipore (Chemicon,
CA).

Cell Culture

The human neuroblastoma cell line SH-SYSY was a gift
from Dr. Yu-May Lee (Academia Sinica, Taipei, Taiwan).
SH-SYS5Y cells were cultured in a 1:1 mixture of Dulbecco’s
modified Eagle’s medium and F12 medium (Gibco, Life
Technologies, Taipei) supplemented with 10 % heat-inactivated
fetal bovine serum, 100 U/ml penicillin—streptomycin—neomycin
antibiotic mixtures, and 200 mM L-glutamine. Cells were cul-
tured in a humidified atmosphere under 5 % CO, at 37 °C. In all
experiments, the media were changed every 3 days for all
experiments.

Isolation and Culture of Primary Rat Embryonic Neuronal
Cells

Primary rat neuronal cultures were prepared from embryonic
day 18 Sprague—Dawley rat cortices and hippocampus. Briefly,
cortices and hippocampus were digested with papain (Sigma-
Aldrich, St. Louis, MO) for 30 min at 37 °C. Then, using
inactive horse serum to stop digestion, cortices and hippocam-
pus were pipetted about 50 times without bubble formation.
The cell suspension was then passed successively through 100-,
70-, and 40-um mesh and carefully applied to the top of a
prepared OptiPrep density gradient [18]. The cell suspension
should float on top of the gradient. The gradient was centri-
fuged at 800xg (1,900 r.p.m. in a swinging bucket centrifuge)
for 15 min at 22 °C. After centrifugation, the desired cell
fractions were mixed and diluted with 5 ml embryonic neuron
growth medium (neurobasal media supplemented with 2 %
B27, 500 mM L-glutamine, 10 mg/ml Gentamicin; Gibco, Life
Technologies, Taipei). The cell suspension was subsequently
centrifuged at 1,100xg for 5 min, and cell pellets were then
gently re-suspended in embryonic neuron growth medium.
Thereafter, cells were counted and dispensed into poly-D-
lysine-coated plates and incubated at 37 °C with 5 % CO,.
After 24 h of plating, the media were completely replaced, while
on subsequent days, only half of the culture volume was
replaced. Neuron cells were routinely used at day 3 after plating.

Transfection of Embryonic Neuron Cells
Embryonic neuron cells were electroporated with pmax-

EGFP vector, pBiotin-F-spondin, or pEGFP-F-spondin
plasmids by using a nucleofector device (Amaxa, Germany)
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according to the manufacturer’s instructions (Rat Neuron
Nucleofector Kit, program G-13). After transfection, the
embryonic neuron cells were plated on poly-D-lysine-
coated plates and incubated at 37 °C with 5 % CO.,.
The transfected neuron cells were used after 48 to 72 h
for further experiments.

Neurite Outgrowth Analysis

For quantitative analysis of neurite outgrowth, neuron
cells were electroporated as described above. After 24 h
of treatment with 3’G-ODNs, cells were fixed in 4 %
paraformaldehyde and washed with PBS. Neurite out-
growth was quantified by imaging neurons using a
Zeiss Axlovert 200 M microscope. Digital images were
acquired using the Axiovision system and neurites were
quantified using the /mage J software. For each graph,
data on neurite length were generated from at least two
independent sets of neurons (for each condition) and
more than 50 cells were counted for each condition of
each experiment.

Cell Death and Viability Assay

Viability of the embryonic neuron cells was determined by a
colorimetric method using the CellTiter 96 One Solution
Proliferation Assay (Promega, WI). This assay contains a
tetraxolium compound (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxy phenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt (MTS)) and an electron-coupling reagent, phena-
zine methosulfate. The tetrazolium compound is converted
to a soluble formazan product by cells. Embryonic neuron
cells were plated in a 96-well plate at a cell density of 10°
cells/cm?. The reagent was added directly into 96-culture
wells performed assay, followed by incubation for 4 h. Then,
the absorbance at 490 nm was recorded using a 96-well plate
reader. Cell death was determined by propidium iodide (PI)
staining. Finally, cells were counted under a fluorescence
microscope.

Caspase Enzymatic Activity Assay

To assay for caspase 3/7 activity, embryonic neuron cells
were plated in a 96-well white plate at a cell density of 10°
cells/cm?. After stimulation with 3'G-ODNs for 72 h at the
indicated concentration in independent wells, 100 pl
Caspase-Glo 3/7 reagents (Promega, WI) were added to
the wells. Then, the 96-well white plate was incubated at
room temperature for 3 h and the luminescence determined
by using a Wallac 1420 Victor3 micro-plate reader (Perkin-
Elmer, CT). Mean values and standard deviations were
calculated based on the results from three individual sam-
ples of each treatment.
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Pull-Down Assay

For the pull-down experiments, 100 pl streptavidin-coupled
magnetic beads (Dynabeads M-280 Streptavidin, Invitrogen,
Life Technologies, Taipei) were coated with 200 pmols of
biotinylated 3'G-ODNs by incubation in 0.8 ml x1 B & W
buffer (100 mM Tris—HCI, pH 7.5, 1 mM EDTA, and 2 M
NacCl) for 30 min at room temperature. As a control, 100 pl of
Magnetic Dynabeads M-280 streptavidin were coated with
200 pmols of biotinylated 5'G-ODNs. Rat embryonic brain
tissue protein was extracted by using the T-PER tissue protein
extraction buffer (Thermo Scientific, MA). Protein concentra-
tions were determined by using a Bio-Rad protein assay
solution (Bio-Rad, CA). Then, brain tissue lysates were incu-
bated with 3'G-ODNs bound to magnetic beads in 1 ml 1x B
& W buffer for 24 h at 4 °C. After washing the beads seven
times in PBS, bound protein was removed from the beads by
heating in 5x SDS loading sample buffer, the eluted sample
was then analyzed by 4-20 % gradient sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and detected
by staining with Coomassie Blue. Bands were analyzed by
tryptic digestion and mass spectrometry. For detection of 3'G-
ODN association with YB-1, complexes were separated by
SDS-PAGE, subjected to immunoblotting using anti-YB-1
antibody, and visualized by enhanced chemiluminescence
(ECL,; Pierce, IL) using Hyperfilm (GE Healthcare, NJ).

RNA Isolation and Real-Time Quantitative PCR

Total RNA was extracted from embryonic neuron cells using
Trizol reagent (Invitrogen, Life Technologies, Taipei)
according to the manufacturer’s protocol. One microgram
of total RNA was reverse-transcribed using SuperScript II1
Reverse Transcriptase (Invitrogen, Life Technologies, Tai-
pei). The sequences of forward and reverse oligonucleotide
primers were designed using Primer Design software. The
primers used are: forward 5'-ACT TCA GAG GTT TCA
GGT TAA T-3' and reverse 5-CCT TCA GAA TCA CAC
AGC C-3' for F-spondin; forward 5'-TGG AAT CCT GTG
GCA TCC ATG AAA C-3' and reverse 5'-TAA AAC GCA
GCT CAG TAA CAG TCC G-3' for (-actin. Real-time
quantitative PCR was performed using Roche Light-Cycler
(Roche Diagnostics, IN) and quantified using SYBR Green.
Expression levels of F-spondin mRNA were subsequently
normalized to the level of (-actin, a housekeeping gene.
Statistical analysis was carried out by one-way analysis
of variance. Differences were considered significant
when P<0.05.

Western Immunoblotting

For western blot analysis, cells were harvested in the presence
of a protease inhibitor cocktail tablet (Roche Diagnostics, IN)
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using mammalian protein extraction buffer (GE Healthcare,
NJ). Protein concentrations were determined by using a Bio-
Rad protein assay solution (Bio-Rad, CA). Equivalent
amounts of protein were loaded and separated by SDS-
PAGE and subsequently transferred to a nitrocellulose mem-
brane. After washing in TBS containing Tween-20, blots were
blocked in 5 % milk for 1 h at room temperature and incubated
with antibodies (described above), followed by incubation
with horseradish peroxidase-conjugated secondary antibody
for 1 h at room temperature and visualization by ECL. Band
intensities were normalized to either actin or lamin A/C for
comparison.

Plasmid Constructs and Transient Transfection

The full-length ¢cDNA for the YB-/ gene was purchased
from OriGene (Rockville, MD), and the YB-1 expression
construct was generated using the Gateway GFP fusion
destination vector pDEST47 (C-terminal GFP fusion, Invi-
trogen, Life Technologies, Taipei). The full-length cDNA
clone for the F-spondin gene was purchased from Open
Biosystems (Thermo Scientific, IL), and the F-spondin ex-
pression construct was generated using pDEST47 or the
Gateway vector pcDNA6/BioEase-DEST (N-terminal Bio-
tin fusion, Invitrogen, Life Technologies, Taipei). The plas-
mid YB-1-dNLS was generated by mutational PCR and the
KOD ligation system using the following primer sequences:
forward, 5'-CCA CAG TAT TCC AAC CCT C-3’; reverse,
5'-GGC CTG GCC TTC GGG AG-3'. For transient trans-
fection, cells were seeded at a density of 5x 10° cells/25-cm?
6-well plate for 24 h. Transfection was performed using the
Fugene HD reagent (Roche Diagnostics, IN) according to
the manufacturer’s protocol. Cells were observed by fluo-
rescence microscopy 48 h after transfection.

Chromatin Immunoprecipitation

Chromatin immunoprecipitation assays were done using the
chromatin immunoprecipitation (ChIP)-Mag kit (Millipore,).
In brief, embryonic neuron cells were isolated and plated on
10-cm plates in neuron growth medium. After 3 days in vitro,
cells were fixed for 10 min with 1 % formaldehyde. After
quenching the reaction with glycine for 5 min, cells were lysed
with cell lysis buffer (20 mM Tris—HCI, pH 8.0, 85 mM KCI,
0.5 % NP-40). The nuclei were isolated and chromatin was
sonicated in shearing buffer using TOMY Ultrasonic Dis-
ruptor UD-201 with ten pulses of 15 s each (output=5)
and 1-min rest periods on ice between each pulse, resulting in
chromatin fragments between 200 bp and 1 kb DNA. Immu-
noprecipitation was then done using an antibody to YB-1.
Chromatin was incubated with 10 pg anti-YB-1 polyclonal
antibody overnight at 4 °C. Protein G magnetic beads was
subsequently incubated with the chromatin and antibody for

4 h at 4 °C. The immunoprecipitated complex was then
washed by ChIP wash buffer and eluted from the magnetic
beads by ChIP elution buffer following manufacturer’s proto-
col. The immmunoprecipitated complex was subsequently
incubated with 10 pg RNase A for 30 min at 37 °C to reverse
cross-links and to remove RNA. The proteins were then
removed by proteinase K treatment, and the DNA was purified
using the DNA purification mini-columns provided with the
kit. The eluted DNA was amplified by PCR with predicted
ATTGG sites in the promoter of F-spondin: (—45) forward 5'-
CACTATGGCCTTGGGAAGAGCAAT-3' and reverse 5'-
ACTGTATCGACTCGCCTTCATGTT-3"; (—1,137) forward
5'-ACATG GATCTGAGCCTCACCTCAA-3" and reverse
5'-GCCACTATTAACTGGACGCC TTCT-3"; (—1,847) for-
ward 5'-AGCCATGGAACATTACCTCAGCA-3' and reverse
5'-GGCATGAAGTAGGCAGGAATGCAA-3"; (—2,045) for-
ward 5-TGAGTGACAG CCAAGCTGGTTTAG-3’ and re-
verse 5'-AAAACAGGCATCCCCAACACCA-3"; (=3,075)
forward 5'-TTCTTTGGGGAGGCAGTTTTGCAC-3" and re-
verse 5'-AAGG CTCTGCTTGATCTGCTTCTC-3'. GAPDH
control primers: forward 5'-TACTA GCGGTTTTACGGGCG-
3" and reverse 5-TCGAACAGGAGGAGCAGAGAGCG A-3'".
The PCR program was set with an initial melting step at 94 °C
for 5 min, followed by 35 cycles of 94 °C for 30 s, 56 °C for 30 s,
and 72 °C for 1 min. The F-spondin primers and control primers
produced products of around 150 bp.

Results

CpG-A ODNs Decrease Neurite Length of Embryonic
Neuron Cells TLR9 Independently

In order to investigate the biological function of CpG-ODN
in neuron cells, we first examine TLRY expression in em-
bryonic neuron cells. We showed that embryonic hippocam-
pal neurons expressed TLR9 protein by western blotting
(Fig. 1a) and confirmed by immunofluorescence staining
(Fig. 1 in the Electronic Supplementary Material (ESM)).
To investigate whether TLR9 activation induces any biolog-
ical activity on neuron cells, we treated embryonic neuron
cells with two TLR9 ligands, ODN 2006 and ODN 2216,
and then observed changes in morphology of embryonic
neuron cells. We found that treatment with ODN 2006, a
CpG-B ODN, did not change the morphology of embryonic
neuron cells; whereas, CpG-A ODN, ODN 2216, induced
aggregation of embryonic neuron cells (Fig. 1b).

Because the function of neuron cells depends on neurite
extension, we examined the neurite length of embryonic
neuron cells after CpG-A ODNs treatment by microscopy.
We found that ODN 2216 treatment led to a decrease in
neurite length as compared with ODN 2006 treatment
(Fig. lc, d). To further address whether the effect induced
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Fig. 1 CpG-A ODNs induced
cell aggregation and neurite
retraction of embryonic neuron
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by CpG-A ODNs in embryonic neuron cells is mediated
through the TLRY signaling pathway, embryonic neuron
cells were transiently transfected with a TLRY silencing
RNA (psi-mTLR9). Even though psi-mTLR9 reduced
TLRY level considerably (Fig. 1e), ODN2216 treatment still
caused aggregation of TLR9-silenced embryonic neuron
cells, and the neurite length was not restored in TLR9-
silenced embryonic neuron cells either (Fig. 1f, g).
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ODN 2216

Interestingly, the TLR9 control ligand GpC-A ODN (ODN
2216 control) induced neuronal aggregation as CpG-ODN
(ODN 2216) (Table 1). Besides, other CpG-A ODNs (ODN
1585) and its control (ODN 1585 control) also induced
neuronal aggregation in rat embryonic neurons. However,
this effect was absent in rat embryonic neurons treated with
CpG-B ODNs (ODN 1668) (Fig. 2 in the ESM). Taken
together, these results suggest that neuron morphological
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Table 1 Oligodeoxynucleotides

investigated Name Sequence 5' to 3’ Class Neuron
aggregation

ODN 1585 GGGGT CAACG TTGAG GGGGG CpG-A ODN +

ODN 2216 GGGGG ACGAT CGTCG GGGGG CpG-A ODN +

ODN 1668 TCCAT GACGT TCCTG ACGTT CpG-B ODN -

ODN 2006 TCGTC GTTTT GTCGT TTTGT CGTT CpG-B ODN -

ODN 1585 GGGGT CAAGC TTGAG GGGGG CpG-A ODN control +
control

ODN 2216 GGGGG AGCAT GCTGG GGGGG CpG-A ODN control +
control

3'G-ODN ACGAT CGTCG GGGGG ODN2216 without 5'poly-G +

5'G-ODN GGGGG ACGAT CGTC ODN2216 without 3'poly-G -

Poly-G GGGGG GGGGG G Poly-G +

change and neurite retraction induced by CpG-A ODNSs is
not mediated through the effects of CpG-A ODNs on TLRY-
dependent signaling pathway.

3'G-ODNs Induce Neuron Cell Aggregation and Neurite
Retraction

DNA oligomers that contain consecutive G nucleotides
have the ability to form G-quadruplex structures and
enhance cell apoptosis [8, 9] To investigate whether
the effect induced by CpG-A ODNs on embryonic neu-
ron cells is mediated by its poly-G motifs, we synthe-
sized a 3'G-ODN and a 5'G-ODN (see Table 1) to
stimulate embryonic neuron cells and observed the cel-
lular morphology 16 to 24 h after stimulation. We found
that the morphology of embryonic neuron cells was
changed after 3'G-ODNs treatment, but remained un-
changed after 5'G-ODNs treatment (Fig. 2a, top panels).
To confirm our finding, the embryonic neuron cells
were also transiently transfected with pMaxGFP plasmid
before stimulation with 3'G-ODNs in order to trace
neurites easily in each neuron. After 24 h of stimulation
with 3'G-ODNs, the embryonic neuron cells progres-
sively aggregated and the cellular morphology changed
to a spherical structure (Fig. 2a, middle panels). We
further found that the neurite spreading became sparse
after 3'G-ODNs treatment. Therefore, we calculated the
neurite length in each embryonic neuron cell by tracing
GFP expression. We observed that neurites of embryon-
ic neuron cells stimulated with 3'G-ODN were shorter
than those of embryonic neuron cells that did not re-
ceive treatment or were treated with 5'G-ODNs (Fig. 2a,
bottom panels). Collectively, the data indicate that the 3’
poly-G of CpG-A ODNSs plays a critical role in induc-
ing neuronal aggregation and neurite retraction in em-
bryonic neuron cells.

3'G-ODNs Induce Neuron Cell Apoptosis Through Caspase
3/7 Pathways

It is known that cytoplasmic mutant huntingtin and atypical
truncated tau induce neurite regression and cell death in
neuron cells [19, 20]. We then examined the cell viability
in embryonic neuron cells after 3'G-ODNs treatment. As
shown in Fig. 2b, treatment with 3'G-ODNs at the indicated
concentration for 48 h inhibited cell viability in embryonic
neuron cell. However, the cell viability did not decrease in
the 5'G-ODNs-treated group (Fig. 2b). Next, we also con-
firmed the ability of 3'G-ODNs to induce cell death by PI
staining. We found that the number of PI positive cells in
embryonic neurons treated with 3'G-ODNs at 2 pM was
higher than that in embryonic neuron cells treated with the
same concentrations of 5'G-ODNs (Fig. 2c¢). To examine
whether the cell death induced by 3'G-ODNs in embryonic
neuron cells occurs through an apoptotic pathway, we fur-
ther assayed caspase 3/7 activities in embryonic neuron cells
after 3'G-ODNs or 5'G-ODNs treatment. The caspase 3/7
activities in 3'G-ODNs-treated embryonic neuron cells were
higher than those treated with 5'G-ODNs after 48 h
(Fig. 2d). Together, these results indicate that 3'G-ODNs
not only induced embryonic neuron cell aggregation and
inhibited neurite extension but also increased caspase 3/7
activities and induced apoptotic cell death in embryonic
neuron cells.

Association of 3'G-ODNs with YB-1 Protein in the Cytoplasm
Enhances Nuclear Translocation of YB-1

We first examined whether embryonic neuron cells take up the
3'G-ODNs, and we found that FAM-labeled 3'G-ODNs mainly
localized in the cytoplasm of embryonic neuron cells
(Fig. 3 in the ESM). To investigate whether other proteins
in the cytoplasm of neuron cells associate with 3'G-ODNs
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Fig. 2 3'G-ODN treatment a
induces cytotoxicity and neurite
retraction in rat embryonic
neuron cells. a Representative
micrographs of embryonic
neuron cells treated with 1 uM
of 5'G-ODN or 3'G-ODN at

37 °C for 16 h. Cellular
morphology was observed by
fluorescence microscopy. Cells
were fixed and immunostained
with anti-311I-tubulin (green)
antibodies. The effect of 3'G-
ODN on neurite length was also

5'G-ODN

3'G-ODN

quantified. b Embryonic neuron
cells were cultured for 48 h in

neurobasal medium in the pres-
ence of 5'G-ODN or 3'G-ODN

as indicated. MTS assay was
used to determine cell viability.
¢ Percentage of damaged em-
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3'G-ODN as indicated. d The S=7 }
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to induce cell death, we used a biotinylated 3'G-ODNs to
perform protein pull-down assays from rat embryonic brain
homogenate. The biotinylated 3'G-ODNs was coupled with
streptavidin-coated magnetic beads and then incubated with
rat embryonic brain homogenate. To confirm the specificity
of protein binding to 3'G-ODNs, the pull-down assay was
done in the presence of biotinylated 5'G-ODNs (Fig. 3a).
The bound proteins were separated by SDS-PAGE and
visualized by Coomassie blue staining (indicated by
arrows). To identify the proteins bound to 3'G-ODNs, these
proteins were digested by trypsin and analyzed by liquid
chromatography mass spectrometry (LC-MS/MS). The pro-
tein candidates associated with 3'G-ODNs were identified
and are listed in Table 2. Among these candidates, YB-1
had the highest score and sequence coverage (Table 2).
To further verify the association between YB-1 and 3'G-
ODNs in embryonic neuron cells, we first pulled down the
proteins associated with 3'G-ODNs followed by western blot-
ting using specific antibodies against YB-1, hnRNP H1 and
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EF1A1. As shown in Fig. 3b, YB-1 formed complexes only
with the biotinylated 3'G-ODNs and not with the biotinylated
5'G-ODNs. Rat embryonic brain lysate was used as a control to
monitor the evenness of sample input (Fig. 3b). We also
performed immunofluorescence staining by using an antibody
against YB-1 protein followed by FAM-labeled 3'G-ODNs
stimulation and verified that 3'G-ODNs indeed associated with
YB-1 in embryonic neuron cells (Fig. 3c). Collectively, these
results indicate that 3'G-ODNs associates with YB-1 protein in
the cytoplasm after diffusion into embryonic neuron cells.
YB-1 is a key regulator of transcription in adult brain
[21] and it has been shown that HSP60 interacts with YB-1
to regulate the subcellular distribution of YB-1 [22]. To
elucidate whether 3'G-ODNs association with YB-1 also
regulates the cellular localization of YB-1, nuclear and
cytoplasmic levels of YB-1 were examined after separation
of nuclear and cytoplasmic fractions from embryonic neuron
cells. We found that YB-1 protein was predominantly
expressed in the cytoplasm of rat embryonic neuron cells and



Mol Neurobiol (2012) 45:536-549 543
L
S
S AN <]
a OOQQO‘\ &S d
o & & o
& 5 o0 L2
M ¢ « EN SH-SY5Y
KD
250 = |== C N C N
130 = |w
100 — [ YB-1 |— . —
70 — | -
==~ I Actin | sem— -—
35 = | -—=
"I emnonc | | ]
amin
15 — |-
10 — |
b & & e
o & B
& & & S @Q\" Cytosol Nucleus
: Bioti ISMS SIS )
IP. Biotln 0 6(, (\30 60 Q\) - 3’G-0DN - 3’G'0DN
— —
hnRNPH1 YB-1 | w—
EF1A1 q Actin —
YB-1 |*% “— .
Lamin A/C — T
C

3'G-ODN-FAM

Fig. 3 3'G-ODNs binds Y-box-binding protein (YB-1) and increases its
translocation into nucleus of embryonic neuron cells. a Identification of
YB-1 bound to 3'G-ODN by mass spectrometry. Pull-down assays fol-
lowed by SDS-PAGE were used to isolate 3'G-ODN-bound YBI. Bio-
tinylated 3'G-ODN was incubated with brain lysates from rat embryo,
whereupon YB-1 were separated and detected by SDS-PAGE followed
by Coomassie staining; excised bands were then subjected to LC-MS/MS
analysis. Biotinylated 5'G-ODN was used as negative control and em-
bryonic brain lysate (EBL) was the input control. b The binding between
3'G-ODN and YB-1 in rat embryonic brain lysates was confirmed by
immunoprecipitation (/P). Rat brain lysates were incubated with 3'G-
ODN-biotin or other control ODNs and immunoprecipitated by using
streptavidin-conjugated magnetic beads. The presence of YB-1 in the
immunoprecipitates was determined by western blotting with anti-YB-1

antibodies. ¢ Colocalization of 3’'G-ODN and YB-1 in the cytosol near the
nucleus. Prior to immunofluorescence microscopy, embryonic neurons
were fixed in 4 % paraformaldehyde and 4 % sucrose after treatment with
6-carboxy-fluo-rescine (F4M)-labeled 3'G- ODNs (3'G-ODN-FAM) for
2 h. Embryonic neurons were co-stained with anti-YB-1 antibody fol-
lowed by secondary R-phycoerythrin (RPE) conjugated anti-rabbit anti-
bodies. DAPI staining of the nucleus is shown in blue. Yellow arrows
indicate the interaction between 3'G-ODNs and YB-1. d Different local-
ization of YB-1 in the cytoplasm and nucleus of primary embryonic
neuron (EN) cells or SH-SY5Y human neuroblastoma cell line. e YB-1
protein translocated from cytoplasm to nucleus of primary embryonic
neuron cells after stimulation with 3'G-ODNs. Lamin A/C and actin were
used as loading controls, and fractions of the nuclear and cytosolic
extracts from the same protein lysates were assessed
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Table 2 Proteins binding to 3'G-ODN identified by LC-MS/MS

Accession no.  Protein Score(s)  Sequence coverage (%)  Peptide matched no. MW (kDa)
P62630 Elongation factor 1-alpha 1 114 12 7 50.1
Q8VHV7 Heterogeneous nuclear ribonucleoprotein H 62 8 3 49.2
P68370 Tubulin alpha-1A chain 91 25 9 50.1
P69897 Tubulin beta-5 chain 63 17 6 49.6
P60711 Actin and cytoplasmic 1 53 4 1 41.7
P62961 Nuclease-sensitive element-binding protein 1 325 31 6 35.7
P21533 60S ribosomal protein in L6 70 15 6 335
A7VIC2 Heterogeneous nuclear ribonucleoprotein A2/B1 52 7 2 37.5
P04797 Glyceraldehyde-3-phosphate dehydrogenase 36 12 3 35.8
P62997 Transformer-2 protein homolog beta 36 16 4 33.6
P04256 Heterogeneous nuclear ribonucleoprotein Al 30 5 1 342

SH-SYS5Y human neuroblastoma cells (Fig. 3d). As shown in
Fig. 3e, the level of nuclear YB-1 was increased after stimula-
tion with 3'G-ODNs, whereas the level of cytoplasmic YB-1
was decreased in embryonic neuron cells (Fig. 3e). These
results indicate that nuclear translocation of YB-1 is enhanced
in embryonic neuron cells after binding to 3'G-ODNs.

An YB-1 Mutant Lacking the Nuclear Localizing Sequence
Results in Insensitivity of Embryonic Neuron Cells
to Cytotoxicity Induced by 3'G-ODNs

To examine whether YB-1 translocation is important for cell
cytotoxicity induced by 3'G-ODNs, we constructed an YB-
1-dNLS (deletion of nuclear localization sequence) plasmid
that is without nuclear localization sequence. We found
wild-type YB-1 protein was located in the cytoplasm and
nucleus of neuro-2a cells, whereas the expression of YB-1-
dNLS mutant protein was found to locate only in the cyto-
plasm of neuro-2a cells (Fig. 4a). The 3'G-ODNs-mediated
neuronal cytotoxicity was attenuated in embryonic neuron
cells overexpressing YB-1-dNLS mutant protein as com-
pared with YB-1-overexpressing embryonic neuron cells
(Fig. 4b). The number of Pl-positive cells and caspase 3/7
activities in neurons overexpressing YB-1-dNLS mutant
was lower than that in cells overexpressing YB-1 after
3'G-ODNs treatment (Fig. 4c, d). Together, these results
indicate that embryonic neuron cells overexpressing YB-1-
dNLS mutant protein block the cytotoxic effect induced by
3'G-ODNs and suggest that translocation of YB-1 to the
nucleus is important for the cytotoxic effect of 3'G-ODNss.

F-spondin Expression Is Repressed by 3'G-ODNs
in Embryonic Neuron Cells

F-spondin mediates the survival pathway in murine neuroblas-
toma [16] and chicken ciliary ganglion [17]. To determine
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whether F-spondin expression was affected by 3'G-ODNs, we
first examined F-spondin protein expression in embryonic neu-
ron cells. We found that F-spondin was expressed in embryonic
neuron cells and was predominantly expressed in PC-12,
neuro-2a, and SH-SYSH neuroblastoma cells (Fig. 4 in the
ESM). Next, total RNA was extracted from embryonic neuron
cells treated with 3'G-ODNs, and then the transcriptional level
of F-spondin was examined by real-time PCR. F-spondin RNA
expression levels in embryonic neuron cells stimulated with
3'G-ODNs were lower than those without any stimulation
(Fig. 5a). The protein expression of F-spondin was also mark-
edly decreased in 3'G-ODNs-treated embryonic neuron cells
(Fig. 5b). In order to ascertain that 3'G-ODNs decreased F-
spondin expression through YB-1 translocation to the nucleus,
we detected F-spondin protein expression in embryonic neuron
cells transfected with YB-1 or YB-1-dNLS mutant plasmid
after 3'G-ODNs stimulation. We first confirmed the success
of transfection by fluorescence microscopy (Fig. 5 in the ESM)
and then treated the cells with 3'G-ODNs. We found that 3'G-
ODNs treatment for 24 h decreased F-spondin protein expres-
sion in embryonic neuron cells transfected with YB-1 plasmid,
but not in embryonic neuron cells overexpressing YB-1-dNLS
(Fig. 5¢). Taken together, these findings suggest that 3'G-ODNs
downregulates F-spondin expression in embryonic neuron cells
at both transcriptional and translational levels through YB-1
translocation into the nucleus.

YB-1 Translocates to the Nucleus and Binds to the Promoter
of F-spondin

YB-1 is involved in a variety of cellular functions. It regu-
lates DNA transcription, RNA processing and translational
control of protein synthesis [23, 24]. An inverted CCAAT-
box found in the HLA class II gene promoter was originally
determined as YB-1-binding motif [25]. We examined
whether the promoter of F-spondin contains an YB-1-
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Fig. 4 YB-1 deletion NLS a
mutant (YB-1-dNLS) attenuates
3’G-ODNs-mediated

cytotoxicity and caspase activity

in embryonic neuron cells. a

Subcellular localization of YB-1

and YB-1-dNLS in neuro-2a

cells. Neuro-2a cells were trans-

fected with either YB-1 or YB-1- YB-1-GFP
dNLS plasmid construct. Locali- ’ -
zation of YB-1 in neuro-2a cells “a [
was detected by GFP fluores-
cence. The nuclei of cells were
labeled with DAPI (blue). b
Embryonic neuron cells were
transfected with YB-1 or YB-1-
dNLS plasmid for 48 h, and cul-
tured for another 48 h in neuro-
basal medium in the presence of
2 uM 3'G-ODN. MTS assay was
used to determine cell viability. ¢
Percentage of damaged embry-
onic neuron cells was detected
by using propidium iodide (PI)
staining after 48-h incubation
with 2 uM 5'G-ODN or 3'G-
ODN. d The caspase 3/7 activi-
ties in the lysates of empty vector
(EV), YB-1, and YB-1-dNLS-
transfected embryonic neuron
cells were estimated after stimu-
lation with or without 2 uM 3'G-
ODN for 48 h as indicated. Data
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binding motif (inverted CCAAT-box) using the Transcrip-
tion Element Search System website. We found several YB-
1-binding motifs within the promoter of F-spondin (Fig. 5d).
We also confirmed that YB-1 binds to the promoter region
of F-spondin at the —45 and —1,137 ATTGG sites by ChIP
assay (Fig. 5e). These results indicate that YB-1 interacts
with the promoter of F-spondin and serves as a repressor of
F-spondin transcription in embryonic neuron cells.

Ectopic Expression of F-spondin Protein Renders Embryonic
Neuron Cells More Resistant to 3'G-ODNs-Mediated Cell
Death

Since 3'G-ODNs induces neuron cell death through enhance-
ment of YB-1 translocation to the nucleus, which then represses
F-spondin transcription, we further examined whether over-
expression of F-spondin in embryonic neuron cells could re-
verse the effect induced by 3'G-ODNs. GFP-fused F-spondin
protein was overexpressed in embryonic neuron cells in order
to trace and calculate neurite length by Image J software. F-
spondin protein was detected in embryonic neuron cells trans-
fected with mock or sponl-GFP plasmid by western blotting

3’G-ODN

(Fig. 6a). Treatment with 3'G-ODNs for 16 h decreased the
mean neurite length of mock-transfected embryonic neuron
cells but not that of F-spondin overexpressing embryonic neu-
ron cells (Fig. 6b). To further confirm that 3'G-ODNs induced
neuron cell death through F-spondin elimination, embryonic
neuron cells were transiently transfected with mock or biotin-
sponl plasmid, and then stimulated with 3'G-ODNs for 48 h.
Our results showed that ectopic expression of F-spondin led to
overexpression of biotin-fused F-spondin (Fig. 6¢) and toler-
ance to 3'G-ODNs-mediated cell cytotoxicity in embryonic
neuron cells as compared with the mock-transfected group
(Fig. 6d). The caspase 3/7 activities in embryonic neurons
overexpressing F-spondin were also lower than those in the
mock group after 3'G-ODN:s treatment (Fig. 6¢). Taken togeth-
er, these results suggest that F-spondin protects embryonic
neuron cells against cytotoxic effects induced by 3'G-ODNs.

Discussion

G-rich oligodeoxynucleotides (G-ODNs) have been shown
to exhibit antiproliferative activity and to induce apoptosis
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Fig. 5 3'G-ODNs decreases F-spondin expression in embryonic neu-
ron cells by promoting the translocation of YB-1 into nucleus to
suppress F-spondin promoter. a Treatment with 3'G-ODNs decreased
F-spondin expression in embryonic neuron cells. Total RNA was
prepared to examine F-spondin expression by quantitative Real-Time
PCR analysis. [3-actin was used as a loading control. The induction
folds of F-spondin in 3'G-ODN-treated and untreated cells were plot-
ted. Data represent the mean+SD; **P<0.01. b Cell lysates of embry-
onic neuron cells treated with 3'G-ODN for the indicated times were
prepared. F-spondin protein level was analyzed by western blotting.
Actin was used as a loading control. ¢ Western blotting analysis of F-

in tumor cell lines [26-29]. Although there are a number of
reports describing the apoptosis-inducing ability of these G-
ODN:s, the motif or sequence responsible for inducing cyto-
toxicity are still unclear. In this study, we clearly demon-
strated that G-ODNs also have the ability to induce
cytotoxicity and neurite retraction in neuron cells besides
cancer cells. We also defined further the 3'G but not 5'G
motif being responsible for inducing cytotoxicity and iden-
tifed YB-1 protein as most likely target of 3'G-ODNs,
thereby unraveling the mechanisms involved in the eventual
cytotoxicity of 3'G-ODNs in embryonic neuron cells.

We determined that a poly-G at the 3’ terminus was
sufficient to generate cytotoxic activity of G-ODNs in em-
bryonic neuron cells; by contrast, a cytotoxic effect was not
elicited if poly-G was present at the 5’ terminus. This find-
ing thus indicates that the cytotoxic effect of G-ODNs
requires a 3'poly-G motif. In order to examine whether the
3'G-ODNs used in this study self-assemble to form higher-

@ Springer

spondin protein expression in YB-1 overexpressing and YB-1-dNLS
expressing embryonic neuron cells in response to 3'G-ODN treatment.
d Schematic drawing of the potential YB-1-binding sites on F-spondin
promoter. Primers were designed to amply the ATTGG sites within the
promoter of F-spondin. e Embryonic neuron cells were subjected to
chromatin immunoprecipitation, and the DNA complexes isolated
were amplified with F-spondin primers to confirm endogeneous YB-
1 binding. There was no nonspecific binding to the IgG control (lane
2), and the input DNA served as a positive control (/ane 3). Binding
between YB-1 and F-spondin promoter was observed in /anes 5 and 6

order structure, we performed gel electrophoresis with
ODN2216 that has been demonstrated to exhibit tertiary
structures [7] and 3'G-ODN. Under non-denaturing condi-
tions, a small portion of 3'G-ODN appeared at a higher
molecular weight position (Fig. 6 in the ESM), indicating
spontaneous multi-merization of 3'G-ODN:ss. It is likely that
the higher-order structure formed through multi-merization
of 3'G-ODNss is important for its effect in embryonic neuron
cells. Nevertheless, whether this higher-order structure rep-
resents quadruplex structure awaits further investigation.

A previous study reported that G-ODNs reduce cell
growth in human carcinoma via downregulation of the ex-
pression of the Ki-ras oncogene [27]. However, we found a
totally different mechanism by which G-ODNs induces
cytotoxicity in embryonic neuron cells. Using a pull-down
analysis, we showed that the transcription factor YB-1 inter-
acted with 3'G-ODN in the cytoplasm of embryonic neuron
cells (Fig. 3). YB-1 has been reported to interact with the
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transfected with mock or biotin-
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serotonin transporter gene and may be associated with a
number of neurological disorders [30]. Furthermore, in our
study, YB-1 protein expression was enhanced in the nucleus
by 3'G-ODN treatment, thus repressing F-spondin expres-
sion and leading to neurotoxicity (Figs. 3, 4, and 5). F-
spondin is an important protein for neuron development
[31] and neuron cell survival [16, 17]. Therefore, it will be
interesting to further study whether inhibition of F-spondin
protein by YB-1 also involves in certain neurological
disorders.

YB-1 has been shown to interact with other transcription
factors and viral proteins [32-34]. In addition, previous
studies suggested that the level of Spl activity dictates
binding of YB-1 to its target sequence and therefore affects
its regulatory function [35, 36]. Thus, it could be argued that
YB-1 and Sp1 regulate F-spondin transcription through their
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physical interactions. However, it remains to be elucidated
whether the transcription factor Spl also regulates F-
spondin expression in embryonic neuron cells. Moreover,
YB-1 is known to involve in neural tube closure in early
mouse development [37], and it also restores the neurite
outgrowth inhibition induced by Sox21 [38]. In our study,
however, we found that 3’'G-ODN promoted YB-1 translo-
cation into nucleus which then repressed F-spondin expres-
sion and further caused cell death and neurite retraction.
One possible explanation for this opposite effect of YB-1
may be the temporal and spatial distribution of YB-1 in
neuron cells. Although F-spondin has been reported to be
associated with neuron development, the exact mechanism
is still unclear. After the proteolysis of F-spondin, each part
of F-spondin has opposite effect on signal guidance of
commissural neuron extension [39]. Therefore, it will be

3'G-ODN
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interesting to further study the detailed mechanism by which
YB-1 regulates F-spondin or other neurite outgrowth related
protein in embryonic neuron cells.

Patients infected with human immunodeficiency virus
(HIV) develop dementia and encephalitis [40], which result
from the apoptotic death of infected neurons. However, the
precise underlying pathogenetic mechanism of HIV-induced
neuronal injury is not fully elucidated. Previously, it has
been reported that HIV-1 central DNA flap (+) strand-
derived ODNs form an intermolecular parallel DNA quad-
ruplex structure [41]. This G-quadruplex structure has been
shown to directly interact with the HIV-1 nucleocapsid
protein and further generates a subviral particle termed the
pre-integration complex (PIC) [42-44]. Our study has
showed that 3'G-ODNs, that are capable of forming
higher-order structures like G-quadruplex-forming ODNSs,
induce embryonic neuron cell death through enhancement
of YB-1 translocation to the nucleus and repression of F-
spondin expression. It provides the possibility that HIV-1-
induced neuron cell injury may occur through inhibition of
F-spondin protein expression in neuron cells.

Altogether, our results show that the induction of neurite
retraction and cytotoxicity in embryonic neuron cells by
3'G-rich ODNs is due to a reduction in F-spondin expres-
sion. Furthermore, we have demonstrated that the transcrip-
tion factor YB-1 is responsible for the 3'G-rich ODN-
elicited repression of F-spondin expression and induction
of cytotoxicity in embryonic neuron cells. We plan to ex-
amine if similar mechanisms occur in cancer cells, such as
neuroblastoma cells in the future. Despite that, the results
presented herein suggest that the 3'G-ODNs may cause
cytotoxicity in neurons in addition to metastatic cancer cells
as demonstrated in other studies. Thus, their potentiality as
therapeutic drugs for metastatic cancers requires careful
evaluation.
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