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Exogenous ribonucleases are known to inhibit tumor growth via apoptosis induction in tumor cells, allowing to consider
them as promising anticancer drugs for clinical application. In this work the antitumor potential of binase was evaluated in
vivo and the mechanism of cytotoxic effect of binase on tumor cells was comprehensively studied in vitro. We investigated
tumoricidal activity of binase using three murine tumor models of Lewis lung carcinoma (LLC), lymphosarcoma RLS,
and melanoma B-16. We show for the first time that intraperitoneal injection of binase at a dose range 0.1-5 mg/kg
results in retardation of primary tumor growth up to 45% in LLC and RLS,; and inhibits metastasis up to 50% in LLC
and RLS,  and up to 70% in B-16 melanoma. Binase does not exhibit overall toxic effect and displays a general systemic
and immunomodulatory effects. Treatment of RLS, -bearing animals with binase together with polychemotherapy
revealed that binase decreases the hepatotoxicity of polychemotherapy while maintaining its antitumor effect. It was
demonstrated that the cytotoxic effect of binase is realized via the induction of the intrinsic and extrinsic apoptotic
pathways. Activation of intrinsic apoptotic pathway is manifested by a drop of mitochondrial potential, increase in
calcium concentration and inhibition of respiratory activity. Subsequent synthesis of TNF-« in the cells under the action
of binase triggers extrinsic apoptotic pathway through the binding of TNF with cell-death receptors and activation of

caspase 8. Thus binase is a potential anticancer therapeutics inducing apoptosis in cancer cells.

Introduction

Extensive studies of the antitumor potential of exogenous ribonu-
cleases (RNases) derived from fungi, bacteria, plants and animals
allow us to consider them as perspective therapeutics for treat-
ment of oncological diseases.” The antitumor activity was shown
for BS-RNase from bovine seminal,®? onconase from oocytes of
Rana pipiens,'*'? bovine pancreatic RNase A, ¢SBL and jSBL
RNases from Rana catesbeiana and Rana japonica,"* microbial
RNases”"” and conjugates of RNases with various molecules.'®2°
One of the properties that are important for potential thera-
peutic application of RNases is their ability to induce cancer cell
death by apoptosis. However, despite a large number of studies
of the cytotoxic effect of RNases on cells, key elements of the
signaling network and the mechanism of apoptosis induction are
poorly understood. The available data are fragmentary and insuf-
ficient to develop a strategy of anticancer therapy with RNases.
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Molecular mechanisms underlying cytotoxicity of RNases are
diverse. The main mechanism confirmed specifically for onco-
nase lies in the cleavage of intracellular RNA triggering apoptosis
or, presumably generating new set of small regulatory RNA mol-
ecules that affect gene expression in tumor cells.”!

RNase from Bacillus intermedius (binase) is a long estab-
lished effective agent for inhibition of tumor cell growth: it dis-
plays cytotoxic effects on human leukemic K562 and Kasumi-1
cells.?** Tt was shown that sensitivity of cells to binase toxic
action depends on the expression of KI7, AMLI-ETO and FLT3
oncogenes.”*** At the same time, RNase cytotoxicity does not
correlate with reduction of total amount of RNA."”# The possi-
ble mechanisms of cytotoxic effect of binase are as follows: cleav-
age of certain intracellular RNAs with generation of a novel set of
small regulatory RNAs (miRNAs), startup of intrinsic apoptotic
pathway through the changes in mitochondria, startup of extrin-
sic apoptotic pathway through the increase in the expression of
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some pro-apoptotic genes including cell death ligand TNF-a and
26 However despite the fact that
binase cytotoxicity toward tumor cells in vitro was well studied

activation of initiator caspase 8.

the investigation of tumoricidal activity of binase in vivo has not
yet been performed.

In the present study, the ability of binase to retard primary
tumor and metastasis growth was demonstrated for the first time
on the three tumor models differing from each other by histo-
logical type and having strong relevance to human tumors: Lewis
lung carcinoma, lymphosarcoma RLS, and melanoma B-16.
LLC and RLS, are tumor models with the primary tumor site
and metastasize in the lungs and liver, respectively; melanoma
B-16 is a metastatic model with pulmonary metastases. The
search for possible mechanism of antitumor activity of binase was
done in vitro using flow cytometry and relevant lines of tumor
cells.

Results

As a first step binase toxicity was evaluated on healthy C57Bl/6
and CBA mice treated with binase at doses of 1 and 5 mg/kg by
intraperitoneal administration. Control groups included intact
mice and mice with intraperitoneal administration of saline
buffer. In assessing the binase toxicity, no differences between
control mice and mice treated with binase for both C57Bl/6
and CBA lines were revealed. During the experiment, the body
weight of mice, condition of the hair and skin, the motor (physi-
cal) activity, the consumption of food and water did not change,
irrespective of binase dosage. The volume densities of the normal
hepatocytes and destructive changes in liver tissue of intact mice
and mice receiving saline buffer were 82.5 + 1.5% and 10.5 +
0.7% of the entire liver parenchyma, respectively. Administration
of binase at a dose of 1 mg/kg caused no additional destructive
changes in liver parenchyma. Administration of binase at a dose
of 5 mg/kg led to statistically insignificant increase of the destruc-
tive changes in liver parenchyma of healthy mice. The numerical
density of binuclear hepatocytes in liver of mice receiving binase
did not differ from that of the control groups (1.7 + 0.2 per unit
of test area of histological section) in the whole dosage range,
thus indicating absence of the reduction of regenerative capacity
of liver tissue during the period of treatment.

The antitumor activity of binase has been evaluated in vivo
applying criteria such as tumor size, number and area of metasta-
ses in the target organ, the regenerative potential of liver and the
profile of cytokines in blood plasma.

Effect of binase on LLC tumor growth and metastasis devel-
opment. To assess the therapeutic potential of binase, the highly
metastatic primary tumor of LLC was initiated by intramuscular
injection of tumor cells into the right thighs of mice. To deter-
mine the most effective dosage and optimal mode of adminis-
tration, binase was injected in two ways; intraperitoneally or
intramuscularly at doses of 0.1, 0.5 and 1 mg/kg. The study of
the dynamics of tumor growth revealed that over the entire dos-
age range intraperitoneal administration of binase led to a signifi-
cant retardation of tumor growth, reaching 45% (Fig. 1A). After
intramuscular administration of binase a tendency to a decrease
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in tumor volume was also observed; however, these differences
were not statistically significant except for the dose of 0.5 mg/kg
when tumor size was reduced by 35% (Fig. 1A). Evidently, intra-
peritoneal administration of binase has the highest therapeutic
efficacy, which is probably due to better absorption of the enzyme
in comparison with intramuscular administration.

Histological analysis revealed a distinct reduction in the area
of lung metastasis in the groups of mice treated with binase
(Fig. 1B). Inhibition of metastases development was assessed
by morphometry using the metastasis inhibition index (MII).
The MII of the control group was taken as 0% and the MII,
corresponding to 100%, reflected the absence of metastases.
Morphometric analysis showed that in the groups of mice with
LLC that received intramuscular injections of binase at doses of
0.1, 0.5 and 1 mg/kg, the MII increases with the increase in a dose
and was 30, 51 and 47%, respectively (Fig. 1C). In all groups
of animals treated with intraperitoneal injections of binase, the
MII was the average 50% (Fig. 1C). The obtained data suggest
that intraperitoneal administration of binase is more potent than
intramuscular treatment.

To evaluate the immunomodulatory effect of the binase
therapy the levels of interferons promoting antitumor response
and the levels of pro-inflammatory cytokines IL-1a, IL-6 and
TNF-a in the blood serum of LLC-bearing mice were measured
after the treatment with binase (data not shown). Intramuscular
administration of binase resulted in a gradual increase in IFN-vy
level from 157 + 13 pg/ml in the blood of LLC-bearing mice to
540 + 166 pg/ml in group of animals, intramuscularly treated
with binase at the dose of 1 mg/kg. Intraperitoneal injections of
binase also caused an increase of IFN-vy level, but to a lesser extent
(up to 302 £ 79 pg/ml). It should be noted that although the
increase in IFN-vy level differs insignificantly from the control, it
has a dose-dependent behavior. Statistically significant increase
of pleotropic cytokines IL-lat was observed only for intraperi-
toneally injected binase at the dose of 1 mg/kg. In these dosage
ranges, binase had no effect on the levels of INF-a (< 5 pg/ml)
and TNF-a (< 20 pg/ml).

Effect of binase on RLS, tumor growth and metastasis
development. To elucidate the binase potential against tumors
of various histological types, lymphosarcoma RLS,  exhibiting
MDR phenotype,” which forms the primary tumor site and is
capable of metastasizing the liver, was further studied. One of the
important objectives of this experiment was to assess whether the
observed therapeutic effect of binase can be enhanced with the
increase in a dosage of the enzyme up to 5 mg/kg. Additionally,
we compared the antitumor effect of binase and conventional
polychemotherapy (CHOP) and evaluated the potential of
binase as, an adjuvant, in combination with chemotherapy. The
study of dynamics of tumor growth showed that on day 10 after
tumor initiation, in the groups of mice treated thrice with binase
at doses of 1 and 5 mg/kg, retardation of tumor growth was 40
and 28%, respectively (Fig. 2A). At the end of the experiment,
inhibition of tumor growth in these groups was near 20%. Thus
the increase in the dose of binase to 5 mg/kg did not lead to the
enhancement of antitumor effect. The treatment of mice with
CHOP was 1.5-2-fold more efficient than monotherapy with
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Figure 1. Inhibition of primary tumor growth and metastases in mice with Lewis lung carcinoma under the treatment with binase. (A) The effect of
binase on the growth rate of primary tumor. Binase was injected intraperitoneally (i.p.) or intramuscularly (i.m.) thrice a week at the doses of 0.1, 0.5
and 1 mg/kg starting on day 4 after tumor transplantation. (B) Representative histotopograms of lung lobes of mice treated with binase. Haematoxylin
and eosin staining. Metastases are indicated by arrows, borders of metastases are outlined by dotted line. (C) Metastasis inhibition index (MIl) in the
control and experimental groups. MIl = [mean metastasis area, — mean metastasis area J/mean metastasis area X 100%. p value indicates

ontrol experimen

a statistically reliable difference relative to the control group, and (*) denotes no statistically significant difference.

control

binase and resulted in a 60-70% inhibition of tumor growth. Histological and morphometric analysis revealed that the
The combined therapy with binase and CHOP did not lead to  MII in the group of mice treated with CHOP slightly fluctuated
a potentiation of antitumor response; the retardation of tumor  within the groups and was 88% on average (Fig. 2B and C). The
growth in this group was in line with the effect of CHOP  treatment of mice with binase resulted in 50% suppression of
monotherapy. development of metastases (Fig. 2B and C). It should be noted
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Figure 2. Inhibition of primary tumor growth and metastases in mice with lymphosarcoma RLS, under the treatment with binase, polychemotherapy
(PCHT) and combination of binase and PCHT. (A) The effect of binase, PCHT (CHOP regimen) and the combination of binase and PCHT on the growth
rate of lymphosarcoma RLS, . Binase was injected intraperitoneally thrice a week at the doses of 1 and 5 mg/kg starting on day 4 after tumor trans-
plantation, PCHT was injected twice on day 4 and 11 after tumor transplantation. (B) Metastasis inhibition index (Mll) in the control and experimental
groups. MIl = [mean metastasis area — mean metastasis area J/mean metastasis area X 100%. p value indicates a statistically reliable dif-

control experimen control

ference relative to the control group and (*) denotes no statistically significant difference. (C) Representative histotopograms of the liver lobes of mice

treated with binase. Haematoxylin and eosin staining. Large metastases are indicated by arrows.

that about half of the mice in binase-treated groups responded to
the treatment, and no metastases were found. The combination
of CHOP treatment and binase showed an intermediate effect;
MII was 68%.

Binase at the dose of 1 mg/kg caused 20-fold increase of IFN-y
level in blood serum of RLS,, -bearing mice in comparison with the
group of animals without treatment (p = 0.004, Fig. 3A). CHOP
monotherapy also resulted in 8-fold increase of IFN-vy level (p =
0.04). In the group of animals treated with CHOP and binase at
the dose of 1 mg/kg, the IFN-y level was comparable with the
level in the serum of animals treated only with binase. Similar
and statistically significant increase of IFN-a level was observed
in the serum of mice treated both with the CHOP monotherapy
and with combined therapy (Fig. 4B). Since binase itself at the
dose of 1 mg/kg did not cause increase of IFN-a level, it is obvious
that such increase in these groups was due to the effect of CHOP.

Treatment with binase caused 2—3-fold increase of IL-1a from
39 pg/ml in the control group to 97 and 125 pg/ml in the groups
treated with binase at the doses of 1 and 5 mg/kg, respectively
(Fig. 3C). It should be noted that a similar increase of IL-1a level
was also observed on LLC model after intraperitoneal injection
of binase at the dose of 1 mg/kg (data not shown). Since both
tumors LLC and RLS, are models with the primary tumor site,
the increase of IL-la level after the binase treatment is a good
prognostic sign, because this cytokine regulates T-cellular com-
ponent of the antitumor response. Both CHOP monotherapy
and the combined therapy with binase caused 8-fold increase of
IL-1ax level.
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The levels of pro-inflammatory cytokines IL-6 and TNF-a,
which indicates the necrotic processes in the body (particularly,
in the primary tumor site) increased only after CHOP mono-
therapy and did not change after treatment with binase (Fig. 3D
and E).

Effect of binase on metastasis development in melanoma
B-16-bearing mice. Antimetastatic activity of binase was tested
in a model of melanoma B-16, which, when injected into the tail
vein, metastasizes into the lungs. Morphometric analysis showed
that the treatment with binase at a dose of 1 mg/kg resulted in the
inhibition of metastases development by 69% (Fig. 4A and B).
The increase in the dose of the enzyme to 5 mg/kg did not result
in a higher antimetastatic activity; moreover, even an apparent
decrease of MII up to 45% was observed. Thus, similar to the
case of lymphosarcoma RLS, , increase in the dose of binase up
to 5 mg/kg did not intensify the observed antimetastatic effect.

In the absence of a primary tumor site in melanoma metastatic
model, no statistically significant alteration of interferon response
as well as no changes in IL-1a level after the treatment with
binase were observed (Fig. 5A). It is worth mentioning that IL-1a
level was very high in animals without binase treatment (341 pg/
ml) (data not shown). However, treatment with binase caused
significant decrease in pro-inflammatory IL-6 level (Fig. 5B),
which may have a negative influence on the T-cellular antitumor
component in the absence of the primary tumor site. Among the
other tumors under study melanoma metastatic model was char-
acterized by the increased level of TNF-a, which did not change
after the treatment with binase (Fig. 5C).
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Figure 3. The change in cytokine profiles in the blood serum of RLS, -bearing mice after the treatment with binase, polychemotherapy (PCHT) and
combination of binase and PCHT. (A) IFN-v, (B) IFN-c, (C) IL-1e, (D) IL-6, (E) TNF-c.. The levels of cytokines in the blood serum were measured by ELISA.
For each group of animals the value of MEAN + SEM is indicated. p value indicates a statistically reliable difference relative to the control group, and (*)
denotes no statistically significant difference.

Morphological alterations in the liver of tumor bearing
mice after the treatment with binase. Since most medications
undergo biotransformation in the liver with the formation of
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toxic metabolites, morphological changes and regeneration
capacity of the liver of mice treated with binase were evalu-
ated. Upon the development of tumor or/and metastasis severe
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Figure 4. The effect of binase on the metastasis development in mice
with metastatic model of melanoma B-16. (A) Metastasis inhibition
index (Mll) in the control and experimental groups. MIl = [mean metas-
tasisarea_ —mean metastasis areaexperimem]/mean metastasis area_ .
X 100%. (B) Representative histotopograms of the lung lobes of mice
that received intraperitoneal injections of binase thrice a week at the
doses of 1 and 5 mg/kg. Haematoxylin and eosin staining. Borders of
metastases are outlined by black line. p value indicates a statistically
reliable difference relative to the control group, and (¥) denotes no
statistically significant difference.

destructive changes in liver tissue were revealed. These changes
amounted to 71.5 £ 3.4%, 77.9 + 0.9% and 70.7 + 1.6% of the
entire liver parenchyma for the LLC, RLS,, and B-16 bearing
mice, respectively, and were predominantly presented by necro-
sis. Administration of binase led to the 1.2-2.2-fold decline of
destructive changes in liver parenchyma of tumor bearing mice.
The numerical density of binuclear hepatocytes (reflecting regen-
eration capacity of the liver) of mice with LLC treated with binase
intraperitoneally increased 1.2-3.0-fold in comparison with the
control group, and in some cases reached the levels normal for
healthy animals. In the case of the RLS, -bearing mice, the
numerical density of binuclear hepatocyte decreased 1.6-fold in
the groups treated with binase or with CHOP, and 4-fold in the
group received combine therapy. Such severe destructive changes
in the liver can be explained by the combined impact of several
factors, including endogenous intoxication caused by primary
tumor site, metastatic infiltration of the liver, polychemotherapy
and induced cytokine production. In the case of the melanoma
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B-16-bearing mice the regenerative potential of liver decreases
1.7- and 1.3-fold after treatment with binase at doses of 1 and 5
mg/kg, respectively.

Effects of binase on B-16 and RLS, cells in vitro. The anti-
tumor and antimetastatic activity of binase observed in vivo
raised questions on the mechanisms involved in binase-induced
tumor cell death. To answer these questions, we performed a
comprehensive analysis of the cytotoxic activity of binase toward
tumor cells in vitro.

For these purposes B-16 and RLS, cells were incubated for
48 h in the presence of 0.5 mg/ml of binase. The LLC cells were
not used in these experiments, as they are maintained only by re-
passaging in vivo. Binase dramatically reduces the survival of the
B-16 as well as RLS, cells through inhibition of cell respiration
and reduction of their number (Fig. 6A—C). The largest decrease
in the number of cells was observed in the population of B-16
cells. These cells also exhibit high sensitivity to the apoptogenic
effect of binase compared with the RLS, cells (Fig. 6D). Since
the cytotoxic effect of binase is more pronounced in the B-16
cells, we used them for detailed investigation.

After only 16 h, a significant decrease in the viability and respi-
ration rate of the B-16 cells in comparison with control cells with-
out binase treatment was observed, with only marginal decrease
in the number of cells (Fig. 7A-C). Extending the binase treat-
ment period to 48 h led to almost complete loss of viability of cell
population (Fig. 7A).

Using a test for cell proliferation, we found that in contrast to
the Kasumi-1 cells, where binase does not have cytostatic effect,?
the rate of cell proliferation of the B-16 cells drops in the presence
of binase. Forty-eight h after adding binase, the cells divide on
average once, whereas the control cells, three times.

The decrease in the cell respiration rate can point to the acti-
vation of the mitochondrial apoptotic pathway. To determine
the mitochondrial status and apoptosis development after expo-
sure to binase, we have estimated changes in the mitochondrial
potential () and concurrently measured variation of the number
of apoptotic cells in the population. Five hours after exposure
to binase, no decrease was registered in the cell respiration rate,
and no changes in the mitochondrial potential and the percent-
age of the apoptotic cells were observed (Fig. 7C-E). Sixteen h
after exposure to binase when the cell respiration rate falls, a cell
population with the decreased mitochondrial potential and intact
membrane emerges (12%); these cells are further characterized
by the absence of a marker of apoptosis, the phosphatidylserine,
on the outer membrane surface. The percentage of cells with
reduced mitochondrial potential and suppression of the respira-
tory activity remain practically the same after 16 and 24 h of
incubation with binase, but the percentage of apoptotic cells in
the population begins to increase (Fig. 7E). Forty-eight h after
binase exposure the percentage of cells with the reduced mito-
chondrial potential rises to 65%), whereas the proportion of apop-
totic cells in the population is 34%. These results suggest that
the effect of binase leads to the activation of the mitochondrial
apoptotic pathway in the B-16 cells. The 2-fold increase of the
level of intracellular Ca?* after 48 h of the binase exposure also
testifies in favor of activation of this pathway (Fig. 7F). Increase
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in the intracellular calcium level and decline of mitochondrial
potential as a result of binase exposure was observed also in the
Kasumi-1 cells.?? Similar to the Kasumi-1 cells, the level of ROS
under binase exposure has a tendency to reduction (Fig. 7F), and
thus ROS are not involved in the induction of apoptosis.

Earlier it has been shown that in the Kasumi-1 cells binase
induces both the mitochondrial and the ligand-dependent apop-
totic pathways.”? To assess the induction of the TNF-receptor
ligand in the B-16 cells, the tumor necrosis factor (TNF) on the
cell membrane surface was determined. After 48 h exposure to
binase, the proportion of TNF-positive cells was about 15%,
while there were practically no such cells in the control group.
Moreover, under the effect of binase, a 15% increase in the num-
ber of intact B-16 cells with the activated caspase 8 was observed
(Fig. 7G), pointing to the activation of the ligand-dependent
apoptotic pathway.

Discussion

In recent years, an intensive search is being conducted for the
novel therapeutic agents to treat neoplasia that on the one hand
would have low toxicity for the patient and, on the other, would
efficiently cause tumor cell death, preferably by the non-inflam-
matory way of induction of apoptosis. Among the new generation
therapeutics, the enzymes of nucleic acid metabolism such as the
ribonucleases attract attention; some of them are under clinical
trials [ClinicalTrials.gov Identifiers: NCT01184287 (onconase);
NCT01201018 and NCT01627795 (O’Shadi R, preparation
containing RNase A)]. The prospects of the studies of antitumor
properties of microbial RNases are explained by their abilities to
provide selective apoptogenic effect on tumor cells and to evade
the inhibitor of mammalian RNases. Binase is a purine-specific
RNase of T1 family and a typical representative of the microbial
RNases.>>" Earlier the cytotoxic activity of a number of micro-
bial RNases, including binase, was shown in vitro on different
types of tumor cells,"**283% but no studies have been performed
in vivo.

Here the ability of binase to retard primary tumor and
metastasis growth was demonstrated for the first time using
the three tumor models of different histological type having
strong relevance to human tumors. The Lewis lung carcinoma
LLC has epithelial origin and is related to human non-small
cell lung cancer.” Lymphosarcoma RLS,; displays the multi-
drug resistance phenotype, is derived from hematopoietic tissue
and can be related to the human diffuse large B-cell lymphoma.
Melanoma B-16 arises from the melanin-derived tissue and is
related to the human metastatic melanoma.*? In our study, mod-
els were generated of the LLC and RLS,,
tumor node and metastasizing into lungs and liver, respectively,
and the metastatic model of melanoma B-16 with pulmonary

forming primary solid

metastases.

The dosage and route of administration (up to 5 mg/kg, i.p.,
thrice a week, during 2 wk) were selected experimentally, pro-
viding for the maximal antitumor response and no side effects.
Binase administered at the dose of 1 mg/kg caused retardation
of primary tumor growth up to 45% on LLC and RLS, models,
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Figure 5. The change in cytokine profiles in the blood serum of mice
with metastatic model of melanoma B-16 after the treatment with
binase at the doses of 1 and 5 mg/kg. (A) IFN-y, (B) IL-6, (C) TNF-a. The
levels of cytokines in the blood serum were measured by ELISA. For
each group of animals the value of MEAN + SEM is shown. p value indi-
cates a statistically reliable difference relative to the control group, and
(*) denotes no statistically significant difference.
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Figure 6. The effect of binase treatment (0.5 mg/ml, 48 h) on RLS, and
B-16 cells. (A) Viability, (B) proliferation rate and (C) amount of cells.
Values are expressed as a percentage of the control cells without binase
treatment for each cell culture. (D) Amount of apoptotic cells in the
population of cells untreated and treated with binase, expressed as

a percentage of the total number of cells for each variant. Each value

is the mean of at least three independent experiments with triplicate
samples + SD.

and inhibition of metastases development up to 50% on LLC
and RLS, and up to 70% on B-16 melanoma models (Figs. 1,
2 and 4). Similar efficiency of antitumor response observed upon
treatment by binase of the tumors LLC and RLS, | with the multi-
drug resistance phenotype points to the high therapeutic potential
of binase.

The effect of binase at the dose of 5 mg/kg was less pronounced
(Figs. 2 and 4), probably due to the appearance of neutralizing
antibodies in the blood of experimental animals, which is com-
mon and has been described for a number of protein-based drugs.

It is known that the therapeutic systemic effects in vivo
depend on the histological type of tumor and the extent of its
malignancy, which is extremely high in melanoma. The level of
tumoricidal activity of binase in the melanoma model is com-
parable with the effects of some experimental chemotherapeu-
tics, for example, inhibitor of the MAPK-interacting kinases,*
* antibodies
against PRL-3% and the resorcinylicisoxazole/pyrazole HSP90

pro-apoptotic inductor diindolylmethanechimeric,’

inhibitors,* which demonstrate the ability to suppress tumor and
metastasis growth in the nude mice with xerograph melanoma.
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A comparison of the binase efficacy in vivo with the effect
of other cytotoxic RNases shows the following. In rats with the
Lewis lung carcinoma, BS-RNase (injection at a dose of 10 or
20 mg/kg every 3 d for 20 d) caused inhibition of tumor growth
with efficiency 30 and 66% under the doses of BS-RNase 10 and
20 mg/kg, respectively and reduced the number of metastasis by
52%.% The onconase at the dose of 10 mg/kg produced a 50%
retardation of tumor growth in the model of human prostatic
tumor xenografts in nude mice.*® Binase causes a similar antitu-
mor effect (30-45% inhibition of the tumor growth) at a dose
smaller by an order of magnitude (0.5-1 mg/kg).

No enhancement of the therapeutic effect of the combined
therapy binase + CHOP on the progression of RLS, tumor in
comparison with CHOP alone was observed (Fig. 2). However,
in these experiments, a positive outcome of binase treatment was
found, consisting in the increase of the level of IFN-v in blood
serum and decrease of the destructive and necrotic changes in the
liver. It should be noted that polychemotherapy has a toxic effect
and induces the synthesis of pro-inflammatory cytokines, which
is not observed in the case of treatment by binase. Binase, when
administered alone, does not increase the levels of pro-inflam-
matory cytokines IL-6 and TNF-a and only slightly affects the
level of IL-1-a (Fig. 3). The positive immunomodulatory effect
of binase was also observed in the melanoma model and was
manifested in the increase of IFN-7y level and sharp decrease of
the level of IL-6 (Fig. 5B).

The development of all studied tumors leads to severe destruc-
tive changes in the liver and reduces its regeneration capacity.
Notably, binase itself at the studied dose range did not exhibit
general toxicity and hepatotoxicity in healthy mice. Treatment
with binase not only exacerbates the toxic burden of tumor on
liver, but reduces it and leads to the normalization of hepatic
regeneration potential.

The search for molecular mechanism of cytotoxic effect of
binase on tumor cells was performed using cell lines related
to tumor models studied in vivo. Despite the fact that binase
similarly suppressed respiration of the B-16 and RLS, cells, the
proportion of apoptotic cells in the population of B-16 was sig-
nificantly higher (Fig. 6). Due to the greater sensitivity of B-16
cells to binase, this cell line was used for elucidation of binase-
activated apoptotic pathways. One of the first responses of a
tumor cell to binase exposure is the drop in the mitochondrial
potential and increase of the intracellular Ca** level, leading to
the development of apoptosis via the intrinsic apoptotic pathway.
Subsequently, the TNF-a is synthesized determining the startup
of extrinsic apoptotic pathway through the binding of TNF with
the cell-death receptors and activation of caspase 8 (Fig. 7).

Thus, the antitumor activity of binase is realized via induc-
tion of the intrinsic and extrinsic apoptotic pathways. Similar
induction of apoptotic pathways by binase treatment was dem-
onstrated recently for mielogenic leukemia Kasumi-1 cells.?®
Cytotoxic effect of binase on the RLS, cells is manifested in a
similar way, and a lower percentage of apoptotic cells in a popula-
tion of the RLS, cells may be associated with increased expres-
sion of the genes bcl-2 and mdr-1b.” Obtained data shows that
there is a direct correlation between the sensitivity of tumor cell
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Figure 7. The effect of binase treatment (0.5 mg/ml) on B-16 cells. (A) Viability, (B) amount of cells and (C) proliferation rate after 5, 16, 24 and 48 h of
binase treatment. Values are expressed as a percentage of the control cells without binase treatment for each variant. (D) Amount of cells with low
mitochondrial membrane potential (s) and (E) amount of apoptotic cells in untreated B-16 cells and cells treated with binase after 5, 16, 24 and 48 h,
expressed as a percentage of the total number of cells for each variant. (F) Intracellular levels of Ca?* and ROS in the untreated cells and cells treated
with binase for 48 h. (G) Amount of cells with TNF on the cell surface and activated caspase 8 in untreated cells and cells treated with binase for 48 h
expressed as a percentage of cells with intact membrane for each variant. Untreated cells are represented by blank columns and cells treated with
binase, by filled columns. Each value is the mean of at least three independent experiments with triplicate samples + SD.

line in vitro and the response of the relevant tumor to treatment
in vivo.

It is clear that the nature of impact of binase on tumor cells in
vivo is more complex and incorporates, in addition to the apop-
totic effect on tumor cells, systemic response of the organism,
including activation of antitumor immune response (for example,
increase of the level of INF-v) and “hepatoprotective” effects.
Due to the fact that there is evidence of the presence of binase
in the bloodstream 15 min after injection (Fig. S1), the potential
ability of binase to change the pattern of small regulatory RNAs
cannot be excluded. The latter assumption was put forward for
some other antitumor ribonucleases.!>2!:3>:36:3940
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Our results unambiguously show that binase therapy on
animals bearing tumors of different histological types leads to
effective retardation of primary tumor and metastasis growth
and along with it has general systemic, immunomodulatory and
“hepatoprotective” effects. One of the important results is that
binase causes cytotoxic effect on tumor cells through the induc-
tion of apoptosis but does not induce the development of necrotic
events and inflammatory response in the organism. Tumors
that responded well to binase treatment in vivo have strong rel-
evance to the human analogs, suggesting the therapy with binase
has prospects as adjuvant treatment for high-risk metastasizing
human neoplasia.
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Materials and Methods

Binase preparation and purification. Binase (12.3 kDa) was
isolated as a homogenous protein from the cultural fluid of
Escherichia coli BL21 cells carrying plasmid pGEMGX1/ent/Bi.
The enzyme was purified as described earlier.” Endotoxins con-
tent in binase preparations, determined by the Limulus amoebo-
cyte lysate test (LAL) (Charles River Endosafe), was less than 5
EU/mg. Binase was assayed for catalytic activity using poly(I) as
substrate.”

Cell cultures. B-16, the C57Bl/6]-derived melanoma cells,
were obtained from the Institute of Cytology (RAS). The modi-
fied RLS,; cells were from cell collection of the Institute of
Chemical Biology and Fundamental Medicine (SB RAS). LLC
cells were generously provided by Dr N.A. Popova (Institute of
Cytology and Genetics, SB RAS). B-16 and RLS, cells were
grown on DMEM and IMDM media, respectively, containing
10% fetal calf serum, 100 units/ml penicillin, 100 pg/ml strep-
tomycin and 2 mM glutamine at 37°C in a humid atmosphere
with 5% CO,.

Determination of proliferation rate, apoptosis, mitochon-
drial membrane potential, intracellular levels of ROS and Ca**
and levels of activated caspase 8 by flow cytometry. CellTrace
Violet Cell Proliferation Kit (Invitrogen) was used for analysis
of cell proliferation according to Mitkevich et al.?® Cells with
damaged membranes were detected by propidium iodide (PI)
(Sigma).” Apoptosis was analyzed by double staining with
Annexin V-FITC (Invitrogen)** and PL.* Mitochondrial mem-
brane potential (W) was detected by MitoProbeDilC (5) (Ex/Em
638/658 nm) (Invitrogen). Cells (1 x 10°) were incubated with
0.5 pM DilC (5) for 30 min at 37°C in darkness. Cells were
then washed with PBS at 4°C and resuspended with PBS. ROS
and Ca®* levels were estimated by staining with H,DCE-DA (Ex/
Em 485/525 nm) and fluo-4 (Ex/Em 494/516 nm) (Invitrogen),
correspondingly, according to Mitkevich et al.?® Cells with active
caspase 8 were detected using Vybrant FAM™ caspase-8 assay
kit (Ex/Em 495/529 nm) (Invitrogen) according to the manu-
facturer’s protocol.

Viability and respiration rate of cells. Cell viability and
respiration rate were assessed with a WST-1-based test (Roche
Diagnostics) as described earlier.?

Tumor transplantation and design of animal experiments.
All animal procedures were performed in compliance with the
approved protocols and recommendations for proper use and
care of laboratory animals [ECC Directive 86/609/EEC]. Ten-
to 12-wk-old female C57Bl/6 and CBA/LacSto mice were used
in the experiments. Solid tumors LLC or RLS, were induced by
intramuscular injection of LLC or RLS, cells (10°) suspended
in 0.1 ml of saline buffer into the right thighs of C57Bl/6
and CBA/LacSto mice, respectively. To generate a metastatic
model of melanoma B-16 tumor cells (10°) suspended in 0.2
ml of saline buffer were inoculated into the lateral tail vein of
C57Bl/6 mice.

LLC-bearing mice were treated by intramuscular or intraperi-
toneal administration of binase at doses of 0.1, 0.5 and 1 mg/kg,
starting on day 4 after tumor transplantation. A total number of
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eight injections within 2 wk was administered. RLS, -bearing
mice and mice with metastatic model of B-16 were treated by
intraperitoneal administration of binase at doses of 1 and 5 mg/
kg thrice a week within 2 wk, starting on day 4 after tumor
transplantation.

The effect of combined treatment with binase and CHOP
(cyclophosphamide, doxorubicin, vincristine and predniso-
lone) was studied in the experiment with RLS, -bearing mice.
CHOP treatment was administered once a week on day 4
and 11 after tumor transplantation. Standard combination of
cytostatics (according to CHOP protocol), including cyclo-
phosphamide,

was used. The cytostatics were dissolved in the saline buffer

doxorubicin, vincristine and prednisolone,
directly before use and injected in doses corresponding to 1/5
of LD, :cyclophosphamide (50 mg/kg), doxorubicin (4 mg/kg),
vincristine (0.1 mg/kg) (Lens-Farm) and prednisolone (5 mg/kg)
(Nycomed). Doxorubicin was injected into the caudal vein; other
cytotoxic agents were injected intraperitoneally.

Tumor size was determined every 2 d by caliper measurements
in three perpendicular dimensions. Tumor volumes were calcu-
lated as V = (/6 x length x width x height). At the end of the
experiments, in 20 min after the last injection of binase, blood
samples from mice were collected to perform ELISA assays and
measurements of binase activity, and lungs and livers were col-
lected for histology and morphometry.

Binase toxicity on healthy mice. Binase toxicity was studied
on healthy animals in C57Bl/6 and CBA/LacSto mice. C57Bl/6
and CBA mice were treated by intraperitoneal administration of
binase at doses of 1 and 5 mg/kg thrice a week during 2 wk.
Control groups included intact animals that received no injec-
tions and animals with intraperitoneal injections of saline buffer
thrice a week during 2 wk. In the experiment, the body weight
of mice, condition of the hair and skin, the consumption of food
and water were evaluated. Material for histological study (livers)
was collected on day 14 after initiation of treatment.

Measurement of cytokine levels in the blood serum. Blood
serum was prepared by clot formation at 37°C for 30 min and at
4°C overnight followed by clot discard and serum centrifugation
(4,000 rpm, 4°C, 20 min). Serum samples were stored at -70°C
until analysis. The levels of TNF-a, IL-6, IL-la and IFN-y in
blood serum of mice were measured using Mouse IFN gamma,
IL-6, IL-1-a and TNF «a Colorimetric ELISA Kits (Thermo
Scientific) according to the manufacturer’s protocols. The level of
IFN-a was measured using Mouse Interferon Alpha (Mu-IFN-)
ELISA Kit (Thermo Scientific).

Histology and morphometry. For histological and morpho-
metric analysis, the lungs and livers were fixed in 10% neutral-
buffered formalin, routinely processed and embedded in paraffin.
Paraffin sections (5 wm) were stained with hematoxylin and
eosin, microscopically examined and scanned. The percentage of
the metastases area in relation to the area of the measured lobe
of the examined organ was calculated. The metastasis inhibition

index was calculated as MII = [mean metastasis area_ - mean

ontrol

metastasis area

experiment

MII of the control group reflects the absence of metastasis inhibi-

]/mean metastasis area_  x 100%. The

tion and is equal to 0%.
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To assess the toxic effects of polychemotherapy and binase,
stereological quantification of the liver samples was performed by
point counting, using closed test-system at a magnification 40x.
Used test-system has 81 straight-line segments and 100 testing
points in a testing area equal to 3.2 x 10° wm?. Ten or 15 random
fields were studied in each specimen, in total forming 100-150
fields for each group of mice. The volume densities (Vv) of nor-
mal liver parenchyma, hepatocytes with degenerate and necrotic
changes and numerical density (Nv) of binuclear hepatocytes
reflecting the regeneration capacity of the liver were evaluated as
described elsewhere.**

Statistics. The data were statistically processed using the
Student’s t-test (two-tailed, unpaired); a p value of < 0.05 was
considered to indicate a significant difference.
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