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Abstract

Background: The ubiquitin-proteasome system (UPS) plays a crucial role in regulating the levels and functions
of a large number of proteins in the cell, which are important for cancer cell growth and survival. The
proteasome is highly activated in B-cell precursor acute lymphoblastic leukemia (BCP-ALL), which is the most
common malignancy in children. The attempt to inhibit proteasome as a therapeutic strategy has been successful
for some malignancies.

Materials and Methods: In this experimental study, human BCP-ALL cell lines NALM-6 and SUP-B15 were
treated with carfilzomib with and without the chemotherapeutic agents. The XTT assay evaluated the viability
of the cells. Cell cycle analysis and apoptosis assay were assessed by flow cytometry. RQ-PCR and western
blotting evaluated the expression of pro-/anti-apoptotic signals. A drug combination study for synergistic or
additive effects of carfilzomib with doxorubicin or dexamethasone was performed.

Results: We observed that carfilzomib alone induced G2/M cell cycle arrest and caspase-dependent apoptosis in
the human BCP-ALL cells (NALM-6 and SUP-B15). Gene and protein expression analysis indicated the
upregulation of pro-apoptotic as well as downregulation of the cell survival and proliferative signals (P-
value<0.05). The synergy of carfilzomib with doxorubicin or dexamethasone was revealed in BCP-ALL cells.
Conclusion: Our results indicated that proteasome inhibition induces p53-mediated apoptosis in BCP-ALL
cells. Since carfilzomib has a synergistic effect with anti-leukemic agents doxorubicin and dexamethasone in
BCP-ALL cells, this combined-modality approach might be befitting for patients who do not respond well to
conventional chemotherapy.
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Introduction

Acute lymphoblastic leukemia (ALL) is a
malignancy of lymphoid precursor cells
within the bone marrow. B-cell precursor
ALL (BCP-ALL) is the most common
cancer in children, accounting for
approximately 30% of all pediatric
malignancies and 80% of childhood
leukemia. Its incidence has a two-peak
distribution, with the first peak occurring
in childhood (80%) and the second peak

nearly at about 50 years of age (1). The
pathogenesis of the disease often involves
genetic abnormalities that alter the genes
controlling cell proliferation and survival
of the lymphoblasts. Currently, the first-
line treatment in these patients is
chemotherapy,  which includes a
combination of drugs such as vincristine,
corticosteroids, asparaginase, and
anthracyclines. Despite long-term survival
and high rates of treatment in most
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children with BCP-ALL, relapse and
resistance to treatment are the leading
cause of death (2). Therefore, augmenting
the therapeutic armamentarium against
BCP-ALL is crucial.

Cell fate is controlled by a balance
between cell cycle regulators (cyclin-
dependent kinases, p21, p27, c-myc,
hTERT, p25, etc.) pro-apoptotic (p53,
Bim, Bax, Noxa, Bid, Bak, Puma, etc.) and
anti-apoptotic (Bcl-2, Bcl-xl, c-1AP1/2,
XIAP, survivin, Mcl-1, etc.) signals, most
of which are regulated by the ubiquitin-
26S proteasome system (UPS). The UPS is
a multi-catalytic proteinase complex that
breaks down a wide range of proteins
within normal and transformed cells and
therefore plays a crucial role in
maintaining cellular homeostasis.
Consequently, UPS can affect pivotal
cellular functions such as cell cycle, DNA
repair, apoptosis, cell growth, and survival
(3). The 26S proteasome contains a hollow
central 20S proteolytic structure and two
19S helices regulating the entry of target
proteins at its two ends. The 20S core has
three enzymatically active sites: caspase-
like (C-L), chymotrypsin-like (CT-L), and
trypsin-like (T-L) (4). High proteasome
activity has been demonstrated in several
malignancies, particularly in hematological
neoplasms (5). The application of
proteasome inhibitors (PIs) as a front-line
treatment in multiple myeloma patients
represents UPS as a valid target in the
treatment of malignant diseases (3). Since
selective inhibition of CT-L has a slight
impact on overall cellular protein turnover,
Pls that inhibit only the CT-L subunit is
considered optimal. Among the Pls,
bortezomib, carfilzomib, and ixazomib
have been approved by the FDA, mostly
for patients with multiple myeloma
progressing after initial treatment (6, 7).
Although bortezomib, as the first FDA-
approved PI, has proven to be successful in
treating multiple myeloma patients, the
progression of neuropathy and recurrence
after treatment are the most important
complications. Second-generation
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proteasome inhibitors such as carfilzomib
were developed due to the adverse effects
of bortezomib or the development of
resistance in some patients. Moreover,
carfilzomib was tolerable in combination
with VXLD (vincristine, dexamethasone,
PEG-asparaginase, daunorubicin)
chemotherapy in phase I of a clinical study
in T-ALL patients (8). Approximately half
of all cancers bear mutated p53, but in the
other half of tumors, wild-type p53 is
inactivated through various mechanisms
(9). Towards this end, restoring p53
activity in tumor cells has been a long-
sought-after goal. Wild-type p53 is a
master regulator of apoptosis and the cell
cycle is tightly kept at low levels via
degradation by the proteasome (9, 10).
Therefore, inhibition of the proteasome in
BCP-ALL cells, which most often express
wild-type p53, can reinstate p53 function
and might be considered as an adjunctive
therapy together with key drugs for the
treatment of BCP-ALL such as
anthracyclines. Since Pls can target critical
molecular pathways that are involved in
the survival and proliferation of BCP-ALL
cells, we intended to investigate the effects
of carfilzomib in the BCP-ALL cells. In
addition, synergistic experiments were
carried out to evaluate the potential effects
of carfilzomib on the anti-cancer effects of
doxorubicin and dexamethasone.

Materials and Methods

Chemicals and reagents

Carfilzomib was from Selleck Chemicals
(Houston, Texas, USA); Dexamethasone
(D4902), doxorubicin and propidium
iodide (PI) were from Sigma-Aldrich (St
Louis, Missouri, USA). For
immunoblotting,  primary  antibodies
including caspase-3 (Cat. #: 9665),
caspase-9 (9508), PARP (9542), p21
(2947), p53 (2527), p27 (2552), c-Myc
(5605), c-1AP1(4952), XIAP (2045),
survivin  (2808), Bax (2772), Bcl-2
(15071), Bcl-xI (2764), Mcl-1 (94296),
and p-actin (8H10D10) were provided
from Cell Signaling Technology (Danvers,
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Massachusetts, USA). HRP-conjugated
secondary antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz,
California, USA).

Cell culture

The human BCP-ALL cell lines NALM-6
(obtained from Pasteur Institute, Tehran,
Iran) and SUP-B15 (provided by Dr.
Parviz Kokhaei, Department of
Immunology, Semnan University of
Medical Sciences) were cultured in RPMI-
1640 medium enriched with L-glutamine
(2 mM), heat-inactivated 10% FBS (20%
for SUP-B15), penicillin (100 units/ml),
and streptomycin (100 pg/ml) in a
humidified 37 °C incubator with 5% CO>
within up to 10 passages from thawing.

Cell viability assay

Cell viability was measured by the
colorimetric XTT-based assay (Roche,
Penzberg, Germany). In brief, NALM-6
and SUP-B15 cells were seeded into 96-
well-cultured plates at ~1x10* cells/well.
The cells were treated with various
concentrations of carfilzomib alone (5, 10,
and 20 nM for NALM-6 and 2, 4, and 8
nM for SUP-B15) and followed by
treatment with doxorubicin (100 and 200
nM) or dexamethasone (200 and 400 nM)
for 24 and 48 h (whereas 72 h for
combination with dexamethasone in
NALM-6 cells). Next, 50 ul of XTT
reagent was added to cells and incubated
for 18 h at 37 °C. The absorbance of each
well at 450 nm was read using an ELISA
reader (Bio-Rad; Hercules, California,
USA).

Drug combination study

Combination index (CI) values were
estimated  from  dose-effect  data.
CompuSyn software (ComboSyn, Inc.,
Paramus, NJ) was used for standard
isobologram analysis. Combinations were
then scored according to the following
criteria: The CI values of <1, =1, and, >1
represent the synergistic, additive, and
antagonistic activity of drugs, respectively
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Cell cycle analysis

To measure DNA content, a total of 2x10°
cells/ml were seeded in 12-well-cultured
plates and incubated with different
concentrations of carfilzomib (5, 10, and
20 nM for NALM-6 and 2, 4, and 8 nM for
SUP-B15) for 24 h. Cells were collected
after incubation time, washed two times
with PBS, and subsequently fixed in ice-
cold 70% ethanol overnight at -20 C.
Then, the cells were washed with cold
PBS and resuspended in PBS containing
0.1% sodium citrate, 0.5 pg/ml RNase
(Thermo Scientific, Waltham,
Massachusetts, USA), and propidium
iodide (50 pg/ml). The cells were
protected from light at room temperature
for 30 minutes and then analyzed using a
FACSCalibur  flow cytometer (BD
Biosciences, San Jose, California, USA).

Flow cytometry analysis of apoptosis
The cells were cultured in 12-well plates at
a density of 2x10° cells/ml and incubated
with different  concentrations  of
carfilzomib alone for 24 h and 48 h. In
addition, both cell lines were treated with
different doses of carfilzomib in the
presence of doxorubicin (100 and 200 nM
for NALM-6, 20 and 40 nM for SUP-B-
15) for 24 h. Likewise, dexamethasone
treatment (200 and 400 nM for NALM-6,
20 and 40 nM for SUP-B-15) with
carfilzomib was done for 24 h on SUP-
B15 and 72 h for NALM-6 cells. After
incubation, harvested cells were washed
with cold PBS (Phosphate-buffered
saline), and stained using Annexin V-FITC
Apoptosis  Detection Kit Il (BD
Biosciences) according to instructions of
the manufacturer. Annexin V positive and
Pl negative cells show early apoptotic
cells; while both Annexin V and PI
positive cells represent a late apoptosis
phase.

RNA extraction, cDNA synthesis, and
RQ-PCR

Total RNA was extracted by TriPure
isolation reagent (Roche Applied Science)
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from treated and untreated cells. Next,
according to the RevertAid First Strand
cDNA Synthesis kit protocol (Thermo
Scientific,  Waltham,  Massachusetts,
USA), 1 pg of RNA was reverse
transcripted into cDNA using a master mix
containing 4 pl 5X Reaction Buffer, 1 pl
RNase inhibitor (20 U/ml), 1 pl M-MuLV
reverse transcriptase (200 U/ml), 2 pl
dNTP Mix (10 mM), 1 pl random
hexamers and Nuclease-free water up to
final volume 20 pl. Quantitative real-time
PCR was performed in a total volume of
15 pl using 2 ul of specific gene primers,
1.5 pl of the cDNA product, and 7.5 pl of
RealQ Plus 2X Master Mix Green without
ROX (Ampligon, Odense, Denmark)
according to the manufacturer's
instructions in a Light Cycler 96 Real-time
PCR system (Roche Diagnostics, Lewes,
UK). PCR amplification was performed
using the following conditions: 95 °C for
15 min followed by 35 cycles of 95 °C for
15 s, and annealing and elongation step at
60 °C for 60 s. Each sample was analyzed
in triplicate, the specificity of the products
was verified using melting curve analysis,
and the comparative Ct (2"24¢) method for
calculation of fold-change in the gene
expression was used. Primer sequences of
Bax, Bim, Noxa, Bcl-2, Mcl-1, survivin, c-
Myc, hTERT, p27 and B-Actin used for
real-time PCR analysis are listed in Table
l.

Western blot analysis

A total of 5x10° cells/aliquots were
centrifuged after the treatments and
cellular pellets were washed twice with
cold PBS. The cellular proteins were
extracted with 0.2 ml of RIPA lysis buffer
(150 mM NacCl, 10 mM Tris-HCI, pH 7.4,
5 mM EDTA, 0.1% SDS, 1% Triton X-
100, 50 mM NaF, 0.5% sodium
deoxycholate, and 1 mM NaVO4)
containing protease and phosphatase
inhibitor cocktails (Sigma-Aldrich, St.
Louis, Missouri, USA) on ice for 30 min.
After centrifugation at 13000 rpm at 4°C
for 20, the supernatant was gathered.
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Bradford assay was used for the
determination of protein concentrations.
Equal amounts of total cellular protein (70
ug in a total volume of 24 pl) were loaded
and resolved on 10% SDS-PAGE,
according to the method of Laemmli. To
determine molecular weight, a multicolor
protein ladder (size ranges of 10-190 kDa
and 40-300 kDa) was employed as a
standard. The gels were then electroblotted
onto nitrocellulose membranes (Hybond-
ECL; Amersham Corp., Little Chalfont,
UK) for 1 h under 60 V. Afterward,
blocking of membranes was performed for
1 h at room temperature with 5% skim
milk diluted in TBS with 0.1% Tween-20
(TBS-T). Then, the membranes were
hybridized  with  specific  primary
antibodies (1:1000 dilution) at 4°C
overnight. After incubation, membranes
were washed 5 times in TBS-T and
incubated with HRP-conjugated secondary
antibodies  (1:5000 dilution). Protein
expression was detected by,
chemiluminescence reagent (Amersham
ECL Advance Kit; GE Healthcare, Little
Chalfont, UK) according to the
manufacturer's recommendation  using
ChemiDoc instrument (Vilber Lourmat
SAS, France).

Statistical analysis

The experiments were carried out in
triplicate, and data were presented as the
mean =+ standard deviation. Statistical
differences between the two groups were
tested with Paired Student's t-test. A P-
value was considered significant if less
than 0.05. Statistical analysis was applied
using Prism 6.01 software (GraphPad, La
Jolla, California, USA).

Ethical consideration

This study was approved by the Ethics
Committee of Iran University of Medical
Sciences
(IR.IUMS.REC1395.9221534201).
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Results

Proteasome inhibition induced
prominent dose- and time-dependent
cytotoxicity in BCP-ALL cell lines

The viability of BCP-ALL cells upon
treatment with carfilzomib was determined
by XTT assay. Both NALM-6 and SUP-
B15 cells were incubated with designated
concentrations of carfilzomib for 24 and
48 h. As shown in Fig. la, a significant
dose and time-dependent decrease in the
survival of NALM-6 and SUP-B15 cells
treated with carfilzomib was observed. The
highest cytotoxicity was observed at 48 h
at 20 (ICso: 75 nM) and 8 nM of
carfilzomib (ICso: 3 nM) for NALM-6 and
SUP-B15 cells, respectively (P-value=
0.0002).

Carfilzomib synergistically intensified
the cytotoxic effect of doxorubicin and
dexamethasone on BCP-ALL cells

Given the potential role of carfilzomib to
induce cytotoxicity in BCP-ALL cells, it
was tempting to evaluate whether
carfilzomib  potentiates the cytotoxic
effects of doxorubicin and dexamethasone.
To do so, we examined carfilzomib's
effects either as a single agent or in
combination with doxorubicin or
dexamethasone on the viability of BCP-
ALL cells. Based on the synergistic
analysis, we observed that carfilzomib co-
treatment with doxorubicin or
dexamethasone was highly effective in
growth inhibition and enhancing the
cytotoxic effect relative to either drug
alone (Fig. 1b and c). Moreover, to
determine whether the interaction between
any of these agents was synergistic or
additive, the CI value was -calculated
(Table I1). Synergistic experiments
delineated that pharmaceutical targeting of
the proteasome with carfilzomib could
potentiate the anti-cancer effect of both
doxorubicin and dexamethasone (Fig. 1b
and c).
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Carfilzomib stimulated G2/M cell cycle
arrest in BCP-ALL cells

To better understand whether the
inhibitory effect of proteasome inhibition
on the proliferation of BCP-ALL cells is
related to cell cycle alteration or not, we
sought to evaluate the effect of carfilzomib
on the cell cycle of the BCP-ALL cell lines
using flow cytometric analysis. As
depicted in Fig. 2, following 24 h
treatment of NALM-6 and SUP-B15 cells
with different doses of carfilzomib, a
reduction in the S phase and a significant
accumulation in the G2/M phase was
observed, especially at higher doses of
carfilzomib.

Proteasome inhibition  accentuated
doxorubicin/dexamethasone-induced
caspase-mediated apoptosis in BCP-
ALL cells

To investigate the effect of proteasome
inhibition on cell apoptosis, BCP-ALL
cells were incubated with different
concentrations of carfilzomib alone and in
combination  with  doxorubicin  or
dexamethasone. Then, cells were harvested
and stained with Annexin V-PI, followed
by flow cytometry analysis. As
demonstrated in Fig. 3a and b, the
percentage of early and late apoptotic cells
after treatment with the escalating doses of
carfilzomib exhibited a significant increase
compared to the untreated cells.
Furthermore, we observed that carfilzomib
co-treatment with anti-leukemic agents
doxorubicin or dexamethasone increased
the number of Annexin-V+/Pl+ cells in
both  NALM-6 and SUP-B15 cells in
comparison to either agent alone (Fig. 3 ¢
and d). Activation of caspase-3/9 and poly
(ADP-ribose) polymerase (PARP)
cleavage was examined by western
blotting to confirm the molecular basis of
the apoptosis process. As presented in Fig.
4a to 4c, carfilzomib induced prominent
cleavage of caspase-3, caspase-9, and
PARP proteins relative to the control cells.
Interestingly, the  combination  of
carfilzomib ~ with doxorubicin or
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dexamethasone greatly induced PARP
cleavage and caspase activation compared
with either agent alone. These results
suggest that inhibition of proteasome by
carfilzomib substantially potentiates the
apoptotic activity of chemotherapeutic
agents doxorubicin and dexamethasone in
BCP-ALL cells.

Carfilzomib triggered apoptosis through
the regulation of pro- and anti-apoptotic
molecules

To comprehend the probable underlying
mechanisms of the carfilzomib-induced
apoptosis in BCP-ALL, NALM-6, and
SUP-B15 cells were subjected to treatment
with various doses of carfilzomib for 24 h
and then analyzed for the expression of
Bax, Bim, Noxa, Bcl-2, Mcl-1, survivin,
Bcel-xl, XIAP, and c-1AP1 levels by real-
time PCR and western blotting. The results
showed a significant upregulation in pro-
apoptotic genes, including Bax, Bim, and
in particular, Noxa. The expression of Bax
mMRNA and protein was increased in BCP-
ALL cells. Carfilzomib significantly
reduced the expression of the anti-
apoptotic proteins such as Bcl-2, Bcl-xl,
survivin, XIAP, and c-IAP1 (Fig. 5a).
Intriguingly, the expression of anti-
apoptotic gene Mcl-1 was upregulated
upon carfilzomib treatment in both mRNA
and protein levels. It's worth mentioning
that the expression levels of the evaluated
genes and proteins were affected at the
lower concentration of the inhibitor in
SUP-B15 cells relative to NALM-6 cells.
We then investigated how apoptotic-
related genes were affected by carfilzomib
co-treatment  with  doxorubicin  or
dexamethasone. To this end, after
incubation of the cells with doxorubicin or
dexamethasone in the absence or presence
of carfilzomib, the aforementioned genes
were studied. As shown in Fig. 5b and c, a
striking increase in the expression of pro-
apoptotic genes, including Bax, Bim, and
Noxa, was observed in the combination
treatment. Likewise, the expression of Bax
protein upregulated in BCP-ALL cells
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after carfilzomib co-treatment with the
chemotherapeutic  agents (Fig.  5d).
Doxorubicin  alone increased Bcl-2
expression;  whereas, it  decreased
significantly in  the presence of
carfilzomib, indicating that carfilzomib
inhibited doxorubicin-induced Bcl-2 gene
expression. Unlike the elevated expression
levels of Mcl-1, lower expression of anti-
apoptotic proteins such as Bcl-xI, survivin,
XIAP, and c-IAP1 was exhibited upon
exposure of the cells to combination of
carfilzomib and the anti-leukemic drugs in
comparison to either the chemotherapeutic
agents individually (Fig. 5d). Generally,
our results showed that carfilzomib alone
and particularly in combination with
doxorubicin or dexamethasone, provokes
apoptosis in BCP-ALL cells, presumably
by  disrupting  the transcriptional
equilibrium between the death-repressor
and the death-promoter signals.

Proteasome inhibition disrupted the cell
cycle regulators in a p53-dependent
manner

Consistent with the antiproliferative effect
of carfilzomib, the results of DNA content
analysis also outlined that the inhibition of
proteasome potentially induces cell cycle
arrest in BCP-ALL cells. Therefore, to
shed light on the mechanisms through
which carfilzomib induces its effect on the
cell cycle regulating molecules in BCP-
ALL cells, NALM-6 and SUP-B15 cells
were treated with designated
concentrations of carfilzomib for 24 h.
Then, protein expression of p53, p21, p27,
and c-Myc were investigated by western
blotting, and transcriptional expression
levels of p27, c-Myc, and hTERT were
also evaluated by RQ-PCR. The turnover
of p53, as well as several key p53 targets,
are regulated by the proteasome (11). As
indicated in Fig. 6a, in both cell lines upon
treatment with carfilzomib, there was a
considerable dose-dependent accumulation
of p53, p21, and p27 proteins compared to
untreated cells. Likewise, after
combination  treatment, a  greater
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accumulation of p53 along with p21 and
p27 versus each agent alone was seen in
the cell lines (Fig. 6b and c). Furthermore,
we observed a marked upregulation of p27
mMRNA that correlated with carfilzomib-
induced cell cycle arrest. It is well known
that several genes, including the proto-
oncogene c-Myc, are negatively regulated
by the tumor suppressor p53 (12).
Constitutive expression of the c-Myc
protein exerts a promoting impact on cell
proliferation presumably via positive

regulation of the catalytic subunit of
human telomerase reverses transcriptase
(hTERT) expression (13). Moreover, a
growing body of evidence revealed that in
a variety of cancer cells, overexpression of
p21 is associated with repression of
hTERT expression (14). Interestingly, our
findings showed that a prominent
reduction of c-Myc in both NALM-6 and
SUP-B15 cells was accompanied by the
downregulation of hTERT, which could be
due to the elevated p21 and p53 proteins.

Table I: Sequence of the primers used for RQ-PCR.

Reverse primer (5— 37

B-Actin  GGAAATCGTGCGTGACATTAAG GAAGGAAGGCTGGAAGAGTG
Bcl-2 ATCGCCCTGTGGATGACTGAG CAGCCAGGAGAAATCAAACAGAGG
Mcl-1 CCAAGAAAGCTGCATCGAACC AAACCCATCCCAGCCTCTTTG

Bim CTGACTCTCGGACTGAGAAACG

CTTGTGGCTCTGTCTGTAGGG

Bax GTCCTCGGATTCTCTGCTCTC

CAACATCGATTTCTTCCTCATCTTC

Survivin CCAGATGACGACCCCATAGAG

TTGTTGGTTTCCTTTGCAATTTT

c-Myc GTCCTCGGATTCTCTGCTCTC

CAACATCGATTTCTTCCTCATCTTC

hTERT ATGCGACAGTTCGTGGCTCA ATCCCCTGGCACTGGACGTA
p27 GAATAAGGAAGCGACCTGCAACC TCTTCTGAGGCCAGGCTTCTTG
Noxa CCGTGTGTAGTTGGCATCTC CCCACTCAGCGACAGAGC

Table 11: Combination indices for BCP-ALL cell lines treated with indicated doses of carfilzomib in
combination with either doxorubicin or dexamethasone.

NALM-6

SUP-B15

CFZz4nM CFZ8nM

DEXA 200 nM 1.391 0.417
DEXA 400 nM 0.482 0.378

Dose CFZ75nM CFZ10nM
DOX 100 nM 0.697 0.612
DOX 200 nM 0.697 0.510

CFZ3nM CFZ 6 nM
DOX 20 nM 1.110 0.667
DOX 40 nM 0.746 0.403

Iran J Ped Hematol Oncol. 2023, Vol 13, No 3, 99-118

CFZ3nM CFZ6nM

DEXA 20 nM 0.534 0.564
DEXA 40 nM 0.518 0.397
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Figure 1. Carfilzomib (CFZ) attenuates cell viability and potentiates doxorubicin/dexamethasone-
induced growth inhibition in BCP-ALL cell lines. (a) NALM-6 and SUP-B15 cells were treated with
increasing concentrations of carfilzomib for 24 and 48 h. Cell growth was measured by the
colorimetric XTT-based assay. The viability of BCP-ALL cells treated by carfilzomib was decreased
in a time- and dose-dependent manner. The results are presented as the mean + standard deviations
(SD) of at least three independent experiments. *P < 0.05, ***P < 0.001, compared to control cells
(Student’s t-test, two-tailed). (b) NALM-6 and (c) SUP-B15 cells were co-treated with various
concentrations of carfilzomib and the escalating doses of doxorubicin (DOX) or dexamethasone
(DEXA) for indicated time points. Cell viability was evaluated by the XTT assay. The combination
index (CI) was calculated according to the classic isobologram equation. Results of synergistic
analyses have shown that inhibition of the proteasome could sensitize both BCP-ALL cells to the anti-
leukemic activity of doxorubicin or dexamethasone. Each value represented the average of three
independent experiments £ SD. *P < 0.05, ***P < 0.001 compare to doxorubicin or dexamethasone
alone (Student’s t-test, two-tailed)
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Figure 2. Effects of carfilzomib (CFZ) on cell cycle progression in BCP-ALL cells. NALM-6 and
SUP-B15 cells were cultured in complete medium with various doses of carfilzomib for 24 h, and cell
cycle distribution was evaluated by flow cytometry. Increased concentrations of carfilzomib resulted
in a significant accumulation of the cells in G2/M phase and also a decline in S phase. One
representative experiment among three performed experiments is presented. The data are presented as

the mean = SD
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Figure 3. Apoptotic effect of carfilzomib (CFZ) alone and in combination with doxorubicin (DOX) or
dexamethasone (DEXA) on BCP-ALL cells. (a) NALM-6 cells were cultured with various
concentrations of carfilzomib (5, 10, and 20 nM) for 24 and 48 h. (b) SUP-B15 cells were incubated
with different doses of carfilzomib (2, 4, and 8 nM) for 24 and (1, 2, and 4 nM) 48 h. The cells were
subjected to Annexin V-PI staining analyzed by flow cytometry. One representative experiment of at
least three experiments conducted is shown. *P < 0.05, ***P < 0.001 (Student’s t-test, two-tailed),
compared to the control cells. The results are presented as the mean + SD. (¢) NALM-6 and (d) SUP-
B15 cells were incubated with various doses of carfilzomib followed by designated concentrations of
doxorubicin or dexamethasone for 24 h (whereas 72 hours for combination with dexamethasone in
NALM-6 cells). Then, the cells were analyzed for Annexin V-PI uptake by flow cytometry. Data are
presented as the mean + SD of at least three independent experiments. *P < 0.05, **P < 0.01, ***P <
0.001 (Student’s t-test, two-tailed) compared to doxorubicin or dexamethasone alone
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Figure 4. Effect of carfilzomib (CFZ) in the presence or absence of doxorubicin (DOX) and
dexamethasone (DEXA) on caspase activation and PARP cleavage. (a) NALM-6 and SUP-B15 cells
were treated with various concentrations of carfilzomib alone for 24 h, (b) NALM-6 and SUP-B15
cells were incubated with carfilzomib in combination with doxorubicin for 24 h, (¢) NALM-6 and
SUP-B15 cells were cultured with carfilzomib in combination with dexamethasone for 72 h and 24 h,
respectively. Next, total cell lysates were prepared. Equal amounts of cell lysates (60 pg) were
subjected to western blot analysis for cleavage of caspase-9, caspase-3, and PARP. The immunoblots
are representative of three independent experiments
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Figure 5. Apoptosis induced by carfilzomib (CFZ) and potentiation of doxorubicin/dexamethasone-
induced cell death is mediated via disruption of pro- and anti-apoptotic signals expression balance. (a)
NALM-6 and SUP-B15 cells were incubated with carfilzomib (20 and 8 nM respectively) for 24 h,
and then the expression of Bax, Bim, Noxa, Bcl-2, Mcl-1, and survivin was measured using
quantitative real-time PCR and normalized to the expression of B-actin (n = 3, *P < 0.05, **P < 0.01,
***p < 0.001 (Student's t-test, two-tailed) relative to the control cells. The results are presented as the
mean = SD). Likewise, total cell lysates were prepared, and immunoblotting was performed using
specific antibodies against Bax, Bcl-2, Bcl-xl, XIAP, c-IAP, survivin, Mcl-1, and B-actin. One
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representative experiment among three performed experiments is shown. (b) NALM-6 and SUP-B15
cells were treated with carfilzomib in combination with doxorubicin (DOX), and RQ-PCR was
performed for gene expression analysis. (c) NALM-6 and SUP-B15 cells were treated with
carfilzomib in combination with dexamethasone (DEXA), and expression of the genes was measured
by RQ-PCR and normalized to the expression of p-actin (n = 3, *P < 0.05, **P < 0.01, ***P < 0.001
(Student's t-test, two-tailed) compare to doxorubicin/dexamethasone alone. The results are presented
as the mean + SD). (d) Both BCP-ALL cell lines were treated as mentioned above. Then protein
levels of the cell survival molecules were detected using western blot. The immunoblots are
representative of three independent experiments
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Figure 6. Carfilzomib (CFZ) alone and in combination with doxorubicin/dexamethasone inhibits cell
growth by interfering with cell cycle regulatory molecules and induce p53-mediated apoptosis. (a)
Downregulation of c-Myc and hTERT, and upregulation of p27 following carfilzomib. After
treatment of BCP-ALL cells with different concentrations of carfilzomib for 24 h, total cellulra RNA
was extracted, and expression of indicated genes was evaluated by quantitative real-time PCR and
normalized to the expression of B-actin (n = 3, **P < 0.01, ***P < 0.001 (Student's t-test, two-tailed)
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relative to untreated cells. The data are presented as the mean + SD). Furthermore, NALM-6 and
SUP-B15 cells were grown in the presence of various doses of carfilzomib for 24 h; cell lysates were
prepared, and immunoblot analysis was performed with antibodies specific to p53, p21, p27, and c-
Myc. All immunoblots are representative images from at least three independent experiments. In
addition, both cell lines were incubated with various doses of carfilzomib followed by designated
concentrations of doxorubicin (DOX) and dexamethasone (DEXA); (b) Total cellular RNA was
extracted, and expression of aforementioned genes was measured by RQ-PCR and normalized to the
expression of B-actin (n = 3, **P < 0.01, ***P < 0.001 (Student's t-test, two-tailed) relative to
doxorubicin or dexamethasone. The data are shown as the mean + SD); (c) The whole-cell extract was
prepared, and western blot analysis was performed with specific antibodies against indicated proteins.
The immunoblots are representative of three independent experiments

Discussion

Advances in the treatment of BCP-ALL
have dramatically improved survival rates.
However, for relapsed patients or those
who do not respond to conventional
chemotherapy, the application of novel
therapeutic modalities seems
indispensable. Proteasome inhibition has
been recently proposed as a promising
targeting strategy for hematological
malignancies (15). Numerous studies in
different  hematological and  non-
hematological malignancies have shown
that Pls induce apoptosis in malignant
cells (16, 17). Bortezomib is the first FDA-
approved inhibitor for the treatment of
patients with multiple myeloma and
mantle cell lymphoma. It has already been
documented that plasma proteasome
activity was elevated in a large cohort of
patients with ALL relative to healthy
controls (18). Although a clinical trial with
bortezomib in children with
refractory/relapsed BCP-ALL yielded
favorable results, serious side effects were
challenging (19). Thus, second-generation
Pls such as carfilzomib with less toxic side
effects and minimal drug resistance was
introduced. In the present study, we found
that carfilzomib inhibits cell growth of
BCP-ALL cells, which may be due to the
induction of G2/M cell cycle arrest in
addition to apoptotic cell death. Consistent
with other studies (17, 20, 21), G2/M cell
cycle arrest was observed in carfilzomib-
treated BCP-ALL cell lines, and two key
CDKIls, p21, and p27 were upregulated in
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the cells. As reported, UPS plays a crucial
role in the regulation of p53 protein
degradation (10), which is in line with our
findings that carfilzomib effectively
induced the accumulation of p53 protein
levels in the BCP-ALL cells. Inactivation
of the TP53 tumor suppressor gene via
somatic mutations causes resistance to
chemoradiation  therapy that  kills
malignant cells via apoptotic signals. Since
most pediatric BCP-ALLs bear wild-type
p53, activating the p53 pathway by Pls
represents a potentially effective treatment
strategy (22). When DNA is damaged, p53
either repairs DNA or induces cell
apoptosis. Moreover, p53 mediates G1 or
G2/M  arrest mainly through the
upregulation of its target gene p2l1 (23,
24). Therefore, carfilzomib treatment can
cause BCP-ALL cells to arrest in G2 by
inhibiting p21 proteasomal degradation
and increasing p53  accumulation.
Furthermore, p27 is another cell cycle
regulator that is degraded by the
proteasome (25). We observed that
carfilzomib-induced G2/M block in the
BCP-ALL cells was accompanied by
marked upregulation of p27. The results of
our study corroborate previous studies
indicating the Pls induced-G2/M arrest
along with increased levels of p27 and p21
proteins (25, 26).

In line with several studies on solid tumors
and hematological malignancies, the
results of the present study showed that
CFZ significantly induced dose- and time-
dependent apoptosis and also potentiated
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sensitivity of BCP-ALL cells to the
cytotoxic effects of doxorubicin and
dexamethasone. ~ Moreover,  previous
studies implicated the interplay between
two independent regulatory mechanisms,
caspase-mediated cleavage and
proteasomal degradation of proteins, for
fine-tuning cellular  proteolysis. The
proteasome can regulate apoptosis under
its ability to degrade caspases and pro-
apoptotic proteins. Conversely, induction
of apoptosis results in caspase-mediated
inactivation of the proteasome. Therefore,
proteasome inhibition can shift the balance
between these two regulatory mechanisms
towards apoptosis by caspase-mediated
degradation of survival proteins (27).
Several pieces of evidence suggest that Pls
mediate  apoptosis  through  caspase
activation and PARP cleavage in various
cell lines (26, 28). The results of the
present study showed that activation of
caspases-3/9 and PARP cleavage increased
incrementally upon escalating doses of
carfilzomib in both BCP-ALL cell lines
suggesting a caspase-dependent
mechanism for carfilzomib cytotoxicity.

The c¢-Myc proto-oncogene is a
transcriptional regulator of cell
proliferation. Its cellular level is tightly
regulated in several steps, including
transcription, translation, and protein
stability (29). Given its physiological
degradation by the proteasome complex,
some observations have suggested that Pls
can upregulate c-Myc expression (30, 31).
However, our data, in agreement with
other studies, indicated that carfilzomib-
induced cell death is strongly associated
with c-Myc downregulation. One possible
reason could be the negative regulatory
role of elevated p53 on c-Myc expression
(12). Furthermore, the p53 downstream
target gene, p2l1, can cause c-Myc
repression (32). Likewise, carfilzomib
decreases the sumoylated Heterogeneous
Nuclear Ribonucleoprotein K (hnRNP K),
which upregulates c-Myc expression (33).
BCP-ALL cells express high levels of Bcl-
2 protein, which confers a survival
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advantage to lymphoblasts (34). A recent
study by the Letai group has indicated Bcl-
2 dependency of ALL cells, supporting the
potential ability of Bcl-2 antagonists to
improve current ALL therapies (35). Our
findings revealed a significant decrease in
Bcl-2 protein and mRNA levels upon
exposure of BCP-ALL cell lines to
carfilzomib. Mcl-1 is an anti-apoptotic
protein that directly interacts with Bim and
plays a major role in the regulation of
apoptosis. In this context, the role of p53
and its target gene Noxa is unique because
an increase in p53 or Noxa releases Bim
from Mcl-1 and then activates the Bax/Bak
complex through a "hit and run"
mechanism (36, 37). We found that Noxa,
Bim, and Bax expression increased
significantly in carfilzomib-treated BCP-
ALL cells, which could be one of the
possible mechanisms of apoptosis upon
proteasome inhibition by carfilzomib.
Moreover, the Bax/Bcl-2 ratio was
increased which drives the cells toward
apoptosis.

The inhibitors of apoptosis proteins (IAPs)
are a family of key regulators of apoptosis
that bind to caspases and block their
activity. Overexpression of IAPs and its
association with chemoresistance have
been indicated in many types of cancer
(38). XIAP, the most potent member of the
IAPs family, inhibits the intrinsic and
extrinsic apoptosis pathways (39). In this
study, we showed the depletion of c-1AP1
and XIAP proteins coupled with increased
caspase activation after carfilzomib
treatment in BCP-ALL cells. Survivin is
another member of the 1APs family that
plays a significant role in carcinogenesis
(40). The role of survivin in Pls-induced
apoptosis has not been fully understood.
Some paradoxical reports were noted
about the effect of bortezomib on survivin
expression (41). Survivin is negatively
regulated by wild-type p53. In p53-
mutated or -null malignant cells,
bortezomib upregulates survivin
expression, whereas, in wild-type p53-
expressing cancer cells, it declines or
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shows no significant effect on survivin
expression (42, 43); Thus, in BCP-ALL
cells harboring wild-type p53, a
downregulatory effect of carfilzomib on
survivin expression is expected.
Maintaining telomere length by the
telomerase enzyme plays a vital role in
carcinogenesis. hTERT is the critical
component of the human telomerase
complex controlling the activity of
telomerase. In the majority of normal
human somatic cells, hnTERT expression is
repressed, but overexpression and high
levels of activity are found in most human
cancer cells (44). Recent studies have
shown that activation of wild-type p53 and
overexpression of p21 can suppress
hTERT expression (14, 45-47).
Noteworthy, it seems that p53-mediated
downregulation of hTERT is important for
effective p53-dependent apoptosis (48). In
addition, previous studies have indicated
that the phosphorylation of c-Myc by
survivin directly regulates the
transcriptional expression of the hTERT
gene (13). Thus, the most proper
description of our findings is that p53-
mediated downregulation of c-Myc and
survivin, coupled with hTERT
suppression, can reduce cell survival in
carfilzomib-treated BCP-ALL cells.
Although carfilzomib alone has displayed
significant effectiveness in clinical trials
(49, 50), previous research has shown that
proteasome inhibitors can lead to drug
resistance (7). In addition, bortezomib has
shown minimal effectiveness as a single
agent in AML (51) and pediatric ALL
(19). Nevertheless, numerous studies have
demonstrated a synergistic combination of
Pls with currently used anti-leukemic
agents. For instance, bortezomib showed a
synergistic effect with etoposide in
multiple myeloma (52) and with
cytarabine in AML and mantle cell
lymphoma (53). Furthermore, bortezomib
exhibited additive activity with cytarabine
and vincristine in primary leukemic cells
and cell lines (54). Some studies
demonstrated that two basic drugs in the

114

treatment of ALL, doxorubicin and
dexamethasone, could activate  or
inactivate  the  proteasome  system,
respectively (55, 56). Intriguingly, our data
showed that the treatment of BCP-ALL
cells with carfilzomib and doxorubicin or
dexamethasone synergistically reduces cell
viability.

Conclusion

Taken together, our results suggested that
carfilzomib had anti-tumor activity against
BCP-ALL cells through p53-mediated p21
induction coupled with downregulation of
c-Myc and hTERT transcription, which
provides a promising therapeutic strategy
for BCP-ALL patients, either as a single
agent or in combination modality
strategies. Despite this, clinical trials are
required to evaluate the therapeutic
potential of carfilzomib in the treatment of
ALL.
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