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(MMP) and ER stress inhibitors as well as MAPK inhibi-
tors ameliorated FLX-induced loss of MMP. Interestingly, 
FLX induced hyperacetylation of histone H3 and H4, 
upregulation of p300 histone acetyltransferase (HAT), and 
downregulation of histone deacetylases (HDACs). Treat-
ment with a HAT inhibitor anacardic acid or p300 HAT 
siRNA transfection blocked FLX-induced apoptosis in SK-
N-BE(2)-M17 cells. However, FLX did not induce histone 
acetylation and anacardic acid had no protective effect on 
FLX-induced cell death and CHOP expression in MYCN 
non-amplified SH-SY5Y human neuroblastoma and MYCN 
knockdowned SK-N-BE(2)-M17 cells. These findings sug-
gest that FLX induces apoptosis in neuroblastoma through 
ER stress and mitochondrial dysfunction via the ASK1 and 
MAPK pathways and through histone hyperacetylation in a 
MYCN-dependent manner.
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Introduction

Neuroblastoma is a type of cancer that is derived from pro-
genitor cells of the sympathetic nervous system. It is fre-
quently developed in adrenal glands, neck, chest, abdomen, 
and spine. It is known that neuroblastoma is the most com-
mon extracranial solid tumor in children [1]. Although new 
and better drugs and treatments have been developed for 
neuroblastoma, the effectiveness of anti-cancer drugs and 
treatments is hampered by a variety of adverse side effects 
[2]. Many chemotherapy drugs exert cytotoxic effects in 
both tumor and normal tissues, leading to indiscriminate 
tissue necrosis. Thus, development of more effective and 

Abstract Fluoxetine (FLX) is an antidepressant drug that 
belongs to the class of selective serotonin reuptake inhibi-
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of cancer cells. In this study, the molecular mechanisms 
underlying the anti-cancer effects of FLX were investi-
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FLX induced apoptotic cell death, activation of caspase-4, 
-9, and -3, and expression of endoplasmic reticulum (ER) 
stress-associated proteins, including C/EBP homologous 
protein (CHOP). Inhibition of ER stress by treatment with 
the ER stress inhibitors, salubrinal and 4-phenylbutyric 
acid or CHOP siRNA transfection reduced FLX-induced 
cell death. FLX induced phosphorylation of mitogen-
activated protein kinases (MAPKs) family, p38, JNK, and 
ERK, and an upstream kinase apoptosis signal kinase 1 
(ASK1). Inhibition of MAPKs and ASK1 reduced FLX-
induced cell death and CHOP expression. We then showed 
that FLX reduced mitochondrial membrane potential 
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specific chemotherapeutic agents is required for the treat-
ment of neuroblastoma.

Fluoxetine (FLX,  Prozac®) is one of newer (second gen-
eration) and the most popular antidepressant drugs, termed 
as selective serotonin reuptake inhibitors (SSRIs). SSRIs 
also include citalopram, fluvoxamine, paroxetine, and ser-
traline. Compared to the older (first generation) tricyclic 
antidepressants and monoamine oxidase inhibitors, SSRIs 
generally have fewer side effects and thus they are well 
tolerated over extended periods. Therefore, SSRIs are the 
treatment of choice for a broad range of mental problems, 
including clinical depression and several anxiety disorders 
[3]. SSRIs exert an antidepressant function by inhibiting 
reuptake of serotonin into the presynaptic cells and increas-
ing the serotonin concentration in the synaptic cleft avail-
able to bind to the postsynaptic receptor. In addition to their 
ability to modulate neurotransmission, SSRIs have been 
shown to exert a range of effects, including immunomodu-
latory, neuroprotective, and anti-inflammatory activities 
[3]. It has also been reported that a range of SSRIs includ-
ing FLX suppress cell cycle progression and induce exten-
sive apoptosis in several cancer cell lines, including Bur-
kitt lymphoma [4, 5], neuroblastoma [6], glioblastoma cell 
lines [7], and MDA-MB231 breast cancer cells and SiHa 
cervical cancer cells [8]. Although the elevation of cyto-
solic  Ca2+ concentration, mitochondrial dysfunction, reac-
tive oxygen species (ROS) accumulation, and endoplasmic 
reticulum (ER) stress have been implicated in FLX-induced 
cell death [5, 7, 9, 10], the molecular pathways underlying 
the anti-cancer effect of FLX are dependent on the cellular 
contexts and thus remains to be further elucidated.

ER stress is one of the molecular mechanisms implicated 
in apoptotic cell death [11, 12]. Accumulation of unfolded 
proteins and disturbance of  Ca2+ homeostasis can cause 
abnormalities in the ER function, resulting in ER stress. 
ER stress responses include activations of a serine/threo-
nine kinase PKR-like ER kinase (PERK) and a type I trans-
membrane protein inositol-requiring enzyme 1 (IRE1), and 
translocation of activating transcription factor 6 (ATF6) 
to the Golgi apparatus. The activated PERK phosphoryl-
ates and inactivates eukaryotic initiation factor 2α (eIF2α), 
thereby inhibiting translation upon ER stress [13]. The acti-
vated IRE1 cleaves X-box binding protein and the spliced 
XBP-1 promotes the expression of ER chaperone genes, 
including glucose-regulated protein 78 (GRP78) [14]. 
ATF6 is cleaved by sites 1 and 2 proteases in the Golgi 
apparatus. The cleaved ATF6 acts as a transcription factor 
to regulate the expression of ER stress-associated genes, 
such as C/EBP homologous protein (CHOP). Although 
these events are implicated in ER stress, they play roles in 
cellular protection against severe damage. When ER func-
tions are severely impaired, apoptosis occurs to protect 
the whole organism by eliminating damaged cells [15]. 

Overexpression of CHOP participates in ER stress-induced 
apoptosis and cells lacking CHOP are protected from apop-
tosis [16]. Mitochondrial dysfunction, ROS accumulation, 
and cytosolic  Ca2+ increase crosstalk each other and these 
factors might play some roles in regulating ER stress-asso-
ciated apoptotic cell death [17].

Histone proteins are acetylated and deacetylated on the 
lysine residues within the N-terminal tails protruding from 
the histone core of the nucleosome [18]. These reactions 
are catalyzed by histone acetyltransferase (HAT) and his-
tone deacetylase (HDAC), respectively [19]. A balance 
between these two classes of enzymes controls the net sta-
tus of histone acetylation, which plays an important role in 
gene expression by chromatin remodeling and by acting 
as either transcriptional coactivators or corepressors [20]. 
When the balance between HATs and HDACs is disrupted, 
the transcriptional alteration of various genes has been sug-
gested to cause diseases, such as cancer. Histone hypera-
cetylation by upregulation of p300 HAT is associated with 
a cancer treatment effect via apoptotic cell death [21, 22]. 
Histone hyperacetylation by HDAC inhibition also contrib-
utes to the regulation of cell differentiation, growth arrest, 
and apoptosis [23]. Due to their effects on apoptotic cell 
death, HAT and HDAC family members have been consid-
ered as targets for cancer treatment [24]. Because HDAC 
inhibitors increasing histone acetylation are shown to exert 
robust antidepressant-like effects similar to the effects of 
the standard antidepressant fluoxetine [25–27], any rela-
tionship between the antidepressant effect and histone 
hyperacetylation might be present.

Therefore, in this study, we investigated how his-
tone hyperacetylation and ER stress are implicated in the 
molecular mechanisms underlying FLX-induced anti-can-
cer effect in SK-N-BE(2)-M17 neuroblastoma cells. We 
found that FLX causes apoptotic cell death by ER stress 
and mitochondrial dysfunction via apoptosis signal-regulat-
ing kinase 1 (ASK1)/MAPKs signaling pathways, and by 
histone hyperacetylation via p300 HAT upregulation and 
HDACs downregulation in a MYCN-dependent manner.

Materials and methods

Materials

Dulbecco’s modified Eagles medium (DMEM), fetal 
bovine serum (FBS), and other cell culture products were 
purchased from Life Technologies (Grand island, NY, 
USA). FLX and thapsigargin (TG) were purchased from 
Biomol Research Labs (Plymouth Meeting, PA, USA). 
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT), propidium iodide (PI), Ac-LEVD-CHO, Ac-
LEHD-CMK, Z-DEVD-FMK, salubrinal, 4-phenylbutyric 
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acid (4-PBA), 3,3′-dihexyloxacarbocyanine iodide 
 (DiOC6), N-acetylcysteine (NAC), 1,2-bis(o-aminophe-
noxy)ethane-N,N,N′,N′-tetraacetic acid tetraacetoxymethyl 
ester (BAPTA-AM), EGTA, anacardic acid, and TRI rea-
gent were obtained from Sigma-Aldrich (St. Louis, MO, 
USA). SB203580, SP600125, PD98059, and 2,7-dihydro-
2,7-dioxo-3H-naphtho[1,2,3-de]quinoline-1-carboxylic 
acid ethyl ester (NQDI-1) were purchased from Tocris 
(Bristol, UK) and Annexin V-fluorescein isothiocyanate 
(FITC) apoptosis detection kit was from BD Bioscience 
(Oakville, ON, Canada). Small interfering RNAs (siRNAs) 
against scrambled control, caspase-4, and CHOP were 
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA), and siRNAs for p38α, ERK1/2, JNK1, ASK1, p300 
HAT, and MYCN were purchased from M-biotech (Seoul, 
Korea). Antibodies CHOP, GRP78, sXBP-1, ATF6α (p90), 
eIF2α, IRE1α, p38, JNK1, ERK1/2, acetylated histone 
H3 (ac-H3), histone H3, acetylated histone-H4 (Ac-H4), 
histone H4, p300, histone deacetylases 1-6 (HDACs1-6), 
and N-Myc were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). Antibodies against phospho-
IRE1α (P-IRE1α) were purchased from Abcam (Cam-
bridge, MA, USA). Antibodies against caspase-4, -9, -3, 
poly (ADP-ribose) polymerase (PARP), phospho-eIF2α 
(P-eIF2α), phospho-JNK(P-JNK), phospho-p38 (P-p38), 
phospho-ERK (P-ERK), and phospho-ASK1 (P-ASK1) 
were purchased from Cell Signaling Technology (Beverly, 
MA, USA). Enhanced chemiluminescence (ECL) system 
was acquired from Amersham (GE Health, Piscataway, 
USA) and GeneSilencer siRNA transfection reagent was 
obtained from Genlantis (San Diego, CA, USA).

Cell culture

SK-N-BE(2)-M17 and SH-SY5Y human neuroblastoma, 
Neuro 2a mouse neuroblastoma, and U251MG human glio-
blastoma cells were purchased from American Type Cul-
ture Collection (Manassas, VA, USA). SK-N-BE(2)-M17, 
SH-SY5Y, Neuro 2a, and U251MG cells were grown in 
DMEM supplemented with 10% FBS, 100  U/ml penicil-
lin, and 100  μg/ml streptomycin. Exponentially growing 
cultures were maintained in a humidified atmosphere of 5% 
 CO2 at 37 °C. For treatment, the cells were serum-starved 
for 3 h and incubated with FLX or other drugs for the indi-
cated times.

MTT assay

Based on conversion of MTT to MTT-formazan by mito-
chondrial enzymes, cell viability was determined. Briefly, 
cells were seeded into a 12-well plate at a density of 
4 × 105 cells/well in growth medium and cultured to about 
60–70% confluency. After serum starvation for 3  h, cells 

were treated with FLX or TG. After 24 h of incubation at 
37 °C, cells were washed three times with PBS and 30 μl 
MTT solution (5 mg/ml stock) was added to the cells, and 
these were then incubated for 1 h at 37 °C. The medium was 
removed carefully and 300 μl dimethyl sulfoxide (DMSO) 
was then added to resolve the blue formazan in living cells. 
Finally, the absorbance at 540 nm was read with an ELISA 
reader (Multiskan EX, Thermo Lab system, Beverly, MA, 
USA).

Flow cytometry for detection of DNA cleavage 
and apoptotic cell death

For detection of DNA cleavage, SK-N-BE(2)-M17 cells 
were seeded at 2 × 105  cells/ml density in 100-mm dishes 
and treated with 15 μM FLX for 12 or 24 h. After incuba-
tion for 24 h, cells were harvested, washed twice with PBS, 
and then fixed with ice-cold 75% ethanol at 4 °C for 24 h. 
Cells were then pelleted by centrifugation at 1000×g for 
5 min and the ethanol layer was discarded. After washing 
with PBS, the cells were treated with 0.5 μg/ml RNase A in 
PI buffer for 30 min. At the end of treatment, the cells were 
stained with 20 μg/ml PI in the dark for 30 min. The DNA 
contents were then analyzed using Kaluza flow cytometry 
software (Beckman Coulter, Orange County, CA, USA). 
The apoptotic cell death was also detected by flow cytom-
etry using the Annexin V-FITC/PI double-labeling method. 
Cells were seeded at 2 × 105  cells/ml density in 100-mm 
dishes and treated with FLX for 12 or 24 h. After incuba-
tion, cells were trypsinized and collected by centrifuga-
tion at 1000×g for 5  min. After resuspension in Annexin 
V-FITC binding buffer, cells were incubated with 1 μg/ml 
annexin V-FITC and 10  μg/ml PI at room temperature in 
the dark for 15  min. Samples were analyzed with Kaluza 
flow cytometry.

RNA interference (siRNA)

siRNA transfection was conducted using GeneSilencer 
siRNA transfection reagent. SK-N-BE(2)-M17 or U251MG 
cells were plated in six-well plates overnight and the media 
was replaced with 1  ml of serum-free DMEM before 
transfection. Scrambled control, caspase-4, CHOP, p38α, 
JNK1, ERK1/2, ASK1, p300, and MYCN siRNA duplexes 
(10  nM) were incubated with 5  μl of siRNA transfection 
reagent for 5 min at room temperature; mixtures were then 
added to these cells. After 12 h of incubation with siRNAs 
in the absence of serum, 1  ml DMEM containing 20% 
bovine serum was added to each well and incubated for 
additional 24  h. Cells were then treated with FLX or TG 
for 24 h.
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Assessment of MMP

To assess MMP loss, cells were treated with FLX or TG 
for the indicated times. Cells were washed twice with 
PBS, resuspended in PBS containing 20 nM  DiOC6 and 
20  μg/ml PI, and then incubated at 37 °C for 15  min. 
Fluorescence intensity was examined in cells at chan-
nel FL1 for  DiOC6 or channel FL3 for PI. Non-apoptotic 
cells were stained green with  DiOC6 and apoptotic cells 
showed decreased intensity of  DiOC6 staining, while 
necrotic cells were stained red with PI. Fluorescence 
intensity was then measured by flow cytometry using 
excitation and emission wavelengths of 482 and 504 nm, 
respectively. At least 20,000 events were analyzed per 
sample and each sample was performed in duplicate.

Measurement of ROS production

Cells incubated with 15  μM FLX or 5  μM TG for the 
indicated times. ROS production was measured in cells 
treated with 10 μM DCFH-DA at 37 °C for 30 min. Cells 
were washed twice with ice-cold PBS followed by sus-
pension in the same buffer. Fluorescence intensity was 
measured by flow cytometry (Beckman Coulter) using 
excitation and emission wavelengths of 488 and 525 nm, 
respectively. 10,000 events were analyzed per sample.

Measurement of cytosolic  Ca2+

For the spectrofluorimetric measurements, the cells were 
loaded with 5 μM Fura-2AM for 30 min and treated with 
15  μM FLX for the indicated times. Fluorescence was 
monitored throughout each experiment at 37 °C with a 
fluorescence plate reader (VICTOR luminometer, Perkin-
Elmer). After a 5  min temperature equilibration period, 
samples were excited at 370  nm and emission was col-
lected at 476 nm as described [28]. The concentrations of 
intracellular free  Ca2+ were calculated by using the fol-
lowing equation:

A value of 224 nM for  Kd was added into the calcula-
tions.  Rmax value was obtained by addition of 5 μM iono-
mycin and  Rmin value was obtained by addition of 2 mM 
 MnCl2, 0.1% Triton X-100, and 2 mM EGTA.

Western blot analysis

Cells were treated with vehicle or FLX for the indicated 
times and washed twice with ice-cold PBS. Cells were 
lysed in a lysis buffer containing 50  mM Tris–HCl (pH 
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i
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d
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7.4), 150 mM NaCl, 1% Triton X-100, 50 mM NaF, 5 mM 
sodium pyrophosphate, 1  mM EDTA, 1  mM EGTA, 
1  mM dithiothreitol, 0.1  mM phenylmethanesulfonyl-
fluoride, and 0.5% protease inhibitor cocktail. The whole 
cell lysates were cleared by centrifugation at 12,000×g 
for 10 min at 4 °C to remove cellular debris. After protein 
concentration was determined by a Bio-Rad DC protein 
assay kit, cell lysates containing equal amounts of pro-
tein (50  μg) were resolved by 8–10% SDS–polyacryla-
mide gel electrophoresis (SDS–PAGE) and then analyzed 
by Western blot analysis. Each blot was blocked with 5% 
skim milk in Tris-buffered saline with 0.05% Tween 20 
(TBST) for 1  h at room temperature, and treated with 
primary antibodies (1:1000) in TBST overnight at 4 °C, 
washed for 1  h with TBST, and probed with secondary 
HRP-conjugated anti-rabbit, anti-mouse, or anti-goat 
IgGs (1:2000) in TBST for 1 h at room temperature. The 
immune complexes were visualized using an ECL detec-
tion system according to the manufacture’s protocols.

Statistical analysis

All data are presented as the mean ± standard deviation of 
at least three independent experiments. Statistical compari-
sons were performed using one-way analysis of variance 
(ANOVA) followed by Tukey’s post hoc test for multiple 
comparison (Graphpad Prism, version 5.0, Graphpad Soft-
ware Inc, San Diego, CA, USA). P values of <0.05 were 
considered statistically significant.

Results

FLX induces apoptotic cell death in human 
SK-N-BE(2)-M17 neuroblastoma cells

The effect of FLX on cell viability was examined in SK-
N-BE(2)-M17 and SH-SY5Y human neuroblastoma, Neuro 
2a mouse neuroblastoma, and HT22 normal murine hip-
pocampal neuronal cells. Cells were treated with FLX 
(5–50  μM) for 24  h, and cell viability was examined by 
MTT assay. Data from MTT showed that FLX reduced cell 
viability in a dose-dependent manner and the half maximal 
inhibitory concentration  (IC50) for FLX-induced cell death 
was 16.1 μM in SK-N-BE(2)-M17, 20.7 μM in SH-SY5Y, 
and 34.8  μM in Neuro 2a cells (Fig.  1a). The cytotoxic 
effect of FLX was much greater in neuroblastoma cells 
compared to that in normal HT22 murine hippocampal 
neuronal cells.

To ascertain whether the effect of FLX on cell viabil-
ity was caused by apoptotic cell death, SK-N-BE(2)-M17 
cells were selected and treated with 15  μM FLX for 12 
or 24  h and their DNA contents were examined by flow 
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Fig. 1  Effects of FLX on cell viability and apoptosis in neuroblas-
toma cells. a SK-N-BE(2)-M17, SH-SY5Y, and Neuro 2a neuroblas-
toma cells and normal hippocampal HT22 neuronal cells were treated 
with DMSO (Vehicle) or various concentrations (5–50 μM) of FLX 
for 24  h. Cell viability was determined by MTT assay and the per-
cent viabilities are plotted as the mean ± standard deviation of at least 
three experiments. *P < 0.01 compared with vehicle-treated control 
cells. b SK-N-BE(2)-M17 cells were treated with vehicle (Control) 
or 15  μM FLX for 12 or 24  h. FLX-treated cells were stained with 
PI and evaluated by flow cytometry. c Vehicle- or FLX-treated cells 
were stained with annexin V-FITC and PI, and evaluated by flow 
cytometry. n = 3 for each experimental group. d SK-N-BE(2)-M17 
cells were treated with 15 μM FLX for the indicated times. Cells were 
lysed and total cell extracts were resolved by SDS–PAGE. Protein 
levels were detected by Western blot analysis using antibodies against 

pro- and cleaved form (C) of caspase-4, -9, and -3, the full length 
PARP(F), cleaved PARP(C), and β-actin. e After pretreatment with 
caspase inhibitors (10 μM Ac-LEVD-CHO for caspase-4, 1 μM Ac-
LEHD-CMK for caspase-9, and 1 μM Z-DEVD-FMK for caspase-3) 
for 1  h, SK-N-BE(2)-M17 cells were incubated with FLX for 24  h. 
Cell viability was determined as described in a. f SK-N-BE(2)-M17 
cells were transfected with scrambled (Scr) siRNA as a control and 
caspase-4 siRNA for 24 h and then treated with FLX for 24 h. Cell 
viability was determined as described in a. Cell lysates were analyzed 
by Western blot with antibodies against caspase-4 and β-actin. Blots 
are representative of those obtained in more than three independent 
experiments. *P < 0.01 compared with vehicle- or Scr siRNA-treated 
control cells. #P < 0.01 compared with FLX-treated control cells with 
vehicle (e) or Scr siRNA transfection (f)
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cytometry. This analysis demonstrated that FLX induced 
an increase in the first peak (sub-G1) with a lower DNA 
content from 2.1 to 25.3 and 3.5 to 51.9% at 12 and 24 h, 
respectively (Fig. 1b). Apoptotic cell death was also exam-
ined by an annexin V-FITC/PI double labeling assay. The 

percentages of early apoptotic (annexin V-positive/PI nega-
tive) were significantly increased from 2.7 to 22.8% at 12 h 
and 3.7 to 34.1% at 24  h. Under this condition, the frac-
tions of late apoptotic cells (annexin V-positive/PI-positive) 
were increased from 1.4 to 7.4 and 1.8 to 9.3% at 12 and 
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24  h, respectively (Fig.  1c). The percentages of necrotic 
cells (annexin V-negative /PI-positive) were not altered by 
FLX treatment for 24 h. Collectively, these results suggest 
that FLX induces apoptotic cell death in SK-N-BE(2)-M17 
human neuroblastoma cells.

Because caspases are critical molecules of apoptotic cell 
death, we investigated the effect of FLX on caspase acti-
vation. SK-N-BE(2)-M17 cells were treated with FLX for 
the indicated times (2–24  h), and activation (cleavage) of 
caspase-4, -9, and -3 and PARP cleavage were detected 
by Western blot analysis. An increase in the cleaved frag-
ments of caspase-4, -9, -3 and PARP was observed upon 
FLX treatment for 6–24 h (Fig. 1d). To investigate whether 
caspase activation affected FLX-induced apoptotic cell 
death, cells were preincubated with caspase inhibitors (Ac-
LEVD-CHO for caspase 4, Ac-LEHD-CMK for caspase 
9, and Z-DEVD-FMK for caspase 3) for 1 h, followed by 
treatment with FLX for 24 h. All of caspase inhibitors sig-
nificantly inhibited FLX-induced cell death in SK-N-BE(2)-
M17 cells (Fig. 1e). To confirm whether caspase-4 is a crit-
ical factor in FLX-induced apoptosis in SK-N-BE(2)-M17 
cells, cells were transfected with caspase-4 siRNA for 24 h, 
followed by treatment with FLX for 24 h. Compared with 
those of scrambled siRNA-transfected cells, siRNA knock-
down of caspase-4 significantly reduced FLX-induced cell 
death (Fig. 1f). This result implicates that caspase-4 plays 
an important role in FLX-induced cell death in SK-N-
BE(2)-M17 cells.

FLX induces ER stress-associated proteins 
in SK-N-BE(2)-M17 cells

Because caspase-4 is shown to be closely related to ER 
stress-induced cell death [29], we postulated that FLX 
causes ER stress. To determine whether FLX can increase 
the expression and activation of ER stress-associated 

proteins, SK-N-BE(2)-M17 cells were treated with FLX or 
TG as a positive control for ER stress induction. Western 
blot analysis was performed to examine the effects of FLX 
on the expression of ER stress-associated proteins, such as 
CHOP, GRP78, and sXBP-1, and the cleavage of ATF6α. 
Results showed the increased expression of CHOP as well 
as GRP78 and sXBP-1, and cleavage of ATF6α at 12–24 h 
in cells treated with FLX (Fig. 2a). In addition, the effects 
of FLX on the ER stress-derived initial unfolded protein 
response were examined, including the phosphorylation of 
eIF2α and IRE1α. FLX induced an increase in the phos-
phorylation of eIF2α and IRE1α at 0.5–2 h (Fig. 2b).

To investigate the relationship between FLX-induced ER 
stress and apoptotic cell death, we used chemical inhibi-
tors of ER stress: salubrinal, a selective inhibitor of eIF2α 
dephosphorylation, or 4-PBA, a chemical chaperone. SK-
N-BE(2)-M17 cells were pretreated with 10  μM salubri-
nal or 5  mM 4-PBA for 1  h and incubated with FLX or 
TG for 24  h. Salubrinal or 4-PBA significantly reversed 
FLX- or TG-induced cell death in SK-N-BE(2)-M17 cells 
(Fig.  2c), presumably by inhibiting CHOP induction and 
caspase-4 activation (Fig.  2d). To confirm the role of ER 
stress and CHOP expression in FLX-induced apoptotic cell 
death, CHOP expression was blocked by transfection with 
CHOP siRNA for 24 h, the effects of FLX on cell viability 
were then examined at 24 h. CHOP knockdown resulted in 
a significant reduction of FLX- or TG-induced cell death 
(Fig.  2e, f). These data suggest that FLX-induced CHOP 
expression might be responsible for apoptotic cell death. 
We also examined the role of ER stress in FLX-induced 
cell death in another type of human neuroblastoma SH-
SY5Y cells using ER stress inhibitors. The results showed 
that pretreatment with salubrinal or 4-PBA significantly 
reversed FLX-induced cell death and CHOP expression as 
well as caspase-4 cleavage in SH-SY5Y cells (Fig. 2g, h), 
similarly as shown in SK-N-BE(2)-M17 cells (Fig. 2c, d). 
Collectively, these results suggest that ER stress plays a key 
role in FLX-induced cell death in human neuroblastoma 
cells, including SK-N-BE(2)-M17 and SH-SY5Y cells.

The ASK1/MAPK signaling pathway plays a role 
in FLX-induced CHOP induction and cell death 
in SK-N-BE(2)-M17 cells

Previous studies have demonstrated an involvement of 
MAPKs, such as p38, JNK, and ERK, in ER stress-induced 
apoptosis [30–32]. Therefore, we attempted to determine 
whether FLX regulates MAPKs by Western blot analy-
sis in SK-N-BE(2)-M17 cells. As shown in Fig.  3a, FLX 
induced an increase in phosphorylation (activation) of p38, 
JNK, and ERK within 30 min after FLX treatment. When 
cells were pretreated with specific inhibitors of p38 (10 μM 
SB203580), JNK (10  μM SP600125), and MAPK/ERK 

Fig. 2  Effect of FLX on ER stress-associated proteins in SK-N-
BE(2)-M17 and SH-SY5Y neuroblastoma cells. a, b SK-N-BE(2)-
M17 cells were treated with vehicle, 15 μM FLX, or 5 μM TG for the 
indicated times. Cell lysates were resolved by SDS–PAGE and ana-
lyzed by Western blot with antibodies against CHOP, GRP78, sXBP-
1, ATF6α (p90), and β-actin in a and P-eIF2α, eIF2α, P-IRE1α, 
IRE1α, and β-actin in b. c–h SK-N-BE(2)-M17 (c–f) or SH-SY5Y (g, 
h) cells were preincubated with vehicle, 10 μM salubrinal, or 1 mM 
4-PBA for 1 h (c, d, g, h) or transfected with scrambled (Scr) con-
trol and CHOP siRNA for 24 h (e, f) and then treated with FLX or 
TG for 24  h. Cell viability was determined by MTT assay and the 
percent viabilities are plotted as the mean ± standard deviation of at 
least three experiments (c, e, g). Cell lysates were separated by SDS–
PAGE and the protein levels of CHOP, cleaved form (C) of caspase-4, 
or β-actin were detected by Western blot analysis (d, f, h). *P < 0.01 
compared with vehicle- or Scr siRNA-treated control cells. #P < 0.01 
compared with FLX- or TG-treated cells with vehicle (c, g) or Scr 
siRNA transfection (e). Results shown are representative of those 
obtained in more than three independent experiments
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kinase (MEK) (20 μM PD98059) for 1 h, FLX-induced cell 
death was partially recovered (Fig. 3b). Consistently, treat-
ment with MAPK inhibitors reduced FLX-induced CHOP 
expression and caspase-4 cleavage (Fig.  3c). To confirm 
the roles of MAPK inhibition in FLX-induced apoptosis, 
cells were transfected with MAPK siRNAs (p38α, JNK1, 

and ERK1/2) for 24 h and followed by treatment with FLX. 
The results showed that knockdown of MAPKs partially 
recovered FLX-induced cell death as well as CHOP expres-
sion (Fig.  3d, e). These data suggest that MAPK activa-
tion plays a role in FLX-induced ER stress and cell death 
in SK-N-BE(2)-M17 cells. To confirm the role of MAPKs 

Fig. 3  Effect of FLX on the MAPK family in SK-N-BE(2)-M17 and 
SH-SY5Y cells. a SK-N-BE(2)-M17 cells were treated with vehicle, 
15 μM FLX, or 5 μM TG for the indicated times. Cell lysates were 
resolved by SDS–PAGE and analyzed by Western blot with antibod-
ies against P-p38, p38, P-JNK, JNK1, P-ERK, ERK, and β-actin. b, f 
SK-N-BE(2)-M17 (b) or SH-SY5Y (f) cells were preincubated with 
the MAPK inhibitors (10 μM SB203580 for p38, 10 μM SP600125 
for JNK, and 20 μM PD98059 for ERK) for 1 h and then treated with 
FLX for 24 h. Cell viability was determined by MTT assay and the 
percent viabilities are plotted as the mean ± standard deviation of at 
least three experiments. c, g SK-N-BE(2)-M17 (c) or SH-SY5Y (g) 

cells were preincubated with vehicle or the MAPK inhibitors for 1 h 
and then treated with FLX for 12 or 24 h. Cell lysates were analyzed 
by Western blot with antibodies against CHOP, cleaved caspase-
4(C), or β-actin. d, e SK-N-BE(2)-M17 cells were transfected with 
scrambled (Scr) control, p38α, JNK1, or ERK siRNAs for 24 h and 
then treated with FLX for 12 or 24 h. Cell viability was determined 
by MTT assay (d). Cell lysates were analyzed by Western blot with 
antibodies against CHOP, p38, JNK1, ERK, and β-actin (e). *P < 0.01 
compared with vehicle- or Scr siRNA-treated control cells (b, d). 
#P < 0.01 compared with FLX-treated cells with vehicle (b, f) or Scr 
siRNA transfection (d)RETRACTED A
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in FLX-induced ER stress and cell death, we also exam-
ined the effect of MAPK inhibitors on FLX-induced cell 
death, CHOP expression, and caspase-4 cleavage in SH-
SY5Y cells. The results showed that the MAPK inhibitors 
significantly reversed FLX-induced cell death and CHOP 
expression as well as caspase-4 cleavage in SH-SY5Y 
cells (Fig. 3f, g). These data suggest that MAPK activation 
might be responsible for FLX-induced ER stress and subse-
quent apoptotic cell death in human neuroblastoma.

ASK1 has been shown to be involved in cancer, diabe-
tes, cardiovascular and neurodegenerative disease [33]. 
ASK1 is an upstream kinase of MAPK, also called as mito-
gen-activated protein kinase kinase kinase 5 (MAP3K5) 
that has previously demonstrated to induce apoptosis by 
activating p38, JNK, and ERK under various stimuli con-
ditions [33, 34]. To determine the effect of FLX on ASK1 
activity, SK-N-BE(2)-M17 cells were treated with FLX for 
the indicated times (1–24 h), and phosphorylation of ASK1 
was detected by Western blot analysis. We found that FLX 
induced ASK1 phosphorylation at Thr845 (Fig. 4a). Next, 
to determine the functional role of ASK1 in FLX-induced 
cell death, cells were pretreated with ASK1 inhibitor 5 μM 
NQDI-1 followed by treatment with FLX for 24  h. Inhi-
bition of ASK1 significantly blocked FLX-induced cell 
death, CHOP expression, and caspase-4 cleavage (Fig. 4b, 
c). To confirm the role of ASK1 in FLX-induced apop-
totic cell death, cells were transfected with ASK1 siRNA 
for 24 h and followed by treatment with FLX for 24 h. The 
results showed that knockdown of ASK1 blocked FLX-
induced cell death and CHOP expression (Fig. 4d, e). The 
results suggest that ASK1 is involved in FLX-induced 
apoptosis and ER stress. We then examined whether ASK1 
acts upstream of MAPKs in FLX-treated cells. The results 
showed that inhibition of ASK1 by NQDI-1 and ASK1 
siRNA transfection reduced phosphorylation of p38, 
JNK, and ERK (Fig.  4f, g). These suggest that ASK1 is 
an upstream of MAPKs in FLX-treated SK-N-BE(2)-M17 
cells.

FLX induces mitochondrial dysfunction via ER stress 
responses in SK-N-BE(2)-M17 cells

Previously, it has been shown that mitochondrial dysfunc-
tions are responsible for ER stress-associated apoptotic cell 
death [17]. In addition, FLX was shown to cause a loss of 
mitochondrial membrane potential in Burkitt lymphoma 
cells [4]. Therefore, to understand whether mitochondrial 
dysfunction is involved in FLX-induced apoptosis and how 
they interact each other, we examined the effect of FLX 
on mitochondrial membrane potential (MMP) loss in SK-
N-BE(2)-M17 cells. For the measurement of MMP loss, 
cells were treated with FLX for 2–12 h. After incubation, 
cells were treated with  DiOC6 for 30  min and MMP was 

measured using flow cytometry. The data showed that the 
levels of MMP gradually decreased and reached to 45% at 
12 h treatment with FLX (Fig. 5a).

To determine whether ER stress affects FLX-induced 
mitochondrial dysfunction, cells were preincubated with 
the ER stress inhibitors, salubrinal or 4-PBA, followed by 
treatment with FLX or TG for 12 h. The results showed that 
salubrinal or 4-PBA recovered the MMP levels when com-
pared with FLX and TG-treated groups (Fig.  5b). These 
results suggest that ER stress may contribute to FLX-
induced mitochondrial dysfunction and subsequent cell 
death. To confirm that ER stress is responsible for FLX- or 
TG-induced MMP loss, SK-N-BE(2)-M17 cells were trans-
fected with CHOP siRNA for 24  h and followed by FLX 
or TG treatment for 12 h. Compared with scrambled con-
trol siRNA-transfected cells, CHOP siRNA transfection 
significantly recovered MMP loss induced by FLX or TG 
(Fig. 5c). These results suggest that ER stress has a criti-
cal role in FLX-induced mitochondrial damage and subse-
quent apoptosis in SK-N-BE(2)-M17 cells. Next, to exam-
ine whether MAPKs play roles in FLX-induced MMP loss, 
cells were treated with inhibitors of MAPKs (SB203580, 
SP600125, and PD98059) and followed by FLX or TG for 
12 h. The data showed that treatment with MAPK inhibi-
tors partially blocked FLX-induced MMP loss in SK-N-
BE(2)-M17 cells (Fig.  5d). Collectively, our data suggest 
that all three types of MAPKs, p38, JNK, and ERK, and 
ER stress might play a role in FLX-induced mitochondrial 
dysfunction.

Involvement of ROS accumulation and cytosolic  Ca2+ 
signals in the regulation of ER stress-induced apoptosis has 
also been demonstrated [35]. In addition, FLX was shown 
to increase ROS and intracellular  Ca2+ concentration in 
Burkitt lymphoma cells [4, 5]. Therefore, we determined 
whether FLX could induce accumulation of ROS and cyto-
solic  Ca2+ in SK-N-BE(2)-M17 cells. Cells were treated 
with FLX. Cellular ROS levels were measured using flow 
cytometry after treatment with DCFH-DA for 30 min. As 
shown in Fig.  6a, FLX induced ROS generation and pre-
treatment with a chemical antioxidant N-acetyl cysteine 
(NAC) at a concentration of 5 mM abrogated FLX-induced 
ROS production. In addition, we also measured the level 
of cytosolic  Ca2+ with a fluorescent plate reader after cells 
were stained with  Ca2+-sensitive fluorescent dye Fura-2AM 
for 30 min. We found that FLX markedly induced cytosolic 
 Ca2+ elevation and showed substantial reduction of fluores-
cent signals in the absence of  Ca2+ in extracellular medium 
(Fig.  6b), suggesting that FLX induces extracellular  Ca2+ 
influx.

To investigate whether ROS and  Ca2+ release and/or 
influx are involved in FLX-induced ER stress, mitochon-
drial dysfunction, and cell death in SK-N-BE(2)-M17 cells, 
cells were incubated with 5 mM NAC, 20 μM BAPTA-AM 
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(an intracellular  Ca2+ chelator), or 1 mM EGTA (an extra-
cellular  Ca2+ chelator) for 1 h followed by treatment with 
FLX. NAC and BAPTA-AM did not affect FLX-induced 
cell viability, while EGTA reduced FLX-induced cell death 
(Fig.  6c). Consistently, EGTA but not NAC and BAPTA-
AM reduced FLX-induced MMP loss and CHOP expres-
sion (Fig. 6d, e).

FLX induces cell death through histone 
hyperacetylation in SK-N-BE(2)-M17 cells but not in 
SH-SY5Y cells

HATs and HDACs play important roles in the histone 
hyperacetylation [20]. Histone hyperacetylation by upregu-
lation of p300 HAT and by downregulation of HDACs is 

Fig. 4  Effect of FLX on ASK1 phosphorylation in SK-N-BE(2)-
M17 cells. a Cells were treated with vehicle (−) or 15 μM FLX for 
the indicated times. Cell lysates were resolved by SDS–PAGE and 
analyzed by Western blot with antibodies against P-ASK1 (Thr845), 
ASK1, and β-actin. b–g Cells were preincubated with 10 μM NQDI-1 
(ASK1 inhibitor) for 1 h (b, c, f) or transfected with scrambled (Scr) 
control or ASK1 siRNA for 24 h (d, e, g) and then treated with FLX 
for the indicated times. Cell viability was determined by MTT assay 

and the percent viabilities are plotted as the mean ± standard devia-
tion of at least three experiments (b, d). Cell lysates were analyzed 
by Western blot with antibodies against CHOP, caspase-4(C), ASK1, 
and β-actin (c, e). Cell lysates were also analyzed by Western blot 
with antibodies against P-ASK1, ASK-1, P-p38, P-JNK, P-ERK, and 
β-actin (f, g). *P < 0.01 compared with vehicle- or Scr siRNA-treated 
control cells. #P < 0.01 compared with FLX-treated cells with vehicle 
(b) or Scr siRNA transfection (d)
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associated with a cancer treatment effect via apoptotic cell 
death [21–23]. To examine whether histone hyperacetyla-
tion is involved in FLX effect on cell death, we first exam-
ined the effects of FLX and TG on the levels of acetylated 
histone H3 and H4. Cells were treated with FLX or TG for 
6 and 12 h and histone H3 and H4 acetylation levels were 
examined by Western blot analysis. Treatment with FLX 
but not TG markedly increased the levels of acetylated H3 
and H4 (Fig. 7a), while both FLX and TG showed the ele-
vation of CHOP expression (Fig. 2a).

To determine whether histone acetylation plays a role 
in FLX-induced apoptotic cell death, cells were prein-
cubated with 5 μM anacardic acid, a HAT inhibitor, and 

followed by treatment with FLX or TG for 24  h. The 
results showed that anacardic acid significantly blocked 
cell death by FLX but not by TG in SK-N-BE(2)-M17 
cells (Fig.  7b). Consistently, anacardic acid reduced 
FLX-induced CHOP induction and caspase-4 cleavage 
(Fig.  7c). These data suggest that histone acetylation is 
involved in FLX-induced cell death and ER stress. To 
confirm the role of HAT in FLX-induced cell death and 
ER stress, the expression of p300 HAT was inhibited by 
siRNA transfection. Knockdown of p300 significantly 
blocked FLX-induced cell death (Fig. 7d) and ER stress-
associated CHOP expression and caspase-4 cleavage 
(Fig. 7e). The results suggest that FLX induces apoptotic 

Fig. 5  Effect of FLX on MMP loss in SK-N-BE(2)-M17 cells. a 
Cells were incubated with vehicle or 15  μM FLX for the indicated 
times. b Cells were preincubated with 10  μM salubrinal or 1  mM 
4-PBA for 1 h and followed by treatment with 15 μM FLX or 5 μM 
TG for 12 h. c Cells were transfected with either the Scr control or 
CHOP siRNA for 24  h. Cells were then treated with FLX or TG 
for 12  h. d Cells were preincubated with vehicle or MAPK inhibi-
tors (10  μM SB203580, 10  μM SP600125, 20  μM PD98059) for 

1  h and followed by FLX or TG for 12  h. After each treatment, 
cells were incubated with 20 nM  DiOC6 for 30 min and MMP was 
measured using flow cytometry. The percent MMP was calculated 
and plotted as the mean ± standard deviation of at least three experi-
ments. *P < 0.01 compared with vehicle- or Scr siRNA-treated cells. 
#P < 0.01 compared with FLX-or TG-treated cells with vehicle (b, d) 
or Scr siRNA transfection (c)
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Fig. 6  Effects FLX on ROS generation and intracellular  Ca2+ con-
centration in SK-N-BE(2)-M17 cells. a Cells were incubated with 
vehicle or 15 μM FLX for 6 h in the presence or absence of 5 mM 
NAC. Cells were then treated with 10  μM DCFH-DA for 30  min. 
Generation of ROS was measured using flow cytometry. Percent ROS 
generation was calculated from DCF fluorescence and plotted as the 
mean ± standard deviation of at least three experiments. b Cells were 
incubated with FLX for the indicated times with or without extracel-
lular  Ca2+ and then loaded with Fura-2AM for 30 min. Fluorescence 
was monitored at 37 °C with a fluorescent plate reader. Intracellular 
 Ca2+ changes (Δ increase in  [Ca2+]i) were calculated and plotted. c 
Cells were preincubated with 5  mM NAC, 20  μM BAPTA-A, or 
1 mM EGTA for 1 h and followed by treatment with FLX for 24 h. 

The cell viability was assessed by MTT assay. The percent viabilities 
are plotted as the mean ± standard deviation of at least three experi-
ments. *P < 0.01 compared with vehicle-treated cells. #P < 0.01 com-
pared with FLX-treated cells without NAC, BAPTA-AM, or EGTA. 
d Cells were preincubated with NAC, BAPTA-A, or EGTA for 1  h 
and followed by FLX for 12  h. Cells were then assessed for MMP 
by flow cytometry. *P < 0.01 compared with vehicle-treated cells. 
#P < 0.01 compared with FLX-treated cells without NAC, BAPTA-
AM, or EGTA. e Cells were preincubated with NAC, BAPTA-AM, 
or EGTA for 1 h and followed by FLX for 24 h and cell lysates were 
analyzed by Western blot with antibodies against CHOP and β-actin. 
Results shown are representative of those obtained in more than three 
independent experiments
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Fig. 7  Effect of FLX on histone hyperacetylation in SK-N-BE(2)-
M17 cells. a Cells were treated with vehicle, 15  μM FLX or 5  μM 
TG for 6 or 12 h. Cell lysates were subjected to Western blot analysis 
using antibodies against acetylated histone H3 (Ac-H3), H3, acety-
lated histone H4 (Ac-H4), H4, and β-actin. b, c Cells were pretreated 
with 5 μM anacardic acid (AA) for 1 h and followed by FLX or TG 
for 24  h. Cell viability was determined by MTT assay and the per-
cent viabilities are plotted as the mean ± standard deviation of at least 
three experiments (b). Cell lysates were analyzed by Western blot 
with antibodies against CHOP, cleaved caspase-4(C), and β-actin 
(c). d, e Cells were transfected with Scr control or p300 HAT (p300) 

siRNA for 24  h and then treated with FLX or TG for 24  h. Cell 
viability was determined by MTT assay (d). e The cell lysates were 
analyzed by Western blot with antibodies against CHOP, cleaved 
caspase-4(C), p300, and β-actin. f, g Cells were pretreated with AA, 
SB203580 (SB), SP600125 (SP), PD98059 (PD) for 1 h and treated 
with FLX for 24 h. Cell lysates were analyzed by Western blot with 
antibodies against p300, Ac-H3, Ac-H4, and β-actin in f, and anti-
bodies against HDACs 1-6 and β-actin in g. *P < 0.01 compared with 
vehicle-treated or Scr siRNA-treated cells. #P < 0.01 compared with 
FLX- or TG-treated cells with vehicle (b) or Scr siRNA transfection 
(d)
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cell death by histone hyperacetylation in SK-N-BE(2)-
M17 cells.

Previously, it is reported that MAPKs, including p38 and 
ERK, regulate the activity and expression of p300 HAT 
[36–38]. Thus, we examined the role of MAPKs in FLX-
induced p300 HAT expression by using pharmacological 
MAPK inhibitors. The results showed that MAPK inhibi-
tors (SB203580, SP600125, and PD98059), but not anac-
ardic acid, reduced FLX-induced p300 expression as well 
as hyperacetylation of H3 and H4 (Fig. 7f). These data sug-
gest that MAPKs are upstream of FLX-induced p300 HAT 
expression and histone hyperacetylation in SK-N-BE(2)-
M17 cells.

HDACs are an enzyme family repressing gene expres-
sion by removing acetyl groups from histones to pro-
duce a less accessible chromatin structure [39]. HDAC 
inhibitors have been shown to decrease the expression 
of HDACs and induce apoptosis in several cancer cells 
[24]. Thus, to examine whether FLX affects the expres-
sion of HDACs in SK-N-BE(2)-M17 cells, cells were 
treated with FLX and the expression levels of HDAC1-6 
were analyzed by Western blot. FLX significantly 
reduced HDAC1-6 protein expression, which might be in 
part responsible for the induced hyperacetylation of H3 

and H4 in SK-N-BE(2)-M17 cells (Fig.  7g). In order to 
clarify the involvement of MAPKs in the regulation of 
HDAC expression, cells were pretreated with the MAPK 
inhibitors (SB203580, SP600125, and PD98059) and the 
expression of HDACs was examined. As shown in their 
effects on p300 HAT, the MAPK inhibitors reversed the 
FLX-induced downregulation of HDACs, indicating that 
the MAPK pathways are upstream of histone hyperacety-
lation via reduction of HDAC expression in SK-N-BE(2)-
M17 cells (Fig. 7g).

To investigate whether the histone hyperacetylation is a 
common pathway for FLX-induced apoptotic cell death in 
all human neuroblastoma cells, the effects of FLX on his-
tone acetylation and p300 HAT and HDACs expression 
were examined in another human neuroblastoma SHSY5Y 
cells. Interestingly, FLX did not show any effects on H3 and 
H4 hyperacetylation, p300 HAT expression, and HDACs 
1-4 protein expression in SH-SY5Y cells (Fig.  8a). Con-
sistently, anacardic acid had no protective effect on FLX-
induced cell death, CHOP expression, and caspase-4 cleav-
age in SH-SY5Y cells (Fig. 8b, c). These data suggest that 
histone hyperacetylation may be differentially involved in 
FLX-induced cell death, depending on cell types in human 
neuroblastoma.

Fig. 8  Effects of FLX on histone hyperacetylation in SH-SY5Y cells. 
a Cells were treated with vehicle or 15  μM FLX for the indicated 
times. Cell lysates were subjected to Western blot analysis using anti-
bodies against acetylated histone H3 (Ac-H3), acetylated histone H4 
(Ac-H4), p300, HDACs 1-4, and β-actin. b SH-SY5Y cells were pre-
treated with 5  μM AA for 1  h and followed by FLX for 24  h. Cell 

viability was determined by MTT assay and the percent viabilities are 
plotted as the mean ± standard deviation of at least three experiments. 
*P < 0.01 compared with vehicle-treated cells. c The lysates prepared 
from cells in b were treated with FLX for 12 or 24 h in the presence 
of vehicle or AA and cell lysates were analyzed by Western blot with 
antibodies against CHOP, cleaved caspase-4(C), and β-actin
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MYCN plays a role in FLX-induced histone 
hyperacetylation and cell death in SK-N-BE(2)-M17 
cells

In the present study, it was observed that FLX induces cell 
death through histone hyperacetylation in SK-N-BE(2)-
M17 cells but not in SH-SY5Y cells. These cells are differ-
ent in terms of MYCN amplification:MYCN is amplified in 
SK-N-BE(2)-M17 cells but not in SH-SY5Y cells. MYCN 
amplification occurs in ~25% of human neuroblastomas 
and is associated with high-risk disease and poor progno-
sis [13]. MYCN gene product N-Myc can be acetylated by 
HATs and plays a role in epigenome regulation and HDACs 
expression [40–42]. Therefore, MYCN might play a role 
in FLX-induced histone hyperacetylation and cell death 
in SK-N-BE(2)-M17 cells. To confirm the role of MYCN 
in these FLX-induced changes in SK-N-BE(2)-M17 cells, 

cells were transfected with MYCN siRNA for 24 h and cells 
were pretreated with anacardic acid for 1 h and followed by 
FLX for 24 h. The results showed that MYCN knockdown 
did not affect FLX-induced cell death but it abrogated the 
protective effects of anacardic acid on FLX-induced cell 
death, CHOP expression, caspase-4 cleavage, and p300 
HAT expression in SK-N-BE(2)-M17 cells (Fig.  9a, b). 
Consistently, MYCN siRNA transfection blocked FLX-
induced histone H3 and H4 hyperacetylation and HDACs 
1-4 downregulation (Fig.  9c). These data suggest that 
MYCN plays a role in histone hyperacetylation via p300 
HAT upregulation and HDACs downregulation in MYCN 
amplified SK-N-BE(2)-M17 cells.

MYCN is also overexpressed in several types of cancer 
including glioblastoma [43]. Thus, to examine the role 
of MYCN in FLX-induced histone hyperacetylation and 
cell death, the effects of FLX on N-Myc overexpressed 

Fig. 9  Effects of MYCN on FLX-induced histone hyperacetylation in 
SK-N-BE(2)-M17 cells. a, b Cells were transfected with Scr control 
or MYCN siRNA for 24 h. Cells were then treated with 5 μM anac-
ardic acid (AA) for 1 h and followed by 15 μM FLX for 24 h. Cell 
viability was determined by MTT assay. *P < 0.01 compared with 
vehicle-treated cells with Scr siRNA transfection. #P < 0.01 compared 
with FLX-treated cells with Scr siRNA transfection (a). The cell 

lysates were analyzed by Western blot with antibodies against CHOP, 
cleaved caspase-4(C), p300, N-Myc, and β-actin (b). c After MYCN 
siRNA transfection for 24 h, cells were treated with 15 μM FLX for 
the indicated times. Cell lysates were subjected to Western blot analy-
sis using antibodies against acetylated histone H3 (Ac-H3), acetylated 
histone H4 (Ac-H4), HDACs 1-4, and β-actin
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U251MG human glioblastoma cells were further stud-
ied and the data are presented as supplementary figures. 
As judged by Western blot analysis, it is shown that FLX 
increases the expression of ER stress-associated proteins, 
CHOP and sXBP-1, and cleavage of ATF6α and caspase-4 
at 6–24 h in U251MG cells (Supplementary Fig. S1a). In 
addition, ER stress inhibitors, such as salubrinal or 4-PBA, 
significantly reversed FLX-induced cell death and CHOP 
expression in U251MG cells (Supplementary Fig. S1b, c), 
suggesting that FLX can induce cell death via ER stress, 
similarly as shown in human neuroblastoma cells (Fig. 2). 
FLX also induced apoptotic cell death via histone hypera-
cetylation and treatment with anacardic acid as well as 
knockdown of p300 HAT blocked FLX-induced cell death, 
CHOP induction, caspase-4 cleavage, H3/H4 histone acety-
lation, and HDACs downregulation in U251MG cells (Sup-
plementary Fig. S1d–f). In addition, MYCN knockdown by 
siRNA transfection did not affect FLX-induced cell death 
and CHOP expression, and caspase-4 cleavage but sig-
nificantly abrogated the protective effect of anacardic acid 
on FLX-induced cell death in U251MG cells, similarly 
as shown in SK-N-BE(2)-M17 cells (Supplementary Fig. 
S2a). MYCN knockdown inhibited FLX-induced H3 and 
H4 hyperacetylation, p300 HAT expression and HDACs 
1-4 downregulation (Supplementary Fig. S2b). These data 
suggest that MYCN plays a role in FLX-induced histone 
hyperacetylation and cell death in N-Myc overexpressed 
glioblastoma cells.

Discussion

FLX has been shown to inhibit proliferation and induce 
apoptosis in various cancer cells, including colon, breast, 
ovarian, lymphoma cells [5, 9, 44, 45]. In this study, we 
also showed that FLX induces apoptotic cell death in 
SK-N-BE(2)-M17 and SH-SY5Y human neuroblastoma 
cells and its cytotoxic effect was much greater in neu-
roblastoma cells than in normal hippocampus neuronal 
HT22 cells (Fig.  1a). As shown in the previous studies 
on FLX, the executive caspase-3 and intrinsic caspase-9 
were also activated in SK-N-BE(2)-M17 cells (Fig.  1d). 
Involvement of these caspases in FLX-induced apoptotic 
cell death was clarified by using caspase inhibitors, Ac-
LEHD-CMK for caspase-9 and Z-DEVD-FMK for cas-
pase-3 (Fig.  1e). In addition to caspase-3 and -9, FLX 
also induced cleavage and activation of ER stress-asso-
ciated caspase-4 (Fig.  1d). Caspase-4 inhibition by spe-
cific chemical inhibitor Ac-LEVD-CHO (Fig. 1e) and its 
knockdown by siRNA transfection blocked FLX-induced 
cell death (Fig. 1f). Furthermore, FLX induced phospho-
rylation, expression or cleavage/activation of various ER 
stress-associated proteins, such as eIF2α, IRE1α, CHOP, 

GRP78, sXBP-1 and ATF6α (Fig. 2a, b). Inhibition of ER 
stress by the ER stress inhibitors, salubrinal and 4-PBA, 
and by CHOP siRNA transfection, reduced FLX-induced 
apoptotic cell death (Fig. 2c–f). Similar to SK-N-BE(2)-
M17 cells, FLX induced ER stress associated proteins 
(data not shown) and the ER stress inhibitors salubri-
nal and 4-PBA reduced FLX-induced cell death, CHOP 
expression, and caspase-4 cleavage in another human 
neuroblastoma SH-SY5Y cells (Fig.  2g, h). These data 
suggest that ER stress might be involved in FLX-induced 
apoptotic cell death in human neuroblastoma cells.

FLX was shown to induce apoptosis through mitochon-
drial dysfunction in Burkitt lymphoma cells [4], in glioma 
and neuroblastoma cells [6], and ovarian carcinoma cell 
lines [9]. Similarly, we found that FLX reduced MMP in 
SK-N-BE(2)-M17 cells (Fig.  5a), suggesting that mito-
chondrial dysfunction may be a generalized mechanism in 
FLX-induced apoptosis. It is known that there is a cross-
talk between ER and mitochondria during apoptosis and 
ER stress-induced cell death requires mitochondrial mem-
brane permeabilization [46]. Because both mitochondrial 
and ER events are implicated in FLX-induced cell death, 
we examined how ER stress and mitochondrial dysfunction 
cross-talk each other in FLX-induced death pathways. We 
demonstrated that an inhibition of ER stress by pharmaco-
logical and molecular means prevented FLX-induced MMP 
reduction (Fig. 5b, c). This suggests that ER stress plays a 
role in mitochondrial dysfunction in FLX-treated SK-N-
BE(2)-M17 cells.

The MAPKs pathways including p38, JNK, and ERK 
have been shown to play essential roles in apoptotic cell 
death [47]. Similarly, we found that FLX induced the 
activation and phosphorylation of p38, JNK, and ERK 
(Fig.  3a). Inhibition of MAPKs by MAPK inhibitors 
SB203580 for p38, SP600125 for JNK, and PD98059 for 
ERK reduced FLX-induced caspase-4 cleavage/activation, 
CHOP expression, and subsequent cell death in both SK-N-
BE(2)-M17 and SH-SY5Y cells (Fig. 3b, c, f, g). Further-
more, knockdown of MAPKs by MAPKs siRNA transfec-
tion reduced FLX-induced CHOP expression and cell death 
(Fig.  3d, e). Consistent with its effects on cell viability, 
treatment with MAPK inhibitors partially blocked FLX-
induced MMP loss in SK-N-BE(2)-M17 cells (Fig.  5d), 
suggesting that three MAPKs, p38, JNK, and ERK, are 
involved in FLX-induced mitochondrial dysfunction. In this 
study, we also found that FLX induced phosphorylation on 
Thr845 of ASK1, an upstream kinase of MAPKs (Fig. 4a). 
Inhibition of ASK1 by pharmacological inhibitor NQDI-1 
or ASK1 knockdown by siRNA transfection reduced 
FLX-induced activation of ERK as well as p38 and JNK 
(Fig. 4f, g), CHOP expression (Fig. 4c, e), and cell death 
(Fig. 4b, d). These results suggest that activation of ASK1 
and subsequent MAPKs activation might be responsible for 
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FLX-induced ER stress, MMP loss, and cell death in SK-
N-BE(2)-M17 cells.

Cytosolic ROS and  Ca2+ are cross-talking messengers 
and their downstream signals play important roles in vari-
ous cellular processes including apoptotic cell death and 
survival [48]. Certain apoptotic stimuli can cause mito-
chondrial dysfunction by inducing  Ca2+ release from the 
ER [17] or importing  Ca2+ from the extracellular medium 
via activation of ion channels or receptors [7]. Previously, 
it was reported that FLX-induced cell death was independ-
ent on ROS accumulation and intracellular  Ca2+ release 
in the chemoresistant Burkitt lymphoma DG-75 cells and 
was dependent on extracellular  Ca2+ influx in chemo-
sensitive MUTU-1 cells [5]. In agreement with the Cloo-
nan’s reports, although FLX increased ROS and cytosolic 
 Ca2+ concentration (Fig.  6a, b), EGTA but not NAC and 
BAPTA-AM could block the FLX-induced CHOP expres-
sion, MMP loss, and cell death in SK-N-BE(2)-M17 cells 
(Fig. 6c–e). Similar to our results, FLX-induced cell death 
was not altered by chelating cytosolic Ca²+ with BAPTA-
AM, indicating that cytosolic  Ca2+ is not involved in 
FLX-induced cell death in OC2 human oral cancer cells 
[49]. However, FLX caused apoptotic cell death in human 
glioblastoma cell lines by directly binding to α-amino-3-
hydroxy-5-methyl- 4-isoxazolepropionic acid (AMPA) 
receptor, inducing transmembrane  Ca2+ influx and mito-
chondrial damage [7]. Collectively, these results suggest 
that extracellular  Ca2+ influx rather than intracellular  Ca2+ 
release is responsible for ER stress and apoptotic cell death 
in FLX-treated SK-N-BE(2)-M17 cells.

It has been reported that histone hyperacetylation via 
either upregulation of p300 HAT or inhibition of HDACs is 
associated with proapoptotic effects in various cancer cells 
[21, 22, 24] and neuronal cells [50]. The HDAC inhibi-
tors displayed antidepressant-like functions and improved 
behavioral disturbance in mouse chronic mental disorder 
models [25–27, 51–53]. In addition, the HDAC inhibi-
tor SAHA partially rescues the depressive-like behavior 
in the Crtc1−/− mice [54]. In this study, we found that 
FLX, as a type of antidepressants, induced hyperacetyla-
tion of histones H3 and H4 in SK-N-BE(2)-M17 (Fig. 7a) 
and U251MG cells (Supplementary Fig. S1e, f), presum-
ably via overexpression of p300 HAT and downregulation 
of HDACs. Involvement of p300 HAT was confirmed by 
the inhibitory effects of anacardic acid, a HAT inhibitor, 
on FLX-induced apoptosis, CHOP expression, and cas-
pase-4 cleavage/activation in SK-N-BE(2)-M17 (Fig.  7b, 
c) and U251MG cells (Supplementary Fig. S1d, e). Their 
recovery after p300 HAT knockdown also demonstrated 
that p300 HAT is responsible for FLX-induced hypera-
cetylation (Fig.  7, S1). Because FLX also reduced the 
expression of HDAC 1-6 proteins in SK-N-BE(2)-M17 and 
U251MG cells (Fig. 7, S1), FLX might exert its effect on 

hyperacetylation via both p300 HAT and HDACs in SK-
N-BE(2)-M17 and U251MG cells. The roles of individual 
HAT and HDAC isoforms in FLX-induced histone hypera-
cetylation and cell death remained to be clarified.

Interestingly, FLX did not induce histone H3 and H4 
hyperacetylation, p300 HAT induction, and HDACs 1-4 
protein downregulation in SH-SY5Y cells (Fig.  8a). Con-
sistently, HAT inhibition by anacardic acid had no effect on 
FLX-induced cell death, CHOP expression, and caspase-4 
cleavage in SH-SY5Y cells (Fig.  8b, c). It is shown that 
SK-N-BE(2)-M17 and U251MG cells are MYCN amplified 
and overexpressed but SH-SY5Y cells are not. MYCN is 
a member of the MYC family of proto-oncogenes, stimu-
lates tumorigenesis, and regulates epigenome and HDACs 
expression [40–43]. In the present study, it was observed 
that MYCN siRNA transfection did not affect FLX -induced 
cell death, CHOP induction, and caspase-4 cleavage 
(Fig. 9b), but it reduced the effect of FLX on H3/H4 acety-
lation and HDACs downregulation in MYCN amplified SK-
N-BE(2)-M17 and overexpressed U251MG cells (Fig.  9c, 
S2b, respectively). Moreover, MYCN knockdown abrogated 
the protective effect of anacardic acid on FLX-induced 
cell death in SK-N-BE(2)-M17 and U251MG cells. The 
inhibitory effects of anacardic acid on FLX-induced CHOP 
expression and caspase-4 cleavage were blocked in the 
MYCN knockdown cells (Fig. 9b, S2b). These data suggest 
that MYCN plays a role in FLX-induced histone hypera-
cetylation and cell death in MYCN amplified and overex-
pressed tumor cells. In agreement with our study, N-Myc 
downstream target gene NDRG2 has been suggested to 
regulate histone acetylation in glioblastoma cells [55]. In 
the present study, Because FLX treatment did not affect the 
N-Myc protein expression levels in SK-N-BE(2)-M17 and 
U251MG cells (Fig. 9b, S2b), the regulatory mechanisms 
of MYCN for FLX-induced changes in p300 HAT and 
HDAC isoforms remain to be clarified in MYCN amplified 
cells.

Previously, it was reported that p300 HAT can be phos-
phorylated and potentiated by p38 signaling in organochlo-
rine-stimulated cells [36]. ERK1/2 was also implicated in 
the phosphorylation and expressional regulation of p300 
HAT [36–38]. In this study, we found that the inhibition 
of MAPKs reduced FLX-induced p300 HAT expression 
and histone hyperacetylation of H3 and H4 (Fig. 7f). This 
suggests that MAPKs mediate FLX-induced p300 HAT 
expression and hyperacetylation of H3 and H4. Interest-
ingly, we also found that the MAPK inhibitors reversed the 
inhibitory effect of FLX on HDACs expression (Fig.  7g). 
These data suggest that MAPKs activation by FLX can 
cause HDACs downregulation as well as p300 HAT induc-
tion, resulting in hyperacetylation of H3 and H4 and cell 
death in human neuroblastoma cells. The phosphorylation 
status of HAT and HDAC isoforms and their transcription 
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factors including N-Myc in FLX-treated cells should be 
clarified by further studies.

In conclusion, FLX induces apoptosis in SK-N-BE(2)-
M17 cells via ER stress and mitochondrial dysfunction 
through ASK1 and MAPKs pathway. Moreover, FLX 
increases levels of acetylated H3 and H4 and inhibition 
of HAT activity and p300 HAT expression reduces FLX-
induced cell death and ER stress in SK-N-BE(2)-M17 cells 
in a MYCN-dependent manner. These results suggest that 
FLX induces apoptosis through disturbing the balance 
between acetylation and deacetylation under MYCN ampli-
fication/overexpression. Further studies are required to 
determine the anti-cancer effect and action mechanisms of 
FLX on in vivo human neuroblastoma xenograft model and 
the possibility of its development as an anti-tumor agent for 
the malignant brain carcinoma.
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