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Background: Chemotherapy resistance is the major cause of failure in neuroblastoma
(NB) treatment. ATXN3 has been linked to various types of cancer and neurodegenerative
diseases; however, its roles in NB have not been established. The aim of our study was to
explore the role of ATXN3 in the cell death induced by AKT inhibitor (perifosine or MK-
2206) or chemotherapy drugs (etoposide or cisplatin) in NB cells.

Methods: The expressions of ATXN3 and BCL-2 family members were detected by
Western blot. Cell survival was evaluated by CCK8, cell confluence was measured by
IncuCyte, and apoptosis was detected by flow cytometry. AS and BE2 were treated with
AKT inhibitors or chemotherapeutics, respectively.

Results: Downregulation of ATXN3 did not block, but significantly increased the
perifosine/MK-2206-induced cell death. Among the BCL-2 family members, the
expression of pro-apoptotic protein BIM and anti-proapoptotic protein Bcl-xl
expression increased significantly when ATXN3 was down-regulated. Downregulation
of BIM protected NB cells from the combination of perifosine/MK-2206 and ATXN3
downregulation. Downregulation of ATXN3 did not increase, but decrease the sensitivity
of NB cells to etoposide/cisplatin, and knockdown of Bcl-xl attenuated this decrease in
sensitivity.

Conclusion: Downregulation of ATXN3 enhanced AKT inhibitors (perifosine or MK-2206)
induced cell death by BIM, but decreased the cell death induced by chemotherapeutic
drugs (etoposide or cisplatin) via Bcl-xl. The expression of ATXN3 may be an indicator in
selecting different treatment regimen.
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INTRODUCTION

Neuroblastoma (NB) derives from developing sympathetic
nervous system and is the most common solid pediatric
tumors in children. Although there are only 25 to 50 cases per
million, it still accounts for almost 15% of pediatric cancer-
related death in children (1). According to the age at diagnosis,
MYCN amplification status and genomic characterization,
pathogenic type, NB patients were divided into low-risk,
intermediate-risk, and high-risk groups. Patients with low risk
always show excellent outcomes; however, about half of all the
NB patients are classified as high-risk group, which is associated
with a poor prognosis (2). Despite recent advances in
immunotherapy and targeted therapy for NB, the 5-year
overall survival (OS) rate of the high-risk group is still less
than 40% (1). Chemotherapy is the most common method for
NB patients in the clinic, but chemotherapy drug resistance is the
leading cause of failure in NB treatment, highlighting the need
for exploring potential therapeutic targets of drug sensitivity and
new strategies for NB patients.

AKT was first discovered as an oncogene in leukemia (3), it
regulates the proliferation, metabolism, angiogenesis, migration,
and invasion of cancer cells (4, 5). Aberrant activation of AKT
was found in many adult tumors, such as multiple myeloma (6,
7), renal cancer (8), lung cancer (9), prostate cancer (10), and
liver cancer (11). Hyperactivation of AKT has been explored as a
new poor prognostic factor for NB patients and is significantly
correlated with MYCN amplification and advanced stage (12).
We have previously reported that AKT mediates the BDNF/
TrkB-induced chemoresistance, and activation of AKT could
promote the proliferation of NB cells (13). Treatment targeting
AKT provides us an enormous potential to improve the
prognosis of NB. To date, many types of AKT inhibitors have
been investigated, such as phosphatidylinositol analog inhibitors,
ATP-competitive inhibitors, allosteric AKT kinase inhibitors,
and alkyl phospholipids (14, 15). Perifosine, an alkyl-
phospholipid AKT, shows low toxicity and high bioavailability.
It could block the translocation of AKT to plasma membrane and
the subsequent phosphorylation (16). The phase II clinical trials
of perifosine showed great potential in anti-tumors, furthermore,
we have found that perifosine exerts a satisfactory antitumor
effect in NB cells in vivo and in vitro (17–19). In a multicentral
phase I clinical trial of peifosine for recurrent or refractory
neuroblastoma, perifosine showed well therapeutic effects (20).
Besides, perifosine also participates in mitogen-activated protein
kinase (MAPK) (21), nuclear factor-kB (22) and autography
signal pathway (23), and targets epidermal growth factor
receptor (EGFR) (24, 25) and death receptor (DR4/DR5) (26)
to inhibit the growth of cancer cells. Accordingly, perifosine had
multiple functions, beyond its role as an AKT inhibitor. Because
of the great potential value for the treatment of NB, we
performed proteome analysis by using SILAC labeling and LC-
MS/MS analysis in perifosine treated AS cells (27), and ATXN3
was one of those genes whose expressions were increased
significantly after perifosine treatment.

ATXN3, a member of deubiquitylates (DUBs), shows
complex relationships with several substrates such as P53,
Frontiers in Oncology | www.frontiersin.org 2
Beclin1, Chk1, histone H2B, and HDAC (28–31). The DUBs
family consists of about 90 enzymes that promote the removal of
ubiquitin from proteins, the process of deubiquitylation plays a
critical role in cellular homeostasis and the development of
various tumors (32–34). ATXN3 also contributes to the
development and progression of breast cancer (35), lung
cancer (36), gastric cancer (32), colorectal cancer (37), and
testicular cancer (38). In addition, ATXN3 has been identified
as a potential therapeutic target for neurodegenerative diseases
(39). However, studies on the role of ATXN3 in NB are lacking,
and we hypothesized that ATXN3 mediates the function of
perifosine for antitumor. In this study, we explored the role of
ATXN3 in the cell death induced by AKT inhibitors (perifosine
or MK-2206) or chemotherapy drugs (etoposide or cisplatin) in
NB cells.
MATERIALS AND METHODS

Cell Culture
SK-N-AS (AS) and SK-N-BE2 (BE2) used in this study were
received from Dr. Carol J. Thiele (National Institutes of Health,
USA). NB cells were cultured in RPMI 1640 media (Bionind,
Israel) at 37°C in 5% CO2 incubator, which contained 10% fetal
bovine serum (FBS) (Bionind, Israel), 2 mM glutamine,
antibiotics penicillin (100 units/ml), and streptomycin (100 µg/
ml) (Invitrogen, USA).

Cell Transfection
The AS and BE2 cells were seeded into six-well plates in a density
of 2 × 105/well. JetPRIME reagent (Polyplus Transfection,
Illkirsch, France) was used for the following siRNAs
transfection. When the cell confluence was up to 60% to 70%,
cells were washed with PBS twice, and incubated in 1640 media
without penicillin or streptomycin. Then ATXN3 siRNA or BIM
siRNAs were transfected into NB cells. Eight hours after the
transfection, cells were cultured in new 1640 media for further
treatment. The sequences of small interfering RNAs (ATXN3
siRNAs, BIM siRNAs, and control siRNA) (designed by
Tongyong, Anhui, China) were as follows: ATXN3 siRNA#1:
GGACAGAGUUCACAUCCAUCCAUTT; ATXN3 siRNA#2:
GGACAGAGUUCACAUCCAUTT; ATXN3 siRNA#3:
GCAAAAGCAGCAACAGCAGTT ; B IM s iRNA#1 :
CAACCTTCTGATGTAAGT ; B IM s i RNA#2CTA
C C T C C C T A C A G A C A G A ; B I M s i R N A # 3 :
G TATTGGAGACGATTTAA ; B c l - x l s i R NA # 1 :
CUGUGAUACAAAAGAUCUUTT; Bcl-x l s iRNA#2:
CUUUCUCUCCCUUCAGAAUTT; Bcl -x l s iRNA#3:
CAUAUCAGAGCUUUGAACATT; Contro l s iRNA:
UUCUCCGAACGUGUCACGUTT.

Cell Treatment
To explore the function of ATXN3 in AKT inhibitor (perifosine
or MK-2206) and chemotherapeutics (etoposide or cisplatin),
16 h after the transfection, cells were seeded into 96-wells plates
for 24 h, then treated with perifosine (AS, 7.5 mM; BE2, 10 mM),
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MK-2206 (AS, 10 mM; BE2, 7.5 mM), etoposide (AS, 1 mg/ml;
BE2, 4 mg/ml) or cisplatin (AS, 1 mg/ml; BE2, 2 mg/ml)
respectively, for 48 h.
IncuCyte Zoom Live Imaging System and
Cell Survival Analysis
AS and BE2 cells in 96-well plates under different conditions
were incubated in IncuCyte zoom living cell imaging system
(Essen Bioscience, USA) to evaluate the cell confluence for real
time, and the images were obtained. Forty-eight hours after the
treatment of these drugs, the real-time evaluation of cell
confluence and Cell Counting Kit-8 (CCK8 assay) were used to
evaluate the cell proliferation and cell survival. The CCK8 assay
was performed as the manufacturer’s instruction. Absorbance
was measured at 450 nm.
Apoptosis Analysis
Sixteen hours after transfection, NB cells were treated with
perifosine (AS, 7.5 mM; BE2, 10 mM), MK-2206 (AS, 10 mM;
BE2, 7.5 mM), etoposide (AS, 1 mg/ml; BE2, 4 mg/ml), or cisplatin
(AS, 1 mg/ml; BE2, 2 mg/ml), respectively, for 48 h. Apoptotic
cells were detected by flow cytometry using Annexin V staining
and PI staining. In detail, all cells in plate were collected, then
washed with PBS once. Then, they were suspended in 1×
Annexin V binding solution (Dojindo, Japan), diluted to 1 ×
105 cells/ml, and transferred to a new tube. Then 5 ml of Annexin
V or PI staining solution or both were added to the EP tubes and
incubated in dark conditions for 15 min at room temperature.
Finally, Annexin V/PI flow cytometry was performed as the
manufacturer’s instruction.
Western Blot
The AS and BE2 cells were collected after different treatment
conditions: treated with perifosine at different concentrations for
24 or 48 h after the transfection of ATXN3 or BIM siRNAs (#1,
#2, #3, or control), or transfected with ATXN3 siRNAs (#2 or
control) for 16 h followed by treatment with perifosine (AS, 7.5
mM; BE2, 10 mM) or MK-2206 (AS, 10 mM; BE2, 7.5 mM) for
24 h. Then, total protein was extracted by whole cell lysis assay
kits (Keygen Biotech, China) following the manufacturer’s
protocol. The protein (40 mg) was loaded into SDS-PAGE gels
with 40 mg/gel, and protein was transferred to PVDF membrane
and incubated with 5% nonfat milk to block nonspecific antibody
binding for 2 h. Then these membranes were incubated at 4°C
overnight with specific antibodies: anti-ATXN3 (Abcam, UK,
1:1000), anti-BIM (Abcam, UK, 1:1000), anti-BID (Abcam, UK,
1:1000), anti-BAX (Abcam, UK, 1:1000), anti-BAK (Abcam, UK,
1:1000), anti-BAD (Abcam, UK, 1:1000), anti-puma
(Proteintech, USA, 1:5000), anti-BCL-XL (Abcam, UK,
1:1000), anti-MCL1 (Abcam, UK, 1:1000), anti-BCL2 (Abcam,
UK, 1:1000), and anti-GAPDH (Proteintech, USA, 1:5000).
Membranes were washed with Tris-buffered saline–Tween 20
(TBST) three times for 5 min each time, and incubated with the
appropriate horseradish peroxidase–conjugated goat anti-rabbit
Frontiers in Oncology | www.frontiersin.org 3
or anti-mouse antibodies (Proteintech, USA, 1:5000) for 1 h at
room temperature. Then, the anti-bodies were detected by the
enhanc ed chem i l um ine s c enc e r e a g en t s (The rmo
Scientific, USA).
Statistical Analysis
Statistical analysis was performed by GraphPad Prism 8
software. Also, we analyzed the mean ± SD of the independent
experiments by Student’s t test. P value < 0.05 was considered as
statistically significant.
RESULTS

Downregulation of ATXN3 Promoted the
Perifosine-Induced Cell Death in NB Cells
In our previous proteomics study (27), we found that ATXN3
expression increased after perifosine treatment. To verify this, AS
cells were treated with different concentrations of perifosine for
24 h, and whole cell lysates were collected for Western blotting
analysis. Figure 1A (left) showed that perifosine induced a dose-
dependent increase of ATXN3 at protein level, which was
consistent to the proteomics result.

To explore the role of ATXN3 in perifosine-induced cell
death in NB, we designed three ATXN3 siRNAs (#1, #2, #3),
which were shown to down-regulate the endogenous ATXN3
expression (Figure 1A, middle) and perifosine-induced ATXN3
expression (Figure 1A, right). In the following studies, we
transfected the ATXN3 siRNA #1 and #2 into AS cells, and
transfected ATXN3 siRNA#2 (marked as ATXN3 siRNA) into
BE2 cells. AS and BE2 cells transfected with control siRNA or
ATXN3 siRNA were treated with perifosine for 48 h, and then
cell confluence (Figures 1B, C), cell survival (Figures 1D, E),
and cell apoptosis (Figures 1F, G) were evaluated by IncuCyte
Zoom machine, CCK8 assay, and Annexin V/PI flow
cytometry, respectively.

The cell confluence curves of ATXN3 siRNA (red curve)-
transfected cells were slightly lower than that of the control
siRNA-transfected cells (blue curve) (Figures 1B, C, left). When
perifosine was added to the cells, the cell confluence curves of
ATXN3 siRNA (purple curve)-transfected cells were significantly
lower than that of the control siRNA-transfected cells (green
curve). The confluence data of the cells treated with perifosine
(48 h time point) were normalized by those of the cells without
perifosine treatment in each control siRNA or ATXN3 siRNAs-
transfected group, and then analyzed. As shown in Figure 1B
(right side) and Figure 1C (right side), there was a significant
decrease of cell confluence when ATXN3 expression was down-
regulated (In AS cells, ATXN3 siRNA #1 and #2 vs. control
siRNA: 51.9% and 30.6% vs. 77.5%, P < 0.01; In BE2 cells,
ATXN3 siRNA vs. control siRNA: 38.1% vs. 60.8%, P < 0.01).

For the CCK8 assay, the survival rates of the cells transfected
with siRNA for ATXN3 were significantly lower than that in
control siRNA-transfected cells (in AS cells, ATXN3 siRNA #1
and #2 vs. control siRNA: 46.3% and 39.9% vs. 68.9%, P < 0.01,
July 2021 | Volume 11 | Article 686898
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Figure 1D; in BE2 cells, ATXN3 siRNA vs. control siRNA: 33.6%
vs. 59.2%, P < 0.01, Figure 1E).

For Annexin V/PI flow cytometry, under the condition of
perifosine treatment, the apoptotic rate of NB cells with ATXN3
siRNAs transfected was significantly higher than control group
Frontiers in Oncology | www.frontiersin.org 4
(with perifosine treatment, in AS cells, ATXN3 siRNA #1 and #2
vs. control siRNA: 24.7% and 29.8% vs. 16.8%, P < 0.01, Figure
1F; in BE2 cells, ATXN3 siRNA vs. control siRNA: 27.7% vs.
15.9%, P < 0.01, Figure 1G). Besides, under microscope, there
were more dead cells and less living cells when the cells were
A

B

D E

F G

H

C

FIGURE 1 | Downregulation of ATXN3 promoted perifosine-induced cell death in NB cells. AS cells were treated with different concentrations of perifosine (2.5, 5,
7.5, and 10 mM) for 24 h, or transfected with ATXN3 siRNA (#1, #2, #3, and control) for 48 h, or transfected with ATXN3 siRNA (#1, #2, and #3) for 16 h followed by
24 h treatment of perifosine. (A) The expression of ATXN3 were detected by Western blot; (B, C) AS cells were transfected with ATXN3 siRNAs (#1, #2), and BE2
cells were transfected with ATXN3 siRNA2 (marked as ATXN3 siRNA) for 16 h, followed by 48 h treatment of perifosine: Cell confluence was dynamically detected by
IncuCyte Zoom and analyzed at the end of experiment; (D, E) Cell survival was detected by CCK8 assay; (F, G) cell apoptosis was detected by Annexin V/PI flow
cytometry; (H) The images of AS and BE2 cells with ATXN3 siRNAs transfection and perifosine treatment at 0 h and 48 h were recorded. Bar, SD, **P < 0.01,
ATXN3 siRNAs + perifosine vs. control siRNA + perifosine; ***P < 0.001, ATXN3 siRNA #2 + perfosine vs. control siRNA + perifosine.
July 2021 | Volume 11 | Article 686898
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treated with a combination of ATXN3 downregulation and
perifosine treatment compared with those treated with
perifosine treated only (Figure 1H). These results suggested
that downregulation of ATXN3 significantly enhanced
perifosine-induced cell death in NB cells.
BIM Mediated the Cell Death Induced by a
Combination of Perifosine Treatment and
ATXN3 Downregulation in NB Cells
To investigate the potential mechanism by which the
downregulation of ATXN3-enhanced perifosine-induced cell
death in NB cells, we knocked down ATXN3 by transfecting
ATXN3 siRNA (control siRNA, #1, #2, and #3) into AS cells, and
screened the expression changes of BCL-2 family members, then
we performed protein quantitative analysis. As shown in Figure
2A, left, downregulation of ATXN3 increased the expressions
level of pro-apoptotic member BIM, BAK, BAD, and anti-
apoptotic member BCL-XL. Among them, BIM was the one
whose expression increased the most significantly (Figure 2A,
right). As shown in Figure 2B, a combination of ATXN3
downregulation and perifosine treatment furthermore
increased the expression of BIM compared to ATXN3
downregulation only.

To explore whether BIM mediates the cell death induced by a
combination of ATXN3 downregulation and perifosine
treatment in NB cells, three BIM siRNAs (#1, #2, and #3) were
designed, and all of them could down-regulate the expression of
BIM (Figure 2C), and BIM siRNA #1 (marked as BIM siRNA)
were used for further study. AS and BE2 cells were transfected
with BIM siRNA #1 (marked as BIM siRNA) and ATXN3 siRNA
#2 (marked as ATXN3 siRNA), followed by treatment with
perifosine for 48 h. Then, cell confluence (Figures 2D, E) and
cell survival (Figures 2F, G) were evaluated by IncuCyte Zoom
machine and CCK8 assay, respectively. As shown in Figures 2D,
E left, the confluence curve of the cells treated with perifosine +
ATXN3 siRNA + BIM siRNA (purple curve) was significantly
higher than that of the cells treated with perifosine+ATXN3
siRNA (green curve). At end of the experiment (48 h after
perifosine treatment), there was a statistically significant
increase of cell confluence in NB cells treated with perifosine +
ATXN3 siRNA + BIM siRNA compared with cells treated with
perifosine+ATXN3 siRNA (for perifosine treatment, ATXN3
siRNA + BIM siRNA vs. ATXN3 siRNA, in AS cells: 75.5% vs.
51.9%, P<0.01, Figure 2D, right; in BE2 cells: 56.6% vs. 38.1%,
P<0.01, Figure 2E, right). The cell survival analysis detected by
CCK8 assay showed that the survival rate of cells treated with
perifosine + ATXN3 siRNA + BIM siRNA was also significantly
higher than that of the cells treated with perifosine+ATXN3
siRNA (for perifosine treatment, ATXN3 siRNA + BIM siRNA
vs. ATXN3 siRNA, in AS cells: 66.2% vs. 48.8%, P<0.01, Figure
2F; in BE2 cells: 60.8% vs. 33.6%, P<0.01, Figure 2G). All these
data indicated that downregulation of BIM could block the cell
death induced by a combination of ATXN3 downregulation and
perifosine treatment.
Frontiers in Oncology | www.frontiersin.org 5
Downregulation of ATXN3 Enhanced MK-
2206-Induced Cell Death by Upregulating
BIM in NB Cells
To investigate whether downregulation of ATXN3 could
promote the cell death induced by other AKT inhibitors, we
down-regulated the ATXN3 expression by transfecting ATXN3
siRNA into AS and BE2 cells and then treated the cells with an
allosteric AKT inhibitor MK-2206. Cell confluence (Figures 3A,
B), cell survival (Figures 3C, D), and cell apoptosis (Figures 3E,
F) were evaluated by using similar assays described in Figure 1.

Under the condition of MK-2206 treatment, the confluence
curves of the cells transfected with ATXN3 siRNA (purple curve)
were significantly lower than that of the cells transfected with
control siRNA (green curve) (Figures 3A, B, left). After 48 h for
MK-2206 treatment, there was a statistically significant decrease
of cell confluence in the cells transfected with ATXN3 siRNA (for
MK-2206 treatment, in AS cells, ATXN3 siRNA #1 and #2 vs.
control siRNA: 48.9% and 42.6% vs. 65.3%, P<0.01, Figure 3A,
right; in BE2 cells, ATXN3 siRNA vs. control siRNA: 46.9% vs.
75.2%, P<0.01, Figure 3B, right).

The survival rates of the cells treated with MK-2206 in
ATXN3 siRNA transfected cells are significantly lower than
that of the cells transfected with control siRNA (for MK-2206
treatment, in AS cells, ATXN3 siRNA #1 and #2 vs. control
siRNA: 51.2% and 41.5% vs. 69.5%, P<0.01, Figure 3C; in BE2
cells, ATXN3 siRNA vs. control siRNA: 44.5% vs. 69.3%, P<0.01,
Figure 3D).

For Annexin V/PI flow cytometry analysis, under the
condition of MK-2206 treatment, the apoptotic rate of NB cells
transfected with ATXN3 siRNA was significantly higher than the
control siRNA group (In AS cells, ATXN3 siRNA #1 and #2 vs.
control siRNA: 37.0% and 31.4% vs. 16.1%, P<0.001 Figure 3E;
In BE2 cells, ATXN3 siRNA vs. control siRNA: 23.0% vs. 16.3%,
P<0.01, Figure 3F). Besides, under microscope, there were more
dead cells and fewer living cells in the group treated with a
combination of ATXN3 downregulation and MK-2206
compared to those cells treated with MK-2206 only (Figure
3G). These results suggested that downregulation of ATXN3
significantly enhanced MK-2206 induced cell death in NB cells.

To investigate whether BIM mediates the cell death induced
by a combination of MK-2206 treatment and ATXN3
downregula t ion as i t d id with per i fos ine+ATXN3
downregulation, we first evaluated BIM expression under
different conditions by Western blot. As shown in Figure 3H,
MK-2206 treatment increased ATXN3 expression in AS cells,
similar to the changes observed in cells treated with perifosine
(Figure 1A). Either MK-2206 treatment or ATXN3
downregulation could increase the BIM expression, and the
combina t ion of MK-2206 t r ea tment and ATXN3
downregulation increased the BIM expression to a higher level
compared with each treatment alone (Figure 3H).

Then, we transfected ATXN3 siRNAs #2 (marked as ATXN3
siRNA) and BIM siRNA #1 (marked as BIM siRNA) into AS and
BE2 cells, followed by treatment with MK-2206 for 48 h. The cell
confluence and cell survival were analyzed. The survival rate of
the cells treated with MK-2206 + ATXN3 siRNA + BIM siRNA
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FIGURE 2 | BIM mediated the cell death induced by a combination of perifosine treatment and ATXN3 downregulation in NB cells. (A) ATXN3 was down-regulated
by ATXN3 siRNAs transfection in AS cells for 48 h, the expression of ATXN3 and BCL2 family members was detected by Western blot (left), and the protein
quantitative analysis was performed (right); (B) AS and BE2 cells were transfected with ATXN3 siRNA #2 (marked as ATXN3 siRNA) for 16 h and treated with
perifosine for 24 h, the expression of BIM was detected by Western blot; (C) AS and BE2 cells were transfected with BIM siRNAs (#1, #2, and #3) for 48 h, and the
expression of BIM was detected by Western blot. BIM siRNA #1 (marked as BIM siRNA) and ATXN3 #2 (marked as ATXN3 siRNA) were transfected into AS and
BE2 cells alone or combination, then these cells were treated with perifosine for 48 h; (D, E) The confluence was detected by IncuCyte Zoom; (F, G) Cell survival
was detected by CCK8 assay. Bar, SD, **P < 0.01, ATXN3 siRNAs + perifosine + BIM siRNA vs. ATXN3 siRNA + perifosine.
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FIGURE 3 | BIM mediated the cell death induced by a combination of MK-2206 treatment and ATXN3 downregulation in NB cells. AS cells were transfected with
ATXN3 siRNAs (#1 and #2) and BE2 cells were transfected with ATXN3 siRNA #2 (marked as ATXN3 siRNA) for 16 h followed by 48 h treatment of MK-2206. (A, B)
Cell confluence was dynamically detected by IncuCyte Zoom and analyzed at the end of experiment; (C, D) Cell survival was detected by CCK8 assay; (E, F) Cell
apoptosis was detected by Annexin V/PI flow cytometry. Bar, SD, **, P< 0.01, ***, P<0.001, ATXN3 siRNAs + perifosine vs. control siRNA + perifosine; (G) The
images of AS and BE2 cells with ATXN3 siRNAs transfection and perifosine treatment at 0 and 48 h were recorded; (H) AS and BE2 cells were transfected with
ATXN3 siRNA2 (marked as ATXN3 siRNA) for 16 h, and treated with MK-2206 for 24 h, the expression of ATXN3 and BIM was detected by Western blot; (I) BIM
siRNA #1 (marked as BIM siRNA) and ATXN3 siRNA #2 (marked as ATXN3 siRNA) were transfected into AS and BE2 cells alone or combination, then the cells were
treated with MK-2206 for 48 h, cell survival was detected by CCK8 assay; (J, K) Cell confluence was detected by IncuCyte Zoom. Bar, SD, **, P<0.01, ATXN3
siRNA + MK-2206 + BIM siRNA vs. ATXN3 siRNA + MK-2206.
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was significantly higher than that of the cells treated with MK-
2206 + ATXN3 siRNA (For MK-2206 treatment, ATXN3 siRNA
+ BIM siRNA vs. ATXN3 siRNA, in AS cells, 60.3% vs. 45.0%,
P<0.01, Figure 3I, left; in BE2 cells: 62.7% vs. 44.5%, P<0.01,
Figure 3I, right). The confluence curve of the cells treated with
MK-2206+ATXN3 siRNA + BIM siRNA (purple curve) was
higher than that of the cells treated with MK-2206+ATXN3
siRNA (green curve) (Figures 3J, K, left). After 48 h treatment of
MK-2206, there was a statistically significant increase of cell
confluence in cells treated with MK-2206 + ATXN3 siRNA +
BIM siRNA compared with cells treated with MK-2206+ATXN3
siRNA (for MK-2206 treatment, ATXN3 siRNA + BIM siRNA
vs. ATXN3 siRNA, in AS cells: 55.5% vs. 41.0%, P<0.01,
Figure 3J, right; in BE2 cells: 64.8% vs. 52.6%, P<0.01, Figure
3K, right). All these data indicated that downregulation of BIM
could partially block the cell death induced by a combination of
MK-2206 treatment and ATXN3 downregulation.
Downregulation of ATXN3 Decreased the
Sensitivity of NB Cells to Etoposide
As we found that downregulation of ATXN3 promoted the cell
death induced by AKT inhibitors (perifosine Figure 1, and MK-
2206 Figure 3), to further investigate whether ATXN3 had the
similar effect when the cells were treated with chemotherapeutic
drugs, we transfected ATXN3 siRNA #1 and #2 into AS cells, and
transfected ATXN3 siRNA#2 into BE2 (marked as ATXN3
siRNA), and then treated the cells with etoposide for 48 h, cell
confluence (Figures 4A, B), cell survival (Figures 4C, D), and
cell apoptosis (Figures 4E, F) were evaluated by using similar
assays described in Figure 1.

Under the condition of etoposide treatment, different from
perifosine and MK-2206, the confluence curves of the cells
transfected with ATXN3 siRNAs (purple curve) were
significantly higher than that of the cells transfected with
control siRNA (green curve) (Figures 4A, B, left). After a 48-h
treatment of etoposide, there was a statistically significant
increase of cell confluence in the cells transfected with ATXN3
siRNA compared with the cells transfected with control siRNA
(for etoposide treatment, in AS cells, ATXN3 siRNA #1 and #2
vs. control siRNA: 83.3% and 74.5% vs. 46.2%, P<0.01, Figure
4A, right; In BE2 cells, ATXN3 siRNA vs. control siRNA: 80.1%
vs. 58.3%, P<0.01, Figure 4B, right).

With etoposide treatment, the survival rate of the cells
transfected with ATXN3 siRNAs was significantly higher than
that of the cells transfected with control siRNA (for etoposide
treatment, in AS cells, ATXN3 siRNA #1 and #2 vs. control
siRNA: 48.0% and 55.1% vs. 22.5%, P<0.01, Figure 4C; in BE2
cells, ATXN3 siRNA vs. control siRNA: 75.7% vs. 56.3%, P<0.01,
Figure 4D).

For Annexin V/PI flow cytometry, under the condition of
etoposide treatment, the apoptotic rate of NB cells with ATXN3
siRNAs transfected was significantly lower than the control
group (with etoposide treatment, in AS cells, ATXN3 siRNA
#1 and #2 vs. control siRNA: 24.1% and 27.7% vs. 38.4%,
Frontiers in Oncology | www.frontiersin.org 8
P<0.001, Figure 4E, right; in BE2 cells, ATXN3 siRNA vs.
control siRNA: 19.1% vs. 28.8%, P<0.01, Figure 4F, right).
Besides, under microscope, there were fewer dead cells and
more living cells when AS and BE2 cells were treated with a
combination of ATXN3 downregulation and etoposide
treatment compared to those treated with etoposide treatment
only (Figure 4G). These results suggested that downregulation of
ATXN3 significantly inhibits etoposide-induced cell death.
Downregulation of ATXN3 Decreased the
Sensitivity of NB Cells to Cisplatin
As downregulation of ATXN3 decreased the sensitivity to
etoposide in AS and BE2 cells (Figure 4), that was different
from the promoting effect of ATXN3 downregulation in the cell
death induced by AKT inhibitors (Figure 1 for perifosine, Figure
3 for MK-2206), we investigated the role of ATXN3 in another
chemotherapeutic drug, cisplatin, which is commonly used for
the treatment of NB patients. We transfected ATXN3 siRNAs #1
and #2 into the AS cells and ATXN3 siRNA#2 (marked as
ATXN3 siRNA) into BE2 cells, and then treated the cells with
cisplatin for 48 h, cell confluence (Figures 5A, B), cell survival
(Figures 5C, D), and cell apoptosis (Figures 5E, F) were
evaluated by using similar assays described in Figure 1.

Under the condition of cisplatin treatment, the confluence
curves of the cells transfected with ATXN3 siRNAs (purple
curve) were significantly higher than that of control siRNA
(green curve) (Figures 5A, B, left). Forty-eight hours after
cisplatin treatment, there was a statistically significant increase
of cell confluence in the cells transfected with ATXN3 siRNAs
compared to the cells transfected with control siRNA (For
cisplatin treatment, in AS cells, ATXN3 siRNA #1 and #2 vs.
control siRNA: 53.6% and 60.3% vs. 29.4%, P<0.01, Figure 5A,
right; in BE2 cells, ATXN3 siRNA vs. control siRNA: 63.3% vs.
35.2%, P<0.01, Figure 5B, right).

Under the condition of cisplatin treatment, the survival rates
of the cells in ATXN3 siRNAs were statistically higher than that
of the cells transfected with control siRNA (For cisplatin
treatment, in AS cells, ATXN3 siRNA #1 and #2 vs. control
siRNA: 41.2% and 36.8% vs. 18.7%, P<0.01, Figure 5C; in BE2
cells, ATXN3 siRNA vs. control siRNA: 51.1% vs. 30.0%, P<0.01,
Figure 5D).

For Annexin V/PI flow cytometry, under the condition of
cisplatin treatment, the apoptotic rate of NB cells with ATXN3
siRNAs transfected was significantly lower than control siRNA
group (For cisplatin treatment, in AS cells, ATXN3 siRNA #1
and #2 vs. control siRNA: 27.4% and 23.3% vs. 46.1%, P<0.001,
Figure 5E, right; in BE2 cells, ATXN3 siRNA vs. control siRNA:
22.8% vs. 34.2%, P<0.01, Figure 5F, right). Besides, under
microscope, there were fewer dead cells and more living cells
when AS and BE2 cells were treated with a combination of
ATXN3 downregulation and cisplatin compared to those treated
with cisplatin only (Figure 5G). These results suggested that
downregulation of ATXN3 significantly inhibit cisplatin-induced
cell death in NB cells.
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Downregulation of ATXN3 Decreased the
Sensitivity of NB Cells to Etoposide and
Cisplatin via Upregulating Bcl-xl
As we found that downregulation of ATXN3 increased the
expression of Bcl-xl significantly (as shown in Figure 2A), to
investigate whether Bcl-xl mediates the process that
downregulation of ATXN3 decreased the sensitivity of NB cells
Frontiers in Oncology | www.frontiersin.org 9
to etoposide and cisplatin, three Bcl-xl siRNAs (#1, #2, and #3)
were designed and evaluated, and the Bcl-xl siRNA #3 decreased
the expression of Bcl-xl significantly (Figure 6A). Then we
transfected the ATXN3 siRNA #2 (marked as ATXN3 siRNA)
and Bcl-xl siRNA #3 (marked as Bcl-xl siRNA) into AS and BE2
cells, and then treated them with etoposide or cisplatin for 48 h.
Then, cell survival (Figures 6B, C) and cell confluence (Figures
A

B

D

E F

G

C

FIGURE 4 | Downregulation of ATXN3 decreased the sensitivity of NB cells to etoposide. AS cells were transfected with ATXN3 siRNAs (#1, #2) and BE2 cells were
transfected with ATXN3 siRNA #2 (marked as ATXN3 siRNA) for 16 h, followed by 48 h treatment of etoposide. (A, B) Cell confluence was dynamically detected and
analyzed by IncuCyte Zoom; (C, D) Cell survival was detected by CCK8 assay; (E, F) Cell apoptosis was detected by Annexin V/PI flow cytometry; (G) The images
of AS and BE2 cells with ATXN3 siRNAs transfection and etoposide treatment at 0 h and 48 h were recorded. Bar, SD, ***, P<0.001, **, P<0.01, ATXN3 siRNAs +
etoposide vs. control siRNA + etoposide.
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FIGURE 5 | Downregulation of ATXN3 decreased the sensitivity of NB cells to cisplatin. AS cells were transfected with ATXN3 siRNAs (#1, #2) and BE2 cells were
transfected with ATXN3 siRNA #2 (marked as ATXN3 siRNA) for 16 h, followed by 48 h treatment of cisplatin. (A, B) Cell confluence was dynamically detected and
analyzed by IncuCyte Zoom; (C, D) Cell survival was detected by CCK8 assay; (E, F) Cell apoptosis was detected by Annexin V/PI flow cytometry; (G) The images
of AS and BE2 cells with ATXN3 siRNAs transfection and cisplatin treatment at 0 h and 48 h were recorded. Bar, SD, ***, P<0.01, **, P<0.01, ATXN3 siRNAs
+cisplatin vs. control siRNA + cisplatin.
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6D, E) were evaluated by CCK8 assay and IncuCyte Zoom
machine respectively.

The cell survival analysis detected by CCK8 assay showed that
the survival rate of cells treated with etoposide/cisplatin +ATXN3
siRNA + Bcl-xl siRNAwas significantly lower than that of the cells
treated with etoposide/cisplatin + ATXN3 siRNA (for etoposide
treatment, ATXN3 siRNA + Bcl-xl siRNA vs. ATXN3 siRNA, in
AS cells: 51.5% vs. 68.0%, P<0.01, Figure 6B, left; in BE2 cells,
50.6% vs. 65.3%, P<0.01, Figure 6B, right; for cisplatin treatment,
in AS cells: 45.6% vs. 60.7%, P<0.01, Figure 6C, left; in BE2 cells:
51.2% vs. 71.7%, P<0.01, Figure 6C, right). Also, the confluence
curve of the cells treated with etoposide/cisplatin +ATXN3 siRNA
+ Bcl-xl siRNA (black curve) was significantly lower than that of
the cells treated with etoposide/cisplatin + ATXN3 siRNA (purple
curve) (Figures 6D, E, left). Forty-eight hours after etoposide or
cisplatin treatment, there was a statistically significant decrease of
cell confluence in NB cells transfected with ATXN3 siRNA + Bcl-
xl siRNA compared with cells transfected with ATXN3 siRNA
only(ATXN3 siRNA + Bcl-xl siRNA vs. ATXN3 siRNA, for
etoposide treatment, in AS cells: 45.4% vs. 71.8%, P<0.01; in BE2
cells: 38.2% vs. 61.8%, P<0.01, Figure 6D, right; for cisplatin
treatment, in AS cells: 38.9% vs. 57.7%, P<0.01; in BE2 cells: 40.9%
vs. 61.0%, P<0.01, Figure 6E, right). These results indicated that
downregulation of Bcl-xl partially attenuated the effect of the
downregulation of ATXN3 decreased the sensitivity of NB cells to
chemotherapeutic drugs (etoposide and cisplatin).
Frontiers in Oncology | www.frontiersin.org 11
DISCUSSION

In this study, we found that perifosine or MK-2206 increased the
expression of ATXN3 in AS cells. Downregulation of ATXN3
significantly enhanced the cell death induced by AKT inhibitors
(perifosine or MK-2206) via upregulating BIM. Although
different from AKT inhibitors, downregulation of ATXN3
decreased the sensitivity of NB cells to chemotherapeutic drugs
(etoposide or cisplatin), and Bcl-xl mediates this process.

As a member of deubiquitylates, ATXN3 mainly involved in
the maintenance of protein homeostasis, and degradation of
misfolded substrate and cell death (40–43). Over decades,
researches mainly focused on the molecular mechanism
underlying Machado-Joseph disease (SCA3) caused by the
aggression of ATXN3 (44). Recently, studies have shown that
ATXN3 plays a vital role in tumorigenesis (35, 36, 45). Zou et al.
found that ATXN3 binds to KLF4, and high expression of
ATXN3 promoted breast cancer metastasis by deubiquitinating
and stabilizing KLF4 (35). Rodrigues et al. found that absence of
ATXN3 increases cell death by reducing the metabolic activity in
HeLa cells (46). Also, Gao et al. reported that mutant ATXN3
could trigger apoptosis in SH-SY5Y cells via activating P53 (47).

AKT is a key regulator of PI3K/AKT/mTOR pathway, and its
abnormal activation can significantly promote progression of
tumor, it is also an important target for clinical treatment (48,
49). Daniela et al. found that the activation of AKT is an
A
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C

FIGURE 6 | Silencing Bcl-xl attenuated the decrease in sensitivity to etoposide and cisplatin caused by the downregulation of ATXN3. (A) AS and BE2 cells were
transfected with Bcl-xl siRNAs (#1, #2, and #3) for 48 h, and the expression of Bcl-xl was detected by western blot; (B, C) Bcl-xl siRNAs#3(marked as Bcl-xl siRNA)
and ATXN3 #2(marked as ATXN3 siRNA) were transfected into AS and BE2 cells alone or combination, then the cells were treated with etoposide (AS:1mg/ml; BE2:
4mg/ml) or cisplatin (AS:1mg/ml; BE: 2mg/ml) for 48 h, cell survival was detected by CCK8 assay; (D, E) the confluence of etoposide was detected and analyzed by
IncuCyte Zoom. Bar, SD, **P < 0.01, ATXN3 siRNAs + etoposide/cisplatin + Bcl-xl siRNA vs. ATXN3 siRNA + etoposide/cisplatin.
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independent prognostic factor and significantly correlated with
MYCN amplification and advanced stage in a study with 116 NB
patients (12), suggesting that AKT may be an important
potential target for NB treatment. Perifosine and MK-2206 are
AKT inhibitors with potential anti-tumor effects, as supported by
the phase II clinical trials of perifosine in head and neck cancer
(50), melanoma (51), breast cancer (52), and colorectal cancer
(53), prostate cancer (54) and cervical cancer (55) showing that
perifosine has satisfactory therapeutic effects. In a multicenter
phase I clinical trial of perifosine in the treatment of recurrent
refractory NB, perifosine showed low toxicity, well tolerance, and
as a single agent, perifosine prolonged the survival time of
patients significantly (20, 56). Also, MK-2206 also showed
good anti-tumor effects in clinical trials in lymphocytic
leukemia (57), breast cancer (58), endometrial carcinoma (58),
non-small cell lung cancer (59), pancreatic cancer (60) and
prostate cancer (61). In our previous studies, we reported that
AKT inhibitors perifosine or MK-2206 protected against tumor
growth in vitro and in vivo as a single agent, and increased the
therapeutic effects of chemotherapeutic drugs in NB (17–19).

The sensitivity of perifosine and MK-2206 is affected by many
factors, Simons et al. found that the inhibition of glutathione and
thioredoxin metabolism could decrease the cell death induced by
perifosine in head and neck cancer (62). Furthermore, blocking
autophagy could increase the sensitivity of lung cancer cells (23)
and glioma cells (63) to perifosine, and increase MK-2206-
induced cell death of melanoma (64). Ashkenazi et al. found
that ATXN3 interacts with Beclin directly, and regulates beclin 1-
dependent autophagy (65). Besides, Sacco et al. found that
downregulation of ATXN3 could inhibit the activation of AKT
and decrease the cell viability by inducing the expression of
PTEN in lung cancer (36). The downregulation of ATXN3 could
also inhibit the proliferation of testicular cancer cells by
inhibiting AKT activation (38). In this study, we found that
downregulation of ATXN3 could enhance the cell death induced
by AKT inhibitors (perifosine or MK-2206) in NB cells, on one
hand, ATXN3 could regulate the activation of AKT, on the other
hand, both of perifosine and MK-2206 are AKT inhibitors, thus,
downregulation of ATXN3 could increase the sensitivity of NB
cells to these agents. Besides, perifosine and MK-2206 could
induce the expression of BIM, and promote the apoptosis of
cancer cells (66–68). In this study, we found downregulation of
ATXN3 promote perifosine and MK-2206 induced the cell death
of NB cells via upregulating the expression of BIM, which was
consistence with those studies mentioned above.

Furthermore, etoposide and cisplatin are first-line
chemotherapy drugs for NB patients in clinic (69, 70), and
chemotherapy resistance was the most common reason for the
failure of NB treatment. Many studies have shown that Bcl-xl
could block etoposide induced cell death, and play a very
important role in multidrug resistance (71–73). Lebedeva et al.
reported that the upregulation of Bcl-xl could inhibit etoposide
induced cell death, while downregulation of Bcl-xl could increase
the sensitivity of prostate cancer cells to chemotherapeutic agents
including etoposide (74). Marengo et al. found that HTLA-ER
cells (etoposide resistant NB cells) could alter the BAX/Bcl-xl
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ratio to avoid apoptosis caused by etoposide (75). Williams et al.
reported that over 61.5% of ovarian cancer patients with cisplatin
resistance showing Bcl-xl high expression, and high expression of
Bcl-xl was resistant to cisplatin in the mouse xenograft model
(76). Zhou et al. reported that ATXN3 could interact with Bcl-xl
directly in Spinocerebellar ataxia type 3 disease (43). Chou et al.
reported that downregulation of ATXN3 could inhibit
mitochondrial apoptotic pathway by increasing Bcl-xl in
Machado-Joseph disease (77). In this study, we found
downregulation of ATXN3 could inhibit apoptosis in NB cells
induced by etoposide and cisplatin, leading to a decrease in the
sensitivity of NB cells to etoposide and cisplatin. We also found
that downregulation of ATXN3 could increase the expression of
Bcl-xl. Dole et al. reported that Bcl-xl is highly expressed in NB
cells and could inhibit apoptosis induced by etoposide and
cisplatin (78). Hadjidaniel et al. found that the upregulation of
Bcl-xl is closely related to protection against etoposide and
cisplatin induced mitochondrial-dependent apoptosis in NB
cells (79). The downregulation of Bcl-xl could reverse cisplatin
resistance in ovarian cancer cells, and induce cell death caused by
cisplatin at a low concentration (80), and confers sensitivity to
cisplatin-resistant mesothelioma cells (81). In this study, we also
found that knockdown of Bcl-xl restored the cell death of NB
cells with ATXN3 downregulation and etoposide or cisplatin
treatment. However, Zhu et al. reported that breast cancer
patients with high expression of ATXN3 is correlated with
poor prognosis, and downregulation of ATXN3 could increase
the sensitivity of breast cancer cells to chemotherapeutic agents
(Adriamycin) (45). Differing from the study of Zhu et al, in our
present study we used two different chemotherapeutic drugs
(etoposide and cisplatin) and NB cells. Studies showed that BIM
could bind to Bcl-xl directly by the BH3 domain binding groove
(82, 83), and inhibit the function of Bcl-xl (66). In our present
study, we found that the downregulation of ATXN3 in NB cells
could increase the expression of both BIM and Bcl-xl. It was
reported that AKT inhibitors (perifosine or MK-2206) could
promote the BIM expression, but decrease Bcl-xl expression (66,
67, 84, 85). So, when the ATXN3-down-regulated NB cells were
treated with AKT inhibitors (perifosine or MK-2206), the
balance between BIM and Bcl-xl may tilt towards BIM, the
accumulation of pro-apoptotic BIM may induce more cell
death. While it was reported that etoposide or cisplatin could
promote BIM degradation (86, 87). So, when the ATXN3-
downregulated NB cells were treated with etoposide or
cisplatin, the balance between BIM and Bcl-xl may tilt towards
Bcl-xl, and more Bcl-xl would protect NB cell from etoposide or
cisplatin-induced cell death.

Our findings in the present study may provide a potential
guidance for the selection of treatment regimen. Patients with
low ATXN3 expression maybe more sensitive to AKT inhibitors,
such as perifosine and MK-2206, and those with high ATXN3
expression may be more suitable for chemotherapeutic drugs,
such as etoposide and cisplatin. However, our research still has
some limitations, ATXN3 may regulate the sensitivity of NB cells
to perifosine and MK-2206 by regulating autophagy. Besides, up
to now, this study was only in NB cells, and we will explore the
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function of ATXN3 in NB xenograft model systematically and
comprehensively. Also, we will focus on these questions in our
future studies.

In conclusion, downregulation of ATXN3 promoted the cell
death of NB cells induced by AKT inhibitors (perifosine and
MK-2206) via upregulation of BIM, whereas downregulation of
ATNX3 did not enhance, but decreased sensitivity of NB cells to
chemotherapeutic drugs (etoposide and cisplatin) by
upregulating the expression of Bcl-xl in NB cells. These
findings suggested that ATXN3 may be a novel potential target
for NB therapy and showed great value in providing guidance in
precision therapy and medication selection during the treatment
of NB patients.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are available on
request to the corresponding author.
AUTHOR CONTRIBUTIONS

BG contributed to the study design, experiment, data analysis,
and writing - original daft. ZH and JZ contributed to data
Frontiers in Oncology | www.frontiersin.org 13
collection and analysis. ZLiu and CT contributed to revise the
manuscript. ZLi contributed to study design, supervision, project
administration, and review and editing of manuscript. All
authors contributed to the article and approved the
submitted version.
FUNDING

This study was supported by National Natural Science
Foundation of China (no. 81472359, 81972515), Key Research
and Development Foundation of Liaoning province (2019JH8/
10300024), 2013 Liaoning Climbing Scholar Foundation, 345
Talent Project of Shengjing Hospital of China Medical
University. ZLiu and CT are supported by Center for Cancer
Research at the National Institutes of Health in the Intramural
Research Program at the NIH.
ACKNOWLEDGMENTS

We thank CT (National Institutes of Health, USA) for providing
us the NB cell lines. Also, we thank the staffs from Medical
Research Center of Shengjing Hospital who help us throughout
the experiments.
REFERENCES

1. Matthay KK, Maris JM, Schleiermacher G, Nakagawara A, Mackall CL, Diller
L, et al. Neuroblastoma. Nat Rev Dis Primers (2016) 2:16078. doi: 10.1038/
nrdp.2016.78

2. Pinto NR, Applebaum MA, Volchenboum SL, Matthay KK, London WB,
Ambros PF, et al. Advances in Risk Classification and Treatment Strategies
for Neuroblastoma. J Clin Oncol: Off J Am Soc Clin Oncol (2015) 33(27):3008–
17. doi: 10.1200/jco.2014.59.4648

3. Bellacosa A, Testa JR, Staal SP, Tsichlis PN. A Retroviral Oncogene, Akt,
Encoding a Serine-Threonine Kinase Containing an SH2-Like Region. Science
(1991) 254(5029):274–7. doi: 10.1126/science.1833819

4. Bellacosa A, Testa JR, Moore R, Larue L. A Portrait of AKT Kinases: Human
Cancer and Animal Models Depict a Family With Strong Individualities.
Cancer Biol Ther (2004) 3(3):268–75. doi: 10.4161/cbt.3.3.703

5. Gallyas F Jr, Sumegi B, Szabo C. Role of Akt Activation in PARP Inhibitor
Resistance in Cancer. Cancers (2020) 12(3):532–52. doi: 10.3390/
cancers12030532

6. Keane NA, Glavey SV, Krawczyk J, O’Dwyer M. AKT as a Therapeutic Target
in Multiple Myeloma. Expert Opin Ther Targets (2014) 18(8):897–915.
doi: 10.1517/14728222.2014.924507

7. Rizk M, Rizq O, Oshima M, Nakajima-Takagi Y, Koide S, Saraya A, et al. Akt
Inhibition Synergizes With Polycomb Repressive Complex 2 Inhibition in the
Treatment of Multiple Myeloma. Cancer Sci (2019) 110(12):3695–707.
doi: 10.1111/cas.14207

8. Wei D, Zhang G, Zhu Z, Zheng Y, Yan F, Pan C, et al. Nobiletin Inhibits Cell
Viability via the SRC/AKT/STAT3/YY1AP1 Pathway in Human Renal
Carcinoma Cell. Front Pharmacol (2019) 10:690. doi: 10.3389/fphar.2019.00690

9. Chen G, Park D, Magis AT, Behera M, Ramalingam SS, Owonikoko TK, et al.
Mcl-1 Interacts With Akt to Promote Lung Cancer Progression. Cancer Res
(2019) 79(24):6126–38. doi: 10.1158/0008-5472.Can-19-0950

10. Kim HK, Bhattarai KR, Junjappa RP, Ahn JH, Pagire SH, Yoo HJ, et al.
TMBIM6/BI-1 Contributes to Cancer Progression Through Assembly With
Mtorc2 and AKT Activation. Nat Commun (2020) 11(1):4012. doi: 10.1038/
s41467-020-17802-4
11. Toh TB, Lim JJ, Hooi L, Rashid M, Chow EK. Targeting Jak/Stat Pathway as a
Therapeutic Strategy Against SP/CD44+ Tumorigenic Cells in Ak/b-Catenin-
Driven Hepatocellular Carcinoma. J Hepatology (2020) 72(1):104–18.
doi: 10.1016/j.jhep.2019.08.035

12. Opel D, Poremba C, Simon T, Debatin K-M, Fulda S. Activation of Akt
Predicts Poor Outcome in Neuroblastoma. Cancer Res (2007) 67(2):735–45.
doi: 10.1158/0008-5472.CAN-06-2201

13. Li Z, Jaboin J, Dennis PA, Thiele CJ. Genetic and Pharmacologic Identification
of Akt as a Mediator of Brain-Derived Neurotrophic Factor/TrkB Rescue of
Neuroblastoma Cells From Chemotherapy-Induced Cell Death. Cancer Res
(2005) 65(6):2070–5. doi: 10.1158/0008-5472.CAN-04-3606

14. Song M, Bode AM, Dong Z, Lee M-H. AKT as a Therapeutic Target for
Cancer. Cancer Res (2019) 79(6):1019–31. doi: 10.1158/0008-5472.CAN-18-
2738

15. Barnett SF, Bilodeau MT, Lindsley CW. The Akt/PKB Family of Protein
Kinases: A Review of Small Molecule Inhibitors and Progress Towards Target
Validation. Curr Top Med Chem (2005) 5(2):109–25. doi: 10.2174/
1568026053507714

16. Momota H, Nerio E, Holland EC. Perifosine Inhibits Multiple Signaling
Pathways in Glial Progenitors and Cooperates With Temozolomide to Arrest
Cell Proliferation in Gliomas In Vivo. Cancer Res (2005) 65(16):7429–35. doi:
10.1158/0008-5472.CAN-05-1042

17. Li Z, Yan S, Attayan N, Ramalingam S, Thiele CJ. Combination of an Allosteric
Akt Inhibitor MK-2206With Etoposide or Rapamycin Enhances the Antitumor
Growth Effect in Neuroblastoma. Clin Cancer Res: Off J Am Assoc Cancer Res
(2012) 18(13):3603–15. doi: 10.1158/1078-0432.CCR-11-3321

18. Li Z, Oh D-Y, Nakamura K, Thiele CJ. Perifosine-Induced Inhibition of Akt
Attenuates Brain-Derived Neurotrophic Factor/TrkB-Induced
Chemoresistance in Neuroblastoma In Vivo. Cancer (2011) 117(23):5412–
22. doi: 10.1002/cncr.26133

19. Li Z, Tan F, Liewehr DJ, Steinberg SM, Thiele CJ. In Vitro and In Vivo
Inhibition of Neuroblastoma Tumor Cell Growth by AKT Inhibitor
Perifosine. J Natl Cancer Inst (2010) 102(11):758–70. doi: 10.1093/jnci/djq125

20. Kushner BH, Cheung N-KV, Modak S, Becher OJ, Basu EM, Roberts SS, et al.
A Phase I/Ib Trial Targeting the Pi3k/Akt Pathway Using Perifosine: Long-
July 2021 | Volume 11 | Article 686898

https://doi.org/10.1038/nrdp.2016.78
https://doi.org/10.1038/nrdp.2016.78
https://doi.org/10.1200/jco.2014.59.4648
https://doi.org/10.1126/science.1833819
https://doi.org/10.4161/cbt.3.3.703
https://doi.org/10.3390/cancers12030532
https://doi.org/10.3390/cancers12030532
https://doi.org/10.1517/14728222.2014.924507
https://doi.org/10.1111/cas.14207
https://doi.org/10.3389/fphar.2019.00690
https://doi.org/10.1158/0008-5472.Can-19-0950
https://doi.org/10.1038/s41467-020-17802-4
https://doi.org/10.1038/s41467-020-17802-4
https://doi.org/10.1016/j.jhep.2019.08.035
https://doi.org/10.1158/0008-5472.CAN-06-2201
https://doi.org/10.1158/0008-5472.CAN-04-3606
https://doi.org/10.1158/0008-5472.CAN-18-2738
https://doi.org/10.1158/0008-5472.CAN-18-2738
https://doi.org/10.2174/1568026053507714
https://doi.org/10.2174/1568026053507714
https://doi.org/10.1158/0008-5472.CAN-05-1042
https://doi.org/10.1158/1078-0432.CCR-11-3321
https://doi.org/10.1002/cncr.26133
https://doi.org/10.1093/jnci/djq125
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Term Progression-Free Survival of Patients With Resistant Neuroblastoma.
Int J Cancer (2017) 140(2):480–4. doi: 10.1002/ijc.30440

21. Shen J, Liang L, Wang C. Perifosine Inhibits Lipopolysaccharide (LPS)-
Induced Tumor Necrosis Factor (TNF)-a Production via Regulation
Multiple Signaling Pathways: New Implication for Kawasaki Disease (KD)
Treatment. Biochem Biophys Res Commun (2013) 437(2):250–5. doi: 10.1016/
j.bbrc.2013.06.055

22. Chen MB, Wu XY, Tao GQ, Liu CY, Chen J, Wang LQ, et al. Perifosine
Sensitizes Curcumin-Induced Anti-Colorectal Cancer Effects by Targeting
Multiple Signaling Pathways Both In Vivo and In Vitro. Int J Cancer (2012)
131(11):2487–98. doi: 10.1002/ijc.27548

23. Sun S-Y. Enhancing Perifosine’s Anticancer Efficacy by Preventing
Autophagy. Autophagy (2010) 6(1):184–5. doi: 10.4161/auto.6.1.10816

24. Pinton G, Manente AG, Angeli G, Mutti L, Moro L. Perifosine as a Potential
Novel Anti-Cancer Agent Inhibits EGFR/MET-AKT Axis in Malignant
Pleural Mesothelioma. PloS One (2012) 7(5):e36856. doi: 10.1371/
journal.pone.0036856

25. Li X, Luwor R, Lu Y, Liang K, Fan Z. Enhancement of Antitumor Activity of
the Anti-EGF Receptor Monoclonal Antibody Cetuximab/C225 by Perifosine
in PTEN-Deficient Cancer Cells. Oncogene (2006) 25(4):525–35. doi: 10.1038/
sj.onc.1209075

26. David E, Sinha R, Chen J, Sun SY, Kaufman JL, Lonial S. Perifosine
Synergistically Enhances TRAIL-Induced Myeloma Cell Apoptosis via Up-
Regulation of Death Receptors. Clin Cancer Res (2008) 14(16):5090–8.
doi: 10.1158/1078-0432.Ccr-08-0016

27. Gu X, Hua Z, Dong Y, Zhan Y, Zhang X, Tian W, et al. Proteome and
Acetylome Analysis Identifies Novel Pathways and Targets Regulated by
Perifosine in Neuroblastoma. Sci Rep (2017) 7:42062. doi: 10.1038/
srep42062

28. Liu H, Li X, Ning G, Zhu S, Ma X, Liu X, et al. The Machado-Joseph Disease
Deubiquitinase Ataxin-3 Regulates the Stability and Apoptotic Function of
P53. PloS Biol (2016) 14(11):e2000733. doi: 10.1371/journal.pbio.2000733

29. Tu Y, Liu H, Zhu X, Shen H, Ma X, Wang F, et al. Ataxin-3 Promotes Genome
Integrity by Stabilizing Chk1. Nucleic Acids Res (2017) 45(8):4532–49.
doi: 10.1093/nar/gkx095

30. Durcan TM, Kontogiannea M, Thorarinsdottir T, Fallon L, Williams AJ,
Djarmati A, et al. The Machado-Joseph Disease-Associated Mutant Form of
Ataxin-3 Regulates Parkin Ubiquitination and Stability. Hum Mol Genet
(2011) 20(1):141–54. doi: 10.1093/hmg/ddq452

31. Feng Q, Miao Y, Ge J, Yuan Y, Zuo Y, Qian L, et al. ATXN3 Positively
Regulates Type I IFN Antiviral Response by Deubiquitinating and Stabilizing
HDAC3. J Immunol (Baltimore Md: 1950) (2018) 201(2):675–87. doi: 10.4049/
jimmunol.1800285

32. Zeng LX, Tang Y, Ma Y. Ataxin-3 Expression Correlates With the
Clinicopathologic Features of Gastric Cancer. Int J Clin Exp Med (2014) 7
(4):973–81.

33. Sacco JJ, Coulson JM, Clague MJ, Urbé S. Emerging Roles of Deubiquitinases
in Cancer-Associated Pathways. IUBMB Life (2010) 62(2):140–57.
doi: 10.1002/iub.300

34. Reyes-Turcu FE, Ventii KH, Wilkinson KD. Regulation and Cellular Roles of
Ubiquitin-Specific Deubiquitinating Enzymes. Annu Rev Biochem (2009)
78:363–97. doi: 10.1146/annurev.biochem.78.082307.091526

35. Zou H, Chen H, Zhou Z, Wan Y, Liu Z. ATXN3 Promotes Breast Cancer
Metastasis by Deubiquitinating KLF4. Cancer Lett (2019) 467:19–28.
doi: 10.1016/j.canlet.2019.09.012

36. Sacco JJ, Yau TY, Darling S, Patel V, Liu H, Urbé S, et al. The Deubiquitylase
Ataxin-3 Restricts PTEN Transcription in Lung Cancer Cells. Oncogene
(2014) 33(33):4265–72. doi: 10.1038/onc.2013.512

37. . (!!! INVALID CITATION.
38. Shi Z, Chen J, Zhang X, Chu J, Han Z, Xu D, et al. Ataxin-3 Promotes

Testicular Cancer Cell Proliferation by Inhibiting Anti-Oncogene PTEN.
Biochem Biophys Res Commun (2018) 503(1):391–6. doi: 10.1016/
j.bbrc.2018.06.047

39. Rodríguez-Lebrón E, Costa M, Luna-Cancalon K, Peron TM, Fischer S,
Boudreau RL, et al. Silencing Mutant ATXN3 Expression Resolves
Molecular Phenotypes in SCA3 Transgenic Mice. Mol Ther (2013) 21
(10):1909–18. doi: 10.1038/mt.2013.152
Frontiers in Oncology | www.frontiersin.org 14
40. Li F, Macfarlan T, Pittman RN, Chakravarti D. Ataxin-3 is a Histone-Binding
Protein With Two Independent Transcriptional Corepressor Activities. J Biol
Chem (2002) 277(47):45004–12. doi: 10.1074/jbc.M205259200

41. Seki T, Gong L, Williams AJ, Sakai N, Todi SV, Paulson HL. JosD1, a
Membrane-Targeted Deubiquitinating Enzyme, Is Activated by
Ubiquitination and Regulates Membrane Dynamics, Cell Motility, and
Endocytosis. J Biol Chem (2013) 288(24):17145–55. doi: 10.1074/
jbc.M113.463406

42. Gao R, Chakraborty A, Geater C, Pradhan S, Gordon KL, Snowden J, et al.
Mutant Huntingtin Impairs PNKP and ATXN3, Disrupting DNA Repair and
Transcription. eLife (2019) 8. doi: 10.7554/eLife.42988

43. Zhou L, Wang H, Wang P, Ren H, Chen D, Ying Z, et al. Ataxin-3 Protects
Cells Against H2O2-Induced Oxidative Stress by Enhancing the Interaction
Between Bcl-X(L) and Bax. Neuroscience (2013) 243:14–21. doi: 10.1016/
j.neuroscience.2013.03.047

44. Nóbrega C, Simões AT, Duarte-Neves J, Duarte S, Vasconcelos-Ferreira A,
Cunha-Santos J, et al. Molecular Mechanisms and Cellular Pathways
Implicated in Machado-Joseph Disease Pathogenesis. Adv Exp Med Biol
(2018) 1049:349–67. doi: 10.1007/978-3-319-71779-1_18

45. Zhu R, Gires O, Zhu L, Liu J, Li J, Yang H, et al. TSPAN8 Promotes Cancer
Cell Stemness via Activation of Sonic Hedgehog Signaling. Nat Commun
(2019) 10(1):2863. doi: 10.1038/s41467-019-10739-3

46. Rodrigues AJ, do Carmo Costa M, Silva TL, Ferreira D, Bajanca F, Logarinho
E, et al. Absence of Ataxin-3 Leads to Cytoskeletal Disorganization and
Increased Cell Death. Biochim Biophys Acta (2010) 1803(10):1154–63.
doi: 10.1016/j.bbamcr.2010.07.004

47. Gao R, Liu Y, Silva-Fernandes A, Fang X, Paulucci-Holthauzen A, Chatterjee
A, et al. Inactivation of PNKP by Mutant ATXN3 Triggers Apoptosis by
Activating the DNA Damage-Response Pathway in SCA3. PloS Genet (2015)
11(1):e1004834. doi: 10.1371/journal.pgen.1004834

48. Vivanco I, Sawyers CL. The Phosphatidylinositol 3-Kinase AKT Pathway in
Human Cancer. Nat Rev Cancer (2002) 2(7):489–501. doi: 10.1038/nrc839

49. Yang J, Nie J, Ma X, Wei Y, Peng Y, Wei X. Targeting PI3K in Cancer:
Mechanisms and Advances in Clinical Trials. Mol Cancer (2019) 18(1):26.
doi: 10.1186/s12943-019-0954-x

50. Argiris A, Cohen E, Karrison T, Esparaz B, Mauer A, Ansari R, et al. A Phase
II Trial of Perifosine, an Oral Alkylphospholipid, in Recurrent or Metastatic
Head and Neck Cancer. Cancer Biol Ther (2006) 5(7):766–70. doi: 10.4161/
cbt.5.7.2874

51. Ernst DS, Eisenhauer E, Wainman N, Davis M, Lohmann R, Baetz T, et al.
Phase II Study of Perifosine in Previously Untreated Patients With Metastatic
Melanoma. Invest New Drugs (2005) 23(6):569–75. doi: 10.1007/s10637-005-
1157-4

52. Leighl NB, Dent S, Clemons M, Vandenberg TA, Tozer R, Warr DG, et al. A
Phase 2 Study of Perifosine in Advanced or Metastatic Breast Cancer. Breast
Cancer Res Treat (2008) 108(1):87–92. doi: 10.1007/s10549-007-9584-x

53. Bendell JC, Nemunaitis J, Vukelja SJ, Hagenstad C, Campos LT, Hermann RC,
et al. Randomized Placebo-Controlled Phase II Trial of Perifosine Plus
Capecitabine as Second- or Third-Line Therapy in Patients With Metastatic
Colorectal Cancer. J Clin Oncol (2011) 29(33):4394–400. doi: 10.1200/
jco.2011.36.1980

54. Posadas EM, Gulley J, Arlen PM, Trout A, Parnes HL, Wright J, et al. A Phase
II Study of Perifosine in Androgen Independent Prostate Cancer. Cancer Biol
Ther (2005) 4(10):1133–7. doi: 10.4161/cbt.4.10.2064

55. Hasegawa K, Kagabu M, Mizuno M, Oda K, Aoki D, Mabuchi S, et al. Phase II
Basket Trial of Perifosine Monotherapy for Recurrent Gynecologic Cancer
With or Without PIK3CA Mutations. Invest New Drugs (2017) 35(6):800–12.
doi: 10.1007/s10637-017-0504-6

56. Becher OJ, Millard NE, Modak S, Kushner BH, Haque S, Spasojevic I, et al. A
Phase I Study of Single-Agent Perifosine for Recurrent or Refractory Pediatric
CNS and Solid Tumors. PloS One (2017) 12(6):e0178593. doi: 10.1371/
journal.pone.0178593

57. Larsen JT, Shanafelt TD, Leis JF, LaPlant B, Call T, Pettinger A, et al. Akt
Inhibitor MK-2206 in Combination With Bendamustine and Rituximab in
Relapsed or Refractory Chronic Lymphocytic Leukemia: Results From the
N1087 Alliance Study. Am J Hematol (2017) 92(8):759–63. doi: 10.1002/
ajh.24762
July 2021 | Volume 11 | Article 686898

https://doi.org/10.1002/ijc.30440
https://doi.org/10.1016/j.bbrc.2013.06.055
https://doi.org/10.1016/j.bbrc.2013.06.055
https://doi.org/10.1002/ijc.27548
https://doi.org/10.4161/auto.6.1.10816
https://doi.org/10.1371/journal.pone.0036856
https://doi.org/10.1371/journal.pone.0036856
https://doi.org/10.1038/sj.onc.1209075
https://doi.org/10.1038/sj.onc.1209075
https://doi.org/10.1158/1078-0432.Ccr-08-0016
https://doi.org/10.1038/srep42062
https://doi.org/10.1038/srep42062
https://doi.org/10.1371/journal.pbio.2000733
https://doi.org/10.1093/nar/gkx095
https://doi.org/10.1093/hmg/ddq452
https://doi.org/10.4049/jimmunol.1800285
https://doi.org/10.4049/jimmunol.1800285
https://doi.org/10.1002/iub.300
https://doi.org/10.1146/annurev.biochem.78.082307.091526
https://doi.org/10.1016/j.canlet.2019.09.012
https://doi.org/10.1038/onc.2013.512
https://doi.org/10.1016/j.bbrc.2018.06.047
https://doi.org/10.1016/j.bbrc.2018.06.047
https://doi.org/10.1038/mt.2013.152
https://doi.org/10.1074/jbc.M205259200
https://doi.org/10.1074/jbc.M113.463406
https://doi.org/10.1074/jbc.M113.463406
https://doi.org/10.7554/eLife.42988
https://doi.org/10.1016/j.neuroscience.2013.03.047
https://doi.org/10.1016/j.neuroscience.2013.03.047
https://doi.org/10.1007/978-3-319-71779-1_18
https://doi.org/10.1038/s41467-019-10739-3
https://doi.org/10.1016/j.bbamcr.2010.07.004
https://doi.org/10.1371/journal.pgen.1004834
https://doi.org/10.1038/nrc839
https://doi.org/10.1186/s12943-019-0954-x
https://doi.org/10.4161/cbt.5.7.2874
https://doi.org/10.4161/cbt.5.7.2874
https://doi.org/10.1007/s10637-005-1157-4
https://doi.org/10.1007/s10637-005-1157-4
https://doi.org/10.1007/s10549-007-9584-x
https://doi.org/10.1200/jco.2011.36.1980
https://doi.org/10.1200/jco.2011.36.1980
https://doi.org/10.4161/cbt.4.10.2064
https://doi.org/10.1007/s10637-017-0504-6
https://doi.org/10.1371/journal.pone.0178593
https://doi.org/10.1371/journal.pone.0178593
https://doi.org/10.1002/ajh.24762
https://doi.org/10.1002/ajh.24762
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


58. Chien AJ, Tripathy D, Albain KS, Symmans WF, Rugo HS, Melisko ME, et al.
MK-2206 and Standard Neoadjuvant Chemotherapy Improves Response in
Patients With Human Epidermal Growth Factor Receptor 2-Positive and/or
Hormone Receptor-Negative Breast Cancers in the I-SPY 2 Trial. J Clin Oncol
(2020) 38(10):1059–69. doi: 10.1200/jco.19.01027

59. Yu X, Liu J, Qiu H, Hao H, Zhu J, Peng S. Combined Inhibition of ACK1 and
AKT Shows Potential Toward Targeted Therapy Against KRAS-Mutant non-
Small-Cell Lung Cancer. Bosnian J Basic Med Sci (2021) 21(2):198–207.
doi: 10.17305/bjbms.2020.4746

60. Chung V, McDonough S, Philip PA, Cardin D, Wang-Gillam A, Hui L, et al.
Effect of Selumetinib and MK-2206 vs. Oxaliplatin and Fluorouracil in
Patients With Metastatic Pancreatic Cancer After Prior Therapy: SWOG
S1115 Study Randomized Clinical Trial. JAMA Oncol (2017) 3(4):516–22.
doi: 10.1001/jamaoncol.2016.5383

61. Al-Saffar NMS, Troy H, Wong Te Fong AC, Paravati R, Jackson LE, Gowan S,
et al. Metabolic Biomarkers of Response to the AKT Inhibitor MK-2206 in
Pre-Clinical Models of Human Colorectal and Prostate Carcinoma. Br J
Cancer (2018) 119(9):1118–28. doi: 10.1038/s41416-018-0242-3

62. Simons AL, Parsons AD, Foster KA, Orcutt KP, Fath MA, Spitz DR.
Inhibition of Glutathione and Thioredoxin Metabolism Enhances
Sensitivity to Perifosine in Head and Neck Cancer Cells. J Oncol (2009)
2009:519563. doi: 10.1155/2009/519563

63. Qin LS, Yu ZQ, Zhang SM, Sun G, Zhu J, Xu J, et al. The Short Chain Cell-
Permeable Ceramide (C6) Restores Cell Apoptosis and Perifosine Sensitivity
in Cultured Glioblastoma Cells. Mol Biol Rep (2013) 40(10):5645–55.
doi: 10.1007/s11033-013-2666-4

64. Rebecca VW, Massaro RR, Fedorenko IV, Sondak VK, Anderson AR, Kim E,
et al. Inhibition of Autophagy Enhances the Effects of the AKT Inhibitor MK-
2206 When Combined With Paclitaxel and Carboplatin in BRAF Wild-Type
Melanoma. Pigment Cell Melanoma Res (2014) 27(3):465–78. doi: 10.1111/
pcmr.12227

65. Ashkenazi A, Bento CF, Ricketts T, Vicinanza M, Siddiqi F, Pavel M, et al.
Polyglutamine Tracts Regulate Beclin 1-Dependent Autophagy.Nature (2017)
545(7652):108–11. doi: 10.1038/nature22078

66. Rahmani M, Anderson A, Habibi JR, Crabtree TR, Mayo M, Harada H, et al.
The BH3-Only Protein Bim Plays a Critical Role in Leukemia Cell Death
Triggered by Concomitant Inhibition of the PI3K/Akt and MEK/ERK1/2
Pathways. Blood (2009) 114(20):4507–16. doi: 10.1182/blood-2008-09-
177881

67. Cheng Y, Zhang Y, Zhang L, Ren X, Huber-Keener KJ, Liu X, et al. MK-2206,
a Novel Allosteric Inhibitor of Akt, Synergizes With Gefitinib Against
Malignant Glioma via Modulating Both Autophagy and Apoptosis. Mol
Cancer Ther (2012) 11(1):154–64. doi: 10.1158/1535-7163.MCT-11-0606

68. Song M, Liu X, Liu K, Zhao R, Huang H, Shi Y, et al. Targeting AKT With
Oridonin Inhibits Growth of Esophageal Squamous Cell Carcinoma In Vitro
and Patient-Derived Xenografts In Vivo.Mol Cancer Ther (2018) 17(7):1540–
53. doi: 10.1158/1535-7163.Mct-17-0823

69. Kushner BH, Modak S, Kramer K, Basu EM, Roberts SS, Cheung N-KV.
Ifosfamide, Carboplatin, and Etoposide for Neuroblastoma: A High-Dose
Salvage Regimen and Review of the Literature. Cancer (2013) 119(3):665–71.
doi: 10.1002/cncr.27783

70. Bossi P, Saba NF, Vermorken JB, Strojan P, Pala L, de Bree R, et al. The Role of
Systemic Therapy in the Management of Sinonasal Cancer: A Critical Review.
Cancer Treat Rev (2015) 41(10):836–43. doi: 10.1016/j.ctrv.2015.07.004

71. Simonian PL, Grillot DA, Nuñez G. Bcl-2 and Bcl-XL can Differentially Block
Chemotherapy-Induced Cell Death. Blood (1997) 90(3):1208–16. doi:
10.1182/blood.V90.3.1208

72. Colié S, Van Veldhoven PP, Kedjouar B, Bedia C, Albinet V, Sorli SC, et al.
Disruption of Sphingosine 1-Phosphate Lyase Confers Resistance to
Chemotherapy and Promotes Oncogenesis Through Bcl-2/Bcl-xL
Upregulation. Cancer Res (2009) 69(24):9346–53. doi: 10.1158/0008-
5472.Can-09-2198

73. Decaudin D, Geley S, Hirsch T, Castedo M, Marchetti P, Macho A, et al. Bcl-
2 and Bcl-XL Antagonize the Mitochondrial Dysfunction Preceding Nuclear
Apoptosis Induced by Chemotherapeutic Agents. Cancer Res (1997) 57
(1):62–7.
Frontiers in Oncology | www.frontiersin.org 15
74. Lebedeva I, Rando R, Ojwang J, Cossum P, Stein CA. Bcl-xL in Prostate
Cancer Cells: Effects of Overexpression and Down-Regulation on
Chemosensitivity. Cancer Res (2000) 60(21):6052–60.

75. Marengo B, Monti P, Miele M, Menichini P, Ottaggio L, Foggetti G, et al.
Etoposide-Resistance in a Neuroblastoma Model Cell Line Is Associated With
13q14.3 Mono-Allelic Deletion and miRNA-15a/16-1 Down-Regulation. Sci
Rep (2018) 8(1):13762. doi: 10.1038/s41598-018-32195-7

76. Williams J, Lucas PC, Griffith KA, Choi M, Fogoros S, Hu YY, et al.
Expression of Bcl-xL in Ovarian Carcinoma Is Associated With
Chemoresistance and Recurrent Disease. Gynecol Oncol (2005) 96(2):287–
95. doi: 10.1016/j.ygyno.2004.10.026

77. Chou AH, Yeh TH, Kuo YL, Kao YC, Jou MJ, Hsu CY, et al. Polyglutamine-
Expanded Ataxin-3 Activates Mitochondrial Apoptotic Pathway by
Upregulating Bax and Downregulating Bcl-xL. Neurobiol Dis (2006) 21
(2):333–45. doi: 10.1016/j.nbd.2005.07.011

78. Dole MG, Jasty R, Cooper MJ, Thompson CB, Nuñez G, Castle VP. Bcl-xL is
Expressed in Neuroblastoma Cells and Modulates Chemotherapy-Induced
Apoptosis. Cancer Res (1995) 55(12):2576–82.

79. Hadjidaniel MD, Reynolds CP. Antagonism of Cytotoxic Chemotherapy in
Neuroblastoma Cell Lines by 13-Cis-Retinoic Acid Is Mediated by the
Antiapoptotic Bcl-2 Family Proteins. Mol Cancer Ther (2010) 9(12):3164–
74. doi: 10.1158/1535-7163.Mct-10-0078

80. Brotin E, Meryet-Figuière M, Simonin K, Duval RE, Villedieu M, Leroy-Dudal
J, et al. Bcl-XL and MCL-1 Constitute Pertinent Targets in Ovarian
Carcinoma and Their Concomitant Inhibition is Sufficient to Induce
Apoptosis. Int J Cancer (2010) 126(4):885–95. doi: 10.1002/ijc.24787

81. Varin E, Denoyelle C, Brotin E, Meryet-Figuière M, Giffard F, Abeilard E, et al.
Downregulation of Bcl-xL and Mcl-1 Is Sufficient to Induce Cell Death in
Mesothelioma Cells Highly Refractory to Conventional Chemotherapy.
Carcinogenesis (2010) 31(6):984–93. doi: 10.1093/carcin/bgq026

82. Yang MC, Lin RW, Huang SB, Huang SY, Chen WJ, Wang S, et al. Bim
Directly Antagonizes Bcl-Xl in Doxorubicin-Induced Prostate Cancer Cell
Apoptosis Independently of P53. Cell Cycle (2016) 15(3):394–402.
doi: 10.1080/15384101.2015.1127470

83. Ponassi R, Biasotti B, Tomati V, Bruno S, Poggi A, Malacarne D, et al. A Novel
Bim-BH3-Derived Bcl-XL Inhibitor: Biochemical Characterization, In Vitro,
In Vivo and Ex-Vivo Anti-Leukemic Activity. Cell Cycle (2008) 7(20):3211–24.
doi: 10.4161/cc.7.20.6830

84. Morii Y, Tsubaki M, Takeda T, Otubo R, Seki S, Yamatomo Y, et al. Perifosine
Enhances the Potential Antitumor Effect of 5-Fluorourasil and Oxaliplatin in
Colon Cancer Cells Harboring the PIK3CAMutation. Eur J Pharmacol (2021)
898:173957. doi: 10.1016/j.ejphar.2021.173957

85. Zhao C, Li Z, Ji L, Ma J, Ge RL, Cui S. PI3K-Akt Signal Transduction
Molecules Maybe Involved in Downregulation of Erythroblasts Apoptosis and
Perifosine Increased Its Apoptosis in Chronic Mountain Sickness. Med Sci
Monitor: Int Med J Exp Clin Res (2017) 23:5637–49. doi: 10.12659/
msm.905739

86. Zall H, Weber A, Besch R, Zantl N, Häcker G. Chemotherapeutic Drugs
Sensitize Human Renal Cell Carcinoma Cells to ABT-737 by a Mechanism
Involving the Noxa-Dependent Inactivation of Mcl-1 or A1. Mol Cancer
(2010) 9:164. doi: 10.1186/1476-4598-9-164

87. Wang J, Zhou JY, Wu GS. Bim Protein Degradation Contributes to Cisplatin
Resistance. J Biol Chem (2011) 286(25):22384–92. doi: 10.1074/
jbc.M111.239566
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Gong, Zhang, Hua, Liu, Thiele and Li. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
July 2021 | Volume 11 | Article 686898

https://doi.org/10.1200/jco.19.01027
https://doi.org/10.17305/bjbms.2020.4746
https://doi.org/10.1001/jamaoncol.2016.5383
https://doi.org/10.1038/s41416-018-0242-3
https://doi.org/10.1155/2009/519563
https://doi.org/10.1007/s11033-013-2666-4
https://doi.org/10.1111/pcmr.12227
https://doi.org/10.1111/pcmr.12227
https://doi.org/10.1038/nature22078
https://doi.org/10.1182/blood-2008-09-177881
https://doi.org/10.1182/blood-2008-09-177881
https://doi.org/10.1158/1535-7163.MCT-11-0606
https://doi.org/10.1158/1535-7163.Mct-17-0823
https://doi.org/10.1002/cncr.27783
https://doi.org/10.1016/j.ctrv.2015.07.004
https://doi.org/10.1182/blood.V90.3.1208
https://doi.org/10.1158/0008-5472.Can-09-2198
https://doi.org/10.1158/0008-5472.Can-09-2198
https://doi.org/10.1038/s41598-018-32195-7
https://doi.org/10.1016/j.ygyno.2004.10.026
https://doi.org/10.1016/j.nbd.2005.07.011
https://doi.org/10.1158/1535-7163.Mct-10-0078
https://doi.org/10.1002/ijc.24787
https://doi.org/10.1093/carcin/bgq026
https://doi.org/10.1080/15384101.2015.1127470
https://doi.org/10.4161/cc.7.20.6830
https://doi.org/10.1016/j.ejphar.2021.173957
https://doi.org/10.12659/msm.905739
https://doi.org/10.12659/msm.905739
https://doi.org/10.1186/1476-4598-9-164
https://doi.org/10.1074/jbc.M111.239566
https://doi.org/10.1074/jbc.M111.239566
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Downregulation of ATXN3 Enhances the Sensitivity to AKT Inhibitors (Perifosine or MK-2206), but Decreases the Sensitivity to Chemotherapeutic Drugs (Etoposide or Cisplatin) in Neuroblastoma Cells
	Introduction
	Materials and Methods
	Cell Culture
	Cell Transfection
	Cell Treatment
	IncuCyte Zoom Live Imaging System and Cell Survival Analysis
	Apoptosis Analysis
	Western Blot
	Statistical Analysis

	Results
	Downregulation of ATXN3 Promoted the Perifosine-Induced Cell Death in NB Cells
	BIM Mediated the Cell Death Induced by a Combination of Perifosine Treatment and ATXN3 Downregulation in NB Cells
	Downregulation of ATXN3 Enhanced MK-2206-Induced Cell Death by Upregulating BIM in NB Cells
	Downregulation of ATXN3 Decreased the Sensitivity of NB Cells to Etoposide
	Downregulation of ATXN3 Decreased the Sensitivity of NB Cells to Cisplatin
	Downregulation of ATXN3 Decreased the Sensitivity of NB Cells to Etoposide and Cisplatin via Upregulating Bcl-xl

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


