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ABSTRACT

Purpose of the study. Evaluation of the expression of immunohistochemical tumor markers Ki-67, b-catenin, Bcl-2, P53,
connexin 32 and connexin 43 when using 2-(6,8-dimethyl-5-nitro-4-chloroquinoline-2-yl)-5,6,7-trichloro-1,3-tropolone in mice
with xenographs of squamous cell lung cancer.

Materials and methods. Subcutaneous PDX models of human squamous cell lung cancer were created in immunodeficient
BALB/c Nude mice. A fragment of the patient’s tumor (3 x 3 x 3 mm) was implanted subcutaneously in the right thigh of
a previously anesthetized mouse. 200 pl of 2-(6,8-dimethyl-5-nitro-4-chloroquinoline-2-yl)-5,6,7-trichloro-1,3-tropolone was
administered orally using a probe in 12 doses once every 3 days. All animals were divided into groups depending on the
tropolone doses: experimental groups 2—5 with doses of 0.0055, 0.055, 0.55 and 2.75 mg/g, respectively. The control group
received 1 % starch gel which was tropolone carrier. The animals were euthanized 36 days after the start of the substance
administration, and the tumor tissue was isolated and prepared for the IHC study according to the standard protocol. IHC
reactions were performed using antibodies for Ki-67, b-catenin, Bcl-2, P53, connexin 32 and connexin 43.

Results. Higher tropolone doses were associated with decreased expression of Ki-67, b-catenin, and the Bcl-2 protein, but
increased expression of the P53 protein. The dosage of tropolone and expression of connexin 43 were directly proportional.
Conclusion. Immunohistochemical analysis of expression of proteins in PDX models of human squamous cell lung cancer when
using 2-(6,8-dimethyl-5-nitro-4-chloroquinoline-2-yl)-5,6,7-trichloro-1,3-tropolone showed the changes indicating its antitumor
efficacy and suggesting a possible mechanism of action based on the activation of apoptosis.
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OPUTUHANBbHAA CTATbA

UMMYHOTUCTOXUMUYECKASA OLIEHKA BO3MOXHBIX MEXAHU3MOB
[POTUBOONYXOJIEBOTO AEUCTBUA 2-(6,8-AUMETUII-5-HUTPO-4-XNOPXUHOJINH-
2-WN)-5,6,7-TPUXN10P-1,3-TPOMOJIOHA HA PDX-MOZAENAX PAKA JIETKOTO
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PE3IOME

Llenb nccneposanus. OLeHWUTb YPOBEHb 3KCNPECCUM UMMYHOTMCTOXMMUYECKUX OMyxosneBbix MapkepoB Ki-67, b-catenin, Bcl-2,
P53, KOHHEKCHHA 32 1 KOHHEKCUHA 43 Npu NpUMeHeHUN 2-(6,8-AMMETUN-5-HUTPO-4-XNTOPXUHONUH-2-1n)-5,6,7-Tpuxsiop-1,3-Tpo-
MoJIOHa y MblILLEN € KCeHorpadTaMum MIOCKOKIETOYHOro paka Nerkoro.

Martepuanbl n meTogbl. Ha UMMyHOAEeDUUMTHBIX Mbilwax nnHUM BALB/c Nude 6binv nonyyeHbl NoagkoXxHble PDX-mopenu nno-
CKOKJIETOYHOIO paKa Jierkoro yesoBeka. OparMeHT onyxonu naumneHTa pasmepom 3 x 3 x 3 MM UMMIAaHTUPOBaIN NMOAKOXHO
B 06nacTb NpaBoro 6efpa MbiLUu, NpeaBapuTENbHO HAPKOTU3MPOBAB XMBOTHOE NPY MOMOLLM KCUNasuHa KOHLEeHTpauwmeit 20 Mr/mn
1 3oneTuna (TUNeTamuH, 3onas3enamM OCHOBaHUE) KOHLEHTpauweit 22,57 mr/mn. BeefieHne cy6cTaHLmum 2-(6,8-AMMETUN-5-Hu-
TPO-4-XNIOPXUHONMNH-2-1N)-5,6,7-TpuUx1op-1,3-TPOMOJIOH, NPOU3BOAWM NEPOPANbHO NPY NOMOLLYM 30HAa B o6beme 200 Mk B 12
NpUeMOB C KpaTHOCTbto 1 pa3 B 3 AHS. Bce XXMBOTHbIe 6blin pacnpefeneHbl no rpynnam B 3aBUCUMOCTY OT NPUMEHEHHOM J03bl
TpononoHa: onbiTHble rpynnbl N2 2-5 B gosax 0,0055, 0,055, 0,55 v 2,75 Mr/r cooTBeTCTBEHHO. KOHTPONbHO rpynne XXMBOTHbIX
BBOAMAM T % KpaxManbHbIii reflb, KOTOPbIV ABNSACA HOCUTENEM AJ18 TpononoHa. Mocne 36 AHel OT Hayana BBEA,EHUS Cy6CTaHLMM
YXMBOTHbIX 9BTaHa3MpOBany, BbIAENANN ONYXONEBYHO TKaHb, KOTOPYO rotoBuau K X nccnefosaHuio No ctaHgapTHOMY NpoTo-
kony. Mposoannu UMX peakuuu ¢ ucnonb3oBaHueM aHTuTen ans Ki-67, b-catenin, Bcl-2, P53, koHHekcuHa 32 1 KoHHeKcrHa 43.
Pesynbratbl. Bbls10 06HapYXXeHO, YTO C NOBbLILLEHNEM A03bl TPOMOSIOHA YMeHbLUaeTest akcnpeccus Ki-67, b-catenin, a Takxe
NPOUCXOANT CHUXKEHME YPOBHSA aKcnpeccum 6enka Bel-2. Mpu aToM ypoBeHb akcnpeccum 6enka P53 HapacTaeT npu yBenuue-
HWM [103bl NPUMEHEHHOrO BellecTBa. Mpu nccnefoBaHUM BAUSIHUA TPOMOIOHA Ha YPOBEHb SKCMNPECCUM KOHHeKCHUHa 43 6bina
o6Hapy>keHa NpsiMo NPONopLUMOHanbHast 3aBUCUMOCTb ero 3KCMPECCUM NPU NMOBbILIEHWUM [03bl TPOMOJSIOHa.

3akntouenue. MpoBefeHHbI UMMYHOUCTOXMMUYECKUIA aHaNN3 YPOBHSA aKcnpeccuu 6enkoB B PDX-Mopensix NoCcKoKNeTouy-
HOro paka Nerkoro YenoBeka npu npuMeHeHun 2-(6,8-4UMeTUN-5-HUTPO-4-XNOPXUHONUH-2-UN)-5,6,7-Tpuxnop-1,3-TpononoHa
06HapYXXU/ X USMEHEHMS, YKa3blBatoLLMe Ha ero NPOTUBOOMNYX0NEBYHO 3(h(HEKTUBHOCTb M NO3BONSIIOLME NpeanonaraTh
BO3MOXHbI MeXaHWU3M LeNCTBUS U3YYEHHOW Cy6CTaHLMM 3a CYET aKTUMBALMM anonTo3a.

KnioueBble cnosa:
2-(6,8-BUMETUII-5-HUTPO-4-XNIOPXUHONIUH-2-1N)-5,6,7-TpUxnop-1,3-TPOMOMOH, NIOCKOKNETOUHbI pak nerkoro, PDX, Ki-67,
b-catenin, Bcl-2, P53, kOHHEKCUH 32 1 KOHHEeKCUH 43, anonTos
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INTRODUCTION

Platinum preparations are still used as a chemother-
apeutic treatment for lung cancer, and therefore the
search for chemical substances with an effective anti-
tumor effect in this nosology continues [1; 2]. In recent
years, tropolone alkaloids, which have demonstrated
selective toxicity against malignant tumor cells, have
been considered as such [3]. The most well-known
tropolones of natural origin — colchicine, colhamine
and B-tuiplicin (quinocithiol) demonstrate pronounced
antitumor properties due to various mechanisms [4].

The natural troponoid colchicine has the effect
of inhibiting tumor growth due to binding to tubulin,
which disrupts cell division, as well as due to the
ability to limit mitochondrial metabolism in malignant
cells by inhibiting potential-dependent anion channels
of the mitochondrial membrane [5; 6]. The antitumor
effect of the modern natural troponoid quinocithiol
due to the induction of caspase-dependent apoptosis,
autophagy, blocking of the S-phase of the cell cycle,
DNA damage and its demethylation was noted in
relation to colon cancer cells, lung adenocarcino-
ma, breast cancer, multiple myeloma, hepatocellular
cancer [7; 8].

Unlike natural and synthetic B-substituted tropo-
lones, the mechanisms of antitumor action of a-sub-
stituted analogues have been little studied. Some
studies have shown the ability of synthesized a-sub-
stituted tropolones by induced caspase-dependent
apoptosis to suppress the growth of lymphocytic
leukemia cells (but not healthy blood cells), as well
as cell culture of multiple myeloma [9]. In vitro studies
have shown a connection between the mechanisms
of cytotoxic action of the compounds studied with
the induction of apoptosis and changes in the activity
of the ERK signaling pathway in ovarian and colon
cancer cells [10].

Purpose of the study: to evaluate the expression
level of immunohistochemical tumor markers Ki-67,
b-catenin, Bcl-2, P53, connexin 32 and connexin 43
when using 2-(6,8-dimethyl-5-nitro-4-chloroquino-
line-2-yl)-5,6,7-trichloro-1,3-tropolone in mice with
xenografts of squamous cell lung cancer.

MATERIALS AND METHODS

The study used 50 BALB/c Nude mice of both
sexes, which were obtained from the nursery of the

Russian Academy of Sciences (Novosibirsk) and
were kept in standard conditions of the SPF vivar-
ium of the National Medical Research Centre for
Oncology Testing Laboratory Center. The study was
approved by the Ethical Committee National Medical
Research Centre for Oncology (Protocol No. 1/61
of 02/19/2019). Manipulations with animals were
carried out in accordance with the ethical principles
established by the European Convention for the Pro-
tection of Vertebrates Used for Experimental and
Other Scientific Purposes.

Subcutaneous PDX models (Patient-Derived Xeno-
graft) of human squamous cell lung cancer in the 4th
passage were obtained on immunodeficient BALB/c
Nude mice [11]. The donor of the tumor material was
patient T., diagnosed with: C34.3 Central cancer of the
lower lobe of the right lung, pT3NOMQO, st IIB. The his-
tological type of the patient's tumor is squamous cell
lung cancer. A fragment of the patient's tumor mea-
suring 3 x 3 x 3 mm was implanted subcutaneously
into the right thigh of the mouse, having previously
anesthetized the animal with xylazine at a concen-
tration of 20 mg/ml and zoletil (tiletamine, zolaz-
epamine) at a concentration of 22.57 mg/ml [12].

In the experiment, the substance 2-(6,8-dimeth-
yl-5-nitro-4-chloroquinoline-2-yl)-5,6,7-trichloro-1,3-tro-
polone (hereinafter tropolone) synthesized by the
expansion of the o-quinone cycle in SRI of Physical
and Organic Chemistry of the Southern Federal Uni-
versity was introduced [13]. The administration of
substances began after the tumor nodes reached
volumes of 100 mmé3. 1 % starch gel was used as
a carrier for the introduction of tropolone. The sub-
stances were administered orally using a probe in the
volume of 200 pl in 12 doses with a multiplicity of
1 every 3 days, regardless of food and water intake.
All animals were divided into groups depending on
the applied dose of tropolone (Table 1).

The duration of the experiment was 36 days, start-
ing from the first administration of the substance.
After euthanasia of animals by dislocation of the cer-
vical vertebrae, tumor material was isolated and, after
standard preparation, enclosed in paraffin blocks.
For the IHC study, sections were made from paraffin
blocks using a rotary microtome, which were subse-
quently dewaxed according to a standard protocol.
All stages of the immunohistochemical reaction were
carried out in the VENTANA BenchMark ULTRA im-
munohistostainer of Roche (Switzerland), according
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to the protocols of manufacturers attached to the
mono- and polyclonal antibodies used. UltraView
Universal DAB Detection, manufactured by Ventana
Medical Systems, was used as a primary antibody
detection system. Antibodies were used for IHC reac-
tions: Ki-67 — Cell Marque, USA, p53, b-catenin, Bcl-2,
connexin 32 and —43 - Ventana Medical Systems,
USA. The intensity of immuno—-staining was assessed
using light microscopy (Leica DM3000 microscope).

The normality of the distribution of signs was as-
sessed using the Shapiro-Wilk criterion. Median and
interquartile range were calculated for quantitative
data. The statistical significance of the differences
between the groups was assessed using a pairwise
comparative analysis using the Mann-Whitney cri-
terion. The significance level for the methods used
was set as p < 0.05.

RESEARCH RESULTS AND DISCUSSION

In the immunohistochemical study of the ex-
pression of the Ki-67 proliferation marker in human

lung cancer xenograft tissues, the proportion of
immunopositive cells in the 1st control group was
66.3 [61.5-69.3] %, in the 2nd, 3rd, 4th and 5th exper-
imental groups - 64.7 [62.3-65.3] %, 61.4 [60.3-62.3]
%, 59.3 [58.1-60.2] % and 55.2 [53.2-57.4] %, re-
spectively, that is, there was a statistically significant
decrease in the level of Ki-67 expression as the dose
of tropolone increased and compared with the control
group (p < 0.01) (Fig. 1).

The percentage of positively stained cells when
assessing the expression of b-catenin in human lung
cancer xenographs was in the experimental groups:
in the 2nd - 32.7 [31.2-33.1] %, in the 3rd =24.5
[23.4-26.5] %, 4-th — 22.3 [20.7-23.6] % and in 5-th -
8.4[7.2-9.3] %, which was statistically significantly
lower at p < 0.05 relative to the control group (33.7 £
0.3 %) (Fig. 2). When assessing Bcl-2 expression in
human lung cancer xenographs, a statistically sig-
nificant (p < 0.01) decrease in Bcl-2 expression was
observed with an increase in the tropolone dose,
and the proportion of immunopositive cells was on
average in group 1 (control) = 61.1 [57.9-62.4] %, in

Table 1. Study design

Group number Group naming

Number of animals involved

Injected agent Agent dose, mg/g

1 Control 10 Starch gel 1%
2 10 0.0055
3 10 0.055
e — Study Tropolon
4 10 0.55
5 10 2.75
40,0
68,0
—_ 35,0
66,0 2
z * T 200
= 64,0 " = ’ *
< 2 *
< 62,0 5 250
2 * 'E *
£ 60,0 S L0
S X '
s 580 " T 150
= 56,0 £
S £ 100
g 540 5
=
52,0 50
50,0 00
0 0,0055 0,055 0,55 2,75 0 0,005 0.055 0.5 %75
Dose, mg/g Dose, mg/g

Fig. 1. The relationship between the dose of tropolone and the
proportion of immunopositive cells in assessing the expression
of Ki-67 in PDF models of human lung cancer in immunodeficient
BALB/c Nude mice. 0 — control group, * — statistically significant
differences in comparison with the control group (p < 0.05).

Fig. 2. The relationship between the dose of tropolone and

the proportion of immunopositive cells when evaluating the
expression of i-catenin in PDF models of human lung cancer in
immunodeficient BALB/c Nude mice. 0 — control group,

* — statistically significant differences in comparison with the
control group (p < 0.05).
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Fig. 3. The relationship between the dose of tropolone and the
proportion of immunopositive cells in assessing Bcl-2 expression
in PDX models of human lung cancer in immunodeficient
BALB/c Nude mice. 0 — control group, * — statistically significant
differences in comparison with the control group (p < 0.05).
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Fig. 4. The relationship between the dose of tropolone and

the proportion of immunopositive cells when evaluating the
expression of P53 in PDX models of human lung cancer in
immunodeficient BALB/c Nude mice. 0 - control group, * —
statistically significant differences in comparison with the control
group (p < 0.05).
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Fig. 5. The relationship between the dose of tropolone and

the proportion of immunopositive cells in assessing the
expression of connexin 43 in PDX models of human lung cancer
in immunodeficient BALB/c Nude mice. 0 — control group, * —
statistically significant differences in comparison with the control
group (p < 0.05).
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the 2nd (0.0055 mg/qg), 3rd (0.055 mg/qg), 4th (0.55
mg/g) and 5th (2.75 mg/g) groups — 56.8 [55.4—
58.6] %, 55.5[53.1-56.3] %, 52.5[52.9-55.2] % and
50.9* [50.1-53.2] %, respectively (Fig. 3).

When evaluating the expression of the oncosup-
pressor protein P53, the proportion of immunoposi-
tive cells in human lung cancer xenographs averaged
30.9+0.5% ingroup 1,ingroups 2,3,4and 5 - 35.8
+0.4[32.3-37.5] %, 41.4+1[39.9-43.1] %, 42.9
1.3[41.2-44.3] % and 48.1 + 0.4 [45.9-51.3] %, re-
spectively (Fig. 4). At the same time, a statistically
significant (p < 0.01) increase in the expression level
of P53 was observed with an increase in the dose of
tropolone (in 2, 3, 4 and 5groups compared with the
control group), which indicates an increase in the
processes of apoptosis in the tumor tissue (Fig. 4).

When analyzing the expression of connexin 32 in
the tissues of PDX models of lung cancer in all exper-
imental groups of animals, no statistically significant
differences (p > 0.05) were found with the control
group. The percentage of positively colored cells was
62.1 [60.2-63.5] %, 61.1 [59.9-62.9] %, 61.6 [60.1-
63.1] %, 61.3 [59.8-62.1] % and 61.7 [60.4-62.9] %
for 1-5 groups, respectively.

The proportion of immunopositive cells in assess-
ing the expression of connexin 43 in human lung
cancer xenographs was on average in group 1 (con-
trol) — 62.8 [58.3-63.2] %, in the 2nd, 3rd, 4th and
5th groups - 65.3 [64.1-66.5] %, 66.9 [65.3—69.5] %,
71.8[69.4-72.9] % and 74.8 [72.3-76.4] %, respec-
tively, that is, when exposed to tropolone, there was
a statistically significant increase in the level of con-
nexin 43 expression in the experimental groups com-
pared with the control group. (P,_,,_, < 0.05; P
< 0.01) (Fig. 5).

The immunohistochemical analysis of the ex-
pression level of proteins Ki-67, b-catenin, Bcl-2,
P53 and connexins 43 and 32 in PDX models of
squamous cell lung cancer with the use of 2-(6,8-di-
methyl-5-nitro-4-chloroquinoline-2-yl)-5,6,7-tri-
chloro-1,3-tropolona found their changes indicating
dose-dependent antitumor activity and suggesting
possible mechanisms of action of the studied sub-
stance. Thus, it was found that with an increase
in the dose of tropolone, the expression of Ki-67,
b-catenin decreases, and there is also a decrease
in the expression level of the anti-apoptotic protein
Bcl-2, while the expression level of the oncosup-
pressor protein P53 increases with an increase in
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the dose of the substance used. The Ki-67 protein
is currently considered as the most reliable mark-
er of proliferation, including for lung cancer, and
its decrease observed in the experimental groups
relative to the indicators in the control group in-
dicates a decrease in the proliferative activity of
tumor cells of squamous cell lung cancer when
using tropolone [14]. It is believed that b-catenin
exhibits various effects in tumor cells, in particu-
lar, it activates proliferation, being one of the key
molecules of the tumorogenic signaling pathway
Wnt/b-catenin and, due to the intersection with oth-
er signaling pathways, regulates apoptosis, angio-
genesis and cell invasion, and also participates
in the shift of cellular metabolism towards oxy-
gen-free glucose oxidation [15]. A decrease in the
expression of b-catenin by lung cancer tumor cells
in PDX models with the use of tropolone confirms
the antitumor effect of this substance, obviously
mediated through the Wnt/b-catenin signaling path-
way. Studies have shown that overexpression of
Bcl-2 protein blocks apoptosis and thus promotes
tumor progression [16]. Lee Y.-S. and co-authors
(2013) showed a decrease in Bcl-2 expression when
exposed to natural tropolone — quinokithiol on sub-
cutaneous xenografts obtained by transplantation
of human colon cancer cell cultures HCT-116 and
SW-620 [17]. Suppression of the expression of an-
ti-apoptotic protein Bcl-2 in subcutaneous xenograft
cells of squamous cell lung cancer in combination
with increased expression of oncosuppressor P53,
known for its activating effect on pro-apoptotic
proteins Bax and Bid, indicates stimulation of apop-
tosis with the use of 2-(6,8-dimethyl-5-nitro-4-chlo-
roquinoline-2-il)-5,6,7-trichloro-1,3-tropolone.
When studying the effect of tropolone on the ex-
pression level of connexin 43, a dependence of its
expression was found with an increase in the dose

of tropolone. It is known that connexins are tumor
suppressors that regulate cell proliferation, apopto-
sis, chemoresistance, migration and invasion with
the help of intercellular communication of the slit
junction [18]. Overexpression of connexin 43 in the
nucleus correlates with increased aggressiveness
of lung tumors, which is associated with its ability to
recruit E-cadherin, providing tumor cells with a more
invasive phenotype, increasing their ability to migrate,
survival, and contributing to the development of dis-
tant metastases [19]. However, connexin 43 with its
cytoplasmic localization is able to inhibit tumorogen-
esis [20]. Assuming the overall antitumor efficacy of
the tropolone studied, we can talk about the induction
of the suppressor function of connexin 43 relative to
lung cancer in the PDX model. Some studies show
that connexin 32 is overexpressed in lung cancer
cells [21]. Knockout or knockdown of the connexin 32
gene leads to an increase in the frequency of chemical
and radiation-induced lung tumors, and also enhanc-
es epithelial-mesenchymal transition, migration and
invasion of tumor cells [22], probably partly due to
activation of the MAPK pathway. However, we have
not detected the effect of tropolone on the expression
of connexin 32, the reason for this is not clear and
requires further study.

CONCLUSION

The detected changes in the studied immuno-
histochemical markers on PDX models, indicating
a decrease in the proliferative activity of lung tumor
cells, as well as activation of apoptosis processes,
indicate the manifestation of the antitumor effect of
tropolone. Based on the results obtained, we assume
that a possible mechanism of antitumor action of the
studied tropolone is activation of apoptosis.
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