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Abstract: Tumor growth is associated with elevated proteasome expression and activity. This makes
proteasomes a promising target for antitumor drugs. Current antitumor drugs such as bortezomib
that inhibit proteasome activity have significant side effects. The purpose of the present study
was to develop effective low-toxic antitumor compositions with combined effects on proteasomes.
For compositions, we used bortezomib in amounts four and ten times lower than its clinical dose,
and chose menadione sodium bisulfite (MSB) as the second component. MSB is known to promote
oxidation of NADH, generate superoxide radicals, and as a result damage proteasome function in
cells that ensure the relevance of MSB use for the composition development. The proteasome pool
was investigated by the original native gel electrophoresis method, proteasome chymotrypsin-like
activity—by Suc-LLVY-AMC-hydrolysis. For the compositions, we detected 10 and 20 µM MSB
doses showing stronger proteasome-suppressing and cytotoxic in cellulo effects on malignant cells
than on normal ones. MSB indirectly suppressed 26S-proteasome activity in cellulo, but not in vitro.
At the same time, MSB together with bortezomib displayed synergetic action on the activity of
all proteasome forms in vitro as well as synergetic antitumor effects in cellulo. These findings
determine the properties of the developed compositions in vivo: antitumor efficiency, higher (against
hepatocellular carcinoma and mammary adenocarcinoma) or comparable to bortezomib (against
Lewis lung carcinoma), and drastically reduced toxicity (LD50) relative to bortezomib. Thus,
the developed compositions represent a novel generation of bortezomib-based anticancer drugs
combining high efficiency, low general toxicity, and a potentially expanded range of target tumors.
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1. Introduction

Proteasomes, multicatalytic proteases, regulate cellular processes as well as cell proteome by the
production of biologically active peptides and degradation of growth factors, receptors, signal-pathway
components, transcription factors and other proteins [1–3]. In different animal and human malignant
tumors, proteasome expression and chymotrypsin-like (ChTL) activity are enhanced relative to normal
tissues [4–8]. Implanted Walker 256 carcinosarcoma regressed after a short period of growth in
Brattleboro rats with the hereditary defect of arginine-vasopressin synthesis in the hypothalamus but
not in control Wag rats with normal arginine-vasopressin synthesis. The period of tumor regression
coincided with the essential decrease in proteasome expression and ChTL-activity [9]. Altogether,
these facts indicate that tumor growth is highly dependent on the functional activity of proteasomes.
Therefore, proteasomes are a promising target for antitumor drugs.

Since 2003, bortezomib, a reversible competitive inhibitor of proteasome ChTL-activity, has been
used in clinical practice as an antitumor drug [10,11]. Bortezomib is applied mainly against several
hematologic malignancies, which are more sensitive to this drug than solid tumors. At the same
time, bortezomib effects on solid tumors are still under investigation [12,13]. The major obstacles
to bortezomib therapy are serious side effects including peripheral neuropathy, thrombocytopenia,
gastrointestinal disturbances, fatigue, and perhaps cardiac abnormality [11,14,15], which can be the
reason for effective dose reductions or even discontinuations.

To enhance the antitumor effects and reduce general toxicity associated with bortezomib,
proteasome inhibitors of the newer generation are being developed. The modifications include
irreversible proteasome inhibition, inhibition of all three enzymatic sites, and oral rather than
intravenous administration [11]. Clinical studies of carfilzomib (an irreversible inhibitor of the
ChTL-site) and ixazomib (an orally bioavailable proteasome inhibitor) on patients with multiple
myeloma show that in some instances tumors resistant to bortezomib are sensitive to the newer agents.
However, these agents also cause serious side effects [11]. Another approach to reducing side effects
and general toxicity of proteasome inhibitors is the development of immune subunit inhibitors not
affecting the proteolytic sites of housekeeping constitutive proteasomes [16].

We proposed an alternative approach and developed two-component antitumor compositions
with a combined effect on proteasomes. The first component is bortezomib in much lower amounts
compared to its current clinical dose. The second one is menadione sodium bisulfite (MSB) (Vikasolum,
vitamin K3). MSB promotes oxidation of NADH, generates superoxide radicals and as a result
damages proteasome function in the intracellular medium [17–19]. Besides, MSB can cause tumor cell
death [20]. These facts ensure the relevance of MSB use for the composition development. We tested
the compositions of bortezomib and MSB and proved their antitumor effects and low toxicity in a
preclinical trial.

2. Results and Discussion

2.1. Cytotoxic Action of MSB

The MSB doses for antitumor compositions were determined by comparing the cytotoxic effect of
MSB against malignant cells (human epidermoid carcinoma A-431, mouse hepatocellular carcinoma
Hepa 1-6, and mouse colon adenocarcinoma C26) and immortalized cells (human immortalized
keratinocytes HaCat) with its effect against loach embryo cells. Loach embryos developing outside
the maternal body represent a unique in vivo model in general. It is a mini-model convenient for
the comparative study of some processes in cell lines and organism. It is possible to expose dividing
normal cells in this model as well as dividing malignant and immortalized cells of the cell lines to MSB
in a similar manner, by the addition of the drug into the culture medium. Therefore, this model allows
us to analyze the difference in response of the malignant cells and organism to damaging effects.

MSB demonstrated the cytotoxic effect on malignant A-431 and Hepa 1-6 cells starting from
20 µM. We also detected an insignificant effect of 20 µM MSB on the survival of malignant C26 cells



Cancers 2018, 10, 351 3 of 18

and immortalized HaCat cells (Figure 1A). However, 20 µM MSB was insufficient to influence the
survival of loach embryos (Figure 1B), while 70 µM of MSB sufficed to induce cytotoxicity. Interestingly,
temporal dynamics of MSB action differed between the cell lines and loach embryos. The cytotoxic
effect of 40 µM MSB on the cell lines increased sharply after 24 to 48 h and all Hepa 1-6 cells died
(Figure 1C), while the number of dead loach embryos stabilized and did not exceed 48% after 17 to
48 h of exposure to 70 µM MSB (Figure 1D).
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Figure 1. Effect of menadione sodium bisulfite (MSB) on cellular survival. Effect of different MSB
concentrations (A,B); incubation during 48 h. Effect of MSB exposure duration (C,D). Incubation in the
medium with 40 µM MSB (C). Incubation in the medium with 70 µM MSB (D). Standard deviation is
shownn. * Significant differences from control, p < 0.05, n = 6.

Thus, 20 µM MSB affecting malignant cells but not normal loach embryos is suitable for antitumor
composition development.

2.2. Suppression of Proteasome Activity by MSB In Cells

MSB is known to induce oxidative stress by the generation of superoxide radicals in the
intracellular medium, which damage the tertiary and quaternary structure of proteins including
proteasomes [19,21]. A cellular proteasome pool is not homogenous: cells predominantly contain
26S- and 20S-proteasomes with different mechanisms of substrate recognition [22]. 26S-proteasomes
are able to recognize ubiquitinated full-size proteins and process them with the help of 19S-activator;
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20S-proteasomes recognize and hydrolyze short substrates and full-size proteins with damaged
structure without 19S-activator. Therefore, we were interested in the investigation of MSB influence on
the total proteasome activity as well as the activities of 26S- and 20S-proteasomes.

We studied the proteasome-suppressing effects of MSB using malignant cell lines Hepa 1-6
and C26 as well as loach embryos, which have a different sensitivity to this agent (Figure 1A,B);
the incubation of Hepa 1-6 and C26 cells with MSB inhibited proteasome ChTL-activity in cleared
homogenates. The minimum inhibiting concentration of MSB was 10 µM (Figure 2A).
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Figure 2. Effect of MSB on proteasome ChTL-activity in Hepa 1-6 and C26 cells. Proteasome
ChTL-activity of cleared homogenates (A) and 26S- and 20S-proteasome fractions obtained by
ammonium sulfate precipitation (B) and native PAGE (C,D) after incubation of cells in culture medium
in the absence or presence of MSB during 48 h. Western blots of Rpt6 subunit after native PAGE
(E) and relative Rpt6 content in the gel (F). ChTL-activity was normalized to 106 cells (for A and B).
Thyroglobulin (670 kDa), labeled by dye Cy-3.5, was used as a marker (M) of molecular mass; cleared
homogenates obtained from 103 cells were put on gel tracks. To identify full 20S-proteasome activity,
the gel was treated with 0.04% SDS. Standard deviation is shown. * Significant differences from control,
p < 0.05, n = 5.



Cancers 2018, 10, 351 5 of 18

In addition, we evaluated the significant suppression of ChTL-activity of 26S-, but not
20S-proteasomes separated by ammonium sulfate precipitation after cell incubation with 20 µM
MSB (Figure 2B). The sensitivity of 26S-proteasomes in tumor cells to MSB was confirmed by native gel
electrophoresis (Figure 2C–F). In native 4–10% polyacrylamide gel, the total proteasome pool of C26
cleared homogenates was separated into two active forms: 26S and 20S. The incubation of C26 cells with
20 µM MSB reduced 26S-proteasome activity in the native gel by 45%, while 20S-proteasome activity
did not change (Figure 2C,D). Importantly, the content of Rpt6 subunit, a marker of 19S-activator,
and, hence, 26S-proteasomes was independent of MSB (Figure 2E,F). The data obtained indicate the
functional damage but no quantitative reduction of 26S-proteasomes after the exposure to MSB.

At the same time, 20 µM MSB had no effect on the activity of loach embryo proteasomes.
The exposure to 30 and 70 µM MSB led to the 20% and 60% suppression of 26S-proteasome
ChTL-activity in loach embryos, respectively, as early as after 1 h (Figure 3A).
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Figure 3. Effect of MSB exposure duration on proteasome ChTL-activity in loach embryos. Proteasome
ChTL-activity of fractions enriched by 26S-proteasomes (A) and 20S-proteasomes (B) obtained by
ammonium sulfate precipitation after incubation of loach embryos in the absence (1) and presence
of 30 µM (2) and 70 µM MSB (3). Arrows indicate the time of MSB administration into the culture
medium. ChTL-activity was normalized to 1000 embryos. Standard deviation is shown. * Significant
differences from control, p < 0.05, n = 6.

The effect of 30 µM MSB disappeared and the effect of 70 µM MSB became weaker in the course
of embryo development. No effect of 30 and 70 µM MSB on ChTL-activity of 20S-proteasomes was
observed in loach embryos (Figure 3B).

Thus, the indirect target of MSB in the proteasome pool of mammalian malignant cells and normal
loach embryo cells is 26S-proteasomes containing 19S-activator, which is typical for their structure.
Therefore, the suppression of 26S-proteasome activity induced by MSB is likely due to 19S-activator
damage. The loach embryo model allowed us to reveal the consecutive recovery of the suppressed
proteasome activity and deceleration of cell death induced by MSB in vivo. On the contrary, malignant
cells were unable to overcome the damaging effects induced by MSB.
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2.3. Content of Antitumor Compositions

On the basis of the results obtained, we chose 20 µM (6.6 µg/mL) and 10 µM (3.3 µg/mL) MSB
for the development of antitumor compositions. These MSB concentrations were effective mainly
against malignant cells and their proteasomes rather than against normal cells. Moreover, the activity
of Cu, Zn-superoxide dismutase, known to be induced under oxidative stress to eliminate superoxide
radicals [23], increased in loach embryos in the presence of 20 µM MSB (Figure 4). This fact explains
the lack of toxicity of these MSB concentrations. The MSB therapeutic dose was calculated assuming
that the patient blood volume is about 5 L.
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Figure 4. Activity of Cu, Zn-superoxide dismutase of loach embryos after their incubation in the
absence or presence of MSB during 14 h. Control (1); incubation in the presence of 10 µM (2) and 20 µM
MSB (3). The activity was normalized to 103 embryos. Standard deviation is shown. * Significant
difference from control, p < 0.05, n = 5.

Because of the high toxicity of bortezomib, we decided to diminish sharply its quantities
for antitumor compositions in comparison with its current clinical dose. Therefore, we chose the
bortezomib dose 4 and 10 times lower than its clinical dose on theoretical ground and tested them in
the present work. Mannitol was added as an excipient to reach 38.5 mg of the total composition mass
(as in antitumor drug bortezomib).

Thus, we developed the compositions BM1 (Bortezomib, MSB) containing 0.9 mg bortezomib,
33 mg MSB, 4.6 mg mannitol, and BM2 containing 0.35 mg bortezomib, 16.5 mg MSB, 21.65 mg
mannitol. For reference, current antitumor drugs contain 3.5 mg bortezomib and 35 mg mannitol.

2.4. Effects of Bortezomib and MSB In Vitro and In Cellulo

We studied separate and mutual proteasome-inhibiting effects in vitro and the cytotoxic effect in
cellulo of bortezomib and MSB applied at different concentrations including those corresponding to
their amounts in BM1 and BM2.

Bortezomib inhibited proteasome ChTL-activity of Hepa 1-6 and A-431 cells in vitro in a
concentration-dependent manner (Figure 5A,D). MSB at 1.8–20 µM did not influence proteasome
ChTL-activity of these cells in vitro. Unexpectedly, these (inactive) MSB concentrations together with
bortezomib showed a synergetic proteasome-inhibiting effect (Figure 5B,C,E,F), calculated using the
Bliss independence model [24].

According to native gel electrophoresis method, MSB and bortezomib mutually influenced all
proteasome forms in vitro. In particular, cleared homogenates of Hepa 1-6 cells contained three
proteasome forms (Figure 6A,C): 26S, 20S, and the third form whose position coincided with that
of 20S-proteasome bound to 11S-activator (PA28-activator) [25]. This form utilizes rather short
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substrates, generates regulatory peptides and functions as a regulatory factor in the cell [1]. Obviously,
the presence of 20S-11S form is important for hepatocellular carcinoma progression. MSB had no effect
on ChTL-activity of any proteasome form in the hepatocellular carcinoma in vitro, but it intensified
the inhibition of all proteasome forms by bortezomib (Figure 6A,B).

We suggested that the synergetic effect of MSB and bortezomib on proteasome activity may be
related to the process of bortezomib penetration into proteasome proteolytic chamber. The hydrophobic
part of the MSB molecule is likely to facilitate the entry of bortezomib into proteasome proteolytic
chamber by acting on the hydrophobic “stopper” of proteasome α-subunits. In this case, MSB action
is not enough to facilitate the entry of a larger substrate molecule into proteasome. To clarify this
suggestion, we further analyzed the activity of each proteasome form in the presence of a 0.04% SDS
opening the entry into a 20S-proteasome channel completely [26]. In these conditions, MSB increased
the inhibition of 26S and 20S-11S forms by bortezomib, however, this effect was not revealed for the 20S
form (Figure 6C,D). Note, 20S-proteasome activity increased significantly in the presence of 0.04% SDS
(Figure 6A,C). Obviously, bortezomib was displaced by the substrate, which led to the disappearance
of the mutual effect of MSB and bortezomib on 20S-proteasomes. This result confirmed that the effect
of MSB on the inhibition of substrate hydrolysis by bortezomib was associated with the process of
substance penetration into the proteolytic chamber.Cancers 2018, 10, x 7 of 19 

 

 
Figure 5. Synergetic proteasome-inhibiting effect of bortezomib and MSB in vitro. Inhibition of 
proteasome ChTL-activity of Hepa 1-6 cells (A–C) and A-431 cells (D–F). Dose-response curves for 
single chemicals (A,D). Dose-response matrix for combined chemicals (B,E). 2D and 3D synergy maps 
in Bliss model (C,F). Incubation of cleared homogenates with chemicals and/or proteasome substrate, 
20 min, 37 °C. * Significant differences from control (in chemical absence), p < 0.05, n = 10. 

According to native gel electrophoresis method, MSB and bortezomib mutually influenced all 
proteasome forms in vitro. In particular, cleared homogenates of Hepa 1-6 cells contained three 
proteasome forms (Figure 6A,C): 26S, 20S, and the third form whose position coincided with that of 
20S-proteasome bound to 11S-activator (PA28-activator) [25]. This form utilizes rather short 
substrates, generates regulatory peptides and functions as a regulatory factor in the cell [1]. 
Obviously, the presence of 20S-11S form is important for hepatocellular carcinoma progression. MSB 
had no effect on ChTL-activity of any proteasome form in the hepatocellular carcinoma in vitro, but 
it intensified the inhibition of all proteasome forms by bortezomib (Figure 6A,B). 

Figure 5. Synergetic proteasome-inhibiting effect of bortezomib and MSB in vitro. Inhibition of
proteasome ChTL-activity of Hepa 1-6 cells (A–C) and A-431 cells (D–F). Dose-response curves for
single chemicals (A,D). Dose-response matrix for combined chemicals (B,E). 2D and 3D synergy maps
in Bliss model (C,F). Incubation of cleared homogenates with chemicals and/or proteasome substrate,
20 min, 37 ◦C. * Significant differences from control (in chemical absence), p < 0.05, n = 10.
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(A,C) Proteasome ChTL-activity in native gel after incubation of cleared homogenates in the absence
(control) or presence of chemicals during 60 min, 37 ◦C. (B,D) ChTL-activity of proteasome forms in
percentages with regard to the control. Proteasome activity was detected in the absence (A,B) and
presence of 0.04% SDS (C,D). Thyroglobulin (670 kDa), labeled by dye Cy-3.5, was used as a marker
(M) of molecular mass; cleared homogenates obtained from 103 cells were put on gel tracks. Standard
deviation is shown. Significant differences from control probes at p < 0.05 are labeled with an asterisk
(*) and p < 0.01 with double asterisk (**), from probes in the presence of bortezomib at p < 0.05 with
hash (#) and p < 0.01 with double hash (##), n = 5.

In addition, bortezomib showed a cytotoxic effect against Hepa 1-6 and A-431 cells dependent
on its concentration. MSB displayed a very low cytotoxic activity at 20 µM against Hepa 1-6
cells (Figure 7A,D). MSB together with bortezomib showed a mutual synergetic cytotoxic effect
(Figure 7B,C,E,F) calculated by the Bliss method.

Note, bortezomib and MSB induced both necrosis and apoptosis of tumor cells in a synergetic
manner (Figure 8).

The strongest synergetic proteasome-inhibiting effect was observed for low bortezomib
concentrations (0.02–0.04 µM) combined with all studied concentrations of MSB (Figure 5C,F). However,
the most considerable synergetic cytotoxic effect was revealed for high bortezomib doses (0.08–0.46 µM)
(Figure 7C,F). Similar results were obtained with the use of the HSA (Highest Single Agent) (Figure
S1) and ZIP (Zero Interaction Potency) models (Figure S2). These results may be explained by the
difference between dose-response curves of the most active component, bortezomib, for proteasome
inhibition and cytotoxicity. Obviously, the synergetic effect is more pronounced at the background
of 20–50% (rather than 70–80%) inhibition of proteasome activity (Figure 5A,C,D,F) as well as on the
background of 15–40% cytotoxic process (Figure 7A,C,D,F).
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The data obtained indicates that the components of BM1 and BM2 have a combined effect
on proteasomes upon entering the cell. First, MSB causes an indirect functional damage of
26S-proteasomes mainly in tumor cells. This effect relies on the capability of the quinone structure of
the MSB molecule to generate superoxide radicals in the intracellular medium. Second, bortezomib
and MSB cause a synergetic inhibition of ChTL-activity of the total proteasome pool. Possibly, in this
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case, the hydrophobic part of the MSB molecule facilitates the entry of bortezomib into the proteasome
proteolytic chamber by acting on the hydrophobic “stopper” formed by the proteasome α-subunits.
Indicated events lead to the synergetic cytotoxic effect mainly against tumor cells. These facts together
allowed us to suggest the high antitumor efficiency and low toxicity of the developed compositions
in vivo. We tested this suggestion in a preclinical trial on mouse and rat models.

2.5. Toxicity of BM1 and BM2 In Vivo

The toxicity of BM1 and BM2 was evaluated by semi-lethal dose (LD50) for white outbred
mice and white outbred rats in comparison with bortezomib. LD50 magnitudes of BM1, BM2 and
bortezomib were considerably higher for mice compared to rats (Figure 9). For male and female
mice, LD50 of BM1 was 4 times higher than LD50 of bortezomib, and LD50 of BM2 was 10 times
higher for males and 13 times higher for female mice than LD50 of bortezomib. LD50 of BM1 was
6 times higher for male and 7 times higher for female rats than LD50 of bortezomib, LD50 of BM2
was 12 times higher for male and 14 times higher for female rats than LD50 of bortezomib. On the
whole, the toxicity of BM1 and BM2 was 4–7 and 10–14 times lower, respectively, than bortezomib
with regard to tested rodents.
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Note, the sensitivity of male and female mice to BM2 was different. Obviously, male, and female
mice were able to reduce the effects of BM2 in a different manner depending on their hormonal status.
As a result, female mice were more resistant to BM2: LD50 for them was higher by 25%. However,
neither male nor female mice were able to reduce successfully the negative effects of more toxic BM1
and bortezomib. Therefore, LD50 magnitudes of BM1 or bortezomib for male and female mice did
not differ. BM2, BM1, and bortezomib were much more toxic for rats than for mice regardless of the
sex. There was no reliable difference (p > 0.05) in LD50 magnitudes for male and female rats. Thus,
the difference in response of male and female rodents to drugs depends on the degree of drug toxicity.

2.6. Antitumor Effects of BM1 and BM2 In Vivo

Before the investigation of the antitumor effects of BM1, BM2, and bortezomib, the maximum
tolerated dose (MTD) was estimated for every composition. The MTDs of BM1, BM2, and bortezomib
were 64.1, 164.8, and 16.5 mg/kg, respectively, for males and females of C57Bl/6 mice. The indicated
doses did not cause the death of the animals during the observation period. During this period, the loss
of animal body mass did not exceed 10%. However, the indicated doses provoked the death of C57Bl/6
mice with grafted Hepa 1-6 cells. For these mice, the MTDs of BM1, BM2, and bortezomib were 21.4,
55.0, and 5.5 mg/kg, respectively.

To assess the antitumor effects of the developed compositions in vivo, three models of socially
significant solid tumors were used: hepatocellular carcinoma Hepa 1-6, mammary adenocarcinoma
Ca 755, and Lewis lung carcinoma LLC1, which were grafted into C57Bl/6 mice (Figure 10). For the
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comparison of the antitumor effects of the developed compositions and bortezomib, the same dose
of 5.5 mg/kg not exceeding the MTD of bortezomib (the most toxic of them) was used for all
investigated compositions. All compositions suppressed tumor growth (Figure 10A,C,E). Importantly,
BM1 and BM2 suppressed the growth of hepatocellular carcinoma and mammary adenocarcinoma
more effectively than bortezomib. Moreover, by the 35th day after the last injection of BM2, the volume
of hepatocellular carcinoma was close to the initial volume of this tumor, while after the treatment by
bortezomib the tumor was growing (Figure 10A). Besides that, BM1 and BM2 increased the survival
of mice with any of the grafted tumors compared to the control (Figure 10B,D,F). The increase in
the survival of mice with grafted hepatocellular carcinoma or mammary adenocarcinoma after the
treatment by BM1 and BM2 was more significant than that of bortezomib (Figure 10B,D). Antitumor
effects of BM1 and BM2 against lung carcinoma did not differ from the effect of bortezomib (Figure 10F).

It is very important to note that in the mice who survived after the treatment by BM1 and BM2,
hepatocellular carcinoma and mammary adenocarcinoma were not detected during the entire period
of observation; 150 days after the inoculation.

Thus, we developed two unique antitumor compositions, BM1 and BM2, which displayed much
lower toxicity, by 4–14 times, for rodents in comparison with bortezomib. In the background of
such low toxicity, both compositions showed antitumor effects either higher than bortezomib (for
hepatocellular carcinoma and mammary adenocarcinoma) or similar to bortezomib (for Lewis lung
carcinoma). If we compare BM1 and BM2 compositions and try to make a choice between them, we can
argue for BM2. On the one hand, the toxicity of BM2 was dramatically lower, by 10–14 times, than the
toxicity of bortezomib and 2–3 times lower than the toxicity of BM1. On the other hand, the antitumor
efficiency of BM2 was not less than that of BM1.

Thus, the developed antitumor compositions are advantageous compared to single MSB or
bortezomib. This may be explained by the higher cytotoxicity of the compositions against tumor cells
compared to single MSB applied at the doses like in the compositions. Larger doses of MSB as a single
antitumor chemical are not reasonable to use due to their ability to cause serious oxidative stress in the
body. Note, the MSB doses in BM1 and BM2 do not exceed the maximum daily dose of this chemical
in current therapy of prothrombinopenia. Much lower acute toxicity and comparable or even higher
antitumor efficiency of the developed compositions in relation to bortezomib ensured the advantage of
the compositions compared to a single bortezomib. The low acute toxicity of BM1 and BM2 is related
to the low bortezomib doses in them and, perhaps, to the difference in the ratio and functions of the
proteasome forms in the tumor and normal mammalian cells.

At the same time, the present work has the limitation related to the study of only two combinations
of bortezomib and MSB and only three tumor types in vivo. Nevertheless, the results obtained so
far are sufficient to assert the connection of the combined effects of the developed compositions on
proteasomes in tumor cells with the high antitumor activity and low toxicity of these compositions
in vivo (Figure 11). Further development of compositions based on combinations of bortezomib
and MSB promises the development of novel effective antitumor drugs which may outperform the
current proteasome-inhibiting drugs bortezomib, carfilzomib, and ixazomib [11,14] in a very low
general toxicity.

Application of another proteasome inhibitor BSc2118 in mice induced local effects against
melanoma [27]. Systemic administration of BSc2118 in mice was tolerated at higher doses as compared
to bortezomib. However, antitumor effects and toxicity of BM1 and BM2 compositions have been
studied in more detail. Since the components of BM1 and BM2, bortezomib and MSB, are used in
medical practice now, the development and registration of novel drugs based on these chemicals may
be facilitated.
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Figure 10. Antitumor efficiency of the developed compositions and bortezomib in vivo. Data for
hepatocellular carcinoma Hepa 1-6 (A,B), mammary adenocarcinoma Ca 755 (C,D), and Lewis
lung carcinoma LLC1 (E,F). Tumor growth in C57Bl/6 mice (A,C,E) and Kaplan–Meier survival
curves (B,D,F) in the absence or presence of compositions. Arrows show the start of the treatment
(S). Difference from control at p < 0.05 is labeled with an asterisk (*), p < 0.01 with a double
asterisk (**), p < 0.005 with a triple asterisk (***), from bortezomib at p < 0.05 with hash (#), p < 0.01
with double hash (##); n = 50 in total for every animal group at the beginning of investigation
(10 animals × 5 experiments).
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3. Materials and Methods

3.1. Animals and Cell Lines

C57Bl/6 mice (840 animals), white outbred mice (120 animals) and white outbred rats (120 animals)
were purchased from the Stolbovaya Nursery (Russian Academy of Sciences). Animals were acclimated
to standard conditions for two weeks. Mice of 18–22 g and rats of 176–189 g were used. Experiments
were carried out in accordance with the European Communities Council Directive of 24 November 1986
(86/609/EEC). All the protocols of manipulations with animals have been approved by the Commission
on Bioethics of Koltzov Institute of Developmental Biology, Russian Academy of Sciences (Permit
Number: 12/2.4). Embryos of teleost fish Misgurnus fossilis (loach) were obtained as described
earlier [28].

Human epidermoid carcinoma cells A-431 and immortalized keratinocytes HaCat were obtained
from Cell Culture Collection of Koltzov Institute of Developmental Biology, Russian Academy of
Sciences. Murine Lewis lung carcinoma and mammary adenocarcinoma Ca 755 were obtained
from Blokhin Russian Cancer Research Center. Murine hepatocellular carcinoma Hepa 1-6 was
obtained from Engelhardt Institute of Molecular Biology, Russian Academy of Sciences, murine colon
adenocarcinoma C26 was obtained from Hertsen Moscow Oncology Research Center, Department of
Anticancer Therapy Modifiers and Protectors.

3.2. Chemicals

MSB (3-dihydro-2-methyl-1,4-naphthoquinone-2-sulfonate sodium; C11H9NaO5S·3H20) (Close
Corporation NIKKA, Moscow, Russia) and bortezomib ([(1R)-3-Methyl-1-[[(2S)-1-oxo-3-phenyl-
2-[(pyrazinylcarbonyl)amino]propyl]amino]butyl] boronic acid; C19H25BN4O4) (Veropharm, Moscow,
Russia) were used. For a preclinical trial on rodent models, pharmaceutical medicine bortezomib
(Velcade) (Pierre Fabre Medicament Production, France) was used. Compositions of MSB, bortezomib
and mannitol (as an excipient) were prepared in Mendeleev University of Chemical Technology
of Russia.

3.3. Treatment of Cells with MSB

Cells were incubated in Dulbecco’s modified Eagle medium supplemented with 10%
heat-inactivated fetal calf serum (Hyclone, Logan, UT, USA), 2 mM L-glutamine and 50 IU/mL
penicillin and 50 µg/mL streptomycin (PanEco, Moscow, Russia) in the absence (control) or presence
of MSB (1–40 µM) at 37 ◦C, 5% CO2, and 95% humidity for 24–72 h.
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Loach eggs obtained by stimulation of fish by gonadotropin were fertilized in Petri dishes [18];
5 min after fertilized eggs were incubated in sterile pond water in the presence of MSB (20–200 µM) at
21.5 ◦C for 1–48 h. Intact embryos served as a control.

3.4. Preparation of Proteasome Fractions

Cell culture medium containing floating dead cells was removed. Attached surviving cells
were washed with PBS for further proteasome fraction preparation. Dead loach embryos were easily
visualized by their white color and loss of shell transparency. Fertilized eggs and surviving embryos at
different development stages were collected with a pipette.

Cleared homogenates of cells and embryos were prepared as described previously [6]. Fractions
enriched in 26S- and 20S-proteasomes were obtained by ammonium sulfate precipitation (0–40% and
40–70% fractions, respectively) [26]. In addition, proteasome pool of tumor cell cleared homogenates
was divided into 26S- and 20S-proteasomes by native 4–10% PAGE developed for crude proteasome
fractions [25].

3.5. Determination of Proteasome ChTL-Activity and Superoxide Dismutase Activity

Proteasome ChTL-activity was determined by hydrolysis of fluorogenic Suc-LLVY-AMC
(Sigma-Aldrich, St. Louis, MO, USA) in 0.5, 1.0, 1.5, and 2.0 µL of the proteasome fraction as described
previously [25]. ChTL-activity was expressed as the substrate quantity (µmol of Suc-LLVY-AMC)
hydrolyzed at 37 ◦C for 20 min and normalized to 106 cells or 1000 embryos. Under indicated
conditions, the quantity of the reaction product is proportional to reaction duration [25].

Proteasome ChTL-activity in native 4–10% polyacrylamide gel was detected with the use of
300 µM Suc-LLVY-AMC (1/20 of gradient gel volume) as described previously [25]. Fluorescence
bands in the gel were photographed under 365 nm UV light.

Cu, Zn-superoxide dismutase activity was detected in 10% polyacrylamide gel by the standard
procedure involving the competition with nitroblue tetrazolium for a photochemical flux of superoxide
radicals [29]. The image analysis of proteasome and superoxide dismutase activities in gels was
performed using the standard ImageJ software (https://imagej.nih.gov/ij/).

3.6. Western Blotting

After native PAGE and semidry transfer of polypeptides onto a Hybond-ECL membrane
(Amersham) [25], immunodetection was carried out by the standard method using the primary mouse
monoclonal antibodies to proteasome 19S ATPase subunit Rpt6 (product number: BML-PW9265,
lot number: X09256, Enzo Life Sciences, Farmingdale, NY, USA), 1:1500, and the corresponding
peroxidase-conjugated secondary antibodies. The image analysis was performed using the standard
ImageJ software. The relative quantities (optical density) of the immunoreactive bands on an X-ray
film were measured. The dependence of the optical density on the amount of the protein subjected to
Western blotting was evaluated preliminarily. For further processing, portions were taken within a
proportional dose range.

3.7. Assay for Cytotoxic Effects

Cytotoxic effects of MSB and bortezomib on cells were evaluated with the use of the standard
colorimetric assay based on the ability of viable cells to transform 3-(4,5-dimethylthiazol-2yl)-2,5-
diphenyltetrazolium bromide (MTT) to purple formazan crystals soluble in organic solvents [30].

After incubation of cells in culture media with or without effectors, 0.45 mg/mL MTT was added
to the probes and kept in CO2 incubator for 4 h at 37 ◦C. The culture medium was replaced with
isopropanol for 5 min at room temperature. The quantity of formazan (proportional to the number
of viable cells) was measured as absorbance at 550 nm. The reference wavelength was set at 620 nm.
The final calculation was the subtraction of the absorbance magnitude at 620 nm from that at 550 nm.

https://imagej.nih.gov/ij/
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The number of viable cells in the presence of effectors was presented as a percentage of the control
magnitude (without effectors).

3.8. Detection of Apoptosis and Necrosis

Apoptosis and necrosis were measured using FITC conjugated Annexin V and SYTOX™
Blue Dead Cell Stain (Thermo Fisher Scientific, Waltham, MA, USA), respectively, as described
previously [31]. Hepa 1-6 cells were seeded into the 6 well plate (25,000 per well) and incubated
overnight. Then cells were incubated in the absence or presence of 10 µM MSB and/or 0.04 µM
bortezomib for 24 h. Following incubation, cells were detached using trypsin, washed with PBS and
resuspended in 100 µL of Staining buffer (140 mM NaCl, 20 mM HEPES, 2.6 mM CaCl2). Then Annexin
V-FITC solution (2 µL) was added to each sample. Samples were left for 15 min in the dark. After that,
they were transferred on ice and mixed with 300 L of ice-cold Staining buffer. Finally, 1 µL (1 mg/mL)
of SYTOX was added. All measurements were performed with the use of a BD LCRFontessa flow
cytometer (BD Biosciences, San Jose, CA, USA).

3.9. Tumor Strain Maintaining

Tumor strains were maintained in female (Ca 755 cells) and male C57Bl/6 mice (LLC1 and Hepa
1-6 cells). Tumor suspension (0.3 mL of Ca 755 and Hepa 1-6 cells or 0.5 mL of LLC1 cells) prepared in
culture medium 199 (1 ÷ 10, w ÷ v) was subcutaneously injected into mice for 14–20 days (Ca 755 and
LLC1 cells) or 18–28 days (Hepa 1-6 cells).

3.10. Inoculation of Tumor Cells

Tumors that passed at least two passages in mice were used. Suspension of Ca 755 cells (0.3 mL)
prepared in culture medium 199 (1 ÷ 10, w ÷ v) was subcutaneously injected into female C57Bl/6 mice.
Suspension of LLC1 cells (0.5 mL) prepared in culture medium 199 (1 ÷ 10, w ÷ v) was subcutaneously
injected into male C57Bl/6 mice. The treatment of mice by the compositions started 48 h after the
tumor inoculation.

Suspension of Hepa 1-6 cells (0.1 mL) prepared in culture medium 199 (1 ÷ 5, w ÷ v) was
subcutaneously injected into male and female C57Bl/6 mice. The treatment of mice by the compositions
started after the tumor size reached not less than 400 mm3.

3.11. Evaluation of Antitumor Effects

The bortezomib-MSB compositions or bortezomib in 0.9% NaCl were intraperitoneally
administered 6 times (twice a week) into C57Bl/6 mice with grafted tumors in doses depending
on the body mass and not exceeding MTD; saline was given to control animals. The tumor volume
was evaluated by the probit method and expressed in mm3. Dead animals were counted for 150 days
after tumor inoculation.

3.12. MTD Detection

For the detection of MTDs, the bortezomib-MSB compositions or bortezomib in saline were
intraperitoneally administered 6 times (twice a week) into intact C57Bl/6 mice and C57Bl/6 mice
with grafted Hepa 1-6 cells. After the last administration, the animals were followed for three weeks.
During this period, the general condition of animals was evaluated by their motor activity, food and
water intake, the condition of the fur, and body mass. Saline was used for the control animals.

3.13. Evaluation of LD50

For evaluation of LD50, the bortezomib-MSB compositions and bortezomib in saline were injected
once into the caudal vein of white outbred mice and white outbred rats in the doses depending on the
animal mass. Dead animals were counted within 24 h after the administration of compositions.
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3.14. Statistics

Differences from the control values were assessed using the Kruskal–Wallis test of ANOVA and
95% confidence intervals. Significant differences were considered at p < 0.05. The variances of the data
were evaluated with the F-test. The statistical analysis was performed by Statistica 8.0 (Statsoft, 2008,
https://www.tibco.com/products/tibco-statistica). Kaplan–Meier survival data were analyzed by the
log-rank test.

4. Conclusions

We have developed anticancer compositions containing bortezomib in amounts 4 and 10 times
lower than its current therapeutic dose and MSB in amounts effective against tumor cells (but not
normal cells) and their proteasomes.

The components of the developed compositions showed a combined action on proteasomes of
tumor cells: MSB indirectly suppressed 26S-proteasome function, and MSB together with bortezomib
inhibited ChTL-activity of the total proteasome pool in a synergetic manner. These influences led to
the synergetic cytotoxic effect.

The discovered characteristics of bortezomib and MSB are closely related to the properties of the
developed compositions revealed in rodent models in the preclinical trial. First, both compositions
displayed much lower (4–14 times) acute toxicity compared to bortezomib. Second, in the background
of low toxicity, both compositions showed antitumor effects either higher (for hepatocellular carcinoma
and mammary adenocarcinoma) or similar to bortezomib (for Lewis lung carcinoma).

Thus, the developed compositions represent the novel generation of bortezomib-based anticancer
drugs combining high efficiency, low general toxicity, and a potentially expanded set of target tumors.

5. Patents

Sharova, N.P.; Astakhova, T.M.; Morozov, A.V.; Erokhov, P.A.; Lyupina, Yu.V.; Mikhailovskaya,
M.I., Chupikova, N.I.; Safarov, R.R. Synergetic combination of proteasome inhibitor and vitamin K
for the inhibition of tumor cell growth and proliferation, pharmaceutical composition, and antitumor
drug on its basis. RU 2563986. 2015. (Patent holder: N.K. Koltsov Institute of Developmental Biology
of Russian Academy of Sciences).

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/10/10/351/
s1, Figure S1: 2D and 3D synergy maps in HSA model for bortezomib and MSB effects. Inhibition of proteasome
ChTL-activity of Hepa 1-6 cells (A) and A-431 cells in vitro (B). Cytotoxic effects against Hepa 1-6 cells (C) and
A-431 cells (D), Figure S2: 2D and 3D synergy maps in ZIP model for bortezomib and MSB effects. Inhibition of
proteasome ChTL-activity of Hepa 1-6 cells (A) and A-431 cells in vitro (B). Cytotoxic effects against Hepa 1-6
cells (C) and A-431 cells (D).

Author Contributions: Conceptualization, N.P.S; Methodology, N.P.S., T.M.A., P.A.E. and M.I.M.; Validation,
S.B.A., A.V.M., N.I.C. and R.R.S.; Formal Analysis, T.M.A., A.V.M., S.B.A., P.A.E., N.I.C. and R.R.S.; Investigation,
all authors; Resources, N.P.S. and M.I.M.; Data Curation, N.P.S; Writing–Original Draft Preparation, N.P.S.;
Writing–Review & Editing, all authors; Visualization, N.P.S., T.M.A., A.V.M. and P.A.E.; Supervision, N.P.S.; Project
Administration, N.P.S. and T.M.A.; Funding Acquisition, N.P.S.

Funding: This research was funded by Ministry of Industry and Trade of Russian Federation, contract number
12411.1008799.13.175; Russian Foundation for Basic Research, grant number 18-04-00017; Government program of
basic research, number 0108-2018-0002.

Acknowledgments: The authors would like to thank Natalia Menshutina (Mendeleev University of Chemical
Technology of Russia) for her help in composition preparation, Liudmila Mikhina (RCT & HRB) for her
consultations and help in preclinical trial and Alexandra Rippa (Koltzov Institute of Developmental Biology,
Russian Academy of Sciences) for her assistance in the work with human cell lines.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

https://www.tibco.com/products/tibco-statistica
http://www.mdpi.com/2072-6694/10/10/351/s1
http://www.mdpi.com/2072-6694/10/10/351/s1


Cancers 2018, 10, 351 17 of 18

References

1. Abramova, E.B.; Sharova, N.P.; Karpov, V.L. The proteasome: Destroy to live. Mol. Biol. 2002, 36, 613–624.
[CrossRef]

2. Spirina, L.V.; Kondakova, I.V.; Choynzonov, E.L.; Chigevskaya, S.Y.; Shishkin, D.A.; Kulbakin, D.Y.
Expression of vascular endothelial growth factor and transcription factors HIF-1, NF-κB in squamous
cell carcinoma of head and neck; association with proteasome and calpain activities. J. Cancer Res. Clin. Oncol.
2013, 139, 625–633. [CrossRef] [PubMed]

3. Armstrong, S.R.; Wu, H.; Wang, B.; Abuetabh, Y.; Sergi, C.; Leng, R.P. The regulation of tumor suppressor
p63 by the ubiquitin-proteasome system. Int. J. Mol. Sci. 2016, 17, 2041. [CrossRef] [PubMed]

4. Chen, L.; Madura, K. Increased proteasome activity, ubiquitinconjugating enzymes, and eEF1A translation
factor detected in breast cancer tissue. Cancer Res. 2005, 65, 5599–5606. [CrossRef] [PubMed]

5. Deng, S.; Zhou, H.; Xiong, R.; Lu, Y.; Yan, D.; Xing, T.; Dong, L.; Tang, E.; Yang, H. Over-expression of genes
and proteins of ubiquitin specific peptidases (USPs) and proteasome subunits (PSs) in breast cancer tissue
observed by the methods of RFDD-PCR and proteomics. Breast Cancer Res. Treat. 2007, 104, 21–30. [CrossRef]
[PubMed]

6. Astakhova, T.M.; Delone, G.V.; Lupina, Y.V.; Abramova, E.B.; Uryvaeva, I.V.; Sharova, N.P. Changes in
the proteasome pool during malignant transformation of mouse liver cells. Acta Naturae 2010, 2, 102–108.
[PubMed]

7. Sharova, N.P.; Astakhova, T.M.; Karpova, Y.D.; Lyupina, Y.V.; Alekhin, A.I.; Goncharov, N.G.; Sumedi, I.R.;
Cherner, V.A.; Rodoman, G.V.; Kuznetsov, N.A.; et al. Changes in proteasome pool in human papillary
thyroid carcinoma development. Cent. Eur. J. Biol. 2011, 6, 486–496. [CrossRef]

8. Shashova, E.E.; Lyupina, Y.V.; Glushchenko, S.A.; Slonimskaya, E.M.; Savenkova, O.V.; Kulikov, A.M.;
Gornostaev, N.G.; Kondakova, I.V.; Sharova, N.P. Proteasome functioning in breast cancer: Connection with
clinical-pathological factors. PLoS ONE 2014, 9, e109933. [CrossRef]

9. Zakharova, L.A.; Khegai, I.I.; Sharova, N.P.; Melnikova, V.I.; Karpova, Y.D.; Astakhova, T.M.; Popova, N.A.;
Ivanova, L.N. Pattern of MHC class I and immune proteasome expression in Walker 256 tumor during
growth and regression in Brattleboro rats with the hereditary defect of arginine-vasopressin synthesis.
Cell. Immunol. 2011, 271, 385–391. [CrossRef]

10. Goldberg, A.L. Development of proteasome inhibitors as research tools and cancer drugs. J. Cell Biol. 2012,
199, 583–588. [CrossRef]

11. Mohan, M.; Matin, A.; Davies, F.E. Update on the optimal use of bortezomib in the treatment of multiple
myeloma. Cancer Manag. Res. 2017, 9, 51–63. [CrossRef] [PubMed]

12. Baiz, D.; Pozzato, G.; Dapas, B.; Farra, R.; Scaggiante, B.; Grassi, M.; Uxa, L.; Giansante, C.; Zennaro, C.;
Guarnieri, G.; et al. Bortezomib arrests the proliferation of hepatocellular carcinoma cells HepG2 and JHH6
by differentially affecting E2F1, p21 and p27 levels. Biochimie 2009, 91, 373–382. [CrossRef] [PubMed]

13. Wu, T.; Chen, W.; Zhong, Y.; Hou, X.; Fang, S.; Liu, C.Y.; Wang, G.; Yu, T.; Huang, Y.Y.; Ouyang, X.; et al.
Nuclear export of ubiquitinated proteins determines the sensitivity of colorectal cancer to proteasome
inhibitor. Mol. Cancer Ther. 2017, 16, 717–728. [CrossRef] [PubMed]

14. Kaplan, G.S.; Torcun, C.C.; Grune, T.; Ozer, N.K.; Karademir, B. Proteasome inhibitors in cancer therapy:
Treatment regimen and peripheral neuropathy as a side effect. Free Radic. Biol. Med. 2017, 103, 1–13.
[CrossRef] [PubMed]

15. Shah, C.; Gong, Y.; Szady, A.; Sun, Q.; Pepine, C.J.; Langaee, T.; Lucas, A.R.; Moreb, J.S. Unanticipated
cardiotoxicity associated with targeted anticancer therapy in patients with hematologic malignancies:
Natural history and risk factors. Cardiovasc. Toxicol. 2018, 18, 184–191. [CrossRef]

16. Kuhn, D.J.; Orlowski, R.Z. The immunoproteasome as a target in hematologic malignancies. Semin. Hematol.
2012, 49, 258–262. [CrossRef]

17. Powis, G. Free radical formation by antitumor quinones. Free Radic. Biol. Med. 1989, 6, 63–101. [CrossRef]
18. Yamashoji, S. Different characteristics between menadione and menadione sodium bisulfite as redox mediator

in yeast cell suspension. Biochem. Biophys. Rep. 2016, 6, 88–93. [CrossRef]
19. Sharova, N.P.; Stroeva, O.G.; Erokhov, P.A.; Dmitrieva, S.B.; Usova, T.A. Changes in the activity

of proteasomes in vivo induced by oxidative stress or para-aminobenzoic acid in loach embryos.
Dokl. Biochem. Biophys. 2007, 415, 197–199. [CrossRef]

http://dx.doi.org/10.1023/A:1020654926226
http://dx.doi.org/10.1007/s00432-012-1366-0
http://www.ncbi.nlm.nih.gov/pubmed/23269488
http://dx.doi.org/10.3390/ijms17122041
http://www.ncbi.nlm.nih.gov/pubmed/27929429
http://dx.doi.org/10.1158/0008-5472.CAN-05-0201
http://www.ncbi.nlm.nih.gov/pubmed/15994932
http://dx.doi.org/10.1007/s10549-006-9393-7
http://www.ncbi.nlm.nih.gov/pubmed/17004105
http://www.ncbi.nlm.nih.gov/pubmed/22649635
http://dx.doi.org/10.2478/s11535-011-0040-x
http://dx.doi.org/10.1371/journal.pone.0109933
http://dx.doi.org/10.1016/j.cellimm.2011.08.005
http://dx.doi.org/10.1083/jcb.201210077
http://dx.doi.org/10.2147/CMAR.S105163
http://www.ncbi.nlm.nih.gov/pubmed/28280389
http://dx.doi.org/10.1016/j.biochi.2008.10.015
http://www.ncbi.nlm.nih.gov/pubmed/19041685
http://dx.doi.org/10.1158/1535-7163.MCT-16-0553
http://www.ncbi.nlm.nih.gov/pubmed/27903750
http://dx.doi.org/10.1016/j.freeradbiomed.2016.12.007
http://www.ncbi.nlm.nih.gov/pubmed/27940347
http://dx.doi.org/10.1007/s12012-017-9429-8
http://dx.doi.org/10.1053/j.seminhematol.2012.04.003
http://dx.doi.org/10.1016/0891-5849(89)90162-7
http://dx.doi.org/10.1016/j.bbrep.2016.03.007
http://dx.doi.org/10.1134/S1607672907040096


Cancers 2018, 10, 351 18 of 18

20. Kim, Y.J.; Shin, Y.K.; Sohn, D.S.; Lee, C.S. Menadione induces the formation of reactive oxygen species and
depletion of GSH-mediated apoptosis and inhibits the FAK-mediated cell invasion. Naunyn Schmiedebergs
Arch. Pharmacol. 2014, 387, 799–809. [CrossRef]

21. Peskin, A.V.; Sharova, N.P.; Dimitrova, D.D.; Stolyarov, S.D.; Filatova, L.S. Effect of oxidative stress on DNA
polymerases in the embryogenesis of the loach Misgurnus fossilis L. Doclady Biochem. 1997, 355, 72–75.

22. Sharova, N.; Zakharova, L. Multiple forms of proteasomes and their role in tumor fate. Recent Pat. Endocr.
Metab. Immune Drug Discov. 2008, 2, 152–161. [CrossRef]

23. Fridovich, I. Superoxide dismutases. Annu. Rev. Biochem. 1975, 44, 147–159. [CrossRef] [PubMed]
24. Ianevski, A.; He, L.; Aittokallio, T.; Tang, J. Synergy Finder: A web application for analyzing drug

combination dose–response matrix data. Bioinformatics 2017, 33, 2413–2415. [CrossRef] [PubMed]
25. Erokhov, P.A.; Lyupina, Y.V.; Radchenko, A.S.; Kolacheva, A.A.; Nikishina, Y.O.; Sharova, N.P. Detection of

active proteasome structures in brain extracts: Proteasome features of August rat brain with violations in
monoamine metabolism. Oncotarget 2017, 8, 70941–70957. [CrossRef] [PubMed]

26. Abramova, E.B.; Astakhova, T.M.; Erokhov, P.A.; Sharova, N.P. Multiple forms of proteasomes and
approaches to their separation. Biol. Bull. 2004, 31, 115–120. [CrossRef]

27. Mlynarczuk-Bialy, I.; Doeppner, T.R.; Golab, J.; Nowis, D.; Wilczynski, G.M.; Parobczak, K.; Wigand, M.E.;
Hajdamowicz, M.; Biały, L.P.; Aniolek, O.; et al. Biodistribution and efficacy studies of the proteasome
Inhibitor BSc2118 in a mouse melanoma model. Transl. Oncol. 2014, 7, 570–579. [CrossRef]

28. Sharova, N.P.; Eliseeva, E.D.; Mikhailov, V.S. Changes in the activity of two forms of DNA polymerase α

during embryogenesis of teleost fish Misgurnus fossilis. Biochemistry 1992, 57, 644–649.
29. Beauchamp, C.; Fridovich, I. Superoxide dismutase: Improved assays and an assay applicable to acrylamide

gels. Anal. Biochem. 1971, 44, 276–287. [CrossRef]
30. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and

cytotoxicity assays. J. Immunol. Methods 1983, 65, 55–63. [CrossRef]
31. Mitkevich, V.; Petrushanko, I.; Spirin, P.; Fedorova, T.; Kretova, O.; Tchurikov, N.; Prassolov, V.; Ilinskaya, O.;

Makarov, A. Sensitivity of acute myeloid leukemia Kasumi-1 cells to binase toxic action depends on the
expression of KIT and AML1-ETO oncogenes. Cell Cycle 2011, 10, 4090–4097. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00210-014-0997-x
http://dx.doi.org/10.2174/187221408786241847
http://dx.doi.org/10.1146/annurev.bi.44.070175.001051
http://www.ncbi.nlm.nih.gov/pubmed/1094908
http://dx.doi.org/10.1093/bioinformatics/btx162
http://www.ncbi.nlm.nih.gov/pubmed/28379339
http://dx.doi.org/10.18632/oncotarget.20208
http://www.ncbi.nlm.nih.gov/pubmed/29050334
http://dx.doi.org/10.1023/B:BIBU.0000022464.37305.b4
http://dx.doi.org/10.1016/j.tranon.2014.07.002
http://dx.doi.org/10.1016/0003-2697(71)90370-8
http://dx.doi.org/10.1016/0022-1759(83)90303-4
http://dx.doi.org/10.4161/cc.10.23.18210
http://www.ncbi.nlm.nih.gov/pubmed/22101339
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Cytotoxic Action of MSB 
	Suppression of Proteasome Activity by MSB In Cells 
	Content of Antitumor Compositions 
	Effects of Bortezomib and MSB In Vitro and In Cellulo 
	Toxicity of BM1 and BM2 In Vivo 
	Antitumor Effects of BM1 and BM2 In Vivo 

	Materials and Methods 
	Animals and Cell Lines 
	Chemicals 
	Treatment of Cells with MSB 
	Preparation of Proteasome Fractions 
	Determination of Proteasome ChTL-Activity and Superoxide Dismutase Activity 
	Western Blotting 
	Assay for Cytotoxic Effects 
	Detection of Apoptosis and Necrosis 
	Tumor Strain Maintaining 
	Inoculation of Tumor Cells 
	Evaluation of Antitumor Effects 
	MTD Detection 
	Evaluation of LD50 
	Statistics 

	Conclusions 
	Patents 
	References

