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Honey bee venom Phospholipase A2 increases the cytotoxic
tolerance of melittin by reinforcing proliferation activity on
normal cells but not in triple-negative breast cancer cells
Juarez-Payes, D**=, Grassl, J.?

Abstract

Honey bee venom’s main compound, melittin, has been proven to be effective against aggressive
triple-negative breast cancer and other subtypes. However, melittin is highly cytotoxic and can kill
normal cells equally. Improving its selectivity is a priority for melittin to be included in anticancer
therapies. Honey bee venom has evidenced a selective inhibitory effect towards triple-negative
breast cancer, leading me to scrutinize the honey bee venom for components interacting with
melittin to enhance its selectivity against cancer. Here, | fractionated the honey bee venom into
HPLC fractions and identified its protein/peptide content. Then, the fractions were combined with
melittin and tested on normal, triple-negative, and HER2-enriched cancer cells. | found that the
fractions containing phospholipase A2 and its purified form protected non-transformed mammary
epithelial cell lines from the cytotoxic effects of melittin. While phospholipase A2 did not change
the inhibitory effect of melittin on triple-negative breast cancer cells. Marker Ki-67 evidenced that
phospholipase A2 improves the tolerance on normal cell lines against the antiproliferative action
of melittin. | hypothesize that, while melittin is shutting down main proliferation pathways,
phospholipase A2 enzymatic products activate G-bound proteins leading to the activation of
alternative proliferative pathways. This finding highlight phospholipase A2 as a potential
component in future therapies for cancer or other areas. Although phospholipase A2 action on cells

and other tissues needs to be fully understood before any further applications.

Introduction
Breast cancer (BC) accounts for the second most common cancer and the fifth most deadly cancer

type affecting women, taking a toll on 626,679 women in 2018, Although 70-80% of diagnosed
BC cases are treated successfully, this positive prognosis only accounts for early detection and non-
aggressive BC types?, The remaining 20-30% of diagnosed cases are more aggressive types, with

higher mortality, high proliferation, and limited treatment options?. The prognosis and treatment
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prescription for BC is determined by the expression of three specific receptors: progesterone
receptor (PR), estrogen receptor (ER), and human epidermal growth factor receptor 2 (HER2)2.
Luminal A/B BC is mostly ER+/PR+/HER2-, however, HER2-enrichment can also be found in
luminal B, whereas Non-luminal BC is ER-/PR- but HER2+, which is an aggressive but treatable
cancer?. When the three receptors are absent BC, it is referred to as a triple-negative (TNBC),
which expresses other less common receptors (e.g. epidermal growth factor receptor (EGFR))2.
Many therapeutic drugs aim to block or disrupt receptors formerly mentioned, making TNBC
unresponsive to drugs developed for the receptors, demanding a combination of other therapies

that could impact patient life quality™-2.

Limited therapies for TNBC have encouraged researchers to identify novel sources of drugs to
improve patient prognosis. About 60% of all commercially available anti-cancer therapies are
obtained from nature®. Numerous studies have looked at animal sources for novel therapeutics,
such as milk*, frog skin>®, and especially active compounds contained in venoms’®. Honey bee
venom (HBV), and other honey bee’s derivate products (e.g. honey, propolis, wax), has been
known to be useful since ancient times®. HBV is commonly used in traditional medicine through
apitherapy and acupuncture and it has attracted the anti-cancer pharmaceutical industry, HBV has
been reported to be effective against various cancer types'?, including lung cancer!, leukemia?,
liver cancer’®, melanoma*, colon®®, and breast cancer'®. HBV seems to disrupt cancer cells by
inducing lysis, promoting apoptosis and necrosis through interaction with various cascade
pathways®’. For example, HBV has been identified to interfere with prostaglandin biosynthesis'?,
downregulate MAPK signaling pathways®8, activation of caspases'®, and interrupt phosphorylation
by disrupting EGFR and HER2?®,

HBV is a mixture of peptides, enzymes, amino acids, phospholipids, sugars, amines, pheromones,
and other volatile components®®. Up to 99 proteins have been linked to HBV, specifically obtained
from electric-shock venom extraction?°. HBV from gland dissection has yielded up to 51 proteins??.
Up to 16 proteins have been reported to be shared between the extraction methods?2. Many of these
are found in trace amounts and half of these proteins have unknown functions or just hypothetical
functions®. So far, few studies have explored HBV protein interactions, and even less on their

application in the cancer therapy area. The main active compound in HBV is melittin (MEL), a



small peptide that is also the most abundant component in the venom (up to 60% of its dry
weight)1®. MEL itself has been proposed for pharmaceutical applications, such as antimicrobial®,
anti-neurodegenerative®*?®, anti-inflammatory?® and anti-cancer agent4162-%0 MEL’s main
mechanism of action is pore formation on cell membranes and its anti-cancer effects are reported
to inhibit protein synthesis, induce apoptosis, and inhibit cell proliferation, ionic flux imbalances,
and other important oncogenic pathways?.

Few studies have explored other active components from HBV. Tusiimire, et al. 1? fractionated the
HBV with high-performance liquid chromatography (HPLC) into four fractions and an organic
fraction on lymphoma cell lines, showing that MEL and lipid on the organic fraction inhibited
leukemia cells in vitro'?. Another study divided HBV into 16 fractions, finding that only one
fraction had inhibitory effects on cancer, suspected MEL3!. Nevertheless, no mixing of the fractions
was attempted in any of these studies. Few studies have found interesting anticancer effects from
proteins other than MEL, shedding some light on possible interactions useful for cancer therapy.
Phospholipase A, (PLA2) in combination with phosphatidylinositol-(3,4)-biphosphate caused
strong apoptotic effect on various types of cancers®?. Hyaluronidases, regarded as “disseminating
protein”, can elicit inflammation, immune responses, and impairment of growth factors and signal
transduction pathways®. Hyaluronidase from bovine testes has been found to enhance

commercially available cancer therapies®.

Recently Duffy, et al. 16, identified MEL as a strong candidate for BC treatment, especially as it
can selectively inhibit the most aggressive types of BC cell lines: TNBC (SUM149 & SUM159)
and HER2-enriched BC (SKR3 & MDB-MB453) while causing less apoptosis in normal human
dermal fibroblast (HDFa). However, one interesting result in Duffy, et al. ® work is that HBV
extracted from honey bee workers (in her work extracted from venom glands), showed greater
selectivity among aggressive BC than MEL alone. It is shown in their work that MEL by itself
strongly inhibited MCF10A, a non-transformed immortalized mammary epithelial cell line. The
lack of selectivity of its cytotoxic effect is the main challenge for MEL to be approved on

commercially anticancer therapies®®.



The HBV selectivity has led me to hypothesize that HBV may contain other components interacting
with MEL. Here | aimed to identify other active components that enhance the activity of MEL
against TNBC or HER2-enriched cell lines or protect normal cell lines. This could be useful to
overcome the therapeutic barriers caused by the strong cytotoxic activity on MEL exerted on
normal cell lines as well?®. To the best of my knowledge, no studies have attempted to explore the
interactions between MEL and other HBV components when applied to BC. Here | evidenced that
HPLC fractions containing PLA2 mixed with MEL provided a protective effect against the
cytotoxic action of MEL on non-transformed epithelial mammary cell line MCF10A, but no
protection was given to SUM159 (TNBC) cell lines. I further provide evidence linking PLA2 to
improved proliferation resilience against the cytotoxic effect of melittin on MCF10A, but none to
SUM159. The result from this work highlights the possible applications of HBV PLAZ2 in
therapeutic applications for breast cancer and other therapeutic research areas.

Methods
HBYV filtering and quantification

Dried HBV was purchased from Western Australian beekeepers obtained by electric shock plates.
A 20 mg aliquot of the dried venom was suspended in 2 mL of 50mM ammonium bicarbonate and
then filtered for particles using 0.2 um polycarbonate centrifugal membranes. The protein content
was measured using a Bradford assay. The venom proteins/peptides were further filtered using

Thermo Scientific™ Pierce™ C18 Spin Columns to load onto an HPLC at a concentration of

2Ug/uL.

HPLC Honey bee venom fractionation
For the venom protein/peptide fractionation, and HPLC (1100 Agilent) connected to an Agilent

AdvanceBio Peptide reverse-phase C18 2.1x250mm 2.7um column was used. The flow rate was
set at 0.2mL/min, using Water + trifluoracetic acid (TFA) 0.1% as solvent A and acetonitrile (ACN)
+ TFA 0.1% as solvent B. In each run 100ug of venom protein/peptides were loaded and separated
for 40 mins with the following gradient: starting at 5% to 25% solvent B for 2 mins, then from 25%
to 45% in 23 mins, then from 45% to 98% in 3 minutes, and then back to 5%. The UV lamp was
set at a wavelength of 214nm. Synthetic MEL (China Peptides Corporation, Ltd) and HBV PLA2

purified enzyme (Sigma-Aldrich), were used for identification by comparing the retention times



(RT) in the chromatogram, The standards were also used to quantify MEL and PLAZ2 using peak
areas from the chromatograph as a function of protein abundance (pg) from a standard curve.

For fraction collection, a 30-second period was set and collected into a deep 96-well collecting
plate. Fractions were pooled into four, considering the RT of PLA2 and MEL peaks. Further sub-
fractionation was done to narrow down the PLA2 peak from the chromatography. These fractions
were collected into 1.5 mL tubes and lyophilized and stored at -20°C. Because the individual
protein concentration of the fractions was not measured, honey bee venom equivalents (HBVeq)
were used to measure its concentration. This is, for each of these fractions taken from 100ug of
HBV, after lyophilization, resuspended in the same volume of 200uL, all contained in a final
concentration of 0.5ug/pL HBVeq. An HBVeq would contain the same proportion of proteins
contained in one unit (e.g. pg) of HBV limited into its fraction.

Protein/peptide identification of the fractions by mass spectrometry (MS)
Individual fractions were resuspended on 50mM of ammonium bicarbonate. For MS/MS

identification, proteins and larger peptides were digested with trypsin. Dithiothreitol (DDT) was
added to a concentration of 10mM and left to incubate at 65°C for 30mins, followed by adding
100mM iodoacetamide (IAA) and left to incubate at room temperature for 50mins. Then, trypsin
was added in a proportion of 1:30 of the expected protein concentration and incubated overnight at
37°C. The digests were lyophilized and resuspended in 20uL of 5% ACN + formic acid 0.1%.
Then, 5uL of the resuspended digest was loaded for analysis by LC-MS/MS. Each sample was
supported by nano-HPLC using an RP-C18_Chip (Agilent) at a flow rate of 0.200uL/min and a
gradient of 5 to 45% within 30min. The HPLC (1100 Agilent) was coupled to a 6550 Q-TOF mass

spectrometer (Agilent) and analyzed in a positive data-dependent mode.

MS/MS results were analyses with Mass Hunter qualitative software and “.mgf” files exported to
be compared against Honey Bee NCBI database using Mascot (Matrix Science) using the following
settings: Carbamidomethyl (C) and Oxidation (M) as variable modifications, 2 max missed
cleavages, monoisotopic, peptide charge of 2+, 3+ and 4+, peptide tolerance of 100ppm, #13C =
1, MS/MS tolerance of £ 0.5 Da and using an ESI-QUAD-TOF. Proteins with score values below

40 were ignored.



Cancer cell culture
Four cell lines were chosen for culturing. Two normal cell lines are represented by MCF10A, an

immortalized non-transformed human mammary epithelial cell line, and HDFa, a normal primary
adult human dermal fibroblast. Two BC subtypes: SKBR3, a human HER2-enriched BC, and
SUM159, a human basal-like TNBC. All cell lines were obtained from the American Type Culture
Collection (Manassas, VA, USA), except for SUM159, which was obtained from Asterand
Bioscience (Detroit, MI, USA). Culture conditions of the cells were as follows: HDFa was cultured
in DMEM with 10% fetal bovine serum (FBS), MCF10A was cultured with 50:50 DMEM/F-12
(supplemented with 5% fetal horse serum, 20 ng/mL epidermal growth factor, 10 pg/uL insulin,
100 ng/mL cholera toxin and 500 ng/mL hydrocortisone), SUM159 was cultured in F-12 with 10%
FBS and SKBR3 were cultured in McCoy 5A with 10% FBS. All cells were incubated at 37°C in
5% CO2 and supplemented with 1% antibiotic/antimycotic.

Cell-viability assays and treatments
Cells were collected from the culture flasks and viable cells were counted using Trypan Blue 1:1

and a TC20™ automated cell counter (BIO-RAD). In a 96-white well plate, with a volume of
100puL per well, a density of 5,000cells/well were seeded in the appropriate media and incubated
at 37°C in 5% CO2 for 24 h. Then, media was discarded and replaced with media containing the
treatments. HBV was dosed in concentrations of 1, 2, 4, 5, 10, 20, and 40ng/uL. MEL treatment
was dosed in concentrations of 0.5, 1, 2, 2.5, 5, 10 and 20ng/uL. Fractions (F1, F2, F3, and F4)
were dosed as HBVeq 0f 1, 5, 10, and 20n/puL. PLA2 was dosed by itself at 1, 5 10, and 20 ng/uL.
MEL treated with fractions or subfractions combinations were set as normal MEL dosage, but all
the treatments contained a fixed concentration of 2ng/uL of HBVeq for the respective fraction/sub-
fraction. PLA2 was also combined with MEL treatment with a fixed concentration of 2ng/pL on
all dosages. Controls were set media without any treatment (vehicle). These treatments were left to
incubate at 37°C in 5% CO2 for a further 24 h. Once the cells were incubated with the different
treatments for 24h, to quantify cell viability, cells were treated with Cell Titter Glo 2.0 reagent for

10 minutes and quantified its luminescence using EnVision 2102 Multilabel Reader (PerkinElmer).

Immunofluorescence for Ki-67
In 24-well plates, 12-mm diameter glass coverslips (Menzel, Thermo Fisher Scientific) were placed

in each well coated with ply-L-lysine (Sigma-Aldrich) for 20 min and then washed with purified



water. MCF10A and SUM159 were seeded with a density of 100,000 cells/well and incubated at
37 °C and 5% CO2 for 24 h. The media was replaced, and each cell line was treated with a control
vehicle, PLA2 at a concentration of 2ng/u, MEL at a concentration equal to MEL at 1C25
(SUM159: 1.8ng/puL of MEL and MCF10A: 1.2ng/uL of MEL), and a combination of MEL
concentration at 1C25 and PLA2 (2ng/uL). They were incubated at 37°C and 5% CO2 for 24 h.
Then, the media was removed, and cells were fixed with 4% paraformaldehyde in PBS for 20
minutes. The cells were washed 3x with PBS and blocked with a nonspecific antibody blocking
solution using 5% normal goat serum (Thermo Fisher Scientific) and 0.3% Triton x-100 (Thermo
Fisher) solution in PBS, and left to incubate for 1 h at room temperature. Ki-67-mouse primary
antibody was added to the cells at 1:400 dilution, using antibody diluent buffer (1% BSA, 0.3%
Triton X-100, 1x PBS) and incubated by gently rocking them overnight at 4°C. Cells were washed
3x with PBS and incubated with the secondary antibody into a 1:500 dilution in antibody diluent
buffer with Hoechst diluted at 1:5000 and anti-mouse AlexaFuor-488 diluted at 1:500. Then, the
antibodies were left to incubate for 1-2 hours in the dark at room temperature. Then all the slides
were rinsed with PBS 3x and mounted on microscope slides with SlowFade Diamond Antifade
Mountant (Thermo Fisher Scientific). Images were taken from these slides using a confocal
fluorescence Nikon Ti-E inverted microscope. Images were taken using a 40x air objective
(Nikon), and sequential excitation using wavelengths of 405 nm (Hoechst 34580) and 488 nm
(Alexa Fluor 488 secondary antibody manufactured by Abcam) and collected using NIS-C

Elements Software and counted using ImagelJ.

Statistical analysis

For normalization, the average luminescence of the vehicle (culture media) was considered as
100% of the viability and the 1C50 was derived using an asymmetrical 5-PL logistic non-linear
regression on GraphPad Prism v9 (GraphPad Software Inc.). Statistical analyses were done with
GraphPad Prism and Office Excel 365 (Microsoft). Statistical tests covered one-way ANOVA with
Tukey HSD post hoc tests and unpaired two-tailed Student’s t-tests. Statistical significance will
displayed be as follows: p <0.05 (*), p<0.01 (**), and p<0.001 (***).
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Figure 1. Workflow summary diagram for the honey bee venom purification, fractionation, protein characterization,
immunofluorescence photography, and cell viability treatments and assays for normal cell lines MCF10A and HDFa, triple-negative
breast cancer (TNBC) SUM159 and HER2-enriched breast cancer, SKBR3.

Results

Honey bee venom fractionation and protein identification

Fractions were pooled in relation to the retention time (RT) of MEL and PLA2 peaks. The RT of
the PLA2 standard was 18.31min (ACN at 30.49%) and the RT for the MEL standard was 26.78
min (ACN at 37.85%) (Supplement 1, Fig 2). Using HPLC standard quantitation, MEL was found
to represent 59.4 +4.1% of the total protein/peptide mass in HBV (Fig 2A, slope=4771.7,
intercept=771.3, R?=0.998) and PLA2 represented 14 +0.7% of protein/peptide mass of total HBV
(Fig 2B, slope=1762.1, intercept=-240.66, R?>=1).
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Figure 2. Standard calibration curve using HPLC chromatographic peak-area in the function of standard abundance injected. (A)
Melittin calibration using synthetic melittin; (B) PLAZ2 calibration using purified honey bee venom PLA2,

Pooling of the fractions from HBV was done as follows (Fig. 3): F1 comprised all the components
eluting at an RT between 11 to 16.5min (ACN gradient: 17.5-28.91%) just before the PLA2 peak
elutes. F2 collected all the components eluting within an RT of 16.5 to 26.5min (ACN gradient:
28.91-37.61%) containing PLAZ2 peak and ending just before the MEL peak started. F3 was pooled



with components eluting within an RT of 26.5 to 29mins (ACN gradient: 37.61-39.78%),
containing almost exclusively the MEL peak. F4 was pooled with components eluting within an
RT of 29 to 34 min (ACN gradient: 37.61-44.13%).

Ina separate fractionation, F2 was further subdivided into 4 subfractions to isolate the PLA2 peak
(Fig. 3, F2: 2.1-2.4). F2.1 was pooled together from minute 16.5 to 17.5 (ACN gradient: 28.91-
29.78%) isolating a peak eluting at RT=16.84min. F2.2 was pooled from minute 17.5 to 19 (ACN
gradient: 29.78-31.09%) contained the isolated PLA2 peak. F2.3 was collected within an RT of 19
to 25.5 min (ACN gradient: 31.09-36.74%) containing a tiny peak eluting at RT=19.51min and
some low abundance peaks (Fig 3, F2.3). F2.4 was pooled within minutes 25.5 to 26.5 (ACN
gradient: 36.74-37.61%), containing a sharp peak with RT=26.56 minute. These subfraction

divisions are represented in figure 3, divided by dotted lines.
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Figure 3. Honey bee venom chromatogram pattern and fraction pooling. Thick ticked lines separate the
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Table 1. Honey bee venom composition per fraction pooling and abundance per fraction based on emPAl obtained from MASCOT.

Relative protein content (%) per fraction

Accession number Protein description Score*  Mass(kD)

F1 F21 F22 F23 F24 F3 F4
NP_001035360.1  allergen Api m 6 precursor 101 9812 | 35 11
NP_001011611.2  mast cell degranulating peptide preproprotein 139 5763 = 18
NP_001011612.1  apamin preproprotein 419 5220 | 17 10 17 5
NP_001011607.1  melittin precursor 2953 7580 | 10 5 34 _
NP_001011614.1  phospholipase A2 precursor 1119 19045 8 _ 44 19 15 3
NP_001011618.1  secapin preproprotein 70 8674 | 7 3
NP_001012431.1 icarapin-like precursor 115 24773 3 <1 5
XP_006560077.1  omega-conotoxin-like protein 1 104 8292 2 3
XP_006563372.2 mediator of RNA polymerase Il transcription subunit 1 isoform X2 96 190467 <1 <l <1
XP_397107.5 peroxisome biogenesis factor 1 isoform X1 43 116225 <1
XP_016766389.1  uncharacterized protein LOC408666 108 35883 11 3 <1
XP_001120293.2  phospholipase A2-like 92 20433 10 4
XP_026300525.1  lysozyme-like 69 17823 3
NP_001011619.1  hyaluronidase precursor 128 44232 2
XP_016770111.1 nucleobindin-2 81 63261 <1
XP_026299456.1 uncharacterized abhydrolase domain-containing protein DDB_G0269086-like 50 95679 <1
XP_003250085.1  chymotrypsin inhibitor 60 8983 3
XP_006561802.1 transmembrane protein 214-A 77 77632 <l <1
NP_001019868.1  major royal jelly protein 9 precursor 59 48658 <1
NP_001119715.2  venom dipeptidyl peptidase 4 precursor 47 88321 <1
NP_001119716.1  venom carboxylesterase-6 precursor 42 63596 <1
NP_001013377.2  venom acid phosphatase Acph-1 precursor 43 46842 <1
XP_026298066.1 laminin subunit alpha-2 isoform X2 42 335788 <1
NP_001136081.1  carboxylesterase 40 58673 <1
XP_026301920.1 uncharacterized protein LOC551356 isoform X1 47 1945338 <1

*Score based on the highest score from all the 47 fractions. Proteins in bold are new proteins reported on HBV. Bold entries are new proteins reported when compared to the

literature.



11

Honey bee venom fractionation and protein identification.

Mass spectrometry identified 30 proteins/peptides in 47 fractions with a MASCOT score greater
than 40 (Supplement 2). Based on emPAl label-free quantifier, these results provided an
approximate relative protein abundance per pooled fraction. F1 contained ten proteins, mainly
represented by allergen Api m 6, mast cell degranulating peptide (MCDP), apamin, and MEL
(Table 1). In F2, ten proteins were identified. F2.1 contained two proteins, mostly PLA2 but a small
proportion of uncharacterized protein (LOC408666). F2.2 contained four proteins mostly
represented by PLA2 and PLA-like (Table 1). F2.3 contained ten proteins, represented mainly by
PLA2, MEL, and apamin (Table 1). F2.4 was represented by three proteins, mostly by MEL, but
also contained PLA2 and apamin. F3 contained 13 proteins, from which MEL represented almost
half of the protein proportion (Table 1). F4 contained eight proteins and it's almost entirely MEL
(Table 1).

Honey bee venom and synthetic melittin exhibit inhibitory effects on cell viability

HBYV was able to completely inhibit the viability of immortalized adult human fibroblasts (HDFa),
non -transformed mammary epithelial cells (MCF10A), triple-negative breast cancer (TNBC)
(SUM159), and HER2-enriched breast cancer (SKBR3) (Fig. 4A). Half-maximal inhibitory
concentration (IC50) provides the concentration required for a treatment to reduce the viability of

the cell lines by 50%.

When treated with HBV, normal cell line MCF10A reached the IC50 at 8.82+1.22ng/uL. HDFa
required 8.51+0.91ng/pL of HBV to reach the 1C50. Cancer cell lines SKBR3 and SUM159
required lower concentrations of HBV to inhibit half of the cell viability, requiring concentrations
of 4.28+0.33 ng/uL and 5.69+0.57 ng/uL, respectively (Fig. 4A and 4C). However, only when
comparing MCF10A and SUM159 IC50s’, significant differences were found (Fig. 4C, one-way
ANOVA, p=0.027, Tukey HSD, p-0.041).
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Figure 4. Dose-response curve fit for HBV (A) and MEL (B) inhibition effect on the cell lines. (C) Honey bee venom
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ANOVA, Tukey HSD, *p<0.05, **p<0.01). SEM: Standard error of the mean.
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Treatments with synthetic melittin (MEL) also showed complete inhibition of all the cell lines
(HDFa, MCF10A, SKBR3, and SUM159) (Fig 4B). HDFa cells had a significantly higher
tolerance to the inhibitory effects of MEL than the other cell lines, requiring a concentration of
6.65+1.12 ng/uL of MEL to reach the IC50 (Fig. 4B and 3D, one-way ANOVA, p=0.003; Tukey
HSD, p<0.01). MCF10A, SUM159, and SKBR3 were more sensible to MEL viability inhibition,
requiring lower doses of MEL to reach the IC50 (1.45+0.09ng/pL, 2.45+0.66ng/uL, and
2.5520.42ng/uL, respectively) (Fig 4D). No significant differences were found between the 1C50
on MCF10A, SUM159, and SKBR3 when treated with MEL (Fig. 4D, one-way ANOVA, p=0.003,
Tukey HSD, p>0.05).
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Honey bee venom F3 is the only fraction able to inhibit viability on cells

When cell lines were treated with fractions F1, F2, F3, and F4 up to 20ng/pL of HBV¢q, only F3
was able to completely inhibit the cell viability (Figs. %A-D). Even at the highest concentration
dosage, none of the other fractions (F1, F2, or F4) were able to achieve an IC50 on the cell lines
(1C50>20ng/uL of HBVeq) (Figs. 5A-D; Table 2). Contrastingly, F3 achieved an 1C50 of all the
cell lines at a concentration of 6.75+0.73ng/uL for HDFa cells (Fig 5A), 3.01+0.27ng/uL for
MCF10A cells (Fig. 5B), 3.38+0.51ng/uL for SUM159 (Fig 5. D), and 3.60+0.45ng/pL for SKBR3
(Fig. 5C). Only HDFa required a significantly higher concentration of F3 to reach the IC50 when
compared to the other cells lines' viability response to F3 (Fig. 5E, one-way ANOVA, p=0.006;
Tukey HSD, p>0.05).

When F3 viability response (IC50) on the cell lines was compared with the synthetic MEL 1C50,
only MCF10A response to MEL was significantly different (Student’s t-test p=0.006), where F3
required a higher concentration to reach the 1C50 on MCF10A cell lines (Fig, 4D and 5D). The
HBYV chromatogram and the standard quantitation showed that F3 contained most of the MEL peak,
accounting for 59.4+4.1% of honey bee venom protein mass. Within the peak, MS/MS data
identified a proportion of 50% of natural MEL in F3 mixed with other 11 proteins in lower
abundance (Table 1).

o

Z 1251 1254 _ . 125+

2 |(a) I {b)—+ < (c)
* 100 100- E— j]f 100+

}6 - 4 L

E 75 757 754

2

]

g F1

>

3 501 50+ <+ F2 501

53 + F3

2 2 25- REARATY

5 HDFa MCF10A SKBR3
4

1

Fraction (ng/pL)

-
N
W

Relative Cell Viability (%) +/- SEM

o

-
=)
<

~
(1]
1

14
(=]
1

N
(i
1L

1 (d)

1

10

Fraction (ng/uL)

T
1

Fraction (ng/pL)

15-

-
<

F3 IC50 (ng/pL) + SEM
o

(e)

1
Fraction (ng/pL)

HDFa MCF10A SKBR3 SUM159

10



14

Figure 5. Dose-response curve fit for the fractions on immortalized human fibroblasts, HDFa (A), non-transformed
epithelial mammary cells MCF10A (B), HER2-enriched breast cancer, SKBR3 (C), and triple-negative breast cancer,
SUM159 (D). F3 half-maximal inhibitory concentrations (IC50) for HDFa, MCF10A, SUM159 and SKBR3 (one-
way ANOVA, Tukey HSD, *p<0.05, **p<0.01). SEM: Standard error of the mean.

Fractions and melittin treatments: F2 interacts with reduced melittin viability
inhibition

Since it was demonstrated that fractions F1, F2, and F4 could not inhibit the cell lines on their own,
a fixed concentration of 2ng/uL of the fractions was combined with synthetic MEL. As expected
from the inhibitory effects presented on MEL treatments on the cell viability, all the cell lines were

completely inhibited with the combination treatment (Fig. 6).

When compared with the viability response to MEL treatment (IC50) on HDFa, there was no
significant difference in the IC50 of MEL when combined with the fractions (Fig 6, Table 2, one-
way ANOVA: p=0.984). For SUM159 cells, the was observed no significant difference in the
viability response (IC50) of MEL mixed with the fractions against the IC50 by MEL treatment (Fig
6, Table 2, one-way ANOVA: p=0.559). Although nonsignificant, MEL combined with F4,
reached the 1C50 on SUM159 in lower concentrations (1.46+0.15ng/uL) than the MEL treatment
IC50) (Fig. 6). Likewise, SKBR3 showed no significant changes in their viability (1C50) between
MEL treatment and MEL treatment combined with the fractions (Fig. 6, Table 2, one-way
ANOVA: p=0.346). Again, although non-significant, the required concentration for MEL to reach
the 1C50 on SKBR3 (2.55+0.42ng/pL with MEL) was slightly increased when combined with F2
(1C50: 3.22+0.37ng/uL with MEL+F2).

The 1C50 of MEL on MCF10A (1.46+0.15ng/uL of MEL) exhibited no significant difference in
the viability response (1C50) among the combination of F1 or F4 with MEL (Fig 6, Table 2 one-
way ANOVA: p=0.003, Tukey post-hoc, p>0.05). Only the combination with F2, increased the
viability of the cells by 2-fold, requiring an 1C50 of 2.88+£0.29ng/puL of MEL (Fig. 6, one-way
ANOVA: p=0.003, Tukey post-hoc, p<0.01).
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Figure 6. Half-maximal inhibitory concentrations (IC50) for melittin (MEL) and fraction combinations on
immortalized human fibroblasts, HDFa (dark grey), non-transformed epithelial mammary cells MCF10A (grey),
HER2-enriched breast cancer, SKBR3 (yellow), and triple-negative breast cancer SUM159 (red). one-way ANOVA:
Tukey HSD, ns: non-significant, *p<0.05, **p<0.01. SEM: Standard error of the mean.

Narrowing down the F2 into subfractions
As | found a significant increase in the viability of MCF10A when MEL was combined with F2. |
proceeded to further fractionate F2 into four sub-fractions to isolate the main peaks from the HBV

chromatogram (see Fig 3, F2).

When comparing the viability response to MEL treatment (IC50) on HDFa cells, the combination
of MEL with F2.1, F2.3, and F2.4 slightly decreased the 1C50 of MEL treatment on HDFa cells
(Fig. 7). However, these differences on HDFa were non-significant (Fig.7; Table 2, one-way
ANOVA: p=0.221). For SKBR3 cells, no significant difference in the viability response of MEL
(1C50), when combined with any of the subfractions was found (Fig. 7; Table 2, one-way ANOVA:
p=0.73). However, SKBR3 viability response (IC50) to MEL in combination with F2.2, F2.3, and
F2.4 required a slightly increased concentration of MEL, but again, none of these differences were
significantly different (Fig. 7; Table 2, one-way ANOVA: p=0.73). For SUM159 treatment
viability response, no changes in the MEL 1C50 were observed when combined with the fractions,

supported by non-significant differences among them (Fig 7; Table 2; one-way ANOVA: p=0.984).
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Only MCF10A presented significant changes in the viability response to MEL when treated with
MEL combined with subfraction F2.2, where a 2-fold increase on the IC50 was observed (MEL
IC50 1.46+0.15ng/uL) (MEL+F2.2 IC50: 3.32+0.32 ng/uL of MEL+F2.2) (Fig 7, one-way
ANOVA: p=0.002; Tukey HSD: p<0.001).
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Figure 7. Half-maximal inhibitory concentrations (IC50) for melittin (MEL) and sub-fraction combinations on
immortalized human fibroblasts, HDFa (dark grey), non-transformed epithelial mammary cells MCF10A (grey),
HER2-enriched breast cancer, SKBR3 (yellow), and triple-negative breast cancer, SUM159 (red). one-way ANOVA:
Tukey HSD ns =nonsignificant p>0.05, **p<0.01. SEM: Standard error of the mean.

Honey bee venom phospholipase A; and melittin interactions

When F2 and F2.2 were combined with MEL, they improved the viability response (1C50) of MEL
on MCF10A by 2-fold in both cases. The HBV chromatograph reveals that the peak contained in
F2 and F2.2 corresponds to PLA2 (Fig. 3) and the label-free quantitation of MS/MS results
evidenced that F2 and F2.2 contained high proportions of PLA2 (Table 1). To confirm, that PLA2
is the active compound interacting with MEL, a purified HBV PLA2 standard was combined with

MEL and treated on the cell lines.

It is evidenced that PLA2 by itself was not able to strongly inhibit any of the cell lines within the
concentrations tested (treatments up to 20ng/pL) (Fig 8B). Nevertheless, PLA2 had small
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inhibition of the viability on SKBR3 and SUM159 cells, but never enough to reach the 1C50. For
the normal cell lines, no apparent influence on the viability by PLA2 was observed (Fig. 8B; Table
2).
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Figure 8. (A) Dose-response sigmoidal curve fit for melittin and phospholipase A2 (PLA2) combined and applied on
immortalized human fibroblasts, HDFa, non-transformed epithelial mammary cells MCF10A, HER2-enriched breast
cancer, SKBR3, and triple-negative breast cancer SUM159. (B) Half-maximal inhibitory concentrations (IC50) for
MEL and PLA2 HDFa (dark grey), MCF10A (grey), SKBR3 (yellow) SUM159 (red). (one-way ANOVA: Tukey
HSD: ns =nonsignificant: p>0.05,*p=<0.05, **p<0.01. SEM: Standard error of the mean.

When MEL and PLA2 were applied in combination, the viability of all the cell lines was
completely inhibited (Fig. 8A). This treatment on HDFa inhibited the viability at an 1C50 of
6.99+1.10ng/uL, such response was not significantly different than the viability inhibition (IC50)
caused by MEL or HBV (Figure 8B, Table 2; one-way ANOVA: p=0.223). Slight but non-
significant differences between the viability response (IC50) of MEL and HBV on HDFa was found
(HBV IC50: 8.51+0.91ng/uL; MEL IC50: 6.65+1.12ng/uL).
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As for SUM159 cells, the viability response (1C50) of MEL+PLA2 was 2.75+0.09ng/uL. When
comparing viability response (IC50) of HBV and MEL on SUM159, no non-significant difference
in the viability response among the treatments was observed (Fig 8B, Table 2; one-way ANOVA:
p=0.156). Although non-significant, HBV concentration to reach 1IC50 on SUM159 was slightly
higher than the concentration of MEL+PLA2 needed to reach IC50 on SUM159 (IHBV I1C50:
4.28+0.33ng/pL MEL+PLA2 IC50: 2.75+0.09ng/pL) (Table 2).

MCF10A viability inhibition response (1C50) was improved with MEL+PLAZ2 treatment up to
9.24+0.79ng/pL, significantly more (by 7-fold) than the IC50 of MEL alone (1.40+0.15ng/pL)
and non-significantly different from the 1C50 of HBV (HBV 1C50: 8.82+1.22ng/uL) (Fig. 8B one-
way ANOVA: p=0.002; Tukey HSD: p<0.01). For SKBR3 cells, the inhibition viability response
for the treatment (1C50) was also improved (IC50: 4.80+0.44ng/uL of MEL+PLAZ2). This was
also significantly higher than the concentration required by MEL alone to reach the IC50 on
SKBR3 (2.55£0.42ng/pL of MEL) and non-significantly different from the IC50 required by HBV
treatment (4.80+0.44ng/pL of HBV) (Fig. 8B, one-way ANOVA p=0.09, Tukey HSD: p<0.05).

Table 2. Half maximal inhibitory concentration (1C50) from the treatments applied on immortalized human fibroblasts
(HDFa), non-transformed epithelial mammary cells (MCF10A), HER2-enriched breast cancer (SKBR3), and triple-
negative breast cancer (SUM159).

cell Line Treatment IC50 (mean £ SEM ng/uL)

HBV MEL F1* F2* F3* F4* F1+MEL
HDFa 8.51+0.91 6.65+1.12 >20' >20* 6.75+0.73 >20* 5.68+1.85
MCF10A 8.82+1.22 1.40+0.15* >20' >20* 3.03+0.27% >20' 1.30+0.05
SKBR3  5.69+0.57% 2.55+0.42% >20* >20* 3.38+0.51 >20* 2.53+0.27°
SUM159 4.28+0.33  2.45+0.66° >20* >20* 3.60+0.45% >20' 2.08+0.21
Cell Line F2+MEL F4A+MEL F2.1*+MEL F2.2*+MEL F2.3*+MEL F2.4*+MEL PLA2+MEL
HDFa 6.35+2.61 6.40+1.74 4.89+0.15% 6.74+0.48% 5.27+0.47 4.89+0.45 6.99+1.10
MCF10A 2.88+0.29 1.29+0.05 1.46+0.18 3.32+0.32 1.63+0.26 1.34+0.04 9.24+0.77
SKBR3  3.36+0.32% 2.20+0.65% 2.70+0.43% 3.22+0.37% 3.23+0.33* 3.08+0.62% 4.80+0.44°
SUM159 1.78+0.25 1.46+0.15 2.57+0.09 2.3310.06 2.1940.31 2.3840.12 2.75+0.09

Data were performed in duplicate except for the data with an ® made in triplicate and ‘:no replicates. *Concentration
of the fractions is in HBV equivalents. SEM: standard error of the mean, HBV: honey bee venom, MEL.: synthetic

melittin, F: fraction.

Ki-67 immunofluorescent assays on MCF10A and SUM159

The viability assays used to determine the 1C50 response of the cells measures ATP activity. To

add another assay and to provide some insight into what is going on within the cell, a molecular
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proliferation marker, Ki-67, was tested on MCF10A and SUM159 cells when treated with MEL

and PLA2. Ki-67 is associated with proliferation and ribosomal RNA transcription®.

When treated with PLA2 alone, both MCF10A and SUM159 had 90.90 +1.30 % and 93.91 +1.33
% Ki67-positive cells, respectively. This is a similar response to the control treatment (vehicle:
media only), observing 92.22 +1.12 % positive cells for MCF10A and 94.07+1.15% positive cells
for SUM159 (Fig 9A-B). When the cells were treated with MEL alone in their respective 1C25, the
proliferation of SUM159 was significantly reduced by 9.23% when compared to the control,
resulting in 84.30 £1.91% Ki-67-positive cells (one-way ANOVA: p<0.001; Tukey HSD:
p<0.001). MCF10A cells also showed a significant reduction of 8.02% of Ki-67 positive cells after
MEL treatment at 1C25, resulting in 84.2% of Ki-67 positive cells compared to media alone (one-
way ANOVA: p<0.001; Tukey HSD: p<0.01).

When PLA2 and MEL treatment were combined, 90.92+1.00% of the MCF10A cells stained
positive for Ki-67. This is similar to the control treatment (vehicle, media only), overcoming the
antiproliferative effect of MEL (Fig 9A-B). In SUM159, in the other hand, PLA2 did not have the
same proliferative restoration action when treated with MEL, resulting in 84.30+1.85% of the cells
positive for Ki67 proliferation marker, like MEL treatment, being significantly lower than the
control treatment (one-way ANOVA: p<0.001; Tukey HSD: p<0.01) (Fig 9A-B).
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Figure 9. (A) Ki-67 Immunofluorescence images of a normal epithelial mammary cell line (MCF10A) and triple-
negative breast cancer (SUM159) treated with vehicle, phospholipase A, melittin (MEL), and combination of MEL
and PLA2: Ki-67 positive cells (green) and nuclei (blue). (B) Ki-67 positive cells for immunofluorescence signal with
Ki-67 proliferation marker MCF10A and SUM159 treated with vehicle, PLA2, MEL and MEL combined with PLAZ2.
(one-way ANOVA against the vehicle for each cell line: p=0.001, Tukey HSD: **p<0.01, ns: non-significant= p>0.05)

Discussion
There has recently been a focus on HBV and MEL as a therapy for many types of cancers, proving

to be effective against lung**=3®, liver'®3’  leukemia®, renal®®, prostate*, and breast cancer'¢. HBV
and MEL targets for therapy on breast cancer have been explored in sufficient depth. MEL or HBV
causes inhibition of growth-factor receptors®, disruption on the JNK/p38 and NF-xB
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pathways'®2640 disruption of the PI3BK/AKT/mTOR pathways'®#!, inhibition of matrix metallo-
proteases®#?, disrupting mitochondrial membrane, and further production of reactive oxygen
species®® and can also disrupt inhibiting blood vessel growth around the tumor by inhibiting HIF-

o transcription®,

Furthermore, melittin and HBV are strongly supported by the literature to be effective against
triple-negative breast cancer'®414447_ TNBC is not only aggressive and highly proliferative, but
due to the lack of hormonal, and HER2 receptors, therapies are limited and its prognosis is not
promisign®. Although melittin is effective against TNBC, MEL allergenicity and cytotoxicity on
normal cells is a big barrier to approving this peptide for cancer therapy. 2° The lack of selectivity
for MEL has pushed research to design many delivery strategies like nanoparticles*®, noisomes®,
and nanocomplexes °!. Other strategies for selective treatments can also be MEL modifications,

like melittin engineering by adding amino acid sequences'® or recombinant MEL*'.

Other than MEL, very few other components have been explored outside the cancer therapies, for
example, apamin could be used for neural diseases®? or adolapin as an anti-inflammatory®:. Duffy,
et al. 1® evidenced that HBV, rather than MEL, is selectively stronger at killing TNBC and HER2-
positive BC when compared to normal cell lines. This selectivity from HBV may have been caused
by another component other than MEL, which could also become useful on anticancer therapy
strategies or other diseases.

Honey bee venom protein/peptide content the interaction with PLA2 with melittin

One of my aims was to characterize the proteins in the HBV to identify any possible protein
interacting with MEL. MS/MS identified in the whole venom 30 proteins/peptides with a
MASCOT score higher than 40 (Table 1). When compared against two detailed HBV proteomic
studies 2?2 and a recent study on HBV from Western Australia, to the best of my knowledge, |
identified six new proteins/peptides. Whether these proteins are native to HBV or contaminant
from other sources is unknown. In total 99 proteins have been linked to HBV?°, while 16 have

been exclusively linked to the electric shock extraction method??,

The main aim of this study was to find interaction activities within the bee venom proteins/peptides,
| focused on MEL cytotoxicity changes caused by some interacting components. If a specific
component enhances the selectivity of MEL against BC it could become useful therapy against

cancer. Firstly, by treating the cell with the fractions alone, | found just one fraction had inhibitory
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effects on all the cell lines, a similar finding by two other authors testing HBV fractions on
cancer'?3L, The F3 activity on the cells also followed the same pattern of inhibition as the synthetic
melittin on the cell lines: HDFa cells were more tolerant to the cytotoxic effects of synthetic MEL
than the rest of the cells, and MCF10A, SUM159, and SKBR3 were similarly sensitive to the
cytotoxicity of MEL (Fig. 5E and Fig. 4D). Based on the HPLC separation and identification by
RT using the MEL standard and by MS, | was able to confirm that this fraction has the biggest
proportion of MEL content from the HBV. By standards quantitation using chromatogram peaks
(Fig2A), 1 found that the melittin content in this HBV is around 60% of the total protein weight, a

proportion within the higher range that is reported in the literature®.

Because some protein/peptide impurities were found in F3, | opted to use synthetic MEL to rule
out any confounding effect from these impurities. When MEL was combined with the fractions
and subfractions, only F2 and F2.2 stood out, almost in a similar way as they were able to reduce
the cytotoxicity of MEL on MCF10 by 2-fold (Fig. 6 and 7). Contrastingly, no significant reduction
in the cytotoxicity of MEL on HDFa, SKBR3, and the TNBC SUM159, were presented. The MS
(Table 1), and chromatographic evidence (Fig 3.) supported high PLA2 content in F2.2 and F2.
PLA2 quantitation with standards was found to represent 14% of the HBV. | could estimate that
F2 and F2.2 contained 0.288ng/uL of PLA2.

When HBV purified PLA2 was dosed with MEL at a constant concentration of 2ng/uL, SKBR3
and MCF10A increased their cytotoxic tolerance to MEL by 2-fold and 7-fold respectively. On the
other hand, TNBC (SUM159) and normal adult fibroblasts, HDFa, were neither benefited nor
impacted on the cytotoxic effects of MEL. As a control PLA2 by itself had very slight inhibitory
effects even at high concentrations. The addition of PLA2 on MEL resembled the strong selective
cytotoxicity of HBV shown in my treatments and elsewere!®, where normal cell lines (HDFa and
MCF10A) demonstrated an increased tolerance to the cytotoxic effect of MEL than the breast
cancer cell lines (SUM159 and SKBR3). My findings reiterated the increased cytotoxic tolerance
from MEL influenced by PLAZ2 in normal cell lines, which resembled the selective cytotoxic effect
found in HBV rather than the cytotoxic effect of synthetic MEL alone or natural MEL in F3 (Table
1, Fig 3).

Since MEL+PLAZ2 did not affect the MEL inhibition on HDFa or SUM159, suggesting that PLA2
didn’t compete or directly inhibit MEL action. Rather, PLA2 must be interacting with the cell to
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elicit some mechanism that overcomes the cytotoxic effect of MEL. Ki-67 is a molecular marker
widely used in breast cancer proliferation risk and has also been linked to nuclear RNA
transcription®®. K1-67 marker shows that PLA2 restores or toughens the proliferation against the
cytotoxic effect of MEL, and thus reducing the cytotoxic effects of MEL in MCF10A. Again, in
parallel with the cell viability results, no restoration effect on TNBC SUM159 was observed when
treated with MEL and PLA2. The proliferation marker suggests that PLA2 is involved in
proliferation mechanisms on normal cell lines and is minimally involved or non-involved in
proliferation mechanisms on TNBC.

HBV PLAZ2 cellular interactions

Understanding HBV PLAZ2 interactions on cancer and other tissues is important before considering
its applications in future therapeutics against breast cancer. PLA2 comes from a broad family of
enzymes, subdivided into 16 families all sharing the ability to hydrolyze the sn-2 ester linkage of
glycerophospholipids® (Fig 9). Bee venom PLA2 is included in subgroup 111 of secretory PLA2
(sPLA2), which shows high homology with mammalian sPLA2>*. Mammalian sPLA2 has been
thoroughly studied and provides useful clues to the possible activity of PLA2 on human cells.
Mammalian sPLA2 has been linked to prostaglandin release, inducing during anaphylaxis®® and
sperm maturation®. However, Mammalian sPLA2 is also involved in colorectal cancer and has
become a marker and a target for colon cancer therapeutics®”*8, Mammalian SPLA2 can also affect
cell signaling pathways through the release of lysophospholipids, for example, the activation of
lysophospholipid-dependent phosphorylation on kinase ERK-1/2, promoting neuronal outgrowth

and survival®.

HBV PLAZ2 has also been involved as a potential neuropathy disease suppressor interacting with
MAPK and inhibiting NF-xB®°. A study on neuroblastoma cell lines observed that HBV PLA2
protected K-resistant prion protein, which usually blocks the PI3K/AKT signaling pathway®!. The
lysophospholipids produced by PLA2 have important roles, and be involved in anticancer
activities®?®2 PLA2 mixed with phosphatidylinositol-3,4-phosphate caused apoptosis on breast
cancer, renal and liver cancers®. This apoptotic effect has been linked to the disruption of the EGR
delivery to the membranes and disturbing the transduction of kinases1/2, leading to disruptions on
PKB/ATK/PI3K/ERK1/2 signaling pathway by lysophospholipids from phophatidylinositoles®?.

Lysophospholipids have been explored in the negative context of cancer research area®.
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Lysophospholipids are linked to breast and ovarium cancer migration and differentiation by

activating MAPK, G-proteins through the lysophosphatidic acid receptor-1 (LPA-1)%4°,

My work supports a beneficial protective effect on other normal tissues by PLA2%¢%8, Here | found
that PLA2 in combination with MEL helped MCF10A non-transformed epithelial cell lines to
overcome the cytotoxic effect of MEL and slightly for SKBR3 HER2+ breast cancer. This is
promising for the application of MEL for therapeutic purposes on breast cancer, as PLA2 did not
help TNBC to overcome the wide range of cytotoxic effects from MEL. SKBR3 responded slightly
positively to the treatments with PLA2, which seems to agree with the results from Park, et al. 5.
However, PLA2 by itself did not stimulate any observable proliferation on all the cell lines, rather
it had a slight inhibitory effect on the cell lines (Fig. 8B). Even if the lysophospholipids released
by PLA2 could activate undesirable effects on cancer, it's unknown how MEL coupled with the

lysophospholipids could interact with the BC cells of any specific type.

There is no clue presented in my work to understand how exactly PLA2 might help the normal
cells to overcome MEL by proliferation. It could either be overcome by an accelerated division or
by helping re-establishing the hijacked signal pathways by MEL (e. g. Restauration of
PIBK/ATK/TOR, or by reaching other proliferative pathways). This led me to hypothesize that
PLAZ2 exerts this proliferative effect by the production of lysophospholipids which are known to
interact with specific G-bounded receptors, like lysophosphatidic acid receptor 1 (LPA-1)846569,
G-protein activation has the potential to activate proliferation by activating downstream (PKA and
PKB), phosphorylating ERK1/27° (Fig 10) and could use this alternative mechanism to stimulate
proliferation after MEL have disrupted the main signal pathways, e.g. PI3BK/ATK/mTOR?. Cancer
cells are highly unstable’ and if they depend on one specific pathway, they could not get a benefit

by the activation of an alternative pathway, ultimately leading to apoptosis.
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Figure 10. A hypothetical mechanism for cell proliferation by activation of receptor G-bounded proteins by the activity
of lysophospholipids generated by the catalytic activity of honey bee venom phospholipase A2%. In a small box is the

catalytic activity of PLA2, a nucleophilic attack>*

HBV PLA2 challenges and further research
PLAZ2 application in cancer therapies may face various obstacles. Firstly, PLAZ2 is regarded as the

major allergen in the venom to humans’2. Due to a large proportion of the population being allergic
to bee venom or the risk of developing an allergy, venom and synthetic MEL have been met with
resistance to become adopted in cancer and medical therapies?® 3. Secondly, PLA2 has a potential
neurotoxic effect on neural tissue, linked to the high affinity of PLA2 to N-type receptors, which
are highly abundant on brain tissue membranes’’°. Here, PLA2 has been known to cause neuronal
necrosis’® and demyelination’’. Additionally, PLA2 enzymatic products, lysophospholipids, have
been involved in cancer proliferation, motility, and differentiation 366978 This raises the question

of whether PLA2 could become a treatment at all.

Protein engineering could be applied to avoid allergenicity or neurotoxicity, modification of PLA2
from snake venom has successfully removed its neurotoxicity’®. Another way to overcome the

allergenicity is by removing the cross-reactive carbohydrate determinants, which usually
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recognition sites for antibodies eliciting an immune reaction. This has been demonstrated

successfully in a recombinant PLA2 protein produced from insect cells in vitro®.

Future experiments are required to identify and compare PLA2 activity on the lipidic profiles
between normal and cancer cells. This could be coupled with an investigation of the main signal
pathways involved in the proliferation activities either for cancer or normal tissues.
PI3K/ATK/TOR pathway would be important to explore, as it is one of the many targets of MEL®
or G-bound proteins as there is strong literature evidence that links PLA2 enzymatic products to

this receptors®369.708182

This could be done by crosslinking a receptor binding site of PLA2 and identifying binding
partners for PLA2 using immunoprecipitation and MS or western blots. Additionally, the
lysophospholipids could be created by mixing specific phospholipids with PLA2 dosing them to
the patient, or delivering them to the tumor in combination with MEL to explore any selective
cytotoxicity that could increase the selectivity of MEL. Putz, et al. %2 performed a similar assay

finding important biological activities against cancer cell lines.

Due to the limitation of time, some informative experiments could not be performed. Firstly, no
increasing concentrations of PLA2 above 20ug/ul in combination with MEL were tested to identify
the maximal or optimal concentration to protect MCF10A from MEL cytotoxicity. Secondly, the
optimum concentration of PLA2 may be different for each of the cell lines, explaining the lack of
cytotoxic resistance by PLA2 observed in HDFa cells. It would also be interesting to observe PLA2
interacting with other commercially available chemotherapy drugs that could speed up PLA2
potential benefits, such as docetaxel. PLA2 in vitro showed protection against the cytotoxic effects

of cisplatin on normal tissues®®.

In summary, | provide evidence that other components in HBV do interact with MEL and provide
greater specificity of HBV compared to MEL alone. This could be exploited for breast cancer and
maybe other cancer therapies. | found that PLA2 in combination with MEL can increase the
tolerance of cytotoxicity of MEL in normal cell lines by keeping the proliferative activity in cancer
cell lines seemingly untouched. PLA2 by itself did not affect the viability of any of the cell lines,
moreover, it did not seem to be involved by itself in proliferative pathways on normal or triple-
negative cancer cells. However, when normal cells were under the cytotoxic activities of MEL,

PLA2 influenced MCF10A cells to tolerate the cytotoxic effects. Contrastingly this was not
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evidenced in TNBC, this is a key feature for any potential selective therapies against TNBC with

MEL or other harsh therapies. The hypothetical mechanism of PLA2 may be linked to G-bound

proteins activated with lysophospholipids. G-bound proteins, in turn, activate downstream

proliferative signaling pathways not being affected by MEL. Additionally, I described seven new

proteins identified in honey bee venom by MS/MS. Further work to scrutinize the mechanism

behind the cytotoxic protection of PLA2 on normal cell lines and the effects of PLA2 and its

enzymatic products are critical to fully understand this unexpected effect on PLA2.
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Supplements

Supplement 1. Identification of melittin (MEL) and phospholipase A2 (PLA2) in honey bee venom using
standards retention times.
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Supplement 2. Mass spectrophotometry protein/peptide identification on the whole honey bee venom.

Accession No. Description Score Mass (kD)  Matches Matches* Seg* Segq* emPAl

NP_001011607.1 melittin precursor 33485 7.58 1324 1241 3 2 1.57

NP_001011614.1 phospholipase A2 precursor 5458 19.045 553 358 17 12 14.1

NP_001011612.1 apamin preproprotein 1065 5.22 96 82 1 1 0.94
mediator of RNA polymerase |1

XP_006563372.2 transcription subunit 1 isoform X2 684 190.467 427 106 21 1 0.02

XP_006561802.1 transmembrane protein 214-A 557 77.632 463 93 11 1 0.05
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XP_016766389.1
NP_001035360.1
NP_001012431.1
XP_006560077.1
NP_001136081.1
XP_026300654.1

NP_001011611.2
XP_001120293.2

NP_001019868.1
NP_001011618.1
XP_026300525.1
XP_006569700.2

NP_001119716.1
XP_016770111.1

XP_016769342.2
NP_001119715.2

XP_001120746.2

XP_026299456.1
XP_003250085.1

XP_006560446.2
XP_026301920.1
XP_397107.5

XP_026298066.1
NP_001013377.2

XP_016768684.2

uncharacterized protein
LOC408666

allergen Api m 6 precursor
icarapin-like precursor
omega-conotoxin-like protein 1
carboxylesterase

hyaluronidase isoform X1
mast cell degranulating peptide
preproprotein

phospholipase A2-like
major royal jelly protein 9
precursor

secapin preproprotein
lysozyme-like

peroxidasin
venom carboxylesterase-6
precursor

nucleobindin-2
methionyl-tRNA
formyltransferase, mitochondrial
venom dipeptidyl peptidase 4
precursor

elongator complex protein 5
isoform X1

uncharacterized abhydrolase
domain-containing protein
DDB_(G0269086-like

chymotrypsin inhibitor
piezo-type mechanosensitive ion
channel component isoform X5
uncharacterized protein
LOC551356 isoform X1
peroxisome biogenesis factor 1
isoform X1

laminin subunit alpha-2 isoform
X2

venom acid phosphatase Acph-1
precursor

uncharacterized protein
LOC409277 isoform X1

362
316
298
213
198
173

171
166

165
136
112
100

97
95

84

76

69

63
59

52

48

46

45

45

40

35.883
9.812
24.773
8.292
58.673
84.631

5.763
20.433

48.658
8.674
17.823
147.163

63.596
63.261

40.135

88.321

33.346

95.679
8.983

288.736

1945.338

116.225

335.788

46.842

30.351

27
128
37
24
73
69

51
46

39
87
20
171

87
30

474

38

432

41

198

501

38

162

19

91

21
37
21

29
17

19
18

33

29

35

17
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23

11
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16
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24
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131
3.39
1.47
0.54
0.14
0.43

2.36
1.97

0.08
1.29
0.86
0.03

0.19
0.2

0.1

0.14

0.12

0.04
0.49

0.01

0.03

0.01

0.17

0.13

*=significant p<0.05. Results from pooling together all the fractions.
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Honeybee venom and melittin suppress growth factor receptor
activation in HER2-enriched and triple-negative breast cancer
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Despite decades of study, the molecular mechanisms and selectivity of the biomolecular components of honeybee (Apis mellifera)
venom as anticancer agents remain largely unknown. Here, we demonstrate that honeybee venom and its major component
melittin potently induce cell death, particularly in the aggressive triple-negative and HER2-enriched breast cancer subtypes.
Honeybee venom and melittin suppress the activation of EGFR and HER2 by interfering with the phosphorylation of these receptors
in the plasma membrane of breast carcinoma cells. Mutational studies reveal that a positively charged C-terminal melittin sequence
mediates plasma membrane interaction and anticancer activity. Engineering of an RGD motif further enhances targeting of melittin
to malignant cells with minimal toxicity to normal cells. Lastly, administration of melittin enhances the effect of docetaxel in
suppressing breast tumor growth in an allograft model. Our work unveils a molecular mechanism underpinning the anticancer
selectivity of melittin, and outlines treatment strategies to target aggressive breast cancers.

npj Precision Oncology (2020)4:24; https://doi.org/10.1038/541698-020-00129-0

INTRODUCTION

The European honeybee (Apis mellifera) has been the source of a
number of products used medicinally by humans, such as honey,
propolis, and venom for thousands of years'. However, the
molecular determinants of the anticancer activity of bee venom
remain poorly understood, particularly in breast cancer, the most
common cancer in women worldwide?. Understanding the
molecular basis and specificity of bee venom against cancer cells
is key for developing and optimizing novel effective therapeutics
from a natural product that is widely available and cost-effective
to produce in many communities around the world.

The active component of honeybee venom is melittin,
comprising half of honeybee venom by dry weight®*. Melittin is
a positively charged, amphipathic 26-amino-acid peptide’ that
associates with the phospholipids of the membrane bilayer,
causing cell death by forming ~4.4 nm-diameter transmembrane
toroidal pores that may enable the internalization of additional
small molecules with cytotoxic activities*®”.

Both honeybee venom and melittin have demonstrated
antitumoral effects in melanoma®, non-small-cell lung cancer’,
glioblastoma'®, leukemia'’, ovarian'?, cervical'®, and pancreatic
cancers'“, with higher cytotoxic potency in cancer cells compared
to nontransformed cells®''*'5, Melittin nanoparticles have been
used to suppress liver metastasis through the immunomodulation
of liver sinusoidal endothelial cells'®. Additive and synergistic
anticancer effects have been reported between honeybee venom
and other therapeutic modalities, including with cisplatin in
cervical and laryngeal malignancies'’, and with docetaxel in lung
cancer cells'®. Similar interactions have been demonstrated
between melittin and plasma-treated phosphate-buffered saline

in MCF7 breast cancer and melanoma cells'®. Honeybee venom
and melittin also induced apoptosis in MCF7 cells?®, and reduced
cell viability and migration in MDA-MB-231 breast cancer cells*'?2,
Honeybee venom reduced metastases of breast cancer to the
lung®, inhibited tumor growth, and prolonged survival in mice
with spontaneous mammary carcinoma tumors®*. The majority of
the antineoplastic activity of honeybee venom has been
attributed to melittin®® through inhibition of the PI3K/Akt/mTOR
axis in breast cancer’’, MAPK in melanoma®, JAK2/STAT3 in
ovarian cancer'?, and NFkB signaling pathways in lung carcinoma
cells'®. In contrast to honeybee venom, bumblebee (Bombus
terrestris) venom does not contain melittin?’, but contains
secretory phospholipase A2 that induced apoptosis by inhibition
of Al;g phosphorylation in human chronic myelogenous leukemia
cells*®.

To the best of our knowledge, the effects of different bee
venoms and melittin across breast cancer subtypes compared to
nontransformed cells have not been investigated. Triple-negative
breast cancers (TNBCs, lacking the expression of estrogen and
progesterone receptors, as well as human epidermal growth factor
receptor 2, HER2?°) are aggressive and associated with the poorest
outcomes®®3, Approximately 50% of TNBCs overexpress epider-
mal growth factor receptor (EGFR)**, and HER2-enriched tumors
overexpress HER2, another receptor tyrosine kinase (RTK) that
confers oncogenic signaling often dependent on the PI3K/Akt
pathway downstream*. Blocking EGFR signaling in TNBC with
standard therapies has demonstrated limited clinical efficacy in
early-phase clinical trials due to a lack of dependence on the EGFR
pathway and the importance of collateral pathways®. Although
HER2-targeted therapies have dramatically improved median
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