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Abstract

Purpose To investigate the effect of TAP7f, a penicillin derivative previously characterized as a potent antitumor agent that
promotes ER stress and apoptosis, in combination with thapsigargin, an ER stress inducer, on melanoma cells.

Methods The synergistic antiproliferative effect of TAP7f in combination with thapsigargin was studied in vitro in murine
B16-F0O melanoma cells, and in human A375 and SB2 melanoma cells. In vivo assays were performed with C57BL/6J mice
challenged with B16-FO cells. Immunofluorescence and Western blot assays were carried out to characterize the induction
of ER stress and apoptosis. Necrotic tumor areas and the potential toxicity of the combined therapy were examined by his-
tological analysis of tissue sections after hematoxylin-eosin staining.

Results In vitro, the combination of TAP7f with thapsigargin synergistically inhibited the proliferation of murine B16-FO0,
and human A375 and SB2 melanoma cells. When non-inhibitory doses of each drug were simultaneously administered to
C57BL/6J mice challenged with B16-FO cells, a 50% reduction in tumor volumes was obtained in the combined group. An
apoptotic response characterized by higher expression levels of Baxenhanced PARP-1 cleavage and the presence of active
caspase 3 was observed in tumors from the combined treatment. In addition, higher expression levels of GADD153/CHOP
and ATF4 were found in tumors of mice treated with both drugs with respect to each drug used alone, indicating the induc-
tion of an ER stress response. No signs of tissue toxicity were observed in histological sections of different organs extracted
from mice receiving the combination.

Conclusion The synergistic and effective antitumor action of TAP7f in combination with thapsigargin could be considered
as a potential therapeutic strategy for melanoma treatment.
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Introduction

Melanoma is recognized as a very aggressive and deadly
type of skin cancer (McKean and Amaria 2018; Ascierto
et al. 2018). Following surgical resection, different thera-
peutic alternatives, including immune checkpoint inhibitors
and small inhibitors targeting activated signaling proteins,
such as BRAF and MEK, have improved the outcome of
Instituto de Quimica y Fisicoquimica Bioldgicas (IQUIFIB), the disease (Rughani et al. 2013; Azijli et al. 2014; Tes-
Laboratorio de Oncologfa y Transduccién de Sefiales, tori et al. 2019). Despite the continuous progress made in

Facultad de Farmacia y Bioquimica, Universidad de Buenos | in the 1 h £
Aires, Consejo Nacional de Investigaciones Cientificas y melanoma treatment 1n the last years, the appearance o

P4 Leonor P. Roguin
rvroguin@qb.ffyb.uba.ar

Técnicas (CONICET), Junin 956, C1113AAD Buenos Aires, adverse effects, the lack of response of some patients and
Argentina the resistance to current treatments remains a challenge to
2 Facultad de Ciencias Bioquimicas y Farmacéuticas, solve (Sharma et al. 2017; Hamid et al. 2013; Nowicki et al.
Universidad Nacional de Rosario, Instituto de Quimica 2018). In this context, the development of new strategies,

Rosario (CONICET-UNR), Suipacha 531, 2000 Rosario,

X adjuvant treatments and/or the combination of medications
Argentina

Published online: 25 June 2022 @ Springer


http://orcid.org/0000-0003-1075-0203
http://orcid.org/0000-0002-2599-1790
http://orcid.org/0000-0002-5930-3327
http://orcid.org/0000-0002-1103-3778
http://orcid.org/0000-0002-0293-0477
http://crossmark.crossref.org/dialog/?doi=10.1007/s00432-022-04129-4&domain=pdf

Journal of Cancer Research and Clinical Oncology

will undoubtedly help the implementation of alternatives
with greater therapeutic benefits.

The endoplasmic reticulum (ER) is an intracellular orga-
nelle that plays an important role in the synthesis, folding
and modification of proteins, and is also a cytosolic res-
ervoir of calcium (Schroder and Kaufman 2005; Szegezdi
et al. 2006; Wang and Kaufman 2014; Oakes and Papa 2015;
Almanza et al. 2019). Different insults, including hypoxia,
oxidative stress, nutrient deprivation, and drug treatments,
may alter the homeostasis of the ER leading to ER stress and
the consequent activation of an unfolded protein response
(UPR). This response, which tries to restore ER homeosta-
sis, is activated by three main sensor proteins of the ER
membrane: the protein kinase RNA-like ER kinase (PERK),
inositol-requiring kinase 1 (IRE 1), and the activating tran-
scription factor 6 (ATF6). These sensors are maintained in
an inactive form by interacting with the GRP78/BIP chap-
erone. When ER homeostasis is altered, GRP78/BIP is
released and binds to unfolded or misfolded proteins, and
activates the UPR which leads to lower protein translation,
higher protein degradation and also increased synthesis of
chaperones that promote protein folding. However, if the
damage is too severe or the UPR fails, the ER stress response
may result in apoptotic cell death (Schroder and Kaufman
2005; Szegezdi et al. 2006; Wang and Kaufman 2014; Wang
et al. 2018). In this context, ER stress inducers have been
considered as potential agents in cancer therapy.

We have previously identified a triazolylpeptidyl peni-
cillin derivative, named TAP7f, as a potent and selective
pro-apoptotic compound (Cornier et al. 2014). The in vivo
antitumor efficacy of this derivative was demonstrated in
a murine melanoma model (Blank et al. 2018). It was also
found that TAP7f inhibits the adhesion, migration and inva-
sion of melanoma cells and diminishes melanoma lung
metastasis in vivo (Barrionuevo et al. 2020). In addition,
it was shown that TAP7f triggers an apoptotic cell death
through induction of ER stress and activation of p38, INK
and PI3K-I/Akt pathways (Bellizzi et al. 2022). Based on
the ability of TAP7f to promote ER stress, in this work we
decided to evaluate the in vitro and in vivo antitumor effect
of the penicillin derivative in combination with thapsigargin,
a well-known inhibitor of the Sarco/Endoplasmic Reticulum
Calcium ATPase (SERCA), a P-type ATPase bound to the
ER membranes which pumps Ca" ions from the cytosol into
the ER (Winther et al. 2010; Sehgal et al. 2017). After test-
ing the combined effect in vitro of both drugs, we found that
the combination of TAP7f and thapsigargin was synergisti-
cally cytotoxic and efficiently reduced the growth of murine
B16-F0, and human A375 and SB2 melanoma cells. We also
demonstrated the in vivo effectiveness of the combination in
a B16-FO murine melanoma model established in C57BL/6J]
mice. The in vivo synergistic action of both drugs improved
the therapeutic efficacy and allowed lowering of the dose
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of each individual drug, reducing potential toxicity. Based
on these findings, we propose the combined therapy with
TAP7f and thapsigargin as a novel therapeutic strategy with
potential clinical usefulness for melanoma treatment.

Materials and methods
Reagents and antibodies

TAP7f was synthesized as described in previous work
(Cornier et al. 2014). A 100 mM stock solution of the peni-
cillin derivative was prepared in dimethyl sulfoxide (DMSO)
and stored at — 70 °C. The stock solution was diluted 1/10 in
ethanol and then used at different concentrations in the indi-
cated culture medium. All the experiments were performed
with a final concentration of 20 ul vehicle/ml of medium.
Thapsigargin was obtained from Sigma-Aldrich (MO, USA).
Monoclonal anti-calnexin (610,523) and anti-GRP78/BIP
(610,978) antibodies were from Becton Dickinson (New Jer-
sey, USA). Polyclonal antibodies against the proliferating
cell nuclear antigen (PCNA) (sc-7907), PARP-1(sc-7150),
Bax (sc-7480), and monoclonal antibodies anti-GADD153/
CHOP (sc-7351), anti-ATF4 (sc-390063) and anti-actin (sc-
8432) were obtained from Santa Cruz Biotechnology (CA,
USA). Polyclonal anti-active caspase-3 antibody was from
Cell Signaling Technology (#9661; Danvers, Massachusetts,
USA). Secondary anti-rabbit IgG (sc-2004) or anti-mouse
IgG (sc-2005) horseradish peroxidase antibodies and sec-
ondary anti-rabbit IgG-FITC (sc-2359) were obtained from
Santa Cruz Biotechnology (CA, USA). Polyclonal second-
ary anti-mouse IgG-Alexa Fluor 488 (A11029) was from
Thermo Fisher (Buenos Aires, Argentina). Monoclonal
Anti-tubulin (ab-7291) was obtained from Abcam (Cam-
bridge, UK).

Cell culture conditions

Melanoma cell lines containing different genomic character-
istics (BRAF/NRAS mutated or wild type) were employed.
Murine melanoma cells B16-FO (BRAF/NRAS wild type,
ATCC CRL-6322, RRID:CVCL_0604) were grown in
RPMI-1640 (Gibco BRL) supplemented with 10% FBS
(Natocor, Argentina), 2 mM L-glutamine, 50 U/mL penicillin
and 50 pg/ml streptomycin (Sigma-Aldrich, MO, USA) in a
humidified atmosphere of 5% CO, at 37 °C. NRAS-mutated
human melanoma cell line SB2 (RRID:CVCL_0516) was
kindly provided by Dr.Osvaldo Podhajcer (Laboratorio de
Terapia Molecular y Celular, Fundacién Instituto Leloir,
CONICET, Buenos Aires, Argentina). Human melanoma
cells SB2 and BRAF-mutated A375 (ATCC CRL-1619,
RRID:CVCL_0132) were grown in DMEM F-12 medium
(Gibco BRL) with 10% (v/v) FBS, 2 mM L-glutamine, 50
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U/ml penicillin and 50 pg/ml streptomycin (Sigma-Aldrich,
MO, USA), in a humidified atmosphere of 5% CO, at 37 °C.

Proliferation assay

Proliferation assay was performed as described previously
(Cornier et al. 2014; Blank et al. 2018). Briefly, B16-FO,
A375 or SB2 cells were incubated in 96-well microplates at
a density of 1x 10* cells/well for 72 h at 37 °C in the pres-
ence of different concentrations of vehicle, TAP7f or thapsi-
gargin, alone or in combination, in a total volume of 0.2 ml
of the corresponding culture medium. Cell number was
evaluated by colorimetric determination of the levels of the
ubiquitous lysosomal enzyme hexosaminidase (Landergren
1984). Absorbances were measured at 405 nm with a micro-
plate reader Biotrack II (Amersham Biosciences, USA). The
percentage of cell growth inhibition corresponding to each
treatment, expressed as fraction affected (Fa), was analyzed
according to the median-effect equation of Chou and Tala-
lay method, and combination index (CI) were calculated by
using CompuSyn software (Chou 2010; Ashton 2015). CI
values of < 1 indicates synergy, > 1.0 indicates antagonism,
and values =1 indicates addition.

In vivo assays: tumor growth and toxicity studies

All experiments were performed in accordance with the
National Institute of Health Guide for the Care and the
Use of Laboratory Animals and approved by the Institu-
tional Animal Care and Use Committee (CICUAL) of the
School of Pharmacy and Biochemistry, University of Buenos
Aires. Female C57BL/6J mice, obtained from the Animal
Care Facility of the School of Exact and Natural Sciences,
University of Buenos Aires, were housed under controlled
conditions, with food and water available ad libitum, and
were used for experiment at 8—10 weeks old (approximately
20-25 g). To study the effect of TAP7f and thapsigargin on
tumor growth, B16-FO cells (1 X 105) diluted in 200 pl of
RPMI were injected subcutaneously in the right flank of
each mouse. Following 12 days of cell inoculation, mice
were divided into four groups: group I (control) received
0.2 ml of vehicle (70% v/v polyethylene glycol 400 in
PBS); group II received 0,3 mg/kg of thapsigargin; group
III received 4 mg/kg of TAP7f; and group IV received the
combination of both compounds intraperitoneally for 8 days.
Animals were daily monitored for their overall health status,
and their body weights were registered weekly throughout
the course of the study. Tumor sizes were measured with a
caliper on alternate days, and tumor volumes were calcu-
lated using the following formula: V= (D xd?)/2, where D
is the larger diameter and d is the smaller. At the end of the
study, mice were anesthetized intraperitoneally with keta-
mine (80 mg/kg) and xylazine (10 mg/kg), and tumors were

excised, weighed, and measured. To explore if the combina-
tion of TAP7f and thapsigargin could induce some systemic
toxicity, different organs from treated and non-treated mice
were removed, fixed in formaldehyde 10% in PBS 0.1 M,
pH 7.4 for 24 h, then dehydrated and included in paraffin.
Cuts of 5 pm were made using a microtome (Leica RM2125,
Leica,Wetzlar, Germany) and mounted on 2% xylane-coated
slides. Sections were then stained with hematoxylin—eosin
for histological analysis and examined with an inverted
microscope Eclipse TE2000 (Nikon, Minato, Tokyo, Japan).

Western blot assays

The expression of some proteins related to apoptosis or ER-
stress was determined in B16-F0O tumor lysates from mice
treated with 4 mg/kg of TAP7f, 0.3 mg/kg of thapsigargin,
the combination of both compounds or vehicle. At the end
of in vivo assays, tumors were excised and lysed in a buffer
solution containing 10% glycerol, 0.5% Triton X-100, 1 pg/
ml aprotinin, 1 pg/ml trypsin inhibitor, 1 pg/ml leupeptin,
10 mmol/l Na,P,0,, 10 mmol/l NaF, 1 mmol/l Na;VO,,
1 mmol/l EDTA, 1 mmol/l PMSF, 150 mmol/l NaCl, and
50 mmol/l Tris, pH 7.4. Clear lysates supernatants were
obtained by centrifugation and aliquots containing 100 pg
of protein were resuspended in 0.063 M Tris/HCI, pH 6.8,
2% SDS, 10% glycerol, 0.05% bromophenol blue, 5% 2-mer-
captoethanol, submitted to SDS-PAGE and then transferred
onto PVDF membranes (GE Healthcare, Piscataway, NY,
USA) for 30 min at 100 V in 25 mM Tris, 195 mM glycine,
20% methanol, pH 8.2. To reduce non-specific binding,
membranes were incubated for 1 h at room temperature in
10 mM Tris—HCl, 130 mM NaCl and 0.05% Tween 20, pH
7.4, (TBS-T), containing 5% non-fat milk. Membranes were
then incubated overnight at 4 °C with the specific primary
antibody, washed with TBS-T and incubated with the cor-
responding secondary antibody conjugated with horseradish
peroxidase for 1 h at room temperature. Immunoreactive
proteins were visualized using the Pierce® ECL Plus detec-
tion system (Thermo Scientific Inc., Waltham, MA, USA)
according to the manufacturer’s instructions. Band intensity
was quantified by using a densitometer (Gel Pro Analyzer
4.0). Mouse anti-tubulin or rabbit anti-actin antibodies were
used to confirm equal protein loading.

Immunohistochemistry

Tumors excised from mice treated with 4 mg/kg of TAP7{,
0.3 mg/kg of thapsigargin, the combination of both com-
pounds or vehicle were fixed in 10% formaldehyde neutral
buffer solution, embedded in paraffin and sectioned before
immunohistochemical analysis. Antigen retrieval was per-
formed by treating tissue sections in 10 mM sodium citrate
buffer, pH 6.0, for 50 min at 92 °C. Slides were then blocked
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for 1 h with 5% bovine serum albumin (BSA) and then incu-
bated with antibodies against PCNA or active caspase-3
overnight at 4 °C. After rinsing, sections were incubated
for 1 h with goat anti-rabbit IgG-FITC or goat anti-mouse
IgG-Alexa488 secondary antibodies and examined with an
Olympus BX50 epifluorescence microscope provided with a
Cool-Snap digital camera. Fluorescence intensity was quan-
tified using Image J software.

Statistical analysis

All values are expressed as mean + S.E.M. p value less than
0.05 was considered statistically significant. Analyses were
performed using GraphPad Prism (version 6.01, GraphPad
Software, La Jolla, California, USA). Statistical analyses
were performed by one-way ANOVA followed by Dunnett’s
multiple comparison tests (comparing all groups to a control
group) or Tuckey’s multiple comparison tests (comparing
all groups).

Results

Synergistic action in vitro of TAP7f and thapsigargin
on melanoma cell growth

We have previously demonstrated that TAP7f exerts a potent
antiproliferative activity in murine B16-F0 melanoma cells
(IC5y=3=+1 pM) (Cornier et al. 2014; Blank et al. 2018)
and A375 human melanoma cells IC5,=10+1 pM) (Bar-
rionuevo et al. 2020). We also showed that activation of ER
stress contributes to the apoptotic cell death induced by the
penicillin derivative in these cell lines (Bellizzi et al. 2022).
On this basis, we hypothesized that a more potent antitumor
action (additive or synergistic effect) could be achieved by
combining TAP7f with an ER stress inducer, such as thapsi-
gargin. To this end, the effect of the combined therapy was
examined in B16-F0, A375 and also in SB2 cells, an NRAS-
mutant human melanoma cell line (Lopez et al. 2009). The
cytotoxic potency of thapsigargin on these cell lines was first
determined from dose—-response curves. Thapsigargin inhib-
ited cell growth in a dose-dependent manner, being I1Cs, val-
ues of 5.0+ 1 nM, 7.0+2 nM and 6.7 +1 nM for B16-F0,
A375 and SB2 cells, respectively (n=3) (Supplementary
Fig. 1). An ICs, value of 8.6 +3 pM was also determined
for TAP7f in SB2 cells (data not shown). Then, the effect
of the combined drugs or each drug alone was evaluated
on each melanoma cell line by using TAP7f or thapsigar-
gin concentrations that individually inhibit cell prolifera-
tion at values close to 50% or less. As shown in Fig. 1A,
cell growth was significantly reduced for all combinations
tested compared to each drug separately in the three mela-
noma cell lines studied. To evaluate whether the effect of the
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combined compounds represents an additive or synergistic
action, the combination index (CI) was calculated by using
CompuSyn software (Fig. 1B). CI values < 1 were obtained
for all the combinations regardless the fraction affected (Fa)
value, indicating that TAP7f and thapsigargin synergistically
inhibited B16-F0, A375 and SB2 cell growth.

Synergistic action in vivo of TAP7f and thapsigargin
on B16-FO0 melanoma growth

In previous work, we studied the in vivo action of TAP7f in
a syngeneic C57BL/6J mouse melanoma model and showed
that B16-FO tumor volume was reduced approximately 70%
and 50% at doses of 20 and 10 mg/kg, respectively (Blank
et al. 2018). No effect was observed at 1 mg/kg of TAP7f. To
explore the antitumor potency of TAP7f in combination with
thapsigargin in vivo, we decided to use suboptimal doses of
the two drugs in the B16-FO melanoma model. Therefore,
the penicillin derivative was first assayed at a dose of 4 mg/
kg and also 20 mg/kg as a positive control. No tumor growth
inhibition was observed at 4 mg/kg of TAP7f, whereas
results obtained at 20 mg/kg were consistent with those pre-
viously reported at 21 days post-inoculation (Supplementary
Fig. 2A) (Blank et al. 2018). The in vivo cytotoxic activity
of thapsigargin was then evaluated at doses of 0.3 mg/kg
and 0.5 mg/kg (Supplementary Fig. 2B). Tumor growth was
reduced by ~ 50% at 0.5 mg/kg, but no significant difference
was found at 0.3 mg/kg. Based on these findings, 4 mg/kg of
TAP7f and 0.3 mg/kg of thapsigargin were then employed to
examine the effect of the combination. As shown in Fig. 2A,
a reduction of approximately 50% was observed for tumor
volumes of the combined group with respect to mice injected
with vehicle (control) or each drug alone. In addition, tumor
weight diminished ~50% for the combination compared to
control mice or the other groups of treated mice (Fig. 2B).
Body weights of all mice groups were similar throughout the
treatment (data not shown).

In vivo mechanism of action of TAP7f
and thapsigargin

The proliferation rate of B16-FO tumor cells was deter-
mined by evaluating the levels of the proliferating cell
nuclear antigen (PCNA) in tumors from control mice and
mice treated either with each drug alone or a combination
of both (Fig. 3A). A significant decrease in the expression
levels of PCNA was detected by immunohistochemistry in
tumors from mice treated with both TAP7f and thapsigar-
gin. Hematoxylin—eosin staining of tumors sections was
also performed to examine histologically necrotic areas,
which correspond to non-viable tissue without indicating
the mechanism of cell death. As shown in Fig. 3B, whereas
no necrotic area was observed in control tumors or tumors
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Fig.1 In vitro antitumor effect of TAP7f and thapsigargin. A B16-
FO, A375 or SB2 cells (1x10*) were treated with different concen-
trations of TAP7f, thapsigargin or the combination of both drugs for
72 h. Results are expressed as the percentage of cell growth relative
to control and represent the mean+S.E.M. of three different experi-
ments. Statistical analyses were performed by one-way ANOVA fol-
lowed by Tuckey post-hoc test, *p <0.05, significantly different from

from mice treated with TAP7f or thapsigargin alone, a large
necrotic region was detected in tumors from mice treated
with the combination.

We then examined by western blot assays the expres-
sion levels of apoptotic-related proteins, such as Bax and
PARP-1. A significant increase in the expression of the pro-
apoptotic protein Bax was found in tumors lysates from mice
treated with the combined formulation (12-fold increase) or
with thapsigargin alone (sixfold increase) (Fig. 4A). The
cleavage of PARP-1, a polymerase that plays a key role in
the repair of DNA damage (Rodriguez-Hernandez et al.
2006; Hassa and Hottiger 2008), was significantly higher
in mice treated with the combination with respect to mice
treated with each individual drug (Fig. 4A). In addition,
immunofluorescence assays performed to detect active cas-
pase 3, showed an increment of this caspase in tumor slices
from mice exposed to the combined treatment (Fig. 4B).

Since we have previously demonstrated that ER stress
is involved in the apoptotic cell death induced in vitro by

cells treated with each drug. B Cell growth inhibition was analysed
by CompuSyn software (Chou-—Talalay’s method) and combination
index values (CI) were calculated (mean values + S.E.M. of three dif-
ferent experiments). CI plots for different combinations are shown as
a function of the fraction affected (Fa). Values of CI<1 indicate a
synergistic action

TAP7f in B16-FO melanoma cells (Bellizzi et al. 2022),
we decided to explore whether TAP7f in vivo alone or in
combination with thapsigargin could activate ER stress.
For comparative purposes, the expression levels of differ-
ent ER stress-related proteins were first evaluated by West-
ern blot assays performed with cell lysates from tumors
removed at the end of the treatment from mice treated with
20 mg/kg of TAP7f. As shown in Fig. 5, levels of ATF4,
GADD153/CHOP, calnexin and GRP78/BIP increased
between 2.0 and 2.5-fold with respect to the amounts
found in tumors from non-treated mice (control). We then
examined the expression levels of ATF4 and GADD153/
CHOP in tumors from mice treated with suboptimal doses
of each drug (TAP7f: 4 mg/kg, thapsigargin: 0.3 mg/kg) or
with the combination of both. ATF4 and GADD153/CHOP
expression levels increased ~ eightfold and 13-fold, respec-
tively, in tumors from mice treated with the combination
(Fig. 6). Although a slight increase in the expression
levels of GADDI153/CHOP and ATF4 was observed in
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Fig. 2 In vivo antitumor effect of the combination of TAP7f and thap-
sigargin on B16-FO melanoma growth. B16-FO cells (1x10°) were
injected subcutaneously in the right flank of each C57BL/6 mouse
and 12 days after cell inoculation, mice received vehicle (n=7), thap-
sigargin (0.3 mg/kg, n=6), TAP7f (4 mg/kg, n=06) or the combina-
tion of both (n=6) via i.p. for 8 days. A Tumor sizes were measured
with a caliper and tumor volume was calculated by the formula (D
X d*)/2. Results represent mean values+S.E.M. Statistical analyses

TAP7f-treated tumors, these changes were not significant,
whereas approximately a fourfold increase was observed in
tumors from mice treated with thapsigargin. Thus, it was
concluded that in vivo treatment with the combination of
TAP7f and thapsigargin was more effective in inducing ER
stress than treatment with each drug separately.

To assess the potential toxicity of the combined ther-
apy, we decided to examine whether the drug combination
could affect other mice tissues in addition to the tumor. To
this end, histological sections of different organs, includ-
ing spleen, brain, heart, liver, intestine, lung and kidney,
were stained with hematoxylin—eosin and analyzed by
optical microscopy. As shown in Fig. 7, the tissues stud-
ied in the group treated with both TAP7f and thapsigargin
showed morphological characteristics comparable to the
tissues of the non-treated mice (control), with no signs of
necrosis, edema or any other type of toxicity. In addition,
the body weights of the mice treated with the two drugs
were similar to the control group throughout the treatment
(data not shown).
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were performed by one-way ANOVA followed by Dunnet post-hoc
test, *p <0.05, **p <0.01, ***p <0.001 respect to control. Image of
control tumors and tumors treated with the combination at the end of
the treatment (right panel). B Weights of tumors extracted from the
different experimental groups. Tuckey multiple comparison test was
applied after one-way ANOVA, *¥p<0.01 respect to the control
group, #p <0.05 respect to groups treated only with TAP7f or thap-
sigargin

Discussion

To overcome the adverse effects of chemotherapeutic
drugs or the acquired resistance to treatment, the com-
bination of drugs emerges as a promising therapeutic
alternative. In this sense, instead of having a drug that
modulates one individual target, the association of drugs
tries to slow tumor growth by simultaneously recogniz-
ing different targets (Jia et al. 2009; Chen et al. 2015;
Foucquier and Guedj 2015). In this work, the antitumor
effect of TAP7f, a triazolylpeptidyl penicillin derivative
previously characterized in our laboratory, was explored
in combination with thapsigargin both in vitro and in vivo
on melanoma growth. Since we previously demonstrated
that TAP7f induced an ER stress response (Bellizzi et al.
2022), we hypothesized that the combination with thap-
sigargin, a classical ER stress inducer, could improve the
antitumor effect either by adding their effects or by induc-
ing a synergistic action. We found that the simultaneous
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Fig.3 Proliferation rate and histological characteristics of B16-FO
melanoma tumors. Tumors from mice injected with vehicle (con-
trol), 4 mg/kg of TAP7f, 0.3 mg/kg of thapsigargin or the two drugs
were fixed in 10% formaldehyde in PBS and embedded in paraffin. A
Tumor sections of 5 pm were incubated with an anti-PCNA antibody
and then with a secondary antibody labeled with FITC. Nuclei were
stained with Hoechst 33,258 2 pM. Magnification: 200X (left panel).

in vitro administration of both drugs synergistically
inhibited cell proliferation of murine B16-F0, and human
A375 and SB2 melanoma cells, as demonstrated by Com-
bination Index (CI) values < 1. Thus, this therapy could
be an option for melanoma cell lines containing different
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Fluorescence intensity was analysed by Image J software (right
panel). Tuckey multiple comparison test was applied after one-way
ANOVA, *#¥p<0.01 significantly different from control; ##p <0.01,
###p < 0.001, significantly different from mice treated with thapsigar-
gin or TAP7f, respectively. B Tumor slices of 5 pm were stained with
hematoxylin—eosin and observed with an inverted microscope. Mag-
nification: 200X

genomic characteristics (BRAF/NRAS mutated or wild
type). A synergistic effect of the two drugs means that
the therapeutic effect of the combination is greater than
the sum of effects caused by each individual drug (Sucher
2014). As a well-known ER stress inducer, thapsigargin
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inhibited the SERCA pump and increase cytosolic Ca’*  drugs would be recognizing different intracellular targets.
concentrations by blocking the reabsorption of Ca?* from  The analyses of a variety of examples from synergistic
the cytosol to the ER (Winther et al. 2010; Sehgal et al. drug combinations reported in the literature revealed the
2017). Although TAP7f also induces ER stress, its par-  complexity of these interactions since multiple targets can
ticular target has not yet been identified. However, the  reside in the same or related pathways (Jia et al. 2009;
behavior observed for the combination suggests that both ~ Chen et al. 2015). In this sense, the specific mode of action
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«Fig.4 In vivo induction of apoptosis after treatment with TAP7f
and thapsigargin. A Bax or cleaved PARP-1 levels were determined
in control mice or mice treated with 4 mg/kg of TAP7f, 0.3 mg/kg
of thapsigargin or the combination of both. Tumor lysates were pro-
cessed for Western blot analysis as described in “Materials and
methods”. Results from one representative experiment are shown
(left panel). Data quantification was performed by densitometric
analysis (right panel). Results are expressed as mean+S.E.M of
three different experiments. Statistical analyses were performed by
one-way ANOVA followed by Tuckey post-hoc test, ***p <0.001,
#4344 <0.0001, significantly different from control; *#p<0.001,
#### <0.0001, significantly different from tumors treated with the
combination. B Active caspase-3 was examined by immunohisto-
chemistry in non-treated tumors (control) and tumors of mice treated
with TAP7f (4 mg/kg), thapsigargin (0.3 mg/kg) or the combina-
tion of both drugs. Magnification: 200X. Nuclei were stained with
Hoescht 33,258. Fluorescence intensity was analysed by Image J
software (right panel). ANOVA followed by Tuckey post-hoc test,
*##%p <0.0001 respect to the control group. Tumors from the con-
trol group (a, b), tumors from TAP7f-treated mice (c, d), tumors from
thapsigargin-treated mice (d, e), tumors from the combined group (f,

)

of TAP7f/thapsigargin combination, two drugs that might
be interacting with different targets of a related pathway
could be explained by anti-counteractive, complementary
or facilitating actions (Jia et al. 2009). Regardless of the
mechanisms of action, which have been fully elucidated
for only a few combinations of drugs, the advantage of
combination therapies lies in greater efficacy with reduced
doses of each drug, less toxicity or reduction of unwanted
actions, and even delay in the development of drug resist-
ance (Foucquier and Gued;j 2015). Based on these features,
the effect of drug combinations has been explored for the
treatment of various diseases, including cancer, hyperten-
sion, asthma, etc. (Foucquier and Gued;j 2015). In particu-
lar, for melanoma treatment, Gowda et al. (2017) reported
that the combination of Celecoxib and Plumbagin, two
anticancer drugs of limited therapeutic potential due to
their toxic side effects, synergistically decreased mela-
noma cell proliferation by inhibition of cyclooxygenase-2
and STATS3, leading to decreased levels of key cyclins for
tumor cell survival. Margue et al. (2019), after examining
various kinase inhibitors involved in cell cycle regulation
and inhibitors targeting different signaling pathways, iden-
tified synergistic combinations of some kinase inhibitors
with BRAF inhibitors that resulted to be effective in kill-
ing melanoma cells. The combination of Brequinar sodium
with doxorubicin synergistically suppressed the growth
of melanoma cells both in vitro and in vivo (Dorosamy
et al. 2019). It has also been reported that resveratrol, by
promoting gap junction intercellular communications, can
synergistically enhance the killing effect of thymidine
kinase/ganciclovir suicide gene system in melanoma B16
cells (Chen et al. 2020).

We also showed that TAP7f combined in vivo with thap-
sigargin inhibited tumor cell proliferation, as revealed by

decreased expression levels of PCNA, a key marker of cellu-
lar replication (Rodriguez-Hernandez et al. 2006; Hassa and
Hottiger 2008). Hematoxylin—eosin staining of tumor sec-
tions treated with the combination allowed us to detect areas
defined histologically as necrotic, indicating non-viable cells
regardless of the death mechanism (Blank et al. 2018; Chi-
arante et al. 2020). In addition, the in vivo administration of
both drugs induced a more potent apoptotic response than
each of the drugs separately. Thus, compared to TAP7f or
thapsigargin monotherapy, the combination led to higher
increases in Bax and active caspase 3 levels, and also greater
PARP-1 cleavage. Although we have previously reported
the in vivo apoptotic effect of TAP7f on B16-F0O melanoma
tumors treated with 20 mg/kg of TAP7f (Blank et al. 2018),
apoptosis-related proteins had not been examined at lower
concentrations. Results herein obtained showed that 4 mg/
kg of TAP7f induced a slight apoptotic response in vivo,
evidenced by PARP-1 cleavage, which did not lead to a sig-
nificant variation of tumor growth.

Regarding thapsigargin, its role as a compound capable of
inducing ER stress and apoptosis in a variety of tumor cell
lines has been earlier reported (He et al. 2002; Yamaguchi
et al. 2004; Huang et al. 2004; Wang et al. 2016; Wu et al.
2019). Particularly, in several human melanoma cells, Chen
et al. (2007) showed that thapsigargin induced ER stress and
up-regulated cell-surface expression of TRAIL-R2, leading
to enhanced TRAIL-induced apoptosis. Under our experi-
mental conditions, we showed that 0.3 mg/kg of thapsigar-
gin induced an apoptotic effect, supported by the increment
of Bax and a slight increase of PARP-1 fragment levels in
B16-FO tumors, without significantly affecting tumor cell
proliferation. In brief, although suboptimal doses of TAP7f
or thapsigargin monotherapy can induce a mild apoptotic
effect, this response is not sufficient to affect tumor growth.

The involvement of ER stress signaling mediators in the
antitumor action exerted by the combination was then con-
firmed by Western blot assays of tumor lysates from treated-
mice. The UPR promotes the activation of three ER mem-
brane sensors that initiate signaling pathways in an attempt
to relieve stress. Among them, PERK activates a complex
cascade of effectors, including an increase in the expres-
sion of the transcription factor ATF4, which upregulates
GADDI153/CHOP, a protein that plays an important role
in the ER stress-induced apoptotic response (Schroder and
Kaufman 2005; Szegezdi et al. 2006; Wang and Kaufman
2014; Wang et al. 2018). Our results showed that although
thapsigargin monotherapy with 0.3 mg/kg did not reduce
tumor size, it induced ~ fourfold increment in the expres-
sion levels of GADD153/CHOP and ATF4. However, the
combined therapy increased ~8 to 13-fold the levels of
both ER stress-related proteins, confirming the synergistic
effect of the administration of the two drugs. In a compara-
ble way, some in vitro studies have shown that thapsigargin
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Fig.5 Contribution of ER stress to the antitumor effect induced
in vivo by TAP7f. Non-treated tumors (control) and tumors from
mice treated with 20 mg/kg of TAP7f were excised and lysed as
describe in “Materials and methods”. 100 pg of tumor lysates were
then submitted to Western blot assays and membranes were incubated
with antibodies against ATF4, GADD153/CHOP, Calnexin, GRP78/
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Fig.6 In vivo expression of ER stress proteins after treatment with
TAP7f and thapsigargin. Tumor lysates from non-treated mice (con-
trol) and mice treated with TAP7f (4 mg/kg), thapsigargin (0.3 mg/
kg) or the combination of both drugs were submitted to Western blot
assays and membranes were incubated with antibodies against ATF4,
GADDI153/CHOP and actin. Results from one representative experi-

can activate UPR, as determined by high levels of the ER
chaperone GRP78/Bip, at concentrations that do not lead to
cell death (Rutkowski et al. 2006; Ghosh et al. 2015). On
the other hand, considering that thapsigargin has emerged
as a remarkable antitumor lead compound, it is interesting
to mention that thapsigargin-derived prodrugs are currently
in clinical trials for the treatment of different cancer types,
such as hepatocellular carcinoma, prostate cancer, and also
to target the blood vessels of cancer cells (Christensen et al.
2009; Andersen et al. 2015; Doan et al. 2015).
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BIP and actin. Results from one representative experiment are shown
(left panel). Data quantification was performed by densitometric anal-
ysis of three independent experiments (right panel). Statistical analy-
ses were performed by one-way ANOVA followed by Dunnet post-
hoc test. **p <0.01, ****p <0.0001
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ment are shown (left panel). Data quantification was performed by
densitometric analysis of three independent experiments (right panel).
Statistical analyses were performed by one-way ANOVA followed by
Tuckey post-hoc test. *p <0.05, **p <0.01, ***p <0.001 significantly
different from control; *p <0.001, significantly different from mice
treated with TAP7f or thapsigargin

In summary, we demonstrated that the combined therapy
with TAP7f and thapsigargin was effective in inhibiting
melanoma cell proliferation in vitro and reduced B16-FO
melanoma growth in vivo. The synergistic action exerted by
the combination achieved a better antitumor effect compared
to monotherapy, with the additional advantage of using
suboptimal doses of each drug. We also showed that the
induction of ER stress is involved in the apoptotic cell death
induced by the administration of the two drugs. Therefore,
the improved antitumor potency of TAP7f combined with
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Fig.7 Evaluation of toxicity of the combined treatment. Different
tissues extracted at the end of the treatment from mice treated with
vehicle (control) or with the combination were fixed in 10% formal-
dehyde in PBS and embedded in paraffin. Sections of 5 pm were then
stained with hematoxylin—eosin. Magnification: 200X

thapsigargin might be considered a promising therapeutic
strategy for the treatment of melanoma.
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