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ABSTRACT

Animal secretions are promising sources of bioactive molecules. Previous works have
demonstrated that the crude saliva of Amblyomma sculptum (Fabricius, 1787) show
cytotoxic effects on different tumor cell lines, with no cytotoxicity in non-tumoral cells;
however, little is known about the mechanisms involved. Here, we investigate the CS effect
on the activation of programmed cell death pathways in tumoral cell lines. CS was collected
using microcapillary tubes after dopamine stimulation in the tick salivary gland.
Neuroblastoma (SH-SY5Y, SK-N-SH, CHLA-20, and Be(2)M17) lineages were treated in
vitro with 10% of the crude saliva (SL10) or its derived fractions for 72 hours. Protein content
profiles by western blot showed that neuroblastoma lineages have low levels of initiating
caspases and death receptors. Caspase-8 level was recovered with 5-Aza-2-deoxycytidine
demethylating agent, but it did not affect SL10 induced cell death. The RIPK1 inhibitor
Necrostatin-1 did not affect the SL10 induced cell death either, while the pan-caspase-
inhibitor Q-VD-Oph significantly reduced cell death. Cells overexpressing Bcl-XL and Mcl-
1 were generated to evaluate the role of anti-apoptotic proteins and the mitochondrial outer
membrane potential status. Apoptosis was prevented in the generated cell lines, as
demonstrated by the absence in caspase-3, caspase-9, and lamin A/C cleavage, as well as the
mitochondrial potential loss. Different fractionation protocols were performed by ion-
exchange chromatography and molar mass fractionation. It demonstrated that the active anti
apoptotic potential of the saliva from A. sculptum is within molecules smaller than 3 kDa.
Finally, we showed by Gas Chromatography—Mass Spectrometry (GC-MS) and Nuclear
Magnetic Resonance Spectroscopy (NMR) the presence of amino-acids, sugars and fatty acid
methyl ester, along with side chains compatible with Ala, Leu, Val, Glutamate, Glutamine,
Phenylalanine and Tyrosine, in addition to aliphatics and aromatic peptides in the low
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molecular weight fraction. These represent the possible antitumor compounds present in the
saliva of A. sculptum, responsible for the activation of intrinsic pathways of apoptosis in
neuroblastoma cells.

KEY-WORDS: Tick saliva, apoptosis, neuroblastoma, bioactive molecules, antitumoral

compounds.
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ABSTRACT (IN PORTUGUESE)
Secrecdes animais sdo fontes promissoras de moléculas bioativas. Estudos anteriores

mostraram que a saliva do carrapato Amblyomma sculptum (Fabricius, 1787) € citotdxica
para diferentes linhagens tumorais, sem efeito significativo em células ndo tumorais. No
entanto, pouco se sabe sobre os mecanismos envolvidos nessa atividade. No presente
trabalho, nos investigamos o efeito da saliva na ativacdo das vias de morte celular
programada em diferentes linhagens tumorais. A saliva bruta foi coletada em tubos
microcapilares apo6s estimulacdo das glandulas salivares do carrapato com dopamina.
Linhagens tumorais de tumor de mama (MDA-MB-231), adenocarcinoma colorretal (HCT-
116) e linhagens de neuroblastoma (SH-SY5Y, SK-N-SH e Be(2)-M17) foram tratadas com
10% da saliva bruta (SL10) e frac6es derivadas dela por 72 horas. Células de neuroblastoma
demonstraram a maior susceptibilidade aos efeitos citotoxicos da saliva e o perfil proteico
analisado por western-blotting mostrou que estas células tém baixos niveis de caspases
iniciadoras e receptores de morte. A recuperacdo dos niveis de caspase-8 induzida pelo
agente desmetilante 5-Aza-2-desoxicitidina (AZA), no entanto, ndo afetou a morte celular
induzida por SL10. O inibidor de RIPK1 Necrostatina-1 também néo afetou a morte celular
induzida por SL10, enquanto o inibidor de pan-caspase Q-VD-Oph foi capaz de proteger
totalmente as células de neuroblastoma contra a morte celular induzida pela saliva. Células
de neuroblastoma superexpressando Bcl-XL e Mcl-1 foram geradas e tal superexpressao
inibiu a apoptose e perda de potencial mitocondrial induzida pela saliva. Além disso, a
clivagem de caspase-3, lamina A/C e caspase-9 foram detectadas apenas nas linhagens sem
superexpressdo de Mcl-1 e Bcl-XL. A saliva bruta foi fracionada por cromatografia de troca
ibnica e por filtragcdo. Estas permitiram demonstrar que a atividade pro-apoptoética da saliva

de A. sculptum estd em moléculas menores que 3 kDa. Por fim, nos evidenciamos por
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Cromatografia Gasosa—Espectrometria de Massa (CG-MS) e Espectroscopia de Ressonancia
Magnética Nuclear (RMN) a presenca de cadeias laterais compativeis com Ala, Leu, Val,
Glutamato, Glutamina, Fenilalanina e Tirosina, além de peptideos alifaticos e aromaticos na
fracdo <3 kDa. Estes representam 0s possiveis compostos antitumorais presentes na saliva
de A. sculptum, responsaveis pela ativacdo de vias intrinsecas de apoptose em células de
neuroblastoma.

PALAVRAS-CHAVE: Saliva-de-carrapato, apoptose, neuroblastoma, moléculas bioativas,

compostos antitumorais.
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FACT SHEET

Animal secretions are promising sources of molecules with therapeutic potential. The
crude saliva (CS) from the tick Amblyomma sculptum, popularly known as Star Tick, has
demonstrated anti-tumoral effects on different cancer cell types without affecting non-
tumoral healthy cells. However, little is known about the cellular mechanisms involved in
such activity. Here, we investigate how such salivary secretion selectively induces tumor
cells to death, in a “controlled” manner. CS was collected by collaborators from the Butantan
Institute and the cancer cells were then treated in vitro with 10% of the CS, or its fractions,
for up to 72 hours. After that, different approaches were used to evaluate different cellular
death mechanisms in those cells. Our results showed that molecules found within the SL
induced mitochondria-dependent cell death in tumor cells. What was controlled by the
activation of enzymes called “caspases”, known for controlling cell death mechanisms.
Those anti-tumoral molecules are very small and highly stable, desirable characteristics for
the development of new therapeutic drugs. Hereafter, new analyses are in progress to
characterize such molecules and extend our findings to additional conventional

chemotherapeutic drug development.
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FACT SHEET (IN PORTUGUESE)

Secre¢des animais sdo fontes promissoras de moléculas com potencial terapéutico. A
saliva bruta (CS) do carrapato Amblyomma sculptum, popularmente conhecido como
Carrapato Estrela, demonstrou efeitos antitumorais em diferentes tipos de celulas
cancerigenas, sem afetar as células saudaveis. No entanto, pouco se sabe sobre os
mecanismos celulares envolvidos nessa atividade. Investigamos pela primeira vez como essa
secrecdo salivar induz seletivamente as células tumorais a morte, de forma “controlada”. A
CS foi coletada por colaboradores do Instituto Butantan e as células tumorais foram entéo
tratadas in vitro com 10% da CS, ou suas fracdes, por até 72 horas. Depois disso, diferentes
abordagens foram utilizadas para avaliar os diferentes mecanismos de morte celular nessas
células. Nossos resultados mostraram que moléculas encontradas na SL induzem morte
mitocdndria-dependente em células tumorais. Tal atividade é controlada pela ativacdo de
enzimas chamadas ‘“caspases”, conhecidas por controlar os mecanismos de morte celular
programada. Essas moléculas antitumorais da saliva sdo muito pequenas e altamente estaveis,
caracteristicas desejaveis para o desenvolvimento de novos farmacos com acao terapéutica.
Futuramente, novas analises serdo realizadas para caracterizar tais moléculas e estender

nossas descobertas ao desenvolvimento de novas drogas quimioterapicas.

22



1. INTRODUCTION

Neuroblastoma (NB) is an extracranial tumor associated with the development of the
sympathetic nervous system and the adrenal medulla [1]. It is the most frequent solid tumor
in children and comprehends 8 to 10% of all pediatric cancers [2]. According to the American
Cancer Society, NB prognostic factors range from clinical factors such as tumor stage and
the patient’s age at diagnosis to biological features such as histology and cytogenetic factors.
Based on accurate diagnosis and prognosis, treatment may include observation,
chemotherapy, surgical resection, myeloablative chemotherapy with autologous stem cell
transplantation, radiation therapy, differentiating treatment with 13-cis-retinoic acid, and
immunotherapy. Most of those basically aim at inducing programmed cell death (PCD) in
cancer cells [3].

PCD has been long described as one of the main strategies to improve clinical cancer
treatment. It is a fundamental process that maintains tissue homeostasis, removes damaged
cells and ensures the recycling of cellular constituents [4]. However, the development of cell
death resistance by certain types of tumors opens the need for new molecules capable of
bypassing the resistance developed by cancer cells. Some promising sources of biologically
active molecules capable of inducing the activation of different cell death pathways include
animal secretions. It was estimated that about 40% of all available anticancer drugs were
developed from natural sources, such as plants, microorganisms, and animals [5]. Among
arthropods, ticks are just starting to be investigated regarding bioactive components within
their salivary secretion with antitumoral activities [6].

The tick Amblyomma sculptum, previously named A. cajennense (Fabricius, 1787),

is one of the most widespread species in South America [8]. Although the composition of the
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A. sculptum’s saliva has been partially described by neutron activation analysis (NAA) [9]
and Tandem mass spectrometry (MS/MS) [10], there are few reports on the pharmacological
properties and therapeutical potential of its compounds. Cytotoxic effects of the crude saliva
have been demonstrated on melanoma cells (SK-MEL-28) and pancreatic adenocarcinoma
cells (MIA PaCa-2), with no cytotoxicity in non-tumoral human fibroblasts [11]. Similarly,
Sousa and colleagues[12] demonstrated the induction of apoptosis in breast cancer cell lines
(MDA-MB-123 and MCF-7), but not in the non-tumor breast lineage MCF-10A. Data
obtained recently by our research group demonstrated that A. sculptum saliva has high
cytotoxicity and anti-proliferative effect, involving cell cycle arrest and cytoskeleton
rearrangement in cells derived from leukemia (U937) and neuroblastoma (IMR-32 and
CHLA-20) [13].

Therefore, the saliva from the tick A. sculptum may be an example of the potential
pharmaceutical application of natural sources, affecting tumors such as neuroblastoma, often
resistant to conventional chemotherapy. The findings gathered here during my thesis show
that A. sculptum saliva contains small compounds that activates the intrinsic apoptosis
pathway through the loss of mitochondrial outer membrane potential and caspases cleavage.
Apoptosis is a complex process involving many molecules, organelles and processes
regulated by the balance between anti- and pro-apoptotic proteins. These mechanisms are
detailed in this work highlighting the way by which A. sculptum saliva may be affecting the

fate of neuroblastoma cells.
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2. JUSTIFICATION

Resistance to cell death is an early hallmark of developing cancer, therefore the specific
induction of cell death has been proposed as the primary strategy to improve clinical
treatment in malignant neoplasms. Programmed cell death involves many molecules,
organelles, and processes regulated by different intracellular pathways, carefully regulated
by the balance between anti- and pro-apoptotic proteins, and other signaling pathways that
exert mutual regulation, promoting or inhibiting cell death according to the conditions in
which the cells are found.

Although other targeting strategies such as biological or immune-modulating therapies
are improving fast and resulting in promising outcomes, their combination with cell death-
inducing drugs generally enhances their efficiency. Especially for tumors such as
neuroblastoma that are not significantly associated with somatic mutations, cell-death
inducing drugs with selectivity for cancer cells are among the most promising strategies.
However, the development of resistance to the existing drugs available by certain types of
tumors opens a need to search for new molecules capable of bypassing the resistance
developed by cancer cells.

Venoms and other animal secretions are rich sources of bioactive compounds, mainly
peptides. They interfere with cellular pathways such as programmed cell death, proliferation,
cell cycle, immune activation, adhesion, cytoskeleton organization, and organelle function.
The complete understanding of how those toxins trigger cell death pathways in cancer cells
and if their use is safe is fundamental to the development of new drugs. Thousands of toxins

were identified by modern science, and some are already being applied as therapeutic drugs.
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However, few have gone on to clinical exploitation due to a lack of description of their
mechanisms of action.

The crude saliva from the tick Amblyomma sculptum has proven to be an example of
the potential of pharmaceutical application of Brazilian biodiversity; as it refers to a mixture
of biologically active compounds that have been shown to selectively affect viability of
cancer cells, inhibiting their proliferation, migration, and angiogenesis of endothelial cells.
However, the specific mechanisms by which it selectively affects cancer cells have never
been fully elucidated. Therefore, this investigation has significant potential for innovation
and the screening of new drugs, looking for favoring patients that may benefit from our

findings.
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3. BIBLIOGRAPHICAL REVIEW

3.1. Cancer

Cancer represents one of the most challenging public health problems in the world and
one of the main causes of early death in most countries. According to the International
Agency for Research on Cancer, an estimated 19.3 million incidence and almost 10.0 million
deaths occurred worldwide by 2020 [14]. In Brazil, it was estimated over 600 thousand new
cases of cancer between 2020 and 2022. Of those, over 8.000 cases occurred in infants with
up to one year old [15]. Pediatric cancer mainly includes leukemias, brain cancers,
lymphomas, and solid tumors, such as neuroblastoma and Wilms tumors [17].

The term “cancer” is given to a collection of related diseases, classically defined as when
abnormal cells grow uncontrollably and spread into surrounding tissues [18]. During
carcinogenesis, normal cells accumulate epigenetic and genetic alterations, leading to
activation of oncogenes and inhibition of tumor suppressor genes [19]. Cancer transformation
induces the development of capabilities during the multistep tumorigenesis, called the
Hallmarks of Cancer, including sustaining proliferative signaling, evading growth
suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis,
activating invasion and metastasis, reprogramming of energy metabolism, and evading
immune destruction [20]. Cancer therapy strategies capable of overcoming those cell
capabilities can be challenging [21]. Among those, chemotherapy is the most used treatment

for most cancers, and essentially aims inducing programmed cell death in tumor cells [22].
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3.2.Neuroblastoma

Neuroblastoma (NB) is the most frequent solid tumor in infants up to one year old and
comprehends 8 to 10% of all pediatric cancers [2]. In Brazil, there is an estimative of about
7% incidence over the total number of childhood tumors, although NB-specific statistics are
difficult to be evaluated in Brazil due to the lack of specific records about the disease [23].
According to the American Cancer Society, in children aged 18 months or older, it is often
expressed as an unresectable or metastatic tumor that requires intensive multimodal therapy
and is associated with survival rates below 50% [24]. Metastases are present in about 50%
of patients at diagnosis, with bone marrow corresponding to 80% of cases, along with
metastasis in bones, regional lymph nodes, and occasionally in the central nervous system or
lungs [25].

NB is a cancer from immature nerve cells, that arise around the adrenal glands. It is
considered a development disorder, as it originates from cells derived from the neural crest,
likely Schwann Cell Precursor (SCP) cells [26,27]. During a normal embryonic
development, the SCP cells are progenitors of sympathoadrenal cells that differentiate to
sympathetic ganglion and adrenal catecholamine-secreting chromaffin cells. But during the
establishment of a NB tumor, such differentiation processes are not properly completed [28].

Different stages of differentiation reflect on the heterogeneity of tumors, composed of
distinct cellular phenotypes. Mesenchymal (MES) and adrenergic (ADR) phenotype
populations were described in primary tumors by transcriptional and phenotypic analysis
[29,30]. MES was associated with the presence of fewer tumorigenic cells and higher
sensitivity to chemotherapy, but also higher senescence and metastasis, while ADR

phenotypes are more proliferating and resistant to treatment. In vitro, ADR phenotypes are
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known as N-type cells and MES as S-type cells as they resemble Schwann cells. A third
population is described in vitro as I-type cells, that resemble cancer stem cells, and can
transdifferentiate between N-type and S-type cells [26]. Cells with different phenotypes have
distinct tumorigenic properties and it has been shown that the poorly differentiated or
undifferentiated histology is associated with the worst prognosis [31,32].

As a heterogeneous disease, prognosis is based on clinical factors such as tumor stage
and the patient’s age at diagnosis, biological features of the tumor such as histology and DNA
index or ploidy, cytogenetic factors, including amplification of the proto-oncogene MYCN,
neurotrophin receptors index, and chromosomal alterations [33]. The International
Neuroblastoma Staging System (INSS) classifies tumors into six categories according to the
patient's age and clinical presentation, including surgical excision, lymph node involvement
and metastatic sites [34] (figure 1). Stages 3 and 4 are considered the high-risk groups, which
are metastatic and often refractory to conventional chemotherapy or resistant to secondary
treatment [35]. As the INSS was intended for postsurgical staging, patients with localized
disease, not undergoing surgery, could not be properly staged. Therefore, in 2009, the
International Neuroblastoma Risk Group Staging System (INRGSS) was published as a new
way to stratify patients before surgical intervention, based on clinical criteria and image-
defined risk factors, not including surgical results or tumor spread to lymph nodes [36]. This

system is now used in parallel with INSS (figure 1).
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International Neuroblastoma Staging System (INSS)

International Neuroblastoma Risk Group Staging System

(INRGSS)

Stage
1

2A

2B

4

Definition
Localized tumor with complete gross excision, with or

without microscopic residual disease; ipsilateral lymph
nodes negative for tumor microscopically.

Localized tumor with incomplete gross excision;
nonadherent ipsilateral lymph nodes negative for tumor
microscopically.

Localized tumor with or without complete gross excision;
with ipsilateral nonadherent lymph nodes positive for
tumor.

Unresectable unilateral tumorinfiltratingacrossthe
midline with or without regional lymph node involvement;
localizedunilateral tumorwith contralateral regionalymph
node involvement; or midlinetumor with bilateral
extension by infiltrationor by lymph node involvement.

Any primary tumor with dissemination to distant lymph
nodes, bone, bone marrow, liver, skin and/or other organs
(except as defined for stage 4S).

Localized primary tumor (as defined for stage 1, 2A or 2B),
with dissemination limited to skin, liver, and/or bone
marrow (limited to infants).

Stage
L1

L2

MS

Definition
Localized tumor not involving vital structures as

defined by the list of image-defined risk factors and
confined to one body compartment.

Localized tumor with the presence of one or more
image-defined risk factors (IDRFs).

Metastatic disease (except stage MS).

Metastatic diseasein children younger than 18
months of age at diagnosis with metastases limited to
the skin, liver, and/or bone marrow.

Figure 1-Neuroblastoma staging systems. Adapted from Whittle, S. B 2017 [37].

Treatment for NB is based on accurate diagnosis and prognostication, with treatment

strategies based on known risk factors. Children with low- and intermediate-risk

neuroblastoma show over 90% long-term event-free survival rates to less than 50% for those

with the high-risk disease [37]. For the low and intermediate risk patients, treatment strategies

include observation alone, surgical resection or moderate doses of chemotherapy with

surgical resections [38]. Treatment of patients with high-risk and relapsed NB, on the other

hand, remains a challenge. It requires intensive multimodality treatment that may include (1)

induction chemotherapy, to reduce the primary and metastatic tumors and facilitate

successful surgery; (2) surgical resection, a complete excision of the primary tumor; (3) high-

dose chemotherapy with autologous stem cell rescue; (4) radiation therapy, (5) maintenance
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treatment with 13-cis-retinoic, a differentiation inducing drug, and (6) immunotherapy
[3,39]. Many chemotherapy drugs and various combinations of cyclophosphamide,
doxorubicin, cisplatin, carboplatin, etoposide, topotecan and vincristine have been developed
in the last 20 years for high-risk NB [40]; however, so far, overall survival rates in this

population did not improve significantly [41].

3.3.Programmed Cell Death (PCD)

The induction of tumor cells death has long been the main strategy to improve cancer
clinical treatment. The concept of programmed cell death (PCD) is applied to any
pathological event mediated by an intracellular programmed mechanism and it is a
fundamental process that maintains tissue homeostasis, removes unwanted or damaged cells,
and ensures the recycling of cellular constituents [4].

According to the latest recommendations of the Nomenclature Committee on Cell Death,
PCD can be divided into three major groups: (1) type I cell death or apoptosis, which shows
cytoplasmic shrinkage, chromatin condensation, nuclear fragmentation and plasma
membrane blebbing, leading to the formation of apoptotic bodies, that are efficiently
degraded within lysosomes after phagocytic uptake; (2) type Il cell death or autophagy, an
extensive cytoplasmic vacuolization that also leads to phagocytic uptake and consequent
lysosomal degradation; and (3) type Ill cell death or necrosis, which do not involve

phagocytic and lysosomal degradation of cell corpses [42].

3.3.1. Apoptosis

The term apoptosis was first presented to describe the morphological processes leading

to ordered cellular self-destruction [43]. It is the most investigated, selective, and controlled
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cell process, being involved in cell development, differentiation, normal cell turnover and,
most importantly, the removal of damaged/stressed or harmful cells in a genetically
determined manner [44]. Apoptosis represents the major type of cell death that occurs when
DNA damage is irreparable and involves the activation of proteolytic cascade mediated by
caspases.

Caspases are a family of conserved proteases known for their role in controlling cell death
and inflammation. They are characterized for a cysteine residue in their active site and an
unusual specificity for aspartic acid residues. When active, caspases are composed by an
amino-terminal domain, followed by large and small catalytic subunits that form the protease
domain [45]. Initiator caspases initiate the apoptosis signal while the executioner caspases
carry out the massive proteolysis that leads to apoptosis. A caspase recruitment domain
(CARD) or a death effector domain (DEC) are present in initiator caspases, promoting their
recruitment and activation in multiprotein complexes (figure 2). The initiator caspases can
be activated by dimerization and directly binding to other molecules in the cell. The
executioner caspases on the other hand, have an extended amino-terminal pro-domain and
require cleavage by initiator caspases for their activation, which occurs when the large and
small subunits are separated [45,46]. Caspases-2, -8, -9 and -10 are initiator caspases, while
caspases-3, -6 and -7 are executioner caspases. Caspases -1, -4, -5, and -12, are human
proteases associated to inflammation control, and eventually linked to inflammation-induced
apoptosis [45]. However, those and many new caspases are still under investigation, such as

caspase-14 and other variations of caspase-12.
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Figure 2 — Caspases domains and specificities.

Caspase-mediated cleavage is not exclusive for apoptotic pathways, as it has been
described to be associated to differentiation of myeloid cells [47,48]. Although, their main
role is associated and essential during apoptotic cell death, which can be specifically
regulated by two different signaling pathways: the intrinsic or mitochondrial pathway and
the extrinsic or death receptor pathway (figure 3) [4]. The extrinsic pathway is triggered, as
its name implies, when death ligands bind to death receptors in the cellular surface. Although
several death receptors have been described, the best known are the type 1 TNF receptor
(TNFR1), Fas (CD95), and TRAIL receptors (DR4 and DR5), that bind to their respective
ligands, TNF-a, Fas ligand (FasL) and TRAIL ligand. When ligands activate receptors at the
cell surface, receptor intracellular domains recruit adapter proteins, such as TNF receptor-

associated death domain (TRADD) or Fas-associated death domain (FADD) [49]. The
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adapter proteins then recruit and interact with the initiator pro-caspase-8 or pro-caspase-10,
forming the death-inducing signaling complex (DISC). Although, there are a few
singularities with TNFR1 activation, as it mediates apoptosis in two sequential signaling
complexes, what is well described by Micheau and Tschopp 2003 [50]. When DISC
formation is succeeded by the activation of any death receptor pathway, the initiating
caspases are activated, starting the cascade by cleaving other downstream proteins and
executioner caspases [51,52].

In contrast, the intrinsic pathway of apoptosis is induced by several factors, such as
cellular stress inducers (such as hypoxia, oxidative stress or high concentrations of cytosolic
Ca2+), irreparable genetic damage or deprivation of growth factors [42]. But regardless of
the initial stimulus, all those initiating factors generate the permeabilization of the
mitochondrial outer membrane throughout the activation of Bcl-2 family of pro-apoptotic
proteins, such as Bax and Bak [53]. In healthy mitochondria, cations are accumulated due to
a strong transmembrane negative potential formed during normal oxidative metabolism.
However, apoptotic inducing factors that regulate the opening of mitochondrial membrane
pores lead to an electrochemical potential collapse, in which ions, proteins and metabolites
are released from the mitochondria, along with mitochondrion loss of function [54].

The mitochondrial permeabilization, therefore, leads to the release of pro-apoptotic
molecules into the cytoplasm, such as cytochrome C. Cytochrome-C is a heme protein
normally located at the external face of the inner mitochondrion membrane, where it works
as an electron transporter at the electron transport chain [54]. But when in the cytoplasm,
cytochrome-C binds to the apoptotic protease activating factor-1 (APAF-1), which recruits
the pro-caspase-9 and forms a complex called apoptosome [4,55]. Consequently, caspase-9

is cleaved and activated, followed by the cleavage of downstream executioner caspases.
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Figure 3 — Apoptotic signaling - Intrinsic and extrinsic pathways.

The extrinsic pathway might also activate the intrinsic mechanisms, which is mainly
coordinated by the pro-apoptotic Bid protein. This protein is one of the targets downstream
of caspase-8, which phosphorylates Bid and generates its truncated form (tBid), promoting
mitochondrial potential loss and permeabilization by activation of Bax and Bak [56]. These
are pro-apoptotic proteins members of the BCL-2 family, responsible for coordinating the

formation of pores in mitochondrial outer membrane [57].
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When any of the apoptotic pathways is triggered and the executioner caspases are
activated, they start to cleave essential nuclear components that maintain cell function and
viability, such as lamins, DNA fragmentation factor 45 (DFF45), poly-ADP-ribose
polymerase (PARP-1), a-Fodrin (Asp1185), among others, leading to DNA fragmentation,
nuclear disintegration and condensation of chromatin [58]. PARP-1 is associated to the
regulation of membrane structures, cell viability, cell division and the actin cytoskeleton, and
is possibly the best characterized proteolytic substrate of executioner caspases [59]. Caspase-
3 and caspase-7 are the primarily responsible for PARP-1 cleavage during apoptosis.
Although, other caspases, including caspases-2, -4, -6, -8, -9 and -10, can also cleave PARP
when at high concentrations [60]. Lamins, major structural proteins of the nuclear envelope,
on the other hand, are primarily cleaved by caspase-6 and caspase-3, that become activated
both by the intrinsic and extrinsic pathway of apoptosis, also leading to nuclear and cellular
damage [61]. Thus, as the executioner caspases start to act, the apoptotic cells then start to
shrink and develop membrane blebbing, forming vesicles that are known as apoptotic bodies.
These are then rapidly phagocytosed by macrophages and efficiently degraded within their
lysosomes [53]. Therefore, the biochemical and morphological changes associated with
apoptosis are dependent on the activation of the executioner caspases, which is considered a

decision switch between life and death for both normal and cancer cells.

3.3.1.1 BCL-2 PROTEIN FAMILY

Proteins of the Bcl-2 family are known as regulators of apoptosis, as they control cell
death primarily by direct binding interactions that regulate mitochondrial outer membrane

permeabilization (MOMP) [57]. This protein family is represented by both pro and
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antiapoptotic members. Antiapoptotic proteins are often exploited by tumor cells to avoid
their death, thus playing an important role in carcinogenesis and in acquisition of resistance
to various therapeutic agents. On the other hand, proapoptotic proteins are often down

regulated in tumor cells, as they would act in the activation of intrinsic apoptotic pathways

[62].
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Figure 4 — Subfamilies of Bcl-2 proteins. Adapted from Cory, S. & Adams, J. M, 2002 [63].

Proteins of this family have homologue regions known as BH domains (figure 4). The
family is divided in three groups. The first, comprises the anti-apoptotic proteins that contain
4 BH domains and include Bcl-2, Bcl-XL, Mcl-1 and Bcl-W, which interact and inhibit pro-
apoptotic proteins. The second group comprehends pro-apoptotic proteins with 3 BH
domains, including Bax, Bak and Bok, responsible for mitochondrial permeabilization
regulation as they form pores into the mitochondrial outer membrane. Finally, the third group

(BH3-only) are also composed by pro-apoptotic proteins, but by those that contain only one
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BH domain and include Bid, Bim, Puma, Noxa, Bad, Bmf, Hrk and Bik; being responsible
for initiating apoptotic signals and controlling mitochondrial membrane permeability by
interacting and activating Bax, Bak and Bok, or also by inhibiting anti-apoptotic proteins.
[57,63].

3.3.1.2 ENDOPLASMIC RETICULUM INDUCED INTRINSIC APOPTOSIS

Stress of the endoplasmic reticulum (ER) can also trigger intrinsic apoptosis mediated
by MOMP [64]. ER is a eukaryotic cell organelle responsible for protein synthesis and
calcium (Ca2+) signaling, also providing a suitable environment for lipid, steroid, and
cholesterol biosynthesis [65]. Secretory and transmembrane proteins are translocated to the
ER lumen to fold into their native conformation and undergo posttranslational modifications
important for their activity and structure. However, extra-cellular environmental changes,
such as reactive oxygen species (ROS), hypoxia, and nutrients deprivation could induce
disturbance in cellular redox regulation of ER, leading to an imbalance in homeostasis and
consequent accumulation of unfolded proteins, establishing the “ER stress” condition [64].
To keep a protein control, the unfolded protein response (UPR) system is needed to rebalance
the protein-folding homeostasis. But if cells fail to recover from ER stress, UPR switches
from pro-survival to pro-apoptotic condition [66].

Three ER-localized transmembrane signal-transducers of UPR can detect accumulation
of unfolded proteins and lead to ER-stress induced apoptosis: (1) the inositol-requiring
enzyme (IRE-1), (2) the protein kinase RNA-like ER kinase (PERK) and (3) the activating
transcription factor 6 (ATF6) (figure 5). Activated IRE-1 recruits the TNF receptor-
associated factor-2 (TRAF2) and apoptosis signal-regulating kinase 1 (ASK1), leading to
activation of caspase-12, phosphorylation of c-Jun-N terminal kinase (JNK) and CHOP

upregulation. Consequently, leading to MOMP through activation of Bim, Bak and Bax,
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inducing the release of pro-apoptotic proteins and caspase cleavage [67—69]. Activation of
PERK and ATF®6, on the other hand, lead to direct up-regulation of CHOP, activating Bim,
Bak and Bax [70]. Also, ER stress generates ROS and Ca2+ release into cytosol, facilitating
the accumulation of unfolded proteins and depolarization of the inner mitochondrial
membrane [64]. Additionally, ER stress was also described to activate DR5, leading to

TRAIL induced apoptosis [71,72].
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Figure 5- ER stress induction of pro-apoptotic proteins.

3.3.1.3. JNK INDUCED INTRINSIC APOPTOSIS

Jun N-terminal kinase (JNK) is described for activating both extrinsic and intrinsic
pathways. JNK belongs to the superfamily of Mitogen Activated Protein (MAP) kinases, that
are involved in the regulation of cell proliferation, differentiation, and apoptosis [73]. The
JNK family of MAP kinases was initially identified as ultraviolet (UV)-responsive protein

kinases. Although, it has been described that it can also be activated by growth factors,
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cytokines, stress factors and death receptors [74,75]. Activated JNK can be translocated to
the nucleus or to the mitochondria, stimulating apoptotic pathways in many ways (figure 6).

When translocated to the nucleus, JINK phosphorylates several transcriptional factors,
including JunD, ATFs, ELK, p53, RAR-a and c-Myc, but most importantly, JNK
phosphorylates and transactivates c-Jun, a signal-transducing transcription factor of the AP-
1 family. Which is involved in the transcription of a wide variety of proteins, including
several pro-apoptotic ones, such as TNF-a, Fas-L and Bak [76,77]. INK primarily contributes
to the extrinsic pathway when activated by death receptors through AP-1 mediated increase
expression of death receptor ligands and pro-apoptotic proteins [75,78]. JNK may also
promote phosphorylation of Bid, which translocates to mitochondria and promotes the
release of pro-apoptotic proteins, such as cytochrome-c, but also SMAC/DIABLO and OMI,
mitochondrial intermembrane proteins that inhibit the anti-apoptotic protein XIAP [79,80].
When directly translocated to mitochondria, phosphorylated JNK phosphorylates the BH3-
only family of Bcl2 proteins to antagonize their anti-apoptotic activity, especially thru
inhibition of Bcl2 and Bcl-XL; along with phosphorylation of Bad and Bax, also leading to

mitochondria membrane permeabilization [77].
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Figure 6 — INK induced apoptosis.

3.3.1. Type-Il and type-111 programmed cell death pathways

Autophagy is a process of self-degradation that involves the destruction and recycling
of cell constituents by lysosomal degradation, considered the type-Il programmed cell death
pathway [81] In response to cellular stress, such as nutrient starvation, growth factor
withdrawal and energy depletion, autophagy induces degradation and recycling of cellular
components, suppling a continual source of metabolic building blocks to overcome the
cellular deficiency [82] Therefore, autophagy also plays a key role in maintenance of cell
homeostasis, function, and development. In certain circumstances, however, autophagy can
lead to cell death. Which mainly happens after intense autophagy induction and a failed effort
to mitigate cell damage [82]

Autophagy processes are mediated by evolutionarily conserved autophagy-related
genes (ATG) (figure 7). The ATG proteins encoded by these genes are responsible for

controlling specific stages of autophagosome initiation and formation, as well as its
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elongation, fusion to lysosomes and recycling [83]. mTORC1 and Beclin-1 are the two mains
autophagy-related inducers [84]. mMTORCL1 interacts with ATG13, phosphorylating it and
reducing its affinity with the autophagy activating kinase (ULK1), which plays a major role
in autophagy initiation, phosphorylating multiple downstream factors. Therefore, stress
factors induce direct or AMPK mediated inhibition of mMTORC1, enabling ATG13 to interact
and activate ULK1 [85]. Once activated, ULK1 complex drives the formation of the
phagophore, the initial autophagosomal precursor membrane structure, through direct
activation of the VPS34 (vacuolar protein sorting 34) complex and by mediating trafficking
of ATG9 [86]. Beclin-1, on the other hand, is mainly upregulated by the specific targeting of
mitochondria to autophagy, known as mitophagy, owing to the failure of mitochondria-
depleted cells to generate energy; along with activation by cytoplasmatic ROS, ER stress,
oxidative stress, or NF-kB, TNFa and JNK pathways. Beclin-1 can also be inhibited by Bcl-
2 and Bcl-XL proteins [84]. Similar to mTORC1, beclin-1 induces phagophore nucleation
and autophagy initiation by VSP34 activation and ATG9 recruitment. To complete
autophagosome formation, a cytosolic form of the microtubule-associated protein light chain
3 (LC3-1) is recruited to autophagosomal membranes and converted to LC3-1l1 by ATG4,
along with ATG7, responsible for the activation of LC3-I and elongation of phagophore
membrane [82]. LC3-II plays a key role as a receptor at the phagophore membrane and
interacts with adaptor proteins present on protein aggregates and damaged mitochondria,
thereby promoting their selective uptake and degradation. When the autophagosomes finally
fuses with lysosomes to form autolysosomes, intra-autophagosomal components are
degraded by lysosomal hydrolases, along with LC3-11 and p62, considered markers for

autophagy degradation [83]. Degradation and recycling of cell constituents will then provide
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energy, biosynthesis, and damage mitigation, along with prevention of mitochondria damage,
ER stress and inflammation.

However, cell death may result from extreme levels of autophagy activation, leading to
overconsumption of cellular organelles and re-routing of cellular membrane sources to
support autophagosome generation, to the point where cellular membrane homeostasis is
disturbed [82]. A complex crosstalk between apoptotic and autophagic signaling pathways is
also a subject of studies. Autophagic cell death has been described as a backup mechanism
when apoptosis in blocked, deficient, or deregulated [87]. Caspase-8 might not only generate
the truncated form of bid, but also activates beclin-1, acting in both pathways. Also, beclin-
1 and ATG-4 are inhibited by anti-apoptotic proteins such as Bcl-2 and Bcl-XL, which may
inhibit autophagy and enhance apoptosis under certain conditions. Upon TRAIL treatment,
two autophagy proteins, ATG-7 and p62/SQSTM1, were described to be recruited to DISC
and essential for TRAIL-induced Ca2+ influx and induced cell death on leukemia cells [88],
which was associated to PIM kinases on glioblastoma cells [89].

On the other hand, autophagy may inhibit apoptosis by engulfing pro-apoptotic
caspases, such as caspase-8, and damaged reactive mitochondria to prevent the release of
cytochrome c [90]. Therefore, it is still difficult to define a single function for autophagy, as
the process has different effects depending on cell stimuli and escape from apoptosis.

In cancer, it is difficult to stablish when autophagy protects survival or contributes to
cell death. As a cell protective survival pathway, autophagy prevents chronic tissue damage
that can lead to cancer initiation and progression, along with regulated cell death induction
thru excessive activation or whenever apoptosis is blocked. On the contrary, in stablished
tumors, cancer cells may upregulate basal autophagy, protecting cells from stress-inducing

microenvironmental conditions such as low oxygen and nutrient deprivation, enhancing
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survival in the hostile tumor microenvironment [91,92]. Therefore, as autophagy exerts its

effects in multiple ways, the role of autophagy in tumorigenesis is still considered context-

dependent.
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Figure 7- Autophagy pathway in mammalian cells

Besides autophagic and apoptotic cell death, another important programmed cell death
pathway is programmed Necrosis, or type-11l cell death, mainly consisting of Necroptosis
and Pyroptosis pathways. Necrosis is basically characterized by the cytoplasmic granulation
and organelle or cellular swelling that culminates in the leakage of intracellular contents from
the cell. Necroptosis is a regulated cell death with such necrotic features, mainly controlled
by tumor necrosis factors (TNF) [4]. Although, FAS activation was also described to induce
necroptosis by activation of proteins of the receptor-interacting protein (RIP) family [93].
Necroptosis research is relatively new and was originated when small molecules termed
necrostatins were shown to be able to suppress this necrotic form of cell death, previously

understood as uncontrolled cell death pathway [94] One of these molecules, necrostatin-1,
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was subsequently found to inhibit receptor-interacting serine/threonine kinase 1 (RIP1), thus
blocking the necrotic effect of TNF [95].

Necroptosis is activated in response to severe stress or blocked apoptosis and can be
induced by inflammatory cytokines or chemotherapeutic drugs. Its activation is
biochemically regulated by the activation of RIP family [96]. This family of kinases have
emerged as essential sensors of cellular stress, that are associated to many different cellular
pathways, such as activation of NF-kappaB and MAP kinases, but also to mediate apoptosis
- by interacting with death receptors or inflammatory pathways - and necrosis [94].- Under
TNF stimulation, RIP3 promotes the phosphorylation of RIP1, thus forming a necrosome
complex. The mixed lineage kinase domain-like protein (MLKL) is then recruited to the
complex, where it is phosphorylated and translocated to the plasma membrane, interacting
with phospholipids, and compromising membrane integrity resulting in cell rupture [94].
MLKL may also promote generation of ROS and activation of JNK, leading to different cell
death pathways as well [97,98]. Another crosstalk between programmed necrosis and
apoptosis is the fact that RIP1 and RIP3 are inactivated by caspase-8, which leads to pro-
apoptotic caspase activation cascade. But when caspase-8 is deleted, depleted, or inhibited,
the ligation of TNFR1 results in necroptosis, demonstrating another possible route of
programmed cell death when apoptosis is blocked [99].

Pyroptosis, on the other hand, is a caspase-1 dependent cell death pathway, which is
characterized by a lytic form of cell death, triggered by various pathological stimulus and
crucial for controlling infections [100]. Pathogen recognition receptors (PRR), such as Toll-
like receptors (TLR), recognize pathogen associated molecular patters (PAMPS) or damage

associated molecular patterns (DAMPs) and induce the assembly of associated speck-like
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protein containing caspase recruitment domains (ASC), forming the complex known as
inflammasome, that activates caspase-1 [101].

Once activated, caspase-1 cleaves gasdermin proteins (GSDM), pore-forming effector
proteins that cause membrane permeabilization [102]. Along with GSDM cleavage, caspase-
1 also activates and induces the release of cytokines such as IL-18 and IL-1B. The formation
of pores, then, induces cell swelling, osmotic lysis, and chromosomal DNA cleavage by
endonucleases. Differently than apoptotic pathways, however, pyroptosis does not involve
effector caspase cleavage and nucleus fragmentation [100,101]. A non-canonical pathway
triggered by the detection of Lipopolysaccharide (LPS), a major structural component of the
outer membrane of Gram-negative bacteria, may also induce inflammatory pyroptosis thru
activation of human caspase-4 and caspase-5 (or the murine homolog caspase-11), which
also cleaves gasdermin proteins and induces plasmatic membrane pore formation [46].
Inflammation, therefore, may also promote programmed cell death pathways in tumoral cells,
inhibiting cell proliferation, migration, and tumor growth. Thus, inflammasome factors are
usually reduced in tumor cell lines and future studies towards the elucidation of pyroptosis
mechanisms will contribute to the drug development targeting molecules that act as
pyroptotic inflammasomes. As discussed by Kayagaki and colleagues in 2021 [103], such
induced cell death is an active and well controlled event that may also be associated to several

other diseases.
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Figure 8- Canonical and non-canonical pathways of pyroptosis.

3.4. Natural compounds as new bioactive molecules sources for cancer

therapy

Natural compounds from plants, microorganisms, and animal secretions are promising
biologically active molecules to the development of new therapeutic drugs. In 2003, it was
estimated that about 40% of the available medicines were developed from natural sources
[104]. The first natural products to be described as medicine date centuries ago and include,
for example, antibiotics formed in moldy soy curd, used by Chinese populations to treat
infections and tetracycline antibiotics produced by Streptomyces, present in beer consumed
by old African civilizations [105]. The anesthetic properties of opium were also well known

throughout history when Friedrich Serturner, in 1804, isolated morphine from its resin. It was
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first distributed only in 1817 and started to be commercialized by Heinrich Merck only in
1827, more than a century before the foundation of the modern Food and Drug
Administration agency (FDA) in the United States, or the Brazilian National Health
Surveillance Agency (Anvisa) [106].

More recently, due to new investments and technological advances, new drugs derived
from animal secretions and isolated toxins have been developed and approved by the FDA.
The observation that patients envenomated by the lethal Brazilian Bothrops jararaca suffered
from hypotension and severe intestinal contractions led to the first animal toxin-derived drug,
called Captopril, an angiotensin-converting enzyme (ACE) inhibitor that is used to treat
hypertension [107]. Other examples include the pain reliever Ziconotide (commercial name:
Prialt), derived from the venom of Conus magus cone snail and is considered over 100 times
more powerful than morphine, and the glycemia regulator Exenatide (commercial name:
Byetta®), obtained from the saliva of the North American lizard Heloderma suspectum
[108]. Over half of all natural products approved by 2015 by the FDA were derived from
animal sources [105]

The development of new therapeuticals from natural sources requires significant
investments, not only in resources, but also in time; mainly due to the effort required to isolate
and identify these therapeutical compounds. Consequently, the pharmaceutical industry has
progressively moved away from natural products towards synthetic compounds [109].
However, natural products are combinations of structures and molecules selected by
evolutionary pressures to interact with a wide variety of proteins and other biological targets
for specific purposes, giving them a diversity and efficiency that is hardly achievable in

synthetic ways [110,111]
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Efforts to expand the impact of natural chemical diversity on the drug discovery process
follows two main paths: (1) characterization of crude mixtures to create fractional libraries
of natural compounds; and (2) combinatorial synthesis from natural products, to amplify the
structural context in which the unique characteristics of natural products are expressed
[109,112] This, together with advances in genomics, metabolic engineering, and synthetic
chemistry, offers new possibilities for exploring the remarkable biochemical diversity of
nature's "small molecules”.

Animal venoms are mixtures of cytotoxic and modulating components, selective and
potent to vital physiological processes in prey animals [113-115]. Snakes and arthropods
toxin-derived compounds have already been described for their highly selective toxicity on
a variety of cancer cells [115,116]. Chlorotoxin, for example, is a toxin derived from scorpion
venom with affinity for chloride channels, affecting ion conductance. It specifically and
selectively interacts with metalloproteinase-2 (MMP-2) isoforms, which are specifically
upregulated in gliomas and related cancers, but are not normally expressed in normal brain
cells [117] Crotamine is a snake venom peptide with high specificity for proliferating cells
that act on cell membrane's sodium channels. It is slightly analgesic and myotoxic, as it
penetrates muscles cells promoting necrosis [118] Cardiotoxins are also derived from snake
venoms, acting as membrane active proteins inducing apoptosis thru lysosomal activation
pathways [119]. Similarly, Melittin is a honeybee toxin derived peptide that induces strong
pore formation on tumor cell membranes, also known for causing the release of inflammatory
cytokines, sodium channels blockage, growth suppression and apoptosis induction [120,121].

Animal toxins have already been studied as agents to prevent the progression of cancer
[122] (figure 9). Cancer initiation was impaired by Rhodostomin, a snake-derived

desintegrin, which decreases superoxide production, and by Snake Venom L-Amino Acid
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Oxidases (svVLAAOSs) flavorenzymes that enhance caspase-8 and caspase-9 gene expression.
Similarly, metalloproteinases (svMPs) and svLAAOs from snake venom and arthropod-
derived toxins may impact cancer promotion by apoptosis activation or ion channel blockage.
Likewise, immune-modulating, anti-proliferative, and anti-metastatic peptides and proteins,

with or without catalytic activity were found in snakes, spiders, scorpions, bees, frogs, and
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Figure 9 - Effects of animal venoms or toxins on the pathology of cancer development. Adapted from

Chaisakul et al., 2016 [122].

3.5. Amblyomma sculptum

Ticks are hematophage ectoparasitic arthropods generally associated with high chances

of dispersion and pathogen transmission, implicating a higher concern to global health [123].
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. Ticks have four life stages (egg, larva, nymph and adulthood) and can be classified as soft
ticks — Argasidae and hard ticks — Ixodidae [124], mainly differing in that hard ticks have a
dorsal shield called scutum and their mouthparts are visible from above. Also, hard ticks tend
to have a long attachment to the host that can last for up to 3 weeks [123].

Before blood consumption, saliva is pumped into the feeding site, starting alternate
cycles of feeding and salivation [125] (figure 10). During feeding, the tick hypostome
penetrates the host dermis and gets in contact with host nerve endings, blood, and lymphatic
vessels, fibroblasts, dendritic cells, macrophages, mast cells, natural killer (NK) cells, T
lymphocytes, along with soluble mediators such as cytokines, chemokines, and lectins that

contribute to the host local and systemic immune responses [126].

:... Salivary
glands
5

Figure 10 — Tick feeding structures and mechanisms. Adapted from Chmelar et al., 2016 [127].

As blood is the only nutritious source, adaptation to blood-feeding must include a
complex cocktail of salivary components that help the parasite to overcome hosts' defenses
against (1) hemostasis, which depends on the triad of blood coagulation, platelet aggregation,
and vasoconstriction; (2) inflammation at the feeding site, which can produce itching or pain
and, thus, initiates defensive behavior in their hosts; and (3) immunity, involving cellular and

humoral responses [126,128]. Recent progress in transcriptome research has revealed that
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hard ticks have hundreds of different small peptides and proteins expressed in their salivary
secretion and glands, most of them still with unknown functions [128]. Currently, over
30.000 protein sequences deposited on GenBank are assigned to tick saliva or tick salivary
glands. As reviewed by Nuttall P. in 2019 [129], small non-peptide or protein molecules may
include endogenous nucleoside adenosine, arachidonic acid derivatives, endocannabinoids,
amides, and microRNAs.

Amblyomma cajennense is a complex of hard tick species from the Americas. It includes
six species, with Amblyomma sculptum and Amblyomma cajennense sensu stricto (s.S.)
(Fabricius, 1787) present in Brazil [130]. Amblyomma cajennense s.s. is associated with the
Amazon region and its equatorial climate, with no evidence of disease transmission. On the
other hand, A. sculptum (figure 11 A) occurs in the biomes Cerrado, Atlantic Forest, Pantanal
and Caatinga (in areas of tropical climate) [131]. In these habitats, it represents the most
common human parasitic tick and the main vector of Rickettsia rickettsii, which causes the
Brazilian spotted fever, the most serious tick-borne zoonosis in the New World [132]. Both
species can be found in the transition areas between the Cerrado and Amazon biomes (figure

11 B), which commonly generates identification errors [133].
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Figure 11 — A. sculptum life stages (A) and distribution in Brazil (B). Adapted from Martins & Menezes

2017 [131].

The literature already presents some data on the composition of A. sculptum saliva [9],
but there are few reports over the pharmacological potential of its salivary secretion. A
cDNA library of the salivary glands of A. sculptum demonstrated a series of genes encoding
compounds that affect the host's hemostatic system [134]. From this library, it was possible
to develop a series of clones and recombinant proteins involved with the hemostatic system,
such as Amblyomin-X [136]. Both are inhibitors of the tissue factor pathway (or TFPI),
single-chain polypeptides that can inhibit Factor Xa (FXa), responsible for the formation of
thrombin and consequent blood clot formation. The crude saliva has shown to present similar
effect, with inhibition of platelet aggregation and thrombin formation in melanoma and
pancreas adenocarcinoma cell lines [11]. Also, A. sculptum infestations do not generate the
acquisition of host resistance, modulating the host's immune response. It seems to inhibit the

complement system significantly reducing the local inflammatory process [137,138] and
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interferes in the differentiation and migration of dendritic cells, expression of stimulatory
molecules, and production of cytokines [139].

As for anti-tumoral potential, many effects of the salivary secretion of A. sculptum have
already been described. Cytotoxic effects of A. sculptum’s crude saliva have been
demonstrated on melanoma cells (SK-MEL-28) and pancreatic adenocarcinoma cells (MIA
PaCa-2), with no cytotoxicity observed in non-tumoral human fibroblasts [11]. Similarly,
Sousa and collegues 2018 [12] demonstrated cytotoxicity and apoptosis induction in cells
derived from breast tumors (MDA-MB-123 and MCF-7), but not in the non-tumor lineage
MCF-10A. Previous findings from our research group demonstrated that 4. sculptum’s crude
saliva has a high cytotoxicity and antiproliferative effect, involving the loss of mitochondrial
potential and cytoskeleton rearrangement in cells derived from leukemia (U937) and
neuroblastoma (IMR-22 and CHLA-20) [140]. However, little is known about the
mechanisms of action associated to such cytotoxicity. Therefore, the present project brings
data for the better comprehension of A. sculptum’s crude saliva cytotoxicity over

neuroblastoma cell lines.
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4. GENERAL AIM

The present project aims to describe the mechanisms involved in the cytotoxicity induced

by Amblyomma sculptum crude saliva and its derived compounds on neuroblastoma cells.

4.1 SPECIFIC AIMS

To identify the programmed cell death associated with the cytotoxicity of the crude
saliva.

e To investigate the selectivity of the crude saliva cytotoxic effect to tumoral cells.

e To describe the modulation of cell death associated proteins by the saliva.

e To identify and isolate the bioactive compounds from the crude saliva that may be

responsible for the observed anti-tumoral effect.
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5. MATERIAL AND METHODS

5.1Crude Saliva and fractions

Amblyomma sculptum ticks were collected by researchers from the Butantan Institute,
SP, Brazil with the tick dragging technique [141] and maintained as described by Oliveira
and colleagues 2012 [142]. As observed in figure 12, ticks were fed the blood of domestic
rabbits (Oryctolagus cuniculus) without prior tick infestations. Ticks were placed inside a
cotton chamber (10 cm x 15 cm) on the back of the rabbits until they reached 1.0 cm in width
and 1.2 cm in length or after eight days of feeding. They were then removed by torsion from
the rabbits’ backs. Salivation was induced using the methodology described by Oliveira et
al., 2012 [142] with minor modifications. Briefly, ticks were ventrally attached to a double-
sided tape on a wood base, and 5-10 ul of a dopamine solution (Sigma-Aldrich, St. Louis,
MO, USA; 5% w/v in 0.15 M NaCl) were injected into the dorsal region using a micrometric
syringe. Saliva was collected for 4 h at room temperature in microcapillary tubes fastened to

the wood base, with one end in contact with the tick’s hypostome, as observed in figure 12.
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@ Tick collection

@ CS collection
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Figure 12 — Amblyomma sculptum and their saliva collection by the research group of Dr. Simone Simons, from
the Butantan Institute. Ticks were collected by dragging techniques on open fields of Sdo Paulo state, Brazil
(1). Tick were fed on Oryctolagus cuniculus domestic rabbits (2), salivation was induced by a dopamine
stimulation and crude saliva (CS) was collected on microcapillary tubes (3) as described by Oliveira et al., 2012
[142].

The collected saliva was immediately frozen on dry ice. Saliva samples were pooled,
filtered (0.22 um), aliquoted, frozen on dry ice and ethanol, and kept at -80 °C until use. All
experiments were carried out using protocols approved by the Ethics Committee for the Use
of Animals of the Butantan Institute (CEUA No 1872100317). CS protein concentration was
estimated using the Bradford protein assay [143]. The experimental investigations over CS

induced cancer cell cytotoxicity were then performed as demonstrated on figure 13.
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Figure 13 - Fluxogram of methods and approaches for the development of the study.

CS was fractionated by ion exchange chromatography in a Resource Q column (FPLC;
AKTA Purifier; GE Healthcare), equilibrated with 20 mM Tris-HCI buffer, pH 8 (buffer A),
and eluted with a linear gradient of NaCl in 20 mM Tris-HCL/500 mM NaCl buffer (buffer
B). Fractions were pooled and concentrated by freeze-drying up to 10% of the initial volume
and dialized against 3 mM NaCl (3.5 kDa cut-off; SnakeSkin Dialysis Tubing; Thermo
Fisher). Protein concentration was determined by the Bradford method [144] and fractions
were kept at -80 °C until use. CS fractionation by centrifugal filtration was performed using
a 10 kDa cut-off Vivaspin 6 (Sigma Aldrich, St. Louis, USA) and a 3 kDa cut-off Amicon
Ultra-2 (Sigma Aldrich, Saint-Quentin-Fallavier, France), following the manufacturer's

recommendations.

5.2Cell lines and cellular edition

The neuroblastoma (NB) cell lines SH-SY5Y (ATCC® CRL-2266 ™), SK-N-SH

(ATCC® HTB-11 ™), and Be (2)-M17 (ATCC® CRL-2267 ™) were obtained from

58



American Type Culture Collection (ATCC), as well as the colorectal adenocarcinoma cell
line HCT-116 (ATCC® CCL-247EMT ™); the CHLA-20 NB lineage was obtained from the
Children’s Oncology Group Foundation (Philadelphia, PA, USA); and the MDA-MB-231
breast tumor derived cell line was kindly provided by Patrick Legembre (Rennes, France).
Stem cells from human exfoliated deciduous teeth (SHED) were kindly donated by Dr.
Alexandra Cristina Senegaglia from the Experimental Laboratory of Cell Culture,
coordinated by Dr. Paulo Brofman, at PUCPR, Curitiba, PR, Brazil. All cell lines were
maintained in Dubelcco's Modified Eagle's Medium (DMEM Ham's F12) culture medium
containing 10% inactivated fetal bovine serum (GIBCO), with 100 1U/ml of penicillin and
0.1 mg/ml of streptomycin. Culture flasks were kept in an incubator with 5% CO2, at 37°C,
and observed daily under an optical microscope. All chemicals and reagents here described
were purchased from Sigma Aldrich (St. Louis, MO, USA).

Bcel-XL and Mcl-1 overexpressing cells were generated using retroviral vectors
encoding the full-length sequences of the gene of interest in the laboratory of Dr. Olivier
Micheau (University of Burgundy - France), as described previously [145,146]. Bcl-XL full
length (FL) was encoded the pBABE-Puro plasmid [147], allowing the selection of infected
cells with puromycin selection at 2 pg/ml. Mcl-1 FL originally encoded by the pBabe-Flag-
hMcl-1 vector, a generous gift from Roger Davis (Addgene plasmid 25371;
https://www.addgene.org/25371/) was transferred into the pMIGR vector digested with Hpal
using the following oligonucleotides OR277: 5°-AGA-TCT-atg-gat-tac-aag-gat-gac-gac-3’
and OR278 5’-GTC-GAC-cta-tct-tat-tag-ata-tgc-c, after amplification using the Pfu DNA
polymerase (Promega) and ligation with the T4 DNA ligase (Promega) [148]. After infection,
Mcl-1 overexpressing cells were selected based on their GFP positivity by sorting using the

BD FACSMelody Cell Sorter [149]. Briefly, GP2-293 cells (ATCC) were plated and used at
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40% confluency for retroviral production using 1.5 pg pVSV-G (Clontech, Fitchburg, United
States) and 10 pg corresponding plasmids, as described above. Transfections were performed
with polyethyleneimine (PEI) as described by Ehrhardt et al., 2006 [149]. NaCl (150 mM)
and 4 ug of PEI, along with the plasmids and retroviral vector as described above, were
directly added to the GP2-293 cells and incubated for 8 to 16 hours. Cells were next washed
with HBSS, fresh DMEM medium, and 10 mM sodium butyrate was added for 12 hours, to
enhance retroviral production. Subsequently, GP2-293 was washed with fresh medium and
the supernatant containing viruses was collected after 24 and 48 h to infect NB SH-SY5Y
and Be (2)-M17 cell lines. Cells were allowed to recover for 24 to 48 hours and selected with
puromycin or cell sorted before characterization, generally 1 or 2 weeks after infection, by
analysis of protein expression by western blot. TRAIL-receptor-deficient HCT116 (DKO)
cells were generated using the TALEN approach as described by Dufour et al., 2017 [150].
Caspase-8-deficient HCT116 cells were generated by CRISPR-mediated gene deletion as
described by Elmallah et al., 2020 [151], using the pLC-RFP657-CASP8 plasmid, a kind gift
from Dr. Beat Bornhauser (Addgene plasmid # 75164; http://n2t.net/addgene:75164 ;

RRID:Addgene_75164) [152].

5.3Treatments with tick salivary secretion and fractions

In every assay, the crude saliva (CS) was tested with a 10% dilution (SL10), incubated
for 72 hours, as standardized in a previous study [13]. Fractions obtained from the CS were
reconstituted to the initial volume of CS before fractionation and then a 10% dilution was
used to evaluate the effect of each obtained fraction, the same way performed to the CS. The
chemotherapy drug Camptothecin (CMPT; Sigma Aldrich, St. Louis, USA) was used at 10

png/ml, as a positive control for apoptosis in some assays. Similarly, a cocktail of 1 uM
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doxorubicin (Merck - Sigma Aldrich, USA) and 1ug/ml topotecan (Merck - Sigma Aldrich,
Sdo Paulo, Brazil) was also used as a positive control for cell death.

The involvement of caspases in saliva’s effect was assessed by pre-treating cells for
60 minutes with 20 uM Q-VD-Oph (QVD; Selleckchem, Houston, United States) before
adding the saliva extract. Q-VD-Oph is a pan-caspase inhibitor which highly inhibits caspase-
1, caspase-3, caspase-7, caspase-8, caspase-9 and caspase-10. To evaluate the role of
necroptosis cells were treated with 15 mM Necrostatin-1 (NEC; Tocris, Bristol, United
Kingdom) for 1 hour before stimulation. This compound blocks non-apoptotic cell death by
inhibiting the receptor-interacting protein kinase 1 (RIPK1). 5-Aza-2-deoxycytidine (AZA)
(Sigma Aldrich, Saint-Quentin-Fallavier, France) at 10 uhM was used to reconstitute the
expression of caspase-8 in NB cell lines before treatment with SL10. AZA, widely used as
an anticancer drug, is a DNA demethylating agent known for increasing activity of caspase-
3, caspase-8 and caspase-9 [153].

For protein denaturation, CS was boiled at 95° C in a thermoblock for 5 minutes prior
to stimulation of the cells. The serine protease proteinase K was used to cleave proteins and
peptides present in saliva; 0.5 mg/ml of proteinase K was incubated with CS for 1 hour at
37°C, followed by enzyme inactivation for 5 minutes at 95°C, and only then it was added to
the cells. The proteinase K concentration was confirmed by acrylamide gel to be sufficient
to cleave high concentrated proteins (not shown).

To investigate if the cytotoxic activity of the CS was dependent of the presence of
divalent ions, CS was treated with Ethylenediamine tetraacetic acid (EDTA). CS presents
approximately 8 mM calcium (Ca*?) and 1.5 mM magnesium (Mg?*) [9]. EDTA is a chelating
agent capable of chelating a series of ions, including Ca*? and Mg?* at high concentrations.

EDTA at different dilutions, ranging from 0.01 mM to 20 mM, were added to the medium of
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SH-SY5Y cells to find the highest concentration that would not significantly impair their
viability for up to 72 hours. SL10 was incubated with 0.4 mM EDTA for 12 hours at 4°C
before incubation with cells as previously described, following evaluation of induced cell

death.

5.4Cell death and apoptosis

Cell death was determined using the Annexin V-APC and 7-AAD labeling to detect
the externalization of phosphatidylserine and cell membrane permeability, respectively.
Analyzes were performed using BD FACSCanto Il and BD LSR Il flow cytometers (BD
Becton-Dickinson, Franklin Lake, NJ, USA). Dying cells are presented as the percentage of
positively stained cells compared to untreated cells as a control. Each experiment was
performed independently at least three times. Cells were seeded at a density of 50.000
cells/well in 12-well plates overnight in complete medium. Following stimulation, cells were
trypsinized and transferred to cytometer tubes, along with their supernatant. Tubes were then
centrifuged at 300 rcf for 5 min and cells were washed with PBS 1X. Staining was performed
in Binding Buffer containing Annexin V-APC and 7-Aminoactinomycin D (7AAD) (BD
Pharmigen, France), according to the manufacturer's instructions. Single or double-positive
stained cells were considered dying cells and the results are expressed in percentage of

positively stained cells. The acquisition included a minimum of 10.000 cells per tube.

5.5Cell viability

Cytotoxicity and cell viability were assessed by the Methylene Blue test [154]. Cells
were plated at 30.000 cells/well density in 96-well plates. After treatments, cells were fixed

with 99% methanol and stained with 0.05% Methylene Blue dye (Merck, Darmstadt,
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Germany) aqueous solution for 10 minutes. Repeated washes were performed with running
water to remove the excess of dye that could interfere with the result. Plates were left to dry
overnight. Then 0.1 M HCI was added to each well, left in a plate shaker for 5 minutes in the
dark, and reading was performed in a plate reader at 630 nm. The percentage of cell viability

was calculated as follow: Cell viability (%) = (abs treated cells/abs untreated cells) x 100

5.6 Mitochondrial permeabilization

Mitochondrial potential was verified by JC-1 staining (Fisher Scientific,France). JC-
1 is a membrane-permeable dye that enters and accumulates in energized mitochondria,
changing stained mitochondria from green (fluorescence emission of 530+15 nm) to red-
orange (fluorescence emission 590£17.5 nm) as the membrane's potential increases. Cells
were plated at a density of 50.000 cells/well in 12-well plates and treated as described
previously, and transferred to cytometer tubes, along with their supernatant. Cells were then
stained with 2.5 pg/ml of JC-1 for 30 minutes in an incubator at 37°C, following washes with
1X PBS to remove any excess staining solution. Analyzes were performed in a BD

FACSCanto Il cytometer in channels B575/25 nm and B530/20 nm.

5.7Western blot and protein expression analysis

Protein levels were evaluated by immunoblotting. Cells were plated in 6-well plates at
500.000 cells/well and treated as described previously or directly collected from culture
flasks. Lysis was further performed with 1% NP-40, Tris-HCI, 3 M NaCl and 5% glycerol.
Protein content of lysates were measured by Lowry (Bio-Rad, Marnes-la-Coquette, France).
Proteins were resolved by electrophoresis in sodium dodecyl sulfate-polyacrylamide gels

(SDS-PAGE) containing 12% of SDS, 30% of acrylamide, 1% of Ammonium persulfate and

63



2% of N,N,N',N’-tetramethylethylene-diamine (TEMED) in a Tris-Hcl (1.5 M, pH 8.8)
buffer. After electrophoresis, proteins were transferred to polyvinylidene difluoride (PVDF)
membranes (Thermo Fisher Scientific, GE Healthcare Life Sciences Amersham, UK) in a
borate transfer buffer (3 g of boric acid in Tris-HCI buffer). Nonspecific binding sites were
blocked by incubation in PBS containing 0.5% Tween 20 (PBST) and 5% powdered milk,
for 30 minutes at room temperature. Membranes were incubated overnight with a specific
primary antibody described at Table 1, washed four times in PBST and incubated for 1 hour
with a horseradish peroxidase (HRP)-conjugated secondary antibody. Secondary antibodies
HRP-conjugated anti-rabbit were obtained from Jackson ImmunoResearch (Interchim,
Montlucon, France) and HRP-conjugated anti-mouse IgG1l-, Ig2a- and lg2b-specific
antibodies were from Southern Biotech (Clinisciences, Nanterre, France). Blots were
revealed using the Covalight Xtra ECL enhanced chemiluminescence reagent according to
the manufacturer's protocol (Covalab, France) and visualized on Bio-Rad's ChemiDoc XRS*

Imaging System.

Table - 1 — Primary protein antibodies used for Western Blot.

PROTEIN SIZE PROVIDER Ref./clone N° DILUTION
HSC-70 70 Santa Cruz, Germany SC-7298 1:1000
Caspase-3 17 Cell Signaling, Netherlands SA15 1:1000
PARP-1 89-116 Santa Cruz, Germany SC-25780 1:500
p-JNK 46 Cell Signaling, Netherlands 4668S 1:1000
Lamin A+C 41-50 Abcam, United Kingdom AB133269 1:1000
Caspase-9 37-46 MBL, United States M0543 1:1000
Mcl-1 40 Santa Cruz, Germany SC-12756 1:500
GAPDH 35 Santa Cruz, Germany SC-47724 1:500
IRE1 110 Cell Signaling, Netherlands 14C10 1:1000
Bcl-2 25 Santa Cruz, Germany SC-16323 1:1000
Bcel-XL 27 Cell Signaling, Netherlands 54H6 1:1000
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DR5 40-55 Abcam, United Kingdom AB16955 1:1000

DR4 40-55 Abcam, United Kingdom AB16942 1:1000
Caspase-7 45-55 Cell Signaling, Netherlands D5H1 1:1000
Caspase-2 35-51 Santa Cruz, Germany SC-53928 1:1000
Caspase-3 32 Cell Signaling, Netherlands 8610 1:1000

FAS 45-55 Santa Cruz, Germany SC-74540 1:1000
Caspase-10 27-55 MBL, United States M059-3 1:1000
Caspase-8 35-55 MBL, United States M032-3 1:1000

Bid 22 Cell Signaling, Netherlands 3C5 1:1000

Bax 25 Santa Cruz, Germany SC-20067 1:500

Rip 76 Cell Signaling, Netherlands D94C12 1:1000
Survivin 17 Cell Signaling, Netherlands 71G4B7 1:500
GSDMD 35-50 Abcam, United Kingdom AB210070 1:1000
GSDME 35-55 Abcam, United Kingdom AB215191 1:1000

5.8 Flow cytometry and protein expression analyses

Cleavage of caspase-3 was also evaluated by flow cytometry. Cells (50.000
cells/well) were seeded in 12-well plates and treated as previously described with CS or
fractions. Following incubation, cells and the supernatants were collected and transferred to
cytometry tubes. Cells were then washed with PBS 1X and permeabilized with 0.5% saponin
in 3% BSA for 10 minutes, saturated with 3% BSA for 20 minutes, and finally stained with
the final dilution of 1:800 of primary antibody to cleaved caspase-3 (Cell signaling, Leiden,
Netherlands), for 20 minutes. Subsequently, cells were washed twice with 1x PBS and
stained with the secondary anti-rabbit antibody conjugated to Alexa Fluor 680 for 15 minutes
in BSA 3%, washed twice with 1x PBS, and analyzed by cytometry on the BD FACSCanto

I1 or LSR 11 BD cytometer on channels 712/21 nm and 720/13 nm, respectively.

To check the basal extracellular expression of death receptors for TRAIL and FAS in

NB cells and control lineage MDA-MB-231, cells were collected and 50.000 cells were
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transferred to cytometry tubes. Then washed with PBS 1X and saturated with 3% BSA for
30 minutes. Subsequently marked for 45 minutes with mouse antibodies anti-FAS (BD
Biosciences, France) and anti-DR4 and anti-DR5, that were both generated by Dr. Agathe
Dubuisson and colleagues, as demonstrated previously [155], in collaboration to CovalAb
(Villeur-banne, France). As a negative signal control, the IgG1 isotype antibody (New
Englang BioLabs, France) was used. Cells were then washed again and incubated with the
secondary anti-mouse antibody conjugated to Alexa Fluor 680 (Jackson ImmunoResearch,
United States) for 30 minutes. Finally, cells were analyzed in BD FACSCanto Il cytometer

in channel 712/21 nm.

5.9 Chemical characterization of the low molecular weight fraction

Chemical characterization of the <10 kDa fraction were performed by our collaborator
professor Guilherme Sassaki at the Nuclear Magnetic Resonance Center, Department of
Biochemistry and Molecular Biology, Biological Sciences Sector at the Federal University
of Paran, Curitiba-PR, Brazil.

Gas chromatography—mass spectrometry (GC-MS) was performed on Shimadzu Nexis
QP2020-MS equipment containing a 25 m capillary column (VF5-MS). The temperature
program was defined for the separation of methyl ester derivatives, methyl glycosides and
acetylated derivatives. Derivatives were eluted in the CP-Sil-5CB capillary column as
follows: injector 250-C, oven start at 50°C (hold 2 minutes) to 90°C (hold 1 minute), 280 -C
(hold for 2 minutes) and up to 310 °C held for 5 minutes. Electronic impact (EI) spectra were
obtained at 70 eV. Derivatization of the samples followed the protocol described by Sassaki
and colleagues 2008 [156]. The amino acids and carbohydrates were esterified and
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glycosidated using a 0.6M MeOH solution, temperature of 80°C for 20 h. After drying over
nitrogen gas, the residue was acetylated using pyridine—-MeOH-Ac20 (100 pl, 1:1:4, v/v) at
100-C for 60 minutes and subjected to GC-MS analysis for the identification.

Nuclear Magnetic Resonance (NMR) spectras were obtained using Bruker Ascend 600
MHz equipment with a TCI cryoprobe (Bruker Biospin, Massachusetts, EUA). Lyophilized
<10 kDa fraction was resuspended using 640 puL of D20 (Cambridge Isotope Laboratories)
and 10 pL of TSP-d 4 (tetradeuterated sodium trimethylsilylpropionate, Cambridge Isotope
Laboratories), centrifuged at 10.000 rpm for 10 minutes and supernatants was transferred
into a 5 mm NMR tube. NMR spectra of the 1H NMR were acquired under a controlled
temperature of 298.15 K, number of transients (NS) of 64, the 90° pulse was calculated for
each sample, waiting time between acquisition (d1) equal to 10 seconds, number of
acquisition points (TD) equal to 64k and spectral window of 25 ppm (SW). Spectra were
acquired using NOESYPR1D pulse sequence with solvent pre-saturation (HOD) signal.
Bruker TopSpin® program (version 3.1) was used for data processing, with phase and
baseline corrected and calibrated through the signal relative to the TSP-d 4 at 6 0.00. NMR
experiments of Heteronuclear Single Quantum Coherence (HSQC), TOCSY, diffusion
measurement, and 2D-DOSY followed protocols previously described by Sassaki and

colleagues 2011 [157].

5.10 Statistical analysis

Statistical analyses were performed for flow cytometry quantitative results using
parametric T-test for comparisons between two treatments or control, or variance two-way

ANOVA, with Tukey's or Sidak’s test for multiple comparisons. Sidak was used when
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comparing several variables within a single cell line and Tukey when comparing variables
within different cell lines that were also correlated. GraphPad Prism software version 6 was
used for all analyses. Data were expressed as mean = SD and p-value *p<0.05, **p<0.01,

***n<0.001, and ****p<0.0001 were considered significant.
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6. RESULTS

6.1 Amblyomma sculptum’s crude saliva cytotoxicity is independent of

caspase-8 or death receptors activation.

To identify the intracellular mechanisms associated with the cytotoxicity previously
described for the crude saliva (CS), its effect was initially evaluated over the triple negative
breast cancer cell line MDA-MB-231, the colorectal adenocarcinoma cell line HCT116 and
the neuroblastoma (NB) cell line SH-SY5Y, by annexin-V and 7-AAD staining after 72 hours
stimulation as previously standardized [13]. As demonstrated in figure 14A, all cell lines
were susceptible to CS, with the highest sensitivity shown by SH-SY5Y cells, and this effect
was significantly prevented by treatment with the pan-caspase inhibitor QVD.

After demonstrating that CS’s cytotoxicity was dependent on the cleavage of caspases,
the basal level of proteins related to programmed cell death was analyzed in four NB cell
lines (SH-SY5Y, CHLA-20, Be(2)-M17, and SK-N-SH), and MDA-MB-231 and HCT116
cell lines (Figure 14B). As observed, whereas slight differences were observed for caspase-
2, caspase-3 and caspase-9 protein levels in these cell lines, NB cells were devoid of caspase-
10 and caspase-8, as expected [161], but also devoid of DR4, Bcl-XL, Mcl-1 and gasdermin
D (GSDMD). Gasdermin E (GSDME) was highly present in MDA-MB-23 and Be(2)-M17
cells. Bcl-2 and IkBa levels are relatively the same for all cell lines, except for SH-SY5Y
that shows some higher levels. On the other hand, RIP and BID protein levels are only low
for SH-SY5Y (figure 14 B).

The observation that death receptors were absent in NB cells was confirmed by flow

cytometry analysis (Figure 14 C). No or little membrane surface expression of death
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receptors FAS, DR4 and DR5 was detected on SH-SY5Y cell line, as opposed to MDA-MB-
231 which expresses a significant amount of these receptors.

To investigate if cell death on NB cells could be enhanced with the presence of initiator
caspases, we have evaluated the impact of the demethylating agent AZA, that acts as a DNA
methyltransferase inhibitor and has been found to restore caspase-8 and caspase-10 mMRNAS
and protein expressions [158]. SK-N-SH was the only NB lineage that significantly restored
caspase-8 expression (figure 14 D), but it did not affect the amount of cell death after SL10
treatment (figure 14 E). Similarly, caspase-8 knockdown HCT116 cells were also evaluated,
but differently than SK-N-SH cells, there was a slight reduction in SL10 induced cell death
on the HCT116 cells without caspase-8 expression compared to the wild-type cells. The DKO
HCT116 cells, that don’t express TRAIL death receptors, on the other hand, showed the same
sensibility to the CS as the wild type HCT116 cells. QVD significantly prevented cell death
upon SL10 treatment on every cell line evaluated (figure 14 E).

Together, those findings demonstrate that CS-induced cell death was independent of
death receptor activation or extrinsic apoptotic pathways on NB cells, which does not exclude
the possibility of different mechanisms of action for other tumor cells. Along with that, low
or absent levels of the anti-apoptotic proteins such as Mcl-1 and Bcl-XL (figure 14 B), related
to the regulation of mitochondrial membrane permeabilization, suggests that these NB cell
lines may be not only resistant to receptor-induced apoptotic pathways but also easily prone

to intrinsic apoptosis.
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Figure 14 - A. sculptum’s saliva induces cell death in tumor cells independently of death receptors activation.
Breast cancer (MDA-MB-231), colon rectal adenocarcinoma (HCT116) and NB (SH-SY5Y) cell lines were
treated with 10% of the crude saliva of A. sculptum for 72 hours alone or in addition to QVD, cell death was
then assessed with annexin V and 7AAD staining by flow cytometry (A). T-test statistics were applied to
compare each cells control group to its respective treatment, results expressed as the mean + SD with P <0.001
(***) were considered significant. (#) represents the statistical difference between SL10 and SL10 with QVD
treatment, with mean + SD with P < 0.05. Basal expression of cell death associated proteins were analyzed by
western blot in colon rectal (HCT-116), neuroblastoma (SH-SY5Y, CHLA-20, Be(2)M-17 and SK-N-SH) and
breast cancer cell lines (MDA-MB-231) (B). The cell surface expression of FAS, DR4 and DR5 death receptors
was also assessed on MDA-MB-231 and SH-SY5Y cells by flow cytometry staining (C). 10 uM of AZA
demethylating agent was used to restore caspase-8 expression on NB cell lines (D). Previously to SL
stimulation, 10 uM of AZA was used on the SK-N-SH NB cell line and HCT116 wild type, caspase-8 deficient

and DKO cells; after that, apoptosis was accessed again by annexin V and 7AAD staining (E).

6.2Amblyomma sculptum’s crude saliva induces apoptotic cell death in

NB cells.

The time-dependent effect of CS induced cell death over the NB cell line SH-SY5Y was
confirmed upon annexin-V staining after SL10 stimulation for 24, 48, and 72 hours. We
demonstrate that cell death upon CS stimulation increased in a time-dependent manner, and
became statistically significant only after 72 hours (figure 15 A). Consistently, cleavage of
caspase-3, lamin A and C, and loss of the proform of PARP-1 were observed after 72 hours
by WB (figure 15 B). Those basically characterize apoptotic activated pathways, but it could
not be excluded that in addition to apoptosis, CS could also trigger late necroptosis. For that,
we used the necroptosis inhibitor Necrostatin-1 (NEC) in two NB cell lines, SH-SY5Y and
Be(2)-M17. The inhibitor, however, did not significantly affect the CS’s effect over NB cells
(figure 15 C). Also, the combined treatment of QVD and NEC did not show any significant
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difference when QVD was used alone, suggesting triggering of apoptosis is in fact the main

cell death pathway induced by CS.
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Figure 15 - A. sculptum saliva induces apoptosis in NB cell lines. SH-SY5Y cell line was stimulated for 24, 48
and 72 hours with SL and 10ug/ml of CMPT, cell death was then accessed by annexin V and 7AAD staining
(A). Cleavage of PARP-1, Lamins and caspase-3 were verified by western blot analysis (B). SH-SY5Y and
Be(2)-M17 cell lines were treated with 15 mM of necrostatin-1 (NEC) necrosis inhibitor and 20 pM of QVD
apoptosis inhibitor previously to the SL10 stimulation (C). Cell death was then stained by annexin V and 7AAD
staining. T-test statistics were applied to compare each cells control group to its respective treatment (A) and
ANOVA with Tukey analysis for multiple group comparison (C), results expressed as the mean + SD with P <

0.05 (*), P<0.01 (**) and P <0.001 (***) were considered significant.
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6.3 Anti-apoptotic proteins of the intrinsic pathway prevent saliva-

induced mitochondrial potential loss and cell death.

Considering the cytotoxicity of the CS is mainly associated with apoptosis, but in an
independent manner of extrinsic pathways, the intrinsic pathway was investigated. We first
overexpressed Bcl-XL and Mcl-1 anti-apoptotic proteins, responsible for inhibiting
mitochondria outer membrane permeabilization (MOMP), in SH-SY5Y and Be(2)-M17 NB
cells (figure 16 A). CMPT treatment was used as a positive control for the induction of
intrinsic cell death, which is inhibited by Bcl-XL and Mcl-1 anti-apoptotic proteins. The
SL10 treatment was also evaluated on those cells. Bcl-XL overexpression alone could inhibit
most apoptotic death induced by SL10 and CMTP for both cell lines. As for Mcl-1 alone,
little protective effect was observed. However, when both proteins BclXL/Mcl-1 were
overexpressed together (BcIXL/Mcl-1-OE), the percentage of cell death induced by SL10
was lower than 17% on SH-SY5Y and 37% for Be(2)-M17 (figure 16 B). Statistical analysis
showed that after overexpression of the antiapoptotic proteins, neither SL10 nor CMPT were
able to induce significant cell death on SH-SY5Y cells. As for Be(2)-M17, SL10 was still
able to induce significant cell death, but with about 20% reduction compared to the mock

cells (figure 16 C).
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Figure 16 - Expression of Mcl-1-OE and Bcl-XL-OE proteins inhibits the cytotoxic effect of the SL. SH-SY5Y
and BE(2)-M17 cell lines overexpressing Mcl-1 and Bcl-XL protein plasmids were generated from lentiviral
infections and their levels were confirmed by WB analysis (A). Single transfected and double positive cells for
both anti-apoptotic proteins (BcIXL/Mcl-1-OE) and the control cells transfected with mock plasmids (MOCK)
were stimulated with 10% of the SL for 72 hours; cell death was accessed by the percentage of annexin V
(horizontal) and 7AAD (vertical) staining (B). Statistical analyses were performed and results are expressed as
the mean £+ SD. P < 0.05 (*), p £ 0.01 (**) and p < 0.001 (***) were considered significant and represent
statistical comparisons between each cell's control group. Statistical difference between mock and BcIXL/Mcl-
1-OE cells with the same respective treatment are represented by bars and (#) represents P <0.05 (C). 10ug/ml

of camptothecin (CMPT) was used as a positive control for intrinsic apoptotic triggering.

MOMP was then verified by JC-1 staining, which accumulates in mitochondria and
generates a red fluorescence. If mitochondria is depolarized, the fluorescence ratio decreases.
JC-1 staining showed over 60% of mitochondrial potential loss for SH-SY5Y and Be(2)-M17
treated with SL10. However, the double over-expression of Mcl-1 and Bcl-XL significantly
prevented mitochondrial permeabilization induced by SL10 in both cell lines, as well as for
the positive control with CMPT (figure 17). Therefore, the overexpression of Mcl-1 and Bcl-
XL allowed us to demonstrate that cell death induced by the saliva occurs through

mitochondrial membrane-potential loss.
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Figure 17 — SL10 induces mitochondrial potential loss on NB cell lines. SH-SY5Y and Be(2)-M17 double
positive cells for Mcl-1-OE and Bcl-XL-OE chimeric proteins (BcIXL/Mcl-1-OE) and the control cells
transfected with mock plasmids (MOCK) were stimulated with 10% of the SL for 72 hours and mitochondrial
potential by JC-1 staining was then evaluated by flow cytometry. Results are expressed as the mean £ SD. (*)
represents statistical difference with p < 0.05 comparing treatments with each cell's control group (black) and
(ns) represents no statistical difference. Bars represent comparisons between MOCK and BclXL/Mcl-1-OE
cells with the same respective applied treatment and (#) represents P < 0.05. 10ug/ml of camptothecin (CMPT)

was used as a positive control for intrinsic apoptotic triggering.

6.4CS’s pro-apoptotic activity is induced by small non-protein

compounds.

To identify and isolate the bioactive compounds from the CS that may be responsible for
the observed anti-tumoral effect, CS was submitted to fractionation by two different
procedures. lon-exchange chromatography (IEC) was performed in a Resource Q column
equilibrated with 20 mM Tris-HCI buffer and a linear 0-500 mM NaCl gradient.
Chromatographic profile using an UV detector (216 and 280 nm) showed several peaks

reunited in seven pools (figure 18 A). Before testing for specific activity, each pool was
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dialyzed in a 3.5 kDa cut-off membrane to clean residue buffer and NaCl. Cell viability

(figure 18 B) and morphology (figure 18 C) analysis showed that none of them had any effect

on cells.
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Figure 18 - lon exchange chromatography (IEC) fractionation of A. sculptum’s CS. Seven pool fractions (P1 —
P7) obtained in the Resource Q column at the FPLC (AKTA Purifier - GE Healthcare), as previously described
by Simons et al., 2011 [159] (A). Cell viability evaluated by methylene blue assay after 72 hours stimulation
with the salivary fractions obtained by IEC in a series dilution starting at 10% concentration (B); tests were
performed in three independent tests and absorbance at 630 nm was normalized to percentage of viability.

Optical microscopy imaging after 72 hours stimulation with 10% of each fraction and CS (C).
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As most compounds found within animal toxins are amino-acid based [159] and based
on previous findings from our group that the CS of A. sculptum is rich in peptides and proteins
[10,160], we had in mind that pro-apoptotic compounds within CS would have a protein
nature. To further investigate if CS’s activity would rely on protein components, it was boiled
at the denaturant temperature of 95 °C. However, no significant difference was observed
compared to the native saliva (figure 19 A). CS was also treated with proteinase K (protK),
a broad-spectrum serine protease, resulting in a slight, though significant, reduction in cell
death (Figure 19 B). Additionally, no significant decrease was observed for caspase-3
cleavage after protK treatment (Figure 19 C). Of note, SL10 treated with protK was also
boiled to enzyme inactivation before cellular assay. As a negative control, to assure protK
was not toxic at high concentrations, PBS and protK alone were added to the cells at the same

conditions.
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Figure 19 - Pro-apoptotic effect of CS is within compounds resistant to boiling. CS was boiled at 95 C for 5
minutes before stimulation on SH-SY5Y and cell death was then accessed by annexin V and 7AAD staining
(A). CS was treated with proteinase K (ProtK) for 1 hour at 37 C before stimulation on SH-SY5Y following
cell death assessment by annexin V and 7AAD staining . Prot K was inactivated by boiling at 95 C before cell
treatment. PBS 1x was used as a manipulation control (B). Caspase-3 cleavage was verified by flow cytometry
upon stimulation with CS after proteinase k treatment (C). Results are expressed as mean = SD. P <0.05 (*), p
< 0.01 (**) and p < 0.001 (***) compared to each cell’s control group were considered significant. Bars

represent comparisons between groups.

To investigate if the cytotoxic activity of the tick saliva was dependent of the presence

of divalent ions, which mainly includes small protein-based compounds such as lectins or
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proteases, the chelating agent EDTA was used to chelate Ca?* and Mg?* within the CS. EDTA

cytotoxicity was tested previously (figure 20 A), to find the proper concentration of EDTA

that would not impair cell viability, and then incubated with SL10 before cell stimulation. At

a concentration of 0.4 mM, EDTA failed to prevent CS-induced apoptosis in SH-SY5Y cells

(figure 20 B), suggesting that divalent cations present in the saliva are not significantly

involved in the cytotoxic effect of SL10 over NB cells. It must be stressed though that we

have not demonstrated that the amount of EDTA used was sufficient to chelate all ions within

the saliva.
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Figure 20- EDTA chelation of ions did not affect SL10 cytotoxicity. Cell viability by methylene blue assay

with different concentrations of EDTA on SH-SY5Y cell line (A). Cell death was accessed by annexin V and
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7AAD staining after stimulation with 10% of the crude saliva (SL10) and saliva previously treated with 0.4
mM of EDTA for 12 hours at 4°C before it was added to the cells. PBS 1x treatment the same way with EDTA
was used as a negative control for EDTA cytotoxicity (PBS+EDTA). The crude saliva was also incubated for
12 hours at 4°C as a control for its cytotoxic activity (SL10 4C). Results are expressed as mean + SD with P <

0.01 (**) and p < 0.001 (***) compared to the control group considered significant.

Taken together, our results made us conclude that the induction of apoptosis by CS
does not rely on folded proteins. If amino-acid-based, it would likely be small peptides, which
are usually molecules with some resistance to proteolysis and heat denaturation. Thus, we
tested the hypothesis that small molecules, which could have been lost in dialysis during
chromatography fractionation, would be responsible for the tumor cell death. Therefore,
centrifugal filtration was performed, as illustrated in figure 21A.

As observed, the active effect is fully present in <10 kDa fractions (figure 21 B). Such
activity was maintained when fractions were boiled (figure 21 C). That led us to the discovery
that the pro-apoptotic potential of the CS is within small molecules that are highly stable and
resistant to proteolysis induced by proteinase K and denaturation by high temperatures. To
evaluate if such fraction was also selectively impairing only cancer cells, like it is described
for the CS [13], non-tumoral stem cells from human exfoliated deciduous teeth (SHED) were
treated with the fraction (figure 21 D). As expected, SHED cells were not significantly

sensitive to the fraction as well.
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Figure 21 -The activity of the CS is within compounds smaller than 10 kDa. CS was fractionated by molar mass
using Vivaspin 6 with 10 kDa cut-off and cells were then stimulated with the fractions smaller (<10) and bigger
(>10) than 10 kDa (A) within the saliva, with and without boiling for 5 minutes at 95 ‘C. The activity of the
different fractions was observed by optical microscopy (B) and annexin V and 7AAD staining (C). Stem cells
from human exfoliated deciduous teeth (SHED) and SH-SY5Y were also stimulated with the <10 and the
cocktail of chemotherapy drugs (1 uM doxorubicin and 1ug/ml topotocan) as a positive control, followed by
cell death detection by annexin V and 7AAD staining (D). Statistics compared to each cells control group.

Results are expressed as mean = SD. P <0.05 (*), p<0.01 (**) and p <0.001 (***) were considered significant.
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6.5Active fraction induces strong intrinsic apoptosis.

Another dialysis fractionation was applied to the CS, with a cut-off of 3 kDa. It revealed
that saliva’s cytotoxic effect was within the <3 kDa fraction (figure 22 A). Differently than
observed in SL10, however, the protK was not sufficient to significantly reduce cell death
induced by <3 kDa fraction (figure 22 B). Both SL10 and <3 kDa treatments induced
cleavage of caspase-9 and caspase-3. However, the <3 kDa active fraction, like the positive
control with CMPT, induced significantly higher amounts of cleaved caspase-3 than SL10
(figure 22 C).

Over-expression of Bcl-XL and Mcl-1 prevented caspase-3 cleavage induced by both the
active <3 kDa fraction and SL10 (figures 22 D and 22 E). Consistently, inhibiting the intrinsic
pathway by over-expressing Bcl-XL and Mcl-1 in these cells impaired appearance of
caspase-9 and lamin A and C cleaved products after stimulation with CS and <3 kDa fraction.
Similarly, phosphorylation of Jun N-terminal kinase (JNK) was also reduced by the double
expression of anti-apoptotic proteins. Caspase-7 might be slightly cleaved, but further
investigations are necessary for confirmation. While IRE-1 expression was not impaired

(figure F 22).
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Figure 22 - Lower than 3 kDa fraction from A. sculptum saliva induces intrinsic apoptosis in NB cells. SH-
SY5Y were treated with SL10 and the lower than 3 kDa fraction (<3), cell death was then accessed by Annexin
V and 7AAD staining (A). Lower than <3 kDa fraction was treated with 0,5 mg/ml of proteinase K (ProtK) for
1 hour at 37 C before stimulation on SH-SY5Y and cell death assessed by annexin V and 7AAD staining. Prot
K within the saliva fraction was inactivated by boiling at 95T before cell treatment. PBS 1x was used as a
manipulation control (B). Cleavage of caspase-3 and caspase-9 were verified by Western Blot (C) and flow
cytometry (D/E). Cleavage of lamins, caspase-3 and caspase-9 were analyzed by western blot after treatment
with SL10, <3 kDa fraction and CMPT on SH-SY5Y with BclXL/Mcl-1-OE and without (mock)
overexpression of Mcl-1 and Bcl-XL (F). Results are expressed as mean + SD. P < 0.05 (*), p <0.01 (**) and
p <0.001 (***) were considered significant. (*) Represent comparisons with each cell’s control group and bars

represent comparisons between groups.

6.1 Chemical characterization of the low molecular weight fraction

from CS

The low molecular weight fraction was subjected to gas chromatography—mass
spectrometry (GC-MS) and nuclear magnetic resonance spectroscopy (H1-NMR) analysis.
As observed on table 2, GC-MS analysis showed the presence of different amino acids such
as Valine, Leucine, Glycine, Aspartic acid, Glutamic acid, Phenylalanine and N-Acetil
Lysine. High glycine presence was mainly attributed to residues from the Vivaspin 6
ultrafiltration devices used for the fractionation of CS by molecular weight. We also detected
the presence of sugars such as Mannose, Galactose, Glucose and Galactosamine; along with
other organic compounds such as myo-inositol and imizadol. Finally, fatty acid methyl esters
(FAME) of 16 and 18 carbons were also identified. Preliminary data (not shown) of MNR

also suggest the presence of aliphatic and aromatic peptides. Similarly, HSQC results based
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on the spectra at the shifts of 1H confirm the presence of side chains compatible with Alanine,

Leucine, Valine, Glutamate, Glutamine, Phenylalanine and Tyrosine.

Table 2 — Compounds found within the <10 kDa fraction by GC-MS analysis.

Amino Acids %
Valine 0,98
Leucine 1,07

Aspartic acid 6,9

Glutamic acid 1,98

Phenylalanine 3,43

N-Acetil lysine 1,29
Sugars
Manp 0,44
Galp 0,31
Glcp 3,1
GalNp 0,82
Other organic compounds
Acetamideacrilate 0,15

Myo-inositol 2,58

Imidazol 2,83
Glycerol-3-acetylated 74,12

Fatty Acid Methyl Esters (FAME) %
C16:0 23,61

C18:2 19
C18:1 27,53
C18:0 29,93

GC-MS analysis on CP-Sil-5CB capillary column and samples acetylated using pyridine — MeOH-Ac20.
Manp=Mannose or Mannopyranose, Galp= Galactose or Galactopyranose, Glcp=Glucose or Glucopyranose,

GalNp=Galactosamine or Galactosamine pyranose.
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7. DISCUSSION

Since it started to be studied in 2011, A. sculptum CS has demonstrated high anti-
tumoral potential. It induced proliferation rate reduction on melanoma and pancreas
adenocarcinoma cells, which was not seen in normal fibroblasts [161]. The cytotoxic activity
was also described in breast cancer cell lines, with no cytotoxicity reported in normal breast
gland cells [12]. CS was also able to impair endothelial cell proliferation and migration,
which was associated with disintegrins and cathepsin-L in the saliva [10]. In addition,
coagulation inhibitors derived from CS or salivary glands have also been shown to
significantly reduce angiogenic processes through the inhibition of VEGF-A, cell adhesion,
and migration [135,162]. Recently, our group demonstrated loss of viability of up to 80% in
five NB cell lines (SH-SY5Y, SK-N-SH, CHLA-20, IMR-32, and Be(2)M-17), after 72 hours
of incubation with CS, which was associated with cell cycle arrest and cytoskeleton
disarrangement [13]. However, the cell death pathways involved had never been studied in
detail. In the present study, we investigate how the CS from A. sculptum triggers programmed
cell death (PCD) in tumoral cell lines in a selective way and the possible compounds present
in the CS that would be associated with such cytotoxicity.

We show that CS induces significant cell death in breast cancer, colorectal
adenocarcinoma and NB cells (figure 14A). Cell death induced by SL10 was inhibited in all
tumor cell lines evaluated by the pan-caspase inhibitor QVD, demonstrating that its effect is
dependent on the activation of caspases. NB cells showed intense susceptibility that may be
conflicting, at first, with the low or absent levels of initiator caspase-10 or caspase-8 and
TRAILR1/DR4. Only SH-SY5Y and Be(2)M17 cells presented TRAILR2/DR5, while only

SK-N-SH showed APO-1/FAS receptors, as revealed by blotting analysis (figure 14B), while
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the extracellular surface expression of all those receptors, was absent in the SH-SY5Y NB
cell line (figure 14C). However, initiator caspase deficiency has been reported before and
seems to be a common aspect in neuroblastoma cells [163—-165]. A previous study showed
that 13 out of 18 NB cell lines presented abnormal DNA methylation, and inactivation of
caspase-8 that was correlated to tumor severity and resistance to death receptor-induced
apoptosis [166-168]. As for TRAIL receptors, other studies have also demonstrated the
absence of TRAILR1/DR4 in the NB cell line evaluated, with some protein level for
TRAILR2/DR5 and resistance to TRAIL ligand induced apoptosis [169,170]. Those cells
that did show some sensitivity to TRAIL also showed DR5 and caspase-8 expression, or had
their caspase-8 expression recovered by demethylating agents [170].

AZA, 5-Aza-2-deoxycytidine (decitabine) or 5-azacytidine (Vidaza), are
demethylating agents used for the treatment of several types of cancer, known to recover
caspase-8 and caspase-10 expression in many cancer cells [158,171]. In the present study,
NB cells were treated with AZA previously to SL10 stimulation. SK-N-SH was the only cell
line that significantly responded to AZA with caspase-8 restoration (figure 14D), even though
this treatment did not affect the SL10 induced cell death (figure 14E). In contrast, treatment
with the pan-caspase inhibitor entirely prevented cell death induced by CS in SK-N-SH cells,
either treated or not with AZA.

The proteolytic cascade mediated by caspase activation is associated with many PCD
pathways, but their role is essential and mostly related to apoptotic cell death [44]. Cleavage
of essential nuclear components to cell function and viability, such as PARP-1 and Lamin
AJ/C, was evidenced after SL10 stimulation on the SH-SY5Y cell line (figure 14B). PARP
is possibly the best characterized proteolytic substrate of executioner caspases, mainly

caspase-3 and caspase-7 [59]. At the same time, lamins are major structural proteins of the
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nuclear envelope primarily cleaved by caspase-6 and caspase-3 [61]. Caspase-3, cleaved by
many different substrates during apoptotic pathways and largely used as an apoptosis
indicator, was also cleaved upon SL10 stimulation on NB cells (figure 14B). In a previous
study, CS from A. sculptum was also found to induce caspase-3 cleavage in breast cancer cell
lines [12].

Deletion, depletion or inhibition of initiator caspases may result in necroptosis
triggering upon receptors activation, as a cell death escape route if apoptosis is blocked [99],
which is mainly regulated by the activation of proteins of the RIP family [96]. In our study,
however, the necroptosis inhibitor NEC did not affect SL10 induced apoptosis over NB cells.
On the other hand, the pan-caspase inhibitor QVD alone significantly inhibited cell death
induction by SL10, and such inhibition was not increased upon combination of QVD and
NEC (figure 17). Suggesting that the activation of extrinsic pathways of apoptosis is unlikely
to be associated with the cytotoxicity of CS.

The intrinsic apoptosis pathway can be induced by several factors that generate
mitochondria outer membrane permeabilization (MOMP) and consequent release of
proapoptotic molecules into the cytoplasm, such as cytochrome C, that leads to activation of
caspase-9, responsible for activating downstream executioner caspases, such as caspase-3
[55]. The involvement of MOMP in the proapoptotic activity of 4. sculptum’s saliva was
evaluated in NB cell lines SH-SY5Y and Be(2)-M17 overexpressing Mcl-1 and Bcl-XL
(figure 16A); since all NB cell lines tested in the present work were deficient for the
expression of those proteins, as previously demonstrated in other NB cell lines [172]. Those
are antiapoptotic proteins of the Bcl-2 family that interact with and inhibit proapoptotic

proteins such as Bax and Bak [57]. The expression of Bcl-XL inhibited CMPT and SL10-
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induced cell death, but not Mcl-1 overexpression alone. However, the combination of both
increased the antiapoptotic effect compared to Bcl-XL alone (figure 16B).

The reconstitution of both Bcl-XL and Mcl-1 on NB cells prevented not only
apoptosis, but also MOMP (figure 17). Suggesting that some pro-apoptotic proteins, such as
Bak and Bax, may be activated. These effector pro-apoptotic proteins are mainly activated
by BH3-only proteins, and among those, PUMA, BIM, BID and NOXA were described to
be effectively sequestered by either Bcl-XL or Mcl-1 [173]. Several different factors are
known for inducing BH3 proteins, which include hypoxia, proteasome inhibitors, radiation,
ER stress, ischemia and deprivation of cytokines, growth factors and nutrients; that are
mainly associated to transcription modulation of others such as p53, CHOP, FOXO3 and
miRNAs, for example [174,175].

The possible induced activation of Bax and Bak proteins by CS’s compounds may also
be associated with ER stress. Upon ER stress, CHOP is up regulated and as a transcription
factor, it regulates the expression of many pro-apoptotic genes, leading to activation of BIM,
PUMA, NOXA and direct activation of BAK and BAX, and therefore leads to mitochondrial
permeabilization [64]. CHOP also downregulates the expression of Bcl-2, Bcl-XL and Mcl-
1 anti-apoptotic proteins [70]. Cell cycle arrest by suppression of p21 has also resulted from
CHOP over activation [176]. Additionally, ER stress may also activate pro-apoptotic proteins
thru IRE-1 activation. For the CS or <3 kDa fraction, however, no significant changes in
IREL levels were observed (figure 22 F). IRE-1 binds to TNF receptor-associated factor 2
(TRAF2), triggering the activation of caspase-12 [177] and activation of ASK1, that
subsequently promotes phosphorylation of INK [178].

JNK may be activated not only by ER stress, but also by death receptors and reactive

species of oxygen (ROS) [179,180]. Its phosphorylation may regulate not only programmed
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cell death, but also proliferation and migration [97]. As previous studies have demonstrated
along with cell death induced by the CS of A. sculptum, cell cycle arrest [13] and inhibition
of migration [10], JNK phosphorylation might be a key event on the permeabilization of
mitochondria and intrinsic apoptosis induced by compounds found within CS. We have
demonstrated here that JNK is phosphorylated upon treatment of NB cells with the CS and
fractions extracted from it, but not when Bcl-XL and Mcl-1 are overexpressed (figure 22F).
Phosphorylated and active JNK are known as a transcription factor and associated to
activation of pro-apoptotic proteins such as BAD, BAX and BID [74].

ROS are short-lived and highly reactive molecules that might, therefore, activate
mitochondrial, death receptor and ER pathways of apoptosis [182]. Excessive ROS is mainly
produced under stress conditions, such as ER stress or DNA damage, generating increased
expression of several proteins, such as p53, PUMA, NOXA, BAX and JNK [183-185].
Excessive intracellular ROS may also affect caspase activity, as their catalytic site cysteins
are susceptible to oxidation, which may eventually lead to their cleavage [186,187]. H.O>
was described to upregulate FasL, translocating FADD to the plasma membrane and
activating caspase-8 [188]. Similarly, upregulation of TRAIL death receptors by ROS was
also reported [189]. In mitochondria, ROS may cause hyperpolarization and a collapse in
mitochondrial membrane potential and membrane translocation of BAX and BAK [190,191].
Finally, oxidative stress and mitochondrial Ca®* accumulation can trigger opening of
mitochondrial permeability transition pores (mPTP) [192].

The function of Ca?* in intrinsic apoptosis is also a complex subject that might involve
redox systems and ER stress [193]. The overload of Ca?* influx or its full blockage leads to
the opening mPTP and consequently, MOMP [194]. As Bcl-XL has also been reported to

block Ca?* induced apoptosis and such pathway may also involve caspase cleavage [195], it
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is possible that CS’s compounds induce intracellular Ca®* overload. Along with that, the
increase of cytoplasmic Ca?* may also be due to its release from the ER lumen thru ER stress
or IP3 receptor and such release was also described to be blocked by Bcl-XL and Bcl-2 [196],
suggesting another possible involvement of the ER stress on the cytotoxicity of CS, but
mediated by the Ca?* overload. Altogether, how mitochondria or effector pro-apoptotic
proteins are first activated by CS is still to be further investigated.

Many animal-derived compounds and toxins are known for their anti-tumoral effect
associated with mitochondria potential loss [197,198]. Venoms and toxins from snakes, bees,
wasps, scorpions, and marine animals have been highly investigated for their activity on
cancer immunomodulation, anti-invasive, anti-adhesive, anti-proliferation, and inhibition of
metastasis on different cancer cells [199]. Tick saliva is often left aside. However, lectins,
proteinases, phospholipases, hyaluronidases, neurotoxins, thrombin inhibitors, Kunitz-like
inhibitors, and antimicrobial proteins and peptides are just a few examples of molecules
commonly present in the saliva of ticks [199]. Even then, so far, there are no clinical studies
involving the use of substances isolated from tick saliva nor drugs available for therapeutic
purposes [200].

To identify the nature of CS components that would impair NB cell survival, we
performed fractionation by liquid chromatography (figure 18A), similar to what was done by
Simons and col. (2011) [160]. Fractions were collected by protein detection and associated
in seven pools based on NaCl gradient. Most of the components in arachnid saliva and other
arthropods' secretions are proteins [199]; and also, a rich source of bioactive peptides with
antitumoral potential [115,159]. Several animal peptides have been found to exert their
effects intracellularly, including by causing mitochondrial membrane disruption and

mitochondrial-dependent apoptosis [159], as observed with the salivary secretion of A.
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sculptum. However, none of the fractions showed the same cytotoxic effect as the CS over
NB cells (figure 18 B/C). Therefore, it was considered that some could have been degraded,
lost, or split during the fractionation process or storage.

Peptide bonds are formed by molecular reactions of dehydration synthesis, which may
be resistant to heating but may be effectively cleaved by trypsin or proteases, such as
proteinase K [201]. With that in mind, CS was boiled to induce protein denaturation or was
treated with proteinase K. Results showed that boiling had no effect on the SL10-induced
cell death (figure 19 A), eliminating folded proteins as the source of cytotoxicity. While
proteinase K treatment did reduce the efficiency of SL10-induced cell death on SH-SY5Y
NB cells (figure 19B), which could suggest the presence of pro-apoptotic peptides within the
CS. However, proteinase K did not significantly reduce the cleavage of caspase-3 (figure
19C). We also evaluated if the CS cytotoxicity was dependent on the presence of Ca?* and
Mg?* divalent cations by treating the saliva with EDTA chelating agent before cell
stimulation (figure 20). But no apparent changes were observed.

CS was then fractionated by molar mass with centrifugation systems to investigate
the size of the active compounds (figure 21 A). Even after boiling, the < 10kDa fraction
presented cytotoxic activity against the NB cells (figure 21). At the same time, the non-
tumoral SHED cells were not significantly sensitive to such fractions (figure 21 D). Esteves
and colleagues (2019) reached an active <3 kDa fraction from A. sculptum’s CS, associated
with the modulation of dendritic cell behavior, allowing Rickettsia rickettsia infection in the
tick’s host [202]. Therefore, we fractionated the CS using centrifugation systems again, but
with a cut-off of 3 KDa. In our results, such a fraction demonstrated the same cytotoxic effect

as the CS or the < 10kDa fraction (figure 22 A). It significantly induced cleavage of caspase-
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9 and caspase-3 (figure 22 C), which was reduced by the presence of Bcl-XL and Mcl-1
(figure 22 D/E), just like lamins cleavage (figure 22 F).

However, cell death was not significantly reduced when the <3 kDa fraction was
treated with proteinase K (figure 22 B), which could be associated with a more substantial
activity over cell death compared to the CS. But also, some peptides containing cystine knot
motifs are frequently considered to have high levels of thermal, chemical, and enzymatic
stability due to cross-bracing provided by the disulfide bonds, which could explain some
resistance to proteinase K cleavage. Those peptides are largely found in arthropod venoms
[203,204] and commonly target voltage-gated ion channels, show antibacterial, hemolytic
and antiviral agents [205]. Because of their stability, they are becoming increasingly popular
as protein engineering scaffolds targeting agents for chemotherapy [206]. For example,
chlorotoxin (CTX) is a 4kDa cystine knot peptide that acts as a chloride channel inhibitor
found in the Leiurus quinquestriatus scorpion venom that naturally targets tumors cells,
including neuroblastoma [117]. Or the neurotoxin Huwentoxin from the Chinese spider
Selenocosmia huwena, another cystine knot peptide that acts as a calcium channel blocker
and has demonstrated potent antitumoral and analgesic properties [207].

Although little is specifically known about the compounds within tick saliva,
phylogenomic analysis of nuclear protein-coding sequences from arthropod species suggests
they share many similarities with other arthropod species [208] and should even be
considered venomous animals as their salivary secretion share more molecular components
with venomous than non-venomous animals [209]. Among arthropods, the mastoparan-L or
analogues peptide isolated from wasp venoms [210], Bengalin isolated from the Indian black
scorpion venom [211], linear a-helical [212] or Pancrastistatin [213] from spider venoms,

are just a few examples of membrane interacting and penetrating peptides that selectively
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lead cancer cells to mitochondria associated apoptosis. Besides peptides, the saliva of ticks
may also hold other small compounds, such as cysteine-rich secretory proteins, cystatin,
defensins, hyaluronidases, lectins, metalloproteases, phospholipases, serine proteases and
amides [214]. Our preliminary analyses of the chemical composition of the low molecular
weight fraction from 4. sculptum’s saliva confirm the presence of several amino acids, along
with aliphatic and aromatic peptides (table 2), and also the presence of sugars, fatty acid
methyl esters and other organic compounds such as myo-inositol and imizadol. All of those

may be candidates as the sources of anti-tumoral compounds within the saliva of A. sculptum.

Many low molecular weight compounds within tick saliva are still to be found. To
reliably suggest the possible compounds within the <3kDa fraction from A. sculptum saliva
responsible for the mitochondria dependent apoptotic induction in NB cells, further analysis
of its biochemical composition are needed. So far, we confirm the strong potential that this
fraction holds as a source for novel anticancer compounds, highly stable and capable of
selectively inducing cancer cells to mitochondria dependent apoptosis in NB cells, and that
such effect is considerably blocked by the overexpression of Bcl-XL and Mcl-1. How exactly
mitochondria are first affected, however, still needs further investigations, we might only
suggest some initial triggers, such as activation of BH3-only or JNK proteins, ER stress,

excessive ROS production or Ca2+ influx unbalance (figure 23).
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Figure 23 - Lower than 3KDa fraction from the crude saliva of the tick Amblyomma sculptum triggers intrinsic
apoptosis in neuroblastoma (NB) cells. Red arrows indicate possible triggers for mitochondrial membrane

permeabilization.
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8. CONCLUSIONS

The programmed cell death pathways associated to the cytotoxic effect of the crude
saliva of the tick Amblyomma scultum over cancer cells has, to date, never been fully
elucidated. Here, we describe for the first time that its crude salivary secretion induces
mitochondria membrane permeabilization on neuroblastoma cells, followed by cleavage of
caspase-9 and caspase-3, along with cleavage of essential nuclear components that
characterize intrinsic apoptosis induction. We also found that such activity is within
molecules smaller than 3 kDa size, that are highly stable to denaturation and show some
resistance to proteolysis. The pro-apoptotic effect of such salivary fraction is effectively
inhibited by anti-apoptotic proteins such as Bcl-XL and Mcl-1, suggesting the involvement
of Bak and/or Bax proteins, or direct depolarization of mitochondrial membrane by factors
such as ROS or Ca?* overload. Further analyses are still necessary to elucidate how
mitochondria is first affected. Our initial analysis of compounds found within this low
molecular weight fraction indicates the presence of many different nature of molecules,
including peptides. But further investigation will also be necessary to characterize those
potentially pro-apoptotic compounds. Altogether, our findings offer new, potentially useful
information for further studies regarding the antitumoral potential within tick saliva that are
required to extend our findings to additional conventional chemotherapeutic drug

development.
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9. FUTURE PERSPECTIVES

Further biochemical analysis regarding the investigation of the molecules and
compounds found within the low molecular weight fraction of 4 scultum’s saliva are already
been caried out by gas chromatography—mass spectrometry (GC-MS) and Proton nuclear
magnetic resonance (H+-NMR). In addition, in the coming months, we expect to investigate
the mechanism by which the mitochondria are first affected by this salivary fraction. For that,
BAX/BAK channel blockers will be used to treat the cells previously to the saliva treatment.
ROS production will be evaluated by fluorogenic dyes. And new analysis of apoptotic protein
levels, as well as ER stress proteins, upon treatment with the salivary fraction will also be

necessary.
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10. STUDY LIMITATIONS

The present study has some limitations. Its main limitation is regarding the acquisition
of CS. We need about 100 female ticks to obtain only about 1 ml of saliva; collection and
maintenance of ticks, as well as the collection of saliva itself are time consuming. Therefore,
analysis such as the ion exchange chromatography, GC-MS or H+-NMR that need very high
amounts of sample, need a long time to be performed, as it is necessary to accumulate a large
amount of saliva. That, together with eventual issues on the transportation of the CS from the
Butantan Institute to PUCPR and Burgundy University has significantly delayed our
chronograms. Because of such limitation, the biochemical analysis regarding the
investigation of the CS or <3 KDa fraction chemical characterization are still inconclusive
and more time will be needed for those to be completed. Without such information, it is not
yet possible to identify the specific source of the antitumoral activity. Also, those analysis of
chromatography and spectrometry could not be performed in our own laboratories, as we do
not own the necessary equipment, and relied on other collaborators.

Additionally, further studies are still necessary to fully elucidate how the compounds
found with the active fraction first induce MOMP, leading to apoptotic cell death. We were
able to describe that apoptosis is triggered thru the mitochondria permeabilization on NB
cells, but it is still not yet clear if BAX and BAK are involved, and if so, what leads to its
activation. Along with that, the CS possibly has different mechanisms of action for different
tumor cells, such as HCT-116, and further studies are necessary to investigate such possible

mechanisms in other cell models.
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Antitumoral effects ofAmbbmmma sculptum Berlese saliva in
neuroblastoma cell lines involve cytoskeletal deconstruction

and cell cycle arrest

Efeito antitumoral da saliva do carrapato Amblyomma scuiptum Berlese em células de neuroblastoma
envolve desconstrugio do citoesqueleto e parada do ciclo celular
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Abstract

The antitumor propertics of ticks salivary gland extracts or recombinant proteins have been reported recently,
but little is known about the antitumor propertics of the sccreted components of saliva. The goal of this study was to
investigate the in pitre effect of the saliva of the hard tIckAmHyomma 5md:pfum on neuroblastoma cell lines. SK-N-SK,
SH-5Y5Y, Be(2)-M17, IMR-32, and CHLA-20 cclls were susceptible to saliva, with 80% reduction in their viability
compared to untreated controls, as demonstrated by the methylene blue assay. Further investigation using CHLA-20
revealed apoptosis, with appmximatcly 30% of annexin-V positive cells, and GUJ’Gl—pha;c accumulation (>60%) after
treatment with saliva. Mitochondrial membrane potential (Aym) was slightly, but significantly (p < 0.05), reduced
and the actin cytoskelcton was disarranged, as indicated by fluorcscent microscopy. The viability of human fibroblast
(HFF-1 cells) used as a non-tumoral control decreased by appmximatcly 40%. However, no alterations in cell cyclc
progression, morphology, and Awm werc obscrved in thesc eclls. The present work provides new perspectives for the

characterization of the molccules present in saliva and their antitumor propertics.

Keywnrds: Tick saliva, animal roxin, tumor cell death, pcdiatric cancer.
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Impact statement Abstract

This review provides an update on the
mostly wad ol ine in Wi modes for
(NE). a

with high il and
msEtanos o trestment. The genatic and
phenctygic profles of the mast used NB
ol lines in the kast 10 yasrs are presented,
oorgiderng the moleular markers fat are
inwdvad in the dizfinat NB tumar phana-
types, induding disting core mguiaiony
dimuiries and non-coding ANAL. This
gathared infarmation can assistin tha
sdaction af tha mast sppragdate MB in
wiro model, based on fe specific goals
and abjectivet of aadh Sludy.

This review was conducted to presant tha main nauroblastoma (NB) dlinical characteristics
and the most common ganetic atterations prasant in these padiatric tumors, highlighting
thair impact in tumor call aggressivenass bahavior, induding metastatic development and
treatment resistanca, and patients’ prognosis, The distinct three NB cell lineage pheno-
typas, S-typa, N-typa, and |-typa, which are characterized by uniqua cell surface markers
and gena expression pattems, are also reviewad. Finally, an overview of the most used NB
call lines curantly available for in vifro studies and their unigue cellular and molecular
characteristics, which should be takan into accourt forthe selaction of the most appropriate
model for NB pra-clinical studies, is presertad. These valuable modals can be comple-
mantad by the ganaration of NB reprogrammed tumor cells or organoids, darived directly
from patients’ tumor spacimans, in tha direction toward parsonalized madicina,

Keywords: Padiatric cancer, neural crast tumors, neuroblastoma cell lines, SH-SYSY, tumar stem cells, it vifro modals

Experimental Biology and Medicine 2020; 0: 1-11. DO 10.1177/1535370220049237

Introduction

Meuroblastoma (MNB) is an extracranial solid tumor in chil-
dren and comprehends 8% to 10% of all pediatric cancers.”
It is a heterogeneous disease that presents a broad spectrum
of clinical behaviors; in children aged 18 months or older, it
is often unresectable or metastatic, requires intensive mul-
timodal therapy, and is associated with a survival rate
lower than 50%.% On the other side of the spectrum, NB
with spontaneous regression without chemotherapy is
seen in low-risk subgroups®

NB is derived from cells within the neural crest, likely
sympathoadrenal progenitor cells that differentiate to sym-
pathetic ganglion and adrenal catecholamine-secreting
chromaffin cells.* The presentation and symptoms at diag-
nosis reflect the tumaor location, commonly in the adrenal
medulla or amywhere along the sympathetic ganglia

Metastases are present in about 530% of patients at diagno-
sis, with bone marrow metastases corresponding to 80% of
the cases. Metastases are also found in bones and regional
lymph nodes, while the involvement of the central nervous
system and lungs is rare.”

The International Committee of Pathology of
Meuroblastoma classifies NB tumars into distinct subtypes,
according to histological findings, which include the amount
of Schwarmian stroma present in the tumor and the mitosis-
karyorrhexis index (MEI)® Generally, the poorly differenti-
ated or undifferentiated histology confers a worse prognosis
to patients. Age is also an important prognostic indicator; in
<18month-old patients, poorly differentiated NEB is still
considered a favorable prognosis if the MEI is not high;
however, in patients aged =18 months, poorly differentiated
NEB is invariably unfavorable,”
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Abstract: Resistance of cancer cells to tumor necrosis factor-related apoptosis-inducing ligand

(TRAIL )induced apoptosis represents the major hurdle to the clinical use of TRAIL or its derivatives.

The discovery and development of lead compounds able to sensitize tumor cells to TRAIL-induced
cell death i thus likely to overcome this limitation. We recently reported that marine actinomycetes’
crude extracts could restore TRAIL sensitivity of the MDA-MB-231 resistant triple negative breast
cancer cell line. We demonstrate in this study, that purified secondary metabolites originating
from distinct marine actinomycetes (sharkquinone (1), resistomycin (2), undecylprodigiosin (3),
butylcyclopentylprodigiosin (4), elloxizanone A (5) and B (6), carboxyexfoliazone (7), and exfoliazone
(8)), alone, and in a concentration-dependent manner, induce killing in both MDA-MB-231 and
HCT116 cell lines. Combined with TRAIL, these compounds displayed additive to synergistic
apoptotic activity in the Jurkat, HCT116 and MDA-MB-231 cell lines. Mechanistically, these secondary
metabolites induced and enhanced procaspase-10, -8, -9 and -3 activation leading to an increase
in PARP and lamin A/C cleavage. Apoptosis induced by these compounds was blocked by the
pan-caspase inhibitor QvD, but not by a deficiency in caspase-8, FADD or TRAIL agonist receptors.
Activation of the intrinsic pathway, on the other hand, is likely to explain both their ability to trigger
cell death and to restore sensitivity to TRAIL, as it was evidenced that these compounds could induce
the downregulation of XIAP and survivin. Our data further highlight that compounds derived from
marine sources may lead to novel anti-cancer drug discovery.

Keywords: TRAIL; marine achnomycetes; apoptosis; therapy
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Evidence that BJcul, a C-type lectin from Bothrops jararacussu venom, ez
influences deubiquitinase activity, resulting in the accumulation of
anti-apoptotic proteins in two colorectal cancer cell lines
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ARTICLEINFO ABSTRACT
Fywards: BJeul iz a snake venom C-tyvpe lectin (SVICTL) purified from the :nake’s venom Boffrops joraracuszu. It has been
Snake venom

previguzly demonstrated that BJeul induces the accumulation of pro-apeptode proteins of the extrinzic pathway,
zuch az FADD and cazpasze-B, in the colorsceal cancer cell line HT29, suggesting that the lectin may be abls to
enhance TRAIL-induced apoptosis. To test thiz hypethesiz, we exposed two celorectal cancer cell linez, HT29 and
HCT116, to increasing concentrations of BJeul (1-20 pe/mL) in the presence or absence of TRAIL. Contary to
our expectations, however, BJeul was unabls to induce apoptoziz in these cells, az shown by annexin-V,7AAD,
clonogenic assays, and immunoblotting. Nevertheless, BJeul was able to induce the aceumulation of FADD and
caspase-8, as well as anti-apoptotic proteins such as ¢-FLIP and survivin and poly-ubiquitinated proteins. Incu-
badon with the deubiquitinaze inhibitor WP1130 (10 phI) rezulted in decreazad BJeul-induced survivin levels.
Altogether, our results evinee the effects of SVCTL on the ubiguitin-proteasome system in vitro for the first dme.
Compounds that can influence such zystem are important tools in the zearch for new therapeutic or diagnoestic
targets in cancer since they can slucidate the molecular mechanizmes involved in determining cell fare az well az

Ancimamor toxin
Ubiguitin proteasoms sywbem

contributng to drug-development sirategies in parmerzhip with the pharmaceutical industy.

1. Introduction

Snake venom toxins are promising sources of novel biologically
active molecules and pharmacological agents [1]. Snake venom C-type
lectinzg (SVCTL) are among the best-known and most active components,
exhibiting a peculiar ability to interact with specific glycoligand: and
affect extensive biological processes [2]. The antitumor activity of
SVCTL, for example, hes been atiributed to its involvement in apoptosis
induction [2] through mechanisms that remain only partially under-
stood. BJeul iz an SVCTL purified from Bothrops jararacussu venom. It
hzz 2 pro-inflammatory capacity, as demonstrated by the activation of
neutrophil: and macrophages in viere [4-7]. BJoul can zlzo decreass the
growth of breast, panerestic, renzl, ovarian, and glioma tumer cells
[2,9] and induce apoptosis in MEN45 and AGE gastric tumor cell lines
[10]. When aszezsing the effects of BJcul on colorectal cancer (CRC) cell
line HT29, increased immunoeytochemisiry staining of the death

receptor TRAIL, FADD, caspase 8, and Bax have been observed, as well
as 2 decreazed cellular respiration rate followed by an increase in the
release of cytochrome ¢ [11]. These previous findings appear to suggest
that BJeul may exsrt an extrinsic pro-apoptotic effect on HT29 cells and
that it could be involved in TRAIL-induced apoptosis.

Apoptosiz iz 2 mechanizm of programmed cell dezth that iz
constantly regulated to maintsin cellular homeostaziz. In cancer, the
apoptotic pathway iz typieally inhibited by a wide varisty of conditions
that may occur at three levels: (1) the membrane level, by the recrnmt-
ment of ¢-FLIP [eelluler FLICE (FADD-like IL-]f-convarting enzyvme)-
inhibitory protein], a key inhibitor of cxirinzic spoptosis that com-
petez with caspasez § or 10 for interaction with the adaptor protein
FADD (Fasz-aszociated Death Domein) in the azzembly of the membrans-
bound DISC (death-indueing signaling eomplex) [12]; (2] the mito-
chondrial level, where anti-apoptotic proteinz from the Bel-2 family
inhibit Bax/Bak oligomerization, preventing the mitochondriz]l outer
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