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Abstract: Background: The PI3K/Akt/mTOR pathway is constitutively activated in human multiple myeloma (MM)
cell lines and in freshly isolated plasmocytes from patients with MM. The mTOR signaling pathway has been desig-
nated an attractive anti-tumor target in multiple myeloma. NVP-BEZ235, a novel, dual class | PI3K/mTOR inhibitor,
is an imidazoquinoline derivative. NVP-BEZ235 binds to the ATP-binding clefts of PI3K and mTOR kinase, thereby
inhibiting their activities. Increasing evidence shows that NVP-BEZ235 is able to effectively and specifically reverse
the hyperactivation of the PI3K/mTOR pathway, resulting not only in potent antiproliferative and antitumor activi-
ties in a broad range of cancer cell lines and experimental tumors but also in autophagy. Method: The antitumor,
apoptosis, and autophagy effects of NVP-BEZ235 were measured in three MM cell lines, two leukemia cell lines,
and primary CD138+ myeloma cells from MM patients and nude mouse MM models. In addition, the relationships
between autophagy, cell death and apoptosis induced by NVP-BEZ235 were analyzed in MM cells. Furthermore,
we explored the mechanism of autophagy induced by NVP-BEZ235 in MM cells. Results: NVP-BEZ235 inhibited
proliferation and induced apoptosis and autophagy in MM cells and in primary MM cells from patients and nude
mouse MM models. Autophagy played an important role in the cell death and apoptosis of MM cell lines induced
by NVP-BEZ235, and the mechanism involved the mTOR2-Akt-FOXO3a-BNIP3 pathway. Conclusions: In this study,
NVP-BEZ235 showed the strongest antitumor and autophagy induction activity. Moreover, the mechanism involved
the mTOR2-Akt-FOXO3a-BNIP3 pathway. Our study lays a theoretical foundation for NVP-BEZ235 clinical application.
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Introduction

Multiple myeloma (MM) is a malignancy of ter-
minal B cells and represents nearly 2% of
all cancers [1, 2]. The PI3K/Akt/mTOR pathway
is constitutively activated in human myeloma
cell lines and in freshly isolated plasmocytes
from patients with MM. Mammalian target of
rapamycin (MTOR) is a downstream serine/
threonine kinase of the PI3K/AKT pathway that
integrates signals from the microenvironment
such as cytokines, growth factors, and nutri-
ents to regulate multiple cellular processes,
including mRNA translation, autophagy, metab-
olism, growth and survival [3-5]. mTOR oper-
ates in two distinct multiprotein complexes,
mTORC1 and mTORC2. Sharing mTOR kinase
as a common catalytic subunit, mTORC1 con-
trols cell growth and mTORC2 modulates cell

survival and drug resistance. The mTOR signal-
ing pathway has been found to be deregulated
in multiple myeloma and has been designated
an attractive anti-tumor target [6-9]. Rapamy-
cin has demonstrated in vitro activity against
MM cell lines as a single agent and in combina-
tion with the immunomodulatory drug CC-5013.
Exposure to rapamycin or temsirolimus pre-
vents the proliferation of PTEN- and RAS-
mutated myeloma cell lines [10, 11]. Tem-
sirolimus was shown to inhibit the growth of
human myeloma cell lines by inducing G1 cell
cycle arrest, apoptosis, and tumor angiogene-
sis. In @ murine xenograft model of MM, temsi-
rolimus demonstrated a dose-dependent inhibi-
tion of proliferation and angiogenesis and
induced tumor cell apoptosis [12, 13]. In a
NOD-SCID mouse model of diffuse MM, everoli-
mus suppressed MM tumor burden and led to a
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longer survival time. Several clinical studies of
mTOR inhibitors are ongoing in MM patients. In
a phase /1l open-label trial of everolimus, 17
patients with relapsed or refractory MM were
enrolled after at least two lines of previous
treatment [14-16].

NVP-BEZ235, a novel, dual class | PI3K/mTOR
inhibitor, is an imidazoquinoline derivative [17].
NVP-BEZ235 binds to the ATP-binding clefts of
PI3K and mTOR kinase, thereby inhibiting their
activities. Increasing evidence shows that NVP-
BEZ235 is able to effectively and specifically
reverse the hyperactivation of the PI3K/mTOR
pathway, resulting in potent antiproliferative
and antitumor activities in a broad range of
cancer cell lines and experimental tumors [18-
21]. In breast cancer cells, NVP-BEZ235 blocks
the activation of the downstream effectors of
mTORC1/2, including Akt, S6 and 4E-BP1.
Additionally, NVP-BEZ235 shows greater antip-
roliferative activity than the allosteric selective
mTOR inhibitor everolimus in all cancer cell
lines tested. In a xenograft model of BT474-
derived breast cancer cells overexpressing
either the p110a H1047R oncogenic mutation
or empty vector, NVP-BEZ235 significantly
inhibits the tumor growth of both xenografts.
Consistently, NVP-BEZ235 at nanomolar con-
centrations suppresses phosphorylation of Akt,
S6K and 4E-BP1 and inhibits cell growth in a
panel of cancer cells, including human glioma,
osteosarcoma, Ewing’s sarcoma, and rhabdo-
myosarcoma. Inhibition of PI3BK/AKT/mTOR sig-
naling can not only inhibit the proliferation of
tumor cells but also induce autophagy [22, 23].
Autophagy is a catabolic process that main-
tains cellular homeostasis and reduces diverse
stressors through lysosomal recycling of unnec-
essary and damaged cell components [4]. This
process is also observed to antagonize antitu-
mor efficacy in colon cancer sw480 cells, via
apoptotic inhibition [24, 25]. We aimed to
investigate the inhibitory effects and autopha-
gy of NVP-BEZ235 in multiple myeloma and its
relationships with cell death and apoptosis and
study the role of autophagy in the NVP-BEZ235
treatment of multiple myeloma.

Materials and methods
Reagents

NVP-BEZ235 and chloroquine were obtained
from Selleck Chemicals (TX, USA). 3MA and
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Acridine orange (AO), trypan blue, dimethylsu-
Ifoxide (DMSO0), 3-(4,5-dimethyl-2-thiazolyl)-2,
and 5-diphenyl-2H-tetrazolium bromide (MTT)
were obtained from Sigma Chemical Co. (St.
Louis, MO, USA). Anti-LC3B, anti-p62, anti-
ATG5, anti-mTOR, anti-p-mTOR, anti-AKT, anti-
p-AKT, anti-p70S6K, anti-p-p70S6K, anti-be-
clinl, anti-LC3-ll/l, anti-Caspase-3 and anti-
Caspase-9 were purchased from Cell Signaling
Technology (Beverly, MA, USA).

Cell lines and primary MM cells

Human MM U266, RPMI8226, KM3 cell lines,
acute monocytic leukemia THP-1 cells and
acute promyelocytic leukemia HL60 cells were
obtained from the American Type Culture
Collection, and cells were cultured in RPMI-
1640 supplemented with 10% fetal bovine
serum (FBS). Cells were cultured at 37°C in a
humidified atmosphere with 5% CO,. Those
cells under logarithmical growth phase were
used for further experiments. Bone marrow
samples were acquired from 3 patients with
MM who gave informed consent in accordance
with the Declaration of Helsinki. The protocols
were approved by the Ethics Committee of
Wenzhou Medical University. CD138+ cells
were separated with an LS+ column and a mag-
netic separator according to the manufactur-
er’'s instructions (Miltenyi Biotech). The purity of
CD138+ cells (> 90%) was confirmed by flow
cytometry and CD138-phycoerythrin staining.
The viability of the cells was regularly greater
than 95% by trypan blue exclusion. CD138+
cells were cultured in RPMI-1640 supplement-
ed with 10% FBS. NVP-BEZ235 was dissolved
as a stock solution at 0.03 M in dimethyl sulfox-
ide and then further diluted in serum-free medi-
um of RPMI-1640 just before use. Cell viability
was determined by the trypan-blue exclusion
assay, and the growth inhibition rate was calcu-
lated according to the percentage of viable cell
number of treated cells against untreated cells.

MTT assay

MM cells were plated in 96-well plates at a den-
sity of 1 x 10* cells/well, cultured, and then
treated with NVP-BEZ235 at different concen-
trations (0, 100 nM, 200 nM, 300 nM, 400 nM)
for O, 12, 24, 48 and 72 h dissolved by DMSO
for 24, 48 and 72 h, respectively. Cells treated
with DMSO as the solvent were used as the
control. After treatment, 10 yL MTT of 5 mg/mL
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was then added into each well, and all plates
were further incubated for 4 h. Next, 100 pL of
DMSO was used to dissolve the dark blue crys-
tals. Finally, the plates were read on a Spectra
Max MS (MDC, Sunnyvale, CA), at the wave-
length of 570 nm. The original survival ratio of
the vehicle control group was set as 100%, and
the relative survival ratio of NVP-BEZ235-
treated cells was defined as a percentage of
the absorbance value of NVP-BEZ235 treated
cells against that of vehicle control cells. The
assay was performed in triplicate wells, and
each experiment was repeated three times.

Transmission electron microscopy

Cells were fixed overnight in 2.5% glutaralde-
hyde. Next, they were washed with PBS three
times and put in 1% osmium tetroxide at 4°C
for 1 hour. Ethanol series and 100% acetone
were used to dehydrate the cells. Then, the
cells were embedded in epoxy resins. The ultra-
thin sections were stained with lead citrate
solution and uranyl acetate and then observed
under a transmission electron microscope
(JEOL Ltd. Tokyo, Japan).

Acridine orange staining

During autophagy, autophagosomes fuse with
lysosomes to form autophagolysosomes which
can be stained with AO. MM cells seeded at 5 x
104 cells per well in 24-well culture plates were
collected, exposed to NVP-BEZ235 (50 and
100 nM) for 12 h, and stained with 3 ul (1 uM)
AO for 15 min. The cells were then wash-
ed three times with PBS, adding 30 pl anti-
quencher per well; immediately observed under
an inverted fluorescence microscope (Nikon
Corporation, Japan); and examined with the
FACSCalibur Flow Cytometry System.

Colonies formation assays

MM cells were seeded in 24-well plates; 24 h
later, cells were cultured in 10% FBS for 14
days (with medium replenished after 7 days).
Cells were stained with Giemsa (Sigma, St.
Louis, USA) to visualize colonies.

Hoechst 33258 staining

Hoechst 33258 staining was used to investi-
gate the changes in nuclear morphology of
apoptosis, observed by fluorescence microsco-
py. The cells were fixed with 4% paraformalde-
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hyde at 37°C for 10 minutes, washed with PBS
and stained with 0.5 ml Hoechst 33258 in the
dark for 5 min. The apoptotic cells with con-
densed and fragmented nuclei were counted by
fluorescence microscopy.

Flow cytometric analysis

After annexin V and propidium iodide (PI) stain-
ing, cell apoptosis was detected by flow cytom-
etry. One hundred and five cells in 500 pL of
binding buffer were mixed with 5 pL of annexin
V-FITC following incubation for the indicated
duration, and then 5 pL of Pl was added to the
MM cells, which were incubated at room tem-
perature in the dark for 1 hour. The stained
cells were detected by the FACSCalibur Flow
Cytometry System and data were analyzed by
CellQuest software.

Quantitative real-time PCR

Total RNA was isolated using an RNA isola-
tion kit following the manufacturer’s instruc-
tions (Qiagen, Germantown, MD, USA). RNA was
reverse transcribed using the SuperScript Il
reverse transcriptase assay (Invitrogen, Car-
Isbad, CA, USA). cDNA was analyzed using
quantitative PCR (qPCR) with a CFX Real-Time
PCR Detection System (Bio-Rad, Hercules, CA,
USA). The expression of associated genes was
determined by RT-PCR using the following prim-
ers: Atgb, 5-GACAAAGATGTGCTTCGAGATGTG-
3’ and 5-GTAGCTCAGATGCTCGCTCAG-3’; FO-
X03a, 5-GCGTGCCCTACTTCAAGGATAAG-3’, 5™-
GACCCGCATGAATCGACTATG-3’; BNIP3, 5-GC-
CCACCTCGCTCGCAGACAC-3" and 5'-CAATCC-
GATGGCCAGCAAATGAGA-3’; B-actin, 5-CAAGA-
TCATTGCTCCTCCTG-3’ and 5-TCATCGTACTCC-
TGCTTGCT-3. PCR reactions were carried out
for 40 cycles that comprised a denaturation
step at 95°C for 15 s and an annealing step at
60°C for 1 min. The amplified segments were
analyzed using gel electrophoresis.

Western blotting

MM cells were washed three times in serum-
free medium and then lysed with RIPA buffer
(50 Mm Tris-HCI pH 7.4, 1% (v/v) Triton X-100, 1
mM EDTA, 1 mM leupeptin, 1 mM phenylmeth-
ylsulfonyl fluoride, 10 mM NaF, 1 mM Na,VO,).
The lysates were isolated by 12% SDS-PAGE
and then transferred to PVDF membranes. The
membranes were probed with primary antibod-
ies against LC3B, p62, ATG5, mTOR, p-mTOR,
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Figure 1. Autophagy, cell viability inhibition induced by NVP-BEZ235 on MM cell lines. (A) Effects of NVP-BEZ235 on viability of U266, KM3 and RPMI8226 MM cells.
Human myeloma cell lines U266, KM3 and RPMI8226 were treated with NVP-BEZ235 at different concentrations (0, 100 nM, 200 nM, 300 nM and 400 nM) for O,
12, 24, 48 and 72 h. Cell viability was detected by MTT assay. (B) IC50 of NVP-BEZ235 in U266, KM3 and RPMI8226 cell lines at 48 hours. (C) Acridine orange was
used to stain AVOs in untreated or BEZ235 (50, 100 nM)-treated U266, KM3 and RPMI8226 cells for 12 hours. (a) The cells were visualized under a red filter fluo-
rescence microscope. (b) The cells were detected by flow cytometry. (c) Autophagic ratio was calculated by measuring red/green fluorescence ratio. (D) NPV-BEZ235
induces ultrastructural features of autophagy. KM3 cells were treated with NVP-BEZ235 (0, 25, 50, 100 nM) for 12 h and processed for electron microscopy. Note
the double membrane structure of the autophagic vacuoles. We indicate the presence of degrading autophagic vacuoles (Avds). N: Nucleus. (E) Effects of NVP-
BEZ235 on the expression of LC3Il and Atgh in MM cells. Cells were treated with 50 nM and 100 nM NVP-BEZ235 for 12 h and (a) LC3Il and Atg5 expression and
the fold change in U266 cells was tested using Western blot analysis. (b) LC3Il and Atg5 expression and the fold change in U266 cells was tested using Western blot
analysis. (c) LC3Il and Atgb expressions and the fold change in RPMI8226 cells was tested using Western blot analysis. *Means significant difference was observed
between the treated group and control (P < 0.05).
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AKT, p-AKT, p70S6K, p-p70S6K, Caspase-3,
Caspase-9 and B-actin and then incubated with
secondary antibodies. Finally, the membranes
were harvested with an enhanced chemilumi-
nescence plus Western Blotting Detection
System (Pierce, USA).

Small interfering RNA oligos

The 21-bp small interfering RNAs (siRNAs) were
synthesized by Invitrogen and were specific
against siFOX03a, 5-GGGCGACAGCAACAGC-
TCT-3' and siBNIP3, 5-GCUACUCUCAGCAU-
GAGAATT-3’; scrambled control siRNA was
obtained from Sangon Biotech Co., Ltd. (Sh-
anghai, China). SiIFOX03a, siBNIP3 and scram-
bled siRNA were transfected into three MM
cells with the aid of Hiperfect transfection
reagent (Qiagen, Valencia, CA, USA).

Xenograft MM cells implantation

Male BALB/c nude mice (3-4 weeks old) were
obtained from the Laboratory Animal Center of
Wenzhou Medical University (Wenzhou, Zhe-
jiang) and housed in a rodent facility under a
12-hour light-dark cycle. Two groups (DMSO,
BEZ235 (30 mg/kg/d, p.o.)), each containing
seven mice, were implanted with U266 cells (2
x 107 cells) via subcutaneous injection into the
right forelimb region. Treatment was started
after 14 days, when the tumors were approxi-
mately 5 mm in diameter. All experiments were
performed in accordance with the regulations
of the WMU Guide for the Care and Use of
Laboratory Animals.

Evaluation of tumor volume, body weight,
general situation and transmission electron
microscopy

The total body weight of each mouse and tumor
size were measured every week by a single
observer. The tumor volume was calculated as
follows: V = 1/2 length? x width in units of mm3.
Animals were sacrificed after 7 days of treat-
ment, and the tumors were removed; a portion
of each tumor was placed in formalin, and the
remainder was fresh-frozen in liquid nitrogen
for further evaluation by transmission electron
microscopy.

Statistical analysis
Data were processed with analysis of variance

of repeated measurement, one-way analysis of
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variance, Dunnett’'s T3 and LSD test. P values
were considered statistically significant when <
0.05. All statistical analyses were performed
with SPSS software (version 19; SPSS, Chicago,
IL, USA).

Results

Autophagy, apoptosis, and cell viability in-
duced by NVP-BEZ235 in MM cell lines

The effects of NVP-BEZ235 on the viability of
U266, KM3 and RPMI8226 MM cells are sh-
own in Figure 1A, 1B. Human myeloma cell
lines U266, KM3 and RPMI8226 were treated
with NVP-BEZ235 at different concentrations
(0, 100 nM, 200 nM, 300 nM, 400 nM) for O,
12, 24, 48 and 72 h. Cell viability was mea-
sured by MTT assay. NVP-BEZ235 induces
ultrastructural features of autophagy. KM3
cells were treated with NVP-BEZ235 for 12 h
and processed for electron microscopy.
Acridine orange was used to stain AVOs in
untreated or NVP-BEZ235 (50, 100 nM)-treat-
ed U266, KM3 and RPMI8226 cells for 12 h
(Figure 1C). The cells were visualized under a
red filter fluorescence microscope (Figure
1D). Autophagy bubble ratios were measur
ed by flow cytometry. The effects of NVP-
BEZ235 on the expression of LC3Il and Atgb in
MM cells are shown in Figure 1E. Cells were
treated with 50 nM and 100 nM NVP-BEZ235
for 12 h and LC3Il, and Atg5 expression le-
vels in U266, KM3 and RPMI8226 cells were
evaluated using Western blot analysis. The
results showed that the NVP-BEZ235 treat-
ment of U266, KM3 and RPMI8226 cells
reduced cell viability in a dose- and time-de-
pendent manner. Autophagy bubbles with dou-
ble membranes were observed in myelo-
ma cells treated with NVP-BEZ235. Acridine
orange staining and flow cytometry were us-
ed to measure the autophagy levels in untreat-
ed or BEZ235-treated myeloma cells. The
results revealed that the autophagy cell ratio
was higher in the NVP-BEZ235 group than in
the control group. The treatment of myelo-
ma cells with NVP-BEZ235 affected the ex-
pression of light chain 3 (LC3) and Atgb pro-
teins involved in the process of cellular au-
tophagy. Hoeschst33258 staining (Figure 2A)
and the flow cytometric analysis (Figure 2B)
revealed that the NVP-BEZ235 treatment
increased the rate of apoptosis of myeloma
cells.
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Figure 2. Autophagy induced by NVP-BEZ235 on MM cell lines. A. NPV-BEZ235 induced apoptosis in U266 cell lines.
Apoptotic cell death was revealed by Hoechst 33258 staining with increasing NPV-BEZ235 (0, 100, 200 and 300
nmol/L) treatment for 48 h. Apoptotic cells exhibited highly condensed and fragmented nuclei morphology. B. NPV-
BEZ235 induced apoptosis in U266, KM3 and RPMI8226 cell lines. Apoptotic cell death was revealed by Annexin
V-FITC/PI staining with increasing NPV-BEZ235 (100, 200 and 300 nmol/L) treatment for 48 h. Early apoptotic
cells are Annexin V-FITC+/PI- while late apoptotic cells are Annexin V-FITC+/PI+. The percentage of apoptotic cells

is represented in the histogram.

The role of autophagy in multiple myeloma
cell inhibition and apoptosis induced by NVP-
BEZ235

NVP-BEZ235 in combination with CQ, 3-MA
and BafAl exerts enhanced effects in terms
of inhibiting the viability of U266, KM3 and
RPMI8226 MM cells. Human myeloma cell lin-
es U266, KM3 and RPMI8226 were treated
with NVP-BEZ235 in combination with CQ,
3-MA and BafAl. Cell viability was measured by
MTT assay. The results of treatment for 48
hours with NVP-BEZ235 (12.5 nM, 25 nM, 50
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nM, 100 nM) in combination with CQ at differ-
ent concentrations (5 nM, 10 nM, 20 nM, 40
nM) are shown in Figure 3A. Morphological and
numerical changes in MM U266, KM3 and
RPMI8226 cell colony formation by CQ or NVP-
BEZ235 alone for 21 days by methylcellulo-
se clonogenic assay, as detected by microsco-
py, are shown in Figure 3B. NVP-BEZ235 alone
or in combination with ATG5-siRNA exerted
enhanced effects on inhibiting the viability of
U266 MM cells. Cell viability was measured
by MTT assay (Figure 3C). Morphological and
numerical changes in U266 cells colony forma-
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cell colony formation by CQ (40 nM), NVP-BEZ235 (100 nM) and NVP-BEZ235+CQ for 21 days, detected by methylcellulose clonogenic assay under microscopy (C)
NVP-BEZ235 alone (12.5 nM, 25 nM, 50 nM, 100 nM) or in combination with ATG5-siRNA exerts enhanced effects on inhibiting the viability of U266 MM cells for
24 h. Cell viability was detected by MTT assay. (D) Morphological and numerical changes of U266 cell colony formation by siAtgh, NVP-BEZ235 and NVP-BEZ235+
siAtg5 for 14 days, detected by methylcellulose clonogenic assay under microscopy. *Means significant difference was observed between the treated group and
control group (P < 0.05).
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BEZ235 (100 nM) and siAtgb+NVP-BEZ235 treatment for 48 h.

tion by SiAtgb or NVP-BEZ235 alone for 14
days by methylcellulose clonogenic assay, as
detected by microscopy, are shown in Figure
3D. Increased apoptotic cell death was revealed
by Hoechst 33258 staining with an increasing
concentration of NVP-BEZ235 (0O, 100, 200
and 300 nmol/L) treatment for 48 h. Apoptotic
cells exhibited highly condensed and fragment-
ed nuclear morphology. Apoptotic cell death
was revealed by Annexin-V-FITC/PI staining with
increasing BEZ235 (100, 200 and 300 nmol/L)
concentrations for 48 h. Apoptotic cells exhib-
ited highly condensed and fragmented nuclear
morphology. Chloroquine enhanced the apop-
tosis induced by NVP-BEZ235 in the U266,
KM3, and RPMI8226 cell lines. Apoptotic cell
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death was revealed by Annexin-V-FITC/PI stain-
ing after chloroquine and NVP-BEZ235 treat-
ment for 48 h (Figure 4A). SiAtgb enhanced the
apoptosis induced by NVP-BEZ235 in the U266
cell lines (Figure 4B). Apoptotic cell death was
revealed by Annexin-V-FITC/PI staining after
SiAtgb and NVP-BEZ235 treatment for 48 h.
The autophagy inhibitors 3-MA, CQ and BafAl
were used to examine the role of autophagy in
NVP-BEZ235-induced cell damage in myelo-
ma cells. The combination NVP-BEZ235+3-MA
showed a higher growth inhibition of myelo-
ma cells than NVP-BEZ235 alone. A similar
result was observed in myeloma treated with
the combinations NVP-BEZ235+CQ and NVP-
BEZ235+BafAl. We also assessed the levels of
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Figure 5. A. Effects of NVP-BEZ235 on the expression of mTOR2-Akt pathway proteins and FOX03a in U266, KM3 and RPMI8226 cells. Cells were treated with
0 nM, 50 nM and 100 nM NVP-BEZ235 for 12 h and the mTOR, p-mTOR (ser 2481), AKT, p-AKT, FOXO3a and p-FOX03a (Thr32) protein expression and the fold
change in U266, KM3 and RPMI8226 cells was tested using Western blot analysis. B. Effects of NVP-BEZ235 (100 nM) on the expression of BNIP3 proteins and
the fold change in U266, KM3 and RPMI8226 cells. Cells were treated with 100 nM NVP-BEZ235 for 12 h and BNIP3 and LClI protein expression was tested using
Western blot analysis. C. Effects of NVP-BEZ235 (100 nM) and/or siFOXO3a on the expression of BNIP3 proteins and the fold change in U266 cells. D. Effects of
NVP-BEZ235 (100 nM) and/or siBNIP3 on the expression of BNIP3 and LCIl proteins. *Means significant difference was observed between the treated group and

control (P < 0.05).
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Table 1. Clinical features of the three multiple myeloma

that the NVP-BEZ235 group had sig-
nificantly higher FOXO3a and BNIP

Patient 1 Patient2 Patient 3

protein levels and lower p-mTOR

patients

Clinical features

Age/sex 61/F 70/F
M component 1gG K IgBA A
Durie-Salmon staging system 1B A

Hb (g/dL) 71 7.8

32-microglobulin (mg/L) 4.6 5.1

plasma cells in BM% 30 31

calcium (mmol/L) 2.4 2.2

Serum M protein level 51 52

(ser2481), p-AKT, and p-FOXO3a

62/F (Thr32) protein levels than the con-
lgG K trol group. After treatment with NVP-
e BEZ235 and/or siFOXO3a, the
9.2 BNIP3 protein level of the siFOX03a
24 cells decreased in the siFOXO3a
18 group and increased in the NVP-
1.7 BEZ235 group relative to the control
28 group. After treatment with NVP-

cell colony formation by myeloma cells treat-
ed with NVP-BEZ235 alone and NVP-BEZ235+
CQ. The combination NVP-BEZ235+CQ show-
ed lower cell colony formation of myeloma cells
than NVP-BEZ235 alone. Similarly, the combi-
nation of NVP-BEZ235 and siAtg5 transfection
showed a higher growth inhibition of myeloma
cells and lower cell colony formation by myelo-
ma cells than NVP-BEZ235 alone. The autoph-
agy inhibitors 3-MA, CQ and BafAl were used
to examine the role of autophagy in NVP-
BEZ235-induced apoptosis in myeloma cells.
The combination of NVP-BEZ235+CQ showed
higher growth inhibition of myeloma cells than
NVP-BEZ235 alone. Similarly, the combination
of NVP-BEZ235 and siAtg5h transfection showed
higher growth inhibition of myeloma cells and
lower cell colony formation of myeloma cells
than NVP-BEZ235 alone.

The mechanism of the role of autophagy in
multiple myeloma cells inhibition induced by
NVP-BEZ235

The effects of NVP-BEZ235 on the expression
of mTOR2-Akt pathway proteins and FOXO3a in
myeloma cells were examined. Cells were treat-
ed with 50 nM and 100 nM NVP-BEZ235 for 12
h and mTOR, p-mTOR (ser2481), AKT, p-AKT,
FOX03a and p-FOX03a (Thr32) protein expres-
sion in U266 cells was evaluated using Western
blot analysis. Subsequently, the effects of NVP-
BEZ235 and/or siFOX03a on the expression of
BNIP proteins in MM cells and the effects of
NVP-BEZ235 on the expression of BNIP3 and
LCII proteins in cells transfected with siBNIP3
were examined. Cells were treated with 100 nM
NVP-BEZ235 for 12 h, and BNIP3 and LCII pro-
tein expressions in U266 cells was evaluated
using Western blot analysis. The results showed
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BEZ235 and/or siBNIP3, the BNIP3
and LCII protein levels were lower in
the NVP-BEZ235 group than in the control
group (Figure 5).

NVP-BEZ235 induced autophagy in MM cells
selectively

Acridine orange was used to stain AVOs in
untreated or BEZ235 (50, 100 nM)-treated
THP-1 and HL60 cells for 12 h. The cells were
visualized under a red filter fluorescence micro-
scope. The autophagy bubble ratios were
detected by flow cytometry. The effects of NVP-
BEZ235 on the expression of LC3Il and Atgb in
THP-1 cells were examined. Cells were treated
with 50 nM and 100 nM NVP-BEZ235 for 12 h;
LC3Il and Atgh expression in THP-1 and HL60
cells was evaluated using Western blot analy-
sis. Acridine orange staining and flow cytometry
were used to measure the autophagy levels of
untreated or BEZ235 (50, 100 nM)-treated
THP-1 and HL60 cells; LC3Il and Atg5 expres-
sion levels were evaluated using Western blot
analysis. There is no proof of autophagy occur-
rence in THP-1 and HL60 cells treated with
NVP-BEZ235 (Figure 6).

The study of the autophagy and cell viability
induced by NVP-BEZ235 on primary CD138+
myeloma cells

Primary CD138+ myeloma cells in bone mar-
row were analyzed by cell sorting. Clinical fea-
tures of the three multiple myeloma patients
are shown in Table 1. The effects of NVP-
BEZ235 on the viability of primary myeloma
cells were examined. Primary myeloma cells
were treated with NVP-BEZ235 at different
concentrations for different times. Cell viability
was measured by MTT assay. Patients’ MM
cells were treated with NVP-BEZ235 for 12 h
and processed for electron microscopy. The
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Table 2. The relative expression levels of ATG5, FOXO3a and BNIP3 genes in CD138+ cells from no 1

patient before and after NVP-BEZ235 treatment

mRNA relative expression levels % Control group BEZ235 group T value P value
ATG5 0.901 + 0.089 1.458 + 0.046 -9.566 0.002
FOX03a 0.921 +0.137 2.61+0.111 -16.596 0.000
BNIP3 0.953 £ 0.047 2.012 £0.126 2.528 0.002

Table 3. The relative expression levels of ATG5, FOXO3a and BNIP3 genes in CD138+ cells from no 2

patient before and after NVP-BEZ235 treatment

MRNA relative expression levels % Control group BEZ235 group T value P value
ATG5 0.94 + 0.087 1.684 +0.113 -9.037 0.001
FOX03a 0.871 + 0.206 1.78 +0.114 -6.681 0.003
BNIP3 0.864 + 0.151 2.028 + 0.061 -12.403 0.002

Table 4. The relative expression levels of ATG5, FOX03a and BNIP3 genes in CD138+ cells from no 3

patient before and after NVP-BEZ235 treatment

mRNA relative expression levels % Control group BEZ235 group T value P value
ATG5 0.778 £ 0.207 1.723 £ 0.115 -6.925 0.005
FOXO3a 0.832 £ 0.229 1.639 + 0.302 -3.682 0.021
BNIP3 0.843 £ 0.151 2.002 + 0.265 -6.584 0.006

relative expression levels of ATG5, FOX03a and
BNIP3 genes in CD138+ cells before and after
NVP-BEZ235 treatment, as measured by qRT-
PCR, are shown in Tables 2-4. Bone marrow
mononuclear cell separation in patients with
multiple myeloma was performed. Western blot
analysis of the effects of NVP-BEZ235 on the
expression levels of the LC3-Il/1, ATG5, FOXO3a,
p-FOX03a and BNIP3 proteins in patient MM
cells indicated that the NVP-BEZ235 treatment
of primary CD138+ myeloma cells reduced cell
viability in a dose- and time-dependent man-
ner. Autophagy bubbles with double mem-
branes were observed under the electron
microscope in primary myeloma cells treated
with NVP-BEZ235. The relative expression lev-
els (by gRT-PCR) of the ATG5, FOX03a and
BNIP3 genes in CD138+ cells from patients
were significantly higher with NVP-BEZ235
treatment than with control treatment. The
expression levels of the LC3-Il/1, ATG5, FOXO3a,
and BNIP3 proteins in the patients’” MM cells
were significantly higher with NVP-BEZ235
treatment than in the control group. The ex-
pression of p-FOXO3a proteins in the patients’
MM cells was significantly lower with NVP-
BEZ235 treatment than with control treatment
(Figure 7).
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The study of the autophagy and tumor prolif-
eration inhibition induced by NVP-BEZ235 on
u266 myeloma tumor-burdened nude mice

We established an animal model of u266
myeloma tumor-burdened nude mice. We com-
pared the general conditions, animal body
weights and sizes of the tumors and calculated
the tumor volume inhibition rates, to verify
whether NVP-BEZ235 myeloma cells induced
autophagy in tumor-burdened nude mice, as
visualized by transmission electron microsco-
py. There was no significant difference between
the animal body weights of the NVP-BEZ235
group and control group. The sizes of the
tumors decreased in the NVP-BEZ235 group
compared to the control group; the tumor
growth inhibition rate was 83.33% (+ 6.50%).
Autophagy bubbles with double membranes
were observed in primary myeloma cells in vivo
in myeloma mice treated with NVP-BEZ235
(Figure 8).

Discussion

NVP-BEZ235, a novel, dual class | PI3K/mTOR
inhibitor, is an imidazoquinoline derivative [21].
NVP-BEZ235 binds to the ATP-binding clefts of
PI3K and mTOR kinase, thereby inhibiting their

Am J Transl Res 2019;11(1):87-105
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Figure 7. A. Effects of NVP-BEZ235 on viability of Human myeloma cells derived from three patients. Human myeloma cells derived from three patients were treated
with NVP-BEZ235 at different concentrations (0, 2100 nM, 200 nM, 300 nM, 400 nM) for O, 12, 24, 48 and 72 h. Cell viability was detected by MTT assay. *Means
significant difference was observed between the treated group and control (P < 0.05). B. IC50 of NVP-BEZ235 in 3 patients’ primary MM cells at 48 hr. C. BEZ235

(100 nM) induces ultrastructural features of autophagy. Patients’ primary MM cells were treated with NVP-B
copy. D. Effects of NVP-BEZ235 (100 nM) on the expression and the fold change of LC3-ll/1, ATG5, FOXO3a,
*Means significant difference was observed between the treated group and control (P < 0.05).
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EZ235 for 12 h and observed under electron micros-
p-FOX03a and BNIP3 proteins in patients’ MM cells.
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Figure 8. Tumor suppression of NVP-BEZ235 in tumor-burdened nude mice. The animal model of u266 myeloma
cell tumor-burdened nude mice was established. Nude mice of the control group were given an oral administration
of solvent while the NVP-BEZ235 group was given an oral administration NVP-BEZ235 (30 mg/mL (NMP+PEG 300
(10+90, v+v) (45 mg/kg p.o. g.d.)) for 7 consecutive 7 days. At day 8 (A) Animal body weight of the NVP-BEZ235
group and control group were measured. (B) Volume of the tumors was calculated: V = 1/2 length? x width in units
of mm3. The tumor growth inhibition rate (IR) was calculated using the formula IR (%) = (1-TWt/TWc) x 100, where
TWt and TWc are the mean tumor weight of treated and control groups, respectively. (C) Mice in the control group
on day 7 (D) Mice in NPV-BEZ235 group on day 7. (E) Tumor from NVP-BEZ235 group and the control group on day
8. (F) The tumors in NVP-BEZ235 group were processed for electron microscopy and the characteristic double-
membrane structure of autophagosomes were observed. (G) The tumors in the control group were processed for

electron microscopy.

activities. Increasing evidence shows that NVP-
BEZ235 is able to effectively and specifically
reverse the hyperactivation of the PI3K/mTOR
pathway, resulting in potent antiproliferative
and antitumor activities in a broad range of
cancer cell lines and experimental tumors. The
mTOR kinase pathway plays an important role
in autophagy and antiproliferation [19, 20].
mTOR kinase simultaneously senses signals
from energy, cell growth and division, oxygen
levels, stress and nutrients and then regulates
cell growth during early development and cell
aging. Attenuated insulin-IGF1 signaling, nutri-
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ent or energy limitation and stress all repress
mMTORC1 activity. Inhibition of PI3K/AKT/mTOR
signaling can not only decrease the prolifera-
tion of tumor cells but also induce autophagy.
Autophagy is an essential catabolic process
that maintains cellular homeostasis by regula-
tion of cell survival and death and reduces
diverse stresses through lysosomal recycling of
the unnecessary and damaged cell compo-
nents. The PI3BK/AKT/mTOR pathway, one of
the important regulators of autophagy, is the
major inhibitory signal that shuts off autophagy
in the presence of growth factors and abundant
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The mechanism of autophagy in MM cells
_induced by NVP-BEZ235

i

FOXO3a

Figure 9. The mechanisms of autophagy in MM cells induced by NVP-BEZ235.
The FoxO3a is regulated by the PI3K/Akt signaling pathway and directs an
autophagy program in MM cells after the treatment of NVP-BEZ235. NVP-
BEZ235 induced autophagy through the mTOR2-Akt-FOXO3a-BNIP3 pathway

in MM cells.

nutrients. Accordingly, inhibition of dual class |
PIBK/mTOR signaling by the inhibitor NVP-
BEZ235 induces autophagy in a panel of can-
cer cells, including human lung cancer, as well
as prostate cancer and colorectal cancer cells
[4, 22-25]. In the present study, we also found
that NVP-BEZ235 causes significant autopha-
gy in U266, KM3 and RPMI8226 cells, human
myeloma cells derived from three patients
and MM tumor-burdened nude mice, evidenced
by detection of cells stained with AO under a
red filter fluorescence microscope or by flow
cytometry, double membrane structure of the
autophagic vacuoles by transmission electron
microscope, and increased levels of the LC3B-
Il/l ratio. Not surprisingly, autophagy was
induced by NVP-BEZ235, a dual PI3K/mTOR
inhibitor because mTOR acts as a negative reg-
ulator of autophagy.

The role of autophagy in cell death or apoptosis
is controversial. Generally, it appears that apop-
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<— PIP3
PIP2

tosis and autophagy exhibit
some degree of mutual inhibi-
tion [26, 27]. On most occa-
sions, autophagy raises the
threshold of stress required
to induce apoptosis or sup-
presses apoptosis directly,
which means that autopha-
gy tends to be anti-apoptotic
instead of pro-apoptotic. Am-
aravadi et al. indicated that
autophagy and apoptosis pl-
ay opposing roles in cancer
cells in chronic myelogen-
ous leukemia (CML) cell lines
and have reported findings
that inhibition of autophagy
with 3MA and/or chloroqui-
ne sensitizes apoptosis-re-
sistant CML tumor cells to
cancer treatment [28]. Han et
al. showed that TRAIL treat-
ment resistance in Hct116
colon carcinoma cells may be
partly attributed to the cyto-
protective effects of auto-
phagy. These cancer cells,
which overexpress c-FLIP and
are resistant to TRAIL-me-
diated apoptosis, show en-
hanced Beclin-1 expression
and raised autophagosome
formation under TRAILRs or Fas stimulation
[29]. Huang and Sinicrope observed that COX-2
inhibitor celecoxib-induced apoptosis was
enhanced by ABT-737 and by inhibition of
autophagy in human colorectal cancer cells
[30]. Han et al. showed that EGFR tyrosine
kinase inhibitors gefitinib and erlotinib acti-
vated autophagy as a cytoprotective response
in human lung cancer cells [31]. Wang et al.
demonstrated quercetin-induced protective
autophagy in gastric cancer cells and the
involvement of Akt-mTOR- and hypoxia-induced
factor la-mediated signaling. In most cases,
autophagy shuts off the induction of apoptosis,
and apoptosis-associated caspase blocks acti-
vation the autophagic process [32]. It is only in
rare cases that autophagy or autophagy-rele-
vant proteins induce apoptosis or necrosis,
degrading the cytoplasm excessively and
resulting in ‘autophagic cell death’ (ACD). In our
current study, NVP-BEZ235 induced apoptosis
and autophagy at the same time in MM cells.
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The dual class | PIBK/mTOR inhibitor-induced
apoptosis was enhanced by autophagy inhibi-
tors CQ, 3-MA and BafAl by MTT assay and
methylcellulose clonogenic assay in human
multiple myeloma cells. Similar effects were
observed in MM cells with the inhibition of
small interfering RNA targeting Atg5 (siAtgb) by
MTT assay and methylcellulose clonogenic
assay. The anti-apoptotic effects of autophagy
induced by NVP-BEZ235 on human MM cells
are similar to those reported in the previous
literature.

However, what remained unanswered is the
mechanism of autophagy in MM cells induced
by NVP-BEZ235. We, therefore, explored the
downstream pathways. FoxO3a belongs to the
mammalian Forkhead box O (FoxO) subfamily,
which includes the human homologs of the C.
elegans transcription factor DAF-16 and has
two domains: one winged-helix domain and one
highly conserved 110-amino acid DNA binding
[33, 34]. As a major member of FoxO, FoxO3a is
regulated by the PI3K/Akt signaling pathway.
Recent studies have demonstrated that FoxO3a
regulates a wide variety of cell functions includ-
ing proliferation, apoptosis, aging, stress-resis-
tance, cell cycle arrest, tumor suppression and
autophagy by regulating gene expression [35-
38]. By and large, FoxO3a helps to suppress
cell cycle progression and accelerate cell
death. Thus, FoxO3a has been thought to be a
critical protein to restrain cancer cell progres-
sion. Recent research has also shown that
FoxO3a has some additional functions, such as
stress response, longevity and autophagy
induction, to protect cells from environmental
stresses [36, 39-42]. Warr MR et al. discovered
that FoxO3a directs a protective autophagy pro-
gram in hematopoietic stem cells. In their
study, they demonstrated that, in contrast to
the short-lived myeloid progeny, HSCs induce
autophagy intensely after cytokine withdrawal
ex vivo and energy restriction in vivo. They also
showed that FoxO3a is an important factor to
maintain a gene expression program that rap-
idly induce autophagy in HSCs under the envi-
ronment of starvation [43]. In our present
study, we detected the expression of mTOR2-
Akt pathway proteins and FOX03a proteins fol-
lowing NVP-BEZ235 treatment in myeloma
cells as well as the mTOR2-Akt pathway genes
and FOXO3a genes in primary myeloma cells
from patients. The results showed that the
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NVP-BEZ235 group had significantly higher
FOXO3a protein levels and lower p-mTOR
(ser2481), p-AKT, p-FOXO3a (Thr32) protein
levels than the control group. Similarly, the rela-
tive expression of the FOXO3a gene in CD138+
cells from patients was significantly higher with
NVP-BEZ235 than with the control treatment
by qRT-PCR. The NVP-BEZ235 group had sig-
nificantly higher FOXO3a protein levels and
lower p-FOXO3a protein levels than the control
group. Furthermore, we explored the role of
FOX03a in the autophagy induced by NVP-
BEZ235 in MM cells. We transfected small
interfering RNA targeting FOXO3a (siFOX03a)
and measured the expression levels of the
autophagy-associated proteins BNIP3 in MM
cells and found that the NVP-BEZ235 group
had a significantly higher BNIP3 protein level
than the control group. Additionally, we
observed higher relative expression levels of
BNIP3 genes in CD138+ cells from patients in
the NVP-BEZ235 group than from those in the
control group. We also analyzed the role of
BNIP3 in the autophagy induced by NVP-
BEZ235 in MM cells. We transfected small
interfering RNA targeting BNIP3 (siBNIP3). The
results showed that after the transfection of
siBNIP3, the BNIP3 and LCII protein levels were
lower in the NVP-BEZ235 group than in the con-
trol group (Figure 9). All of these findings high-
light that FoxO3a is regulated by the PI3K/Akt
signaling pathway and directs the autophagy
program in MM cells after the treatment of
NVP-BEZ235. NVP-BEZ235 induces autophagy
through the mTOR2-Akt-FOXO3a-BNIP3 path-
way in MM cells.
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