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ABSTRACT

Multiple myeloma (MM) is characterized by

the proliferation of malignant plasma cells and

a subsequent overabundance of monoclonal
paraproteins (M proteins). Everolimus works
similarly to sirolimus as a mammalian target of
rapamycin (mTOR) inhibitor. Bortezomib was the
first therapeutic proteasome inhibitor to be tested
in humans with MM. However, the combination of
these two drugs for the treatment of MM has been
rarely reported. In this study, we compared the
therapeutic effects of everolimus and bortezomib,
as well as those of a combination of everolimus and
bortezomib, using an in vitro MM cell line model and
in vivo xenograft mouse model. Our results showed
that the synergistic antitumor effects of everolimus
and bortezomib have significant inhibitory effect
through inhibition of the AKT/mTOR pathway in both
the MM cell lines and MM-bearing mice model. Our
results provided evidence that the mTOR inhibitor,
everolimus, will be a potential drug in MM therapy.

INTRODUCTION

Multiple myeloma (MM) is a malignant clonal
plasma cell disease. It is characterized by the
proliferation of monoclonal plasma cells in the
bone marrow, extensive infiltration, and the
secretion and deposition of a large number of
monoclonal immunoglobulins. Bone destruc-
tion, anemia, renal insufficiency, and hyper-
calcemia are the main clinical signs. The
pathogenesis of MM is not completely under-
stood to date. MM has been challenging to treat
due to its low cure rate and treatment resis-
tance. It is difficult to treat, and the prognosis
is not ideal.

In the past 10 years, with the introduction
of immune modulators and proteasome inhib-
itors, the median survival time of patients with
MM has increased from 29.9 months to 44.8
months, which has fundamentally improved the
clinical efficacy and prognosis of MM.! The
latest data show that the S-year survival rate
of patients with MM has increased to 45%.”
However, treatment with the aforementioned
drugs is accompanied by new treatment-related
complications, such as peripheral neurotox-
icity, necessitating treatment with a reduced
dose or even termination of treatment for
some patients.” Almost all patients with MM

Significance of this study

What is already known about this subject?

» Bortezomib inhibits the activity of NF-
kB, leading to apoptosis of myeloma
cells, and upregulates the expression of
Bcl-2 in an antiapoptotic role in multiple
myeloma (MM) cells.

» Everolimus can inhibit tumor cell growth,
metabolism and angiogenesis by blocking
the PI3K-AKT-mTOR (mammalian target of
rapamycin) pathway of the cancer cell.

» Bortezomib and everolimus are promising
chemotherapeutic agents that are
efficacious in the treatment of a variety of
cancers.

What are the new findings?

» Everolimus shows synergistic antimyeloma
effects with bortezomib.

» The mechanism of the effect is via AKT/
mTOR pathway in in vitro and in vivo
experiments.

» There are synergistic antimyeloma effects at
a suitable drug concentration for human.

How might these results change the focus

of research or clinical practice?

» Everolimus combined with bortezomib at
a suitable concentration shows synergistic
antimyeloma effects via the AKT/mTOR
pathway, providing more benefits to
patients with MM.

eventually experience refractory disease and
relapse.” To date, MM remains an incurable
disease. Therefore, there is a pressing need
for more effective therapeutic drugs with less
toxic side effects to enhance the efficacy of the
existing drugs and improve the quality of life
and survival rate of patients with MM.
Bortezomib is a novel proteasome inhibitor.
The threonine residue binds selectively to the
proteasome active site, inhibiting the trypsin
and chymotrypsin activity of the 20S protea-
somal subunit. Bortezomib is the world’s first
drug to use an enzyme protein as a therapeutic
target for cancer. It acts against myeloma
cells through a variety of mechanisms: borte-
zomib inhibits the activity of nuclear factor kB
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(NF-kB), leading to apoptosis of myeloma cells,” and upreg-
ulates the expression of Noxa, a member of the Bcl-2 family
that interacts with the protein Bcl-2 in an antiapoptotic
role in MM cells, thus inducing apoptosis.® Clinical trials
have shown that the most common adverse effects of borte-
zomib include thrombocytopenia, neutropenia, peripheral
neuropathy, and anemia.”” These toxic side effects will
undoubtedly reduce the quality of life for elderly patients.

Everolimus is an inhibitor of mammalian target of rapa-
mycin (mTOR) for the 40-O-rapamycin (2-hydroxyethyl)
derivatives. It interacts with FK506 binding protein-12 in
cells, and forms an inhibitory complex, mTORC1, that
inhibits the activation of mTOR kinase and the effect of
mTOR on the regulation of downstream effectors. In addi-
tion, everolimus also inhibits the expression of vascular
endothelial growth factor and hypoxia-inducible factor.'
Therefore, everolimus can inhibit tumor cell growth, metab-
olism and angiogenesis by blocking the phosphatidylinosi-
tol3-kinases (PI3K-AKT, protein kinase B) mTOR pathway
of the cell. Everolimus was approved for the treatment of
patients with advanced renal cell carcinoma in 2009 by
the Food and Drug Administration, as well as for several
malignancies such as subependymal giant cell astrocytoma,
pancreatic neuroendocrine tumors, and gastroenteropan-
creatic cancer.''™*

Bortezomib and everolimus are promising chemother-
apeutic agents that are efficacious in the treatment of a
variety of cancers.’>™ On the basis of existing research,
we investigated the individual and combined therapeutic
effects of bortezomib and everolimus in MM in vivo and
in vitro, which provide a theoretical basis for the use of
combination therapy involving bortezomib and everolimus
in clinical trials.

MATERIALS AND METHODS

Cells

Human MM cell lines U266 and LP-1 were purchased
from the Tumor Cell Bank of the Chinese Academy of
Medical Sciences (Beijing, China). U266 cells were cultured
in dulbecco's modified eagle medium (DMEM) supple-
mented with 10% fetal bovine serum and 1% penicillin/
streptomycin. LP-1 cells were cultured in RPMI 1640
containing 10% fetal bovine serum with 100 units/mL peni-
cillin and 100 pg/mL streptomycin at 37°C in a humidified
incubator with 5% CO,.

Proliferation assay (CCK-8 assay)

The cell lines were randomly divided into four groups,
namely the control group (C), everolimus treatment group
(E), bortezomib treatment group (B), and the everolimus
combined with bortezomib treatment group (E+B). The
dosage of bortezomib was fixed at 10nM, and the dosage
of everolimus increased from 0nM to 5nM, 10nM, 15 nM,
20nM, and 25nM."® ¥ A Cell Counting Kit-8 (CCK-8)
assay was performed to observe cell proliferation at 0 hour,
12 hours, 24 hours, 48 hours, 60 hours, and 72 hours.

The CCK-8 assay (Dojindo Molecular Technologies,
Shanghai, China) was performed, according to the manufac-
turer’s recommendations, to evaluate the MM cell viability
in all groups. Cells were seeded in 96-well plates (Corning,
Steuben County, USA). The different groups of cells were

treated by the addition of 20 uL of the corresponding drug,
with the control group cells receiving 20 uL. RPMI 1640
culture solution. Each group of cells was simultaneously
seeded in three wells, with a blank control well containing
no cell culture solution, and then incubated for 48 hours.
Four hours before culture termination, 10mL of CCK-8
solution was added to the culture. The optical density was
read on a 96-well plate reader at a wavelength of 450nm
within 15 min. The experiment was repeated three times,
and each sample was run in triplicate. Data from the cell
proliferation experiments were expressed as the percentage
of cell proliferation compared with that in untreated cells.
The everolimus concentration resulting in 50% inhibi-
tion of cell growth (IC50) was determined by fitting to a
dose-response curve. Cell viability was calculated using the
following equation: cytotoxicity (%)=(1-OD450 of isogar-
cinol group/OD450 of control group)x100%.*°

Cell apoptosis assays

Cell apoptosis was detected by flow cytometry, and cells
were stained with fluorescein-conjugated annexin V and
propidium iodide (PI).?' The cells were washed twice
with phosphate buffered saline (PBS), centrifuged, and
the supernatant was discarded. Cells were resuspended in
binding buffer (10mmol/L N-2-hydroxyl piperazine-NO-
2-ethane sulfonic acid/NaOH, pH 7.4, 140 mmol/L NaCl,
2.5 mmol/L CaCl,). Then, 100 uL cell suspension was incu-
bated with 10uL annexin V-fluorescein isothiocyanate
(FITC) and 10 pL PT and gently mixed away from light for
15 min at room temperature (RT). Cells were detected by
flow cytometry within 30 min, and the percentage of apop-
totic cells relative to the total number of cells in each group
was compared. A tube without annexin V-FITC and PI was
used as the negative control, and each sample had three
replications.

Western blot

Cells and tumor tissue for all groups were collected and
added to sufficient lysis buffer (20mM Tris-HCI (pH 8.0),
150mM NaCl, 2mM EDTA, 100mM NaF, 1% NP40,
1ug/mL leupeptin, 1pg/mL antipain, and 1mM phenyl-
methylsulfonyl fluoride), and protein quantification was
performed by BCA Assay (Pierce, Rockford, Illinois, USA).
Samples were analyzed by western blotting, as described
previously,”” using a B-actin monoclonal antibody as the
internal control. The primary antibodies used were the
PTEN antibody (1:500, Abcam, ab32199, Cambridge,
Massachusetts), AKT1 antibody (1:1000, Abcam, ab81283),
mTOR antibody (1:600, Abcam, ab2732), P70S6K1 anti-
body (1:1000, Abcam, ab32529), 4EBP1 antibody (1:1000,
Abcam, ab32024), caspase 3 antibody (1:500, Abcam,
ab13847), NF-xB antibody (1:1000, Abcam, ab207297),
and B-actin antibody (1:1000, Abcam, ab8227). All gray
value of protein expression was determined by computer
scanning.

Animal model

All animals were housed in the Animal Experimental Center
of the Fifth Central Hospital of Tianjin at a humidity of
50%=5% at 20°C-25°C. Nude mice aged 6 weeks were
inoculated subcutaneously with 1x107U266 and LP-1
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cells (100 uL tumor cell suspension) on both sides of the
back and divided into four groups (n=8): the control group
(C), the everolimus treatment group (E), the bortezomib
treatment group (B), and the everolimus combined with
bortezomib treatment group (E+B). Each group received
the corresponding concentration of drug by intraperitoneal
injection every other day for 4 weeks. The rate of tumor
formation and the change in the tumor were observed
every day; the tumor volume (mm?®) was estimated to eval-
uate tumor growth by measuring the longest perpendicular
tumor diameter using calipers every alternate day and calcu-
lated with the following formula: 1/2 X (major axis) X (minor
axis).”*> Animals were euthanized when mice appeared
moribund to prevent unnecessary morbidity. The subcuta-
neous nodules were taken out for volume measurement and
fixed in 10% neutral buffered formalin for immunohisto-
chemistry (IHC). All mice received care according to the
standard animal care protocols and guidelines.

Immunohistochemistry

Tumor tissues were fixed and stored in 10% neutral buff-
ered formalin at 4°C for approximately 24 hours and then
processed in paraffin wax. Eight samples in each group
were randomly selected for IHC studies. Serial paraffin
tumor tissue sections (50 um) were made to observe the
THC staining. Sections were dewaxed in water, washed
three times in buffer for 15 min each, immersed in newly
prepared 0.3% hydrogen peroxide in methanol at RT for
15 min to block endogenous peroxidase activity, and washed
three times in buffer for 5 min. Then, non-specific binding
sites were blocked with normal goat serum in Tris-buffered
saline at RT for 30 min and then treated overnight at 4°C
with primary antibodies: namely rabbit polyclonal anti-
bodies against PTEN, AKT1, mTOR, P70S6K1, 4EBP1,
caspase 3, and NF-xB (all are Abcam). After the sections
were washed, they were incubated in a goat antirabbit
secondary antibody for 30 min at RT. The staining in the
sections was visualized using a horseradish peroxidase-con-
jugated compact polymer system. Dimethylaminoazoben-
zene was used as the chromogen. Positive IHC staining was
detected by light microscopy.

Statistical analysis

All experiments were repeated at least three times. Data are
expressed as mean+SEMand were analyzed by Student’s
t-test or two-way analysis of variance. Statistical analyses were
performed using SPSS V.17.0 statistical software program/
package. The level of statistical significance was set at p<0.035.

RESULTS

Everolimus shows synergistic antitumor effect with
bortezomib in MM cell lines

To provide a basis for the use of everolimus and borte-
zomib as combination therapy agents against MM, we first
used a series of combination of different concentrations of
everolimus with 10nM bortezomib to test the effects on
the proliferation of the MM cell lines U266 and LP-1. The
experimental results showed that treatment with everolimus
in combination with bortezomib suppressed cell prolifera-
tion; treatment with 20 nM everolimus in combination with

10nM bortezomib achieved the lowest cell survival rate for
both cell lines (figure 1).

Proliferation of U266 and LP-1 cells treated with evero-
limus alone, bortezomib alone, and everolimus in combina-
tion with bortezomib was analyzed using the CCK-8 assay.
The optical density was measured at 12, 24, 48, 60, and
72 hours of treatment. Proliferation was markedly lower in
both cell lines treated with the drugs for 72 hours than that
in the control group (figure 1C,D).

To evaluate the effects of combining bortezomib and
everolimus on the cell survival rate, we used the IC50 for
everolimus and bortezomib in all of the groups, using the
fixed ratios of 1:8, 2:8, 4:8, 6:8, and 8:8 IC50 for evero-
limus and bortezomib. The combination of everolimus and
bortezomib was synergistic in both cell lines, indicated by
combination index (CI) values of <0.8 (figure 1E,F).>* For
example, the CI value in U-266 cells ranged from 0.46 to
0.63 with everolimus and bortezomib simultaneously. No
antagonism (CI>1.2) was observed in any cell line.

Combination therapy with everolimus and bortezomib
induces apoptosis in vitro more effectively

Our study showed that combination therapy with evero-
limus and bortezomib could inhibit myeloma cell prolifera-
tion more effectively than either treatment alone.

Flow cytometry was used to determine the effect on
apoptosis of bortezomib in combination with everolimus.
U266 cells were treated with everolimus (20nM), borte-
zomib (10mM), or a combination of everolimus and
bortezomib for 72hours, followed by double staining
with annexin V/PI. As shown in figure 2, the combination
of everolimus and bortezomib had a synergistic effect on
apoptosis in U266 and LP-1 cells. Compared with apoptosis
observed in control cells, on treatment with everolimus
alone and bortezomib alone, 22.5% and 17.2% apoptosis,
respectively, were observed. However, combination treat-
ment induced 28.8% apoptosis in U266 cells, and a similar
trend was observed in LP-1 cells. Collectively, these results
show that bortezomib and everolimus combination therapy
induced myeloma cell apoptosis in vitro more effectively.

AKT/mTOR signal transduction pathway

To explore the mechanisms whereby apoptosis is triggered,
we examined the expression of the primary apoptotic mole-
cule, caspase 3, in U266 and LP-1 cells in each group. In
this experiment, the two cell lines were incubated with the
various drugs for 72hours and were then lysed to extract
the proteins for further analysis.

As shown in figure 3, the expression of AKT1, mTOR,
p70S6K1, and 4EBP1 in the E-treated and E-+B-treated
groups was significantly lower than that in the control group
(p<0.05 for all comparisons), while in the B-treated group,
there was no significant change in the expression of these
proteins (p>0.05). In the drug-treated groups, the protein
expression of caspase 3 was significantly higher than that
in the control group (p<0.05), and the protein expression
of NF-kB was significantly lower than that in the control
group (p<0.05), while there was no significant difference in
the protein expression of PTEN in any of the groups. The
results of the IHC further showed that the expression of
mTOR, p70S6K1, and 4EBP1 in the E+B-treated groups was
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Effects of bortezomib and everolimus on the cell survival rate. (A) Effect of the different doses of everolimus from 0nM to

25nM in combination with 10 nM bortezomib on the survival rate in the U266 cell line at 12, 24, 36, 48, 60 and 72 hours. (B) Effect of

different doses of everolimus from 0nM to 25 nmol/L in combination with 10 nm bortezomib on the survival rate in the LP-1 cell line at 12,
24, 36, 48, 60 and 72 hours. Both U266 cells and LP-1 cells were treated with 10 nM bortezomib alone, 20 nM everolimus alone, and 10 nM
bortezomib in combination with 20nM everolimus for 72 hours. (C) The survival rate of U266 cells in each treatment group. (D) The survival
rate of LP-1 cells in each treatment group. (E) Cl plots of the everolimus and bortezomib combinations in the U266 cell lines. (F) Cl plots of

the everolimus and bortezomib combinations in the LP-1 cell lines.

significantly lower than that in the control group, and the
protein expression of caspase 3 was significantly higher than
that in the control group (figure 4).

Synergistic antitumor effect of everolimus and
bortezomib on myeloma cell proliferation in vivo

Our in vitro study suggested that treatment with everolimus
induced apoptosis in MM cells. These observations led us
to investigate the ability of everolimus to inhibit the tumor

growth of myeloma cells in a nude mouse xenograft model.
Eight nude mice were chosen to analyze the similar shape
and size of the tumor in each experimental group.

As shown in figure SA, when the animal model carrying
the myeloma xenograft was successfully established, we
observed the effect of drug treatment on the volume (mm?®)
of the tumor in vivo. In figure 5B, drug treatment substan-
tially reduced the size of the tumor compared with the tumor
size in the control group mice bearing myeloma xenografts
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Figure 2 Cell apoptosis in the U266 and LP-1 cell lines detected by flow cytometry using annexin V-Fluorescein isothiocyanate (FIT)/

propidium iodide (PI) staining.

treated with PBS. On the 25th day after tumor implantation
of U266 cells, statistical reduction in the tumor volume was
observed when comparing the volume in the drug-treated
and control groups (p<0.05). More significantly, the tumor
volume in the E+B-treated group of the U266 xenograft
model on day 30 was also less than that in the other groups.

DISCUSSION
Previous studies have investigated the effects of bortezomib
alone on MM cells. Everolimus has been recommended for
the treatment of advanced renal cell carcinoma, advanced
breast cancer, esophageal cancer and gastric cancer.
However, few studies have examined the effect of evero-
limus alone and the synergistic effects of bortezomib and
everolimus on MM cells.

In this study, we investigated the combined effects of
bortezomib and everolimus. Our results indicated that the
two drugs synergistically suppressed the growth of MM

cells and induced MM cell apoptosis, even at low concen-
trations. The CI values were calculated according to the
Chou-Talalay equation.”* The mean Cls of the combined
bortezomib and everolimus group were lower than 1 in
the U266 and LP-1, which suggests good synergy with both
drugs. Thus, everolimus shows synergistic antimyeloma
effects with bortezomib. This finding provides a powerful
evidence for the future clinical combinatorial application of
bortezomib and everolimus in patients with MM.

The results from flow cytometry showed that bortezomib
and everolimus played a cytotoxic role by mediating cell
apoptosis. Both bortezomib and everolimus participated in
the activation of cell death pathways mediated by caspase
3, and a low concentration of everolimus significantly
enhanced the cytotoxic effect of bortezomib.

Cell cycle progression, growth, differentiation, and apop-
tosis of cells are known to be directly controlled by a set of
genes. Extracellular molecules indirectly interfere with gene
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proteins. Bor, bortezomib; Com, combined; Con, control; Eve, everolimus; mTOR, mammalian target of rapamycin.

expression through signal transduction pathways regulating
differentiation, development, proliferation and apoptosis.
Among these signal transduction pathways, the PI3K/AKT/
mTOR signaling pathway is the most important one. A
variety of mechanisms could result in abnormal alterations
of the PI3K/AKT/mTOR signaling pathway, which can
further result in malignant tumors.>

Many studies have shown that apoptosis can be induced
in MM cells through a combination of agents blocking
target proteins in the PI3ZK/AKT/mTOR signaling
pathway. mTOR is an AKT substrate downstream of the
PI3K/AKT/mTOR signaling transduction pathway. It
functions as a Ser/Thr protein kinase and a member of
the PI3K family. mTOR is an effector of the PI3K/AKT
signaling pathway and plays a key role in the regulation
of multiple cellular functions, including proliferation,
survival, apoptosis, migration, and angiogenesis.*® P7056

and 4E-BP1 are two target proteins of mTOR that can be
phosphorylated by mTOR. 4EBP is a eukaryotic trans-
lation initiation factor-inhibiting protein, and the phos-
phorylation of 4EBP by mTOR frees elF4E, prompting
mRNA translation. P70S6K1 is a ribosomal 40S small
subunit S6 protein kinase, and phosphorylation of the
40S ribosomal protein S6 can promote the translation
of mRNA containing a 5> TOP structure.”” A study by
Tam et al*® showed that everolimus enhanced the cyto-
toxicity of cisplatin, an alternate alkylating agent, which
regulated the expression of P70S6K and 4EBP-1 in liver
cancer cells.

mTOR regulates cell growth by controlling protein
biosynthesis. It has been found that after blocking the
mTOR signaling pathway with rapamycin or its analog
CCI-779, the phosphorylation of PI3K/AKT is signifi-
cantly enhanced in MM cells and the activation of AKT is
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Figure 4 Results of immunohistochemical analysis of tumors in mice bearing multiple myeloma cells. mTOR, mammalian target of

rapamycin.

prolonged.?’ Therefore, drugs can inhibit proliferation of
MM cells through this mechanism.

In our study, the expression of P70S6K and 4EBP-1 was
significantly downregulated when cells of either cell line
were treated with everolimus alone or in combination
with bortezomib. This result indicates that everolimus
inhibits the AKT/mTOR pathway, while bortezomib had
no effect on the AKT/mTOR pathway. Although many
studies have confirmed the feedback activation effects
of mTOR inhibitors on AKT1, we did not observe a

significant activation in the experiment in the U266
cell line. This might be dose-dependent, with a small
dose of everolimus resulting in activation and a larger
dose having an inhibitory effect.’®> Moreover, combina-
tion therapy with bortezomib and everolimus treatment
slowed the tumor progression in vivo using the myeloma
nude mice model, and the effect of everolimus alone was
better than the effect of bortezomib. This observation
is in accordance with the in vitro results. These results
suggest that bortezomib should be further tested, studied
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Figure 5 Everolimus and bortezomib treatment reduced myeloma cell growth in vivo. (A) Combination therapy with everolimus and
bortezomib significantly delayed the growth of subcutaneous tumors in mice bearing U266 and LP-1 cells. (B) Tumor volume of myeloma

xenografts in the different treatment groups.

and investigated in combination with everolimus to treat
patients with MM.

In conclusion, we demonstrated that everolimus
targeted the AKT/mTOR signal transduction pathway to
inhibit proliferation and induce apoptosis in vitro and
delayed the growth of human myeloma cells in vivo. The
present work revealed that everolimus acted synergisti-
cally with bortezomib to treat MM.
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