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a  b  s  t  r  a  c  t

Tetramethylpyrazine  (TMP)  is an  active  compound  extracted  from  the traditional  Chinese  medicinal  herb
Chuanxiong.  Previously,  we  have  shown  that  TMP  induces  human  SH-SY5Y  neuroblastoma  cell differ-
entiation  toward  the  neuronal  phenotype  by  targeting  topoisomeraseII� (TopoII�),  a protein  implicated
in  neural  development.  In  the  present  study,  we  aimed  to  elucidate  whether  the  transcriptional  factors
specificity  protein  1 (Sp1)  and  nuclear  factor  Y  (NF-Y),  in addition  to the  upstream  signaling  pathways
ERK1/2  and  PI3K/Akt,  are  involved  in  modulating  TopoII�  expression  in the  neuronal  differentiation
process. We  demonstrated  that SH-SY5Y  cells  treated  with  TMP  (80  �M)  terminally  differentiated  into
neurons,  characterized  by  increased  neuronal  markers,  tubulin  �III and  microtubule  associated  protein
2 (MAP2),  and  increased  neurite  outgrowth,  with  no negative  effect  on cell  survival.  TMP  also  increased
the  expression  of  TopoII�,  which  was  accompanied  by increased  expression  of  Sp1  in the  differentiated
neuron-like  cells,  whereas  NF-Y  protein  levels  remained  unchanged  following  the  differentiation  progres-
sion. We  also  found  that  the phosphorylation  level  of Akt,  but  not  ERK1/2,  was  significantly  increased  as  a
result of  TMP  stimulation.  Furthermore,  as established  by chromatin  immunoprecipitation  (ChIP)  assay,
activation  of the  PI3K/Akt  pathway  increased  Sp1  binding  to the  promoter  of the TopoII�  gene.  Blockage

of  PI3K/Akt  was  shown  to lead  to  subsequent  inhibition  of TopoII�  expression  and  neuronal  differentia-
tion.  Collectively,  the results  indicate  that the  PI3K/Akt/Sp1/TopoII� signaling  pathway  is  necessary  for
TMP-induced  neuronal  differentiation.  Our  findings  offer  mechanistic  insights  into  understanding  the
upstream  regulation  of  TopoII�  in  neuronal  differentiation,  and  suggest  potential  applications  of  TMP
both  in  neuroscience  research  and clinical  practice  to treat  relevant  diseases  of  the  nervous  system.
. Introduction
Tetramethylpyrazine (TMP), also called ligustrazine, is a biolog-
cally active alkaloid isolated from the traditional herbal medicine
igusticum wallichii Franch.  It has long been used in clinical

Abbreviations: ChIP, chromatin immunoprecipitation; DMEM,  Dulbecco’s
odified Eagle’s medium; DMSO, dimethyl sulfoxide; ERK1/2, extracellular signal-

egulated kinase 1/2; LDH, lactate dehydrogenase; MAP2, microtubule associated
rotein 2; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-dipheny tetrazolium bromide; NF-
,  nuclear factor Y; PBS, phosphate-buffered saline; PCR, polymerase chain reaction;
I3K, phosphatidylinositol 3-kinase; Sp1, specificity protein 1; TBS, Tris-buffered
aline; TMP, tetramethylpyrazine; TopoII, topoisomeraseII.
∗ Corresponding author at: Department of Cell Biology, Institute of Basic Medicine,
ebei Medical University, 361 Zhongshan East Road, Shijiazhuang 050017, China.
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practice to improve circulation and prevent clot formation (Xu
et al., 2003). It is well known that TMP  acts as a calcium channel
antagonist (Pang et al., 1996) or as an antioxidant (Yang et al.,
2008). Recently, TMP  has received attention for its distinctive roles
in stimulating neurogenesis after focal ischemia in the rat brain
(Xiao et al., 2010), inducing neuronal differentiation of rat neural
stem cells (Tian et al., 2010) and displaying neuro-protective
roles in traumatic spinal cord injury (Hu et al., 2013) and chronic
hypoxia of the medulla oblongata in a rat model (Ding et al.,
2013), in addition to improving scopolamine-induced memory
impairment (Wu et al., 2013). These results suggest TMP  as a
promising candidate for therapy in relevant neurologic disorders.
However, the molecular mechanism underlying TMP’s functional

roles in the human nervous system, especially TMP’s stimulus
of neurogenesis or neuronal differentiation, needs to be further
investigated.

dx.doi.org/10.1016/j.ejcb.2015.09.001
http://www.sciencedirect.com/science/journal/01719335
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DNA topoisomerasesII (TopoII) are ATP-dependent enzymes
hat alter DNA topology by cleavage and re-ligation of the DNA.
ukaryotic TopoII exists as two isoforms named TopoII� and
opoII� (Austin and Marsh, 1998). They are encoded by the TOP2A
nd TOP2B genes located on chromosomes 17q21 ± 22 and 3p24,
espectively (Forterre et al., 2007; Tan et al., 1992). Although
oth enzymes are highly homologous, they are genetically distinct
nd exhibit different patterns of expression and cellular func-
ion. Expression of TopoII� is cell cycle-dependent, and essential
or DNA replication and chromosome segregation in mitotic cells
Turley et al., 1997; Wang, 2002), whereas TopoII� levels remain
nchanged during cell cycle progression, and are maximal in ter-
inally differentiated tissues (Turley et al., 1997; Vávrová and

ˇimůnek, 2012). Recent studies have determined that TopoII� is
 critical molecule in neuronal differentiation (Isik et al., 2015;
sutsui et al., 2001). It plays a pivotal role in neural development
Yang et al., 2000) and axon guidance (Nur-E-Kamal et al., 2007).
he transcriptional induction that is dependent on TopoII� may
e specific to neuronal genes (Heng and Le, 2010; Lyu et al., 2006).
oreover, it has been shown that TopoII� regulates transcription of

euronal genes by directly binding to their regulatory regions, and
merged as an epigenetic regulator of transcription in later-stage
eural development (Lyu et al., 2006; Tiwari et al., 2012).

The transcription of the TopoII� gene is regulated mainly by a
egion between −553 and −481 relative to the transcription start
ite, with binding sites for specificity protein 1 (Sp1) and nuclear
actor Y (NF-Y) on the gene promoter (Lok et al., 2002). In previous
tudies, we have reported that Sp1 regulates TopoII� expression
n SH-SY5Y cells during retinoic acid-induced neuronal differenti-
tion (Guo et al., 2014). We  also demonstrated that TMP  promotes
H-SY5Y cell differentiation via enhanced TopoII� expression,
hich is mediated by transcriptional activation of TopoII� through

ncreased association of acetylated histones H3 and H4 with the
opoII� gene promoter. These epigenetic alterations on the TopoII�
ene structure may  lead to an open chromatin state for transcrip-
ion factor access (Yan et al., 2014). However, whether TMP  induces
euronal differentiation of SH-SY5Y cells via Sp1 or NF-Y to regu-

ate TopoII� gene expression, as well as related upstream signaling
olecules, need to be clearly determined.
Currently, accumulating evidence has indicated that neuronal

ifferentiation is regulated by several cell signaling molecules,
ncluding phosphatidylinositol 3-kinase (PI3K)/Akt (Chan et al.,
013; Lopez-Carballo et al., 2002) and the extracellular signal-
egulated protein kinase 1/2 (ERK 1/2) pathways (Tian et al., 2010;
sao et al., 2013). ERK1/2 is considered to be able to induce neu-
ogenesis by regulating certain genes mediated by Sp1 (Dore et al.,
009), and the PI3K/Akt/Sp1 pathway is also positively correlated
o cellular differentiation (Takao et al., 2012; Yin et al., 2012). More-
ver, previous studies have shown that TMP  impacts on different
ellular functions through both the PI3K/Akt and ERK1/2 pathways
Lv et al., 2012; Tian et al., 2010; Zhang et al., 2014). Recently, direct
vidence has shown that the ERK1/2 signaling pathway is involved
n TMP-induced differentiation of rat neural stem cells into neurons
Tian et al., 2010).

To unravel the relationship between these signaling molecules
nd TopoII� gene expression during TMP-induced neuronal differ-
ntiation, the present study used human SH-SY5Y neuroblastoma
ells as a differentiating model. Following 3–5 days’ treatment with
MP  (80 �M),  the cells were shown to terminally differentiate into
eurons through upregulation of TopoII�.  PI3K/Akt signaling, but
ot ERK1/2, is required for this differentiation process. We  fur-
her demonstrated a positive connection between the PI3K/Akt

ignal and the increased expression of TopoII� mediated by Sp1,
uggesting that TMP  induces neuronal differentiation through
nteractions with the PI3K/Akt/Sp1/TopoII� signaling pathway. In
ontrast to Sp1, NF-Y was found to be independent of both PI3K/Akt
ell Biology 94 (2015) 626–641 627

and ERK1/2 signals, and levels remained unchanged following
the differentiation process. Unexpectedly, using chromatin immu-
noprecipitation (ChIP), we found increased NF-Y binding to the
TopoII� promoter. The possible role of NF-Y in transcription of the
TopoII� gene during TMP  induction of neuronal differentiation is
also discussed in this study.

2. Materials and methods

2.1. Regents and antibodies

TMP  was purchased from Sigma (St. Louis, MO,  USA) and was dis-
solved in dimethylsulfoxide (DMSO; Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China). The chemical structure of TMP  is shown
in Fig. 1A. The cell proliferation assay kit 3-(3,4-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from
Roche Diagnostics (Mannheim, Germany). We  purchased nuclear
dye 4′,6-diamidino-2-phenylindole (DAPI) from Sigma (St. Louis,
MO,  USA). The fetal bovine serum (FBS), 0.25% trypsin-EDTA,
and a penicillin/streptomycin mixture were obtained from Gibco-
BRL (Grand Island, NY, USA). Cell cycle analysis kits were from
Roche Applied Science (Indianapolis, IN, USA). We  purchased
rabbit anti-cleaved-caspase-3, anti-phospho-Akt (Ser473) and
anti-phospho-ERK1/2 (Thr202/Tyr204) antibodies from Cell Sig-
naling (Boston, MA,  USA). We  purchased rabbit anti-Akt (Ser473)
antibody from Epitomics (Burlingame, CA, USA). We  purchased rab-
bit anti-MAP2, rabbit anti-�-actin, rabbit anti-tubulin �III, rabbit
anti-TopoII�, rabbit anti-TopoII� and rabbit anti-ERK 1/2 anti-
bodies from Bioworld Technology, Inc. (Minneapolis, MN,  USA).
Rabbit anti-Sp1 antibody was  obtained from Abcam (Cambridge,
MA,  USA). Rabbit anti-NF-YA antibody and all secondary antibod-
ies against mouse and rabbit IgG were purchased from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA). MEK  inhibitor U0126 was
purchased from Calbiochem (San Diego, CA, USA). PI3K inhibitor
LY294002 was purchased from Calbiochem (Merck, Germany).
They were all diluted in DMSO. LDH Cytotoxicity Assay Kits and ChIP
assay kits were obtained from Beyotime Biotechnology Institute
(Shanghai, China). The eukaryotic protein synthesis inhibitor cyclo-
heximide (CHX) was  obtained from Sigma Chemical Co. (St. Louis,
MO,  USA). The catalytic inhibitor of TopoII� ICRF-193, bis (2,6-
dioxopiperazine) and the RNA polymerase II inhibitor �-amanitin
were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA, USA).

2.2. Cell culture and differentiation induction

SH-SY5Y Cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM), supplemented with 10% fetal bovine serum
(FBS), 2 mM l-glutamine, 100 units/mL of penicillin and 100 �g/mL
of streptomycin in a 37 ◦C humidified incubator with an atmo-
sphere of 5% CO2 in air. For promotion of neuronal differentiation,
the cells were cultured with an inducing medium composed of
80 �M TMP  in DMEM with 3% FBS as described in previous studies
(Tian et al., 2010; Yan et al., 2014), and an equal volume of DMSO
was added for the control cells. The control and TMP-treated cells
were cultured for 5 days, changing the fresh medium every two
days. Except for the TMP  exposure, all control cells were handled
in parallel with the test cells.

2.3. Cell viability measured by MTT  assay

SH-SY5Y cells in the logarithmic growth phase were seeded in

a 96-well culture plate with 1 × 104 cells/well. Twenty-four hours
after plating, 0, 10, 20, 40, 80 and 120 �M TMP  were used respec-
tively to treat cells and growth was evaluated on days 0 to 5. At
each time point, 20 �L MTT  (5 mg/mL) was  added into the 200 �L
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Fig. 1. TMP’s effect on the growth and LDH release of SH-SY5Y cells. (A) The chemical structure of TMP. (B) Dose and time dependent inhibition of TMP  on SH-SY5Y cells
determined by MTT  assay. Cells were seeded in 96-well plates at a density of 1 × 104 cells/well. After treatment with TMP  in indicated concentrations for indicated time,
the  cell growth was evaluated through detecting absorbance at 490 nm.  Each point was done in sextuplicate and the experiment was repeated three times. (C) LDH release
assay.  Cells were treated with various concentrations of TMP for 0, 1, 3 and 5 days. LDH release was determined using the LDH assays. The absorbance of all samples was
measured at 490 nm with a microplate reader. LDH release was expressed as percentage of total LDH activity (LDH in the medium + LDH in the cell) according to the following
equation: % LDH release = (LDH activity in the medium/total LDH activity) × 100. (D, E) The effects of TMP on cell cycle progression in SH-SY5Y cells. Cells treated with TMP
were  stained with propidium iodide and DNA contents of cells were measured by flow cytometry analysis. Typical cytograms are presented that represent the overlaps of
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f culture medium in each well. Four hours later, the medium
as removed and 150 �L DMSO was added into each well in

rder to dissolve the precipitate. Absorbance (A) was measured at
90 nm using an automated microplate reader (ELX800, Bio-Tek,
SA). Three independent experiments were repeated in each group.
ell viability was  calculated according to the following formula:

nhibition rate (%) = 1 − (ATMP − Ablank)/(Acontrol − Ablank) × 100% (A:
verage absorbance under 490 nm).

.4. Lactate dehydrogenase (LDH) release assay

We  measured extracellular and intracellular LDH activity spec-
rophotometrically using an LDH Cytotoxicity Assay Kit (Beyotime
nstitute of Biotechnology, Shanghai, China) according to the man-
facturer’s instructions. Cells were plated in a black, clear-bottom
6-well plate and treated with TMP  concentrations ranging from
 to 240 �M.  SH-SY5Y cells (1 × 104 cells/well) were incubated at
7 ◦C for 0, 1, 3 and 5 days with or without TMP  treatment. The
upernatant was aspirated and mixed with 60 �L of the reaction
olution in each well and incubated for up to 30 min  at room
P treated cells were arrested at G0/G1 phase compared with the untreated control
 TMP  treatment at a concentration of 80 �M on the 3rd days. Error bars indicate the
he corresponding control values (*P < 0.05 vs. control, **P < 0.01 vs. control).

temperature with slow shaking. The absorbance of all samples
was measured at 490 nm with a microplate reader (ELX800,
Bio-Tek, USA). LDH release was  expressed as percentage of total
LDH activity (LDH in the medium + LDH in the cells) according
to the following equation: % LDH release = (LDH activity in the
medium/total LDH activity) × 100%.

2.5. Cell cycle analysis

We  examined the effects of TMP  on cell cycle distribution using
flow cytometry. Cells were collected and washed twice with ice-
cold phosphate-buffered saline (PBS). The cells were fixed and
permeabilized with 70% ice-cold ethanol at 4 ◦C for 1 h. After wash-
ing once with PBS, the cells were resuspended in a staining solution
containing propidium iodide (50 �L/mL) and RNase A (250 �g/mL).

The cell suspensions were then incubated for 30 min  at room tem-
perature before being detected by an EPICS-XLTM flow cytometer
(Beckman Coulter, Brea, CA, USA), using at least 10,000 cells for each
group. Data were analyzed using MultiCycle AV software (Phoenix
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low Systems, San Diego, CA, USA). Experiments were repeated at
east three times.

.6. DAPI staining assay and caspase-3 activity assay

DAPI fluorescent dye was used to detect DNA condensation and
uclear fragmentation, which are characteristic of apoptotic cells.
e seeded 1 × 105 cells/well in 6-well plates on coverslips for 24 h.

ells were incubated with/without 80 �M TMP  treatment for 0, 1, 3
nd 5 days, washed with PBS, and fixed with 4% paraformaldehyde
or 15 min. After staining with DAPI (5 �g/mL) for 15 min, the cells
ere observed under a fluorescence microscope (IX71, Olympus
ptical Co., Ltd., Tokyo, Japan).

Activity of caspase-3 was measured using a caspase-3 activity
etection kit according to the manufacturer’s instructions (Milli-
ore, Billerica, MA,  USA). In brief, SH-SY5Y cells (1 × 105 cells/well)
ere treated with 80 �M TMP  for 0, 1, 3 and 5 days. The cells were

ysed in the supplied lysis buffer and incubated for 10 min  on ice,
nd then centrifuged at 10,000 × g for 5 min. The supernatant was
ollected and incubated with assay buffer and caspase-3 substrate
Ac-DEVD-pNA) for 1.5 h at 37 ◦C. The optical density of the reac-
ion mixture was quantified using an automated microplate reader
ELX800, Bio-Tek, USA) at 405 nm.

.7. Measurement of neurite outgrowth and evaluation of
eurite-bearing cells

Cells were cultured in poly-l-lysine (PLL)-coated 6-well plates
nd induced to differentiate for up to 5 days with 80 �M TMP.
eurite outgrowth was observed under phase contrast microscopy

mage acquisition (Olympus IX71 equipped with a DP73 CCD digi-
al camera, Japan). Neurite length measurements were made on the
ime-lapse sequences obtained, using the NeuronJ plugin (Wayne
asband, National Institute of Mental Health, Bethesda, MD,  USA)

rom ImageJ software (National Institutes of Health, Bethesda, MD,
SA) on 100 cells in each experiment. Cells were considered to
e differentiated when the total neurite length was  longer than
00 �m for each cell (Yan et al., 2014) (Oe et al., 2005). The average
otal neurite length for each experimental condition was deter-

ined from at least 100 (n = 100) randomly selected cells in each
roup. The percentage of differentiated cells per culture condition
as also calculated.

.8. ERK1/2 and PI3K/Akt inhibitor treatments

A 10 mM stock solution each of LY294002 (a specific PI3K
nhibitor) and U0126 (a specific MEK1/2 inhibitor) were prepared
n DMSO, stored at −20 ◦C in the dark, and diluted with medium just
efore use. Cells were seeded in 6-well plate in a relatively low den-
ity (10,000 cells/well) in triplicate and grown in DMEM medium
ontaining 10% FBS. One day following the plating, the cells were
re-incubated for 60 min  with either 10 �M LY294002 or 10 �M
0126 before the addition of culture medium containing 80 �M
MP. The cells were then cultured continuously for 5 days. Fresh
nducing medium was provided every 2 days.

.9. Western blot analysis

Cells were grown in 60 mm polystyrene dishes at an initial
eeding density of 1.5 × 105 cells per dish. After TMP  treat-
ent, cells were collected and rinsed with ice-cold PBS. Proteins

ere extracted using Pierce Nuclear and Cytoplasmic Extraction
eagents (Pierce Biotechnology, Inc., Rockford, USA) and analyses
ere performed according to the standard procedure supplied in

he manufacturer’s instructions. Cell lysates were heated at 100 ◦C
ell Biology 94 (2015) 626–641 629

for 8 min  and separated by electrophoresis through 6–15% SDS-
polyacrylamide gels. Following electrophoretic transfer of proteins
to PVDF membranes using a wet  transfer apparatus (Bio-Rad, Her-
cules, CA), membranes were blocked in 5% (wt/vol) nonfat dry milk
in TBS (Tris-buffered saline) containing 0.1% (v/v) Tween-20 for
30 min  at room temperature. The membranes were incubated with
specific primary antibodies at 4 ◦C overnight. After washing with
TBS three times (10 min each time), membranes were incubated
for 1 h with appropriate horseradish peroxidase-conjugated sec-
ondary antibodies at 37 ◦C. Protein bands were visualized using
an enhanced chemiluminescence Western blotting kit (ECL; Amer-
sham, Inc, United Kingdom) and captured using ChemiScope3600
Mini chemiluminescence imaging systems (Clinx Science Instru-
ments Co., Ltd., Shanghai, China). Analyses of band densities were
performed using version 1.48 of ImageJ software (National Insti-
tutes of Health, Bethesda, MD,  USA). All fold changes in band
densities were determined relative to �-actin, which was  used as
a loading control.

2.10. RNA extraction and reverse transcription polymerase chain
reaction (RT-PCR)

Total RNA was  extracted from SH-SY5Y cells using Trizol
reagent (Sigma, St. Louis, MO,  USA) according to the manufac-
turer’s instructions. First strand cDNA was  synthesized from 1 �g
RNA, using a cDNA reverse transcription kit (GeneCopoeia Inc.,
MD,  USA) following manufacturer’s instructions, and the synthe-
sized cDNA was stored at −20 ◦C until use. PCR was  performed
using the Golden Easy PCR System (KT221; Tiangen, Beijing, China).
The PCR primers for TopoII� were 5′-GATAGGAGCAGTGACGA-
3′ (forward) and 5′-GCGGCGATTCTTG-3′ (reverse). The PCR
primers for TopoII� were: 5′-AGCCGAAAGACCTAAA-3′ (forward)
and 5′-TGAATCCGAGTCAGAGTT-3′ (reverse). The PCR primers
for �-actin were 5′-GTGGACATCCGCAAAGAC-3′ (forward) and
5′-GAAAGGGTGTAACGCAACTA-3′ (reverse). The standard PCR
amplification was  carried out for 30 cycles, each cycle consisting of
denaturation at 94 ◦C for 1 min, annealing at 55.6 ◦C for 1 min, and
extension at 72 ◦C for 1.5 min. �-Actin served as an internal control.
Each experiment was repeated three times independently. Ampli-
fied products were separated on 1.5% agarose gel and stained with
Goldview (SBSgene, Beijing, China). The bands were photographed
under a UV transilluminator (G-BOX; Syngene, Cambridge, United
Kingdom) and the relative mRNA expression levels were quan-
tified densitometrically using an image analysis system (G-BOX;
Syngene, Cambridge, United Kingdom). Relative mRNA levels of
the target genes were calculated in comparison with the reference
bands of �-actin. Real-time quantitative PCR for confirmation of the
TopoII cDNA is described in Section 2.12.

2.11. ChIP assay

ChIP assay was  performed based on a method previously
described (Yan et al., 2014), using the manufacturer’s instructions
for the ChIP assay kit (Beyotime Biotechnology Institute, Shang-
hai, China) with appropriate modifications. Cells were seeded and
grown in 6-well plates with 10 mL  of culture medium for 0, 1,
3 and 5 days. Protein-DNA cross-linking was obtained by adding
formaldehyde at a final concentration of 1% for 20 min. There-
after, cells were washed twice with cold PBS. Cross-linking was
stopped by the addition of 1.1 mL  glycine solution (10×), and
cells were harvested and resuspended in 200 �L (per 107 cells) of
SDS lysis buffer following 10 min  incubation on ice. Lysis of the

cells was performed by grinding with acid-washed glass beads.
Fixed chromatin was  sonicated using a Scientz98-III non-contact
type ultrasonic cell crusher (Scientz, Shanghai, China) on ice for
30 min  to a fragment size of 300–1000 bp. After centrifugation,

Administrator
高亮

Administrator
高亮

Administrator
高亮
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Fig. 2. Detection of DNA condensation and apoptosis in SH-SY5Y cells. (A) The nuclear morphologies of cells treated with TMP. Cells were treated with 80 �M TMP  for 0, 1, 3
and  5 days, followed by nuclear staining with DAPI and then cells were examined using fluorescence microscopy. The images shown are representative of three experiments.
Scale  bar represents 50 �m.  (B) Active caspase-3 protein expression following treatment with 80 �M TMP. Cells were harvested on indicated days. Cellular extracts were
subjected to Western blot with antibodies specific for active caspase-3. The results shown are representative Western blots of at least three independent experiments. (C)
Densitometric analysis of bands representing means ± SD of three independent experiments. �-Actin was  used as loading control. (D) Caspase-3 activity evaluation. Activity
of  caspase-3 was  measured using a caspase-3 activity detection kit according to the manufacturer’s instructions. SH-SY5Y cells (1 × 105 cells/well) were treated with 80 �M
TMP  for 0, 1, 3 and 5 days and whole cells were lysed in the supplied lysis buffer and incubated for 10 min  on ice. The supernatant were collected and incubated with assay
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uffer  and caspase-3 substrate (Ac-DEVD-pNA) for 1.5 h at 37 ◦C. The optical density
rror  bars indicate the standard deviation (SD) of the mean.

mmunoprecipitation was performed using 200 �L of the sonicated
hromatin solution and either 1 �L rabbit anti-Sp1 or NF-YA anti-
odies, or no antibody as a negative control, incubated overnight
t 4 ◦C with rotation. Purification of the immunoprecipitated pro-
ein/DNA complexes was achieved by adding 60 �L of slurry protein

 + G Agarose/Salmon Sperm DNA for a minimum of 60 min. Fol-
owing binding, precipitates were washed with low salt, high
alt, LiCl Immune Complex wash buffer and finally TE buffer.
lution of bound protein/DNA was achieved by 30-min incu-
ation with 250 �L of elution buffer (1% SDS, 0.1 M NaHCO3)
rewarmed to 65 ◦C. DNA was uncrosslinked for a minimum of

 h by incubation in 5 M NaCl at 65 ◦C followed by purification
nd ethanol precipitation. All samples were treated with RNase
 and proteinase K (Roche Diagnostics, Mannheim, Germany).
NA was recovered by extraction in phenol/chloroform/isoamyl
lcohol followed by ethanol precipitation. Immunoprecipitated
NA samples were resuspended in H2O and fractions used
 reaction mixture was quantified using an automated microplate reader at 405 nm.

for semi-quantitative PCR or real-time PCR. DNA was  quanti-
fied by semi-quantitative PCR which was performed using the
Golden Easy PCR System (KT221; Tiangen, Beijing, China). The fol-
lowing primers were used: 5′-AACTGTGTTCTCTGTC-3′ (forward),
5′-CTCCTGGCAAAGAATA-3′ (reverse) and 5′-CTGTGTTCTCTGTCTC-
3′ (forward), 5′-CTCCTGGCAAAGAATA-3′ (reverse) for the TopoII�
promoter flanking the Sp1 and NF-Y binding sites, respectively.
Amplified products were separated on a 1.5% agarose gel and
stained with Goldview (SBSgene, Beijing, China). The bands were
photographed under a UV transilluminator (G-BOX; Syngene,
Cambridge, United Kingdom) and the relative DNA  levels were
quantified densitometrically using an image analysis system (G-
BOX; Syngene, Cambridge, United Kingdom). Quantitation of the

DNA was  calculated on the basis of normalizing against serially
diluted sonicated genomic input DNA obtained in aliquots from the
same chromatin preparation. Real-time PCR for confirmation of the
immunoprecipitated DNA was performed as below.
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Fig. 3. TMP  increased the expression of neuronal markers tubulin �III and MAP2. (A, B) Immunofluorescent staining for neuronal markers MAP2 and tubulin �III expression
after  5 days of differentiation induced by TMP. Scale bar = 50 �m. (C–E) Tubulin �III and MAP2 expressions during 0, 1, 3 and 5 days of differentiation induced by 80 �M TMP
in  SH-SY5Y cells are shown by densitometric analyses. Lyses of control cells and TMP-treated cells were subjected to Western blot analysis. The neuronal marker proteins
tubulin  �III and MAP2 increased after TMP  treatment. (C) Representative immunoblots of the neuronal markers tubulin �III and MAP2. (D, E) Densitometric analysis of
bands  representing means ± SD of three independent experiments. �-Actin was  used as loading control. Error bars indicate the standard deviation of the mean. The asterisk
represents statistically different from the corresponding control values (*P < 0.05 vs. control, **P < 0.01 vs. control). (For interpretation of the references to color in this figure
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.12. Real-time quantitative PCR (RT-qPCR) for
mmunoprecipitated DNA or TopoII cDNA

For RT-qPCR, 25 �L of reaction mixture containing 1 �L of tem-
late DNA, 12.5 �L of SYBR Green, 1 �L each of the forward and
everse primers and 9.5 �L RNase-free water was  added to each
ample. Thirty-five amplification cycles were performed according
o the program used in RT-qPCR assay. For each sample, analysis
as carried out in triplicate. Real time quantitative RT-PCR with
ltraSYBR Mixture (CW Biotech, Beijing, China) was  performed
sing the EcoTM quantitative PCR system (Illumina, CA, USA). The
ollowing primers were used in real-time PCR analyses for mRNA
xpression: TopoII�:  5′-CCTTCTATGGTGGATGGT-3′ (forward), 5′-

′ ′
TACTTCTCGCTTGTCATTC-3 (reverse); TopoII�:  5 -TGGTCGTA-
TGGTTATGGT-3′ (forward) and 5′-ATCTGGTTGGAATGTTATGC-3′

reverse); GAPDH: 5′-GAAGGTCGGAGTCAACGG-3′ (forward) and
′-TGGAAGATGGTGATGGGAT-3′ (reverse). The fluorescent signals
were collected during the extension phase, Ct values of the samples
were calculated, and the transcription levels of TopoII� and TopoII�
were normalized to those of GAPDH by the 2−��Ct method.

Immunoprecipitated DNA and input DNA were analyzed
by RT-qPCR using the same protocol as that used for gene
expression analysis. Specific primers were designed to amplify
proximal promoter regions. For Sp1, the primers to amplify
the TopoII� promoter region were 5′-GAGAAGGTCTGAGATGAT-
3′(forward) and 5′-CTCTAAGGATGAGGATGG-3′ (reverse). For
NF-YA, the primers were 5′-AAGAAGGAGATGGAGAAG-3′ (for-
ward) and 5′-TTACTCTGAGACCTAACC-3′ (reverse). The amounts
of immunoprecipitated DNA were normalized against the corre-
sponding input DNA. The results are presented as fold increases

calculated by dividing the average value of the immunoprecipi-
tated DNA by the average value of the corresponding input DNA.
Each experiment was performed three times with independent
chromatin extracts.
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Fig. 4. TMP  induced phosphorylation of PI3K/Akt was positively correlated with the expression of TopoII� and Sp1 in SH-SY5Y cells. SH-SY5Y cells were cultured in the
presence or absence of 80 �M TMP  for 0, 1, 3 and 5 days, the cells were lysed, and analyzed by immunoblot. (A) The expression of p-Akt and p-ERK1/2 after TMP treatment.
The  blot is representative of at least three experiments. (B, C) Densitometric analysis of bands representing means ± SD of three independent experiments. Densitometry
indicated increase in p-Akt and unchanged p-ERK1/2 expression in cells cultured in the presence of TMP. �-Actin was used as loading control. Error bars indicate the standard
deviation of the mean. The asterisk represents statistically different from the corresponding control values (*P < 0.05 vs. control, **P < 0.01 vs. control). (D) The expression of
TopoII�,  TopoII�,  Sp1 and NF-YA after TMP  treatment. The blot is representative of at least three experiments. (E–H) Densitometric analysis of bands representing means ± SD
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f  TMP. �-Actin was  used as loading control. Error bars indicate the standard devi
ontrol values (*P < 0.05 vs. control, **P < 0.01 vs. control).

.13. Immunofluorescent staining

Cells cultured on glass coverslips were fixed in 4% PFA solu-
ion for 20 min, and then incubated in blocking buffer (10% goat
erum in PBS) with 1% Triton X-100 for 30 min  at room tem-
erature (RT). Afterwards, samples were incubated with primary
ntibodies at 4 ◦C overnight and then with appropriate fluores-
ent probe-conjugated secondary antibodies for 1 h at RT. Nuclei
ere counterstained with DAPI. Images were taken by fluorescence
icroscope (Olympus IX71, Japan). Specific primary antibodies

sed include MAP2 (1:200, Abcam, ab32454) and tubulin � III
1:100, Santa Cruz, sc-51670), which was followed by incubation
ith appropriate secondary antibodies that were conjugated with
yLight 594 (Abbkine, Redland, CA, USA).

.14. Statistical analysis

Statistical analysis was  performed using SPSS 13.0 software.
ata are presented as mean ± SD. Statistical analysis for indepen-
ent samples was performed using one-way ANOVA with a post
oc Dunnett’s test. P value <0.05 was considered as statistically
ignificant.

. Results

.1. TMP’s effects on the growth and cytotoxicity of SH-SY5Y cells

Previous studies have demonstrated that TMP  concentrations
ower than 200 �M show protective effects on neuronal cells

n vitro without cell damage (Fu et al., 2008). Use of 50 �M TMP
ignificantly preserved neuronal morphology and survival in reti-
al cell cultures following in vitro cultivation with lethal exposure
o hydrogen peroxide (Yang et al., 2008). A recent study showed
crease in TopoII� and unchanged NF-YA expression in cells cultured in the presence
of the mean. The asterisk represents statistically different from the corresponding

that 100 �M TMP  can effectively promote neuron survival when
treating primary cultured cerebral neurocytes (Chen et al., 2013).
In addition, 80 �M TMP  has been used for neuronal differentiation
(Tian et al., 2010).

As an in vitro model for neuroscience research, SH-SY5Y cells can
be differentiated into cells with the morphological and biochemical
characteristics of mature neurons and are widely used for neurobi-
ological studies (Agholme et al., 2010; Oe et al., 2005). Until now,
TMP’s effects on this cell model have not been clearly defined.

We assessed the effects of TMP  on the proliferation of SH-SY5Y
cells using MTT  assays. Exponentially growing SH-SY5Y cells were
exposed to various concentrations of TMP  for 0, 1, 2, 3, 4 and 5 days.
Cell growth was detected using an automated microplate reader
and inhibition rates were calculated. It was  demonstrated that TMP
at concentrations ranging from 40 to 120 �M inhibited SH-SY5Y cell
growth in a dose- and time-dependent manner (Fig. 1B).

To determine the cytotoxicity of TMP  on SH-SY5Y cells, we
measured extracellular and intracellular LDH activity spectropho-
tometrically using an LDH cytotoxicity assay. It was found that in
cells incubated with 160 �M TMP  for 5 days and 240 �M TMP  for
1 day, LDH release was  significantly increased compared to con-
trol cells. However, for cells treated with TMP  at concentrations of
40 �M,  80 �M and 120 �M for up to 5 days, LDH release showed no
difference compared with control cells (Fig. 1C). According to these
results and those of other studies (Chen et al., 2013; Fu et al., 2008;
Tian et al., 2010), 80 �M TMP  was selected to induce SH-Y5Y cell
differentiation in this study.

For examining the effect of TMP  on cell death, DAPI staining was
applied to show nuclear chromatin changes. No nuclear DNA con-

densation or nuclear fragmentation were detected after treatment
with 80 �M TMP  at indicated time points, which suggested that
cells treated with this concentration of TMP  did not exhibit apop-
totic features (Fig. 2A). We  also tested for proteolysis of cleaved
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Fig. 5. ICRF-193 inhibited neurite outgrowth and neuronal marker expression in SH-SY5Y cells. (A–C) ICRF-193 inhibited TMP-induced neurite outgrowth in SH-SY5Y cells.
Cells  were treated with ICRF-193 at a final concentration of 40 �M and induced to differentiate with 80 �M TMP. After 5 days, neurite lengths of 100 neurons (n = 100)
were  measured as described in materials and methods. Shown are representative images of untreated, differentiated and ICRF-193 treated cells captured after 5 days of
TMP  treatment. Scale bar represents 50 �m.  Quantification of neurite length was done in comparisons with untreated control cells. Neurite length measured by the tracing
method  using NeuronJ, an ImageJ add-on software. Average neurite length of at least 100 cells per condition is shown. Neurite bearing cell was quantified by counting the
number of cells exhibiting neurites which were longer than 100 �m in total length. The ratio of neurite bearing cells to total cell number in TMP-untreated control cells was
taken  as 100%. The ratio of neurite bearing cells to total cell number in TMP-treated cells was also calculated and normalized to the corresponding control. Approximately
100  cells were counted in each medium condition. The data are expressed as the mean ± SD of three independent experiments. The asterisk represents statistically different
from  the corresponding control values (*P < 0.05 vs. control, **P < 0.01 vs. control, #P < 0.05 vs. TMP  treated cell without ICRF-193). (D, E) ICRF-193 induced down-regulation
of  TopoII� and MAP2 in SH-SY5Y cells. Cells were seeded at a density of 1 × 105/well in a six-well culture plate and incubated for 24 h. ICRF-193 was  then added to a final
concentration of 40 �M respectively, and incubated for 2 h. Cells were then treated with 80 �M TMP  to induce differentiation. Cells were collected 5 days after TMP  treatment
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nd  lysed in for Western blot analysis. (D) Shown are representative immunoblots of
ensitometric analysis of bands representing means ± SD of three independent exp
f  the mean. The asterisk represents statistically different from the corresponding
ithout  ICRF-193).

aspase-3, one of the indicators of apoptosis (Anderton et al., 2011),
sing Western blot analysis and caspase-3 activity assay. Results
evealed that 80 �M TMP  had no effects on caspase-3 expression
nd caspase-3 activity in SH-SY5Y cells compared to control cells
Fig. 2B–D). The data indicate that 80 �M of TMP  is a safe concen-
ration for induction of SH-SY5Y cell differentiation.

.2. TMP  induced cellular differentiation by G0/G1 cell cycle arrest

It is reported that cell cycle exit at the G1 phase is important
n understanding the process of neuronal cell development (Tsuda

nd Lim, 2014). In this study, using flow cytometry, we  analyzed the
ell cycle distribution on the third day after 80 �M TMP  treatment.
esults showed that untreated cells displayed the typical profile
f an asynchronously growing population, with 54.5% of the cells
II� and MAP2 protein down-regulated by ICRF-193 in a dose dependent manner. (E)
nts. �-Actin was used as loading control. Error bars indicate the standard deviation
ol values (*P < 0.05 vs. control, **P  < 0.01 vs. control, #P < 0.05 vs. TMP  treated cell

traversing S-phase. After 3 days of TMP  treatment, there was a sig-
nificant depletion of cells in the S and G2/M phases (54.5% to 31.2%
and 11.8% to 10.4%, respectively) and an increase in the G0/G1 phase
(33.7% to 58.4%) of the cell cycle (Fig. 1D and E). Thus, TMP treat-
ment induced cell cycle arrest at the G0/G1 phase. This agreed with
the results of our previous study (Yan et al., 2014), and suggested a
transition state of the cells from proliferation to differentiation.

3.3. Neuronal differentiation identified by neurite outgrowth and
neuronal markers accompanied by increased TopoIIˇ and
decreased TopoII˛
Neurite extension is a reliable feature of neuronal differentia-
tion (Kurauchi et al., 2011; Nur-E-Kamal et al., 2007). To define
the differentiation of SH-SY5Y cells into neurons, neurite extension
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Fig. 6. LY294002 inhibited TMP-induced neurite outgrowth and neuronal markers of SH-SY5Y cells. (A–C) LY294002 (LY) inhibited TMP-induced neurite outgrowth in
SH-SY5Y cells. TMP  induced longer neurites relative to control cells. Neurite outgrowth in SH-SY5Y cells was harmed by PI3K/Akt chemical inhibitor LY294002. The chemical
inhibitor of MEK1/2 U0126 had no effects on the neurite outgrowth. (A) Representative images of proliferative, differentiated and LY294002 treated SH-SY5Y cells on the
5th  days are shown. Note the stellate morphology and the abundance of longer neurites in differentiated cells. Scale bar represents 50 �m.  (B, C) Quantification of neurite
length and neurite bearing cells in varies treated cells. Cells were treated with TMP  with or without the inhibitors for up to 5 days. Neurite length measured by the tracing
method using NeuronJ, an ImageJ add-on software. Average neurite length of at least 100 cells per condition is shown. Neurite bearing cell was quantified by counting the
number of cells exhibiting neurites which were longer than 100 �m in total length. The ratio of neurite bearing cells to total cell number in TMP-untreated control cells
was  taken as 100%. The ratio of neurite bearing cells to total cell number in TMP-treated cells was also calculated and normalized to the corresponding control. Approximately
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as measured in this study using a neurite outgrowth assay. After
reatment with 80 �M TMP, cells exhibited distinct morphologi-
al changes consistent with neuronal differentiation as evidenced
y development of long, out-branched neurites. Both the number
nd length of neurites increased during the period of neuronal dif-
erentiation (Figs. 3A and B, 5A–C and 6A–C, H). Moreover, the
ifferentiated cells resembled primary neurons when evaluated by
euronal markers, using anti-tubulin �III and anti-MAP2 antibod-

es. The expressions of tubulin �III and MAP2 increased significantly
rom the third day after treatment with TMP  (Fig. 3A–E). In con-
rast, relatively few and short neurites were observed in control
ells following the time course of DMSO treatment.

It was also noted that neuronal differentiation of the cells
as accompanied by increased expression of TopoII� (Fig. 4D–E).

ntriguingly, when we examined TopoII� expression in comparison
ith TopoII�,  we found that TopoII� was abundantly expressed

n the proliferating cells, while TopoII� was evidently enriched
n differentiated cells (Fig. 4D–F). These results suggest that the
xpression pattern alters from TopoII� to TopoII� in cells following
ifferentiation.

To verify whether TMP-induced neuronal differentiation in
H-SY5Y cells was associated with TopoII� expression, we  used
CRF-193, bis (2,6-dioxopiperazine), a topoisomerase II catalytic
nhibitor (Nur-E-Kamal et al., 2007; Xiao et al., 2003), to treat the
ells prior to TMP  induction. Results revealed that ICRF-193 signif-
cantly decreased the average neurite length and the percentage of
eurite-bearing cells (Fig. 5A–C). ICRF-193 inhibited the expression
f TMP-induced neuronal marker MAP2, as revealed by Western
lot assay (Fig. 5D and E). Collectively, the data indicate that TopoII�
lays an essential role in TMP-induced neuronal differentiation of
H-SY5Y cells.

.4. TMP-induced neuronal differentiation were regulated by
I3K/Akt, but not ERK1/2

To determine whether the critical PI3K/Akt and ERK1/2 signaling
athways are responsible for TMP-induced neuronal differentia-
ion, we measured the phosphorylation levels of Akt and ERK1/2
ith Western blot analysis. Results showed that TMP  (80 �M)  sig-
ificantly increased the phosphorylated Akt (p-Akt, Ser473) level

n the differentiated cells in a time-dependent manner (Fig. 4A and
). This differentiation could be inhibited by treatment with PI3K

nhibitor LY294002, which reduced the neurite length and num-
er of neurite-bearing cells (Fig. 6A–C). Similarly, neuronal marker
xpression was also reduced by LY294002 treatment (Fig. 6D, E and
). However, TMP  did not obviously change the level of phospho-

ylated ERK1/2 (p-ERK1/2) at the observed time points in SH-SY5Y
ells (Fig. 4A and C). U0126, a specific MEK1/2 inhibitor, seemed

o have no effect on the differentiation process in SH-SY5Y cells
Fig. 6A–C and F–H). Therefore, we conclude that PI3K/Akt, but not
RK1/2, is activated to mediate TMP-induced neuronal differentia-
ion of SH-SY5Y cells.

00 cells were counted in each medium condition. The data are expressed as the mean ± S
rom  the corresponding control values (*P < 0.05 vs. control, **P  < 0.01 vs. control, #P < 0
ecreased TMP-induced MAP2 expression in SH-SY5Y cells. SH-SY5Y cells were cultured
nd  analyzed by immunoblot for MAP2 protein. The blot is representative of at least thre
ndependent experiments. Densitometry indicated TMP  increased MAP2 and decrease b
ontrol. Error bars indicate the standard deviation of the mean. The asterisk represents 

P < 0.05 vs. TMP  treated cells without LY294002). (F, G) Effect of MEK1/2 inhibitor U0126
MP  in the presence or absence U0126 for up to 5 days, the cells were lysed, and analy
xperiments. Densitometric analysis of bands representing means ± SD of three independ
n  the presence of TMP. �-Actin was used as loading control. Error bars indicate the stan
orresponding control values (**P < 0.01 vs. control). (H) Immunofluorescent staining for n
y  TMP  with or without inhibitors (LY294002 or U0126). Scale bar = 50 �m.  (For interpre
eb  version of this article.)
ell Biology 94 (2015) 626–641 635

3.5. Phosphorylation of PI3K/Akt positively correlated with
expression levels of Sp1 and TopoIIˇ in differentiated SH-SY5Y
cells

To investigate the relationship between the signaling pathways
and the transcriptional factors Sp1 and NF-Y in mediating TopoII�
expression, we  measured each of their expressions in the process of
neuronal differentiation. As shown in Figs. 4 and 7, Sp1 was highly
expressed in differentiated cells, displaying a positive correlation
with the phosphorylation of PI3K/Akt and the expression levels
of TopoII�.  This interaction was  reduced by the specific inhibitor
LY294002. Unlike Sp1, NF-Y is a heteromeric transcription fac-
tor, which is made up of three subunits, NF-YA, NF-YB and NF-YC
(Mantovani, 1998). NF-YA is the regulatory subunit and is respon-
sible for sequence-specific DNA binding (Manni et al., 2008). It is
often used to study the role of NF-Y in regulating the expression
of relevant genes (Hughes et al., 2011; Silvestre-Roig et al., 2013).
Therefore, antibodies specific to the NF-YA subunit were used in
this study to determine the ability of NF-Y to bind to the TopoII�
gene promoter. It was  found that the amount of NF-YA protein
did not detectably change, and there was no positive correlation
with PI3K/Akt and/or TopoII� in the differentiated SH-SY5Y cells
(Figs. 4 and 7). Thus, these results indicate that the Akt/Sp1/TopoII�
pathway may  participate in TMP-induced neuronal differentiation.

We then focused on whether PI3K/Akt regulates TopoII� expres-
sion at a transcriptional or a translational level. We  found that
inhibition of PI3K/Akt by LY294002 led to decreased TopoII� mRNA
levels in a time-dependent manner (Fig. 8A–D). The influence of the
TMP-activated PI3K/Akt pathway on TopoII� protein biosynthesis
was also considered. The effects of CHX (an inhibitor of pro-
tein biosynthesis) or �-amanitin (an RNA polymerase II inhibitor)
on cells with or without TMP  treatment were measured. Results
showed that in TMP-treated cells, the mRNA expression of TopoII�
was affected by �-amanitin, but not by CHX (Fig. 8E and F). Taken
together, these data indicate that TMP-activated PI3K/Akt may  reg-
ulate TopoII� gene expression at the transcriptional level, but not
at the translational level.

3.6. TMP-activated PI3K/Akt increases the expression of TopoIIˇ
through recruitment of Sp1 to its binding site (GC-box) on the
gene promoter

It is reported that activated PI3K/Akt can translocate Sp1 from
the cytoplasm to the nucleus and that nuclear Sp1 binds to related
gene promoters to up-regulate gene transcription. It has also
been found that the PI3K/Akt inhibitor, LY294002, blocks Sp1
translocation from cytoplasm to nucleus, suggesting the activation
of Sp1 by the PI3K/Akt pathway (Mireuta et al., 2010; Takao et al.,
2012). Therefore, in the present study, we  examined whether

this regulatory role exists in the transcription of TopoII�,  which
is upregulated by the TMP-activated PI3K/Akt pathway via Sp1.
We performed ChIP assays to detect the association of Sp1 to its
binding site GC-box in the TopoII� promoter region. We  found that

D of three independent experiments. The asterisk represents statistically different
.05 vs. TMP  treated cells without LY294002). (D, E) PI3K/Akt inhibitor LY294002

 in the presence or absence of 80 �M TMP  for up to 5 days, the cells were lysed,
e experiments. Densitometric analysis of bands representing means ± SD of three

y LY294002 in cells cultured in the presence of TMP. �-Actin was used as loading
statistically different from the corresponding control values (**P < 0.01 vs. control,

 on TMP-induced MAP2 expression in SH-SY5Y cells. Cells were induced by 80 �M
zed by immunoblot for MAP2 protein. The blot is representative of at least three
ent experiments. Densitometry indicated TMP  increased MAP2 and in cells cultured
dard deviation of the mean. The asterisk represents statistically different from the
euronal marker MAP2 (red) expression in SH-SY5Y cells after 5 days differentiation
tation of the references to color in this figure legend, the reader is referred to the
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Fig. 7. LY294002 inhibited the expression of Sp1 and TopoII�.  (A) Representative immunoblots of at least three experiments. Western blots show the expression of p-Akt,
TopoII�,  TopoII�,  Sp1 and NF-YA proteins during treatment with 80 �M TMP  with or without LY294002 for 5 days. Akt was used for p-Akt and �-actin was  used for other
proteins respectively as a control for normalizing the optical density of each band. (B–F) Densitometric analysis of bands representing means ± SD of three independent
experiments. The ratios of p-Akt to Akt, while TopoII�,  TopoII�,  Sp1 and NF-YA proteins to �-actin were quantified respectively. Densitometry indicated that increased
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xpression of p-Akt, TopoII� and Sp1 were inhibited by LY294002 in the cells t
reatment were both not affected by LY294002. Error bars indicate the standard dev
ontrol values (**P < 0.01 vs. control, ##P < 0.01 vs. TMP-treated cells without LY294

he association of Sp1 with the TopoII� promoter was enhanced in
ells after 1 day of TMP  treatment, and was inhibited by the specific
I3K/Akt inhibitor LY294002 (Fig. 9A, B and D). The data support
he theory that the PI3K/Akt signal enhances Sp1 translocation
rom cytoplasm to nucleus, where it binds to TopoII� promoters
nd upregulates gene expression in the early stages of neuronal
ifferentiation in SH-SY5Y cells induced by TMP.

Another transcription factor, NF-Y, was also reported to be crit-
cal for TopoII�  transcription, acting by binding to the inverted
CAAT boxes on the gene promoter (Lok et al., 2002). To examine

ts role in the transcriptional activation of TopoII� in neuronally
ifferentiated cells, we investigated the association of one of its
ubunits, NF-YA, with the TopoII� gene promoter region using ChIP
ssays. Compared to Sp1, cells at the initial stage of differentia-
ion exhibited no detectable NF-Y DNA-binding activity, but the
inding progressively increased from the third day after TMP  treat-
ent (Fig. 9A, C and D). However, NF-YA recruitment to the TopoII�

romoter was not diminished by the PI3K/Akt inhibitor LY294002.
hese results suggest that NF-Y possibly regulates TopoII� at later
tages of differentiation, independently from the PI3K/Akt signaling
athway.

. Discussion

Neural differentiation, controlled by appropriate regulation
f extrinsic signaling factors and intrinsic cell-specific genes,

s relevant to a wide range of biological events in the nervous
ystem, including neural development, neurological damage and
epair (Christie and Turnley, 2012), neurodegenerative disor-
ers (Ziemka-Nalecz and Zalewska, 2012), and the formation
 with TMP. The decreased TopoII� and unchanged NF-YA expression after TMP
 of the mean. The asterisk represents statistically different from the corresponding

and treatment of nervous system neoplasms (Han et al., 2014).
Neuronal differentiation is extremely complicated because it can
occur in different cell types and be caused by a variety of inducers
(Kong et al., 2015; Tian et al., 2010; Xiao et al., 2010; Yu et al.,
2009). In recent years, considerable attention has been paid to the
identification of new differentiation-related genes, proteins and
signaling pathways to gain insights into the mechanisms involved
in differentiation and possible treatments of neurobiological
disorders (Lee et al., 2009; Lim et al., 2008).

Drugs that can protect neurons or increase neurogenesis from
neural stem cells/neural progenitor cells, both in vitro and in vivo,
hold promise for the treatment of nervous system disorders, includ-
ing neurodegenerative diseases. Currently, numerous compounds
have been shown to play a role in the biological processes of neu-
ronal differentiation, and that raises the possibility of curing neuron
injury and/or neurodegenerative diseases. For example, sodium
butyrate, a naturally occurring short-chain fatty acid, markedly
expands the population of proliferating cells in the ipsilateral
ischemic brain hemisphere of rats that have undergone perma-
nent middle cerebral artery occlusion (Kim et al., 2009). Valproic
acid, a well-known anticonvulsant and mood stabilizer, promotes
neuronal differentiation through the induction of pro-neural fac-
tors, such as Ngn1, Math1 and p15, by enhancing the association of
acetylated histone H4 to their promoter regions (Yu et al., 2009).
All-trans-retinoic acid, an essential factor derived from vitamin A,
appears to act on a wide variety of pathways and mechanisms that

are affected in Alzheimer’s disease (Lee et al., 2009). Kuwanon V,
which is isolated from the mulberry tree (Morus bombycis) root,
increases neurogenesis and differentiation in rat neural stem cells
(Kong et al., 2015). TMP, one of the natural alkaloids isolated from
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Fig. 8. LY294002 attenuated the upregulation of TopII� upon TMP  treatment at transcriptional level. (A–C) The mRNA expression of TopoII� and TopoII� detected by semi-
quantity  RT-PCR. SH-SY5Y cells were treated with TMP  in the absence or presence of LY294002 for indicated days. The total RNA was extracted for TopoII� and TopoII�
mRNA  detection. Shown are representative bands of at least three experiments. Densitometric analysis of bands representing means ± SD of three independent experiments.
Densitometry indicated increase of TopoII� in cells cultured in the presence of TMP. LY294002 repressed the TMP  induced TopoII� mRNA expression. �-Actin was used as
loading  control. Error bars indicate the standard deviation of the mean. The asterisk represents statistically different from the corresponding control values (*P < 0.05 vs.
control,  **P < 0.01 vs. control, #P < 0.05 vs. TMP-treated cells without LY294002, ##P < 0.01 vs. TMP-treated cells without LY294002). (D) Real-time quantitative PCR (RT-qPCR)
examined the TopoII� and TopoII� mRNA expression. The asterisk represents statistically different from the corresponding control values (*P < 0.05 vs. control, **P < 0.01
vs.  control, #P < 0.05 vs. TMP-treated cells without LY294002, ##P < 0.01 vs. TMP-treated cells without LY294002). (E, F) Cells were stimulated with �-amanitin (50 �g/mL)
o  extra
m iation
c

t
d
2
n
t

m
s
p
r
2

r  CHX (10 mM)  in the absence or presence of TMP  for 5 days, then total RNA was
eans ± SD of three independent experiments. Error bars indicate the standard dev

ontrol  values (*P < 0.05 vs. control, #P < 0.05 vs. TMP-treated cells).

he Chinese herb Chuanxiong, has been shown to promote neuronal
ifferentiation of neural stem cells (Tian et al., 2010; Xiao et al.,
010), and in the present study we focused on its role in promoting
euronal differentiation by targeting TopoII�,  and on unraveling
he underlying mechanism.

Given that the transcription of the TopoII� gene is regulated
ainly by a region between −553 and −481 relative to the tran-
cription start site, with binding sites for Sp1 and NF-Y at the gene
romoter (Lok et al., 2002), and that Sp1 plays an important role in
egulation of TopoII� during neuronal differentiation (Guo et al.,
014) in addition to Sp1 and NF-Y being the downstream effectors
cted for TopoII� detection. �-Actin was treated as internal control. All results are
 of the mean. The asterisk represents statistically different from the corresponding

of ERK 1/2 and Akt signaling cascades (Chang et al., 2013; Takao
et al., 2012; Vasilaki et al., 2010), we hypothesized that these
components may  provide targets for TMP’s promotion of neuronal
differentiation.

Firstly, our results showed that 80 �M TMP  induced SH-SY5Y
cells to form a neuronal cell type characterized by increased
neuronal markers and neurite outgrowth without compromis-

ing cell survival. In addition, the expression of TopoII� protein
was up-regulated during the neuronal differentiation process.
Blocking TopoII� with ICRF-193 resulted in reduced TopoII�
expression and repressed the neuronal differentiation. Further
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Fig. 9. ChIP analysis of Sp1 and NF-YA on proximal region of TopoII� promoter in response to TMP  with or without LY294002 in SH-SY5Y cell line. Chromatin was cross-linked,
prepared, digested, and immunoprecipitated with anti-Sp1 or NF-YA antibodies. In order to analyze for the presence of TopoII� promoter sequence, aliquots of and dilutions
of  non-precipitated (Input) DNA were submitted to PCR amplification using specific primers: a primer pair spanning 700 bp on proximal region of TopoII� promoter (between
599  bp upstream and 100 bp downstream relative to transcription start site (TSS)). In addition to immunoprecipitated and input DNA, DNA collected from samples with no
antibody was  also amplified as negative controls and performed on aliquots from the same chromatin preparation. (A) Twenty percent of each amplification reaction was
electrophoresed in a 1.5% agarose gel and visualized by GoldView nucleic acid dye. A representative gels were shown for the binding of Sp1 or NF-YA to TopoII� promoter
region.  (B–D) The relative levels of the binding of Sp1 or NF-YA to TopoII� promoter region were calculated and normalized to the input DNA. Real-time quantitative PCR
( Resul
E tatist
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RT-qPCR) results of immunoprecipitated DNA for confirmation are shown in (D). 

rror  bars indicate the standard deviation (SD) of the mean. The asterisk represents s
s.  TMP-treated cells without LY294002).

nvestigation using an RNA polymerase II inhibitor, �-amanitin,
ndicated that TMP  promotes TopoII� expression at the transcrip-
ion level. Interestingly, the other topoisomerase isoform, TopoII�,
as down-regulated following TMP  treatment. Such alterations

oincide with the findings of other studies, which describe a molec-
lar switch from TopoII� to TopoII� during neural differentiation

n mouse embryonic stem cells (Tiwari et al., 2012), and in bone
arrow-derived human mesenchymal stem cells (Isik et al., 2015),
hich may  reflect changes in the expression of specific neuronal

enes in cells undergoing postmitotic terminal differentiation.

Next, we ascertained whether related cell signaling pathways

ere involved in this process. It is well known that ERK 1/2 and/or
I3K/Akt signaling pathways are pivotal for neuronal differentia-
ion in a number of cell types (Lopez-Carballo et al., 2002; Tsao
ts are the mean ± SD for three amplifications of three independent precipitations.
ically different from the corresponding control values (*P < 0.05 vs. control, #P < 0.05

et al., 2013). In the process of differentiation, PI3K/Akt and ERK
pathways can act independently or cooperatively (Lim et al., 2008;
Tsao et al., 2013). Previous reports have shown that the PI3K/Akt
pathway is required for retinoic acid-induced neuroblastoma cell
differentiation (Lopez-Carballo et al., 2002; Qiao et al., 2012), while
other research indicates a positive relationship between the phos-
phorylation of ERK1/2 and differentiation of rat neural stem cells
after TMP  treatment (Tian et al., 2010). It has also been found that
the activation of ERK1/2 is necessary for directing adult spinal cord
endogenous neural stem/progenitor cells toward a neuronal fate

(Chan et al., 2013). In this study, we  assessed the contribution of
these pathways to neuronal differentiation in SH-SY5Y cells. We
found that TMP  induced the activation of PI3K/Akt, but not ERK
1/2. Moreover, PI3K/Akt positively correlated with the expression
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f TopoII� mRNA and protein in the differentiated neuron-like
ells. Inhibition of the PI3K/Akt pathway by the chemical inhibitor
Y294002 not only decreased the expression of TopoII�,  but also
isrupted the neuronal differentiation of SH-SY5Y cells. These
esults confirm that PI3K/Akt is involved in the neuronal differ-
ntiation induced by TMP. It suggests that which signal, ERK1/2
r PI3K/Akt, promotes neuronal differentiation may  be cell type-
pecific or agent-dependent.

We also assessed whether Sp1 and/or NF-Y were the down-
tream targets of PI3K/Akt in mediating TopoII� expression.
p1 is a sequence-specific transcription factor that recognizes
GGGCGGGGC and closely related sequences, which are often

eferred to as GC boxes or GC islands, and is positively related to
euronal differentiation in various cell types through its action on

 number of genes (Gong et al., 2014; Paonessa et al., 2013). Sp1
an be regulated by the PI3K/Akt signaling cascade (Hong et al.,
014; Takao et al., 2012). It has been demonstrated that TopoII�

s transcriptionally regulated by Sp1-responsive elements within
he GC island in the TopoII� promoter (Lok et al., 2002). In this
tudy, we performed Western blot and ChIP assay to determine
he relationship between Sp1 and PI3K/Akt during TMP-induced
euronal differentiation of SH-SY5Y cells. Results showed that Sp1
xpression level and its recruitment to the TopoII� core promoter
egion are positively correlated to the phosphorylation of Akt. These
esults established a tight relationship between the PI3K/Akt/Sp1
ignaling pathway and TopoII� expression in TMP-induced neu-
onally differentiated SH-SY5Y cells.

NF-Y is another transcriptional factor, which binds to the CCAAT
oxes on the TopoII� gene promoter (Lok et al., 2002). It is often
ivotal in cell models of the differentiation process (Chen et al.,
008; Ly et al., 2013; Yoshioka et al., 2012). Also, NF-Y has been

dentified as an important downstream mediator in the ERK 1/2
nd Akt-dependent signaling cascades that contribute to regulat-
ng certain cellular gene (Silvestre-Roig et al., 2013). Compared
o Sp1, there is little published research regarding NF-Y’s roles in
euronal differentiation. One study has demonstrated that NF-Y is
ctive in mature, differentiated neurons, and conditional deletion of
he subunit NF-YA in postmitotic mouse neurons induces progres-
ive neurodegeneration (Yamanaka et al., 2014). In contrast, other
eports indicate that NF-YA, NF-YB and NF-YC transcripts display
elatively constant steady state levels, with little variation in differ-
ntiating neurons (Piens et al., 2010). In this study, we  showed that
he level of NF-YA did not significantly change during the entire
ifferentiation procedure after TMP  treatment. On the contrary, it
ecame apparently sensitive and was recruited to its binding sites
n the TopoII� promoter after 3 days of TMP treatment, which
s not affected by PI3K/Akt pathway. This different regulation of
p1 and NF-Y by PI3K/Akt after TMP  treatment has been unclear
ntil now. It appears that other mechanisms may  be involved in
he differentiation program in addition to the PI3K/Akt and ERK1/2
ignaling pathways. For example, it may  be caused by an open chro-
atin state resulting from the acetylation of histones H3 and H4 at

he TopoII� gene promoter as reported in our previous study (Yan
t al., 2014). These epigenetic alterations to the TopoII� gene struc-
ure may  lead to increased NF-Y and Sp1 affinity for the TopoII�
ene promoter, resulting in increased TopoII� expression and the
romotion of neuronal differentiation.

In summary, neuronal differentiation is a complex process
nvolving the coordinated activity of numerous signaling path-

ays. In this study we explored the modulatory effects of TMP  on
opoII� via some of these pathways in the context of the SH-SY5Y
ell model. We  found that Sp1 and TopoII� expression are tightly

orrelated with the PI3K/Akt signaling cascade. On the other hand,
he involvement of NF-Y in TopoII� modulation is independent
f both PI3K/Akt and ERK1/2 signals, but may  be affected by the
hromatin state of the gene. These results suggest wide molecular
ell Biology 94 (2015) 626–641 639

and functional diversity in controlling neural differentiation in
response to different chemical inducers.

5. Conclusions

We have shown that TMP  induces differentiation of SH-SY5Y
cells to a neuronal phenotype as a result of up-regulation of TopoII�
via the PI3K/Akt/Sp1 signaling pathway. Our study provides novel
perspectives and potential targets for TMP’s promotion of neuronal
differentiation. These results highlight the role of TopoII� in neu-
ronal differentiation. Data from this study suggest the potential
use of TMP  in chemical therapies for neurodegenerative diseases
and neuronal injuries. Further studies should focus on other related
downstream targets of TMP  that are essential for neural differen-
tiation, and work is also required to analyze the role of TMP  in
neurogenesis in vivo.
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