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Simple Summary: The incidence rate of metastatic melanoma has been rapidly increasing worldwide
and its 5-year survival rate is very low. Due to partial responses, various side effects, and resistance to
any known cancer therapeutics, more potent and safer therapeutics are needed to increase the survival
rate of patients with melanoma. Since proteasome inhibitors, such as bortezomib and carfilzomib,
have been suggested as treatments for various cancers, we investigated their potential for the
treatment of melanoma by studying their molecular mechanisms of action in B16-F1 melanoma cells.
In this study, we found that both bortezomib and carfilzomib lead to apoptosis via ER stress as well
as ROS accumulation and MMP loss in melanoma cells. Bortezomib and carfilzomib synergistically
reduced B16-F1 tumor growth in vitro and in a C57BL/6 xenograft mouse model. Therefore, a
combination therapy with carfilzomib and bortezomib at submaximal concentrations may reduce
their side effects and be beneficial for melanoma treatment.

Abstract: Proteasome inhibitors, such as bortezomib (BZ) and carfilzomib (CFZ), have been suggested
as treatments for various cancers. To utilize BZ and/or CFZ as effective therapeutics for treating
melanoma, we studied their molecular mechanisms using B16-F1 melanoma cells. Flow cytometry of
Annexin V-fluorescein isothiocyanate-labeled cells indicated apoptosis induction by treatment with
BZ and CFZ. Apoptosis was evidenced by the activation of various caspases, including caspase 3, 8,
9, and 12. Treatment with BZ and CFZ induced endoplasmic reticulum (ER) stress, as indicated by
an increase in elF2o phosphorylation and the expression of ER stress-associated proteins, including
GRP78, ATF6«, ATF4, XBP1, and CCAAT/enhancer-binding protein homologous protein. The
effects of CFZ on ER stress and apoptosis were lower than that of BZ. Nevertheless, CFZ and BZ
synergistically induced ER stress and apoptosis in B16-F1 cells. Furthermore, the combinational
pharmacological interactions of BZ and CFZ against the growth of B16-F1 melanoma cells were
assessed by calculating the combination index and dose-reduction index with the CompuSyn software.
We found that the combination of CFZ and BZ at submaximal concentrations could obtain dose
reduction by exerting synergistic inhibitory effects on cell growth. Moreover, this drug combination
reduced tumor growth in C57BL/6 syngeneic mice. Taken together, these results suggest that CFZ in
combination with BZ may be a beneficial and potential strategy for melanoma treatment.

Keywords: apoptosis; B16-F1 melanoma cells; bortezomib; carfilzomib; proteasome inhibitor

1. Introduction

Cancer is one of the major health problems worldwide. Over the past centuries, biolog-
ical and pathological discoveries pertaining to cancers have contributed to the development
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of an effective chemotherapeutic strategy using cytotoxic anticancer drugs. Subsequently,
molecular and cellular biology studies have allowed the development of specific molecular
target drugs, such as selective kinase inhibitors and monoclonal antibodies against proteins
involved in neoplastic processes [1]. Combinational chemotherapy and targeted therapy
using several drugs with different mechanisms of action have been proposed to achieve
greater therapeutic efficacy than that by single chemotherapy or targeted therapy in clinical
practice [2]. Currently, many researchers are focusing on the development of immune
checkpoint inhibitors, immune cell therapies, antitumor vaccines, and other biotechnologi-
cal drugs. Although these are still in preclinical and clinical trials, the efficacy of some has
already been proven in certain types of cancer.

In recent decades, the incidence rate of a metastatic skin cancer called cutaneous
melanoma has been rapidly increasing worldwide [3]. It is one of the leading causes of
cancer-related mortality [4,5]. In addition to tumor thickness, ulceration, mitotic activity,
and solar elastolysis are strong prognostic factors for cutaneous melanoma. Increased
exposure to ultraviolet (UV) rays from the sun may be the leading cause of increased
cutaneous melanoma incidence [6]. However, the molecular mechanism of UV-induced
cutaneous melanoma development is complex [7]. The high UV-dependent mutational
loads may be associated with a growing number of genetic alterations, such as activating
mutations in oncogenic genes, including N-ras and B-Raf in the mitogen-activated protein
kinase (MAPK) signaling pathway [8,9], and inactivating mutations in tumor suppressor
genes, including p16"%#/p194"f and p53 [10]. Genomic alterations also inactivate phosphatase
and tensin homolog (PTEN), thereby leading to the aberrant activation of the phosphoinositol-
3-kinase (PI3K) pathway in melanoma [4]. Furthermore, the tumor microenvironment and
immune system interact with melanoma cells, driving their malignant transformation [4].

Although melanoma has a high rate of early diagnosis, its 5-year survival rate is very
low (about 15% to 20% at stage IV) due to resistance to any known cancer therapeutics [11].
For treating melanoma, the US Food and Drug Administration (FDA) has approved several
immunotherapy drugs that strengthen the immune system defense against melanoma
cells and various targeted therapies to inhibit melanoma tumor growth [12], including the
oncogenic B-Raf inhibitors vemurafenib [13] and dabrafenib [14] and the MEK inhibitor
trametinib [15]. However, melanoma cells with a mutant B-Raf show resistance to most
targeted inhibitors [16]. Combined targeted and immune therapies exert durable responses
in relatively few patients [17]. Moreover, treatment of B-Raf"*"’-mutant melanoma using a B-
Raf inhibitor or its combination with a MEK inhibitor typically elicits only partial responses
due to the tumor cell-intrinsic reprogramming that attenuates the MAPK dependency [18].
Currently, dacarbazine, an alkylating agent that cross-links DNA resulting in cell cycle arrest
and apoptosis, is the only FDA-approved general chemotherapy drug for treating stage
IV metastatic melanoma. However, this drug exerts various side effects, such as liver and
kidney damage and secondary malignancy induction [19]. Therefore, more potent and safer
therapeutics are needed to increase the survival rate of patients with melanoma.

The 265 proteasome plays a role in ubiquitin-dependent degradation of cellular mis-
folded proteins and consists of two outer ATP-dependent 19S regulatory particles and an
inner 20S catalytic core particle. The 20S proteasome is organized as four stacked rings
(two outer o-rings and two inner 3-rings) of seven distinct subunits each [20,21]. Because
inhibition of the proteasome leads to cell growth inhibition and apoptotic cell death in
certain tumor-derived cell lines, proteasome inhibitors have been suggested as cancer
therapeutics [22-24]. Bortezomib (BZ, also known as PS-341 and Velcade®) was the first
potent in-class proteasome inhibitor that was approved by the FDA and by the European
Agency for the Evaluation of Medicinal Products for the treatment of patients with relapsed
and/or refractory multiple myeloma (MM) and, later, mantle cell lymphoma [25-28]. BZ
is a synthetic, boronic acid dipeptide, which binds mainly the 35 subunit and, to a lesser
extent, the 31 and 32 subunits of the 20S catalytic core, blocking the chymotrypsin-like,
caspase-like, and trypsin-like protease activities, respectively [24]. Because the binding of
BZ with the (3 subunits of 20S proteasome forms a tetrahedral transition state intermediate,
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the reversibility of its binding has been suggested. However, recent crystal structure analy-
ses have demonstrated that the covalent binding of boron atom to the nucleophilic oxygen
of Thr!-yOH and the formation of additional tight hydrogen bonds between the boronate
hydroxyl groups, the amine atoms of Thr! and/or Gly#’, and a catalytic water in the active
site enhance the stability of tetrahedral intermediate, resulting in practical irreversibility
and high affinity binding of BZ to the proteasome [29,30].

BZ is known to induce substantial off-target activities and causes various side ef-
fects, such as peripheral neuropathy, myelosuppression, and cardiac and skeletal toxicities,
leading to dose modulation or early discontinuation of the therapy [31]. However, BZ in
combination with other drugs for chemosensitization and synergy, immunomodulators
such as lenalidomide or thalidomide, and corticosteroids such as dexamethasone or pred-
nisone is commonly used as a first-line agent for the treatment of MM patients [32-34]. BZ
in combination with other agents has also shown significant preclinical and clinical activity
in other types of malignancies, including non-Hodgkin’s lymphoma [35], acute myeloid
leukemia [36], advanced renal cell carcinoma [37], and metastatic melanomas [38].

Carfilzomib (CFZ, also known as PR-171, Kyprolis®) is one of the second generation
proteasome inhibitors with improved efficacy and minimal off-target adverse effects, being
approved by the FDA and utilized for the treatment of relapsed and refractory MM as a single
agent [39—41] or in combination with other drugs [33,42]. CFZ is an epoxomicin derivative with
a chemical structure of tetrapeptide epoxyketone that irreversibly binds to the 35 subunit and
inhibits its chymotrypsin-like activity of the 20S catalytic core [43-45]. A recent refinement of
X-ray crystal structures has suggested that the efficacy of epoxyketone inhibitors depends
on their ability to form a seven-membered ring structure, a 1,4-oxazepane, via nucleophilic
attack of the epoxide B carbon by the amine of the active site Thr! [30]. This CFZ-selective
mechanism of action may be responsible for much improved safety profiles [46]. Compared
to BZ, CFZ has a lower risk of neurotoxicity and a better effect in extending overall survival
of the relapsed patients [47]. Nevertheless, CFZ has higher risks than BZ in some other
events, such as cardiovascular toxicity [48,49] and renal toxicity [50]. However, these
toxicities can be modulated by co-administration with other drugs, such as metformin [49].
Therefore, the use of CFZ alone or in combination with other drugs has recently expanded
to the treatment of other solid cancers, such as non-small cell lung cancers [51], breast can-
cer [52], and neuroblastoma [53]. Because the limitations of existing proteasome inhibitor
drugs still remain unresolved, researchers have been working on strategies to overcome
their limitations as well as to develop new next-generation proteasome inhibitor drugs [46].

The proposed action mechanisms of cellular toxicity induced by proteasome inhibitors
include accumulation of misfolded proteins, which leads to the activation of unfolded
protein responses (UPR) [54]. The UPR is mediated by three endoplasmic reticulum
(ER) transmembrane receptors, including inositol requiring kinase 1« (IRE1w), activating
transcription factor 6 (ATF6), and double-stranded RNA-activated protein kinase-like ER
kinase (PERK) [55]. The UPR produces activated transcription factors, such as XBP-1 and
cleaved ATF6 and ATF4, resulting in upregulation of ER stress-associated proteins, such
as GRP94, GRP78, and CCAAT-enhancer-binding protein homologous protein (CHOP).
If the UPR could not regenerate folding homeostasis, persistent UPR causes ER stress
and apoptosis [56]. ER stress is closely associated with reactive oxygen species (ROS)
production and mitochondrial dysfunctions in cancer cells [53,57]. Moreover, the cytotoxic
effects of proteasome inhibitors have also included the inhibition of nuclear factor-kB (NF-
kB) pathway, activation of the c-Jun NH2-terminal kinase (JNK) pathway, phosphorylation
of p53, and cell cycle arrest at G1 via the induction of cyclin-dependent kinase inhibitors,
such as p21 and p27 [58-60]. Because the management of these molecular mechanisms is
important to improve their therapeutic outcomes and to reduce the side effects, further
studies on the molecular mechanisms are needed.

To better understand the effects of proteasome inhibitors in melanoma treatment, in
this study, we compared the molecular mechanisms of two proteasome inhibitors, BZ and
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CFZ, on the ER stress and apoptosis of B16-F1 melanoma cells. We also examined the effect
of a combination therapy with BZ and CFZ in C57BL/6 syngeneic xenograft model mice.

2. Results
2.1. BZ and CFZ Induce Apoptosis in Various Types of Melanoma Cells Including B16-F1 Cells

The effects of BZ and CFZ on cell viability were examined by an assay with
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT assay) in spontaneous and
metastatic murine melanoma cell line B16-F1 as well as another Bl6-derived murine
melanoma cell line with higher metastatic potential B16-BL6; carcinogen-induced murine
melanoma cell line K-1735; and the DX3, A375P (lowly metastatic), and A3755M (highly
metastatic) human melanoma cell lines. We observed that BZ and CFZ reduced the viability
of various types of melanoma cells in a concentration-dependent manner (Figure 1A,B).
Moreover, these drugs exerted varying activities against the various melanoma cell lines.
CFZ was less cytotoxic than BZ towards the melanoma cells (Figure 1A,B), which was
confirmed by the higher ICsy values for CFZ than that for BZ (Table 1). The murine B16
melanoma cell line is one of the most widely used cancer models [61]. In addition, B16-F1
cells can engraft in syngeneic and immunocompetent C57BL/6 mice, which would be
very useful for further analyses on melanoma. Therefore, B16-F1 cells were chosen to
determine the molecular mechanisms associated with anticancer effects of BZ and CFZ.
The IC5q values were 8.1 nM and 23.9 nM for BZ and CFZ, respectively (Table 1), and their
differential effects on B16-F1 cell morphology and death were observed under an inverted
microscope (Figure 1C).
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Figure 1. Effect of BZ and CFZ on cell viability of various melanoma cells. (A,B) B16-F1, B16-BL6,
K-1735, DX3, A375P, and A375SM were treated with a vehicle or various concentrations of BZ (A)
or CFZ (B) for 2 days in the culture medium. Cell viability was assessed by MTT assay and the
percent viabilities were calculated (n = 12 for total replicates). The regression fit curves and dots
corresponding to the drug concentration as average + standard deviation are plotted using Sigma
Plot. (C) The morphological changes were observed by an inverted microscope after treatment with
10 and 50 nM BZ or CFZ for 2 days, and the 100 x magnified photos with 100 pm scale bar are shown.
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Table 1. In vitro cytotoxicity of BZ and CFZ on various melanoma cells.

Test Melanoma Cells ICso (M) *
BZ CFZ
B16-F1 (murine) 8.1 23.9
B16-BL6 (murine, higher metastatic) 10.1 434
K-1735 (murine, carcinogen-induced) 54 26.1
DX3 (human) 7.1 57.6
A375P (human, low metastatic) 104 28.2
A3755M (human, highly metastatic) 7.9 51.0

*ICs0: the half maximal inhibitory concentration.

Next, we determined whether BZ and CFZ reduced cell viability via cell cycle arrest
and/or apoptotic cell death in B16-F1 cells. Cell cycle arrest and DNA fragmentation were
examined using flow cytometry for DNA content analysis. Cells in the subG1 fraction were
significantly increased from 2.1% to 34.3% and 24.7% at 24 h after treatment with 50 nM BZ
and 100 nM CFZ, respectively (Figure 2A). These results suggested that BZ and CFZ could
induce DNA fragmentation in B16-F1 cells. In contrast, the percentage of cells in the G1, S,
and G2/M fractions was not significantly altered, indicating that cell cycle arrest might not
be a major causative factor for reduction in viability. For detecting apoptosis, the annexin
V-Fluorescein isothiocyanate (FITC) and propidium iodide (PI) double staining experiment
was performed. Treatment with 50 nM BZ and 100 nM CFZ increased the number of early
apoptotic cells (lower right area) from 18.1% to 24.9% and 23.2%, respectively, at 8 h and
that of late apoptotic cells (upper right area) from 11.4% to 34.6% and 22.7%, respectively, at
24 h (Figure 2B). A lactate dehydrogenase (LDH) release assay was performed to compare
their cytotoxic effects. There was a statistically significant difference between the groups as
determined by the one-way ANOVA (F(5,42) = 240.901, p < 1073). Dunnett’s T3 post hoc
test demonstrated that BZ exerted a more statistically significant cytotoxic effect than CFZ
at 24 h after treatment with equal concentrations (Figure 2C).

BZ- and CFZ-induced apoptosis were confirmed by the presence of cleaved caspase 3,
8,9, and 12. Western blotting revealed that the overall effect of BZ on caspase activation
was stronger than that of CFZ at the same concentration (Figure 2D,E, Figures S1 and
S2). In addition, the high level (10% compared to 2%) of fetal bovine serum (FBS) in the
Dulbecco’s modified Eagle’s media (DMEM) reduced the caspase activation signals in BZ-
and CFZ-treated cells (Figure 2D,E, respectively). Time-dependent Western blot analyses
with cells cultured in 2% FBS also showed that the activation of caspase 3 was evident
at 24 h after treatment with 100 nM BZ and CFZ (Figure 2F, Figure S3). BZ treatment
began to activate caspase 8, 9, and 12 at 16 h and later enhanced their activation at 24 h. In
contrast, CFZ treatment slightly activated caspase 9 and 12 at 16 h but caspase 8 at 24 h.
Collectively these results suggested that both BZ and CFZ could induce apoptosis via the
activation of canonical caspases implicated in the intrinsic and extrinsic pathways, but
their contributions were slightly different, as observed in the BZ- and CFZ-treated cells.
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Figure 2. Effect of BZ and CFZ on apoptosis in B16-F1 cells. (A,B) Cells were treated with vehicle
or 50 nM BZ or 100 nM CFZ in the culture medium for the indicated times. Ethanol-fixed cells
were stained with propidium idodide (PI) for DNA fragmentation detection (A) and intact cells
were double-stained with PI and annexin V-FITC for apoptosis detection (B). The fluorescence was
evaluated by flow cytometry and the percentage of cells was calculated (1 = 9 for total replicates).
The average values are shown in the upper corner of each area. (C) The cytotoxicity was deter-
mined by LDH release assay and the percent cytotoxicity is plotted as means + standard deviations
(n = 12 for total replicates). The statistically significant difference between groups was determined
by one-way ANOVA followed by Dunnett’s T3 post hoc test. * p < 0.05 and *** p < 0.001 compared
with the vehicle-treated control. ## p < 0.001 compared between BZ and CFZ treatment groups at
equal concentration. (A—C) Cells were treated with various concentrations of BZ or CFZ for 24 h
in 2% FBS/DMEM or 10% FBS/DMEM, or with 100 nM BZ or CFZ for the indicated times in 2%
FBS/DMEM (F). Total cell extracts were analyzed by Western blotting with antibodies against the
cleaved forms of caspases (Cas 3, 8, 9, and 12) and 3-actin. The abbreviation (C) after the name of
caspases stands for “cleaved”. The band densities were normalized against $-actin (n = 6 for total
replicates) and the fold changes compared to that of vehicle-treated control (0 nM in A and B, —/—
at 4 h in C) are written under each band.
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2.2. BZ and CFZ Induce Apoptosis via ER Stress in B16-F1 Cells

BZ and CFZ activate caspase 12, which is related to ER stress [62]. To determine ER
stress induction, B16-F1 cells were treated with various concentrations of BZ and CFZ for
24 h, and the expression of ER stress-associated proteins, such as GRP94, GRP7S, soluble
XBP1, and CHOP, and the cleavage of ATF6x was examined by Western blot analysis. The
concentration-dependent Western blotting data clearly showed that the levels of some of the
ER stress markers, such as GRP78, ATF6«, and XBP1, were greater in the BZ-treated cells
than in the CFZ-treated cells at the same concentration (Figure 3A, Figure S4). Moreover,
levels of these ER stress-associated proteins increased with BZ and CFZ treatment in a time-
dependent manner (Figure 3B). Interestingly, BZ-induced CHOP expression reached its
peak at 8-16 h and then decreased at 24 h, whereas CFZ-induced CHOP expression reached
its peak at 8 h and then gradually reduced from 16 to 24 h (Figure 3B, Figure S5). The
time-dependent effect of BZ and CFZ on the initial UPR was also examined by measuring
the levels of phosphorylated elF2 and ATF4. Both BZ and CFZ increased the levels of
phosphorylated elF2«, achieving the maximum level at 10 h (Figure 3C, Figure S6), and
resulted in inhibition of elF2« activity and protein synthesis. The expression of ATF4
gradually enhanced from 10 to 20 h after dephosphorylation of elF2«. Collectively, our
data showed ER stress upon BZ and CFZ treatment and suggested that it may be involved
in the apoptotic death of B16F1 cells.
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Figure 3. Effect of BZ and CFZ on ER stress-associated proteins in B16-F1 cells. (A-C) Cells were
treated with vehicle or various concentrations of BZ or CFZ for 24 h (A), or with vehicle or 100 nM
BZ or CFZ for the indicated times in 2% FBS/DMEM (B,C). Cell lysates were analyzed by Western
blotting with antibodies against ER stress-associated proteins (GRP94, GRP78, p90 ATF6«, ATF4,
XBP1, CHOP, p-elF2«, and elF2x) and [3-actin. The band densities were normalized against (3-actin
(n = 6 for total replicates) and the fold changes compared to that of vehicle-treated control (0 nM in A,
—/— at4 hin B) or that of early time point (2 h in C) are written under each band.

2.3. BZ and CFZ Increase ROS Accumulation and Mitochondrial Membrane Potential Loss in
B16-F1 Cells

The involvement of ROS in ER stress-induced apoptosis has been previously demon-
strated [63]. To determine whether BZ and CFZ could induce ROS accumulation, B16-F1
cells were treated with 100 nM BZ or CFZ, and cellular ROS levels were measured using
flow cytometry after treatment with 2/,7’-dichlorodihydrofluorescein diacetate (DCFH-DA).
BZ and CFZ treatment increased ROS levels from 11.7% to 45.0% and 37.0%, respec-
tively, at 6 h (Figure 4A). To determine if mitochondrial dysfunction is implicated in BZ-
and CFZ-induced apoptosis, mitochondrial membrane potential (MMP) was analyzed
by flow cytometry after staining with 3,3'-dihexyloxacarbocyanine iodide (DiOCg). The
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data showed that MMP loss was enhanced from 28.3% to 77.2% and 45.9% after 12 h of
treatment with 100 nM BZ and CFZ, respectively (Figure 4B).
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Figure 4. Effect of BZ and CFZ on ROS accumulation and MMP loss in B16-F1 cells. Cells were
treated with vehicle or 100 nM BZ or CFZ for the indicated times in 2% FBS/DMEM. Cells were
stained with DCFH-DA for ROS detection (A) or DiOC¢ for MMP detection (B), and then analyzed by
flow cytometry. The percent ROS accumulation and MMP loss were calculated from the fluorescence
data and are written in the right M2 and left M1 area, respectively (1 = 9 for total replicates).

To confirm that ROS are involved in BZ- and CFZ-induced ER stress and apoptosis in
B16-F1 cells, cells were preincubated with a chemical antioxidant N-acetyl cysteine (NAC)
for 1 h, followed by treatment with BZ or CFZ for 24 h. Since glutathione plays a major role
in cellular defense against oxidative stress, we pretreated cells with the most commonly
used y-glutamylcysteine synthetase inhibitor buthionine sulfoximine (BSO), which would
reduce the levels of cellular oxidant scavenger glutathione and thus, amplify oxidative
stress [64]. We found that NAC pretreatment partially reduced BZ- and CFZ-induced
caspase 3 activation and CHOP expression (Figure 5A, Figure S7), but treatment with BSO
increased the levels of cleaved caspase 3 and CHOP (Figure 5B, Figure S8). Furthermore,
the sub-G1 fraction was assessed by flow cytometry to verify the differential effects of
NAC and BSO on BZ/CFZ-induced cell death. One-way ANOVA revealed a statistically
significant difference in the sub-G1 fractions between groups with NAC pretreatment
(F(5,54) =136.964, p < 10~3) or BSO pretreatment (F(5, 174) = 298.097, p < 1073). Dunnett’s
T3 post hoc test demonstrated that NAC pretreatment significantly reduced the number
of cells in the sub-G1 fraction (Figure 5C), but BSO pretreatment increased their number
(Figure 5D), indicating that NAC prevents and BSO enhances apoptotic cell death. A cell
viability assay was performed to verify the differential effects of NAC and BSO. One-way
ANOVA revealed a statistically significant difference between groups with NAC pretreat-
ment (F(13, 84) = 220.011, p < 10~3) or BSO pretreatment (F(13, 210) = 529.042, p < 1073).
Dunnett’s T3 post hoc test demonstrated that NAC exerted a statistically significant protec-



Biology 2021, 10, 153

10 of 25

tive effect on B16-F1 cells treated with 10-20 nM BZ or 20 nM CFZ (Figure 5E), but BSO
exerted a significant cytotoxic effect on B16-F1 cells treated with 5-10 nM BZ or 5-20 nM
CFZ (Figure 5F). Taken together, these findings suggested that ROS and MMP loss were
the causative factors for BZ- and CFZ-induced ER stress and apoptosis in B16-F1 cells.

2.4. BZ and CFZ Synergistically Induce ER Stress and Apoptosis in B16-F1 Cells

The two drugs have the most important features: (i) BZ has high efficacy and exerts
various cytotoxic side effects, including peripheral neurotoxicity [65], and (ii) CFZ has low
toxicity and is a broad spectrum drug [41]. Therefore, the combination of the two drugs
would have favorable consequences if they were synergistic. Even if they only show an
additive effect, it would be beneficial to reduce the dosage of cytotoxic BZ.

To test our hypothesis, the effect of the combination of BZ and CFZ on the viability
of B16-F1 cells was examined. There was a statistically significant difference between
the treatment groups as determined by one-way ANOVA (F(9, 70) = 962.221, p < 1073),
followed by Dunnett’s T3 post hoc test. Although CFZ alone at 5 nM did not exert any
significant effect on cell viability, combinational treatment of 5 nM CFZ with 5 nM BZ
showed statistically significant (p < 0.001) enhancement of BZ-induced cytotoxicity in
B16-F1 cells (Figure 6A). Furthermore, co-treatment with BZ and CFZ (5 + 5, 10 + 10, and
20 + 20 nM at a constant ratio of 1:1) resulted in a stronger inhibition of cell viability than
that by treatment with either of the drugs alone.

A DMSO BZ-100 CFZ-100 CFZ-200
- + - + - + - + : NAC
- e B # | Cas-3(C)

1.0 0.7 147 11.7 46 4.0 10.7 85

— — o CHOP
10 06 6.5 5.1 11 06 23 1.6

S ———| | c——— [-2Ctin

10 10 09 08 10 11 13 13

B DMSO BZ-100 CFZ-100 CFZ-200
- + - + -+ - + :BSO
— (| o s e | Cas-3 (C)

10 3.0 247 319 153 265 268 28.8
—— D | @S S W CHOP

1.0 0.9 329 484

16.7 26.0 26.1 28.0

1.0 12 1.0 0.9

Figure 5. Cont.
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Figure 5. Effect of NAC and BSO on BZ- and CFZ-induced apoptosis and ER stress in B16-F1 cells.
(A,B) Cells were pretreated with 5 mM NAC for 1 h (A) or 100 uM BSO (B) for 24 h and treated with
a vehicle, 100 nM BZ or 100-200 nM CFZ for 24 h in 2% FBS/DMEM. Cell lysates were analyzed by
Western blotting with antibodies against cleaved caspase 3, CHOP, and (3-actin. The band densities
were normalized against 3-actin, and the fold changes compared to that in vehicle-treated control
are indicated below each band. (C,D) Cells were pretreated with either NAC (C) or BSO (D) and
then treated with vehicle, 50 nM BZ, or 100 nM CFZ in 2% FBS/DMEM. Ethanol-fixed cells were
stained with PI and the gated sub-Gl1 fraction was determined by flow cytometry and is plotted
as means =+ standard deviations. (C,D) Cells were pretreated with NAC (C) or BSO (D), and then
treated with vehicle, 5-20 nM BZ, or CFZ for 2 days in the culture medium. The viability of NAC- or
BSO-pretreated cells was determined by MTT assay, and the percent cell viabilities are plotted as
means =+ standard deviations (1 = 12 for total replicates). Significant difference between groups was
determined by one-way ANOVA followed by Dunnett’s T3 post hoc tests. *** p < 0.001 compared
with the vehicle-treated control cells. # p < 0.05, # p < 0.01 and ## p < 0.001 compared with BZ or
CFZ treatment alone without NAC or BSO pretreatment.
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Figure 6. Additive effects of BZ and CFZ on ER stress and apoptosis in B16-F1 cells. (A) Cells
were treated with BZ or CFZ alone, or combinations of BZ and CFZ for 2 days. Cell viability was
determined by MTT assay and the percent cell viabilities are plotted as means + standard deviations
(n =12 for total replicates). The statistically significant difference between groups was determined
by one-way ANOVA followed by Dunnett’s T3 post hoc tests. *** p < 0.001 compared with the
vehicle-treated control and ## p < 0.001 compared with 5 or 10 nM BZ alone. (B) Cells were treated
with BZ or CFZ alone, or combinations of BZ and CFZ for 24 h in 2% FBS/DMEM. Total cell extracts
were analyzed by Western blotting with antibodies against cleaved caspases, ER stress-associated
proteins, and p-actin. The band densities were normalized against 3-actin (1 = 6 for total replicates),
and the fold changes compared to that of vehicle-treated control (—/-) are written under each band.

To assess the synergism in these drug combinations in vitro, we calculated the combi-
nation index (CI) and dose-reduction index (DRI) using a computer software CompuSyn
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(ComboSyn Inc.), which is based on the Chou-Talalay method for drug combination [66,67].
Based on these algorithms, CI <1, CI =1, and CI > 1 indicate synergism, additive effect,
and antagonism, respectively, whereas DRI = 1, DRI > 1, and DRI < 1 indicate no dose-
reduction, favorable dose-reduction, and not favorable dose-reduction, respectively, for
each drug in the combination. As shown in Table 2, the combination of lower concentra-
tions of BZ and CFZ (5 + 5 and 10 + 10 nM) showed a moderate synergistic effect and
favorable dose reduction for both BZ and CFZ. However, the combination of higher drug
concentrations (20 + 20 nM) demonstrated an antagonistic effect and no dose reduction for
BZ. Furthermore, the simulated data also demonstrated that the combination of drugs at
higher doses, that is, with lower cell growth inhibition effect (Fa: 0.05 and 0.10) could exert
antagonistic effect and no or not favorable dose reduction for BZ. These results indicated
that the combination of BZ and CFZ in vitro exerted a synergistic effect when the Fa values

ranged from 0.15 to 0.95 and the CI values ranged from 0.12 to 0.74.

Table 2. Combination of BZ with CFZ against B16-F1 cell growth in MTT assay in vitro.

Drug Cell Parameters P DRI 4
Co1sTs CI¢ Comments
Viability
BZ (nM) CFZ (nM) (Fa) 2 Dm r BZ CFZ
5 - 0.772
10 - 0.334 -2.029 8.397 -0.979
20 - 0.169
- 5 0.937
- 10 0.769 -2.002 1891  -0.999
- 20 0.481
5 5 0.376 0.669 216 4.87 Moderate synergism, favorable
dose-reduction
10 10 0.147 ~1.058 5263 -0.926 0.720 2.00 455
Antagonism, no dose- reduction for
20 20 0.122 1295 111 253 BZ but favorable for CFZ
Simulation
0.05 1703 0.84 194 Antagonism
No or not favorable dose-reduction
0.10 1216 118 270 for BZ but favorable for CFZ
0.25 0742 194 440 Slight synergism, favorable
dose-reduction
050 0453 319 719 Moderate synergism, favorable
dose-reduction
0.75 0276 524 11.7
High synergism, favorable
0.90 0.168 862 19.1 dose-reduction
0.95 0.120 121  26.7

This table is formed from the output results generated by CompuSyn Report. 2. Dose and data for growth inhibition effect (Fa) were
obtained from the MTT assay (average value of quadruplicate) and applied to CompuSyn analysis. b Parameters were derived from the
median-effect equation and plot. The m value is slope; Dm is ICs for BZ or CFZ; and r is linear correlation coefficient. . Combination
index (CI) was calculated from the CI equation algorithms using CompuSyn software. CI =1, CI < 1, and CI > 1 indicate additive effect,
synergism, and antagonism, respectively. 4. Dose-reduction index (DRI) was calculated from the DRI equation and algorithm using
CompuSyn software. DRI =1, DRI > 1, and DRI < 1 indicate no dose-reduction, favorable dose-reduction, and not favorable dose-reduction,
respectively, for each drug in the combination.

The synergistic effect of BZ and CFZ in vitro was also confirmed by calculating the
expected additive effects (% viability reduction) of combinations of the same concentra-
tions of BZ and CFZ and comparing them with the experimentally derived effects, as
suggested by Tallarida [68]. The CFZ-equivalent dose of BZ is given by the expression:
beq(a) = Cb/[Eb/Ea(1 + Ca/a)-1], where Ca and Cb are the constants for the doses that
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give the individual half maximum effect of BZ and CFZ, respectively, and Ea and Eb are the
maximum effects for each drug. The modified dose of CFZ (b) is simply the sum of b, and
beq(a). Using the modified dose of CFZ, the combination effect on % viability reduction
was calculated as follows: E = Eb*b/(b + Cb). Because the effect of the experimental con-
centrations on cell viability reduction for these combinations was higher than the expected
additive effects (62.4% vs. 44.3% at 5 + 5 nM and 85.3% vs. 78.7% at 10 + 10 nM), the
effects of BZ and CFZ seemed to be synergistic. However, at the higher concentration, the
synergistic or additive effects were not observed, as judged by the lower experimental
effect compared to the expected additive effects (87.8% vs. 131.4% at 20 + 20 nM).

Next, the synergistic effect of BZ and CFZ was examined by measuring the levels
of cleaved caspases and ER stress-associated proteins. The concentrations of the drugs
were set at 25 + 25 nM and 50 + 50 nM at a constant ratio of 1:1. Figure 6B and Figure 59
shows the enhanced activation of caspase 3, GRP78, ATF4, and XBP1 in the 25 + 25 nM
combination. However, the combination of drugs at a higher concentration (50 + 50 nM)
did not have any effect on the levels of various BZ-induced apoptotic markers, and the
levels of some ER stress markers, such as GRP78 and CHOP, decreased. These findings
suggested that CFZ at lower concentrations enhanced BZ-induced apoptosis in B16-F1 cells.
Taken together, the combination of BZ and CFZ at submaximal concentrations could be a
potential treatment strategy for patients with melanoma.

2.5. BZ and CFZ Synergistically Reduce Tumor Growth in a Xenograft Model Mouse C57BL/6

To evaluate the antitumor effect of BZ and CFZ in vivo, a xenograft mouse model was
established by injecting B16-F1 cells subcutaneously on the right side of the back of C57BL/6
mice. When the tumor size was approximately 50-100 mm3, mice were intraperitoneally
injected with BZ, CFZ, or a combination of BZ and CFZ every other day. Tumor volume
was measured every day and a significant difference in tumor volumes on each date
between the vehicle- and BZ/CFZ-treated groups was identified using the Kruskal-Wallis
H nonparametric tests followed by Bonferroni-corrected Mann-Whitney U test (Tables 3-5).
The percent reductions in tumor growth in the xenograft model mice treated with 0.2, 0.5,
and 1.0 mg/kg of BZ were 49.3%, 62.6%, and 74.9% on the final day (8 days), respectively
(Figure 7A and Table 3), and those with CFZ were 20.9%, 31.2%, and 50.2% at 9 days,
respectively (Figure 7B and Table 4). The degree of tumor growth reduction showed that
the effect of BZ was stronger than that of CFZ, as observed in vitro. Combination therapy
with 0.1 mg/kg BZ and CFZ was applied to investigate their synergistic effect on the
xenograft model mice. As shown in Figure 7C and Table 5, the combination therapy with
CFZ and BZ significantly reduced the tumor size compared to that by treatment with either
of the drugs alone.

Table 3. Kruskal-Wallis H test statistics for the antitumor effect of BZ in B16-F1 tumor-bearing mice.

Days N Chi-()S((zl)u are Degree of Freedom (df) Significance (p)

0 20 6.020 3 0.111

1 20 3.160 3 0.368

2 20 10.768 3 0.013 *
3 20 11.366 3 0.010*
4 20 14.154 3 0.003 **
5 20 15.274 3 0.002 **
6 20 15.332 3 0.002 **
7 20 15.754 3 0.001 **
8 20 17.583 3 0.001 **

N: the sum of sample sizes for all samples. * p < 0.05, ** p < 0.01.
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Table 4. Kruskal-Wallis H test statistics for the antitumor effect of CFZ in B16-F1 tumor-bearing mice.

Days N Chi-Square (x?) Degree of Freedom (df) Significance (p)
0 20 3.909 3 0.271
1 20 6.020 3 0.111
2 20 13.118 3 0.004 **
3 20 13.674 3 0.003 **
4 20 14.842 3 0.002 **
5 20 12.389 3 0.006 **
6 20 16.419 3 0.001 **
7 20 15.642 3 0.001 **
8 20 15.915 3 0.001 **
9 20 17.010 3 0.001 **

N: the sum of sample sizes for all samples. ** p < 0.01.

Table 5. Kruskal-Wallis H test statistics for the antitumor effect of BZ + CFZ combination in B16-F1

tumor-bearing mice.

Days N Chi-Square (x?) Degree of Freedom (df) Significance (p)

0 24 6.111 3 0.106

1 24 4.419 3 0.220
2 24 6.099 3 0.107
3 24 11.346 3 0.010 *
4 24 13.614 3 0.003 **
5 24 17.394 3 0.001 **
6 24 18.257 3 0.000 ***
7 24 19.641 3 0.000 ***
8 24 19.667 3 0.000 ***
9 24 19.238 3 0.000 ***
10 24 19.297 3 0.000 ***
11 24 19.262 3 0.000 ***
12 24 19.873 3 0.000 ***
13 24 20.193 3 0.000 ***

N: the sum of sample sizes for all samples. * p < 0.05, ** p < 0.01, *** p <

To evaluate the additive and synergistic effects, we calculated the effect of the ex-
perimental concentrations on the percent reduction of tumor growth and compared it
with the expected additive effect, as suggested by Tallarida [68]. The effect of the exper-
imental concentrations was higher than the expected additive effect at 0.1 + 0.1 mg/kg
(56.4% vs. 37.6%); thus, the effects of BZ and CFZ seemed to be synergistic. Therefore,
the in vivo experiments also suggested that supplementation of BZ with CFZ might be
beneficial in reducing tumor growth and cytotoxicity in patients with melanoma.
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Figure 7. Antitumor effect of BZ and CFZ in C57BL/6 mice. B16-F1 tumor-bearing mice were
intraperitoneally injected with vehicle or 0.2, 0.5, and 1.0 mg/kg BZ (A) or CFZ (B) alone, or a
combination of BZ and CFZ at 0.1 mg/kg each (C) every 2 days. The tumor volume was recorded
every day during the indicated times. For convenience, the means and standard deviations are
plotted (n = 5, 5, and 6 for biological replicates at each time points in (A-C), respectively). The
Kruskal-Wallis H test followed by Bonferroni-corrected Mann-Whitney U test was used as a post
hoc comparison of the daily tumor volume in the syngeneic mouse model. * p < 0.05, ** p < 0.01,
*** p < 0.001 compared with the vehicle-injected control mice.

3. Discussion

Since human melanomas are the most aggressive form of malignant skin cancer, the
potential use of BZ in the treatment of metastatic melanoma has been suggested [38].
Indeed, the inhibitory effect of BZ on cell growth has been demonstrated in various
malignant human melanoma cell lines, such as Hs 294T, G361, and A375 [57,69,70] and
the established human melanoma cell lines from metastatic melanoma lesions [71]. In the
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present study, we showed the inhibitory effect of BZ on B16-F1 murine melanoma cell
growth that has not been reported previously. Furthermore, the effect of epoxomicin, the
microbial origin of CFZ, on cell proliferation and apoptosis has been examined in human
cutaneous melanoma-derived cell lines [72]. Because the effect of CFZ itself on melanoma
cell lines has not been reported previously, we have investigated the effect of CFZ on the
cell viability of B16-F1 cells as well as other melanoma cell lines including B16-BL6 with
higher metastatic potential; K-1735 carcinogen-induced murine melanoma cell line; and
the DX3, A375P (lowly metastatic), and A3755M (highly metastatic) human melanoma cell
lines. The data showed that both BZ and CFZ induced morphological changes and cell
viability reduction in these melanoma cells (Figure 1).

Human melanomas are the most aggressive form of malignant skin cancer and can
be categorized by distinct mutational profiles that determine their corresponding cellu-
lar phenotypes, proliferative capabilities, and therapeutic options [8,73]. Sequencing of
108 genes previously implicated in melanogenesis was performed on 462 patient-derived
xenografts (PDX), cell lines, and tumors to identify mutational and copy number aber-
rations [9]. Among them, oncogenic somatic mutations in the B-Raf gene (i.e., V599E
within the kinase domain) were found in approximately 60% of primary sporadic human
melanomas, which result in constitutive activation of the Ser/Thr protein kinase [74].
Oncogenic B-Raf leads to hyperactivation of the MEK and Erk/MAPK signaling pathways
in a Ras-independent manner. Among the human melanoma cell lines, A375P and A3755M
contain the constitutively active oncogenic B-Raf"°"’F, whereas the mutational status of B-
Raf in the human melanoma cell line DX3 is not known, with the p53 gene being intact [75]
and MEK appearing to be overexpressed [76].

An analysis of genetic alterations in murine melanoma cell lines demonstrated that
unlike human melanomas, B16-F1 and K-1735 do not have activating mutations in the
B-Raf oncogene [10]. Instead, the expression of p16™4 and p192*f tumor suppressor
proteins was lost because of a large deletion spanning the Ink4a/Arf exons in the spon-
taneous B16-F1 melanoma cell line. In contrast, the carcinogen-induced melanoma cell
line K-1735 expressed p16Ink4a but had inactivating mutations in the p53 activator p194".
Inactivation of p194"f in carcinogen-induced melanomas is accompanied by constitutive
activation of MAPKSs and /or mutation-associated activation of N-ras. Inactivation of the
Ink4a/Arf melanoma susceptibility locus has been identified in approximately 20-30% of
familial melanoma cases and 15-30% of sporadic melanomas [10,77,78]. Therefore, genetic
alterations in the p16"4/»p194'f and ras-MAPK pathways may contribute to the devel-
opment of murine melanoma. Although B-Raf and MEK inhibitors are actively used for
the treatment of metastatic melanoma in patients with B-Raf"*%F mutations, the develop-
ment of resistance to these drugs has limited their therapeutic utilization in such patients.
Moreover, some melanomas expressing wild type B-Raf have intrinsic resistance to B-Raf
inhibitors. Since the known therapeutic agents for melanoma treatment have various side
effects, the development of safer and more potent treatment strategy is needed.

In the present study, we found that both BZ and CFZ induced cell viability reduction in
various melanoma cells, including mouse and human cell lines, regardless of the mutational
status of B-Raf (Figure 1A,B, and Table 1). Interestingly, CFZ was less cytotoxic than BZ
in all melanoma cells tested in the present study. It is not known why CFZ has a lower
cytotoxicity and higher ICsy value compared to BZ. Previously, it has been shown that
BZ and CFZ have an equal potency to inhibit proteasome activities [79]. However, the
other report suggested that CFZ in comparison to BZ exhibits greater selectivity for the
chymotrypsin-like activity of the 20S proteasome, accompanied by a more cytotoxic effect
than BZ in hematologic tumor cells, but solid tumor cells and non-transformed cell types
are less sensitive to a brief CFZ exposure [43]. Because melanoma is also a type of solid
tumors, the lower sensitivity to CFZ, compared to BZ, might be a causative factor for its
lower cytotoxicity. Otherwise, as suggested by Park et al. [52], the poor aqueous solubility
and in vivo instability might be responsible for the reduced dose effect of CFZ in melanoma
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cells. Even though the application of BZ and CFZ has been considered in many cancers,
the efficacy and action mechanisms of these drugs in melanoma have not yet been clarified.

BZ was previously reported to inhibit the growth of various human cancer cell lines
in vitro by inhibiting nuclear factor kB (NFkB) activity via the reduction of a proteasomal
degradation of inhibitor of NF«kB [58,69,70]. However, we did not observe cell cycle arrest
by either BZ or CFZ in B16-F1 melanoma cells in the present experimental conditions
(Figure 2A). In contrast, BZ and CFZ differentially induced apoptotic cell death, as judged
by the increased DNA fragmentation (Figure 2A) and PI/annexin V-FITC double labeled
cells (Figure 2B), and caspase activation (Figure 2D-F). Therefore, differential apoptotic cell
death might be one of the mechanisms involved in BZ- and CFZ-induced anticancer effect
in melanoma cells.

Previously, BZ and CFZ have been shown to increase the cleavage and activation of
apoptotic marker caspases 3, 8, and 9 in various leukemia and lymphoma cells [80]. BZ
has been shown to trigger apoptosis via activation of capase 9 and 3 in human melanoma
cells [57]. CFZ was shown to induce apoptosis via activation of caspases 8, 9, 4, and 3
in BE(2)-M17 human neuroblastoma cells [53]. In addition to caspases 8, 9, and 3, our
data showed that BZ and CFZ increased the level of the cleaved caspase 12 (Figure 2D-F),
indicating ER stress-associated apoptosis induction in B16-F1 cells. As expected, both BZ
and CFZ induced phosphorylation of elF2x (Figure 3C) and the expression/activation of
ER stress-associated proteins, including GRP94, GRP78, ATF6a, ATF4, XBP1, and CHOP,
with different concentration- and time-dependencies (Figure 3A,B, respectively). The
expression levels of these ER stress-associated proteins correlated well with the induction
of apoptosis in BZ- and CFZ-treated cells. Our study also confirmed that ROS accumulation
and MMP loss are implicated in BZ- and CFZ-induced ER stress and apoptosis (Figure
4A,B). Interestingly, CHOP expression (Figure 3A,B) and caspase 12 activation (Figure 2F)
were decreased at the later time point (24 h) with a greater reduction in CFZ-treated cells
compared to BZ-treated cells. Durational differences in CHOP expression and caspase 12
activation between BZ and CFZ might explain their differences in terms of cytotoxicity in
B16-F1 cells. However, it is not known how CHOP is rapidly degraded in CFZ-treated cells
at this moment.

Combinational drug treatments may provide some benefits as therapeutic strategies
for cancer treatment [81]. Since a combination of nivolumab (Opdivo) and ipilimumab
(Yervoy), which are monoclonal antibodies and immune checkpoint inhibitors, enhanced
T-cell function greater than that with either of the antibodies alone, this combinational
therapy was approved for patients with either Stage 3 or Stage 4 melanoma. However, in a
phase 3 clinical trial, the 3-year overall survival rate for patients treated with nivolumab
alone was 52%, but the combination therapy (nivolumab + ipilimumab) slightly increased
the overall survival rate to 58% with serious toxicity [12]. Therefore, a more promising
treatment strategy is required for melanoma treatment. In recent years, many researchers
have developed new therapeutic approaches that target signaling pathways as well as the
immune system. Since B-Raf targeting sensitizes resistant melanoma to cytotoxic T cells, a
combination of B-Raf inhibitor and adoptive T-cell therapy could be used in melanomas
resistant to B-Raf inhibitors [82].

Previously, researchers have suggested the possibility of synergistic chemosensitiza-
tion by combining BZ with other chemotherapeutic agents [69,83]. The synergistic effect of
two proteasome inhibitors on cancer cell apoptosis has also been demonstrated in a recent
study on CFZ and curcumin [84]. In the present study, we found that two proteasome
inhibitors, BZ and CFZ, induced apoptosis synergistically via slightly different mechanisms
(Figure 6A,B). Indeed, BZ and CFZ synergistically delayed tumor growth in the B16-F1
tumor-bearing mouse model (Figure 7C). Therefore, we suggest the combination of BZ and
CFZ as a therapeutic strategy to improve their cytotoxicity against melanoma and reduce
the side effects of BZ while retaining the cytotoxicity attained by treatment with BZ alone.
The combination of BZ and CFZ can potentially provide benefits in a range of melanomas
with distinct mutation profiles.
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In response to the UV-induced DNA damage, the skin keratinocytes initially pro-
duce the melanocyte-stimulating hormone that binds to melanocortin receptor 1 on the
melanocytes that secrete melanin [85]. The melanin pigment initially plays a role in protec-
tion against the harmful effects of UV radiation, thus preventing further DNA damage [86].
However, intense and intermittent sun exposure (typical of sunburn history) or chronical
sun exposure produces a high mutational load, which is associated with a high risk of
cutaneous melanoma. Melanin also has other effects on melanoma behavior and ther-
apy [87]; thus, melanogenesis is regulated by multiple agents via pathways activated by
receptor-dependent and receptor-independent mechanisms in a complex multidimensional
network [85]. As we did not observe any visible alterations in melanin pigmentation after
BZ or CFZ treatment during the experimental periods (data not shown), the melanogenesis
regulators were not examined in the present study.

Nonetheless, there is a limitation to our study, which is the use of a syngeneic mouse
model bearing tumors originating from only a single murine melanoma cell line. Therefore,
our findings should be validated using other types of murine melanoma cell lines, such
as the YUMM mouse melanoma cell lines, which are syngeneic to C57B1/6], have well
defined human-relevant driver mutations, and are genomically stable [61]. Moreover,
further studies are needed in well-characterized melanoma patient-derived orthotopic
xenograft (PDOX) models to be used as pre-clinical models to facilitate effective drug
development [9,17].

4. Materials and Methods
4.1. Materials

Dulbecco’s modified Eagle’s media (DMEM) and RPMI media were purchased from
Corning (Corning, NY, USA). Bortezomib (BZ) and carfilzomib (CFZ) were purchased by
Biovision (Mountain View, CA, USA). Fetal bovine serum (FBS), antibiotic-antimycotic
agents, trypsin-EDTA, 1 M Hepes, 100 mM L-glutamine, and 100 mM sodium pyruvate
were purchased from Gibco/BRL Life Technologies, Inc. (Carlsbad, CA, USA). Minimal Es-
sential Media (MEM) with Eagle’s salts, dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bro-
mide (MTT), dimethyl sulfoxide (DMSO), L-buthionine sulfoximine (BSO), N-acetylcysteine
(NAC), propidium idodide (PI), DNase free-RNase A, 2/,7'-dichlorodihydrofluorescein
diacetate (DCFH-DA), 3,3'-dihexyloxacarbocyanine iodide (DiOCs), and mouse anti-f3-
actin monoclonal antibody (#A5441) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Antibodies specific for cleaved caspase 3 (#9661), 8 (#8592) and 9 (#9509), caspase
12 (#2202), and phospho-elF2x (Ser51; #3597) were purchased from Cell Signaling (Bev-
erly, MA, USA). Antibodies specific for CHOP/GADD 153 (sc—7351), GRP94 (sc—11402),
GRP78 (sc—13968), ATF6x (sc—22799), elF2x (sc—11386), and XBP1 (sc—7160) were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies specific for
ATF4 (ab23760) were purchased from Abcam (Cambridge, CA, USA). Antibodies specific
for horseradish peroxidase (HRP)-conjugated anti-rabbit (PI-1000) and anti-mouse sec-
ondary antibodies (PI-2000) were purchased from Vector Laboratories (Burlingame, CA,
USA). Cytotoxicity detection kit plus was purchased from Roche Molecular Biochemicals
(Indianapolis, IN, USA). Annexin V-Fluorescein isothiocyanate (FITC) apoptosis detection
kit was purchased from BD Biosciences (San Diego, CA, USA). ECL Western blot reagent
and PVDF and nitrocellulose membranes were purchased from GE healthcare (Fairfield, CT,
USA). Bradford protein assay dye reagents and 30% acrylamide /bis-acrylamide solution
were purchased from BioRad (Hercules, CA, USA).

4.2. Cell Culture

B16-F1 (ATCC® CRL6323™) mouse malignant melanoma cells were purchased from
American Type Culture Collection (Manassas, VA, USA) and cultured in DMEM media,
which were supplemented with 10% heat-inactivated FBS and antibiotic-antimycotic agents.
B16-BL6 (KCLB No. 80006) and K-1735 (KCLB No. 80013) mouse melanoma cells, and
DX3 (KCLB No. 80012), A375P (KCLB No. 80003), and A3755M (KCLB No. 80004) human
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melanoma cells were obtained from Korean Cell Bank (Seoul, Korea) and cultured in
MEM media supplemented with 20 mM Hepes, L-glutamine, 1 mM sodium pyruvate, 10%
FBS, and antibiotic-antimycotic agents as described previously [88]. All cell lines were
maintained in a 5% CO; incubator at 37 °C.

4.3. MTT Assay

For a cell viability assay with MTT, cells were seeded at a density of 1 x 10* cells/well
and grown for 2 days in a 24-well plate at 37 °C and treated with vehicle or various
concentrations of BZ or CFZ alone or in combination for 2 days in the culture medium
(n = 4 for technical replicates, n = 3 for biological replicates). Cells were washed once with
1 mL PBS and incubated with 500 uL MTT stock solution (5 mg/mL in PBS) for 1 h at
37 °C in the dark. The medium was removed and 200 L. DMSO was added to dissolve the
formazan in each well. The level of formazan salts was measured at 570 nm using a plate
reader (VICTOR?, PerkinElmer, Turku, Finland).

4.4. Lactate Dehydrogenase Release Assay for Cytotoxicity Detection

Lactate dehydrogenase (LDH) release was determined using a cytotoxicity detection
kit plus. B16-F1 cells (3 x 10° cells per well) were grown in a 96-well plate for 2 days.
Cells were treated with vehicle, BZ, or CFZ for 24 h (n = 4 for technical replicates, n = 3 for
biological replicates). Fifty microliters of the culture medium was transferred to a fresh
plate for the LDH assay. LDH released into the supernatant reduces the tetrazolium salt to
the formazan, which was quantitated at 490—492 nm using a plate reader.

4.5. Flow Cytometry for DNA Content Analysis and Apoptosis Detection

To examine the DNA content, the ethanol fixed cells were stained with Pl and analyzed
by flow cytometry [53]. Briefly, B16-F1 cells (4 x 10* cells per dish) were grown for 2 days
in a 6-well plate and treated with vehicle, BZ, or CFZ for the indicated times (n = 3 for
technical replicates, nn = 3 for biological replicates). For DNA content analysis, the collected
cells were fixed in 70% ethanol overnight at 4 °C, washed with PBS, and then treated
with 0.2 mg/mL DNase-free RNase A and 20 ug/mL PI solution for 30 min at 37 °C. The
Pl-stained cells were analyzed using a FACSCalibur flow cytometer (Becton Dickinson,
San Jose, CA, USA). For apoptosis detection, the collected cells were washed with ice-cold
PBS and stained with PI and annexin V-FITC reagent in the dark. The stained cells were
analyzed using FACSCalibur flow cytometer with FL1 and FL3 channels.

4.6. Western Blot Analysis

B16-F1 cells (5 x 10° cells per dish) were seeded in 10-cm dishes and grown for 2 days
at 37 °C and treated with vehicle or various concentrations (5-200 nM) of BZ or CFZ for
4,8, 16, or 24 h (n = 2 for technical replicates, n = 3 for biological replicates). Cells were
then washed with ice-cold 1x PBS and total cell extracts were prepared by lysis in ice-cold
RIPA buffer containing a 0.5% protease and phosphatase inhibitor cocktail. After clarifying
lysates by centrifugation at 14,000x g for 20 min at 4 °C, the total protein concentration
was determined using the Bradford protein assay reagent. Twenty micrograms of cell
lysates were analyzed by Western blotting, as previously described [89]. The blots were
incubated with appropriate dilutions of primary and secondary antibodies (1:1000 dilu-
tions for primary antibodies purchased from Cell Signaling; 1:200 dilutions for primary
antibodies from Santa Cruz Biotechnology; 1:2000 dilution for monoclonal anti-f3-actin
antibody; 1:5000 dilutions for HRP-conjugated anti-rabbit or anti-mouse secondary anti-
bodies). The immune complexes were visualized by an ECL detection kit. The protein
bands were analyzed by Bio-Rad image analyzer (ChemiDoc MP, Hercules, CA, USA). In
our experimental conditions, there was no signal in the negative control blot incubated
with 1:5000 dilutions of secondary antibody only.
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4.7. Measurement of Reactive Oxygen Species Production

For detecting intracellular reactive oxygen species (ROS), DCFH-DA is used. DCFH-
DA is a cell-permeable fluorogenic probe that is rapidly hydrolyzed to the DCFH car-
boxylate anion, which is retained within the cell. Two-electron oxidation of DCFH by
intracellular ROS results in the formation of a fluorescent product (DCF), whose fluo-
rescent intensity can be monitored by flow cytometry. For this experiment, B16-F1 cells
(4 x 10* cells per well) were seeded and grown in a 6-well plate for 2 days. After treat-
ment with either vehicle, BZ, or CFZ (n = 3 for technical replicates, n = 3 for biological
replicates), cells were treated with 25 uM DCFH-DA for 15 min at 37 °C, as described pre-
viously [53]. The fluorescence intensity of collected cells was measured using FACSCalibur
flow cytometer with excitation and emission wavelengths of 488 and 525 nm, respectively.

4.8. Measurement of Mitochondrial Membrane Potential

Mitochondrial membrane potential (MMP) is an important parameter of mitochondrial
function and apoptotic cell death. MMP can be detected by cell permeable lipophilic
cationic fluorescent dyes, such as DiOCg, which accumulate in mitochondria due to their
negative membrane potential [90]. For measuring MMP, B16-F1 cells (4 x 10* cells per well)
were seeded in a 6-well plate and incubated for 2 days. After treatment of the cells with
vehicle, BZ, or CFZ (n = 3 for technical replicates, n = 3 for biological replicates), cells were
incubated with 10 uM DiOCg for 15 min at 37 °C. The fluorescence intensity of collected
cells was measured using a FACSCalibur flow cytometer with excitation and emission
wavelengths of 482 and 504 nm, respectively.

4.9. Xenograft Model Experiment

Male C57BL/6 mice (6—8 weeks old) were purchased from Orient Bio Inc. (Sungnam,
Korea). Mice were kept in a 23 °C and 65% humidity-controlled animal chamber with
12 h light/dark cycles. Mice were given free access to commercial rodent chow and water.
Animals were acclimatized for 1 week before use. All procedures for animal experiments
were reviewed and approved by the animal care committee of the Center of Animal Care
and Use at the Gachon University, Korea (GIACUC-R2017023). B16-F1 cells (2 x 10° in
100 uL PBS) were first injected subcutaneously into one side of flanks of each mouse. One
week after tumor cell inoculation, the mice were randomly divided into four groups (1 = 8
per group). One group was intraperitoneally injected with vehicle as a control group once
every 2 days until the end of the experiment. The other groups were intraperitoneally
injected with various concentrations of BZ or CFZ, or a combination of BZ and CFZ. Weight
and tumor growth were monitored and recorded daily (n = 5-6 for biological replicates at
each time points). The tumor volume was calculated according to the following formula:
1/2 (Length x Width?).

4.10. Statistical Analysis

For statistical analyses of in vitro studies, one-way analysis of variance (ANOVA)
followed by Dunnett’s T3 post hoc test (SPSS, IBM, Seoul, Korea) was performed to
assess significant differences between groups. Statistical analyses with Kruskal-Wallis H
nonparametric tests (SPSS; IBM, Seoul, Korea) were performed to assess treatment effects
on daily tumor growth in the B16-F1-bearing syngeneic mouse model. As a post hoc
comparison on each date after drug injection, Bonferroni-corrected Mann—-Whitney U test
was performed. p < 0.05 was considered statistically significant.

5. Conclusions

Both BZ and CFZ lead to apoptosis via ER stress as well as ROS accumulation and
MMP loss in melanoma cells. BZ and CFZ synergistically reduced B16-F1 tumor growth
in vitro and in a C57BL/6 xenograft mouse model. Therefore, a combination therapy with
CFZ and BZ may reduce the side effect of BZ and be beneficial for melanoma treatment.



Biology 2021, 10, 153 22 of 25

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2079-773
7/10/2/153/s1.

Author Contributions: Conceptualization, E.-J.Y.; writing—original draft preparation, M.S.L.;
writing—review and editing, E.-].Y. and I.K.; formal analysis, M.S.L., SH.L., A-R.Y. and C.Y.H,;
investigation, M.S.L., S.H.L., A.-R.Y. and C.Y.H. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Basic Science Research Program of the National Research
Foundation of Korea, grant numbers 2020R1F1A1072202 and 2018R1A6A1A03025124.

Institutional Review Board Statement: The study involving animals was conducted according to
the guidelines of the Declaration of Helsinki, and approved the animal care committee of the Center
of Animal Care and Use at the Gachon University, Korea (GIACUC-R2017023).

Informed Consent Statement: Not applicable.

Data Availability Statement: We presented data obtained from routine in vitro and in vivo experi-
ments. The original Western blot data supporting the figures 2D-F, 3A-C, 5A-B, and 6B were presented
as the supplementary figures S1-59, respectively.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Falzone, L.; Salomone, S.; Libra, M. Evolution of Cancer Pharmacological Treatments at the Turn of the Third Millennium. Front.
Pharmacol. 2018, 9, 1300. [CrossRef]

2. Lilenbaum, R.C.; Herndon, J.E., 2nd; List, M.A.; Desch, C.; Watson, D.M.; Miller, A.A.; Graziano, S.L.; Perry, M.C.; Saville, W.;
Chahinian, P; et al. Single-agent versus combination chemotherapy in advanced non-small-cell lung cancer: The cancer and
leukemia group B (study 9730). . Clin. Oncol. 2005, 23, 190-196. [CrossRef]

3.  Ali, Z; Yousaf, N; Larkin, ]. Melanoma epidemiology, biology and prognosis. Eur. ]. Cancer Suppl. 2013, 11, 81-91. [CrossRef]

4. Leonardi, G.C.; Falzone, L.; Salemi, R.; Zanghi, A.; Spandidos, D.A.; McCubrey, ].A.; Candido, S.; Libra, M. Cutaneous melanoma:
From pathogenesis to therapy (Review). Int. J. Oncol. 2018, 52, 1071-1080. [CrossRef] [PubMed]

5. Van Kempen, L.C.; Redpath, M.; Robert, C.; Spatz, A. Molecular pathology of cutaneous melanoma. Melanoma Manag. 2014, 1,
151-164. [CrossRef]

6. Apalla, Z; Lallas, A,; Sotiriou, E.; Lazaridou, E.; Ioannides, D. Epidemiological trends in skin cancer. Dermatol. Pr. Concept. 2017,
7,1-6. [CrossRef]

7. Slominski, A.T.; Zmijewski, M.A.; Plonka, PM.; Szaflarski, ].P.; Paus, R. How UV Light Touches the Brain and Endocrine System
Through Skin, and Why. Endocrinology 2018, 159, 1992-2007. [CrossRef]

8.  Hawryluk, E.B.; Tsao, H. Melanoma: Clinical Features and Genomic Insights. Cold Spring Harb. Perspect. Med. 2014, 4, a015388.
[CrossRef] [PubMed]

9.  Garman, B.; Anastopoulos, N.; Krepler, C.; Brafford, P; Sproesser, K.; Jiang, Y.; Wubbenhorst, B.; Amaravadi, R.; Bennett, J.;
Begqiri, M.; et al. Genetic and Genomic Characterization of 462 Melanoma Patient-Derived Xenografts, Tumor Biopsies, and Cell
Lines. Cell Rep. 2017, 21, 1936-1952. [CrossRef] [PubMed]

10. Melnikova, V.O.; Bolshakov, S.V.; Walker, C.; Ananthaswamy, H.N. Genomic alterations in spontaneous and carcinogen-induced
murine melanoma cell lines. Oncogene 2004, 23, 2347-2356. [CrossRef] [PubMed]

11.  American Cancer Society Survival Rates for Melanoma. Available online: https://www.cancer.org/cancer/melanoma-skin-
cancer/about/key-statistics.html (accessed on 4 January 2018).

12.  National Cancer Institute Drugs Approved for Melanoma. Available online: https:/ /www.cancer.gov/about-cancer/treatment/
drugs/melanoma (accessed on 13 June 2018).

13. Sosman, J.A.; Kim, K.B.; Schuchter, L.; Gonzalez, R.; Pavlick, A.C.; Weber, ].S.; McArthur, G.A.; Hutson, T.E.; Moschos, S.J.;
Flaherty, K.T,; et al. Survival in BRAF V600-Mutant Advanced Melanoma Treated with Vemurafenib. N. Engl. ]. Med. 2012, 366,
707-714. [CrossRef]

14. King, A].; Arnone, M.R,; Bleam, M.R; Moss, K.G.; Yang, J.; Fedorowicz, K.E.; Smitheman, K.N.; Erhardt, J.A.; Hughes-Earle, A.;
Kane-Carson, L.S,; et al. Dabrafenib; Preclinical Characterization, Increased Efficacy when Combined with Trametinib, while
BRAF/MEK Tool Combination Reduced Skin Lesions. PLoS ONE 2013, 8, e67583. [CrossRef]

15. Kim, K.B.; Kefford, R.; Pavlick, A.C.; Infante, J.R.; Ribas, A.; Sosman, J.A.; Fecher, L.A.; Millward, M.; McArthur, G.A.; Hwu, P;
et al. Phase II Study of the MEK1/MEK?2 Inhibitor Trametinib in Patients With Metastatic BRAF-Mutant Cutaneous Melanoma
Previously Treated With or Without a BRAF Inhibitor. J. Clin. Oncol. 2013, 31, 482-489. [CrossRef] [PubMed]

16. Kim, ]J.-H.; Ahn, J.-H.; Lee, M. Upregulation of MicroRNA-1246 Is Associated with BRAF Inhibitor Resistance in Melanoma Cells
with Mutant BRAEFE. Cancer Res. Treat. 2017, 49, 947-959. [CrossRef] [PubMed]

17.  Hoffman, R.M. Patient-Derived Orthotopic Xenograft (PDOX) Models of Melanoma. Int. ]. Mol. Sci. 2017, 18, 1875. [CrossRef]

[PubMed]


https://www.mdpi.com/2079-7737/10/2/153/s1
https://www.mdpi.com/2079-7737/10/2/153/s1
http://doi.org/10.3389/fphar.2018.01300
http://doi.org/10.1200/JCO.2005.07.172
http://doi.org/10.1016/j.ejcsup.2013.07.012
http://doi.org/10.3892/ijo.2018.4287
http://www.ncbi.nlm.nih.gov/pubmed/29532857
http://doi.org/10.2217/mmt.14.23
http://doi.org/10.5826/dpc.0702a01
http://doi.org/10.1210/en.2017-03230
http://doi.org/10.1101/cshperspect.a015388
http://www.ncbi.nlm.nih.gov/pubmed/25183853
http://doi.org/10.1016/j.celrep.2017.10.052
http://www.ncbi.nlm.nih.gov/pubmed/29141224
http://doi.org/10.1038/sj.onc.1207405
http://www.ncbi.nlm.nih.gov/pubmed/14743208
https://www.cancer.org/cancer/melanoma-skin-cancer/about/key-statistics.html
https://www.cancer.org/cancer/melanoma-skin-cancer/about/key-statistics.html
https://www.cancer.gov/about-cancer/treatment/drugs/melanoma
https://www.cancer.gov/about-cancer/treatment/drugs/melanoma
http://doi.org/10.1056/NEJMoa1112302
http://doi.org/10.1371/journal.pone.0067583
http://doi.org/10.1200/jco.2012.43.5966
http://www.ncbi.nlm.nih.gov/pubmed/23248257
http://doi.org/10.4143/crt.2016.280
http://www.ncbi.nlm.nih.gov/pubmed/28052651
http://doi.org/10.3390/ijms18091875
http://www.ncbi.nlm.nih.gov/pubmed/28858204

Biology 2021, 10, 153 23 of 25

18.

19.
20.
21.
22.
23.
24.
25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Song, C.; Piva, M.; Sun, L.; Hong, A.; Moriceau, G.; Kong, X.; Zhang, H.; Lomeli, S.; Qian, ]J.; Yu, C.C.; et al. Recurrent Tumor
Cell-Intrinsic and —Extrinsic Alterations during MAPKi-Induced Melanoma Regression and Early Adaptation. Cancer Discov.
2017, 7, 1248-1265. [CrossRef]

Miljjasevic, B.; Stefanovic, D.; Lali¢-Popovi¢, M.; Tomic, Z.; Kolarovi¢, J.; Lalosevi¢, D.; Mikov, M. Acute toxic effects of single
dose dacarbazine: hematological and histological changes in an animal model. Biotech. Histochem. 2014, 89, 583-590. [CrossRef]
Finley, D. Recognition and Processing of Ubiquitin-Protein Conjugates by the Proteasome. Annu. Rev. Biochem. 2009, 78, 477-513.
[CrossRef]

Collins, G.A.; Goldberg, A.L. The Logic of the 26S Proteasome. Cell 2017, 169, 792-806. [CrossRef]

Adams, ]. The proteasome: A suitable antineoplastic target. Nat. Rev. Cancer 2004, 4, 349-360. [CrossRef]

Hoeller, D.; Dikic, I. Targeting the ubiquitin system in cancer therapy. Nat. Cell Biol. 2009, 458, 438—444. [CrossRef]

Manasanch, E.E.; Orlowski, R.Z. Proteasome inhibitors in cancer therapy. Nat. Rev. Clin. Oncol. 2017, 14, 417-433. [CrossRef]
Richardson, P.G.; Sonneveld, P.; Schuster, M.W.; Irwin, D.; Stadtmauer, E.A.; Facon, T.; Harousseau, J.L.; Ben-Yehuda, D.; Lonial, S.;
Goldschmidt, H.; et al. Bortezomib or high-dose dexamethasone for relapsed multiple myeloma. N. Engl. ]. Med. 2005, 352,
2487-2498. [CrossRef]

Kane, R.C.; Farrell, A.T.; Sridhara, R.; Pazdur, R. United States Food and Drug Administration Approval Summary: Bortezomib
for the Treatment of Progressive Multiple Myeloma after One Prior Therapy. Clin. Cancer Res. 2006, 12, 2955-2960. [CrossRef]
San Miguel, J.E; Schlag, R.; Khuageva, N.K.; Dimopoulos, M.A; Shpilberg, O.; Kropff, M.; Spicka, I.; Petrucci, M.T.; Palumbo, A.;
Samoilova, O.S,; et al. Bortezomib plus Melphalan and Prednisone for Initial Treatment of Multiple Myeloma. New Engl. ]. Med.
2008, 359, 906-917. [CrossRef]

Teicher, B.A.; Anderson, K.C. CCR 20th Anniversary Commentary: In the Beginning, There Was PS-341. Clin. Cancer Res. 2015, 21,
939-941. [CrossRef]

Groll, M,; Berkers, C.R.; Ploegh, H.L.; Ovaa, H. Crystal Structure of the Boronic Acid-Based Proteasome Inhibitor Bortezomib in
Complex with the Yeast 20S Proteasome. Structure 2006, 14, 451-456. [CrossRef] [PubMed]

Schrader, J.; Henneberg, F.; Mata, R.A.; Tittmann, K.; Schneider, T.R.; Stark, H.; Bourenkov, G.; Chari, A. The inhibition mechanism
of human 20S proteasomes enables next-generation inhibitor design. Science 2016, 353, 594-598. [CrossRef] [PubMed]

Pancheri, E.; Guglielmi, V.; Wilczynski, G.M.; Malatesta, M.; Tonin, P.; Tomelleri, G.; Nowis, D.; Vattemi, G. Non-Hematologic
Toxicity of Bortezomib in Multiple Myeloma: The Neuromuscular and Cardiovascular Adverse Effects. Cancers 2020, 12, 2540.
[CrossRef] [PubMed]

Kumar, S.K.; Callander, N.S.; Hillengass, J.; Liedtke, M.; Baljevic, M.; Campagnaro, E.; Castillo, ].J.; Chandler, J.C.; Cornell, R.E;
Costello, C.; et al. NCCN Guidelines Insights: Multiple Myeloma, Version 1.2020. J. Natl. Compr. Cancer Netw. 2019, 17, 1154-1165.
[CrossRef]

Dimopoulos, M.A.; Moreau, P.; Palumbo, A.; Joshua, D.; Pour, L.; Héjek, R.; Facon, T.; Ludwig, H.; Oriol, A.; Goldschmidt, H.;
et al. Carfilzomib and dexamethasone versus bortezomib and dexamethasone for patients with relapsed or refractory multiple
myeloma (ENDEAVOR): A randomised, phase 3, open-label, multicentre study. Lancet Oncol. 2016, 17, 27-38. [CrossRef]
Laubach, ].P; Moreau, P.; San-Miguel, J.E; Richardson, P.G. Panobinostat for the Treatment of Multiple Myeloma. Clin. Cancer Res.
2015, 21, 4767-4773. [CrossRef]

Bose, P,; Batalo, M.S.; Holkova, B.; Grant, S. Bortezomib for the treatment of non-Hodgkin’s lymphoma. Expert Opin. Pharmacother.
2014, 15, 2443-2459. [CrossRef]

Sayar, H.; Cripe, L.D.; Saliba, A.N.; Abu Zaid, M.; Konig, H.; Boswell, H.S. Combination of sorafenib, vorinostat and bortezomib
for the treatment of poor-risk AML: Report of two consecutive clinical trials. Leuk. Res. 2019, 77, 30-33. [CrossRef]
Kondagunta, G.V.; Drucker, B.J.; Schwartz, L.H.; Bacik, J.; Marion, S.; Russo, P.; Mazumdar, M.; Motzer, R.]J. Phase II Trial of
Bortezomib for Patients With Advanced Renal Cell Carcinoma. J. Clin. Oncol. 2004, 22, 3720-3725. [CrossRef]

Shahshahan, M.A.; Beckley, M.N.; Jazirehi, A.R. Potential usage of proteasome inhibitor bortezomib (Velcade, PS-341) in the
treatment of metastatic melanoma: Basic and clinical aspects. Am. . Cancer Res. 2011, 1, 913-924.

Herndon, T.M.; Deisseroth, A.; Kaminskas, E.; Kane, R.C.; Koti, K.M.; Rothmann, M.D.; Habtemariam, B.; Bullock, J.; Bray, ].D.;
Hawes, J.; et al. Food and Drug Administration Approval: Carfilzomib for the Treatment of Multiple Myeloma. Clin. Cancer Res.
2013, 19, 4559-4563. [CrossRef]

Kortuem, K.M.; Stewart, A.K. Carfilzomib. Blood 2013, 121, 893-897. [CrossRef]

Thompson, J.L. Carfilzomib: A Second-Generation Proteasome Inhibitor for the Treatment of Relapsed and Refractory Multiple
Myeloma. Ann. Pharmacother. 2013, 47, 56-62. [CrossRef]

Stewart, A K.; Rajkumar, S.V.; Dimopoulos, M.A.; Masszi, T.; épi(:ka, I.; Oriol, A.; Hajek, R; Rosifiol, L.; Siegel, D.S.; Mihaylov, G.G.;
et al. Carfilzomib, Lenalidomide, and Dexamethasone for Relapsed Multiple Myeloma. New Engl. |. Med. 2015, 372, 142-152.
[CrossRef]

Demo, S.D.; Kirk, C.J.; Aujay, M.A.; Buchholz, T.J.; Dajee, M.; Ho, M.N.; Jiang, J.; Laidig, G.J.; Lewis, E.R.; Parlati, F; et al.
Antitumor Activity of PR-171, a Novel Irreversible Inhibitor of the Proteasome. Cancer Res. 2007, 67, 6383-6391. [CrossRef]
Parlati, F; Lee, S.J.; Aujay, M.; Suzuki, E.; Levitsky, K.; Lorens, ].B.; Micklem, D.R.; Ruurs, P; Sylvain, C.; Lu, Y.; et al. Carfilzomib
can induce tumor cell death through selective inhibition of the chymotrypsin-like activity of the proteasome. Blood 2009, 114,
3439-3447. [CrossRef] [PubMed]


http://doi.org/10.1158/2159-8290.CD-17-0401
http://doi.org/10.3109/10520295.2014.918653
http://doi.org/10.1146/annurev.biochem.78.081507.101607
http://doi.org/10.1016/j.cell.2017.04.023
http://doi.org/10.1038/nrc1361
http://doi.org/10.1038/nature07960
http://doi.org/10.1038/nrclinonc.2016.206
http://doi.org/10.1056/NEJMoa043445
http://doi.org/10.1158/1078-0432.CCR-06-0170
http://doi.org/10.1056/NEJMoa0801479
http://doi.org/10.1158/1078-0432.ccr-14-2549
http://doi.org/10.1016/j.str.2005.11.019
http://www.ncbi.nlm.nih.gov/pubmed/16531229
http://doi.org/10.1126/science.aaf8993
http://www.ncbi.nlm.nih.gov/pubmed/27493187
http://doi.org/10.3390/cancers12092540
http://www.ncbi.nlm.nih.gov/pubmed/32906684
http://doi.org/10.6004/jnccn.2019.0049
http://doi.org/10.1016/S1470-2045(15)00464-7
http://doi.org/10.1158/1078-0432.CCR-15-0530
http://doi.org/10.1517/14656566.2014.965142
http://doi.org/10.1016/j.leukres.2018.12.011
http://doi.org/10.1200/jco.2004.10.155
http://doi.org/10.1158/1078-0432.CCR-13-0755
http://doi.org/10.1182/blood-2012-10-459883
http://doi.org/10.1345/aph.1R561
http://doi.org/10.1056/nejmoa1411321
http://doi.org/10.1158/0008-5472.CAN-06-4086
http://doi.org/10.1182/blood-2009-05-223677
http://www.ncbi.nlm.nih.gov/pubmed/19671918

Biology 2021, 10, 153 24 of 25

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

Harshbarger, W.; Miller, C.; Diedrich, C.; Sacchettini, ]J. Crystal Structure of the Human 20S Proteasome in Complex with
Carfilzomib. Structure 2015, 23, 418-424. [CrossRef] [PubMed]

Park, ].E.; Miller, Z.; Jun, Y.; Lee, W.; Kim, K.B. Next-generation proteasome inhibitors for cancer therapy. Transl. Res. 2018, 198,
1-16. [CrossRef] [PubMed]

Dimopoulos, M.A.; Goldschmidt, H.; Niesvizky, R.; Joshua, D.; Chng, W.-].; Oriol, A.; Orlowski, R.Z.; Ludwig, H.; Facon, T.;
Hajek, R.; et al. Carfilzomib or bortezomib in relapsed or refractory multiple myeloma (ENDEAVOR): An interim overall survival
analysis of an open-label, randomised, phase 3 trial. Lancet Oncol. 2017, 18, 1327-1337. [CrossRef]

Danhof, S.; Schreder, M.; Rasche, L.; Strifler, S.; Einsele, H.; Knop, S. ‘Real-life” experience of preapproval carfilzomib-based
therapy in myeloma - analysis of cardiac toxicity and predisposing factors. Eur. J. Haematol. 2015, 97, 25-32. [CrossRef]
Efentakis, P.; Kremastiotis, G.; Varela, A.; Nikolaou, P-E.; Papanagnou, E.-D.; Davos, C.H.; Tsoumani, M.; Agrogiannis, G.;
Konstantinidou, A.; Kastritis, E.; et al. Molecular mechanisms of carfilzomib-induced cardiotoxicity in mice and the emerging
cardioprotective role of metformin. Blood 2019, 133, 710-723. [CrossRef]

Fotiou, D.; Roussou, M.; Gakiopoulou, C.; Psimenou, E.; Gavriatopoulou, M.; Migkou, M.; Kanellias, N.; Dialoupi, I.; Eleutherakis-
Papaiakovou, E.; Giannouli, S.; et al. Carfilzomib-associated renal toxicity is common and unpredictable: A comprehensive
analysis of 114 multiple myeloma patients. Blood Cancer J. 2020, 10, 1-5. [CrossRef] [PubMed]

Baker, A.F; Hanke, N.T.; Sands, B.J.; Carbajal, L.; Anderl, ].L.; Garland, L.L. Carfilzomib demonstrates broad anti-tumor activity
in pre-clinical non-small cell and small cell lung cancer models. J. Exp. Clin. Cancer Res. 2014, 33, 111. [CrossRef]

Park, J.E.; Park, J.; Jun, Y;; Oh, Y.; Ryoo, G.; Jeong, Y.-S.; Gadalla, H.H.; Min, ].S.; Jo, ].H.; Song, M.G; et al. Expanding therapeutic
utility of carfilzomib for breast cancer therapy by novel albumin-coated nanocrystal formulation. J. Control. Release 2019, 302,
148-159. [CrossRef] [PubMed]

Lee, S.-I; Jeong, Y.J.; Yu, A.-R.; Kwak, HJ.; Cha, J.-Y,; Kang, I.; Yeo, E.-]. Carfilzomib enhances cisplatin-induced apoptosis in
SK-N-BE(2)-M17 human neuroblastoma cells. Sci. Rep. 2019, 9, 5039. [CrossRef]

Lee, A.S.; Hendershot, L.M. ER stress and cancer. Cancer Biol. Ther. 2006, 5, 721-722. [CrossRef]

Hetz, C. The unfolded protein response: Controlling cell fate decisions under ER stress and beyond. Nat. Rev. Mol. Cell Biol. 2012,
13, 89-102. [CrossRef]

Chakrabarti, A.; Chen, A.W.; Varner, ].D. A review of the mammalian unfolded protein response. Biotechnol. Bioeng. 2011, 108,
2777-2793. [CrossRef] [PubMed]

Selimovic, D.; Porzig, B.B.; El-Khattouti, A.; Badura, H.E.; Ahmad, M.; Ghanjati, F; Santourlidis, S.; Haikel, Y.; Hassan, M.
Bortezomib / proteasome inhibitor triggers both apoptosis and autophagy-dependent pathways in melanoma cells. Cell. Signal.
2013, 25, 308-318. [CrossRef]

Li, ZW.; Chen, H.; Campbell, R.A.; Bonavida, B.; Berenson, J.R. NF-kappaB in the pathogenesis and treatment of multiple
myeloma. Curr. Opin. Hematol. 2008, 15, 391-399.

Hideshima, T.; Mitsiades, C.; Akiyama, M.; Hayashi, T.; Chauhan, D.; Richardson, P.; Schlossman, R.; Podar, K.; Munshi, N.C;
Mitsiades, N.; et al. Molecular mechanisms mediating antimyeloma activity of proteasome inhibitor PS-341. Blood 2003, 101,
1530-1534. [CrossRef]

Rajkumar, S.V.; Richardson, P.G.; Hideshima, T.; Anderson, K.C. Proteasome Inhibition as a Novel Therapeutic Target in Human
Cancer. J. Clin. Oncol. 2005, 23, 630-639. [CrossRef]

Meeth, K.; Wang, ].X.; Micevic, G.; Damsky, W.; Bosenberg, M.W. The YUMM lines: A series of congenic mouse melanoma cell
lines with defined genetic alterations. Pigment. Cell Melanoma Res. 2016, 29, 590-597. [CrossRef]

Nakagawa, T.; Zhu, H.; Morishima, N.; Li, E.; Xu, ].; Yankner, B.A.; Yuan, J. Caspase-12 mediates endoplasmic-reticulum-specific
apoptosis and cytotoxicity by amyloid-beta. Nature 2000, 403, 98-103. [CrossRef]

Choi, ].H.; Lee, ].Y;; Choi, A.Y.; Hwang, K.Y.; Choe, W.; Yoon, K.S.; Ha, J.; Yeo, E.J.; Kang, I. Apicidin induces endoplasmic
reticulum stress- and mitochondrial dysfunction-associated apoptosis via phospholipase Cgammal- and Ca(2+)-dependent
pathway in mouse Neuro-2a neuroblastoma cells. Apoptosis 2012, 17, 1340-1358. [CrossRef]

Griffith, O.W. Biologic and pharmacologic regulation of mammalian glutathione synthesis. Free. Radic. Biol. Med. 1999, 27,
922-935. [CrossRef]

Goy, A.; Bernstein, S.H.; Kahl, B.S.; Djulbegovic, B.; Robertson, M.].; De Vos, S.; Epner, E.; Krishnan, A.; Leonard, J.P; Lonial, S.;
et al. Bortezomib in patients with relapsed or refractory mantle cell lymphoma: updated time-to-event analyses of the multicenter
phase 2 PINNACLE study. Ann. Oncol. 2008, 20, 520-525. [CrossRef]

Chou, T.-C.; Talalay, P. Quantitative analysis of dose-effect relationships: The combined effects of multiple drugs or enzyme
inhibitors. Adv. Enzym. Regqul. 1984, 22, 27-55. [CrossRef]

Zhang, N.; Fu, J.-N.; Chou, T.-C. Synergistic combination of microtubule targeting anticancer fludelone with cytoprotective
panaxytriol derived from panax ginseng against MX-1 cells in vitro: Experimental design and data analysis using the combination
index method. Am. J. Cancer Res. 2015, 6, 97-104. [PubMed]

Tallarida, R.J. Quantitative Methods for Assessing Drug Synergism. Genes Cancer 2011, 2, 1003-1008. [CrossRef]

Amiri, K.I; Horton, L.W.; LaFleur, B.J.; Sosman, J.A.; Richmond, A. Augmenting chemosensitivity of malignant melanoma tumors
via proteasome inhibition: Implication for bortezomib (VELCADE, PS-341) as a therapeutic agent for malignant melanoma.
Cancer Res. 2004, 64. [CrossRef]


http://doi.org/10.1016/j.str.2014.11.017
http://www.ncbi.nlm.nih.gov/pubmed/25599644
http://doi.org/10.1016/j.trsl.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/29654740
http://doi.org/10.1016/S1470-2045(17)30578-8
http://doi.org/10.1111/ejh.12677
http://doi.org/10.1182/blood-2018-06-858415
http://doi.org/10.1038/s41408-020-00381-4
http://www.ncbi.nlm.nih.gov/pubmed/33149167
http://doi.org/10.1186/s13046-014-0111-8
http://doi.org/10.1016/j.jconrel.2019.04.006
http://www.ncbi.nlm.nih.gov/pubmed/30954620
http://doi.org/10.1038/s41598-019-41527-0
http://doi.org/10.4161/cbt.5.7.3120
http://doi.org/10.1038/nrm3270
http://doi.org/10.1002/bit.23282
http://www.ncbi.nlm.nih.gov/pubmed/21809331
http://doi.org/10.1016/j.cellsig.2012.10.004
http://doi.org/10.1182/blood-2002-08-2543
http://doi.org/10.1200/JCO.2005.11.030
http://doi.org/10.1111/pcmr.12498
http://doi.org/10.1038/47513
http://doi.org/10.1007/s10495-012-0755-9
http://doi.org/10.1016/S0891-5849(99)00176-8
http://doi.org/10.1093/annonc/mdn656
http://doi.org/10.1016/0065-2571(84)90007-4
http://www.ncbi.nlm.nih.gov/pubmed/27073727
http://doi.org/10.1177/1947601912440575
http://doi.org/10.1158/0008-5472.CAN-04-0673

Biology 2021, 10, 153 25 of 25

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.
87.

88.

89.

90.

Freudlsperger, C.; Thies, A.; Pfiiller, U.; Schumacher, U. The proteasome inhibitor bortezomib augments anti-proliferative effects
of mistletoe lectin-I and the PPAR-gamma agonist rosiglitazone in human melanoma cells. Anticancer. Res. 2007, 27, 207-213.
Qin, J.-Z.; Ziffra, J.; Stennett, L.; Bodner, B.; Bonish, B.K.; Chaturvedi, V.; Bennett, E; Pollock, PM.; Trent, ].M.; Hendrix, M.].C.;
et al. Proteasome Inhibitors Trigger NOXA-Mediated Apoptosis in Melanoma and Myeloma Cells. Cancer Res. 2005, 65, 6282-6293.
[CrossRef]

Sorolla, A.; Yeramian, A.; Dolcet, X.; Perez De Santos, A.; Llobet, D.; Schoenenberger, J.; Casanova, J.; Soria, X.; Egido, R.; Llombart,
A.; et al. Effect of proteasome inhibitors on proliferation and apoptosis of human cutaneous melanoma-derived cell lines. Br. J.
Dermatol. 2008, 158, 496-504. [CrossRef]

Grayschopfer, V.C.; Wellbrock, C.; Marais, R. Melanoma biology and new targeted therapy. Nat. Cell Biol. 2007, 445, 851-857.
[CrossRef]

Davies, H.; Bignell, G.R.; Cox, C.; Stephens, P; Edkins, S.; Clegg, S.; Teague, J.; Woffendin, H.; Garnett, M.].; Bottomley, W.; et al.
Mutations of the BRAF gene in human cancer. Nature 2002, 417, 949-954. [CrossRef]

Montano, X.; Shamsher, M.; Whitehead, P.; Dawson, K.; Newton, J. Analysis of p53 in human cutaneous melanoma cell lines.
Oncogene 1994, 9, 1455-1459.

Easty, D.J.; Ganz, S.E.; Farr, C.J.; Lai, C.; Herlyn, M.; Bennett, D.C. Novel and Known Protein Tyrosine Kinases and Their
Abnormal Expression in Human Melanoma. J. Investig. Dermatol. 1993, 101, 679-684. [CrossRef] [PubMed]

Bishop, D.T.; Demenais, F.; Goldstein, A.M.; Bergman, W.; Bishop, J.N.; Bressac-de Paillerets, B.; Chompret, A.; Ghiorzo, P.;
Gruis, N.; Hansson, ].; et al. Geographical variation in the penetrance of CDKN2A mutations for melanoma. J. Natl. Cancer Inst.
2002, 94, 894-903. [CrossRef] [PubMed]

Monzon, J.; Liu, L.; Brill, H.; Goldstein, A.M.; Tucker, M.A.; From, L.; McLaughlin, J.; Hogg, D.; Lassam, N.J. CDKN2A mutations
in multiple primary melanomas. N. Engl. ]. Med. 1998, 338, 879-887. [CrossRef]

Zang, Y.; Thomas, S.M.; Chan, E.T.; Kirk, C.J.; Freilino, M.L.; DeLancey, H.M.; Grandis, ].R.; Li, C.; Johnson, D.E. Carfilzomib and
ONX 0912 inhibit cell survival and tumor growth of head and neck cancer and their activities are enhanced by suppression of
Mcl-1 or autophagy. Clin. Cancer Res. 2012, 18, 5639-5649. [CrossRef]

Zhang, L.; Pham, L.V,; Newberry, KJ.; Ou, Z,; Liang, R.; Qian, ].; Sun, L.; Blonska, M.; You, Y.; Yang, J.; et al. In Vitro and In Vivo
Therapeutic Efficacy of Carfilomib in Mantle Cell Lymphoma: Targeting the Immunoproteasome. Mol. Cancer Ther. 2013, 12,
2494-2504. [CrossRef] [PubMed]

Gravitz, L. Chemoprevention: First line of defence. Nat. Cell Biol. 2011, 471, S5-57. [CrossRef]

Atay, C.; Kwak, T.; Lavilla-Alonso, S.; Donthireddy, L.; Richards, A.D.; Moberg, V.; Pilon-Thomas, S.; Schell, M.].; Messina, J.L.;
Rebecca, V.W.; et al. BRAF Targeting Sensitizes Resistant Melanoma to Cytotoxic T Cells. Clin. Cancer Res. 2019, 25, 2783-2794.
[CrossRef]

Cosenza, M.; Civallero, M.; Pozzi, S.; Marcheselli, L.; Bari, A.; Sacchi, S. The combination of bortezomib with enzastaurin or
lenalidomide enhances cytotoxicity in follicular and mantle cell lymphoma cell lines. Hematol. Oncol. 2014, 33, 166-175. [CrossRef]
[PubMed]

Banerjee, S.; Ji, C.; Mayfield, J.E.; Goel, A.; Xiao, J.; Dixon, J.E.; Guo, X. Ancient drug curcumin impedes 26S proteasome activity
by direct inhibition of dual-specificity tyrosine-regulated kinase 2. Proc. Natl. Acad. Sci. USA 2018, 115, 8155-8160. [CrossRef]
Slominski, A.; Tobin, D.J.; Shibahara, S.; Wortsman, J. Melanin Pigmentation in Mammalian Skin and Its Hormonal Regulation.
Physiol. Rev. 2004, 84, 1155-1228. [CrossRef]

Lin, ].Y,; Fisher, D.E. Melanocyte biology and skin pigmentation. Nat. Cell Biol. 2007, 445, 843-850. [CrossRef]

Slominski, R.M.; Zmijewski, M.A.; Slominski, A.T. The role of melanin pigment in melanoma. Exp. Dermatol. 2015, 24, 258-259.
[CrossRef]

Lee, Y.T,; Lim, S.H.; Lee, B.; Kang, I; Yeo, E.-]. Compound C Inhibits B16-F1 Tumor Growth in a Syngeneic Mouse Model Via the
Blockage of Cell Cycle Progression and Angiogenesis. Cancers 2019, 11, 823. [CrossRef]

Kwon, HJ.; Kim, G.-E; Lee, Y.T.; Jeong, M.-S.; Kang, I.; Yang, D.; Yeo, E.-J. Inhibition of platelet-derived growth factor receptor
tyrosine kinase and downstream signaling pathways by Compound C. Cell. Signal. 2013, 25, 883-897. [CrossRef]

Christensen, M.E.; Jansen, E.S.; Sanchez, W.; Waterhouse, N.J. Flow cytometry based assays for the measurement of apoptosis-
associated mitochondrial membrane depolarisation and cytochrome c release. Methods 2013, 61, 138-145. [CrossRef]


http://doi.org/10.1158/0008-5472.CAN-05-0676
http://doi.org/10.1111/j.1365-2133.2007.08390.x
http://doi.org/10.1038/nature05661
http://doi.org/10.1038/nature00766
http://doi.org/10.1111/1523-1747.ep12371675
http://www.ncbi.nlm.nih.gov/pubmed/8228328
http://doi.org/10.1093/jnci/94.12.894
http://www.ncbi.nlm.nih.gov/pubmed/12072543
http://doi.org/10.1056/NEJM199803263381305
http://doi.org/10.1158/1078-0432.CCR-12-1213
http://doi.org/10.1158/1535-7163.MCT-13-0156
http://www.ncbi.nlm.nih.gov/pubmed/23990113
http://doi.org/10.1038/471S5a
http://doi.org/10.1158/1078-0432.ccr-18-2725
http://doi.org/10.1002/hon.2179
http://www.ncbi.nlm.nih.gov/pubmed/25394177
http://doi.org/10.1073/pnas.1806797115
http://doi.org/10.1152/physrev.00044.2003
http://doi.org/10.1038/nature05660
http://doi.org/10.1111/exd.12618
http://doi.org/10.3390/cancers11060823
http://doi.org/10.1016/j.cellsig.2012.12.016
http://doi.org/10.1016/j.ymeth.2013.03.020

	Introduction 
	Results 
	BZ and CFZ Induce Apoptosis in Various Types of Melanoma Cells Including B16-F1 Cells 
	BZ and CFZ Induce Apoptosis via ER Stress in B16-F1 Cells 
	BZ and CFZ Increase ROS Accumulation and Mitochondrial Membrane Potential Loss in B16-F1 Cells 
	BZ and CFZ Synergistically Induce ER Stress and Apoptosis in B16-F1 Cells 
	BZ and CFZ Synergistically Reduce Tumor Growth in a Xenograft Model Mouse C57BL/6 

	Discussion 
	Materials and Methods 
	Materials 
	Cell Culture 
	MTT Assay 
	Lactate Dehydrogenase Release Assay for Cytotoxicity Detection 
	Flow Cytometry for DNA Content Analysis and Apoptosis Detection 
	Western Blot Analysis 
	Measurement of Reactive Oxygen Species Production 
	Measurement of Mitochondrial Membrane Potential 
	Xenograft Model Experiment 
	Statistical Analysis 

	Conclusions 
	References

