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ABSTRACT Skin cancers such as squamous cell carcinoma (SCC) are among the most aggressive types of tu-
mors. They come with a high rate of growth, metastasis, and frequently occurring chemoresistance. Smoking
is one of the risk factors for SCC progression, and the a7 nicotinic acetylcholine receptor (a7-nAChR) is a
promising target for SCC therapy. Human secreted protein SLURP-1 is an auto/paracrine regulator of ep-
ithelial homeostasis and a selective negative allosteric modulator of a7-nAChR. Recently, we demonstrated
the high efficiency of the therapy based on the recombinant SLURP-1 in controlling SCC cell growth and
metastasis in vivo. The anti-tumor effect of SLURP-1 was mediated through interaction with both a7-nAChR
and the epidermal growth factor receptor (EGFR). Cytotoxic antibiotic doxorubicin has been proposed for the
SCC therapy; however, its use is limited due to the high toxicity. In this study we investigated the use of an
enhanced SLURP-1 dose and of a combination of SLURP-1 with low-dozen doxorubicin for SCC treatment of
mice xenografted with squamous cell carcinoma A431 cells. An increased SLURP-1 dose didn’t significantly
enhance the efficiency of the therapy. However, the combination with doxorubicin further enhanced the an-
ti-tumor activity of SLURP-1 and dramatically suppressed metastasis. The effect from the combined therapy
was accompanied by down-regulation of EGFR expression in tumors. Direct inhibition of EGFR activation
by SLURP-1 was shown. No toxicity of the combined therapy was encountered. Our data indicate that the
combination of SLURP-1 with chemotherapy in lower doses is a promising approach in SCC treatment and
should be further studied.

KEYWORDS cancer, chemotherapy, SLURP-1, Ly6/uPAR, a7-nAChR, EGFR.

ABBREVIATIONS AKT - protein kinase B; EGF — epidermal growth factor; EGFR — epidermal growth factor
receptor; nAChR — nicotinic acetylcholine receptors; PI3K — phosphoinositide 3-kinase; SCC — squamous
cell carcinoma; Src — non-receptor tyrosine kinase Src; STAT3 — signal transducer and activator of tran-
scription 3.
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INTRODUCTION

Skin cancer, particularly squamous cell carcinoma
(SCC), is one of the most aggressive types of tumors,
as its incidence, morbidity, and mortality rates con-
tinue to increase worldwide [1]. The major obstacles
in the treatment of SCC are the inability to achieve a
complete surgical removal of the tumor, tumor metas-
tasis, and the development of resistance to chemother-
apeutic agents [1-4]. Smoking is one of the risk factors
for SCC progression [5], and nicotinic acetylcholine
receptors (nAChRs) activated upon tobacco consump-
tion are promising targets for SCC therapy. nAChR
of a7 type (a7-nAChR) is well known as a tumor
growth promoter [6—9]. The expression of a7-nAChR
is increased in cancer cells compared to normal cells
[10], and it correlates with a poor prognosis [11, 12].
Activation of a7-nAChR promotes the proliferation,
angiogenesis, migration, and invasion of carcinoma and
glioma cells [8, 12—19]. In cancer cells, a7-nAChR can
form heteromeric complexes with another proonco-
genic receptor: the epidermal growth factor receptor
(EGFR) [20—23]. Moreover, activation of a7-nAChR in
SCC by nicotine promotes chemoresistance and metas-
tasis via the transactivation of EGFR [24].

Some endogenous human proteins of the Ly6/uPAR
family [25] modulate the a7-nAChR activity and can
be considered prototypes for tumor-selective and non-
toxic targeted anticancer drugs. The human secreted
protein SLURP-1 is one of such a7-nAChR modula-
tors [26] and an auto/paracrine regulator of epithelial
homeostasis [27]. SLURP-1 expression is down-regu-
lated in primary and metastatic melanoma compared
to normal cells [28, 29], while an elevated plasma level
of SLURP-1 correlates with a better chance of sur-
vival for patients with pancreatic cancer [30]. A re-
combinant analogue of SLURP-1 inhibits cancer cell
growth in vitro and in vivo [21, 22, 30—35], as well as
abolishes nicotine-induced cell proliferation [36]. Its
anti-tumor effect in vivo in the SCC model (A431
xenografts) is mediated by an interaction with both
a7-nAChR and EGFR [22].

Doxorubicin (a DNA-intercalating anthracycline an-
tibiotic that also inhibits EGFR signaling [37, 38]) has
been proposed for SCC therapy [39], because it ap-
pears to exert a complex, antiproliferative effect by
inhibiting the transcription of oncogenes and gener-
ating free radicals [40]. However, its use in therapy is
severely limited by its high toxicity [41]. Thus, a re-
duced dose of doxorubicin can be a good way to coun-
teract its possible side effects.

Here, we propose using lowered concentrations of
doxorubicin in combination with SLURP-1. We inves-
tigated whether a combination of low-dose SLURP-1
and doxorubicin could be used to control the growth
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and metastasis of SCC cells in vivo. Beside the high
efficiency of the proposed therapy, a decreased EGFR
expression in tumors of mice treated with SLURP-1
and doxorubicin was revealed. The data obtained in-
dicate the high potential of the proposed approach.

EXPERIMENTAL

Materials and animals
Recombinant SLURP-1 was produced in E. coli as
previously described [31, 42].

Doxorubicin was provided by TEVA (Tel Aviv-Yafo,
Israel).

The animals were bred and housed under the
standard conditions of the Animal Breeding Facility,
BIBCh, RAS, accredited at the international level by
AAALACI. All procedures were performed in ac-
cordance with the ethical recommendations of Rus-
LASA approved by the Institutional Animal Care and
Use Committee of IBCh, RAS (protocol # 318/2021).

Cell cultivation and migration

analysis by scratch assay

Human squamous cell carcinoma A431 cells (ATCC,
Manassas, VA, USA) were grown (37°C, 5% CO,) in a
DME medium (PanEco, Russia), 10% fetal calf serum
(Thermo Fisher Scientific, USA), abbreviated as the
complete medium. The cells were subcultured at least
twice per week.

Cell migration was measured by a scratch assay as
described earlier [21, 43]. Images were obtained us-
ing CloneSelect Imager (Molecular Devices, United
States), and the scratch area occupied by migrat-
ing cells was quantified using ImageJ (NIH, United
States). Data were normalized to the average area oc-
cupied by migrated cells in the control wells and ap-
proximated with a Hill equation.

Tumor xenograft model, treatment

strategy, and living mice imaging

To obtain the luminescent A431/NanoLuc cells, the pa-
rental A431 cells were transfected with the NanoLuc
plasmid as described in [44] using the FUuGENE HD
transfection reagent (Promega, USA).

Male BALB/c Nu/Nu mice (22—25 g) were engrafted
subcutaneously on the back with 10" A431/NanoLuc
cells in 100 pL of 30% Matrigel (Corning, USA) in the
complete medium. On the 3¢ day after A431/NanoLuc
cells engraftment, the mice were randomly divided
into five groups (initially n = 8-10, Table S1), and i.wv.
injected once a day for the ten subsequent days with
100 pL of a 0.9% NaCl solution (saline) containing: 1) no
additives — control, 2) 100 pg of SLURP-1 (final body
concentration 5 mg/kg), 3) 10 pg of SLURP-1 (final
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body concentration 0.5 mg/kg), 4) 50 pg of doxorubicin
(2.5 mg/kg), 5) b ug of doxorubicin (final body concen-
tration 0.25 mg/kg) with 10 pg of SLURP-1 (final body
concentration 0.5 mg/kg) (Fig. 1A). Some animals died
during the experiment (Table S1 and Fig. S1) and were
excluded from the analysis.

The primary tumor volume was measured with a
caliper and calculated using the formula

V=052xA % B?

(A is the largest diameter and B is the smallest di-
ameter).

On the 37, 13™ and 23" days after tumor engraft-
ment, tumors were visualized with the IVIS Spectrum
CT imaging system (Perkin Elmer, USA) as described
earlier [22]. Bioluminescence images were acquired
using a IS1803N7357 iKon camera (Andor, Belfast,
UK) and normalized to photons per second per cm?
per steradian (p/sec/cm?/sr) and analyzed using the
Living Image 4.5.5.19626 software (Xenogen, USA).

On the 24" day after tumor engraftment, the mice
were euthanized by cervical dislocation, and the tu-
mors were isolated with a scalpel and forceps and
immediately frozen at —150°C for further analysis.
The lungs, liver, kidneys, spleen, and heart were re-
moved from the euthanized mice with a scalpel and
forceps and placed in a 4% paraformaldehyde solution
(Applichem, Spain).

Western blotting

To assess the influence of SLURP-1 and doxorubicin
on EGFR expression, the tumors (0.05 mg per sample)
were homogenized, solubilized in 2% Triton X-100,
and diluted in non-reducing PAGE buffer. Western
blotting was performed with primary antibodies
(sc-120, Santa Cruz, USA, 1 : 1000) and secondary
antibodies (715-035-150, Jackson Immunoresearch,
USA, 1:5000) for EGFR detection. The HRP sig-
nal was detected with the ECL substrate (Bio-Rad,
USA) using an ImageQuant LAS 500 chemidocument-
er (GE Healthcare, USA). Data were processed using
the ImageJ 1.53t software (NIH, USA).

In-cell ELISA

To study the effect of SLURP-1 on EGFR activa-
tion, A431 cells were seeded in 96-well culture plates
(1 X 10* cells/well). After 24 h the culture medium
was replaced with a serum-free medium, and af-
ter another 24 h the culture medium was changed
to ones containing SLURP-1 at various concentra-
tions. Preincubation with SLURP-1 was performed
for 30 min. After that, EGFR activation was stimulat-
ed by the addition of 25 nM EGF to the cells, which

were incubated for another 3 h at 37°C, 5% CO,. The
cells were fixed with a 4% paraformaldehyde solution
in PBS, blocked with PBS buffer containing 2% BSA
and 0.1% Triton X-100, and incubated with primary
antibodies against p-EGFR(Y1173) (ABIN343717, anti-
bodies-online, 1 : 1 000) and with secondary antibodies
(715-035-150, Jackson Immunoresearch, West Grove,
PA, USA, 1 : 5000). Next, 50 uL of a TMB solution
was added to the wells. The reaction was stopped
with a 2M H,SO, solution, and the absorbance in the
wells was determined at 450 nm using a AMR-100
plate reader (Allsheng, China).

Histochemistry

For the histochemical analysis, samples of the lung, liv-
er, kidney, spleen, and heart from three randomly se-
lected mice from each group that had received saline
(control), SLURP-1 (5 mg/kg), doxorubicin (2.5 mg/kg),
or SLURP-1 (0.5 mg/kg) + doxorubicin (0.25 mg/kg)
were fixed in a 10% neutral formaldehyde solution in
PBS buffer, washed in running tap water, dehydrat-
ed in graded alcohols, and embedded in paraffin. The
4- to 5-pm-thick Paraffin sections stained with hema-
toxylin and eosin were examined with a conventional
light AxioScope.Al microscope (Carl Zeiss, Germany).
Microphotographs of the histologic preparations were
taken with the high-resolution camera Axiocam 305
color (Carl Zeiss) equipped with the ZEN 2.6 lite soft-
ware (Carl Zeiss) at X200 magnification.

Statistical Analysis

Data are presented as a mean = SEM. The number of
samples (n) is indicated in the figure legends. The sta-
tistical analysis was performed using the GraphPad
Prism 9.5.0 software (Graphpad software, USA). The
data were analyzed for a normal distribution using
the Shapiro-Wilk omnibus normality test. For non-
parametric data, the Kruskal-Wallis test was used, in-
stead of the one-way ANOVA test. The analysis was
performed using the unpaired t-test; the Kruskal-
Wallis test, followed by Dunn’s post hoc test; one-way
ANOVA, followed by Dunnett’s or Tukey’s post hoc
test; one-way Welch ANOVA, followed by Dunnet’s
post hoc test; and two-way ANOVA, followed by
Dunnett’s post hoc test as indicated in the figure leg-
ends. Differences between groups were considered
statistically significant at p < 0.05.

RESULTS
An increased dose of SLURP-1 doesn’t
increase the therapeutic efficiency in vivo

In this work we compared two doses of the pro-
tein: we used the 0.5 mg/kg used in [22] and the ten
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Fig. 1. The influence of different SLURP-1 doses on tumor growth in the A431 /NanoLuc mice xenograft model.

(A) Scheme of drugs administration and tumor growth measurements.

(B) Representative images of tumor bioluminescence (A431 /NanolLuc cells) before treatment (the 3rd day after tumor en-
graftment, the 1st day of the therapy), after treatment (the 13 day after tumor engraftment, the next day after end of the
10-day therapy course), and before sacrification (the 23" day after tumor engraftment). See Fig. S1 for all mice images.
(C) The primary tumor volume measurements with a caliper. Data presented as mm?® = SEM. *(p < 0.05),

**(p < 0.01), ***(p < 0.001), and ****(p < 0.0001) indicate a significant difference between the Control (saline) and
(0.5 mg/kg SLURP-1) groups; #(p < 0.05), ##(p < 0.01), and #H#H H##(p < 0.0001) indicate a significant difference
between the Control and (5 mg/kg SLURP-1) groups according to the two-way ANOVA, followed by Dunnett’s post
hoc test. The days of treatment are marked with a light blue bar; (C, insert). The average primary tumor volume meas-
ured with a caliper for each mouse in the last 5 days (20—24 days after tumor engraftment). Data are presented as mm?
+ SEM. ****(p < 0.0001) and ## H## (p < 0.0001) indicate the significant difference between the Control and groups
according to one-way ANOVA followed by Tukey's post hoc test
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Fig. 2. The influence of different SLURP-1 and doxorubicin doses on A431 cells migration.

(A) Effect of different SLURP-1 and doxorubicin concentrations on cell migration. Data are presented as the mean scratch
surface occupied by migrating cells (% normalized to the control), = SEM, n=3-22. The data obtained was approxi-
mated using a Hill equation. The Control level (100%) is shown with a dashed line.

(B) Effect of SLURP-1 (SL-1) and doxorubicin (Dox) and their combination on cell migration. Data are presented as the
mean scratch surface occupied by migrating cells (% normalized to control), = SEM, n=3-22; Control level (100%) is
shown by dashed line. ***(p < 0.001), and ****(p < 0.0001) indicate a significant difference from the control group (un-
treated cells) by one-way ANOVA followed by Dunnett's post hoc test, “ns" means no significant difference between

the groups

times higher 5 mg/kg dose in the same xenograft
mouse model of human epidermoid carcinoma used
as described previously [22]. Surprisingly, the effect
of the higher dose of SLURP-1 did not differ from
that achieved with the lower dose (Fig. 1B,C). The
0.5 mg/kg and 5 mg/kg doses of SLURP-1 both in-
hibited primary tumor growth (Fig. 1A-C, S1) with
similar efficacy, with a ~ 3-fold reduction in the pri-
mary tumor volume compared to the control (Fig. 1C,
insert). Thus, the experiment demonstrated that the
effect of SLURP-1 hit a ceiling and could not be en-
hanced by increasing the dose.

Low doses of the SLURP-1 /doxorubicin
combination have an additive

antimigratory effect in vitro

Previously, using multicellular spheroids reconstitut-
ed from A549 and A431 cells, we observed the addi-
tive antiproliferative effect of doxorubicin (a widely
used cancer chemotherapy drug [45]) and SLURP-1
in vitro [46]. Here, we observed a strong dose-de-
pendent reduction of cell migration after 24 h in-
cubation with SLURP-1 or doxorubicin with EC,,
9.4 = 7.8 uM and 2.3 = 1.7 uM, respectively (Fig. 2A,B,

Table S2). Notably, 10 uM of SLURP-1 is equivalent
to the 5 mg/kg dose used in vivo, and 5 pM of doxo-
rubicin is equivalent to 2.5 mg/kg (equivalent to the
25 mg/kg cumulative dose (75 mg/m?) recommend-
ed for one cycle of solid tumor therapy (60 mg/m?)
[47]). The combination of 1 uM SLURP-1 and 0.5 uM
doxorubicin resulted in robust cell migration inhibi-
tion compared to the effects of 10 uM of SLURP-1
or 5 uM doxorubicin taken alone (Fig. 1B). Thus, the
combination of low doses of SLURP-1 and doxoru-
bicin has an additive effect on A431 cell migration.

Combination with low-dose doxorubicin increases
the antitumor activity of SLURP-1 in vivo

Next, we showed that the combination of 0.5 mg/kg
SLURP-1 (1 pM in vitro) with 0.25 mg/kg of dox-
orubicin (0.5 pM in vitro) reduced primary tumor
growth more efficiently than the application of a high
dose of SLURP-1 taken alone (Fig. 3A,B,C). Moreover,
combined usage of SLURP-1 with low-dose doxo-
rubicin significantly suppressed metastasis, while
treatment with SLURP-1 (5 mg/kg) or doxorubicin
(2.5 mg/kg) alone failed to have any impact on metas-
tasis (Fig. 3A,B,D and Fig. S1). Thus, it’s reasonable
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Fig. 3. The influence of SLURP-1, doxorubicin, and their combination on tumor growth and metastasis

in a A431/NanolLuc mice xenograft model.

(A) Representative images of tumor bioluminescence (A431/NanoLuc cells) before treatment (the 3rd day after tumor
engraftment, the 1% day of therapy), after treatment (the 13" day after tumor engraftment, the next day after conclusion
of the 10-day therapy), and before sacrification (the 23rd day after tumor engraftment). See Fig. S1 for all mice images.
(B) The primary tumor volume measurements with a caliper. Data are presented as mm?® = SEM. **(p < 0.01) and
****(p < 0.0001) indicate a significant difference between the Control (saline) and (2.5 mg/kg doxorubicin) groups;

H#H i H#H (p <0.0001) indicates a significant difference between the Control and (0.5 mg/kg SLURP-1 + 0.25 mg/kg
doxorubicin) groups; &(p < 0.05), &&(p < 0.01), &&&(p < 0.001), and &&&&(p < 0.0001) indicate a significant differ-
ence between the Control and (5 mg/kg SLURP-1) groups according to two-way ANOVA followed by Dunnett’s post
hoc test. The days of freatment are marked with a light blue bar.

(C) The average primary tumor volume measured with a caliper for each mouse for the last 5 days (20—24 days after
tumor engraftment). Data presented as mm?® £ SEM. ****(p < 0.0001) indicates a significant difference between the
Control and (2.5 mg /kg doxorubicin) groups; #### (p < 0.0001) indicates a significant difference between the
Control and (0.5 mg/kg SLURP-1 4+ 0.25 mg/kg doxorubicin) groups; &&&&(p < 0.001) indicates a significant dif-
ference between the Control and (5 mg/kg SLURP-1) groups; $(p < 0.05) indicates a significant difference from the

(5 mg/kg SLURP-1) group; and @(p < 0.05) indicates a significant difference between the (2.5 mg/kg doxorubicin)
and (0.5 mg/kg SLURP-1 + 0.25 mg/kg doxorubicin) groups according to one-way ANOVA followed by Tukey's post
hoc test.

(D) Total luminescence measured in the areas outside of the primary tumor. Data are presented as photons per sec-
ond (p/sec) = SEM. #(p < 0.05) indicates a significant difference from the Control (saline) group according to the
Kruskal-Wallis followed by Dunn’s post hoc test
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Fig. 4. The effect of SLURP-1 on EGFR expression and activation.

(A) Representative Western blot membrane analysis of the EGFR expression in tumors after treatment with saline (con-
trol), SLURP-1 (5 mg/kg), doxorubicin (2.5 mg/kg), or SLURP-1 (0.5 mg/kg) + doxorubicin (0.25 mg/kg). Whole
membranes are shown in Fig. S2. The samples shown were run on different membranes in parallel.

(B) The expression level of EGFR was normalized to the B-actin expression level. Data are presented as the relative
intensity £ SEM (n=6-9). **(p < 0.01), ***(p < 0.001), and ****(p < 0.0001) indicate significant differences between
the groups per one-way ANOVA followed by Tukey's post hoc test.

(C) The effect of 1 pM SLURP-1, 25 nM EGF alone, and their mix on EGFR activation by autophosphorylation at

Y1173 in A431 cells. Data are presented as fold of control (untreated cells) £ SEM (n=13-17). **(p < 0.01) and
****(p < 0.0001) indicate significant differences from Control according to one-way Welch ANOVA followed by Dun-
net's post hoc test. # (p < 0.05) indicates significant differences between the groups per the unpaired t-test.

(D) The effect of different concentrations of SLURP-1 on EGFR activation in the absence and presence of EGF
(n=10-14). Data are presented as % of the Control = SEM. The data obtained was approximated using a Hill equation

to conclude that SLURP-1 is a perspective anticancer
agent for combination therapy in which the dose of
the toxic chemotherapeutic agent can be reduced.

The combination of SLURP-1 with doxorubicin
suppresses EGFR expression in tumors in vivo
EGFR, the best known pro-oncogenic receptor [23], is
overexpressed in squamous cell carcinoma A431 cells
[48]. In this work, we showed that therapy with either
doxorubicin alone (2.5 mg/kg) or in combination with
SLURP-1 and doxorubicin (0.25 mg/kg doxorubicin +
0.5 mg/kg SLURP-1) results in a significant decrease
in the EGFR expression in xenografted A431 tumors
(Fig. 4A,B).

SLURP-1 affects the activation of EGFR

SLURP-1 dampened the Y1173 autophosphoryla-
tion of EGFR expressed in A431 cells. Moreover, a
decreased EGF-induced phosphorylation of EGFR
was observed in the presence of SLURP-1 (Fig. 4C,D,
Table S3). These effects demonstrated a dose-concen-
tration dependence with similar EC_ ~ 40 = 11 nM

and 60 = 17 nM, respectively, with a significant dif-
ference in the maximum effect (50 £ 9% and 74 % 5%,
respectively). The same efficiency in the inhibition of
EGFR activation with a changed amplitude of the ef-
fect (Fig. 4D, Table S3) points to the rather different
binding sites of EGF and SLURP-1 on the surface of
the EGFR molecule.

Combined SLURP-1 and doxorubicin

administration showed no toxicity in vivo

To study the potential toxicity of the investigated
drugs, organs from mice (three randomly selected
mice from each group) were harvested and tests were
run for pathological changes. No lung, liver, spleen,
kidney, or liver of any animals from any of the groups
showed any significant abnormalities that could be at-
tributed to toxicity (Fig. S3). At the same time, foci of
cardiomyocyte necrosis were found in the hearts of
two animals that had received 2.5 mg/kg doxorubicin
(Fig. 5). Thus, we could conclude that combined ther-
apy with low doses of SLURP-1 and doxorubicin is
safer than the use of high doses of doxorubicin alone.
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Control

SLURP-1

Fig. 5. Cardiotoxicity of the SLURP-1 and doxorubicin treatment. Heart fragments of mice treated with saline (control),
SLURP-1 (5 mg/kg), doxorubicin (2.5 mg/kg), and SLURP-1 (0.5 mg/kg) + doxorubicin (0.25 mg/kg). Extensive fo-
cus of cardiomyocyte necrosis with neutrophil infiltration in the heart of mouse from the doxorubicin group was revealed.

Hematoxylin and eosin staining, magnification X200

DISCUSSION

Despite its severe adverse effects, chemotherapy re-
mains the main choice for cancer treatment [49]. One
of the most popular chemotherapeutic agents is dox-
orubicin, which exhibits high antitumor efficacy but
also is highly toxic [40, 50]. The toxicity increases
with cumulative doses and patient age, which lim-
its the scope of use of the drug [41, 50-54]. Several
studies have proposed therapies featuring a combi-
nation of chemotherapy with other approaches to
lower the dose of chemotherapy and ease its side ef-
fects [55, 56]. Inhibition of a7-nAChR can be consid-
ered a promising approach on the road to combined
cancer therapy, as it can help reduce tumor progres-
sion, metastasis, chemoresistance, and the side ef-
fects of chemotherapy [19, 25, 57—61]. The human
secreted protein SLURP-1 negatively modulates the
a7-nAChR function [26] and exhibits antitumor ac-
tivity in vivo [22]. Here, we proposed two approaches
to improve the efficacy of SLURP-1-based therapy:
(1) increasing the dose of SLURP-1 as a monothera-
py and (2) a combination of SLURP-1 with doxoru-
bicin.

In keeping with our previous data, SLURP-1 alone
was shown to inhibit tumor growth in wvivo, while a
10-fold increase in the SLURP-1 dose failed to im-
prove the outcome (Fig. 1). By testing the second
approach, it was shown that low concentrations of
SLURP-1 and doxorubicin have an additive antimi-
gratory effect in vitro (Fig. 2B), as well as anti-tu-
mor and anti-metastastatic effects in vivo (Fig. 3E,F).
Previously, it had been shown through immunoge-
nicity and toxicity tests that SLURP-1 upon intrave-
nous treatment was highly safe [22]. In contrast to
SLURP-1, doxorubicin demonstrated elevated car-
diotoxicity in mice (Fig. 5) at the concentration usu-
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ally used in clinics [47]. At the same time, a 10-time
decrease in the doxorubicin concentration, in com-
bination with SLURP-1, showed no cardiotoxic ef-
fects (F'ig. 5). Thus, the use of low doses of doxorubi-
cin, in combination with SLURP-1 or other inhibitors
of a7-nAChR, could be a positive development in an-
titumor therapy.

The exact molecular mechanisms underlying the
combined effect of SLURP-1 and doxorubicin on
A431 tumor growth remain unknown. One of the ex-
planations can be a joint inactivation of the EGFR
overexpressed in A431 cells [62] by both agents.
Indeed, doxorubicin alone, and in combination with
SLURP-1, suppresses the expression of this recep-
tor in tumors (Fig. 4A,B). EGFR mediates the growth,
migration and survival of cancer cells [63]. SLURP-1
cancels the EGF-induced activation of the receptor
(Fig. 4C,D) by interacting with the a7-nAChR/EGFR
complex in A549 and A431 cells [21, 22], and doxoru-
bicin likewise affects the EGFR signaling pathways
[38]. On the other hand, the observed orchestra-like
interaction between SLURP-1 and doxorubicin can be
a result of the inhibition of the complementary intra-
cellular signaling mechanisms. Indeed, overexpression
of Src [64], activation of the STAT3 [65] and PI3K/
AKT [66] pathways all lead to the stimulation of
EGFR activity and expression in cancer cells. In line,
incubation with SLURP-1 leads to inhibition of these
signaling pathways in A431 cells [22]. On the other
hand, the anti-tumor effect of doxorubicin is mediat-
ed by the reorganization of lipid rafts via the EGFR/
Src signaling [38]. Thus, the enhanced combined ef-
fect of SLURP-1 and doxorubicin could be a result
of synergy between the effects of each compound on
the signaling pathways regulating the EGFR expres-
sion and activation.



RESEARCH ARTICLES

CONCLUSION

Combination with low-dose doxorubicin enhances the
SLURP-1 anti-tumor activity and dramatically sup-
presses tumor metastasis. The enhanced effect could
be associated with down-regulation of EGFR in tumors
at the expression and activation levels by both drugs.
Thus, combined therapy of tumors, in particularly
SCC, by SLURP-1 with low doses of chemotherapeutic
agents looks promising and requires further study. @

This research was funded
by the Ministry of Science and Higher Education
of the Russian Federation,
grant number 075-15-2024-536.

Supplementaries are available on the website
https://doi.org/10.32607 /actanaturae.

REFERENCES

1. Khan N.H., Mir M., Qian L., Baloch M., Ali Khan M.F,,
Rehman A.-U,, Ngowi E.E.,, Wu D.-D,, Ji X.-Y. // J. Adv.
Res. 2022. V. 36. P. 223-247.

2. Burns C., Kubicki S., Nguyen Q.-B., Aboul-Fettouh N.,
Wilmas K.M., Chen O.M., Doan H.Q., Silapunt S., Migden
M.R. // Cancers. 2022. V. 14. Ne 15. P. 3653.

3. Winge M.C.G,, Kellman L.N., Guo K., Tang J.Y., Swetter
S.M.,, Aasi S.Z., Sarin KY.,, Chang A.L.S., Khavari P.A. //
Nat. Rev. Cancer. 2023. V. 23. Ne 7. P. 430—449.

4. Sharma A., Sharma U, Jagannathan N.R., Ray R., Rajes-
wari M.R. // Cancer Invest. 2019. V. 37. Ne 8. P. 339-354.
5. Arafa A., Mostafa A., Navarini A.A., Dong J.-Y. // Cancer
Causes Control CCC. 2020. V. 31. Ne 8. P. 787-794.
6. Grando S.A. // Nat. Rev. Cancer. 2014. V. 14. No 6.

P. 419-429.

7. Schaal C., Chellappan S.P. // Mol. Cancer Res. 2014. V. 12.
Ne 1. P. 14-23.

8. Wang S., Hu Y. // Oncol. Lett. 2018. V. 16. Neo 2. P. 1375—
1382.

9. Hollenhorst M.I., Krasteva-Christ G. // Mol. Basel Switz.
2021. V. 26. Ne 20. P. 6097.

10. Li L., Chen H., Chang H. // J. Clin. Med. 2019. V. 8. Ne 9.
P. 1391.

11. Bordas A., Cedillo J.L., Arnalich F., Esteban-Rodriguez
I, Guerra-Pastrian L., de Castro J., Martin-Sanchez C.,
Atienza G., Fernandez-Capitan C., Rios J.J,, et al. // Onco-
target. 2017. V. 8. Ne 40. P. 67878—-67890.

12. Cheng W.-L., Chen K.-Y., Lee K.-Y., Feng P.-H., Wu S.-
M. // J. Cancer. 2020. V. 11. Ne 5. P. 1125-1140.

13. Dasgupta P, Rizwani W,, Pillai S., Kinkade R., Kovacs
M., Rastogi S., Banerjee S., Carless M., Kim E., Coppola
D, et al. / Int. J. Cancer. 2009. V. 124. No 1. P. 36—45.

14. Li C.-L., Lin Y.-K., Chen H.-A. Huang C.-Y., Huang M.-
T., Chang Y.-J. // J. Clin. Med. 2019. V. 8. Ne 9.P. 1391.

15. Tu C.-C., Huang C.-Y.,, Cheng W.-L., Hung C.-S., Uyanga
B., Wei P-L., Chang Y.-J. / Tumor Biol. 2016. V. 37. Ne 4.
P. 4421-4428.

16. Davis R., Rizwani W., Banerjee S., Kovacs M., Haura E,,
Coppola D., Chellappan S. // PLoS One. 2009. V. 4. Ne 10.
P. e7524.

17. Pucci S., Fasoli F., Moretti M., Benfante R., Di Lascio S.,
Viani P, Daga A., Gordon T.J., McIntosh M., Zoli M., et al.
// Pharmacol. Res. 2021. V. 163. P. 105336.

18. Schaal C., Padmanabhan J., Chellappan S. // Cancers.
2015. V. 7. No 3. P. 1447-1471.

19. Afrashteh Nour M., Hajiasgharzadeh K., Kheradmand
F., Asadzadeh Z., Bolandi N., Baradaran B. // Life Sci.
2021. V. 278. P. 119557.

20. Chernyavsky A.IL, Shchepotin I.B., Grando S.A. // Int.
Immunopharmacol. 2015. V. 29. Ne 1. P. 36—44.

21. Bychkov M.L., Shulepko M.A., Shlepova O.V., Kulbatskii
D.S., Chulina IL.A., Paramonov A.S., Baidakova L.K., Azev
V.N,, Koshelev S.G., Kirpichnikov M.P, et al. // Front. Cell
Dev. Biol. 2021. V. 9. P. 739391.

22. Shlepova O.V., Shulepko M.A., Shipunova V.O., Bychkov
M.L., Kukushkin I.D., Chulina L.A., Azev V.N.,, Shramova
E.I, Kazakov V.A., Ismailova A.M., et al. / Front. Cell
Dev. Biol. 2023. V. 11. P. 1256716.

23. Sigismund S., Avanzato D., Lanzetti L. / Mol. Oncol.
2018. V. 12. Ne 1. P. 3-20.

24. Shimizu R., Ibaragi S., Eguchi T., Kuwajima D., Koda-
ma S., Nishioka T., Okui T., Obata K., Takabatake K., Ka-
wai H., et al. / Int. J. Oncol. 2019. V. 54. Ne 1. P. 283-294.

25. Vasilyeva N.A., Loktyushov EV., Bychkov M.L., Shen-
karev Z.0., Lyukmanova E.N. // Biochem. (Moscow). 2017.
V. 82. Neo 13. P. 1702-1715.

26. Lyukmanova E., Shulepko M., Kudryavtsev D., By-
chkov M., Kulbatskii D.S., Kasheverov 1., Astapova M.,
Feofanov A., Thomsen M., Mikkelsen J., et al. / PLoS
One. 2016. V. 11. Ne 2. P. e0149733.

27. Arredondo J., Chernyavsky A.L, Grando S.A. // Life Sci.
2007. V. 80. Neo 24-25. P. 2243-2247.

28. Bergqvist C., Kadara H., Hamie L., Nemer G., Safi R.,
Karouni M., Marrouche N., Abbas O., Hasbani D.J., Kibbi
A.G,, et al. / Int. J. Dermatol. 2018. V. 57. Ne 2. P. 162-170.

29. Arousse A., Mokni S., Hmida Ben Brahim D., Bdioui
A., Aounallah A., Gammoudi R., Saidi W., Boussofara L.,
Ghariani N., Denguezli M., et al. // Int. J. Dermatol. 2019.
V. 58. Ne 8. P. 966—968.

30. Throm V.M., Mannle D., Giese T., Bauer A.S., Gaida
M.M., Kopitz J., Bruckner T., Plaschke K., Grekova S.P,,
Felix K., et al. // Oncotarget. 2018. V. 9. Ne 14. P. 11734—
11751.

31. Lyukmanova E.N., Shulepko M.A., Bychkov M.L., Shen-
karev Z.0., Paramonov A.S., Chugunov A.O., Arseniev
A.S,, Dolgikh D.A., Kirpichnikov M.P. // Acta Naturae.
2014. V. 6. Ne 4. P. 60—66.

32. Lyukmanova E., Bychkov M., Sharonov G., Efremenko
A., Shulepko M., Kulbatskii D., Shenkarev Z., Feofanov
A., Dolgikh D., Kirpichnikov M. // Br. J. Pharmacol. 2018.
V. 175. Ne 11. P. 1973-1986.

33. Bychkov M.L., Shulepko M.A., Shlepova O.V., Lyuk-
manova E.N., Kirpichnikov M.P. // Dokl. Biochem. Bio-
phys. 2019. V. 489. Ne 1. P. 392—-395.

34. Shulepko M.A., Bychkov M.L., Lyukmanova E.N.
Kirpichnikov M.P. // Dokl. Biochem. Biophys. 2020. V. 493.
No 1. P. 211-214.

VOL. 17 Ne 1 (64) 2025 | ACTA NATURAE | 95



RESEARCH ARTICLES

35. Shulepko M.A., Bychkov M.L., Kirpichnikov M.P., Ly-
ukmanova E.N. // Rus. J. Bioorg. Chem. 2023. V. 49. No 4.
P. 403-410.

36. Shulepko M.A., Bychkov M.L., Shlepova O.V., Shenkarev
Z.0., Kirpichnikov M.P,, Lyukmanova E.N. // Int. Immu-
nopharmacol. 2020. V. 82. P. 106303.

37. Tortora G., Gelardi T., Ciardiello F., Bianco R. // Int. J.
Biol. Markers. 2007. V. 22. No 1 Suppl 4. P. S47-52.

38. Yun U.-J., Lee J.-H., Shim J., Yoon K., Goh S.-H., Yi
E.H., Ye S.-K,, Lee J.-S,, Lee H., Park J., et al. // Lab. In-
vest. 2019. V. 99. Ne 8. P. 1157-1172.

39. Mendez B.M., Thornton J.F. // Plast. Reconstr. Surg.
2018. V. 142. Ne 3. P. 373e—387e.

40. van der Zanden SY., Qiao X., Neefjes J. / FEBS J. 2021.
V. 288. Ne 21. P. 6095-6111.

41. Swain S.M., Whaley F.S., Ewer M.S. // Cancer. 2003.

V. 97. Ne 11. P. 2869-2879.

42. Shulepko M., Lyukmanova E., Paramonov A., Lobas
A., Shenkarev Z., Kasheverov I, Dolgikh D., Tsetlin V,,
Arseniev A., Kirpichnikov M. // Biochem. (Moscow). 2013.
V. 78. Ne 2. P. 204-211.

43. Varankar S.S., Bapat S.A. // Front. Oncol. 2018. V. 8.

P. 633.

44. Shipunova V.O., Komedchikova E.N., Kotelnikova P.A.,
Zelepukin IV, Schulga A.A. Proshkina G.M., Shramova
E.I, Kutscher H.L., Telegin G.B., Kabashin AV, et al. /
ACS Nano. 2020. V. 14. Ne 10. P. 12781-12795.

45. Sritharan S., Sivalingam N. // Life Sci. 2021. V. 278.

P. 119527.

46. Bychkov M.L., Shulepko M.A., Shlepova OV, Lyuk-
manova E.N., Kirpichnikov M.P. // Dokl. Biochem. Bio-
phys. 2019. V. 489. Ne 1. P. 392-395.

47. Johnson-Arbor K., Dubey R. Doxorubicin // StatPearls.
Treasure Island (FL): StatPearls Publishing, 2023.

48. Cuan X., Yang X., Zhu W,, Zhao Y., Luo R., Huang Y.,
Wang X., Sheng J. / BMC Pharmacol. Toxicol. 2023. V. 24.
Ne 1. P. 29.

49. Miller K.D., Nogueira L., Devasia T., Mariotto A.B., Ya-
broff K.R., Jemal A., Kramer J., Siegel R.L. / CA. Cancer
J. Clin. 2022. V. 72. Ne 5. P. 409-436.

50. Kaminska K., Cudnoch-Jedrzejewska A. // Neurotox.

96| ACTA NATURAE| VOL. 17 Ne 1 (64) 2025

Res. 2023. V. 41. Ne 5. P. 383-397.

51. Tian Z., Yang Y., Yang Y., Zhang F.,, Li P, Wang J., Yang
J., Zhang P, Yao W.,, Wang X. // BMC Cancer. 2020. V. 20.
Ne 1. P. 1139.

52. Upshaw J.N. // Curr. Oncol. Rep. 2020. V. 22. Ne 7. P. 72.
53. El-Agamy S.E., Abdel-Aziz A.K., Esmat A., Azab S.S. //
Cancer Chemother. Pharmacol. 2019. V. 84. Ne 1. P. 1-14.
54. Du J., Zhang A, Li J, Liu X,, Wu S., Wang B., Wang Y,

Jia H. // Front. Oncol. 2021. V. 11. P. 673340.

55. Qin S.-Y.,, Cheng Y.-J,, Lei Q., Zhang A.-Q., Zhang X.-Z.
// Biomaterials. 2018. V. 171. P. 178-197.

56. Bello L., Carrabba G., Giussani C., Lucini V., Cerutti F.,
Scaglione F., Landré J., Pluderi M., Tomei G., Villani R., et
al. / Cancer Res. 2001. V. 61. Ne 20. P. 7501-7506.

57. Yan Y., Su C, Hang M., Huang H., Zhao Y., Shao X., Bu
X. // Virol. J. 2017. V. 14. Ne 1. P. 190.

58. Bu X., Zhang A., Chen Z., Zhang X., Zhang R., Yin C,
Zhang J., Zhang Y., Yan Y. / BMC Cancer. 2019. V. 19.

Ne 1. P. 976.

59. Brown K.C, Lau J.K., Dom A.M., Witte T.R., Luo H.,
Crabtree C.M.,, Shah Y.H., Shiflett B.S., Marcelo A.J,,
Proper N.A, et al. / Angiogenesis. 2012. V. 15. No 1.

P. 99-114.

60. Grozio A., Paleari L., Catassi A., Servent D., Cilli M.,
Piccardi F., Paganuzzi M., Cesario A., Granone P., Mourier
G, et al. // Int. J. Cancer. 2008. V. 122. Ne 8. P. 1911-1915.

61. Shulepko M.A., Kulbatskii D.S., Bychkov M.L., Lyuk-
manova E.N. // Rus. J. Bioorg. Chem. 2019. V. 45. No 2.

P. 66-75.

62. Xu Y.H., Richert N., Ito S., Merlino G.T., Pastan I. //
Proc. Natl. Acad. Sci. USA. 1984. V. 81. Ne 23. P. 7308—
7312.

63. Uribe M.L., Marrocco 1., Yarden Y. // Cancers. 2021.

V. 13. Ne 11. P. 2748.

64. Bao J., Gur G,, Yarden Y. // Proc. Natl. Acad. Sci. USA.
2003. V. 100. No 5. P. 2438-2443.

65. Zhao C., Yang L., Zhou F,, Yu Y, Du X, Xiang Y., Li C,,
Huang X., Xie C,, Liu Z., et al. // Oncogene. 2020. V. 39.
No 20. P. 3997-4013.

66. Wang D., Su L., Huang D., Zhang H., Shin D.M., Chen
Z.G. // Mol. Cancer. 2011. V. 10. P. 116.



	Pro-inflammatory Cytokines, Ferroptosis, and Cancer
	Immunoregulatory Enzymes
	The Toxin-Producing Ability of Fusarium Proliferatum Strains Isolated from Grain
	Induction of Chaperone Synthesis in Human Neuronal Cells Blocks Oxidative Stress-Induced Aging
	Activation of the ERK1/2 Molecular Pathways and Its Relation to the Pathogenicity of Human Malignant Tumors
	The Parameters of Long-Term Humoral Immunity Induced by a Single Injection of the Sputnik Light Vaccine Among Non-infected Volunteers and Those Infected with SARS-CoV-2
	Alterations in the Expression of Proprotein Convertase Genes in Human Esophagus Squamous Cell Carcinomas
	Heterologous Production of Antimicrobial Peptides in Yeast Allows for Massive Assessment of the Activity of DNA-Encoded Antimicrobials In Situ
	Galanin Reduces Myocardial Ischemia/Reperfusion Injury in Rats with Streptozotocin Diabetes
	Combination with a Low- Dose of Doxorubicin Further Boosts the Antitumor Effect of SLURP-1 In Vivo and Associates with EGFR Down-Regulation
	Rhodobacter capsulatus PG Lipopolysaccharide As a Potential Blocker of Toll-like Receptor 2 and 4 Activation 
	Intergeneric Introgression Enhances the Adaptive Potential of Nine-Spined Stickleback (Pungitius pungitius)

