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ABSTRACT

Logic would suggest that cancer incidence is related to body mass and longevity. Gigantic
animals such as elephants with a longer lifespan (more lifetime of cell divisions) and a larger
body size (more cells) will have more time during their lifetime to accumulate a cancer-causing
mutation in comparison to small-bodied, short-lived animals, such as mice. However, several
studies and the mere existence of large-bodied, long-lived mammals such as elephants and
whales, suggest that there is no correlation between body mass, lifespan and cancer incidence
across different mammalian species. This is a phenomenon known as Peto’s paradox. As there
is a selection for large body size in evolution, there is likely also a selection for cancer
suppression mechanisms that allow an organism to grow large and reproduce successfully. One
of the rationales in the African savanna elephant-(Loxondonta africana) is the duplication of a
crucial tumour suppressor gene (TP53) encoding-the-tumour protein 53 (p53). The African
elephant contain 20 copies of TP53 (40 alleles), while-humans contain only 1 copy of TP53
with 2 functional TP53 alleles. Both alleles are required to function normally to prevent cancer.
Within the Proboscidean lineage, the copies of TP53, called retrogenes (RTGs), expand quite
rapidly within evolution when compared to close living family members of the African
elephant. These TP53 RTGs could be one of the reasons why elephants who live up to 65 years
in the wild and with over 3.72 quadrillion cells, have a higher probability to suppress cancer

within their genome in comparison to humans.

Studies resolving the genomic mechanisms responsible for cancer suppression in gigantic
species have not yet deciphered the working mechanism of how the TP53 RTGs may suppress
cancer in elephants. The TUmour Suppression and Subdual on Cancer (TUSSC) in elephants
research project investigates how the DNA damage response differs between elephants (20
copies of TP53) and humans (1 copy of TP53). This was conducted in an in vitro study, where
the cells of both species were exposed to ionising radiation (IR) (250 kVp X-rays), a well-
known radiation-induced DNA damaging agent to investigate the working mechanisms of
TP53.
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This study presented here was divided into 2 sections: (A) Primary elephant dermal fibroblast
(EDF) cell line characterisation which included the establishment of a novel African savanna
elephant cell line from small skin punch biopsies, growth curve, doubling time (Td), metaphase
chromosome spread and cell cycle kinetics. (B) The comparison of primary normal human
dermal fibroblast (NHDF) and primary EDF cell lines post X-ray irradiation to investigate
biological endpoints which included clonogenic survival-(CSA), cell proliferation-, apoptosis

assay and cell cycle progression.

(A) The first primary EDF radial explant of fibroblasts was visible after 8 — 25 days with a
biopsy success rate of 83.33% among 6 elephants and a Td of 62.13 + 7.15 h (average £ SD)
for 3 elephants at passage 1. The metaphase chromosome spread confirms the diploid number
of 56 chromosomes in the L. africana. Preliminary results concerning cell cycle Kinetics
indicate a length of the GO/G1 phase of 20 — 22 h, the S phase 10 h, the G2/M phase 5 h and
M phase 1 h for primary EDFs at passage 9.

(B) CSA revealed a decrease in survival fraction (SF) with higher doses however, no significant
difference in the SF was observed between-the NHDFEs-and EDFs. However, based on the o/
ratio, the EDFs showed to be more radiosensitive:when compared to the NHDFs. A significant
decrease in the cell proliferation assay was observed with higher doses, while in contrast, the
EDFs had a remarkable recovery in cell growth with the cell proliferation assay after 120 h for
1 and 2 Gy and a slight recovery after 4,8 and 16 Gy. Both the NHDFs and EDFs had no
significant apoptosis-mediated cell. death after! irradiation. .However, a non-statistically
significant increase in early and latejapoptosisiwas observed in EDFs compared to the NHDF
cells, pointing to an elevated apoptosis level in EDF cells after irradiation exposure. The
NHDFs remained in GO/G1 phase throughout all the conditions and no shift in the cell cycle
was observed with different irradiation doses. The EDFs showed a decrease in GO/G1 phase
and an increase in the G2/M phase with higher doses implicating cell cycle arrest. The possible
G2/M cell cycle block allowed the damaged DNA to be repaired post-irradiation or to allow
apoptosis induction. Moreover, an increase in cell proliferation was observed for lower doses
at 120 h post-irradiated in EDFs, indicating that the G2/M block was potentially overcome.
The latter is in line with the cell proliferation observations at 120 h for EDFs.

It could be speculated that the presence of TP53 RTGs in the elephant fibroblasts could possibly
allow for a faster response to DNA damage to prevent the accumulation of cancer-causing

mutation within their genome in comparison to human fibroblasts containing no extracellular
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surveillance mechanisms. The data generated from the current MSc study is a steppingstone
for future work on the TUSSC project to understand the molecular underpinnings of

TP53/TP53 RTG and other mechanisms which could play a role in the elephants’ cancer

resistance.
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Figure 24: Morphological depiction of EDFs (E1) in culture (10x magnification) at
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Figure 49: EDF T25 flasks post staining to determine CSA dose response curve. A) 200
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Figure 54: Apoptosis analysis 12 h post-irradiation for both NHDFs and EDFs. No
significant apoptosis induction was observed for both NHDF and EDF cell lines. A 10%
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Figure 60: Contribution of the p53 protein to induce G2/M cell cycle arrest. When DNA
damage is present within the cell, the p53 protein triggers several parallel pathways that block
the formation of the mitotic cyclin B-CDC2 complex and inhibit its activity to allow cell cycle
continuation. The p53 protein targets the upregulation of p21 and causes an inhibition of the
cyclin B-CDK complex acting as a cell cycle block. The upregulation of p53 acts on GADD45
and results in the binding to CDC2 and prevent the cyclin B complex activation. The p53
protein sequesters 14-3-3c and inhibits the phosphorylated form of CDC25 isoform C which
in turn dephosphorylate cyclin B-CDK complex. In addition, 14-3-3c recruits CDC2 in the
cytoplasm, preventing it from translocating into the nucleus in the late G2 phase. The p21
protein, GADDA45, 14-3-3c all are upregulated in the presence of TP53 in response to DNA
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XXXIV

https://etd.uwc.ac.za/



LIST OF TABLES

Table 1: Metaphase chromosome spread conditions to determine a metaphase
chromosome spreads and to confirm the presence of 56 chromosomes in the newly
established EDF cell line. E1 was tested under different cell densities and time points (h) with
a working concentration of 0.05 pg/mL KaryoMAX™ Colcemid™ Solution in PBS........... 64

Table 2: CHO-K1 standardisation seeding density test. CSA seeding density for CHO-K1.
Cells were seeded in 3 T25 flasks for doses 2 — 8 Gy and in 4 T25 flasks for the control sample.

Table 3: Seeding densities of NHDFs and respective IR doses to plot a CSA dose response
curve. Cells were seeded in 3 T25 flasks for doses 1 — 8 Gy and in 4 T25 flasks for the control
sample. ..o e 84

Table 4: Elephant sample collection with, their. respective age and sex. Elephants’ age
ranged from 14 — 47 years. Sample collection occurred at 2 locations: Botlierskop Private Game

Reserves and Sanbona WilAIITe RESEIVE. ........eeeeee ettt ettt e e 98

Table 5: Elephant sample collection and radial explant outgrowth of fibroblasts. The
number of days after first radial explant outgrowth of EDFs. Where no outgrowth of fibroblasts

was detected, culture flasks were discarded after 40 days. .........cccevveiieiiiieiie i, 99

Table 6: The time and cell density conditions applied in obtaining metaphase
chromosome spreads. Cells from E1 were exposed to KaryoMAX™ Colcemid™ at and had
a cell density of 70 — 80%, 60 — 70% and 90 — 95%, respectively. A working concentration of
0.05 pg/mL KaryoMAX™ Colcemid™ was added for 3 — 28 h to prevent the EDFs from

ProCeeding t0 ANAPNASE. ......viivieie ettt e et e e sre et e reeaeenaenre s 105

XXXV

https://etd.uwc.ac.za/



Table 7: Plating efficiency determination of NHDF cells after 2 weeks of incubation
without IR exposure. The highest plating efficiency was obtained with seeding 200 cells per
T25 flask. A decrease in plating efficiency was observed in the samples with a higher seeding
density (SD based on the biological triplicates). .........ccoiiiiiiiiiiiee e 113

Table 8: Statistical comparison between 72 and 120 h for the cell proliferation assay. A
significant difference for the NHDFs comparing 72 and 120 h were only observed at 16 Gy. In
contrasts, the EDFs showed a significant difference at 1, 2 and 16 Gy. Significance indication:
*p<0.05, **p<0.01, *** p <0.0001 and ns indicates no significance. ..............cccocverurnve. 123

Table 9: Cell cycle assay of NHDF and EDF cells before X-rays. The NHDFs were in the
GO0/G1 phase with 84.50%, whilst 61.80% of the EDFs were in GO/G1 phase and 24.08% was
in G2/M phase. NHDF results were displayed in green and EDF results shown in purple.
Significant indication of comparison between the NHDF and EDF cell line was shown in
orange With * p < 0.05 and *** p < 0.000d. v ee e e 129

Table 10: NHDF and EDF cell cycle assay to reveal the cell cycle progression post 24 h X-
ray irradiation. More than 80% of the NHDFs were in the GO/G1 phase for all the doses. For
the EDFs a decrease was observed in GO/G1 phase with an increase in the doses and a notable
increase in the G2/M phase, shown in bold. ‘Green indicates NHDF results while purple
indicates EDF results. The statistically significant comparison between the irradiated and
unirradiated sample shown in the colour of the cell line and *** indicate p < 0.0001. The
significant comparison between the NHDF and EDF cell lines are presented in orange and **
represents p < 0.01 and *** represents P < 0.000L. ......cccccoreiiiiriinininieee e 131

Table 11: Cell cycle progression of NHDF and EDF cells post 48 h X-ray irradiation. The
NHDFs showed no clear shift in cell cycle progression in response to the IR. The EDFs showed
a decreased number of cells in the GO/G1 phase with an increase of cells in the G2/M phase
after irradiation with 4, 8, 12 and 16 Gy (bold). NHDF results showed in green and EDF results
in purple and both cell line significance of the control and IR was shown in the respective
colours. The NHDF and EDF significance comparison is presented in orange. Significance
indication: * p < 0.05, ** p < 0.01 and *** P < 0.0001. .....cceeviieeiiiriiiiieine e 133

XXXVi

https://etd.uwc.ac.za/



CHAPTER 1:

INTRODUCTION

1.1. Introduction

Cancer is a multifactorial disease and is defined by uncontrolled cell proliferation. The
carcinogenesis process finds its origin in the activation of oncogenes and/or inactivation of
tumour suppressor genes, which ultimately lead to uncontrolled cell cycle progression and
inhibition of cell death (Figure 1) (Hanahan & Weinberg, 2000; Padma, 2015; Sarkar et al.,
2013).
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Figure 1: Multistep carcinogenesis. Step by step process of the transformation of a normal

cell into a malignant tumour (LibreTexts, 2020).

In the latest report, the International Agency for Research on Cancer (IARC) estimated that the
number of new cases worldwide in 2020 was 19.3 million with 10.1 and 9.2 million in men
and women (all ages), respectively (Figure 2) (International Agency for Research on Cancer,
2022). With this growing global burden, cancer prevention is one of the most significant public
health challenges of the 21% century (World Cancer Research Fund, 2020).
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Estimated number of new cases in 2020, World, both sexes, all ages
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Figure 2: IARC estimation of new cancer cases in 2020, worldwide, both sexes, all ages.
The top 3 new cancer cases in 2020 were breast, tung, colorectum with 11.7%, 11.4% and 10%,

respectively (International Agency for Research-on Cancer, 2022).

The World Health Organisation, (WHQ) identified cancer' as the leading cause of death
worldwide with 10 million deaths in 2020, or approximately 1 in 6 deaths (World Health
Organisation, 2022). Lung, colon and rectum and liver are the top 3 cancer-related deaths in
2020 responsible for a total of approximately 1.8 million cancer deaths, of which 916 000 in
men and 830 000 deaths in women (World Health Organisation, 2022). Also in Africa, cancer
is an emerging health problem that needs to be addressed appropriately in order to control the
increased cancer occurrence and mortality rates (Hamdi et al., 2021). In 2020, a 110 000 new
cancer cases were diagnosed, and 56 000 cancer-related deaths were reported in South Africa

alone (Cairncross et al., 2021).

It is predicted that the annual cancer occurrence and mortality rate is likely to increase by
approximately 70% in 2030 (Figure 3) (Parkin et al., 2014). The National Cancer Institute
(NCI) (2021) stated that the number of cancer cases per 100 000 people in 3 different age
groups will be as follows: i) Less than 25 people in the age group under 20 years of age, ii) 350
people in the age group of 45 — 49 and iii) more than 1 000 people in the age group above 60
years of age (National Cancer Institute, 2021). With the escalating effect of cancer occurrence,
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it is of great significance to comprehend cancer preventative measures, improve diagnosis and
treatments and prevent mortality. Much progress has been made in the oncology field, however,
is still insufficient evidence to cope with the growing cancer burden and further research is
needed (Pucci, Martinelli & Ciofani, 2019).
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Figure 3: Estimated cancer deaths globally in.2002-compared to projected cancer deaths
in 2030. Deaths per million schematically, projected with age from 2002 to 2030 (Mathers and
Loncar, 2006).

Despite all the technical advances in the field of cancer diagnostics, early detection and imaging
of cancer remains challenging, not only in African countries but across the world (Frangioni,
Fran-Gioni & Deaconess, 2008). Systems such as X-ray radiography, computed tomography,
optical imaging, ultrasound, magnetic resonance imaging, single-photon emission computed
tomography and positron emission tomography are all imaging modalities used by clinicians
who diagnose, define the stage and treat cancers (Frangioni, Fran-Gioni & Deaconess, 2008;
Grodzinski, Silver & Molnar, 2006; Higgins & Pomper, 2011). However, challenges related to
limitations in sensitivity and spatial resolution remain roadblocks for early cancer detection

and diagnosis (Frangioni, Fran-Gioni & Deaconess, 2008; Grodzinski, Silver & Molnar, 2006).
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The appropriate cancer treatment is determined based on the type, location and the stage of
cancer (Chu et al., 2020). Treatment options comprise surgery to remove tumour(s),
chemotherapy and radiation therapy (RT); either alone or in a combination of therapies (Debela
et al., 2021; Huang et al., 2017; Kim et al., 2018). Surgery is considered to be one of the most
effective treatment options since it brings loco-regional control, however, only at an early stage
of disease progression and often in combination with other therapies at later stages (Dare et al.,
2015; Debela et al., 2021). Combination therapies have been at the forefront of treating cancer
though the adverse impact on a person's ability to function and their quality of life remains a
challenge (Waldman, Fritz & Lenardo, 2020).

Approximately 50% of cancer patients receive RT during their course of illness which
contributes to 40% of curative treatment for cancer (Barton, Frommer & Shafig, 2006; Baskar
etal., 2012a). RT aims to deprive the tumour cells of their multiplication potential by damaging
the deoxyribonucleic acid (DNA) via high doses of ionizing radiation (see Section 1.6) (Kim
et al., 2015). Increased levels of radiation are required to eradicate cancer cells however, it is
limited to the tolerance of surrounding healthy-tissue (Barnett et al., 2009; Kim et al., 2015).
RT is not an invasive procedurée-and has-a faster-recovery rate when compared to surgery
(Babaei and Ganjalikhani, 2014). . However; a-large portion-of cancer patients still experience
radiation resistance and recurrence of cancers (Kim et al., 2015). High-energy photons (X- and
gamma (y)-rays) are the most commonly used radiation qualities in external beam RT, but
charged particles such as protons and carbon ions, provide dosimetry and radiobiological
advantages and are rapidly gaining momentum as modern RT techniques (Durante & Loeffler,
2010).
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1.2. Cancer in elephants

Traditionally rats (Rattus rattus) and mice (Mus musculus) are used to investigate the
development of cancer, due to their short life span, rapid reproduction and their vulnerability
towards cancer (Stenvinkel et al., 2020). However, these traits imply that rats and mice have
fewer anticancer mechanisms and novel tumour resistance mechanisms are less likely to be
discovered using these models (Tian et al., 2013). Despite these disadvantages, mouse models
have become very popular due to the development of gene targeting. The latter enables cancer
biologists to study tumour biology in vivo, which is more realistic in a dynamic physiological
system when compared to in vitro studies (Zhang, Moore & Ji, 2011). However, biologists are
currently looking beyond the traditional rodent models, by investigating non-standard
mammalian species providing novel comprehensions into cancer resistance, (Seluanov et al.,
2018).

Species such as elephants (Loxodonta), the naked mole rats (Heterocephalus glaber) and the
Tasmanian devil (Sarcophilus harrisii) show remarkable resistance against cancer (Figure 4)
(Seluanov et al., 2018; Stenvinkel et-al.,-2020).-The rate_of cancer development differs in
animals, for example, ferrets (Mustela putorius furo) and dogs (Canis lupus familiaris) show a
very high cancer incidence rate (Callier, 2019). Researchers concluded that cancer occurrence
and resistance could be shaped by natural selection (Albuguerque et al., 2018; Athena Aktipis
et al., 2015). In this way, nature candirect oncology research to study pathways that have been
naturally selected to allow survival in‘challenging environments with different resources.
Changing from the traditional approachwithstandard cell.culture lines and mouse models, new
preventative mechanisms as well as therapeutic strategies can be discovered with this novel

bio-inspired approach, known as biomimetics (Stenvinkel et al., 2020).
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1.2.1. Peto’s paradox

In 1975, a British epidemiologist called Richard Peto, observed that cancer risk does not
correlate with body size and species lifespan. He postulated a question: why humans who
contain 1 000 times more cells and live 30 times longer than mice, do not suffer from much
higher probabilities of developing cancer (Peto et al., 1975)? The paradox is that animals with
a longer lifespan (more lifetime of cell divisions) and larger body size (more cells) have more
time to accumulate cancer-causing mutations than animals with a shorter lifespan and smaller
body size and therefore should be at an increased risk of developing cancer (Figure 5)
(Abegglen et al., 2015; Barkley, Song & Vaziri, 2009; Callier, 2019; Tollis, Boddy & Maley,
2017; Vincze et al., 2022). However, cancer incidence across the animal kingdom does not
appear to increase as theoretically expected when taking into account the number of cells and
the cell divisions of the organisms (Tollis, Boddy & Maley, 2017). This seemingly

counterintuitive occurrence is known in evolutionary biology as Peto’s paradox.
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Figure 5: A schematic presentation of Peto’s paradox. An illustration of Peto’s paradox,
where the solid red line demonstrates a linear relationship between cancer prevalence and body
mass X longevity. The dashed red line demonstrates an estimate of cancer prevalence assuming
a model describing the probability of an individual developing colorectal cancer after a given
number of cell divisions. The solid blue demonstrates the observation that there is no

relationship between cancer risk and body mass x longevity (Tollis et al., 2019).
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A counterargument could be that records on cancer incidence rates in wild and captive
mammals might not be well documented for all species. However, the mere existence of large,
long-living elephants suggest that they suppress cancer more efficiently than humans, since
they would quickly become extinct if cancer incidence would scale with their body size
(Abegglen et al., 2015; Caulin & Maley, 2011; Lichtenstein, 2005). Whales (Cetacea) would
most likely die before they could reproduce and would be extinct since they would have a
theoretical 1 000 times greater chance of developing cancer compared to humans (Lichtenstein,
2005). Cancer rates across multicellular animals only vary by approximately 2-fold even
though the difference of size among mammals alone can be in the order of a million-fold (Leroi,
Koufopanou & Burt, 2003; Siegel et al., 2021).

Within the same species, larger individuals have a greater probability to develop cancer than
smaller individuals and the same theory is applicable for age, which is considered to be the
most potent carcinogenic risk factor (Vincze et al., 2022). When other risk factors are
controlled, cancer risks seems to be associated with body size in humans; for every 10 cm in
height there is a 10% increase in cancer _oceurrence (Green et al., 2011; Nunney, 2018).
Furthermore, domesticated dogs-are diagnosed-with-many of the same cancers as humans
(Merlo et al., 2008), and osteosarcomas-oceur-200-times-mere in larger dogs in comparison to
small and medium breeds (Caulin & Maley, 2011). Cancer is also the leading cause of death in
dogs for over 10 years with 50%,of older dogs developing cancer and approximately 1 in 4
dogs eventually die from cancer (Davis & Ostrander, 2014). In the United States of America
only 1.7% of all cancer-related human deaths in both sexes occur before the age of 40 years,
and 90% of cancers are diagnosed in those aged >50 years (Laconi, Marongiu & DeGregori,
2020; Siegel et al., 2021).

Smaller, long-lived animals such as the grey squirrels (Sciurus carolinensis), microbats
(Microchiroptera), the blind mole rat (Spalacinae) and the naked mole rat (Heterocephalus
glaber) also display cancer suppression (Sulak et al., 2016). These mammals are a typical
example of the fact that cancer mortality rates don’t always correlate with an increase in
longevity (Abegglen et al., 2015). For example, the naked mole rat showed extreme sensitivity
to contact inhibition, which likely acts as an anticancer mechanism in this species (Seluanov et
al., 2009; Tian et al., 2013). Whereas, the blind mole rat evolved a unique anticancer
mechanism mediated by strong induction of the necrotic cell-death response to
hyperproliferation and other cell death mechanisms that are also likely prevent cancer (Avivi

et al., 2005; Gorbunova et al., 2012). Both these animals adapted cancer suppression
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mechanisms in different ways, allowing them to life underground for very long periods
(Gorbunova et al., 2012; Tian et al., 2013). Naked mole rats live underground where the
environmental conditions are harsh, yet can live for an estimated 30 years, almost 7 times
longer than its close cousin house mouse which is particularly susceptible to cancer (Tian et
al., 2013). Furthermore, mole arts perform the heavy work of digging their tunnels under highly
hypoxic/hypercapnic conditions and unlike most other mammals, these mole rats can achieve
high levels of metabolic rate under these extreme conditions while their metabolic rate at low
work rates is depressed (Gorbunova et al., 2012; Tian et al., 2013; Widmer et al., 1997).
Widmer and team concluded that in their study when investigating the respiratory adaptations
in the blind mole rat that the structural adaptations in lung and muscle tissue improve the
oxygen diffusion conditions and serve to maintain high metabolic rates in hypoxia but have no
consequences for achieving the volume of oxygen the body uses while working (VO, max)
under normoxic conditions (Widmer et al., 1997). Thus, while some of the mechanisms that
underlie cancer resistance in small, long-lived mammals have been identified, the mechanisms
by which large-bodied animals evolved enhanced cancer resistance are yet to be discovered or
need to be confirmed. Globally, over 5-400-different-mammalian species exist and this adds to

the challenge of solving Peto’s paradox (Ferris et al.,- 2018; Gewin, 2013).

Caulin and Maley formulated several potential hypotheses on how large-bodied, long-lived
animals, such as elephants, don’t have a higher probability to.develop cancer when compared
to small-bodied, short-lived animals, such as:mice (Caulin and Maley, 2011). The authors

proposed some potential tumour suppression mechanisms as follows:

i.  Metabolism: A slower metabolism works as a protective mechanism in larger animals
with a decreased production of free radicals. With a lower basal metabolic rate (BMR)
in larger animals, less endogenous damage is present and this contributes to a decrease

in somatic mutation rate (Totter, 1980).

ii.  Immune system (IS): Large animals could potentially better suppress cancer due to a
better immune surveillance, which provides them the opportunity to attack foreign
objects such as neoplastic cells at an early stage (Tollis, Boddy & Maley, 2017). Since
tumours are initially immunogenic, larger animals can better detect tumorigenesis

compared to mice which show a delayed IS surveillance (Caulin & Maley, 2011).
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Sensitivity to apoptosis: Cells from larger animals could be more sensitive to DNA
damage and induce apoptosis more quickly compared to smaller animals. When human
and mice cells were irradiated, results showed that mice cells had a higher percentage
of cell proliferation despite the DNA damaged inflicted by the radiation compared to
human cells, illustrating their reduced apoptosis response compared to humans
(Huijbregts et al., 2009).

Hypersensitive contact inhibition: As mentioned above, the naked mole rat shows
hypersensitivity to contact inhibition which may contribute to cancer suppression and
longevity (Tian et al., 2013). In culture, naked mole-rat cells stop dividing at much
lower cell densities than human and mouse cells due to the early activation of
senescence (Seluanov et al., 2009).

Telomeres: Larger animals could potentially have a shorter telomere length that will
limit their number of cell divisions and decrease the risk of carcinogenesis (Tollis,
Boddy & Maley, 2017). Telomeres-are a repetitive region on the DNA sequence at the
end of a chromosome and-protect the ends-of chromosomes from becoming
frayed/tangled. With each cell division, the telomere becomes slightly shorter and
eventually, the cell can’t divide when the telomere| reaches its limit and goes into

replicative senescence (Vaiserman & Krasnienkov, 2021).

Lastly, another hypothesis'is a redundancy-of tumour suppressor genes, which will be

discussed in Section 1.2.2 and is the main focus of this research project.

11
https://etd.uwc.ac.za/



1.2.2. Redundancy of tumour suppressor gene in elephants

The first evidence to unravel Peto’s paradox in elephants was only discovered in 2015.
Necropsy data from the San Diego Zoo was examined for many different mammal species with
different weights, from mice to elephants. The study found no relationship between body size
and cancer incidence, providing empirical support to Peto's initial observation (Abegglen et al.,
2015). In addition, 2 independent research groups discovered that elephants harbour dozens of
extra copies of the tumour suppressor gene TP53 (Abegglen et al., 2015; Sulak et al., 2016;
Callier, 2019).

Sulak et al. used an evolutionary genomics approach and studied a crucial tumour suppressor
gene or anti-cancer gene, called tumour protein 53 (p53). TP53 was studied in animals of
various sizes and results revealed that all the animals had at least 1 copy of TP53, while
elephants had multiple extra copies of TP53, called retrogenes (RTGs) (Sulak et al., 2016). In
particular the African savanna elephant (Loxodonta africana), known as the largest living land
mammal, has at least 19 TP53 RTGs, which make it the animal with the most copies TP53
RTGs across the animal kingdom (Abegglen et-al.,2015; Bartas et al., 2021; Ferris et al., 2018;
Sulak et al., 2016).

RTGs, which are sometimes called pseudogenes, are generally regarded as “dead” genes and
have limited transcriptional activity (Sulak et al., 2016; Staszak & Makatowska, 2021). In the
case of elephants, most of the additional copies of TP53 RTGs do not appear to be directly
transcriptionally active and lack true introns. However, the elephant lineage seems to have
maintained some functional active TP53 duplicates, but it is unlikely that they transcribe a fully
functional p53 protein. However, even though the TP53 RTGs may be largely dysfunctional as
transcription factors, they could nevertheless possess other functions. Firstly, to inhibit TP53
signalling in the absence of activating stimuli to prevent over secretion of TP53. Secondly to
improve DNA damage sensitivity, by for instance enhancing the effectiveness of the single
TP53 gene to detect early cell dysfunction (Haupt & Haupt, 2017). The TP53 RTGs could
potentially act as a “pool of protected TP53” which results in a rapid response to DNA damage,
but further research is needed to understand the underlying control mechanisms of the TP53
RTG activity (Haupt & Haupt, 2017; Nunney, 2018).
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To investigate why African elephants have so many more TP53 RTG copies, Sulak and team
analysed the DNA of species related to the African elephant to trace the expansion of TP53
RTGs gene family in the Proboscidean lineage with greater phylogenetic resolution (Figure 7)
(Sulak et al., 2016). The study used 3 methods to estimate the minimum (1:1 orthology),
average (normalized read depth) and maximum (gene tree reconciliation) TP53 RTG copy
number in the Asian elephant (Elephas maximus), the extinct woolly mammoth (Mammuthus
primigenius), the Columbian mammoth (Mammuthus columbi) and the extinct American
mastodon (Mammut americanum) using existing whole genome sequences (WGS) data (Enk
et al., 2014; Rohland et al., 2010). Sulak et al. identified a single canonical TP53 gene in the
species mentioned above and estimated 12 — 17, 14 and 3 — 8 TP53 RTGs copies for the Asian
elephant, both the Columbian and woolly mammoth and the American mastodon genome,
respectively. They found within the Proboscidean lineage, the number of TP53 increased quite
rapidly which coincides with the evolution of large-bodied, long-lived animals. There is a
relatively low number of the TP53 RTGs in the extinct 50 000 — 130 000-year-old American
mastodon (Rohland et al., 2010; Sulak et al., 2016). As expected, as species evolved larger
body sizes they also evolved more TP53 RTGs,; making them-better equipped to deal with DNA
damage and protect them from developing cancer (Sulak et al., 2016; Smith et al., 2017a;
Callier, 2019). Furthermore, only 1 copy of the gene was found in the DNA of manatees
(Trichechus) and hyraxes (Hyracaidea), the closest living relatives to the elephant (Sulak et
al., 2016; Smith et al., 2017a).
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Figure 7: Schematic representation of TP53'and/or TP53 RTG numbers within different
animals. A) The number of TP53 and/or TP53 RTG in 61 Sarcopterygians (Lobe-finned fishes)
with draft or completed genomes, including the African elephant indicated by the pink arrow.
Clade names are shown for lineages in which the genome encodes more than 1 TP53 gene or
pseudogene. B) Comparison of the Proboscidean lineage TP53 and/or TP53 RTG copy
numbers inferred from complete genome sequencing data (WGS, purple), 1:1 orthology
(green), gene tree reconciliation (blue) and normalised read depth from genome sequencing
data (red). Whiskers on normalized read depth copy number estimated show the 95%

confidence interval of the estimate (Sulak et al., 2016).
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In 2015, peripheral blood lymphocytes from the African and Asian elephant genomes were
exposed to ionising radiation (IR) and doxorubicin, both potent inducers of DNA damage.
Abegglen et al. found that elephant lymphocytes showed a higher rate of TP53-mediated
apoptosis compared to human lymphocytes, with no difference in DNA double-strand breaks
(DSBs) at different time points post-irradiation (Abegglen et al., 2015). This indicates that the
increased apoptosis in elephants cannot be attributed to a higher rate of initial radiation-induced
DNA damage. The study confirmed that elephant lymphocyte cells most likely have an
increased apoptotic response and gives them the potential to eliminate (pre-) cancerous cells

at a very early stage (Abegglen et al., 2015).

Furthermore, Vazquez and team showed that elephants may have developed an additional
mechanism to potentially explain Peto’s paradox, namely via 11 copies of a leukaemia
inhibitory factor (LIF) pseudogene. The LIF pseudogenes appeared transcriptionally inactive,
but it seems like LIF6 evolved a new on-switch, and is a valuable working gene with
transcriptional activity (Sulak et al., 2016; Vazquez et al., 2018). Most importantly, humans
have a single copy of the LIF gene (as opposed-te.LIF6 in animals) (Ferris et al., 2018). The
activation of LIF6 causes movement of -LiF6-to-the mitochondria and opening of the
mitochondrial pore and the induction-of apoptosis (Sulak et al., 2016). In addition, an
overexpression of LIF6 is able to induce apoptosis in the absence of DNA damage or the
activation of TP53 (Figure 8) (Callier, 2019). The exact mechanism is still to be determined
and therefore further investigation is needed to understand how this former genetic supposedly

“junk” DNA molecule evolved into a functional gene (Haines, Voyle & Rathjen, 2000).
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TP53 is identified as one of the most important tumour suppressor genes and a key component
of the cancer protection mechanisms (Hanahan & Weinberg, 2000). However, TP53 can also
get damaged and/or mutated resulting in the inactivation and loss of function of TP53. This
results in a suppression of apoptosis, increased proliferation and genomic instability (Abegglen
et al., 2015; Callier, 2019; Caulin & Maley, 2011; Hanahan and Weinberg, 2000; Seluanov et
al., 2009; Sulak et al., 2016; Zhou et al., 2014). The human genome contains only 1 copy of
TP53 with 2 functional TP53 alleles, yet to suppress cancer, both alleles are required to function
normally to prevent the formation of cancer (Abegglen et al., 2015). An example of overactive
TP53 has been proposed as an important pathophysiological factor for bone marrow failure
syndromes, including Fanconi anaemia (Li et al., 2018). Mammals could have a greater
probability to supress cancer if they harbour extra copies of TP53 or other genes (e.g., LIF6)
that encode tumour suppresser genes, but the mechanisms of how these retrogenes function
and alter DNA damage response/tumour suppression pathways remain unknown. See Section

1.3.2 for more information on TP53 mutation.

Interestingly, despite the TP53 RTGs, a 56=year-old nulliparous female Asian elephant
(Elephas maximus) at the zoological garden—of -Naples, in: Italy, died of cervical cancer
(Laricchiuta et al., 2018). In 2021, Landolfi reported-a 80% occurrence of neoplasms in a
sample size of 80 Asian elephants residing in @ managed care facility in the United States from
1988 — 2019 (Landolfi et al., 2021). Benign and malignant neoplasms affecting the uterus have
the potential to impact fecundity and thus may represent obstacles to conservation in managed
care facilities. Recently Abegglen et al. reported that as elephants age, both the Asian and
African female elephants exhibit reproductive lesions that can impair conception, implantation,
pregnancy or labour. This was more common in the Asian elephant and especially, in older,
nulliparous females (Abegglen et al., 2022). The higher prevalence was observed in the Asian
elephant when compared to the African elephants could possibly be due to the smaller number
of TP53 copies, which have been reported to be 12 — 17 in Asian elephants vs 20 copies of
TP53 in African elephants (Sulak et al., 2016). As far as we know, there are currently no studies
on the link between the multiple TP53 copies and conception, pregnancy and implantation in
elephants. Furthermore, the prevalence of any type of neoplasia is unknown in free-raging
elephants, but the high prevalence in Zoo elephants suggest that these benign or malignant
tumours may also develop in free-raging animals (Landolfi et al., 2021; Parsa, 2012).

Environmental factors could play a role since Zoo animals live in an artificial environment and
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on average live longer than their wild counterparts. For example, pregnancy and reproduction

in Zoo elephants are probably much lower than in wild elephants (Tidiere et al., 2016).

1.2.3. TP53 and aging effects

As the age of humans increases, the higher the probability of cancer occurrence, but this is not
the case for most elephants in their natural habitat. During evolution, mammals developed the
DNA damage response, which comprises potent tumour suppressor mechanisms which are
crucial to prevent tumorigenesis (Tyner et al., 2002). However, some of these suppressor

mechanisms, such as reproductive senescence, are directly linked to aging.

In 2002, Tyner and team studied the biological effect of altered TP53 function by generating
mice with a deletion mutation in the first 6 exons of the TP53 gene that express a truncated
ribonucleic acid (RNA) capable of encoding a carboxy (C)-terminal TP53 fragment. They
found that mice carrying supernumerary copies of TP53 in the form of large genomic
transgenes had a resistance to spontaneous-tumaorigenesis compared to wild type TP53, but
unfortunately premature ageing phenotypes, including.a23% reduction in medium lifespan,
osteoporosis, generalized organ atrophy and a diminished- stress tolerance were observed
(Tyner et al., 2002). An excess of TP53 function was potentially caused by a truncated p53
protein in the study of Tyner et al:, which-could result in-a-constitutive activation of wild-type
TP53

Garcia-Cao et al, generated and characterised mice carrying an increased dosage of TP53. The
results demonstrated that the mice carrying supernumerary copies of presumably functional
TP53 were protected from cancer. These mice exhibited an enhanced response to DNA damage
when compared with normal mice, but no premature aging was observed (Garcia-Cao et al.,
2002) confirming that an excess of TP53 function in the study of Tyner et al., potentially caused
by a truncated TP53 protein, could result in a constitutive activation of wild type TP53 (Tyner
et al., 2002). In elephants, despite harbouring 20 copies of TP53, premature aging is not
observed and elephant in the wild have a life expectancy of 60 — 70 years (Tyner et al., 2002;
Callier, 2019). It could be that elephants have an enhanced apoptotic response and their TP53
activity is closely controlled and balanced by alternative adaptations to prevent premature stem
cell exhaustion (Abegglen et al., 2015; Seluanov et al., 2018). Further adaptations related to
stem cells and tissue maintenance could be key in the longevity of elephants (Seluanov et al.,
2018).
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Bartas et al., 2021, discovered that the TP53 amino acid sequence is phylogenetically related
to an organism that show a variation in their lifespan. They showed that lifespan variability
correlates with TP53 amino acid variations. Specific substitutions in TP53 amino acid
sequences were seen in long-lived animals and these changes enable TP53 to interact with
different protein partners to induce gene expression programs that vary in species with a normal
lifespan (Bartas et al., 2021). Although augmented activity of TP53 promotes aging and a
shortened lifespan, the longevity of elephants proves that there could be an advanced TP53

mechanism that prevents cancer formation without promoting aging (Bartas et al., 2021).

Is p53 a key player in animal longevity?
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Figure 9: Schematic presentation of the TP53 theory on lifespan. Reactive oxygen species
(ROS), DNA damage, telomere shortening results in cell damage and TP53 (or p53 protein
abbreviated in image) activation which enable DNA repair and/or apoptosis. It is hypothesised
that in long-lived animals the “improved” TP53 causes less activation than in their short-lived
counterparts but still may sufficiently contribute to DNA damage repair and apoptosis. While
in short-lived animals it causes a high activity of TP53 which promotes organismal aging, thus

shortening the lifespan (Bartas et al., 2021).
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1.3. Tumour suppressor gene (TP53)
1.3.1. TP53 history

The tumour suppressor gene was first discovered in oncology research in 1979 (Joerger &
Fersht, 2010; Soussi, 2010). Soon after its discovery, the TP53 gene was named “guardian of
the genome”, since it suppresses cancer and transcribes protein p53, the most extensively
studied protein in cancer research (Haupt et al., 2003). The p53 protein encodes 393 amino
acid-long protein which can be found on the short arm of chromosome 17 in humans and the
name is derived from the molecular mass of this protein, namely 53 kilodalton (kDa) (Monti et
al., 2020; Soussi, 2010). The p53 protein has a modular domain structure with folded central
DNA binding- and tetramerization domains, flanked by intrinsically disordered regions at both
the amino (N)- and C-termini (Joerger & Fersht, 2010). It is composed of 100 and ~90 amino
acids at the N- and C-terminal domains, respectively and is highly modified by post-
translational modification (Figure 10) (Appella & Anderson, 2001). The tetrameric
transcription factor can regulate the expression of many target genes in response to cell stress,
including cell cycle arrest, cell death, DNA restoration;-autophagy and metabolism regulation
(Kim et al., 2012; Monti et al., 2020).

Structural organization of TP53 gene and p53 protein

5"UTR 3J'UTR

I] ,4! [ IRy oft }"
<l==4-=—‘-|b-7-8-=-= =—10 " =
:.1- “ERED AFPES
| r ~r—~'¥.'4 ] _‘e:EH;»; BEEE '..‘._‘:E
[126185 | [22s281] [s07am]|  [367-393]
I ] m v Vv
N-terminal Domain Central Domain C-terminal Domain
Transcrptonal Sequence-apecic Negative
Activation Doman DNA-bincling Domain reguinbon Domme
Proline-rich Tetramesization
Domain Domain

[:] Coding region of TPS53 gene (exons 2 to 11)
UTR region (untransiated region)

1-393 aminoacids residues (represented at each exon)

Figure 10: Structure of TP53. Schematic presentation of TP53 gene encoding 393 amino
acids residues with its N-terminal transcriptional activation domain, central sequence-specific

DNA-binding domain and C-terminal negative regulation domains (Mohammed, 2018).
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1.3.2. TP53 mutation and TP53 in cancer

Mutated TP53 can present missense mutations which are single-based substitutions and loss of
alleles, disturbed throughout the coding sequence. Mutations can happen in the central DNA
binding domain of the protein and the tetramerisation domain (Monti et al., 2022; Olivier,
Hollstein & Hainaut, 2010; Pfister & Prives, 2017). Mutations in TP53 cause single amino acid
changes at different positions, making identification patterns in relations with cancer type
aetiologically possible (Monti et al., 2020; Olivier, Hollstein & Hainaut, 2010).

More than 50% of human cancers carry a TP53 gene mutation. Sporadic human cancers can
harbour somatic mutations in the TP53 gene locus, while germline mutations in TP53 are the
underlying cause of Li-Fraumeni Syndrome (LFS) (Figure 11) (Meulmeester & Jochemsen,
2008; Monti et al., 2020). Somatic mutations are either spontaneous, due to errors in DNA
repair mechanism due to age or direct stress (Miles & Tadi, 2020). Sporadic human cancers
usually have a point mutation in 1 allele that permits the expression of mutant p53 protein
joined by a removal of the other allele, including neighbouring regions (Aubrey et al., 2018).
A germline mutation is a mutation inherited from-previous generations and is a predisposition
in individuals thereby increasing their susceptibility to develop cancer during their lifetime,

even from an early age (Milanese et al., 2019).
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1.3.3. TP53 activation

The TP53 gene transcribes a short-lived, multifunctional and highly regulated protein called
p53. (Aubrey et al., 2017; Haupt et al., 2003). The TP53 is expressed ubiquitously in all cell
types as an inactive, latent, transcription factor that becomes active only when the cells are
subjected to a variety of cellular insults (Garcia-Cao et al., 2002). These can include internal
and/or external cellular stress signals, DNA damage, expressing oncogenes, hypoxia,
starvation, nucleotide depletion and several other genotoxic stressors (Appella & Anderson,
2001; Brooks & Gu, 2010; Giaccia & Kastan, 1998).

It is maintained at low activity levels during homeostasis and its stabilisation and activation is
regulated by post-translational modifications (Brooks & Gu, 2010). TP53 is controlled by an
autoregulatory negative feedback loop by its natural inhibitor minute 2 homolog (MDM?2),
through promoting the ubiquitin-proteasome degradation pathway (Balint, Vousden & KH,
2001; Brooks & Gu, 2010; Haupt et al., 2003). MDM2 binds to TP53 within the N-terminus,
creating a direct blockage of TP53 for the transcriptional coactivators and inhibiting the
activation of target genes (Balint, \Vousden & KH, 2001, Fang et al., 2000; Momand et al.,
1992).

In cell stressed conditions, the initial disruption and stabilisation of TP53 occurs via the
targeted disruption of TP53 at the C-terminus, followed by acetylation of protein activators that
are required for transcriptional downstream regulatory factors (Brooks & Gu, 2006, 2010). In
addition, acetylation of MDM2 happens withinthe RING (really interesting new gene) domain
(Brooks & Gu, 2006). Adenosine diphosphate-ribosylation factor (ARF) inhibit the complete
MDM2 and causes its relocation from the nucleoplasm to the nucleolus resulting in the final
activation and stabilisation of TP53 (Bélint, Vousden & KH, 2001; Sharpless & DePinho,
2004).

TP53 plays a critical role in the DNA damage response following exposure to IR which causes
a stressed state as shown in Figure 12. In a stressed state, DNA DSBs are sensed by Ataxia
telangiectasia mutated (ATM), while DNA single strand breaks (SSBs) are registered by Ataxia
telangiectasia and Rad3-related (ATR). Checkpoint kinase 1 and 2 (CHK1 and CHK2)
pathways are then activated and induce either G1/S arrest (senescence or transient), S phase
arrest or G2/M arrest (see Section 1.4. for more information) (Appella & Anderson, 2001,
Kruse & Gu, 2009).
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Activated TP53 induces or inhibits the expression of more than 150 genes resulting in cell cycle
arrest for repairing damaged DNA at cell cycle checkpoints or an apoptotic pathway (Appella
& Anderson, 2001; Aubrey et al., 2017). This is accomplished by translocation of TP53 to the
nucleus where it stimulates cyclin dependent kinases inhibitors (CKI) or activates any
proapoptotic proteins for cell cycle arrest or apoptosis, respectively (Zilfou & Lowe, 2009).
Wild type TP53 directly activates several genes that function in pathways of DNA repair which
include the ribonucleotide reductase gene (Gasco, Shami & Crook, 2002). After the DNA
repair, the cell can continue with the cell cycle or if the DNA damage is too severe apoptosis
can be induce, TP53 is dephosphorylated and destroyed by the accumulation of MDM2 (Baélint,
Vousden & KH, 2001; Massagué, 2004; Aubrey et al., 2017).
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Figure 12: TP53-mediated tumour suppression. TP53 (or p53 abbreviated in image) in an
unstressed state and is maintained at a very low-level by promoting the ubiquitin-proteasome
degradation pathway. TP53 in a stressed state due to DNA lesions or activation of oncogenes
causing TP53 post-translational modification resulting in stabilization and transcriptional

activity (Ub: ubiquitin; P: phosphorylation; Ac: acetylation) (Aubrey et al., 2018).
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1.4. Overview of the cell cycle

The cell cycle is a series of tightly controlled events that take place in a cell in order to allow
for growth and division (Lai et al., 2005). The cell cycle in a eukaryotic cell consists of 5 stages:
quiescent phase (G0), synthesis (S) phase, mitotic (M) phase and 2 growth (G1 and G2) phases
(Ding et al., 2020; Imoto et al., 2011). The S phase involves DNA replication, the M phase
consist of the segregation of 2 complete sets of chromosomes to 2 resulting daughter cells
(Barberis et al., 2007). The G1 phase separate the M phase and the S phase and the G2 phase
separate the S phase and the M phase (Blow & Tanaka, 2005).

Cell cycle progression is regulated by cyclins and cyclin dependent kinases (CDK) which
contains serine/threonine kinases that can phosphorylate multiple substrates (Figure 13)
(Frouin et al., 2002; Suryadinata, Sadowski & Sarcevic, 2010). There are 11 CDK family
members. CDK 1, 2, 3, 4 and 6 play essential roles in the cell cycle and CDK?7 activate the
CDKs involved in the cell cycle while the rest mediate gene transcription (Ding et al., 2020;
Malumbres et al., 2009). Cyclin A is important in the control of cells moving from the S phase
to the M phase (Coverley, Laman & Laskey, 2002).-Cyelin B is essential in the G2/M phase
transition and the regulation of cells'in the M phase (Lindqvist et al., 2005). Cyclin H plays a
role in the CDK activating kinases (CAK) process (Ding et al., 2020). The monomeric, non-
phosphorylated CDKs have no detectable kinase activity. Activation requires the association
of a positive regulatory cyclin and activating phosphorylation of the kinase on a threonine
residue (threonine 161 (Thr!Y) in the human CDK1) (Brown et-al., 1999; Garcia-Reyes et al.,
2018; Gould et al., 1991). The synthesis;of cyclins is mastly controlled at the level of
transcription, and they are degraded by ubiquitin-mediated proteolysis (Lim and Kaldis, 2013).
Cyclins are recognized by the ubiquitin-protein ligases anaphase-promoting
complex/cyclosome  (APC/C) or  Skplp-CDC53p/cullin-F-box  protein  (SCF),
polyubiquitinated and destroyed by the 26S proteasome (Ding et al., 2020; Kaldis et al., 2013).
Phosphorylation or dephosphorylation of CDK and cyclins also play an important role in the
cell cycle since it regulates kinases activity (Ding et al., 2020). Phosphorylation is performed
by means of CAK and dephosphorylation is mediated by members of the cell division cycle 25
(CDC25) family of dual specificity protein phosphatases (Shen & Huang, 2012). For example,
in p34<PC2® (CDK1), the phosphorylation of threonine 14 and tyrosine 15 results in inactivation
of CDK1-cyclin B complexes for the regulation of cells entering the M phase. When cells are
ready for the G2/M phase transition, CDC25 removes the phosphatases from the kinase (Ding

et al., 2020). CAK is the enzyme responsible for the activation by means of phosphorylation
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of CDK1, 2, 4 and 6 and is composed of 3 subunits: CDK?7, cyclin H and Menage a trois
1(MAT1) (Ding et al., 2020; Garrett et al., 2001).

Cyclin-CDK complexes are regulated by many CKIs resulting in blocking the complex
interaction with its targets (Goel et al., 2018). Based on the CDK structure and role of CKI, it
is divided into 2 families: Inhibitors of CDK4 (INK4) and CDK interacting protein/Kinase
inhibitory protein (CIP/KIP). The INK4 family includes p15, p16, p18 and p19, which inhibits
CDK4 and CDKG®6 binding and the action of cyclin D, while the CIP/KIP family includes p21,
p27 and p57, which are broad-spectrum CDKs inhibitors (Buck, Chiu & Saito, 2009).
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Figure 13: Schematic representation of the cell cycle with cyclin-CDK complexes. The cell
cycle begins at the G1 phase with an increase in the synthesis in cyclin D and partner with
CDK4/6 which promotes cell cycle entry and its progression through G1 phase and G1/S phase
transition. During S phase, cyclin A/CDK2 controls the phosphorylation of targets involved in
the DNA replication. Cyclin A is highly expressed in the S phase until late G2 phase, where
the primary regulator is CDK1. Thereafter, it is replaced with cyclin B/CDK1 to ensure M
phase and 2 resulting daughter cells (Garcia-Reyes et al., 2018).
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1.4.1. The G1 phase

G1 is the first growth phase and assesses if a cell is prepared to enter the S phase based on
nutrients and growth factors availability (Massagué, 2004). An increase in production in cyclin
D causes an activation of the cyclin D-CDK4 complex which activates the tumour suppressor
protein retinoblastoma (pRB)/transcription factor (E2F) pathway (Lim & Kaldis, 2013). The
pRB is the product of retinoblastoma tumour suppressor gene. Cyclins of the D class (D1, D2
and D3) and their partners CDK4/CDKG6 are involved in the initial pRB phosphorylation. pRB
phosphorylation in the entry and exit of the S phase is mediated by cyclin E-CDK2. The E2F
family regulates cell cycle components, apoptosis, differentiation, DNA damage repair,
metabolism and angiogenesis (Berridge, 2014; Xie et al., 2021).

The E2F family consist of 8 genes and E2F 1 — 3 preferentially bind to pRB (Attwooll, Denchi
& Helin, 2004). Once E2Fs are bound to pocket proteins, their transactivating activity is
inhibited and the overexpression of any of the pocket proteins leads to G1 arrest (Trimarchi
and Lees, 2002). Phosphorylation of pocket proteins releases the E2Fs, which are then able to
activate their target genes (Attwooll,-Denchi-& Helin,.2004). Therefore pRB is partially
phosphorylated and reduces the binding affinity to the E2F (Cobrinik, 2005). Near the end of
the G1 phase, cyclin E-CDK2 completely phosphorylates the pRB, leading to the release of the
E2F and allowing for the expression of genes that mediate' S phase entry (Cobrinik, 2005;
Harbour & Dean, 2000).
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1.4.2. The S phase

As the cell moves from G1 to S phase, cyclin E and is replaced with cyclin A in order for
replication to occur where each identical copy segregates into duplicate daughter cells
(Coverley, Laman & Laskey, 2002). Cyclin A-CDK2 has dual functions; (A) to ensure that the
G1 ends before the DNA synthesis begins and (B) to ensure that DNA replication occur only
once per cell cycle (Coverley, Laman & Laskey, 2002; Yam, Fung & Poon, 2002). The mini-
chromosome maintenance subunits 2 — 7 (MCM 2 — 7) hexamer structure function as a
replicative helicase and ensure that the replication only occur once-per-cell-cycle (Prasanth et
al., 2003).

The DNA replication is dependent on essential molecules and the origin recognition complex
(ORC) marks the position of replication origins in the genome and serves as the landing pad
for the assembly of a multiprotein, pre-replicative complex (pre-RC) at the origins, consisting
of ORC, CDC6 and MCM 2 — 7 proteins (Prasanth et al., 2003). ORC contains 6 subunits with
ORC1 being the largest subunit (120 kDa) and ORC6 the smallest (50 kDa). Furthermore, the
ORC promotes the initiation of DNA replication by binding to CDC6 to form a complex which
aids the replication factor for the loading of the MCM 2 = 7 DNA helicase onto the replication
origins (Duncker, Chesnokov and McConkey, 2009). CDC6 expression is mainly controlled
by the pRB/E2F factors that regulate S-phase promoting genes and plays a key role in the
establishment and maintenance of the pre-RCs (Borlado & Mendez, 2008; Cocker et al., 1996).
The pre-RC formation is necessary during this phase to assemble the helicase machinery in
order for the 2 DNA strands to separate (Labib, Tercero.andDiffley, 2000). When the CDK
activity ceases, an inhibition is placed on the pre-RC formation (Prasanth et al., 2003). The
ORC promotes the MCM 2 — 7 protein complexes for the initiation and elongation of DNA
replication and the completion of the this phase (Labib, Tercero & Diffley, 2000).
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1.4.3. The G2- and M phases

The S/G2 phase is driven by the activation of cyclin A-CDK1 and cyclin B-CDK1 and when
several positive feedback loops can amplify cyclin B-CDK1 activation to ensure complete
commitment to a mitotic state, the initiation of mitosis is reached (Lindqvist, Rodriguez-Bravo
& Medema, 2009). CDC25 has 3 isoforms (A, B and C). It plays an important role in chromatin
condensation, whereas isoform B specifically activates cyclin B-CDK1 at the centrosomes and

the isoforms are specifically needed to activate the entry into mitosis (Lindqvist et al., 2005).

The M phase is the nuclear division of the cell cycle which contains 4 phases: prophase,
metaphase, anaphase and telophase (Vermeulen, Van Bockstaele & Berneman, 2003). Cyclin
B activity continues till late mitosis and is degraded in anaphase. The mitotic metaphase to
anaphase is controlled by the spindle assembly checkpoints (SAC) and the anaphase is
dependent on the decreased activity of CDK1 via the degradation of cyclin B by APC/C (Ding
et al., 2020). Therefore, anaphase initiation is caused by the APC/C ubiquitination and its
activator CDC20 (APC/CCP2%), The loss of CDK1 activity activates the mitotic exit and the
completion of the cell cycle (Parry-and O’Farrell,-2001). Mitotic exits comprise of an
organization series of evets leading to the segregation of sister chromatids to completion of
mitosis by means of cytokinesis (Mcintosh, 2016).

1.4.4. Cell cycle checkpoints

Cell cycle checkpoints are a typé ‘of surveillance mechanism that monitor the order, integrity
and fidelity of the major events of the cell cycle (Barnum & O’Connell, 2014). The cells
implement this safeguard mechanisms to correctly complete cell cycle phases, repair damage,
commit suicide in case damage is too severe or enter a temporary/permanent quiescence state
(Visconti, Della Monica & Grieco, 2016). The 3 main cell cycle checkpoints are: G1/S, G2/M
and mitotic checkpoint (Kousholt, Menzel & Sgrensen, 2012; Visconti, Della Monica &
Grieco, 2016).
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1.4.4.1. G1/S checkpoint

G1/S checkpoint screens for damaged DNA in the form of DSBs and/or SSBs before and after
DNA replication (Medema & MacUrek, 2012). DSBs activate ATM and phosphorylate CHK2.
CHK2 phosphorylates CDC25 isoform A, leading to its degradation. SSBs/DSBs activate ATR
and phosphorylate CHKZ1 resulting in the degradation of CDC25A in response to ultraviolet
(UV) radiation. CDC25 phosphatase degradation prevents dephosphorylation and activation of
cyclin E-CDK2 that results in inhibition of the origin of fire (Mombach, Bugs & Chaouiya,
2014; Sancar et al., 2004). The inhibition of CDK2 activity in the S phase blocks loading of
CDCA45 onto chromatin, a step that is that required for the recruitment of DNA polymerase a,
into assembled pre-RCs (Kastan & Bartek, 2004). (Bartek & Lukas, 2003). Release of TP53
from MDM2 results in stabilisation and activation of the p53 protein (Kastan & Bartek, 2004)
mediating the maintenance of the G1/S arrest though the transcription and activation of p21.
The p21 protein inhibits cyclin E-CDK2 and causes a G1 arrest (Haupt et al., 2003; Kastan &
Bartek, 2004) by preventing the phosphorylation of RB/E2F and thus the transcription of genes
required for S phase entry (Sancar et al., 2004).4# DNA damage is repairable, TP53 promotes
the expression of genes encoding DNA repair-enzymes and upon DNA repair, a cyclin-CDK
complex is activated and drives the cell into the S phase (IMombach, Bugs & Chaouiya, 2014).
Major DNA damage will cause TP53 to induce apoptosis (Vermeulen, Van Bockstaele &
Berneman, 2003).
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1.4.4.2. G2/M checkpoint

Inducing G2/M arrest have been suggested in 2 pathways. The first pathway involves the
phosphorylation and activation of TP53 as described in Section 1.3.3. TP53 play a role in the
regulation of the G2/M checkpoint by upregulation of cell cycle inhibitors such as p21, DNA-
damage inducible 45 (GADDA45) and 14-3-3 sigma (o) proteins (Figure 14) (Taylor & Stark,
2001; Kastan & Bartek, 2004). The activation of TP53 induces genes for the restoration or
apoptosis (Taylor & Stark, 2001). A second pathway of G2/M arrest occurs due to the inhibition
of CDC25B by the ATM/ATR and CHK1/CHK2 pathways (Baus Charrier-Savournin et al.,
2004). Activation of either of these pathways induce the G2/M checkpoint by phosphorylation
and inhibition of CDC25B. CDC25B dephosphorylates CDK1, activating cyclin B-CDK1 that
is responsible for mitosis entry (Lindqvist, Rodriguez-Bravo & Medema, 2009). Inappropriate
cyclin B-CDK1 complex activation results in cell cycle progression, bypassing the G2/M
checkpoint resulting in improper mitosis entry and formation of tetraploidy cells with damaged
DNA.
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1.4.4.3. Mitotic checkpoint

The checkpoint ensures for error free chromosome segregation and is dependent on a stable
connection between spindle microtubules and kinetochores (Vermeulen, Van Bockstaele and
Berneman, 2003). The kinetochores are attached and aligned at the equator plate thereby
anaphase can proceed activating the E3 ubiquitin ligase activation system, also called the
APC/C. If the alignment is incorrect, the SAC, will prevent the activation of APC/C
polyubiquitin system and inhibit anaphase (McLean et al., 2011; Sacristan & Kops, 2015).
Once aligned, the metaphase to anaphase transition is caused by the APC/C ubiquitination and
its activator CDC20 (APC/CCP?) or CDH1 (APC/CCPHY) (Kernan, Bonacci & Emanuele,
2018). The attached sister kinetochores will result in a poleward force to opposite poles at
metaphase and are counterbalanced by the sister chromatid cohesion forces which allows for
chromosomes to stably align at the equator and move separately forming identical daughter
cells with the aid of CDC20 (LeMaire-Adkins, Radke & Hunt, 1997). Furthermore,
APC/CCPC2 targets mitotic cyclins for degradation and CDK downregulation to promote
mitotic progression. Later in mitosis, the CDH-binds to APC/C and forms APC/C*PH! which
remains active throughout G1 1o prevent-unscheduted proliferation (Kernan, Bonacci &
Emanuele, 2018). Prolonged mitotic-arrest-can lead to-DNA damage and TP53 induction,

followed by cell cycle arrest or apoptosis.

34
https://etd.uwc.ac.za/



1.5. Mechanisms of cell death

Various modes of cell death such as apoptosis, oncosis, autophagy, mitotic catastrophe,
pyroptosis, ferroptosis, metabolic catastrophe and necrosis are currently recognised (Galluzzi
et al., 2018). Cell death can be classified according to its morphological appearance which may
be apoptotic, necrotic, autophagic and/or enzymological criteria (the possible involvement of
nucleases or proteases). Classification can also be based on functional aspects (programmed or
accidental) or characteristics (immunogenic or non-immunogenic) (Melino, 2001).
Programmed cell death (PCD) is crucial for the development, regulation and maintenance of

multicellular organisms (Kroemer et al., 2009).

Apoptosis, also known as PCD, is a mechanism of controlled cell deletion mediated by
caspases and is a key component of several processes such as cell turnover, proper
development, functioning of the immune system, hormone-dependent atrophy, embryonic
development and chemical-induced cell death (Elmore, 2007; Monti et al.,, 2020).
Characteristics of apoptosis is cell shrinkage, chromatin condensation, nuclear compaction,
DNA fragmentation, cytoplasmic condensation, reduction in cellular volume (pyknosis),
mitochondrial permeabilisation, plasma membrane blebbing and the formation of apoptotic
bodies/vesicles (Gerschenson & Rotello, 1992; Reed, 2000; Ziegler & Groscurth, 2004).
Apoptosis is defined as an energy dependent irreversible systemic elimination of unnecessary
or abnormal cells by a series of controtied molecular steps. mediated by an intracellular
program. (Elmore, 2007). The uniguéness oflapoptasis’is that.the plasma membrane remains
intact throughout the process without inciting an inflammatory. response (Wong, 2011).

Apoptosis can be induced by various stimuli, including the binding of ligands to cell surface
receptors of the tumour necrosis factor (TNF) family, damage to the DNA integrity caused by
various stress factors or radiation and/or any major change in the cell homeostasis (Ziegler &
Groscurth, 2004). Apoptosis in mammalian cells comprises 3 different classes, namely:
intrinsic, extrinsic and the less familiar pathway, the intrinsic endoplasmic reticulum (ER)
pathway (Wong, 2011). The ER pathway is caspase 12 dependent and mitochondria
independent. Cellular stress for example hypoxia, free radical or starvation causes the ER to be
injured resulting in the unfolding of proteins and reduction in protein synthesis and the
imitation of PCD (Szegezdi, Fitzgerald & Samali, 2003).
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1.5.1. Extrinsic apoptotic pathway

The extrinsic apoptotic pathway (Figure 15) involves a transmembrane receptor-mediated
interaction which occurs via death receptors that form part of the tumour necrosis factor
receptor (TNF-R) gene superfamily (Elmore, 2007; Haupt et al., 2003). The TNF-R family
have the similar cysteine-rich extracellular domains as well as a cytoplasmic domain called the
death domain (DD) (Locksley, Killeen & Lenardo, 2001). Other death receptors include TNF-
death receptor type 1 TNF (TNF-TNFR1), fatty acid synthetase ligand-fatty acid synthetase
(FasL-Fas) and TNF-related apoptosis-inducing ligand death receptors 4 or 5 (Trail-DR4 or
DR5) (Wong, 2011). The pathway is mediated by a lethal ligand which binds to a death
receptor. Once bounded, a protein interaction exposes the DD (Holler et al., 2003; Wong,
2011). For example, the lethal ligand TNF alpha (TNFa) and FasL bind to the TNFR1 and Fas
receptor (FasR), respectively (Reed, 2000; Wong, 2011). The DD transmits the death signal
from the cell membrane to the intracellular signalling pathway (Elmore, 2007; Yanumula and
Cusick, 2020). Clusters of the DD recruit adaptors proteins such as TNF receptor-associated
death domain (TRADD) and Fas-associated death-domain (FADD), respectively (Holler et al.,
2003; Wong, 2011). The binding of the deathtigand to the death receptors in the formation of
a binding site for an adaptor protein-and-the whole figand-receptor-adaptor protein complex is
known as the death-inducing signalling complex (DISC) (Holler et al., 2003; Wong, 2011,
Yanumula and Cusick, 2020). This subsequently forms'a second protein interaction with the
death effector domain (DED) and associates with the auto-catalytic activation of pro-caspase
8 (Holler et al., 2003; Lindqvist et al., 2005; Yanumula and Cusick, 2020).

Once caspase 8 is activated, it leads to the activation of effector caspases 3 and 7 which are
responsible for degradation of more than 280 cellular protein identified so far (ElImore, 2007).
These proteins are involved in scaffolding of the cytoplasm and nucleus, signalling
transduction, regulation of cell cycles progression and DNA replication and repair (Haupt et
al., 2003; Holler et al., 2003; Wong, 2011).
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1.5.2. Intrinsic apoptotic pathway

The intrinsic pathway (Figure 15) refers to the mitochondrial mediated apoptotic pathway and
is activated by intra-cellular stresses such as DNA damage, oxidative stress, irradiation and
treatment with cytotoxic drugs (Jan & Chaudhry, 2019). Regardless of the internal stimulation,
there will be an increase in mitochondrial permeability and a secretion of pro-apoptotic
molecules which induce cytochrome c release into the cytoplasm (Danial & Korsmeyer, 2004;
Wong, 2011). The pathway is regulated by the B-cell lymphoma 2 (Bcl-2) family and the 2
main protein groups are the pro-apoptotic and anti-apoptotic proteins which can promote or

block cytochrome c release from the mitochondria, respectively (Reed, 2000; Wong, 2011).

Bcl-2-like protein 4 (Bax), is induced by TP53 and undergoes a conformational change in the
cytoplasm and translocate to the outer membrane of the mitochondria in response to an
apoptotic stimulus (Haupt et al., 2003). Subsequently, Bax causes a disruption of the
mitochondrial membrane barrier by the formation of ion-permeable pores and causes a release
of cytochrome ¢ (Nouraini et al., 2000). On the other hand, Bcl-2 and other anti-apoptotic
protein members act primarily against-the function of Bax and prevent cytochrome c release
(Jan & Chaudhry, 2019). However, the overexpression of Bax can overcome the inhibition
(Nouraini et al., 2000; Wong, 2011).

The overexpression of Bax and the formation of mitochondrial outer membrane
permeabilization (MOMP) are caused by several factors namely: p53 upregulated modulator
of apoptosis (PUMA) (Brooks & Gu, 2010), cathepsin in the Tysosomal department (Jung et
al., 2015) and ER stress (Rao et al., 2001). ‘Other apoptotic factors are released from the
mitochondria intermembrane space which include apoptosis inducing factor (AlF), second
mitochondrial activator of caspases (Smac), direct inhibitor of apoptosis (IAP) binding protein
with low pl (DIABLO) and Omi/high temperature requirement protein A (HtrA2) (Kroemer,
Galluzzi & Brenner, 2007; Wong, 2011).

The release of cytochrome c in the cytoplasm allows for the binding to the apoptotic activating
factor 1 (Apaf-1) and forms an apoptosome resulting in the counteraction of Smac/DIABLO
and Omi/HtrA2 by inhibiting the IAP (Danial and Korsmeyer, 2004; Fan et al., 2005). The
Apoptosome complex cleaves and activates caspase 9 (Loreto et al., 2014). Activated caspase
9 cleaves executioner caspases to induce apoptosis mainly through the activation of caspase 3
(Ghobrial, Witzig & Adjei, 2005).
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pathway by signalling through death signals (TNF and FasL). The DD transmits the death
signal from the cell membrane to the intracellular signalling pathway, whereby clusters of the
DD recruit adaptors (TRADD and FADD) forming a complex namely DISC. Thereafter
procaspase 9 is cleaved to its active form of caspase 9 followed by caspase 3 and the induction

of apoptosis. Intracellular stress such as genetic

apoptotic pathway. Pro-apoptotic molecules such as cytochrome ¢, Smac, DIABLO and Omi/

HtrA2 are released from the mitochondria. C
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process of caspase of cascades (Wong, 2011).
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1.5.3. Caspase dependent apoptosis

As previously mentioned, caspases are a family of cysteinyl aspartate proteinases (cysteine
proteases that cleave their substrates at specific aspartyl residues) and are instrumental to the
exclusion of apoptosis (Seaman et al., 2016). Apoptosis caspases belong to 1 of 2 categories:
initiator (upstream) caspases or effector/executioner (downstream) caspases. Initiator caspases
that trigger apoptosome include caspase 2, 4, 8, 9 and 10. Executioner caspases include 3, 6
and 7 (Figure 16) (Loreto et al., 2014; Seaman et al., 2016; Wong, 2011).

These initiators of caspases tend to have long N-terminal regions (pro-domains) with motifs,
caspase recruitment domains (CARDs) and DEDs which promote their aggregation (Slee,
Adrain & Martin, 2001). There are 3 caspases-dependent cell death pathways including the
mitochondrial pathway (intrinsic), death receptor pathway (extrinsic) and the endoplasmic
specific pathway. Although the extrinsic and intrinsic death pathways act independently to
intrinsic cell death, in most tumourigenic cells there is cross talk between these 2 pathways

which results in the activation of executioner caspases (Haupt et al., 2003).

Caspases 3, 6 and 7 coordinate the-execution phase of apoptosts by cleaving multiple structural
and repair proteins; these caspases tend to have short or absent pro-domains (Slee, Adrain &
Martin, 2001). Both caspase 9 and 8 converge to caspase 3, where caspase 3 then cleaves the
inhibitor of the caspase-activated deoxyribonuclease, which is responsible for nuclear
apoptosis (Ghobrial, Witzig & Adjei, 2005). In addition, caspase 6 and 7 cleave various
substrates including cytokeratin, poly-ADP ribose polymerase (PARP), the plasma membrane
cytoskeletal protein o fodrin, the nuclear mitotic apparatus protein (NuUMA) causing the
morphological and biochemical changes seen in apoptotic cells (EImore, 2007; Slee, Adrain &
Martin, 2001). The effect on the cytoskeleton, cell cycle and signalling pathways are a hallmark

for apoptosis induction and execution (Wong, 2011).
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1.5.4. Caspase independent apoptosis

During apoptosis, cytochrome c is released from the intermembrane space because of a
significant increase in MOMP. Other apoptogenic signalling molecules, such as AlF,
endonuclease G (ENDOG) and Omi/HtrA2 are also released (Figure 16) (Candé et al., 2002;
G. Liu et al., 2016) and can trigger a caspase independent apoptosis pathway (Kogel & Prehn,
2013). Both AIF and ENDOG function independently of caspases by relocating to the nucleus
and mediating a large-scale DNA fragmentation (Galluzzi et al., 2011). HtrA2 are activated in
both caspase dependent and independent pathway, however its role is dependent on its
enzymatic activity (Kogel & Prehn, 2013). The extramitochondrial targeted overexpression of
HtrA2 induces apoptosis independently of caspases via a serine protease-dependent manner
(Suzuki et al., 2001) where HtrA2 contributes by cleaving a wide array of cellular substrates

including cytoskeletal proteins (Galluzzi et al., 2011).

In addition to caspases, other proteases such as serine proteases, cathepsins, calpains and
granzymes are also involved in PCD (Beresford et al., 2001; Borner & Monney, 1999; Suzuki
et al., 2001; Wang et al., 2001). Granzymes-consist-of 2 isoforms. Granzyme A triggers
caspase-independent cell death by activating 'the endonuclease granzyme A-activated
deoxyribonuclease (GAAD), leading to single-strand DNA nicking including membrane
perturbation, chromatin condensation and loss of mitochondrial inner membrane potential
(Beresford et al., 2001). While-granzyme B triggers the intrinsic cell death pathway via
truncation of Bid in a caspase-indepéendent ¢leavage event upstream of the mitochondria (Wang
et al., 2001). Similar to granzyme B, cathepsins have been implicated in cleavage and
activation of Bid (Stoka et al., 2001; Kogel & Prehn., 2018). The overexpression of cathepsin
D by ectopic expression induces cell death in the absence of any external stimulus and makes
it a positive mediators of apoptosis (Stoka et al., 2001). Furthermore, another strong candidate
for fragmentation in caspase independent apoptosis, are the calpains (Kdgel & Prehn., 2018).
Theses proteases participate in apoptosis in response to an increased cytoplasmic calcium level,
for example due to mitochondrial damages. Calpains cleave the cytoskeletal protein fodrin
upstream of caspases, which disrupts the cytoskeletal network and allows the persistent

membrane blebbing seen in caspase independent apoptosis (Borner & Monney, 1999).
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Figure 16: Induction of intracellular stress causing a caspase dependent and independent
apoptosis pathway. Caspase dependent apoptosis causes the release of cytochrome ¢ from the
mitochondria which binds to Apaf-1" forming an apoptosome. DIABLO and Omi/HtrA2
facilitate caspase activation by inhibiting several members of the inhibitor of apoptosis protein
inhibits IAPs. On the contrary, AIF, ENDOG function in a caspase independent manner by
which DNA fragmentation occur. In addition, HirA2 can also cleave the cytoskeleton
independently of caspases (Galluzzi et al., 2011).
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1.6. Radiation

Radiation is the transmission of energy and is transmitted through space/matter in the form of
particles or waves. IR is defined as radiation with sufficient energy to remove an electron from
an atom or molecule, inducing a process which is called an ionisation (Babaei and
Ganjalikhani, 2014). Radiation can be classified into 2 categories, namely: IR and non-ionising
radiation (NIR) (Gerschenson & Rotello, 1992; Kottou, 2014; Tuieng et al., 2021).

NIR is radiation with insufficient energy levels to cause ionisations, for example UV, visible
light, infrared radiation, microwaves and radio waves (Gherardini et al., 2014; Kottou, 2014;
Sowa et al., 2012). IR, on the contrary, consists of a stream of high energy particles or waves,
which ionise molecules and atoms which may result in bond rearrangement and bond breakage
of chemical bonds of the biological molecules and have the potential to destroy cells and
genetic material (Sowa et al., 2012; Tuieng et al., 2021). IR is further categorised into 2 major
categories namely: electromagnetic radiation such as photons (X- and y-rays) and particle
radiation such as electrons, protons, neutrons and o-particles, to name a few (Cuttler &
Pollycove, 2009; McColl et al., 2015)-
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Figure 17: Types of IR. Different types of IR have different penetrating powers through
different material. a- and B- rays are stopped with paper and a thin aluminium plate,
respectively, while X- and y-rays are stopped by a lead plate. Water and paraffin stops neutrons

from penetrating (Chen, 2015).
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Electromagnetic radiation (X- and y-rays) contains neither mass nor charge, however, travels
through space at the speed of light in a packet of radiant energy called photons, whereas particle
radiation has a mass component, a charge and travels slower than the speed of light (Percuoco,
2013; Roobol et al., 2020). Furthermore, IR may be divided into directly and indirectly IR for
the understanding of biological effects (Baskar, et al., 2012b; Nikitaki et al., 2016).

Most of the electromagnetic radiation (photons) are indirectly IR because they induce their
damage through secondary electrons that are produced through the energy absorption of the
material. The process of removing an electron from atoms by the occurrence of radiation leaves
electrically charged particles behind, which may later produce significant biological effects in
the irradiated material (International Atomic Energy Agency, 2010). For example, the
secondary electron may either cause direct DNA damage or indirect damage through the
radiation-associated formation of free radicals or return to the parent state (Smith et al., 2017b).
If the energy transferred by IR to the atom is insufficient to eject orbital electrons, the electrons
may be raised from lower to higher orbitals (Tuieng et al., 2021). This process is called

excitation (Tuieng et al., 2021).

In contrast to electromagnetic radiation, particle radiation subsisting of electron or particle
beams, such as protons, carbon ions, a- and - particles, are mainly directly ionising because
they directly disrupt the atomic structure and therefore the atoms of the target itself may be
ionised, thus initiating the chain-of events that leads to-a biologic change (Hall & Giaccia,
2012). However, the main exception‘is neutron radiation, which is a form of particle radiation,
but indirectly ionising (Hall & Giaccia, 2012). Proton beams consists of positively and charged
particles, which cause less damage but are more effective at killing cells at the end of their path
(Ishikawa et al., 2019). Protons beam pass directly through cells and effect each cell as it passes
and exits (Scalliet & Gueulette, 2017). An advantage of proton beam is to deliver radiation
more conform to cancer tissue whilst causing fewer side effects to normal tissues based on the
depth-dose distribution necessary to cover the target volume with the flat region along the Bragg
Peak known as the spread-out Bragg Peak (SOBP) (Cunningham et al., 2021; Durante &
Loeffler, 2010). Radiation such as a- particles, B-particles or electrons, protons or neutrons are
also used in specific cases to target cancer tissue (Baskar, et al., 2012a). The foremost common
form of radiation used for cancer treatment during RT utilising photons (X- and y-rays), which
are derived from radioactive sources such as cobalt, caesium or a linear accelerator (LINAC)
(Ravichandran, 2009).
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Radiation damage to cells can be caused by the direct or indirect action on the DNA molecules
(Figure 18) (Desouky, Ding & Zhou, 2015). In the case of direct action, IR causes structural
changes to the DNA by hitting the DNA molecule directly, which disrupts the molecular
structure and can eventually lead to DNA breaks or even cell death. The indirect action is based
on the production of radicals, such as hydroxyl hydroxide and superoxide anion, caused by the
interaction of IR with water molecules that surround cellular bio-macromolecules (Zhou et al.,
2014). These radicals have an unpaired electron in their structure, which makes them highly
reactive and provides the ability to interact with the DNA and cause molecular structural
damage. The number of free radicals that are produced will increase linearly with the radiation
dose. In case of photon irradiation, which is the radiation quality used in this project, the

majority of the radiation-induced DNA damage is cause by this indirect mode of action.

INDIRECT
ACTION

DIRECT
ACTION

Figure 18: Direct and indirect actions of IR. Direct action of IR is a secondary electron
resulting from absorption of an X-ray photon interacts with the DNA to produce an damaging
effect, while indirect action is for example a water molecule to produce a hydroxyl radical
(OH) which results in DNA damage (S: sugar; P: phosphorus; A: adenine; T: thymine; G:
guanine; C: cytosine) (Hall & Giaccia, 2012).
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1.6.1. DNA damage caused by ionising radiation (IR)

Radiation induces a large number of DNA lesions and the majority are able to undergo a
successful repair process within the cell, while others result in cellular death, genetic mutations
and potentially carcinogenesis (Smith et al., 2017b). IR induces a plethora of DNA damage
types and the identity of specific lesions responsible for the biological effects of radiation
remains uncertain (Sutherland et al., 2000). IR exposure to a cell can cause a wide range of
lesions to the DNA, including SSBs, DSBs, base damage, cross-links and the destruction of
sugars. While the number of lesions generated by IR is large, the percentage of lesions that
causes cell death or mutations is relatively small, due to the existence of the DNA damage
response mechanisms in mammalian cells (Hall & Giaccia, 2012).

SSBs cause little biological consequences based on cell killing since the opposite strand of the
DNA helix is used as a template (Hossain, Lin & Yan, 2018). Repairing SSBs include the
detection of SSBs, DNA end processing, DNA gap filling and DNA ligation (Caldecott, 2008).
Furthermore, DSBs results in the cleavage of chromatin into 2 pieces and translocations,
leading to severe genome instability. which-are-considered the most cytotoxic, with lesions
often irreparable (Atanassova and Grainge, 2008). IR inducing DBSs are approximately 0.04
times that of SSBs, and DBSs are induced linearly with dose, indicating that they are formed
by single tracks of IR (Hall & Giaccia, 2012). Lastly, clustered DNA damages results in 2 or
more closely spaced damages on opposing strands of the DNA helix and are critical lesions
producing lethal and mutagenic effects/of IR (Sutherland et al:,,2000). Clustered DNA damage
is categorised as bi-stranded or tandem when the lesions-are onjopposing DNA strands, or when
the lesions are on the same DNA strand, respectively (Eccles, O’Neill & Lomax, 2011).
Mammalian cells have developed specialised pathways to sense, respond to and repair the DNA
damage and include at least 5 major DNA damage repair pathways: base excision repair (BER),
nucleotide excision repair (NER), mismatch repair (MMR), homologous recombination (HR)
and non-homologous end joining (NHEJ) (Chatterjee & Walker, 2017; Hall & Giaccia, 2012;
Martin-L6pez & Fishel, 2013; Simonelli et al., 2005. These pathways are active throughout the
different stages of the cell cycle, allowing the cells to repair the DNA damage (Chatterjee &
Walker, 2017).

BER of a single nucleotide is where the strands must be complementary: adenine pairs with
thymine and guanine pairs with cytosine (Simonelli et al., 2005). NER removes bulky adducts
in the DNA such as pyrimidine dimers (Hall & Giaccia, 2012). The MMR pathway removes
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base-base and small insertion mismatches that occur during replication and also removes base—
base mismatches in HR intermediates (Martin-Lépez & Fishel, 2013). Furthermore, DNA
DSBs can be repaired by 2 basic processes namely HR and NHEJ (Li & Heyer, 2008). HR
repair requires an undamaged DNA strand to participate in the repair process by acting as a
template (Hall & Giaccia, 2012). The NHEJ repair pathway mediates an end-to-end joining
and is considered the major pathway for the repair of radiation induced DSBs in mammalian
cells (Asaithamby et al., 2011; Li & Heyer, 2008). However, DSBs repair is dependent on the
cell cycle phase. HR occurs in late S/G2 phase when undamaged sister chromatid is available
to act as a template, while NHEJ can function in all the phases of the cell cycle (Burma, Chen
& Chen, 2006; Hall & Giaccia, 2012).
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Figure 19: IR causes direct and indirect DNA damage inflicted by HR and NHEJ. IR
causes DNA damage either directly or through the generation of free radical formation. Both
types of damage lead to an increase activity of p53 protein and cell cycle arrest allowing repair
of DNA DSBs by activating the HR or NHEJ pathway. If the repair is successful, the cell cycle
will resume its proliferation, in the case of major DNA damage, induction of a cell death
pathway via up-regulation of p53 protein, carcinogenesis or teratogenesis can occur (Smith et
al., 2017b).
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1.6.2. Linear energy transfer (LET) radiation

Different types or qualities of IR can be classified as low- or high-LET radiation and the
severity of the DNA damage is dependent on the LET and the path structure of the particle
beam (Nikitaki et al., 2016). The LET of radiation is the spatial distribution of energy
absorption in a medium or the average energy deposited per unit path length along the track of
an ionising particle, expressed as keV/um (Bruce, Pearson & Freedhoff, 1963; Danzker,
Kessaris & Laughlin, 1959). There is a linear relationship between LET radiation and the
complexity and lethality of the DNA damage, and thus the relative biological effectiveness
(RBE) (Kirkby et al., 2020). RBE is defined as the ratio of a dose of standard radiation to the
dose of test radiation to produce the same level of biological effect (Neshasteh-Riz, Pashazadeh
& Mahdavi, 2013). The radiation dose received by a tissue/organ is the absorbed dose and is
defined as the energy deposition per unit mass with effect depending on the total mass (Babaei
and Ganjalikhani, 2014). The absorbed dose is measured in Gray (Gy) wherein 1 Gy (100 rad)
is equal to 1 J/Kg (McColl et al., 2015). The cellular damage is dependent on many factors,
such as the type of radiation and the sensitivity-of.the tissue/organ (Babaei and Ganjalikhani,
2014). Photon irradiation is classified as-tow-LET radiation source, producing a randomly
distributed pattern of DNA damage-in-the cetl-nucleus-as presented in Figure 20 (Percuoco,
2013; Roobol et al., 2020).
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Figure 20: Low vs high LET radiation. Schematic representation of the energy disruption of
low (left) and high (right) LET radiation. Low LET radiation contains several radiation tracks,
while high LET radiation have a single fatal radiation track with a dense pattern of ionizations
along this track (Scalliet & Gueulette, 2017).
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1.6.3. X-rays

The discovery of X-rays in 1895 by Wilhelm Conrad Rontgen and the award of a second Nobel
Prize to Marie Curie for her research into radium, helped spawn the medical application of IR,

used to both diagnose and treat diseases (Frankel, 1995; Ngwa et al., 2014)

Conventional X-ray production involves the excitation of tungsten metal to release photons
(Sy, Samboju & Mukhdomi, 2021). The underlying basis for the diagnostic medical application
of X-rays depends on the differential attenuation of X-ray when interacting with the human
body (Fang Khoo & Foley, 2001). The photons can be completely absorbed into the tissue
based on the tissue properties. This creates contrast among the different tissue within the body
allowing for a separation of intensity values and evaluating potential pathology (Sy, Samboju
& Mukhdomi, 2021). In other words, this process creates a superimposed “shadow” of the
internal anatomy of interest and are converted into a visible projection image to provide
anatomical information to a medical practitioner (Fang Khoo & Foley, 2001). As mentioned in
Section 1.1, imaging systems such as X-rays is crucial for clinicians who diagnose, define stage
and treat cancers (Frangioni, Fran-Gioni-& Deaconess;-2008; Grodzinski, Silver & Molnar,
2006; Higgins & Pomper, 2011). However, a downside of imaging modalities is the fact that
they use IR to generate the images. Even at low doses, IR can cause direct DNA damage and
generate ROS and free radicals, leading to DNA, protein and lipid membrane damage (Smith
etal., 2017b).

The primary target of IR which is studied in radiobiology is the chromosomal DNA (Holley et
al., 2014). X-ray IR is a form of low LET radiation seurce and induces approximately 3 000
base damages, 1 000 SSBs and 40 DSBs for 1 and Gy (Hall and Giaccia, 2012). As a general
rule of thumb, for every DSB at least 25 SSBs will be generated. As a response to the induction
of SSBs and DSBs, a cascade of enzymatic processes is triggered to allow for damage DNA to
be repaired or to induce a cell death pathway through activating TP53 and the induction of cell
cycle arrest (Figure 21) (Smith et al., 2017b). Most of the DNA damage caused by X-ray IR
radiation is repairable (Porcel et al., 2010), since the energy distribution is more randomly
(Figure 20) (Lobrich, Cooper & Rydberg, 1996).
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X-rays irradiation deposits most of its energy as a single ionisation event, but ~30% of the
ionisation events are formed closely together leading to the production of clusters of lesions,
while high LET radiation produce an even higher density of DNA lesions within 10 — 20 base
pair separation (Eccles, O’Neill & Lomax, 2011). Ward and team considered the potential
importance of clustered DNA damage was ~103 SSB induced by 1 Gy IR which is equivalent
to ~2.6 million SSB being induced by hydrogen peroxide and resulting in a similar level of
cellular inactivation (Ward, Blakely & Joner, 1985). High levels of endogenous DNA damage
are encountered on a daily basis as the result of metabolic, endogenous processes as well as
exogenous DNA damage by exposure to exogenous factors such as chemicals, UV and IR. All
of this together results in approximately 10 000 DNA damages/cell/day (Eccles, O’Neill &
Lomax, 2011).
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1.7. Aims and objectives

The aim of the TUmour Suppression and Subdual of Cancer (TUSSC) research project is to
characterise a newly established primary elephant dermal fibroblast (EDF) cell line from
African savanna elephants (Loxodonta africana) and to compare the radiation response of
human (1 copy of TP53) vs elephant (20 copies of TP53) cells. Based on literature, it is
anticipated that elephant cells have multiple copies of TP53, which might play a fundamental
role in the induction and outcome of the DNA damage response. By using IR as a mean to
induce DNA damage, we aim to investigate how the multiple copies of TP53 mediate the
radiosensitivity of elephant fibroblast cells and how this affects the outcome of clonogenic
survival-(CSA), cell proliferation-, apoptosis assay and cell cycle progression when compared

to human fibroblast cells.

The TUSSC research project presented in this MSc thesis consist of 2 sections, namely: (A)
Primary elephant dermal fibroblast (EDF) cell line characterisation and (B) primary normal
human dermal fibroblast (NHDF) vs primary elephant dermal fibroblast (EDF) radiation
response post X-ray irradiation. This-is-mainly-a preliminary study to unravel the cancer

suppression mechanisms of elephants.

A. Primary elephant dermatl-fibrobiast (EDF)-cell-line-characterisation:
This part of the study focussed on,the establishment, and characterisation of the first
primary EDF cell line of the African savannah elephant, which can be used for future
studies to unravel the working mechanisms of the TP53 RTGs and to study their effect
on the DNA damage response of elephants’ vs humans. Objectives of Section A of the
TUSSC research project were as follow:
= Obtain, establish and cultivate a primary EDF cell line from living, semi- and
free-ranging African savanna elephants (L. Africana) naturally residing in the
Western Cape, South Africa.
= Determine a primary EDF growth curve and the doubling time (Td) of the newly
established EDF cell line.
= Confirm the known number of 56 chromosomes in the primary EDF cell line
with a metaphase chromosome spread.
= Determine the duration of the cell cycle and the GO/G1, S and G2/M phase by
cell synchronisation and quantification of the mitotic index (Ml).
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B. Primary normal human dermal fibroblasts (NHDF) vs primary elephant dermal

fibroblasts (EDF) radiation response post X-ray irradiation:

Section B was to compare the radiation response post X-ray irradiation of the NHDF

and EDF cell lines of the TUSSC research project. The objectives were as follow:

Determining a survival curve from the primary NHDF and EDF cells post X-
ray irradiation.

Evaluating the cell proliferation capacity of the primary NHDF cells post X-ray
irradiation, which would serve as a baseline for future comparisons with EDF
cells.

Based on the optimal time points determined on the primary NHDF cell
proliferation results, a dose response curve will be determined for the primary
NHDF and EDF cell line cells post X-ray irradiation by using the cell
proliferation and MTS cell viability assay.

Establish apoptosis pre- and post-irradiation in the primary NHDF and EDF
cells by flow cytometry.

Study the cell cycle-progression of the-primary. NHDF and EDF cell lines pre-

and post-X-ray irradtation by flow cytometry.
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CHAPTER 2:
MATERIALS AND METHODS

Section A: Primary elephant dermal fibroblast

(EDF) cell line characterisation

2.1. Primary EDF cell culture

Section A of the study was undertaken at the Radiation Biophysics Division of the National
Research Foundation (NRF) iThemba Laboratory for Accelerator Based Sciences (LABS) and
the Medical Bioscience Department of the University of the Western Cape (UWC) (both Cape
Town, Western Cape, South Africa).

2.1.1. African elephant sample collection procedure

The Animal Research Ethics Committee (AREC) of UWEC approved this study on the 31% of
August 2021, with ethics reference number AR21/6/4 (Annexure 1). The Department of
Forestry Fisheries and The Environment (DFFE) issued,a standing permit for collection,
receiving, transporting and temporary possession of specimens of the species with registration
number 02307 in terms of the provision of the National Environmental Management:
Biodiversity Act 2004, Act 10 of 2004 (permit number: S-65761) (Annexure I1). Section 20
of the Animal Disease Act 1948 (Act number 35 of 19884). approval was granted by the South
African Department of Agriculture, Land Reform and Rural Development (DALRRD)
formerly the Department of Agriculture, Forestry and Fisheries (DAFF Section 20: 12/11/1/7)
(Annexure 111).

Biological samples were collected from 6 African savanna elephants (Loxodonta Africana).
These include semi- and free-ranging elephants aged 14 — 47 years, residing in the natural
habitat at Botlierskop Private Game Reserves (Gonnakraal Road, Little Brak River, 6503,
Western Cape, South Africa) or Sanbona Wildlife Reserve (R62, Montagu, 6720, Western
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Cape, South Africa). A hard copy of the landowner permission letter was obtained prior to

sample collection (Annexure IV and V, respectively).

Samples were obtained from elephants who underwent a scheduled veterinary intervention
requiring sedation. This was necessary for routine veterinary interventions, including
testosterone vaccinations or the removal of tracking collar. The sample collection piggybacked
on these interventions, which limited unnecessary sedation risks to the elephants and no

animals were sedated for the sole purpose of this pilot study.

Wildlife veterinarian, Dr Willem Burger, darted the elephants with a specially formulated
anaesthetic Thianil®. The anaesthetic substance was administrated via a single intramuscular
injection with a concentration of dosage vs body mass (Appendix I). During the period of
sedation, oxygen levels and general body conditions of the elephant was closely monitored by
Dr Burger and experienced field rangers. When the elephants were immobilised and secured,
skin punch biopsy samples were collected. Approximately 4 — 6 skin punch biopsies of 5 mm
in diameter were taken with a standard punch biopsy needle behind the ear of the elephant
where the skin the thinnest is (Figure-22 A) {Smith;-1890). The number of biopsies was

determined by Dr Burger based on the timing of the elephant being under general anaesthesia.

The following procedure was followed for the skin punch biopsy collection. Firstly, the skin
was washed (Figure 22 B) and cleaned with 70% EtOH (Figure 22 C), dried and surgically
draped (Figure 22 D). Once collected, biopsies were transferred to a sterile 15 mL conical tube
containing 10 mL transport medium comprised of 90% Eagle’s Minimum Essential Medium
(EMEM) and 10% Penicillin/StreptomycinfAmphotericin B (P/S/A) to prevent dehydration

and further contamination of the sample, respectively.

After the sample collection and veterinarian intervention, a reversal agent for the anaesthetic
was administered which woke the elephant up within 5 min after which the elephant was

monitored to ensure it got back on its feet and reunited with its herd.

Samples were transported at 0 — 4°C and monitored with a Temperature Data Logger M1 V1.3
(Tempmate®, GmbH, Heilbron, Baden-Wirttemberg, Germany), with indirect contact to ice
to prevent freezing, to NRF iThemba LABS. Upon arrival in the Radiation Biophysics Division
at NRF iThemba LABS, the skin biopsies samples were processed in a Biosafety Class Il
facility (Esco Airstream®, Esco technologies Pty. Ltd., Cape Town, Western Cape, South
Africa) under sterile conditions within 24 h of collection.
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Figure 22: Skin punch biopsy procedure. A) Skin biopsies were collected behind the ear of
an elephant. B — C) The skin of the elephants was washed and cleaned with 70% EtOH. D)

Surgical draped behind the ear of the elephant to maintain sterility.
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2.1.2. African elephant biopsy preparation, outgrowth and culturing
2.1.2.1. Biopsy preparation

The samples were cultured using standard sterile cell culture procedures. All cell culture
materials, solutions and equipment were sterile and culturing medium and reagents were pre-
warmed in a water bath (37°C) before usage (see Appendix I for additional information and
vendor). The skin punch biopsy was transferred from the transport medium conical tube to a
glass petri-dish and washed thrice with washing phosphate buffered saline (PBS), containing
10% P/S/A and 2% gentamicin (Figure 23 A — C). The epidermis (the dark part of the elephant
skin biopsy) containing keratinocytes, melanocytes, Merkel’s cells and Langerhans cells
(Yousef, Alhajj & Sharma, 2020), was removed by using 2 scalpels and dark tissue fragment
was discarded as biological waste (Figure 23 D). Subsequently, the remaining biopsy was cut
into smaller fragments, by holding the sharp parts of the scalpels firmly to the bottom of the
petri-dish. While performing this task, a few drops initial culturing medium (EMEM with 20%
Fetal Bovine Serum (FBS) and 1% P/S/A) was added to prevent dehydration of the tissue
fragments (Figure 23 E, F). The small-tissue fragments-of.the elephant biopsy were transferred
into a T25 flask by the means of a glass sterile Pasteur pipet and spread out over the surface of
the T25 flask (Figure 23 G). The small fragments in the T25 flask were covered with 0.5 mL
FBS (Figure 23 H) and incubated under standard conditions that is 37°C in a humidified 5%
carbon dioxide (CO3) incubator..The tissue fragments did not float but were covered with the
FBS (Figure 23 1).

After 24 h, the T25 flasks were placed upside down for 24 h to allow cells to properly attach
to the surface and to avoid the fragments floating in media. On every 3 day thereafter, 1 mL
initial culturing medium was added without detaching the small tissue fragments. Each day,
the T25 flasks tissue fragments were monitored using a Zeiss Primovert inverted microscope
(Carl Zeiss SMT GmbH, RoRRdorf, Hessen, Germany), at 20x magnification to observe explant
dislodging and the overall explant radial migration of the primary EDF cells around the tissue
fragments. At 40x magnification, the T25 flasks were monitored for any microbial or fungal

contamination.

A random selection of 1 elephant cell pellet was sent to Pathcare, Somerset West, Western
Cape, South Africa for a 16S ribosomal RNA gene polymerase chain reaction (PCR) for
detection of possible bacterial DNA. No bacterial DNA, including Mycoplasma species, were
detected (Annexure VI).
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Figure 23: Skin punch biopsy preparation. A — C) Skin punch biopsy in transport medium
containing and was transferred to a glass petri-dish followed by washing thrice in washing
PBS. D) The epidermis was removed and discarded. E — F) Initial culturing medium was added
to prevent dehydration of the tissue and was cut into smaller fragments. G) The tissue fragments
were transferred with a glass Pasteur pipette and spread across the surface in the T25 tissue
culture treated flask. H — 1) FBS was added to cover the fragments and the T25 flask was

incubated under standard conditions.
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2.1.2.2. Primary EDF explant outgrowth and culturing

When the explant outgrowth of EDF cells from the tissue fragments reached 70% confluency,
the T25 flask was sub-cultured. The medium was aspirated and the EDFs were washed twice
with 2 mL PBS and 1 mL of trypsin ethylenediaminetetraacetic acid (EDTA) solution 1x was
added. The trypsin EDTA solution 1x was gently swirled around to cover the monolayer of
the T25 flask and incubated for 2 — 4 min.

After 75% of cells detached, 2 mL complete EMEM (CEMEM: EMEM, 20% FBS and 1%
Penicillin/Streptomycin (P/S)) was added to inactivate the enzyme activity. The cell suspension
was transferred to a 15 mL conical tube. The T25 flask was washed again with 1 mL PBS,
which was transferred to the 15 mL conical tube, followed by an additional 1 mL trypsin EDTA
solution 1x repeated incubation to ensure 95% of cell detached from the initial T25 flask. Once
the remaining cells in the flasks were detached, 2 mL cEMEM was added and dispersed by
pipetting over the cell layer surface several times followed by transferring the cell solution to

the same 15 mL conical tube.

The 15 mL conical tube was centrifuged at 200 g-force-for 8 min. The supernatant was
discarded, and the cell pellet was gently resuspended in.2 mL cEMEM with a P1000 pipette

and transferred to a new a tissue culture treated flask.

From passage 1 and onwards, EDFs-were-cultured-with-cEMEM without amphotericin B to
prevent effects of the cell proliferation: in addition; from passage 2 and onwards, EDFs were

either subcultured, directly used for experiments or. frozen far long-term storage.

A 90 — 95% confluent T25 flask contained 500 000 — 700 000 cells. A seeding density of 3 500
— 7 000 cells/cm? was followed for subculturing. The media of the subcultured T25 flasks was
changed every 2" — 3" day. The T25 flask monolayer was first washed with 2x 2 mL PBS and
refreshed with 2 mL cEMEM. When confluent, the cells were subcultured as previously

described in this section.
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2.1.2.3. Primary EDF cryopreservation

When a T25 flask reached confluency, the adherent EDFs were detached as mentioned above
(Section 2.1.2.2). After centrifugation the cell pellet was resuspended with freezing medium
(90% FBS + 10% Dimethyl Sulfoxide (DMSO)).

The cells from 1 confluent T25 flasks were aliquoted into 4 cryovials and transferred to a
freezing container containing isopropyl alcohol acclimated to -80°C overnight. Thereafter
cryopreserved EDFs were stored in a -80°C freezer (NuAire Laboratory Equipment, Plymouth,
Minnesota, USA) at NRF iThemba LABS. The freezing container ensures that the cooling rate
is slow enough to allow the cells time to dehydrate, but fast enough to prevent excessive

dehydration damage (Jang et al., 2017).

To resuscitate the EDFs, a cryovial was placed in a warm water bath (37°C) and agitated gently
to allow rapid thawing. The cell suspension from the cryovial was added to a 15 mL conical
tube containing 6 mL of cEMEM and centrifuged. The supernatant was discarded and the pellet
was resuspended in 2 mL cEMEM and transferred to a T25 flask. Attachment was observed

approximately 4 h after seeding and-a media change occurred-every 2" — 3" day.
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2.1.2.4. Primary EDF life span

There is no defined maximum number of passages for the primary EDF cell line yet. The
morphology of the cells was closely monitored by eye throughout passages with a Zeiss
Primovert, light microscope and a live cell imaging system CytoSmart, Lonza® (CytoSmart
Technologies B.V., Eindhoven, North Brabant, Netherlands). Figure 24 represents the cell
morphology at passages 3 and 14 throughout the EDF cell culture over a period of

approximately 3 months.
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Figure 24: Morphological depiction of EDFs (EL) in culture (10x magnification) at
different passages with a different seeding density. Scale 200 um. No morphological

changes were observed at 10x magnification. A) E1 at passage 3. B) E1 at passage 14.

60
https://etd.uwc.ac.za/



2.2. Primary EDF growth curve and doubling time (Td)

A growth curve comparison was established based on confluency measurements of EDF
cultures from 3 different elephants (E3 — E5) after sub-culturing at passage 2. Post seeding, the
cells were incubated for 2 days and from day 3 onwards, 6 images were taken daily in 6
different regions (Figure 25 A) of the T25 flask until a confluent monolayer was reached (field
of view 2.40 x 1.40 mm). During this period, the T25 flasks were washed with PBS and
refreshed every 2" — 3™ day with cEMEM. The confluency was defined using a live cell
imaging system CytoSmart, Lonza® (Figure 25 B) using the confluency algorithm

(https://cytosmart.com/applications/cell-confluence). Results were standardised as a

percentage as shown below:

y

- x 100
maxiumum Conﬂuency

In addition, primary EDF Td was determined based on the confluency algorithm and plotted

on a histogram. The following equation was used to calculaiethe Td, where t represents time.

2 1

Doubling time' (Td) =

] ( end cell coverage )
I\ startcell coverage

log (2)

X =

All results were graphically plotted in GraphPad Prism®.
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Figure 25: EDF growth curve of E3 — E5 establishment procedure to determine the Td.

A) The confluency was determined on 6 different regions on a T25 flask. B) The T25 flask in
an incubator on the Cytosmart, Lonza® system.
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2.3. Metaphase chromosome spread

Chromosome analysis is widely used for the detection of chromosome instability.
Chromosomes are analysed at the metaphase stage of mitosis, when they are most condensed
and more clearly visible (Howe, Umrigar & Tsien, 2014). Well-spread metaphase
chromosomes are fundamental for cytogenetic studies (Deng et al., 2003). While these type of
studies will be part of future experiments, the scope of the MSc project was to optimize the
methodology and to confirm the presence of 56 chromosomes in these newly established EDF
cell lines as described in previous studies on the Elephantidae family (Fronicke et al., 2003;
Hungerford et al., 1966; Yang et al., 2003). Therefore, the purpose of this experiment was to
obtain an optimal number of metaphase chromosome spreads (Uttamatanin et al., 2013). This
is especially important for any future experimentation on the EDF cell line, for example the

dicentric chromosome assays (Lee et al., 2019).

For the optimization of the metaphase chromosome spread presented here, the EDF cells of E1
were used. The selection was primarily based on the timeline of sample collection and
experimentation. The EDFs of E1 were sub-cultured-and-seeded in a concentration of 35 000
cells/petri dish followed by incubation under standard conditions. Exponentially growing cells
were treated with 5 pL/mL KaryoMAX™ Colcemid™ Solution in PBS at different percentage
of confluency. In addition, different KaryoMAX™ Colcemid™ incubation times (listed in
Table 1) were tested in order to‘determine the optimal exposure time to achieve a sufficient
number of metaphase chromosome spreads. Colcemid is,a mitotic inhibitor that binds to the
protein tubulin and prevents the spindle fibre formation and therefore causes metaphase arrest

(Rodman, Flehinger & Rohlf, 1980). This incubation inactivated spindle fibre formation.
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Table 1: Metaphase chromosome spread conditions to determine a metaphase
chromosome spreads and to confirm the presence of 56 chromosomes in the newly
established EDF cell line. E1 was tested under different cell densities and time points (h) with
a working concentration of 0.05 pg/mL KaryoMAX™ Colcemid™ Solution in PBS.

Density of EDFs in culture Time points (h)

70 —80% 3
6

60 — 70% 6
15
24
28

90 - 95% 3
6
12
24

After the incubation periods, the cells were harvested and the supernatant discarded. Thereafter
5 mL prewarmed 0.075 M Potassium Chloride (KCI) was added to the 15 mL conical tube in
a dropwise manner while stirring vigorously. The cell suspension was left for 10 min in the
hypotonic solution at room temperature (rt), followed by 1.5 mL of methanol - acetic acid
fixative solution (3:1 ratio, freshly prepared at rt). The fixative solution was slowly added at
the bottom of the 15 mL conical tube and then centrifuged at 200 g-force for 8 min. The
supernatant was discarded and 2x 5 mL fixative was added dropwise until the fixative was
clear, while stirring vigorously and centrifuged. The cell pellet was resuspended in 200 pL of
the left-over supernatant and 50 pL of the cell suspension was dropped from 30 cm height on
wet slides (stored in dH>O with 10% methanol, at 4°C) to allow a good quality metaphase
spread on the slide (Deng et al., 2003).

Once the slides were air dried, the staining solution was prepared. HEPES (2-[4-(2-
hydroxyethyl) piperazin-1-yl] ethanesulfonic acid) buffer stock solution was made by adding
900 mL HEPES solution A with 100 mL HEPES solution B (0.1 M, pH 6.5) and HEPES buffer
working solution was made by adding 300 mL HEPES buffer stock solution to 700 mL dH.O
(0.03 M, pH 6.5).
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A 1:25 Giemsa’s Azur Eosin Methylene Blue Solution with HEPES buffer working solution
was made in a Hellendahl jar just before use. The metaphase slides were added to the jar for 3
min and protected from light. Thereafter, the slides were rinsed 3 times in dH20 and left to
dry.

Once dried, the stained slides were covered with a drop of DPX followed by a 24 x 50 mm
glass coverslip by placing the coverslip at a 45° angle to avoid air bubbles and baked overnight
at 37°C till the slides were dry. The metaphase chromosome spread of the EDFs were
enumerated manually at 10x magnification with a Zeiss Primovert and images were captured
using the metaphase finder algorithm of Metafer (MetaSystems, Heidelberg, Hessen,
Germany) and subsequently captured with an immersion oil lens objective (63X

magnification).
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2.4. Cell synchronisation and mitotic index (M)

The durations of the S phase, G2/M transition period and mitosis were determined with the aid
of mitotic indices after removal of hydroxyurea (HU) (Loitering et al., 1996). E6 cells were
seeded (passage 9) with a cell seeding density of 40 000/petri dish on autoclaved sterile
coverslips (20 x 20 mm). The cells were allowed to attach (4 h). Pre-confluent monolayers of
E6 cells were exposed to 2 mM HU in cEMEM for 36 h which effectively block the cells at
the G1/S boundary. HU is commonly used to inhibit ongoing DNA replication by causing a
depletion of ribonucleotide reductase resulting a nucleotide depletion and S phase stalling
(Sabatinos & Forsburg, 2010).

After the 36 h, the HU was washed out with 3 cEMEM media changes over 5 min intervals and
the cells were left for 24 h. After these 24 h, duplicate petri dishes were removed every 2" h
for 6 h and then removed hourly for 24 h, followed by fixation in Bouins fixative for 20 min
and stained with haemotoxylin and eosin (H & E) for 30 and 5 min, respectively (Gurina &
Simms, 2022). This is a widely employed staining technique in histopathology to enhance
contrast and discern between nuclei and-cytoplasm i tissues/cells by staining them in different
colours (Hristu et al., 2021). Haematoxylin is a basic, deep blue-purple dye and stains
basophilic structures such as nucleic acids by applying hemalum which is a complex formed
from aluminium (Al ) ions and oxidized haematoxylin (Fischer et al., 2008; Kuru, 2014; Gurina
& Simms, 2022). On the other hand, eosin is an acidic pink-dye.and stains acidophilic proteins
non-specifically, for example the ‘eytoplasm, by applying an aqueous or alcoholic eosin
solution (Fischer et al., 2008; Kuru, 2014; Gunina-& Simms; 2022).

After fixation, the cells were placed in 70% EtOH for 20 min (or stored for longer periods)
then washed in H2O till the H2O was colourless. The coverslips were then stained with
haematoxylin for 30 min followed by washing in H>O for 1 min. Next, the coverslips were
stained with eosin staining solution for 5 min. The cells were then dehydrated by placing the
coverslips through increasing concentration of alcoholic baths: 2x in 70%, 80% and 90% EtOH
for 2 min, 1x in 95% EtOH for 2 min, 2x in 100% for 2 min and lastly cleared 2x in Xylene

where after the coverslips were fixed onto EtOH cleaned glass microscopic slides with DPX.

The MI were calculated in H & E stained cells and the morphology of the EDFs cells were
studied using a light microscopy (Zeiss Primovert) at 10x and 40x magnification. A total of 1

000 cells/slide were counted which include all normal phases of the dividing cells.
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The M1 was scored and calculated using the following calculation:

Cells observed with visible chromosomes

1000 x 100

Prophase, metaphase, anaphase and telophase at 39 h after block was released was viewed with
a Zeiss Primovert light microscope. Images were captured with an Axio 208 colour (Carl Zeiss
SMT GmbH, RolRdorf, Hessen, Germany) and imaging software of Zen 3.6 (blue edition) (Carl
Zeiss SMT GmbH, RoRdorf, Hessen, Germany).
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CHAPTER 2:

MATERIALS AND METHODS

Section B: Primary normal human dermal fibroblast

(NHDF) vs primary elephant dermal fibroblast

(EDF) radiation response post X-ray irradiation

For the comparison of the primary NHDF and EDF cell line in Section B, the TUSSC research

project consists of 2 phases based on the location of the experimentation:

The first phase of the experimentation-was on a commercial primary NHDF cell
line from an adult donor. The NHDF cetf line-acts as the baseline for the TUSSC
research project to allow future comparisons between primary human and elephant
fibroblast cells. The NHDF cells were irradiated at GSI Helmholtzzentrum fiir
Schwerionenforschung' 'GmbH.-'(Darmstadt, - Hessen, Germany) under the

GET_INvolved internship.and training program,

The second phase involves the culturing and experimentation on primary EDFs (E6)
that occurred at Radiation Biophysics Division of the NRF iThemba LABS and the
Medical Bioscience Department of the UWC (both Cape Town, Western Cape,
South Africa). See Section A of Chapter 2 for the collection of the elephant
fibroblasts from an African savanna elephant (L. africana) at private game reserves

and the establishment of a primary EDF cell line.
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2.5. Cell culture
2.5.1. Primary NHDF cell culture
2.5.1.1. Primary NHDF cell line establishment

The NHDF cell line was commercially purchased and cultured in Fibroblast Growth Medium
(FGM) supplemented with FBS, basic fibroblast growth factor and insulin (Appendix I1). The

complete FGM (cFGM) did not contain antibiotics or antimycotics.

Upon receiving the cryovial from PromoCell (500 000 cryopreserved cells at passage 2), the
cryovial was placed in liquid nitrogen (Locator ™ JR Plus, Thermo Scientific™, Chart Inc, Ball
Ground, Georgia, USA) for storage until thawing. All cell culture materials, solutions and
equipment were sterile and culturing medium and reagents were pre-warmed in a water bath
(37°C) before usage (see Appendix Il for additional information and vendor). Upon thawing,
the cryovial was removed from the liquid nitrogen and placed in a Thermo Scientific™
Maxisafe 2020 Class Il Biological Safety Cabinet, (Thermo Electron LED GmbH,
Langenselbold, Hessen, Germany). The _cryovial-was placed in a water bath (37°C) up to a
height of the cap for 2 min. The cryovial was,cleaned wiih 70% ethanol (EtOH) and placed in
the biological safety cabinet. A 1:4 ratio was foilowed to seed the recommended seeding
density of 3 500 — 7 000 cells/cm?. To achieve this, 250 pL cell suspension of a total volume
of 1 mL, was transferred to a T25tissue culture treated flask which contained 5 mL prewarmed

cFGM. The T25 flasks were seededrand-incubatedsunder standard conditions.

After 24 h, the T25 flask underwent medium replenishment. Every 2" — 3" day thereafter, the
medium was aspirated, and 2 mL Hanks Buffered Saline Solution (HBSS) was added to wash
the monolayer of the cells and discarded, thereafter replaced with 2 mL cFGM. When the T25
flask reach 90 — 95% confluency (20 000 cells/cm?), the medium was aspirated, washed with
2 mL HBSS and 1 mL trypsin EDTA 1x was added to cover the monolayer of the cells. The
T25 flask was incubated for 5 — 8 min. If approximately 75% of cells were detached, 2 mL
complete cFGM was added to inactivate the enzyme activity. The cell solution was transferred
to a 15 mL conical tube. The T25 flask was washed again with 1 mL HBSS and transferred to
the same 15 mL conical tube, followed by 1 mL trypsin EDTA solution 1x and the incubation
was repeated to ensure 95% recovery of cells. The incubation time was kept at a minimum to
avoid overexposure to trypsin. When the remaining cells were detached, 2 mL cFGM was

added and dispersed by pipetting over the cell layer surface several times followed by
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transferring the cell solution to the same 15 mL conical tube. The 15 mL conical tube was
centrifuged at 200 g-force for 4 min. After centrifugation, the supernatant was discarded, and
the cell pellet was resuspended gently in 2 mL cFGM with a P1000 pipette and transferred to
a new tissue culture treated flask.

NHDF cells were either subcultured, used for experiments or frozen for long-term storage. The
NHDFs were subcultured/frozen in tissue culture flask/cryovials, respectively, applying above

mentioned seeding densities.

2.5.1.2. Primary NHDF cryopreservation

NHDFs cryopreservation occurred following the same steps mentioned in Section 2.1.2.3. The

cryopreserved NHDFs were stored for long term storage in liquid nitrogen.

2.5.1.3. Primary NHDF life span

PromoCell quality control procedure included the cultivation of the fibroblasts up to passage
15. This ensures that the NHDF cells can be grown for a minimum of 15 passages, however, it
does not mean that the cells immediately reach senescence after 15 passages. The maximum
passages were not determined and-most NHDFs can be subcultured until passage 20 based on

PromoCell quality control procedures.

NHDFs were monitored for any morphological changes (no experimental analysis was done to
confirm this) throughout passaging (Figure 26). Cell cultures were monitored with the naked
eye by the means of a AE31 series Motic® inverted light microscope (Motic Deutschland
GmbH, Wetzlar, Hessen, Germany). Cell culture images were obtained with the Moticam 3,
Motic Deutschland GmbH, Wetzlar, Hessen, Germany and imaging software Motic Images
Plus 3.0 (x64) (Motic Deutschland GmbH, Wetzlar, Hessen, Germany).
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Figure 26: Morphological depiction of NHDFs in culture at 10x magnification at different
passages with a different seeding density. Scale 100 um. No morphological changes were

observed at 10x magnification. A) NHDFs at passage 3. B) NHDFs at passage 14.
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2.6. To assess the biological endpoints, post X-ray IR at GSI and NRF
iThemba LABS for the primary NHDF and EDF cell lines, respectively.

Primary NHDFs and EDFs were cultured according to standard tissue culture procedures
(Chapter 2 Section A) and irradiated with X-rays at GSI and NRF iThemba LABS to investigate
the radiation sensitivity of human and elephant fibroblast cells, respectively. The following
assays were performed on both cell lines: clonogenic survival- (CSA), cell proliferation-, MTS-

, as well as apoptosis- and cell cycle assay with flow cytometry (Figure 27).

The NHDF cell line was used to optimise the techniques for the above-mentioned biological
endpoints. Based on the results for the NHDF experiments, the same principle was applied with
the EDF cells at NRF iThemba LABS. All cell culture materials, solutions and equipment were
sterile and reagents were used according to standard procedure (see Appendix 111 and 1V for

additional information and vendor).

. L)
sormmnco: |0 Lo Joomn, H
' ‘ Ve R :
( . e 2 . Bt
- s oo
3 Vi w eua
3 B

»
African elephant b X N P.romoCel.I.
{Loxodanta Skin punch Lpagd —— “"“""P'\EBIF obtained skin
Africana) biopsy ! ‘ » piimary biopsies from
‘ g T | Pl cell line human adults
PrimareEDF 3 _-' primary NHDF
d tbeV E5 0 A 1L 0]
L 4
X-ray lonising radiation at
GSI and iThemba LABS
a » “a
i1
Clonogenic Cell Apoptosis cell
survival proliferation assay cycle
assay and MTS assay

assay

Created in BioRender.com bio

Figure 27: Primary NHDF and EDF experimental procedure. Graphical depiction of the
NHDF and EDF cell line initiation and biological endpoints which will be evaluated after

radiation exposure. Created with BioRender.com.
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2.7. X-ray irradiation setup
2.7.1. GSlI

X-ray irradiation was performed using an Isovolt DSI (Seifert, Ahrensberg) X-ray generator
with a vertical downwards beam. A source-to-surface distance (SSD) of 30 cm from the filter
edge to the sample was selected for the irradiations, resulting in a dose rate of 2 — 3 Gy/min
(Figure 28 A). A plastic sample holder was placed inside a marked field with lines on the
specimen table, which guarantees a central position of the sample in the radiation beam (not
present in Figure 28). Samples in T25 flasks and 96-well tissue culture plates were placed in
the plastic sample holder manufactured of polyvinyl chloride polymer (PVC). The plastic
sample holder houses the farmer ionisation chamber within a groove and was present during
the irradiations to confirm the delivery of the radiation dose (SNA4, PTW Freiburg, Baden-
Wiirttemberg, Germany) (blue arrow, Figure 28 B). The build-up cap of the ionisation chamber
was removed before irradiation and placed back on after irradiations. The standard values for
voltage and current for the X-ray machine are 250 kVp and 16 mA, respectively and a filter
consisting of 7 mm Beryllium (Be),-L-mm-Al-and-1-mm Copper (Cu) was used for the
irradiations. Furthermore, the samples were irradiated from the top, where the beam is
traversing first the air plus the medium before reaching the cells. However, these circumstances
have been taken into consideration by the medical physicists who performed the dose
calibrations for the irradiation set-up-at GSt.-Unfortunately, this calibration is based on an in-
house protocol and not published;therefore no’ reference can be given for the in-house
irradiation set-up at GSI.

Before each run, the system was calibrated by inducing a 2 Gy trial run (Figure 28 C). When
the PTW-UNIDOS dosimeter reached 2 Gy as indicated on the screen and this correlated with
the computer (Figure 28 D), the actual experimental samples were irradiated. The desired
doses were set by the computer and initiated as shown in Figure 28 C. The X-ray tube was set
up according to standard procedure with all the necessary safety protocols in place to comply

with GSI’s radiation protection regulations.
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Figure 28: X-ray machine at GSI. A) The overview of the X-ray tube. The red arrow indicates
the distance between the X-ray tube and the grey sample holder. B) T25 flask in the field view
indicated with the blue arrow, the farmer ionisation chamber, in place of the grey sample
holder. C) The control panel. The green button indicated by the green arrow was to execute the
initiation of the X-ray radiation and the yellow button indicated that the X-ray machine was
on. D) The PTW-UNIDOS dosimeter indicate the doses delivered to the sample and the dose

rate/min.




2.7.2. NRF iThemba LABS

An X-RAD 320 X-ray irradiator unit, manufactured by Precision X-ray (North Branford,
Connecticut, United States), was used at NRF iThemba LABS to perform all X-ray irradiation
experiments. Similar to the set-up at GSI, the X-ray beam is directed vertical downwards
towards the specimen shelf. All irradiations were done with the tube voltage set at 250 kVp
and with the field size set as 15 cm x 15 cm at an SSD of 50 cm (Figure 29 C indicated by the
red arrow). A custom filter consisting of 3.271 mm Al and 1.519 mm Cu were used. The
inherent filtration is 3 mm Be. This, together with the added filtration of the Perpex protective
plates (shown by the purple arrow in Figure 29 C) and glass mirrors of the adjustable
collimator, gives a beam (at 250 kVp) having a first half-value layer of 2.529 mm Cu and a
homogeneity factor of 0.74 (the second half-value layer is 3.343 mm Cu). The dose output at
the surface of a solid dosimetry phantom was determined using the AAPM TG-61 dosimetry
protocol (Ma et al., 2001). This water-equivalent dosimetry phantom (Hill, Kuncic and
Baldock, 2010) is made from 30 cm x 30 cm Virtual Water slabs (Virtual Water: Med-Cal,
Verona, WI) with a total thickness of 7 cm thatare-placed on a stack of 30 cm x 30 cm Perspex
blocks with total thickness 12 cm; thereby ensuring full backscatter as required by the TG-61
protocol. The in-air kerma measurements were performed with a PTW TN30013 Farmer-type
ionisation chamber connected to a PTW UNIDOS-E T10010 electrometer. Based on individual
output factor measurements for each-of the different sample holders, a simple program was
provided to compute the tube current and exposure time to use in order to deliver a given dose
to the samples. The overall dose uncertainty for the T25 flask is less than 2.1% for exposure
times greater than 12 s. The average dose rate for the T25 flask (for the standard setup in the
250 kVp beam) is 0.685 Gy/min for a tube current of 16 mA. The X-ray tube was set up
according to standard procedure with all the necessary safety protocols in place to comply with

NRF iThemba LABS radiation protection regulations.
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Figure 29: PXi Precision X-ray machine at NRF iThemba LABS. A) The overview of the
X-ray machine. B) The control panel. The green arrow indicates the start button of the X-ray
and the yellow button indicated the emergency stop button for the X-ray. C) T25 flask in the
field view indicated by the purple arrow and the red arrow indicate the SSD.
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2.8. Cell counting for biological experiments to assess the radiation

damage post X-ray irradiation
2.8.1. Primary NHDF

The number of NHDF cells were quantified with a TC 20™ Automated Cell Counter, Bio-Rad
Laboratories, Inc, Hercules, California, Unites States. Trypan blue dye is a water soluble, azo
dye, and differentiates between viable and non-viable cells. In principle, the viable cells possess
an intact cell membrane and are impermeable to the dye, while on the other hand, non-viable
cells are permeable to the dye so the cytoplasm is stained blue (Strober, 2001). According to
standard procedure, the cell pellet was resuspended in cFGM and 10 uL cell suspension with
10 pL trypan blue was mixed gently but thoroughly by pipetting. Thereafter, 10 uL/chamber
was loaded onto the counting slide by placing the pipet tip at a 45° angle at the loading area of
the slide and the sample was loaded through capillary action (Figure 30 A). Samples were
measured in a range of 4 — 25 um to ensure all cell sizes were recorded since fibroblasts have
a variable morphology description (Figure 30 B). A slide was used per sample to obtain 2
recordings and an average of live-counted-cells based-on-the trypan blue assessment/final
volume of cell suspension (Figure 30-C) was used to seed the desired number of cells based

on the assay requirement.
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Figure 30: Bio-Rad, TC 20™ Automated Cell Counter. A) Cell suspension mixed with
trypan blue and loaded on a counting slide. B) A range of 4 — 25 um was set to count the cells.

C) A graphic display of cells counted.

77
https://etd.uwc.ac.za/



2.8.2. Primary EDF

The EDF cell numbers for seeding were determined by using a haemocytometer and counted
with a light microscope (Zeiss Primovert), to seed the desired number of cells based on the
assay requirement since no automated cell counter is available at NRF iThemba LABS. The
EDFs were re-suspended with cEMEM after centrifugation and thereafter mixed with trypan
blue dye in a 1:1 ratio and loaded onto the counting camber. All 4 quadrants (upper left
quadrant: Q1, upper right quadrant: Q2, lower left quadrant: Q3 and lower right quadrant: Q4)
of the haemocytometer were counted and an average of live counted cells was used to seed the
desired number of cells as per assay requirement. The hemacytometer counting grid is 3 mm x
3 mm in size. The grid contains 9 squares with a subdivision width of 1 mm for each quadrant.

The following calculations were completed in order to achieve seeding densities:

(Q1+Q2+Q3+Q4

2 ) %X 20 000 = average live cells/1 mL

avergage live cells /1 mL X final volume'of cell suspenion

= average live cells/final valme
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2.9. X-ray standardisation

A standardisation test was done with the different X-ray machines at GSI and NRF iThemba
LABS to compare the radiation qualities with one another to ensure a reliable comparison on
the investigation of the DNA damage response between the NHDFs irradiated by GSI and the
EDFs irradiated by iThemba LABS. A Chinese Hamster Ovary (CHO-K1) cell line was used
to carry out this test. CHO-K1 is an epithelial cell line derived from the sub clone from the
original biopsy of an adult’s Chinese hamster ovary. CHO-K1 cells are widely used in

toxicology studies and they are immortalised cells but not neoplastic (Wang et al., 2018).

The CHO-K1 cells were cultured under standard conditions with Roswell Park Memorial
Institute (RPMI) 1640 media supplemented with 10% FBS and 1% P/S. A CSA was carried
out with the CHO-K1 cells for the comparison between the X-ray machines at the different

institutions.

A CSA is a colony survival assay which is widely used in radiobiology studies. The in vitro
assay determines the ability of a single cell to form a colony which consists of at least 50 or
more cells per colony (Franken et al., 2006). The CSA-is used to assess the differences in
reproductive viability. In other words, the capacity of cells to produce progeny, between control
untreated cells and cells that have undergone treatments such as exposure to IR (Rafehi et al.,
2011). Only a fraction of seeded cells retains the capacity to produce colonies. Before
treatment, cells were seeded out in appropriate dilutions to form colonies in 2 weeks and dose-
survival curves depicted on GraphPad were obtained by using the linear quadratic cell death

model.

The CHO-K1 cells were sub-cultured (passage 27 and 24 at GSI and NRF iThemba LABS,
respectively), counted and seeded as listed in Table 2 based on previous experiments
(Cunningham et al., 2021). The T25 flasks were seeded in 3 T25 flasks for IR exposure and in
4 T25 flasks for the control sample. The T25 flasks were incubated under standard conditions
for 4 h to allow single cell attachment. After 4 h, T25 flasks were irradiated (Table 2) and
incubated for 5 days. After 5 days, the media was removed and the T25 flasks were stained
with 3 mL 3x methylene blue for 20 min. Thereafter, the stain was removed and the T25 flasks
were washed gently with dH20. The T25 flasks were set to air dry and once dry, the colonies

were counted/scored.
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Methylene blue 3x consists of 300 mL methylene blue solution, 90 mL 0.1% Potassium
Hydroxide (KOH) and 50 mL methanol adjusted to 1 L dH.O. The solution was mixed in a

glass beaker and filter with paper filter.

Table 2: CHO-K1 standardisation seeding density test. CSA seeding density for CHO-K1.
Cells were seeded in 3 T25 flasks for doses 2 — 8 Gy and in 4 T25 flasks for the control sample.

Seeding density (cells/T25 flask) Dose (Gy)
250
250
500

5000

10 000

co o ~ N O
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2.10. Clonogenic survival assay (CSA)

The same method applies as described in Section 2.9

2.10.1. Plating efficiency determination of NHDFs

Initially the plating efficiency of the NHDF cells (passage 4) was determined by harvesting the
cells according to standard procedure and counting (Section 2.8.1). The NHDFs were seeded
as follow: 200-, 400-, 600- and 800 cells/T25 flask in 4 T25 flasks. The flasks were incubated
for 14 days with no IR exposure and then stained with 3x methylene blue for 20 min. The same

method was applied as described in Section 2.9.
The plating efficiency was determined by the following formula:

Average colonies counted/flask

Number-of-cells seeded in T25 flask x 100

Platting ef ficiency =

Once the optimal plating efficiency was determined, a dilution route was calculated to obtain
200 cells in the control sample which carrelated with the optimal plating efficiency determined
by the initial experiment as describe in-this section and was applied for all experimentation

thereafter.
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2.10.2. Seeding density for IR of NHDFs

To determine the effect of IR exposure on the cells, the NHDF cells were harvested from 1
confluent T25 flask (passage 10) according to standard procedure and counted (Section 2.8.1).
Once the average cells numbers were obtained, the sample was diluted to 200 000 cells/tube

followed by a dilution route to obtain cell seeded densities as describe in Figure 31.
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Figure 31: Seeding densities of NHDF cells and respective IR doses. Graphical depiction of
the NHDF cell line to obtain 200, 400, 2 000, 5 000 and 10 000 NHDF cells/T25 flask for 0, 2,
4, 6 and 8 Gy, respectively. Image created with BioRender.com.

The NHDFs were seeded in 3 T25 flasks for IR exposure and the control was seeded in 4 T25
flasks. The T25 flasks were incubated under standard conditions for 4 h to allow cell
attachment. After 4 h, the T25 flask were irradiated for 0, 2, 4, 6 and 8 Gy. The T25 flasks were
incubated for 14 days. Thereafter, the cFGM was removed and T25 flasks were stained with

3x methylene blue as describe in Section 2.9.
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The survival fraction (SF) was determined by the following formulas:

Adjusted cell number with plating ef ficiency =

Number of cells seeded in T25 flask X plating ef ficiency of the control sample

Average colonies counted
Adjusted cell number with PE

Survival fraction (SF) =

Final analyses were plotted on a dose response curve with GraphPad Prism®.

https://etd.uwc.ac.za/
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2.10.3. Clonogenic survival assay (CSA) dose response curve
2.10.3.1. Primary NHDF

NHDF cells were harvested (passage 12) according to standard procedure and counted (Section
2.8.1). Once the average live numbers of cells were obtained, the sample was diluted to 200
000 cells/tube followed by a dilution route to obtain cell seeded densities as describe in Table

3 based on the same principle as in Figure 31.

Table 3: Seeding densities of NHDFs and respective IR doses to plot a CSA dose response
curve. Cells were seeded in 3 T25 flasks for doses 1 — 8 Gy and in 4 T25 flasks for the control

sample.

Seeding density (cells/T25 flask) Dose (Gy)
200
400
400

2 000

4 000

8 000

10 000

20 000

o N o o0 &~ N -, O

The NHDFs were seeded in 3 T25 flasks and 4 T25 flasks for IR exposure and no IR exposure,
respectively. The T25 flasks were incubated under standard conditions for 4 h to allow cell

attachment.

After 4 h, T25 flask were irradiated and incubated for 14 days. After 14 days, the cFGM was
removed and T25 flasks were stained with 3x methylene blue as describe in Section 2.9.

Results were plotted with GraphPad Prism® to obtain a NHDF CSA dose response curve.
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2.10.3.2. Primary EDF

The EDFs were harvested (passage 10) according to standard procedure and counted (Section
2.8.2). The same dilution route and seeding density was followed as indicated in Table 3 for
NHDF cells and experiment termination and staining were followed as mentioned above in

Section 2.9. to obtain an EDF CSA dose response curve.

2.11. Proliferation assay

Quantification of the difference between cell proliferation and cell death can be determined by
using the crystal violet assay. Crystal violet is a triarylmethane dye that binds to, and stain
proteins and DNA of viable cells, to quantify the number of monolayer cells within a sample.
For the crystal violet assay the absorbance of the solution containing the dye incorporated into
the DNA of the cells is used to quantify the number of cells allowing for rapid, accurate and
reproducible quantification of cell numbers grown in 96-well plates (Aslantiirk, 2017; Vega-
Avila & Pugsley, 2011). Quantification is-possible-by solubilising the absorbed dye into a
solution of triton X-100 and determining the - optical-density using spectrophotometry.
Absorbance of the dye measured-spectrophotometrically-at 570 nm corresponds to cell

numbers.

2.11.1. Primary NHDFs

The NHDF cells were sub-cultured (passage 12), counted (Section 2.8.1) and seeded according
to standard procedures in a 96-well tissue culture plate in triplicate. A 1 000 cells/well were
seeded with 200 uL cFGM/well under sterile conditions. The plates were incubated for 4 h to
allow cell attachment and irradiated with 0, 2, 4, 6, 8 and 16 Gy. After IR, the plates were
incubated under standard conditions for 24, 48, 72, 96, 120 and 144 h.

The experiment was terminated by aspirating the cFGM from the 96-well plates. The cells were
fixed with 100 puL/well of 1% glutaraldehyde in PBS and incubated for 15 min at rt. A 100
uL/well of 0.1% crystal violet dye was added and the plates were incubated for 30 min at rt.
Afterwards, the stained cells were rinsed with running H20 for 15 min and set aside to air dry
(Figure 33).

85
https://etd.uwc.ac.za/



Once dry, the plates were treated with 200 uL/well of 0.1% Triton-X 100 in PBS and incubated
for 30 min at rt. Triton-X 100 is used to solubilise the crystal violet and lyse the cells to extract
proteins and other cellular organelles. Each 96-well plate contained 0.1% Triton-X 100 in
column 1, which primarily served as the blank (Figure 32). From the crystal violet stained 96-
well plate, a 100 ul of the 0.1% Triton-X 100 solution was transferred, using reverse pipetting,
to a new 96-well flat bottom plate. The plates were read with a UV-visible spectrophotometer,
BioTek®, Winooski, Vermont, USA. The wavelength was set at 570 nm and optical densities

(OD) were recorded via the Gen5™ microplate reader and imager software (version 1.11).

The observed OD were standardised and expressed as percentage as indicted below:

X
x 100

average of control

A
v

Row

I 0 m m U O O »

Figure 32: Schematic representation of a 96 well plate. Column 1, row A — H served as the
black for all experimentations. The remaining wells were used for the samples (Templates, no
date).

Results display the comparison of the control (expressed as 100%) with the proliferation

capacity of cells exposed to IR. The amount of crystal violet staining in the assay is directly
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proportional to the cell biomass that is attached to the plate, meaning the live cells who
remained attached during staining.

Results were used to obtain the best optimal time point/s to carry out with the EDF cell
proliferation assay and the MTS assay.

'a
|

)
3

NANAANS

g

1‘\“‘\\\\\\,\

’

RN NSNS
LV NNAN X

PR NSNS
e T e S P P

7V T T Ve THR T M

)
pes
)

B
P

B

G

3
> G

'

RNy N YN NN
.\4\’\\\\'\.\\

N

‘Wﬁb‘rﬁn“fﬁ'ﬁ }:7’ ébft?g '_

o
FIDIIVILELE 3
i -@ﬁ * \

Figure 33: The 96-well plates for 72 h post IR after crystal violet stain. A) 0 Gy, B) 2 Gy,
C)4 Gy, D)6 Gy, E)8 Gy and F) 16 Gy.




2.11.2. Primary EDFs

The EDFs were treated the same as mentioned above in Section 2.11.1. (passage 13). EDFs
were irradiated with 0, 2, 4, 6, 8 and 16 Gy irradiations and incubated under standard conditions
for 72 and 120 h. OD at NRF iThemba LABS were obtained with a UV-visible
spectrophotometer plate reader Apollo 11 and Apollo 11 PhotoRead software (Berthold
Technologies, Bad Wildbad, Baden-Wurttemberg, Germany).

2.12. MTS assay

The MTS assay uses a colorimetric method for the sensitive quantifications of viable cells. The
protocol is based on the reduction of the MTS (3-[4,5-dimethylthiazol-2-yl]-5-[3-
carboxymethoxyphenyl]-2-[4-sulfophenyl]-2H-tetrazolium) tetrazolium compound by viable
mammalian cells to generate a coloured formazan dye that is soluble in cell culture media. This
conversion is carried out by nicotinamide adenine dinucleotide phosphate dependent
dehydrogenase enzymes in metabolically aetive celfs. The MTS reagent is negatively charged
and does not readily penetrate the.cells; but rather uses an-intermediate electron acceptor that
can transfer electrons from the cytoplasm,or plasma membrane to facilitate the reduction of the
tetrazolium into a coloured formazan product. The formazan dye is quantified by measuring
the absorbance (Riss, Niles & Minor;-2004;-Wang et-al., 2021a).

2.12.1. Primary NHDF

The NHDF cells were seeded (passage 14) according to standard procedures, in a 96-well tissue
culture plate in triplicate. A total of 1 000 cells/well was seeded in 200 uL cFGM/well under
sterile conditions. The plates were incubated for 4 h to allow cell attachment and subsequently
irradiated with 0, 2, 4, 6, 8 and 16 Gy. After IR, the plates were incubated under standard
conditions for 72 and 120 h, respectively. The selection of these 2 time points was based on
the results obtained with the cell proliferation assay described in Section 2.11.

After 72 and 120 h, 20 pL MTS reagent/well was added and the plates again incubated for 2 h
under sterile conditions (Figure 34). The plates were briefly shaken and the absorbance was
measured at 490 nm. The plates were read with a UV-visible spectrophotometer, BioTek®, and

OD were recorded accordingly via the Gen5™ microplate reader and imager software (version
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1.11). The observed OD were converted and expressed as percentage. The control sample was
expressed as a 100% and compared with the cell viability with IR exposer.
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Figure 34: The 96-well plates for 120 h post IR with MTS reagent colour observed before
(A - B) and after the 2 h incubation period (C — D). A) 0 Gy, 120 h, and MTS reagent colour
observation before incubation, B) 16 Gy, 120 h, and MTS reagent colour observation before
incubation, C) 0 Gy, 120 h, and MTS reagent colour observation after 2 h incubation, and D)
16 Gy, 120 h, and MTS reagent colour observation after 2 h incubation.

2.12.2. Primary EDF

The MTS assay was not performed with the EDFs due to shipment delays of consumables to
South Africa.




2.13. Flow cytometry

The principle of flow cytometry is based on the analysis of single cells as they flow past a
single/multiple laser(s) while suspended in a buffered salt-based solution. The cells are
analysed for visible light scatter and one/multiple fluorescence parameters. The visible light
scatter is measured in 2 different directions, namely: the Forward Scatter (FSC) and the Side
Scatter (SSC) (Figure 35). FSC indicate the relative size of the cell, whereas SSC at 90°
indicated the internal complexity or granularity of the cell. The intensity of the light scatter is
dependent on the fluorescence. The underlying principle of flow cytometry is related to light
scattering and fluorescence emission, which occurs as light from the excitation source (a laser
beam) that strikes the moving particles (Abraham & Staffurth, 2016; McKinnon, 2018).
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Figure 35: Light scattering via flow cytometer. FSC is relative to cell size, while SSC is

relative to cell granularity of internal complexity (Abraham & Staffurth, 2016).

Both apoptosis and cell cycle analysis were done via flow cytometry at GSI with a CytoFlex S
system (Beckman Coulter, Inc, Life Science, Brea, California, USA) and at NRF iThemba
LABS with a BD Accuri™ C6 (BD Biosciences, San Jose, California, USA). The fluorescence
counts were captured and graphically depicted in a dot graph representing the respective

amounts of scattering cells.
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2.13.1. Apoptosis assay

In apoptotic cells, the membrane phospholipid phosphatidylserine (PS) is translocated from the
inner to the outer leaflet of the plasma membrane thereby exposing PS to the external cellular
environment. Annexin V is a 35 — 36 kDa calcium ion dependent phospholipid-binding protein
that has high affinity for PS and binds to cells exposed to PS. Annexin V may be conjugated
with fluorochromes including phycoerythrin (PE). This format remains its high affinity for PS
and serves as a sensitive probe for flow cytometric analysis of the cells that are undergoing
apoptosis (Demchenko, 2013; Lakshmanan & Batra, 2013). Annexin V-PE and 7-AAD were
used at GSI, while Annexin V-FITC (fluorescein isothiocyanate) and propidium iodide (PI)
were used at NRF iThemba LABS to evaluate early and late apoptosis.

PE-Annexin V/Annexin V fluorescein isothiocyanate (FITC) staining leads up to the loss of
membrane integrity which accompanies the latest stages of cells death resulting from either
apoptotic or necrotic processes. PE-Annexin V is used in conjunction with a vital dye, 7-
Amino-Actinomycin (7-AAD), or with PI to identify early apoptotic cells. Both 7-AAD and Pl
are a plasma membrane permeability markers tised-in-conjunction with PE-Annexin V/Annexin
V FITC (Wlodkowic et al., 2011).-Viable cells with-intact-membrane exclude 7-AAD/PI. For
example, cells are considered viable when both PE Annexin V/Annexin V FITC and 7-AAD/PI
are negative while cells that are in early apoptosis are PE-Annexin V/Annexin V FITC positive
and 7-AAD/PI negative, while cells that are in late apoptosis or already dead are both PE-
Annexin V/Annexin V FITC and 7-AAD/PI positive. This assay does not distinguish between
cells that have undergone apoptotic death vs those that have died as a result of a necrotic
pathway because in either case, the dead cells will stain with both PE-Annexin VV/Annexin V
FITC and 7-AAD/Pl. When apoptosis is measured over time, cells can be tracked from PE-
Annexin V/Annexin V FITC and 7-AAD/PI negative (viable, or no measurable apoptosis), to
PE Annexin V/Annexin V FITC and 7-AAD/PI positive (end stage apoptosis and death). The
movement of cells through these 3 stages suggest apoptosis (Rieger et al., 2011).

The gating strategy was done using FlowJo™ and all the cell debris and doublets were excluded
by means of cell gating. A cell gate was placed on the FSC- vs SSC-Area dot plot graph (Figure
36 A) followed by placing a single cell gate on the FSC-Area vs FSC-Height dot plot graph
(Figure 36 B). The single cell gate was plotted on 7-AAD/PI vs PE-Annexin VV/Annexin V
FITC graph and was divided into 4 quadrants (Figure 36 C) representing live cells, early
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apoptosis, late apoptosis and necrosis. Q1: PE-Annexin V/Annexin V FITC and 7-AAD/PI
negative representing the live cells, Q2: PE-Annexin V/Annexin V FITC positive and 7-
AAD/PI negative representing the early apoptosis, Q3: PE-Annexin V/Annexin V FITC and 7-
AAD/PI positive representing late apoptosis and Q4: PE-Annexin V/ Annexin V FITC and 7-

AAD/PI negative representing necrotic cells.
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Figure 36: Graphically representation of apoeptosis analysis done in FlowJo™. A) FSC-
vs SSC-Area dot plot graph to obtain-a-cell-gate-and-exclude-cell debris. B) FSC-Area vs FSC-
Height dot plot graph to obtain.a-single cell gate and exclude doublets. C) PE-Annexin
V/Annexin V FITC vs 7-AAD/PI graph divided into 4 quadrants. Q1: Live cells, Q2: Early
apoptosis, Q3: Late apoptosis and Q4: Necrosis.

2.13.1.1. Primary NHDF

Exponentially growing NHDF cells were sub-cultured (passage10) and seeded into T25 flask
(500 000 cells) in duplicates according to standard procedures. The NHDFs were incubated for
48 h and thereafter exposed to 0 and 8 Gy irradiation. The T25 flasks were incubated after IR
for 12, 24 and 48 h.

After the appropriate time periods, the old cFGM was transferred from the T25 flask under
sterile conditions to a 15 mL conical tube. The T25 flasks were sub-cultured, and the cell
solution was transferred to the same 15 mL conical tube and centrifuged for 200 g-force for 5
min at 4°C. The NHDF cells were washed twice with 1 mL PBS, centrifuged and stained. The
cell pellet was resuspended in 200 pL 1x annexin binding buffer and a 100 uL was transferred
to Eppendorf tubes. Stock solution of 10x annexin binding buffer was made with 0.1 M
HEPES (pH7.4), 1.4M Sodium Chloride (NaCl) and 25 mM Calcium Chloride (CaCly).
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Subsequently, a working solution was made to obtain a 1x Annexin binding buffer with dHO.
Thereafter 3 pl PE-Annexin V and 3 pl 7-AAD were added to the samples. Samples were
mixed carefully and incubated for 20 min at rt in the dark. After the incubation period, 200 uL
of 1x annexin binding buffer was added to each sample. Fluorescence-activated single cell
sorting (FACS) measurements were done within 1 h on a CytoFlex S system. The samples were
read with a laser at a wavelength of 488 and 561 nm via the fluorescence channel (FL) of
690/50 band pass for PC5.5 (Phycoerythrin-Cy™5.5 tandem dye) which represents 7-AAD.
PE-Annexin V, was read at 5F61 nm via the FL of 585/42 band pass. The FACS analysis were

done at a flow rate of 60 puL/min.

2.13.1.2. Primary EDF

EDFs (passage 7) were treated the same as mentioned above in Section 2.13.1.1. The EDF cells
were stained with Annexin V-FITC and PIl. The FACS measurements were done within 1 h on
the BD Accuri™ C6 flow cytometry with a flow rate of 66 pl/min. The samples were read with
a laser at a wavelength of 488 nm-via filters 670-long-pass, 610/20 (detector FL3) for PI.
Annexin V-FITC was read at 488 nm-via filters-533/30 (detector FL1).
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2.13.2. Cell cycle assay

Flow cytometry was used for cell cycle analysis to show possible changes in the distribution
of cells in GO/G1, S and G2/M cell cycle phase after IR. The flow cytometric quantification of
the different phases of the cell cycle is mainly based on the DNA content by staining with a
DNA binding fluorochrome, namely Pl (Whaley et al., 2021). There is a direct correlation to
the amount of DNA within a specific cell population and different quantities of the DNA is
expressed during different phases of the cell cycle, making the various phases distinguishable

and provides quantitative data (McKinnon, 2018).

In FlowJo™ the cell debris and doublets were excluded by using cell gating. First the cell gate
was placed on the FSC- vs SSC-Area dot plot graph (Figure 37 A) and secondly a single cell
gate was placed on the FSC-Area vs FSC-Height dot plot graph (Figure 37 B). Thereafter a
histogram was plotted to distinguish the different cell cycle phases (Figure 37 C).
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Figure 37: Graphically representation of cell cycle analysis done in FlowJo™. A) FSC- vs
SSC-Area dot plot graph to obtain a cell gate and exclude cell debris. B) FSC-Area vs FSC-
Height dot plot graph to obtain a single cell gate and exclude doublets. C) Histogram
representing GO/G1, S and G2/M phase.
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2.13.2.1. Primary NHDF

Exponentially growing NHDF cells were sub-cultured at passage 14 and seeded into T25 flask
(200 000 cells/T25 flask) according to standard procedure. The NHDFs were incubated for 48
h and thereafter exposed to 0, 4, 8, 12 and 16 Gy irradiation. The T25 flasks were incubated
after IR for 0, 24 and 48 h.

After the appropriate time periods, the cFGM were transferred from the T25 flask under sterile
conditions to a 15 mL conical tube. The T25 flasks were sub-cultured according to standard
procedure and the cell solution was transferred to the same 15 mL conical tube. Subsequently,
centrifuge at 200 g-force for 5 min at 4°C. The supernatant was aspirated and the NHDFs were
washed with 2 mL PBS and centrifuged. The supernatant was aspirated and the cells were fixed
with 2 mL ice cold 80% EtOH in a drop wise manner while vigorously stirring to form a single
cell suspension. The samples were incubated on ice for 10 min. Thereafter, the fixed EtOH
cells were centrifuged at 400 g-force for 5 min at 4°C. The supernatant was aspirated, and the
cell pellet was resuspended in 50 uL cold PBS-and transferred to an Eppendorf tube. Both
Ribonuclease A (Rnase A) and Pl:were difuted in PBS, 2 1:1 000 and 1:10, respectively. Next
the cells were stained with a 100 ptof both Rnase A and Pi-and were incubated for 30 min at
37°C in the dark.

The fixed cell FACS measurements were carried. out. with a CytoFlex S system within 1 h.
FACS measurements was done at a flow rate of 60 pL/min at a wavelength of 561 nm via the
610/20 band pass FL for ECD (Energy Coupled Dye) representing PI.

2.13.2.2. Primary EDF

EDFs at passage 7 were treated in the same way as mentioned above in Section 2.13.2.1. The
EDF cells were stained with 0.5 mL FxCycle™PI/Rnase Staining Solution and incubated for
30 min in the dark at rt. FACS measurements were done with a BD Accuri™ C6 flow cytometry
within 1 h with a flow rate of 66 pl/min. Pl was measured at a wavelength of 488 nm via filters
670 long pass, 610/20 (detector FL3).
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2.14. Statistical analysis

All statistical analysis was performed using Microsoft Office Excel 2020 (Microsoft
Corporation, Washington DC, USA) and GraphPad Prism® (version 5.01) (GraphPad
Software, San Diego, California, USA). The primary EDF growth curve, Td determination,
cell proliferation- and MTS assay were standardised before graphically plotted and the 2 latter
non-irradiated samples were expressed as 100%. Two-way analysis of variance (ANOVA) with
Bonferroni post-test was used for statistical comparison. CSA survival curves were depicted
using a linear quadratic cell death model and statistical analysis was performed by way of
paired t-test. Apoptosis- and cell cycle assay results were analysed by flow cytometry data by
using FlowJo™ version 10.7 (BD Bioscience, USA). Kruskal Wallis test was performed for
statistical analysis for the apoptosis assay, while for the cell cycle assay Bonferroni post-tests

was used.

A ssignificance level of 0.05 was used in all tests, hence p < 0.05 (*) were considered statistically
significant, p < 0.01 (**) highly significant and p < 0.001 (***) extremely significant. Data
was reported as average values with a standard-deviation(SD) represented by an error bar. The

numbers of experiments (n) were indicated in each figure caption were applicable.
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CHAPTER 3:
RESULTS

Section A: Primary elephant dermal fibroblast

(EDF) cell line characterisation

3.1. Primary EDF cell culture
3.1.1. Primary EDF sample collection and outgrowth of fibroblasts

A range of 4 — 6 skin punch biopsies were collected from 6 elephants with a punch biopsy
needle. The samples were named as E1, E2, E3, E4, E5 and E6, where each code refers to the

specific elephant as listed in Table 4.
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Table 4: Elephant sample collection with their respective age and sex. Elephants’ age
ranged from 14 — 47 years. Sample collection occurred at 2 locations: Botlierskop Private Game

Reserves and Sanbona Wildlife Reserve.

Elephant (E) Location Date of sample Age Sex
collection
El Botlierskop Private 25.09.2021 25 Male
Game Reserves
E2 Botlierskop Private 19.11.2021 14 Male
Game Reserves
E3 Sanbona Wildlife 16.12.2021 35 Female
Reserve
E4 Sanbona Wildlife 16.12.2022 25 Male
Reserve
ES Botlierskop Private 15.01.2022 26 Male
Game Reserves ..
E6 Botlierskop Private 1 16:04.2022 - 47 Male

Game Reserves

The first radial explant outgrowth of the primary EDFs (Figure 38 A, yellow arrow) from the
biopsy fragment (Figure 38 A, green arrow)was Vvisible after 8 — 25 days with an average of
15.25 + 1.48 days (mean £ SD)'(Table 5). E6 exhibited the fastest explant outgrowth of
fibroblasts 8 days after the initial culturing date; followed by sample E5 at 11 days; E1 at 13.25
days; E3 at 19 days and lastly 25 days for E4. The outgrowth of EDFs from the explant source
resulted initially in a dense area with high cell numbers, which gradually migrated and spread

outward over time.

An overall EDFs explant culture outgrowth success rate of 83.33% was obtained among the 6
elephants. E1 had an overall biopsy success rate of 80%, while E3, E4 and E5 had lower biopsy
success rates of 33.33%, and E6 was 25% (Table 5). Not all skin punch biopsies of the same
elephant resulted in successful cultures and the underlying reason for this variability remains
unclear. Unfortunately, E2 exhibited no outgrowth of the biopsy fragment and culture flasks

were discarded 40 days after the initial culturing date.
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Table 5: Elephant sample collection and radial explant outgrowth of fibroblasts. The

number of days after first radial explant outgrowth of EDFs. Where no outgrowth of fibroblasts

was detected, culture flasks were discarded after 40 days.

Elephant (E)

El

E2

E3

E4

ES

Biopsy

AW N R

[EEN
1
a1

o oA W DN PO OO DN 0N

# Number of Biopsy success
days after (Successful
explant fibroblast
outgrowth visualisation/Total
number of
biopsies)
16
9
4/5
12
- 0/5
18
S T 216
25
25
2/6
11
11
2/6
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Figure 38: First radial explant outgrowth of E1 after biopsy fragmentation. A) The first
images were taken of the cells in T25 flasks by the CytoSmart, Lonza® live cell imaging
system (scale 200 um) after the first visual confirmation of explant outgrowth of fibroblast
cells. The green arrow illustrates the elephant biopsy fragment and the yellow arrow illustrates
fibroblast cells. B) 15 h, C) 36 h and D) 67 h post initial EDFs confirmation.




3.1.2. Primary EDF growth curve

The culture flask confluency of 3 elephant fibroblasts cell lines (E3 — E5) was determined daily
with the CytoSmart, Lonza® live cell imaging system over 11 consecutive days. The
percentage confluency (y-axis) was plotted in function of the number of days in culture (x-
axis). In order to get to a percentage value, the results were standardised before graphically
plotted. The fibroblasts of each elephant had their own replication rate and the T25 flasks
reached confluency (100%) on day 12, 17 and 11 for E3, E4 and ES5, respectively.

The confluency for of all samples increased gradually over time and was on average 76.45% +
26.56% (average + SD) on day 11 as presented in Figure 39.
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Figure 39: Growth curve of E3, E4 and E5 determined with CytoSmart, Lonza® live cell
imaging system for 11 consecutive days. The percentage confluency captured over 6 regions
of a T25 flask over 11 consecutive days was plotted for E3, E4 and E5. The average confluency
for the 3 elephants was 76.45% * 26.56% (average = SD) on the final day of imaging. The

error bars represent the SD (n = 3).
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3.1.3. Primary EDF doubling time (Td)

Based on the confluency algorithm of the live cell imaging system, CytoSmart, Lonza®, the
Td was calculated within the 6 regions of a T25 flask over 6 consecutive days. At passage 1,
E3, E4 and E5 had a Td of 53.90, 65.61 and 66.86 h, respectively. This results in an average
Td of 62.13 £ 7.15 h (average £ SD) for the 3 elephants (Figure 40).
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Figure 40: EDF Td over 6 days captured with'a CytoSmart, Lonza® live cell imaging
system. E3, E4 and E5 at passage 1 with a Td of 53.90, 65.61 and 66.86, respectively and an
average Td of 62.13 + 7 h (average + SD). The error bars represent the SD (n = 3).
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3.2. Metaphase chromosome spread

Once the primary EDF cultures were established, the protocol to obtain a metaphase
chromosome spread of the African savanna EDFs was established. A variety of conditions were

applied and tested in order to obtain the metaphase chromosome spread of E1.

The EDFs of E1 were in an exponential growth phase throughout all the passages which were
used to test the different treatment conditions as presented in Table 6. The number of
metaphase chromosome spread was manually counted using a Zeiss Primovert under 10x
magnification. As the results in Table 6 indicates, a higher density of EDFs present in the
culture flask allowed a higher number of metaphase chromosome spreads. However, it should
be noted that the slide evaluation at 10x magnification did not allow to score the number of
chromosomes per metaphase, so the number presented in the last column of Table 6 are only
an indication of the working mechanisms of the KaryoMAX™ Colcemid™ and to check if
longer exposure times resulted in more metaphases. Further experiments will be needed to
evaluate the impact of the time of KaryoMAX™ Colcemid™ exposure and concentration on

the quality and completeness of the metaphase chromaosome spreads.
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Table 6: The time and cell density conditions applied in obtaining metaphase
chromosome spreads. Cells from E1 were exposed to KaryoMAX™ Colcemid™ at and had
a cell density of 70 — 80%, 60 — 70% and 90 — 95%, respectively. A working concentration of
0.05 pg/mL KaryoMAX™ Colcemid™ was added for 3 — 28 h to prevent the EDFs from

proceeding to anaphase.

Time (h) Number of metaphases
Confluency of EDFs in culture

70— 80% 3 122
6 192.5

60 — 70% 6 32
15 274
24 49,5
28 29

90 — 95% 3 414
6 372
o 543

N 378

Even though 12 h KaryoMAX™ Colcemid™ yielded the highest number of metaphases, the
quality of metaphase chromosome spread decreased with/longer KaryoMAX™ Colcemid™
incubation times as what is known fin literature. However, as stated previously, further
investigations are needed to evaluate the completeness and quality of the metaphase spread for
different KaryoMAX™ Colcemid™ exposure scenarios. Figure 41 represents 2 metaphase
chromosome spreads after 3 h KaryoMAX™ Colcemid™ exposure at an EDF density of 90 —
95%.
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Figure 41 metaphase chromosome spreads confirm the diploid number of 56 chromosomes in
the L. Africana (Fronicke et al., 2003; Hungerford et al., 1966; Yang et al., 2003).
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Figure 41: Metaphase chromoseme spread-of £1.-A and B) Images were captured using a
Metafer 4 platform with immersion oil-lens cbjective (63x) showing a diploid chromosome

number of 56 chromosomes obtained from E1 after 3 h of KaryoMAX™ Colcemid™.
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3.3. Cell synchronisation and mitotic index (M)

Cells from E6 were used to determine the duration of the different cell phases of these
fibroblasts. HU was added to the EDF cultures for a period of 36 h to block the cells at G1/S.
The block was washed out and the cells were left for 24 h. The coverslips with the cells were

removed every 2" h for the 1% 6 h and thereafter removed hourly over a period of 24 h.

A MI of <1% is indicative of cells residing in the S phase after removal of a block. In Figure
42, the M1 24 h post block removal was at 2.20% which is more than what was expected, based
on the doubling time of the cells (Section 3.1.3). A slight but steady increase in the MI was
seen from 32 h (7.10%) up to 36 h (7.80%) indicating a G2/M transition period of
approximately 5 h. At this stage 59% of the cells were in prophase. A sharp increase in the Ml,
38 h after the release of the G1/S block indicated the beginning of mitosis. The MI peaked at
39 h (10.40%), with 64% of the cells still in prophase. As the cells left mitosis, a steady decline
in the MI was observed (see Figure 43 for an example at 39 h after block release for the

different mitotic phases).

The length of the S- and M phases of primary EDFs-are tnknown and seeing that elephants
have 10 more chromosomes in comparison to humans, it is not clear if this will conform to
what is observed for human fibroblasts. For primary human fibroblasts, the cell cycle lasts
between 16 and 28 h with a mean of 20 h (Tamm et al., 1984) while for elephant fibroblasts,
according to the MI shown here, that the cell cycle is approximately 39 h. Presuming that the
S-, G2- and M phases of the human and elephant cells are similar, which is the case for most
mammalian cells, the G1 phase in'the elephant fibroblasts is much longer than that of the human
fibroblasts known from literature and would also explain their long Td of 62.13 + 7.15 h at
passage 1. However, further studies will have to be done to confirm the length of each cell
phase in the elephant fibroblasts, for example by using cell cycle markers, and inter-elephant

variations should be included.
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Figure 43: Mitotic phases of E6 at 39 h after block release. Viewed with Zeiss Primovert

light microscope and images weu M&l}?eﬁﬂﬂﬁ LlXe"fOﬂ*é’olour scale 50 um. Fibroblast
indicated by a yellow arrow, prowge%mzﬂﬁ N a%@&arrow, metaphase showed by a

blue arrow, purple arrow indicating anaphase and telophase showed by a pink arrow. A — B)

At 20 x magnification. C — D) At 40 x magnification.




CHAPTER 3:
RESULTS

Section B: Primary normal human dermal fibroblast
(NHDF) vs primary elephant dermal fibroblast
(EDF) radiation response post X-ray irradiation

Primary NHDFs and EDFs (E6) cultures were irradiated with X-rays at GSI and NRF iThemba

LABS to investigate the radiation sensitivity of human and elephant fibroblast cells,

respectively.
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3.4. X-ray standardisation

Since 2 different X-ray irradiators were used for the irradiation experiments with EDFs at NRF
iThemba LABS and NHDFs at GSI, a CSA was performed with a CHO-K1 cell line. The same
cell line of CHO-K1 was present at both facilities and therefore selected for the comparison
between the 2 different X-ray irradiators. The CHO-K1 cell line was selected as it is often used
in radiobiology studies and its radiosensitivity was well characterised in previous studies at
both institutes (Cunningham et al., 2021). As expected, the CHO-K1 cell line showed a
decrease in SF with increasing doses at both GSI and NRF iThemba LABS. The SF were fitted
using the linear quadratic model (as described in Section 2.9.) and presented in Figure 44. The
2 fitted cell survival curves are almost overlapping and no statistically significant difference
(paired t test, p = 0.32) was observed in SF at all the radiation doses. This indicates that the

doses and radiation quality delivered with the X-ray machine at both research facilities results
in a similar biological effect.
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Figure 44: Standardisation of the X-ray machine at both research facilities by using
CHO-K1 cells. A decrease in SF with higher doses for the CHO-K1 at both GSI (shown in
blue) and NRF iThemba LABS (shown in pink). No statistical significance with a paired t test
was observed in SF. Error bars represent the SD of the biological triplicates.
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3.5. Clonogenic survival assay (CSA)
3.5.1. Plating efficiency determination of NHDFs

The NHDF cells were seeded as described in Table 7 and left to grow for 2 weeks (results of
the colonies can be seen in Figure 45). The samples where 200 cells were originally seeded,
resulted in an average + SD of 43 + 8.29 counted colonies with a plating efficiency of 21.50%.
This was the highest plating efficiency across all samples, compared to the samples with a
higher seeding density that showed a decrease in the plating efficiency with 20.38%, 13.38%
and 11.84%, for 400, 600 and 800 NHDF cells, respectively.

WESTERN CAPE
Figure 45: Plating efficiency determination of the NHDF flask with no IR exposure. A)
200 cells seeded. B) 400 cells seeded. C) 600 cells seeded. D) 800 cells seeded.




Table 7: Plating efficiency determination of NHDF cells after 2 weeks of incubation
without IR exposure. The highest plating efficiency was obtained with seeding 200 cells per
T25 flask. A decrease in plating efficiency was observed in the samples with a higher seeding
density (SD based on the biological triplicates).

Cell seeding density ~ Average colonies SD Plating efficiency
counted (%)
200 43.00 8.29 21.50
400 81.50 2.38 20.38
600 80.25 12.97 13.38
800 94.75 20.42 11.84

3.5.2. Seeding density for IR for the NHDF cells

Based on the plating efficiency results(Table 7), 1t-was concluded that the optimal seeding
density for the NHDF cells was 200 cetsfor the controt sample and the dilution route was

calculated accordingly. Results of the colonies can be seen in Figure 46.

Figure 47 shows the SF (y-axis) plotted in-function of the radiation dose (x-axis). As expected,
there was a gradual decrease in the. NHDFEs SF with. radiation dose 2 weeks post-irradiation.
The SF for 2 Gy was 36.83% =+ 7.02% (SF percentage + SD) and significantly decreased to
0.09% + 1.53% (SF percentage + SD) for 8 Gy, showing a dose response decrease in colony

formation for the NHDF cells.
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Figure 46: NHDF flasks post staining to determine seeding densities with IR exposure for
CSA dose response curve. A) 200 cells seeded, 0 Gy. B) 400 cells seeded, 2 Gy. C) 2 000
cells seeded, 4 Gy. D) 5 000 cells seeded, 6 Gy. E) 10 000 cells seeded, 8 Gy.
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Figure 47: SF of NHDFs at 2 weeks post irradiation. Seeding densities of 200, 400, 2 000,
5000 and 10 000 NHDF cells per T25 flask were used for 0, 2, 4, 6 and 8 Gy, respectively. A
decrease in SF was noted with an increase in radiation doses. Error bars represent the SD of

the biological triplicates.




3.5.3. Clonogenic survival assay (CSA) dose response curve

Again, a decrease in SF was noted with an increase in dose. Colony formation can be seen in
Figure 48 and 49 for the NHDFs and EDFs, respectively. NHDFs and EDFs SF had a
significant decrease to 51.18% + 15.31% and 45.85% =+ 2.89% (SF percentage + SD) for 1 Gy,
respectively. The highest dose (8 Gy) had a notable impact on both the NHDFs and EDFs with
a SF of 0.07% + 2.08% and 0.26% + 5.29% (SF percentage + SD), respectively. Both NHDF
and EDF cells were sensitive to radiation causing a decrease in colony formation with higher
doses. In general, no significance was observed in the dose response curve between the 2 cell
lines (paired t test, p = 0.86). Figure 50 presents the fitted cell survival curves using the linear
quadratic model (described in Section 2.9), resulting in an a-value of 0.47 + 0.06 and 0.62 *
0.07 and B-value of 0.05 £ 0.01 and 0.02 + 0.01 for NHDFs and EDFs, respectively. Biological
triplicates were included, but the experiment was only performed once, which did not allow a
statistical comparison between the a-values. However, the 95% confidence intervals on the a-
values showed significant overlap between the colony survival curve of the NHDF cells (0.35
—0.60) and the EDF cells (0.48 — 0.780, which-indicates that there is no significant difference
between the linear component of the linear quadratic model. Lastly, the o/f ratio of the NHDFs
was 9.4 + 0.33 while this was 31.0 % 2.12 for the EDFs. The lower o/ ratio of the NHDFs
could indicate that these cells have a higher repair capacity compared to the EDFs, which

appear to be more radiosensitive based on-the o/ ratio.
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Figure 50: NHDFs and EDFs CSA dose response curve. Seeding densities of 200, 400, 400,
2 000, 4 000, 8 000, 10 000 and 20 000 NHDE/EDF cells per T25 flask for 0, 1, 2, 4,5, 6, 7
and 8 Gy, respectively. Both NHDFEs-and EDEs display-a-decrease in SF with higher doses. No
statistical significance with a paired.t test was observed.in SE. However, the EDFs appear to
be more radiosensitive based on the o/p ratio. The SD of the biological triplicates represents

the error bars.
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3.6. Proliferation assay

The amount of crystal violet staining in this assay was directly proportional to the cell biomass
that was attached to the plate, meaning the live cells. NHDFs proliferation capacity was
investigated post-irradiation for 24, 48, 72, 96, 120 and 144 h. The proliferation percentage (y-
axis) was plotted in function of the time in culture (x-axis). The control sample (0 Gy) was
expressed as 100% and all the doses were standardised to 0 Gy.

After 24 h, there was a decrease in cell proliferation for all the doses for 0, 1, 2, 4, 8 and 16 Gy
(Figure 51). This could possibly be due to the slow replication capacity of the NHDF cells.
Furthermore, the decrease in cell proliferation in the NHDFs is not dose dependent at 24 h.

For 1, 2, 4 and 16 Gy at 48 h post-irradiation, an increase in cell percentage was seen with
143.20%, 226.40%, 123.10% and 102.70%, respectively. A statistically significant increase
was observed at 2 Gy (an outlier in these results), while a decrease was observed at 8 Gy but

not at 16 Gy. No dose dependent effect was observed warranting further investigation.

A dose dependent decrease in cell proliferation can-be observed after 72, 96, 120 and 144 h.
The majority of these samples, especially-the higher-doses, showed a significant decrease in
cell proliferation percentage. At 144 h,-1 and 2 Gy showed no significance difference when
compared to the non-irradiated control sample with a cell proliferation percentage of 80.90%
and 83.18%, respectively. The NHDFE cells-had-the ability-to repair the DNA damage that was
present, and the cells were able to continue. with their cell proliferation without reaching
confluency within 144 h when, experimentation termination occurred. In summary, the
radiation effect on the NHDF cells was not time dependent, however dose dependent from 72

hours onward.
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Figure 51: NHDF cell proliferation after 24, 48, 72,96, 120 and 144 h of X-ray irradiation.
The NHDF cell proliferation capacity was dose-dependent and not time-dependent. The error
bars represent the SD of the biologicalrepeats. The statisticalhysignificant comparison between
the irradiated and unirradiated was shawn as;follow;* represents p < 0.05, ** represents p <
0.01 and *** represents p < 0.0001.

Due to the long cell cycle of the EDFs, it was decided to perform the proliferation experiment
of EDF cells using only 2 time points, namely 72 and 120 h. The EDF cell proliferation was
dose-dependent with a significant decrease at higher doses (Figure 52). Similar to the result of
the NHDF cells at 72 h, a dose responsive decrease was observed in the EDFs. The cell numbers
decreased at 1 Gy and 2 Gy by 13.17% and 23.26%, followed by 30.70%, 42.83% and 54.32%
for 4, 8 and 16 Gy, respectively. At 120 h post irradiation, a small increase of 4.34% and 2.34%
in the EDF cell numbers was observed at 1 and 2 Gy, and the cells irradiated with 4, 8 and 16
Gy showed an inhibition of 17.54%, 29.95% and 20.63%, respectively. Even though the cell
percentages at 120 h were still lower than the control, for 4, 8 and 16 Gy the suppression was

not as noticeable as that observed for the EDFs after 72h for the corresponding doses. This
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shows a remarkable recovery in the cell numbers when compared to the corresponding decrease

at 72 h, see Table 8 for statistically significant comparison.

Comparing the NHDFs and EDFs in Figure 52, at 72 h post-irradiation, a similar dose
dependent effect was observed with both cell lines. The NHDFs showed a cell proliferation of
41.26% and the EDFs had a cell proliferation of 45.68% at 16 Gy. However, at 120 h post-
irradiation, the EDFs had remarkable recovery after 1 and 2 Gy and slight decrease in cell
proliferation at higher doses. In contrast, the NHDFs had a statistically significant decrease in
cell proliferation at higher doses confirmed by ANOVA with Bonferroni post-test. The EDFs
and NHDFs had a cell proliferation of 79.37% and 15.03% at 16 Gy, respectively. This large
difference in cell proliferation at 120 h requires future investigation, in which the time point of
96 h should be included.
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Figure 52: EDF cell proliferation after 72 and 120 h of X-ray irradiation. The EDF cell
proliferation capacity was dose-dependent and not time-cependent. A cell recovery was
observed at 120 h for 1 and 2 Gy: The SD of the biological triplicates represented by the error
bars. Significance indication of the irradiated and unirradiated, sample was indicated as follow:

* represents p < 0.05, ** represents p <.0.0% and *** represents p < 0.0001.
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Table 8: Statistical comparison between 72 and 120 h for the cell proliferation assay. A
significant difference for the NHDFs comparing 72 and 120 h were only observed at 16 Gy. In
contrasts, the EDFs showed a significant difference at 1, 2 and 16 Gy. Significance indication:
*p<0.05, ** p<0.01, *** p < 0.0001 and ns indicates no significance.

Cell line Dose (Gy) Statistical significance

0 ns

1 ns

2 ns

NHDF

4 ns

8 ns

16 **

0 ns
1 *

2 *kx

EDF it

4 ns

rITE ns

= 16 o 7 *kx

123

https://etd.uwc.ac.za/



3.7. MTS assay

The MTS assay is a sensitive quantification of viable cells. Based on the results obtained with
the proliferation assays, the same time points of 72 and 120 h were carried out for NHDFs in
the MTS assay. The cell viability percentage (y-axis) was plotted in function of the time in
culture (x-axis). A significant decrease in NHDFs cell viability was observed when compared
to the control sample (expressed as 100%) across both time points. The cell viability decreased
from 82.85% for 1 Gy to 45.25% for 16 Gy at 72 h (Figure 53). A further decrease in NHDFs
cell viability was observed at 120 h at the higher dose points, but not at the lower doses where
1 and 2 Gy exposure resulted in 93.50% and 90.13% cell viability, respectively. This
contradicts the findings at 120 h with the cell proliferation assay and is more in line with the
observations in the EDFs. Lower doses of 1 and 2 Gy do not have such a damaging effect on
the cells when compared to higher doses. Furthermore, 4, 8 and 16 Gy had a significant
decrease in cell viability when compared to the non-irradiated control sample at 120 h. This
was in contrast to the results obtained at 72 h, where all doses induced a statistically significant
decrease in cell viability compared to the contret-sample. Unfortunately, this assay could only
be performed with the NHDFs cells, due-to-problems with MTS stock and delivery in South
Africa. Future experiments are needed to-compare the-cell-viability of the NDHF and EDF
cells.
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3.8. Flow cytometry
3.8.1. Apoptosis assay

NHDFs and EDFs apoptosis analysis was done via flow cytometry to reveal early apoptosis,
late apoptosis and necrosis post-irradiation. The cell percentage (y-axis) was plotted in function
of the dose for both human and elephant cell lines (x-axis).

After 12 h, a radiation dose of 8 Gy did not affect the number of viable cells compared to the
unirradiated control, resulting in 91.93% and 93.73% of living NHDF cells, respectively. In
contrast, the EDFs showed a decreased number of viable cells of 79.33% and 73.63% for 0 Gy
and 8 Gy, respectively (Figure 54). The decrease in viable cells corresponded to a 10% increase
in early apoptosis in EDF cells irradiated with 8 Gy, while an increase of only 2.78% and 0.52%
was observed in late apoptosis and necrosis, respectively. The EDF apoptosis results were not
statistically significant. Future experiments with more technical and biological repeats are

warranted to confirm apoptosis induction in a different method.
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Figure 54: Apoptosis analysis 12 h post-irradiation for both NHDFs and EDFs. No
significant apoptosis induction was observed for both NHDF and EDF cell lines. A 10%
increase from 0 to 8 Gy for the EDFs at early apoptosis was observed. Error bars represent the

SD of the biological triplicates.
In the analysis of apoptosis 24 h post-irradiation (Figure 55), the majority of the NHDFs cells

were still viable. For the EDFs, a decrease in the number of viable cells was observed from
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78.80% for 0 Gy to 61.45% for 8 Gy. Interestingly, the 0 Gy value at 24 h remains stable
compared to the 0 Gy value at 12 h (79.33%), while the percentage viable cells at 8 Gy
decreased further from 73.63% at 12 h to 61.45% at 24 h. This reflects a low level of
spontaneous apoptosis in the EDFs. In comparison to the NHDF cell line, apoptotic changes
were observed across early apoptosis, late apoptosis and necrosis for the EDFs. Early apoptosis
was 6.61% and 13.23% for 0 and 8 Gy, while late apoptosis was 12.90% and 23.65% for 0 and
8 Gy, respectively. These changes were again not statistically significant and different
apoptosis methods are warranted to confirm the results obtain.

The EDFs resulted in a higher level of early and late apoptosis. The EDFs late apoptosis was
23.65%, while for the NHDFs was only 5.19% in Figure 55. Necrosis remained below 1.72%
for both cell lines. Again, the higher early and late apoptosis induction for the EDF cell line
was not statistically significant but will be further investigated in future experiments to

understand the full working mechanism of cell death in the cell line.
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Figure 55: Apoptosis analysis 24 h post-irradiation of both NHDFs and EDFs. NHDFs
showed a minimal change in apoptosis induction, whilst the EDFs showed a notable increase
with 8 Gy in both early and late apoptotic response. However, both NHDF and EDF had no
significant apoptosis induction after X-rays irradiations. The error bars indicate the SD.
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No significant presence of NHDF apoptotic cells was observed 48 h post-irradiation. Viable
cells remained above 94.40%, while early apoptosis ranged from 1.32% to 1.14% and late

apoptosis ranged from 3.62% to 4.03% for 0 and 8 Gy, respectively.

In contrast to the NHDFs, the EDFs showed a decrease in the number of viable cells at 48 h
post-irradiation with 57.80% for 0 Gy and 48.78% for 8 Gy (Figure 56). A decrease of viable
cells of more than 10% was observed for 8 Gy from 24 — 48 h. Furthermore, early apoptosis
was 14% and 16.70%, whilst late apoptosis was 24.80% and 30.70% for 0 and 8 Gy,
respectively. Necrosis remained below 3.90%. A 7.37% and a 7.05% increase in late apoptosis
in EDFs was observed from 12 — 24 h and 24 — 48 h, respectively. No significant difference
was observed across all the condition when comparing 0 and 8 Gy and 24 — 48 h and warrants

further investigation in future experiments with a different apoptosis method.
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Figure 56: Apoptosis analysis 48 h post-irradiation for both NHDFs and EDFs. No
significant change was observed with the NHDFs and EDFs. The EDFs had an increase in

apoptotic response with late apoptosis having the highest indicator. The error bars show the SD

of the biological triplicates.

Overall, the EDFs were more sensitive to X-ray irradiation compared to the NHDFs. A 2-fold
increase with both early and late apoptosis were observed for 12, 24 and 48 h for the EDF cell

line (Figure 54 — 56). Even at 8 Gy, no significant change in apoptosis was observed in NHDFs

128
https://etd.uwc.ac.za/



and it was previously reported that human dermal fibroblasts are apoptosis resistant (Akasaka
et al., 2010; Audo et al., 2007; Hanson et al., 2019).

3.8.2. Cell cycle assay

The cell cycle assay quantifies the DNA content to reveal the distribution of NHDF and EDF

cells in the different cell cycle phases.

At the start of the experiment (0 h), 84.50% of the NHDF cells were in GO/G1 phase. For the
EDFs, 61.80% were in GO/G1 phase and 24.08% were in G2/M phase (Table 9). A significant
difference was observed between the NHDF and EDF cell line with p < 0.0001 in GO/G1- and
G2/M phase at the start of the experiment.

Table 9: Cell cycle assay of NHDF and EDF cells before X-rays. The NHDFs were in the
GO0/G1 phase with 84.50%, whilst 61.80% of the-EDFs were in GO/G1 phase and 24.08% was
in G2/M phase. NHDF results were-displayed-in-green-and EDF results shown in purple.
Significant indication of comparisen between the-NHDF and EDF cell line was shown in
orange with * p < 0.05 and *** p < 0.0001.

Time  Dose GO/Glphase S phase G2/M phase
(h) (Gy) (Average'+ SD)I'. [ 5 [(Average #:SD) (Average + SD)
DEF/EDF : NH DF/EDF NHDF/EDF
84.50 + 3.16 5.24 +2.99 9.91+1.79
O O * k% * *k*
61.80 + 2.43 9.99+1.94 24.08 £1.16
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It was found that more than 88.35% of the NHDF cells remained in GO/G1 throughout all the
radiation doses 24 h post-irradiation (Table 10). No statistical significance was observed in the

cell cycle distribution between the non-irradiated and irradiated NHDF cells.

In contrast, the EDFs at 24 h showed a shift of cells to G2/M phase. For 0 Gy, 56,83% was in
GO0/G1 phase and 30,68% was in G2/M phase. For 8 Gy, 12 Gy and 16 Gy, a significant
difference was observed with 42,23%, 46,0% and 47,73% of the cells in the G2/M phase,
respectively. In the S phase, a small decrease was observed with higher doses with 0 Gy being
8.26% and 16 Gy being 4.69%.

Furthermore, a significant difference was observed in G0O/G1-, S- and G2/M phase across all
the conditions between the NHDF and EDF cell line with a p < 0.0001 (indicated in orange in
Table 10). Apart from p < 0.01 at 16 Gy 24 h post-irradiation in the S phase.
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Table 10: NHDF and EDF cell cycle assay to reveal the cell cycle progression post 24 h X-

ray irradiation. More than 80% of the NHDFs were in the GO/G1 phase for all the doses. For

the EDFs a decrease was observed in GO/G1 phase with an increase in the doses and a notable

increase in the G2/M phase, shown in bold. Green indicates NHDF results while purple

indicates EDF results. The statistically significant comparison between the irradiated and

unirradiated sample shown in the colour of the cell line and *** indicate p < 0.0001. The

significant comparison between the NHDF and EDF cell lines are presented in orange and **

represents p < 0.01 and *** represents p < 0.0001.

Time Dose GO0/G1 phase S phase
(h) (Gy) (Average + SD) (Average + SD)
g g
NHDF/EDF NHDF/EDF
88.83 £ 0.80 2.15+0.80
O **k* *k*
56.83 +2.70 8.26 +1.94
88.50% -7y .84 + .57
4 xA *kX
54.15 #1.04 6.35 + 1.49
E 10 L e | n
24 8 Rk AL k2
47.40 ££8.43 == 646 +71.35
89.05 £ 1.07 2.12+0.65
12 *kk **k*x
42.63 + 1.07 *** 6.31+1.35
89.13+£0.52 1.74 +0.49
16 **k* **
40.83 + 0.39 *** 4.69 +1.83

https://etd.uwc.ac.za/

G2/M phase
(Average £ SD)
NHDF/EDF

8.62 +0.93

*k*k

30.68 £ 3.02

9.07+£0.36

*k*

34.48 + 2.00

8.34 +£0.30

*k*

42.23 £5.60 ***

8.23+0.38

**k*

46.00 £ 1.99 ***

8.70 £ 0.62

*k*k

47.73 £ 1.84 ***
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For the NHDFs, 48 h post-irradiation, 88.73% — 90.65% of the cell population remained in
GO0/G1 phase throughout all the doses. For the S phase, the NHDFs remained below 3.18% for
G2/M phase, the highest percentage was 8.33% after 4 Gy.

The EDFs showed a decrease in GO/G1 phase when exposed to higher doses. The EDFs
decreased from 55.03% at 0 Gy to 42.70% for 16 Gy, with 12 Gy being the lowest fraction of
cells in GO/G1 with 39.48%. The S phase decreased from 9.11% for 0 Gy to 3.74% for 16 Gy.
The biggest change was the shift to the G2/M phase, indicated in bold in Table 11. The cells
exposed to 8, 12 and 16 Gy, showed 39.83%, 41.00% and 36.98% of cells in G2/M which was
a significant increase when compared to the 26.1% cells in G2/M in the unirradiated sample.
Furthermore, across all the irradiated conditions, the NHDFs and EDFs showed a significant
difference for GO/G1- and G2/M phases.
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Table 11: Cell cycle progression of NHDF and EDF cells post 48 h X-ray irradiation. The
NHDFs showed no clear shift in cell cycle progression in response to the IR. The EDFs showed
a decreased number of cells in the GO/G1 phase with an increase of cells in the G2/M phase
after irradiation with 4, 8, 12 and 16 Gy (bold). NHDF results showed in green and EDF results
in purple and both cell line significance of the control and IR was shown in the respective
colours. The NHDF and EDF significance comparison is presented in orange. Significance
indication: * p < 0.05, ** p <0.01 and *** p < 0.0001.

Time Dose GO0/G1 phase S phase G2/M phase
(h) (Gy) (Average £ SD) (Average £ SD) (Average £ SD)
NHDF/EDF NHDF/EDF NHDF/EDF
90.65+ 1.50 3.18+1.48 5.48 +2.07
O **kx **k*k **k*
55.03+0.34 9.11+0.89 26.10+1.71
?n 729 1N 79 * D 20 Nnoa 833 i 032 *k*k
4 | **k*
D (. m——h i e M 31.53 + 3.63 ***
£0.48)| 156 0| 6.27 +0.74
48 8 374 *k*
44.03 + 0,81,7%5%* 2466+ Q.67 *** 39.83 + 1.38 ***
8yt 1,08 £.55.10.F 7.91+0.36 **
Eax = *k*
12
39.48 + 1.57 *** 4,78 + 1.30 *** 41.00 £ 1.69 ***
89.23+0.79 3.17 £ 0.59 6.91 + 0.55
16 **k*k **k*k
42.70 + 0.69 *** 3.74 + 0.56 *** 36.98 + 1.58 ***
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Looking at the results obtained at 24 h and 48 h, the EDF showed a shift from the G1 phase to
the G2/M phase which could be indicative of a G2/M block (Figure 57 and 58 C and D). The
NHDF cells showed no cell cycle shifts or changes after irradiation (Figure 57 and 58 A and
B). More than 80% of the NHDF cells remained in GO/G1 phase.

The cell cycle progression for the EDFs was dose dependent since at 24 h and 48 h G2/M phase
was 47.73% and 36.98%, respectively for 16 Gy, indicating G2/M block after radiation
exposure. This was not observed for the NHDF cells which harbour only 1 copy of TP53.
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Figure 57: NHDF and EDF flow cytometry cell cycle progression 24 h post-irradiation.
Example images obtained from 1 sample representing A) NDHF: 0 Gy, B) NHDF: 16 Gy, C)
EDF: 0 Gy and D) EDF: 16 Gy. A significant increase was observed in EDF at 16 Gy,

indicating a possible G2/M cell block.
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Figure 58: Flow cytometry cell cycle progression for NHDF and EDF 48 h post-
irradiation. Example images obtained from 1 sample representing A) NDHF: 0 Gy, B) NHDF:
16 Gy, C) EDF: 0 Gy and D) EDF: 16 Gy with a significant cell cycle shift indicating a possible
G2/M block.




CHAPTER 4:
DISCUSSION

Section A: Primary elephant dermal fibroblast

(EDF) cell line characterisation

Fibroblasts from a variety of mammals, including Asian elephants (Elephas maximus) and
hippopotami (Hippopotamus amphibious) have successfully been established by researchers
over the years (Siengdee et al., 2018; Wang et al., 2021b). EDF cell lines were established for
the TUSSC project, from semi-free ranging African savanna elephants (Loxodonta africana)
undergoing a routine veterinarian intervention-All.species of elephants are currently listed as
critically endangered on the International-Union-for- Conservation of Nature (IUCN) red list of
threatened species (Gobush, et al; 2020; Gobush et al., 2021; Williams et al., 2020).
Cryopreserved biomaterial and biobanks might safeguard the genetic material of species for
future research and the conservation of species, especially those identified as vulnerable to
extinction (Bartels & Kotze, 2006; Leon-Quinto et al., 2009; Ryder & Onuma, 2018). The
African elephant cryopreservation of a primary EDF cell line is the first of its kind. These
fibroblasts provide the opportunity to unravel cancer suppression mechanisms in elephants and

could act as a future source of African elephant genetic information.

In the current study, 5 mm skin punch biopsies were obtained behind the ear of African
elephants. In a study conducted by Siengdee et al., 3 x 3 cm? biopsies from domesticated adult
Asian elephants were collected post-mortem (Siengdee et al., 2018). In both studies,
establishment of the respective African and Asian elephant cell lines had a success rate of
83.33%. In this study, the first explant fibroblasts were observed 8 — 25 days for the African
elephant. Siengdee et al. observed the first fibroblasts 4 — 12 days after culturing (Siengdee et
al., 2018). A study on primary human fibroblasts showed that tissue pieces with ragged edges
contributed to poor attachment/cell outgrowth (Vangipuram et al., 2013), while in a different
study on fibroblast cultures from mouse ear and tail tissues, it was observed that insufficient

cutting or digestion resulted in low recovery of fibroblasts (Khan & Gasser, 2016). The poor
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outgrowth seen in biopsies from E3, E4 and E5 could possibly be due to insufficient cutting of
ragged edged biopsies. The variation in the first EDF outgrowth between the 6 elephants could
probably be explained by environmental factors such as the weather conditions, the time of day
when samples were obtained and the duration of the transportation to the laboratory. Some
researchers proposed specific time windows between sample collection and laboratory
procedures and temperatures of <4°C with no direct contact to ice (Fernandes et al., 2016;
Kisiel & Klar, 2019; Siengdee et al., 2018). Silvestre and team did not observe any harmful
effects on the viable cell yield after shipping skin samples on ice for several days (Silvestre,
Sénchez & Gomez, 2004). In contrast, Siengdee et al. reported unsuccessful cultures of
elephant biopsies left at high environmental temperatures for long periods before transported

to the laboratory (Siengdee et al., 2018).

Despite longer waiting periods to establish primary EDF cultures, direct explant cultures offer
the advantage of conserving cell integrity and providing essential growth factors (Wang et al.,
2021b). Research teams promote different techniques for successful establishment of fibroblast
cultures. For this study, the epidermis-dermis.was-separated with a scalpel and only the dermis
was cut into smaller fragments and- inctibated-as-deseribed by Fernandes et al. (Fernandes et
al., 2016). In a different study, Des-Santos-and-team-established primary skin fibroblast lines
of rabbits and hares (Leporidae) using dispase Il, a protease that allows dermal-epidermal
separation, followed by a simple enzymatic digestion with trypsin resulting in viable cells with
a purity level higher than 85% (Dos Santos et al., 2021). Siengdee et al. established fibroblasts
from Asian elephants by cutting the biopsies into smaller fragments and incubating the samples
with media containing collagenase type II, for 21 h (Siengdee et al., 2018). In another study
with mouse fibroblasts, Khan and Gasser added a collagenase D-pronase solution to the
biopsies and had mouse fibroblasts adhering to tissue culture plastic surfaces between day 1
and 3 of culture (Khan & Gasser, 2016). Whereas, for human fibroblasts, Vangipuram et al.
achieved success by coating the surface of the wells with 0.1% gelatin prior to skin biopsy
fragment (Vangipuram et al., 2013).

Villegas and McPhaul did not coat the culture surfaces, but allowed the human explants
sufficient time to adhere to the primary culture flask (approximately 15 — 20 min) before adding
primary culture medium to the flask in order to prevent floating of the explants. It allowed the
residual medium to dry and form a “halo” around the explants (Villegas and McPhaul, 2005).
In this study, this floating was avoided by placing the culture flask upside down for 24 hours.

Despite all the variations suggested by the researchers, this study followed the less elaborate
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method described by Fernandes et al. (Fernandes et al., 2016) that resulted in the successful
establishment of African elephant fibroblasts. To the best of our knowledge, this is the first
successful establishment of African savanna elephant (Loxodonta africana) fibroblasts and a
paper to this effect has been submitted for publication: Establishment of primary adult skin
fibroblast cell lines from African savanna elephants (Loxodonta africana) to Heliyon

(https://www.cell.com/heliyon/home) (see Annexure VII).

Fibroblasts are the most abundant cell type of connective tissue, the main function being to
synthesise and maintain the extracellular matrix. Fibroblasts are elongated spindle-or star-like
cells, with cytoplasmic projections that can be short and wide or long, thin and branched. They
have 1 elongated nucleus, limited cytoplasm and the fibroblasts grow aligned and in bundles
when confluent (Vangipuram et al., 2013; Villegas & McPhaul, 2005). Figure 38 in Section
3.1.1. clearly confirms the presence of fibroblasts in the EDF culture based on the typical
morphology displayed and the known growth properties of fibroblasts. Fibroblasts are
characterised by the expression of mesenchymal cellular markers like vimentin, and type |
collagen and labelling for vimentin as done by-Khan and Gasser (Khan and Gasser, 2016) and
will be done for these newly estabhished fibrobtasts-in-a forthcoming study. Culture media used
for fibroblasts differ and while EMEM: was used for this study, other research groups used
Dulbecco’s modified Eagle’s medium (DMEM) (Siengdee et al., 2018; Vangipuram et al.,
2013; Villegas & McPhaul, 2005). Reports show that both types of media support the growth
of fibroblasts unlike e.g. keratinocytes that need additional supplements and growth factors
(Siengdee et al., 2018; Vangipuram et al., 2013; Villegas & McPhaul, 2005).

In this study, the skin punch biopsies were obtained in the elephant's natural habitat, which is
challenging to control and might increase the risk for microbial contamination. Therefore, a
high concentration of 10% P/S/A antibiotics was added to the transport media, 1% P/S/A in the
initial culture media and washing PBS which contained 10% P/S/A and 2% Gentamicin (see
Section 2.1.1 and 2.1.2.). The high anti-bacterial and anti-fungal agents are in accordance with
other research groups (Fernandes et al., 2016; Kisiel & Klar, 2019; Siengdee et al., 2018; Wang
et al., 2021b). Siengdee et al. reported that as soon as microbial contamination was detected,
everything was discarded and the same rule was applied in this study (Siengdee et al., 2018).
Additionally, a 16S ribosomal RNA PCR confirmed that the EDF cell lines were clean of
bacterial infections. Anti-bacterial and anti-fungal agents can affect cell cycle regulation,
differentiation and growth (Ryu et al., 2017), Gentamicin treatment can result in mitochondrial

dysfunction and oxidative damage in mammalian cells and Amphotericin B can decrease cell
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viability (Elliott & Jiang, 2019; Grela et al., 2018). Therefore, anti-bacterial and anti-fungal
agents that could potentially affect the replication rate, was limited to passage 1 of the EDF

cell lines.

An Asian elephant skin fibroblast growth curve (n = 5) at passage 6 had a Td of about 25 h
(Siengdee et al., 2018) and Wang et al. showed a Td of 34 h at passage 3 for a hippopotamus
fibroblast cell culture (Wang et al., 2021b). The EDF growth curve in this study, was
established from 3 elephants (E3, E4 and E5) at passage 1. It was found that the EDF cell line
had a significantly longer Td of 62.13 = 7.00 h (average £ SD) compared to the previously
mentioned cell lines. Individual variations in Td and outgrowth are expected for skin punch
biopsies originating from different elephants. Seluanov et al. described a Td of approximately
7 days for naked mole rats, possessing cancer suppression mechanisms similar to that of the
elephants, whereas human fibroblasts divide approximately every 2 days (Seluanov & Ribeiro,
2009). The relatively slow Td of the primary EDF cultures could potentially be linked to their
underlying cancer suppression mechanism, including a lower somatic mutation rate and BMR
(Caulin & Maley, 2011; Totter, 1980). The disstmilarities in fibroblast growth curves obtained
in the different animals could be linked to gifferences-at the molecular level such as differences
in the number of TP53 genes. The - TP53 siatus of the African elephant was not tested in this
study. The presence of the 20 copies of TP53 was based on previous literature (Abegglen et
al., 2015, 2022; Callier, 2019; Caulin and'Maley, 2011; Ferriset al., 2018; Nunney et al., 2015;
Seluanov and Ribeiro, 2009; Sulak et al., 2016; Tollis et al., 2019) however, needs to be

confirmed in future studies and is a limitation for this MSc thesis.

Determination of mitotic indices (Ml) after the removal of HU was used to determine the
durations of the S phase, G2/M transition period and mitosis (Loitering et al., 1996). The Ml
reached a peak between 36 — 39 h indicating the transition from G2 to mitosis for E6 cells at
passage 9. This sharp increase in the Ml, 36 h after the release from the G1/S block indicated
the beginning of mitosis with some cells mostly in prophase. A mitotic peak was reached at 39
h. At this stage metaphase cells predominated. Evidently the passage number could influence
the replication rate and cell cycle duration, since the EDFs at passage 9 had a faster replication
rate than the rate mentioned for passage 1 above (see Section 3.1.3). It has been shown that
human embryonic stem cells often undergo culture adaptation showing altered growth
characteristics, such as increased population Td and plating efficiency (Gokhale et al., 2015).
The shorter cell cycle (39 — 40 h), observed in passage 9 EDF cells, was probably due to tissue

culture environment adaptation by the cells. The cell cycle duration was only studied in 1 of
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the elephant fibroblasts lines and it could be speculated that the average of all the EDF cell
lines could probably alter the picture slightly since inter-elephant variability was found with
the growth curve at passage 1 (Figure 39 in Section 3.1.2.). Furthermore, Kasinathan et al.
observed that the mean cell cycle length in isolated bovine fetal and adult fibroblasts ranged
from 9.60 — 15.50 h. This was considerably shorter than they expected and shorter than that
observed for cells cultured as a population, even at low confluence (22 h at 25% confluence),
indicating that fibroblasts have an inherent cell cycle length similar to that of embryonic cells.
Furthermore, this result indicates that cell cycle length is influenced by the degree of contact
inhibition in culture (Kasinathan et al., 2001). Cell exposure to inhibitors used for cell
synchronisation such HU, thymidine and aphidicolin could lead to activation of ATR and ATM
protein kinases other DNA damage signaling (Darzynkiewicz et al., 2011; Halicka et al., 2016;
Kurose et al., 2006). In this study, treatment with HU did not have any toxic effect on the
EDFs. HU inactivates ribonucleotide reductase. Ribonucleotide reductase is composed of 2
non-identical subunits: M1, which contains the allosteric binding sites for effector molecules,
and M2, which contains the tyrosy! radical necessary for the reduction reaction, and to which
HU binds (Thelander & Reichard,-1979)."HU, by desiroying. the tyrosyl radical on the M2
subunit of ribonucleotide reductase;-is-a-specific-inhibitor of DNA synthesis (Albert &
Nodzenski, 1989). Gasparri et al. synchronised fibroblasts by starvation. This method, which
is also known to induce apoptosis in some cell lines, proved to be ineffective as the starved
human skin fibroblasts, at baseline tevels; had high mitotic indices ranging from 4.5% to 6.5%
(Gasparri et al., 2004). It is now known that-serum deprivation leads to apoptosis and changes
in oncogene expression (Pucci, Kasten & Giordano, 2000). A maximum MI of 10.4% was
reached for this study, indicating the HU had no significant effect on the EDFs and the cells
were in a healthy state. Among all cell types, fibroblasts are plastic and resilient cells (Dos
Santos et al., 2021). Furthermore, cells synchronised by thymidine and/or HU show higher
expression levels of cyclins A and B1 in S- and G2 phases than in mitotically selected cells

progressing normally through the cell cycle (Beyrouthy et al., 2008).

Cell cycle arrest at different phases can also be achieved by either Nocodazole, Colchicine or
Colcemid that act by inhibiting mitotic spindle formation (Ligasovd & Koberna, 2021).
Colcemid was used in this study to obtain a chromosome metaphase spread. The quality of the
metaphase chromosome spread can decrease with longer Colcemid incubation times such as
>6 h due to chromosome condensation and the shorter Colcemid incubation period (3 h) applied

in this study is in accordance with previous research (Howe, Umrigar & Tsien, 2014;
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Mirzaghaderi, 2010; Nasonova et al., 2009). Insufficient time in Colcemid treatment yields
fewer metaphase chromosomes spreads and longer incubation times with Colcemid results in
shorter and thicker chromosomes which makes analysis difficult (Howe, Umrigar & Tsien,
2014). Howe et al. stated that a successful assay yields chromosomes which are well spread
and of suitable quality for chromosome morphology analysis (Howe, Umrigar & Tsien, 2014).
Figure 1 (in Section 3.2.) displays a chromosome metaphase spread after a 3 h Colcemid
incubation showing the diploid number of 56 chromosome in the EDF cell line which is in
agreement with the Elephantidae family (Fronicke et al., 2003; Hungerford et al., 1966; Yang
et al., 2003). This confirms that the EDF cell line originates from an African elephant. The
common hippopotamus is diploid with 36 chromosomes, while Great Apes (Hominidae) have
48 chromosomes and humans have 46 chromosomes (Stankiewicz, 2016). Fronicke et al.
reported a predominantly acrocentric karyotype consisting of 2n = 56 chromosomes for the
African savanna elephant containing only 1 sub-telocentric and 2 metacentric autosomes
(Fronicke et al., 2003). Palkopoulou et al. formally reported the high-quality reference genome
of the African savanna elephant which first became available in 2005 (LoxAfrl) and has been
updated in 2014 (LoxAfr4) (Wang-et-al.,"2019). Investigations on the ancestral karyotype of
humans and elephants concluded that-human painting probes produced identical hybridisation
patterns in both the African and Asian elephants, confirming that both species possess
karyotypes that differ only in the amount and distribution of C-band positive heterochromatin
(Yang et al., 2003). Chromosome rearrangements are a halimark of genome evolution and
essential for understanding the mechanisms of :speciation and adaptation (Kim et al., 2017).
Potential answers can be obtained in'the EDF chromosomes which could provide insight into

neoplasia in humans.

A small sample size was used for this study and is a limitation in this MSc thesis however, it
is a step closer to cryopreserving the African savanna elephant genome. Due to the variability
in biopsy outgrowth, Td and MI, one can conclude that a larger sample size is needed to
precisely determine individual variations among the different elephants. Due to the low
accessibility, ethical and administrative constraints, it is challenging to obtain larger sample
sizes. In addition, the biopsy samples are collected from semi-free ranging elephants in the

wild and are influenced by environmental factors and high risk of contamination.
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CHAPTER 4:
DISCUSSION

Section B: Primary normal human dermal fibroblast
(NHDF) vs primary elephant dermal fibroblast

(EDF) radiation response post X-ray irradiation

The induction of DNA damage by exposure to X-ray radiation in vitro is a method to investigate
how the presence of 20 copies of TP53 in elephant fibroblasts cells affect the DNA damage
response in comparison to human fibroblast cells containing only 1 copy of TP53.

In the current study, the NHDFE and EDF celts showed reduced levels of survival with
increasing doses of IR with the CSA. This dose-dependent decrease in colony formation is
widely accepted in the radiobiology field and these results confirm previous findings with
fibroblasts (Buch et al., 2012; Liu.et al., 2019). In preparation of the CSA, the optimal seeding
density was determined. Brix et al. showed that plating efficiency is cell line dependent (Brix
et al., 2020). In this study, the lowest number of cells seeded yielded the highest plating
efficiency of 21.50% in the NHDFs. Contact inhibition is a well-known mechanism that
enables non-cancerous cells to cease proliferation and growth when they contact each other,
which results in a stop of proliferation upon reaching confluency (Eagle & Levine, 1967).
While this phenomenon is mainly observed in epithelial cells, fibroblasts exhibit 2 closely
related phenomena as described by Ribatti (Ribatti, 2017), contact inhibition of locomotion
and contact inhibition of proliferation. Normal fibroblasts migrate across the surface of a
culture dish until they contact a neighbouring cell, leading to the inhibition of cell migration
and adherence to each other. The latter might explain why the best plating efficiency was
obtained with the lowest seeding density of NHDFs in this study. Furthermore, Kuznetsov et
al. observed that the degree of colony-forming efficiency reduction was species- and donor-
related (Kuznetsov et al., 2009). In addition, Panteleeva et al. found that there was a decrease

in survival rate in murine fibroblasts, but not in human epithelial cell line when exposed to X-
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rays (Panteleeva et al., 2003). When looking at how the radiation exposure affected both the
NHDF and EDF cell lines in this study, no significant difference (p = 0.86) was found between
the 2 different mammalian cell lines. Despite the fact that the EDFs had a 3.72-fold higher cell
survival at 8 Gy when compared to the NHDF, no conclusive results were obtained with the
CSA. However, the NHDFs lower o/f ratio possibly indicated that these cells have a higher
repair capacity in comparison with the EDFs. The EDFs appear to be more radiosensitive based
on the o/p ratio, but further investigation is needed. The results found does not confirm the
hypothesis that the multiple copies of TP53 RTGs found in the African elephant genome result

in a higher level of proliferative cell death upon the induction of DNA damage.

The cell proliferation assay revealed that the NHDFs and EDFs responded to IR was dose
dependent and not time dependent. At 24 and 48 h the NHDFs cell proliferation capacity
showed no dose dependent effect as observed at 72 — 144 h and one can conclude that is it
related to the long doubling time of the cells (Tamm et al., 1984). Truong and team concluded
that low doses of X-ray radiation might cause an initial pause, followed by a significant increase
in proliferation. The initial pause in the cell protiferation could be a protective mechanism of
the cells to minimise the DNA damaged caused-by-the radiation exposure and be the result of
the induction of cell cycle arrests (Frueng et al:; 2018).-Frem 72 h onward, a decrease in cell

proliferation was observed with increasing radiation doses in the human fibroblasts.

Based on the initial cell proliferation results obtained with the NHDFs cells covering a time
range of 24 h up to 144 h, the 72 and-120'h time points'were selected for the comparison in cell
proliferation between NHDF and, EDFE: cells in this study.These 2 time points also seemed
optimal based on the Td of the EDFs determined in Section 3.1.3 of 62.13 h. As expected, a
dose dependent effect was also observed with increasing radiation doses in the EDFs. One
could conclude that the cells were initially arrested to repair the DNA damaged inflicted by the
IR or induce a cell death pathway or replicative senescence if DNA damaged was irreparable.
This could explain why the cell proliferation levels at 72 h in EDFs were lower compared to
the 120 h results. At this later time point, the EDFs showed remarkable recovery post 1 and 2
Gy irradiation with a cell proliferation at 104.34% and 102.34%, respectively (Figure 52 in
Section 3.6). This raises the hypothesis that the DNA damage response of the EDFs acts faster
compared to NHDFs due to the presence of the TP53 RTGs, which requests for an expansion
of the current study where additional time points should be tested for EDFs as well. John and
Little observed that radiation in sufficient doses inhibit mitosis which stops the cells ability to
divide and proliferate indefinitely (John & Little, 2003). Wang et al. reported that that RT

144
https://etd.uwc.ac.za/



affects fibroblasts negatively through growth arrest and cell senescence or RT promotes
activation of normal fibroblasts through inducing a senescence-like phenotype (Wang et al.,
2019). Fibroblasts derived from human skin biopsies were treated with either with a single dose
of 3.5 Gy or 10.5 Gy in 3 consecutive daily fractions. The pathways that responded to the

corresponding radiation were associated with a few biological processes (Wang et al., 2019):

I Cell cycle arrest was mainly induced by ATM/ATR signaling pathway and the
upregulation of TP53.

ii. DNA repair process which includes BER, NER, MMR, HR and NHEJ (Chatterjee
& Walker, 2017; Hall & Giaccia, 2012; Martin-Lépez & Fishel, 2013; Simonelli et
al., 2005). Repairing the DNA damage is a critical process after IR which repeated
itself inside the cell (see Section 1.6.1 for more information on the repair processes).

iii. ROS scavenging, which participates in radiation induced biological processes.

Addis et al. stated that fibroblast migration and proliferation bear crucial roles in the healing
process by initiating the proliferative phase of repair (Addis et al., 2020). Truong et al.
observed that low-dose of soft X-ray radiation-had stimulating effects on the proliferation of
cell types such as fibroblasts and osteoblasts, as well as in animal models (Truong et al., 2018).
Liang et al. found that low-dose y- and X- ray trradiation in cell lines have demonstrated a
dose-response phenomenon characterised by low-dose stimulation (<0.05 Gy) and high-dose
inhibition (>0.075 Gy). They found that fow doses induce cell proliferation in the normal
human embryonic lung fibroblast eell “line,l mouse héematopoietic progenitor cells and rat
mesenchymal stem cells (Liang et al.; 2016). While Wang and team found fibroblasts are able
to tolerate harsh extracellular environments for example IR (single dose of 3.5 Gy or 10.5 Gy
in 3 consecutive daily fractions), which are usually fatal to all other cells (Wang et al., 2019).
Based on the evidence of previous research mentioned above, fibroblasts are able to continue
to proliferate after low doses (1 — 2 Gy), however this was only observed for the elephant
fibroblasts and not in human fibroblasts in the current study.

The MTS assay revealed a significant decrease in cell viability of the NHDFs 72 and 120 h
post-irradiation which is in accordance with the cell proliferation assay. Masson-Meyers et al.
stated that in their study the cell viability decreased significantly when fibroblast was irradiated
and is due to impaired mitochondrial metabolic activity (Masson-Meyers, Bumah &
Enwemeka, 2016). Unfortunately, this assay could not be conducted on EDF cells in this study

but will be included in future experiments as part of the TUSCC project. It will be most
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interesting to see if the cell viability results with MTS will confirm the cell proliferation results
described in the previous paragraph. Based on these cell proliferation findings for EDFs at 72
and 120 h, additional earlier time points will be included in the analysis. More copies of TP53
could possibly play a role in the cells ability to function and could ultimately lead to a faster
induction to cell cycle arrest to repair the damage DNA inflicted by radiation. However, the
induction of cell death if the damage is too severe is also an option to prevent cancerous cell to
continue to divide. Abbeglen and team stated that elephants cells are hypersensitive to stress
factors which enables them to have an enhance apoptosis reaction to prevent cancer formation
(Abegglen et al., 2015). Furthermore, Sulak and team determined the consequences of an
enhanced TP53 response when treating primary African and Asian elephants 1and other family
members such as South African Rock hyrax (Procavia capensis capensis), East African
aardvark (Orycteropus afer lademanni) and Southern Three-banded armadillo (Tolypeutes
matacus) dermal fibroblasts with stressors (mitomycin C, doxorubicin or UV-C) and measured
cell viability, cytotoxicity and the induction of apoptosis. They found that lower doses of
stressors decreased cell viability and induced apoptosis in elephants cells than the other species
and that the magnitude of the response was greatern-elephant than other species (Sulak et al.,
2016). In the current study for cell viability, the-elephant fibrablasts showed a low-dose (1 and
2 Gy) stimulation and high-dose (4, 8 and 16 Gy) inhibition at 120 h post X-ray irradiation
(Figure 52 in Section 3.6.), while the human fibroblasts showed a dose dependent effect for
all doses at the same time point.

Abegglen et al. investigated lymphocytes of the African elephant and humans. African elephant
lymphocytes demonstrated apoptosis at significantly higher levels in comparison to human
lymphocytes post 18 h 2 Gy IR: late apoptosis was 33.20% (elephant) vs 14.07% (human), p <
0.001 and early apoptosis was 21.07% (elephant) vs 11.73% (human), p < 0.001 (Abegglen et
al., 2015). Due to the elephant’s distinctive body size and burden to reduce somatic mutations
and cancer risk, elephant genes that respond to DNA damage are important candidates for
shaping mammalian mutation and cancer resistance phenotypes (Tollis, Boddy & Maley,
2017). Since Abegglen et al. observed higher levels of apoptosis in the elephant lymphocytes,
it was postulated that for this study on EDFs vs NHDFs, the same trend would transpire. In the
current study, apoptosis-mediated cell death was investigated to differentiate between the
response of fibroblasts containing TP53 RTGs (elephant cells) and the lack of TP53 RTGs
(human cells), respectively. Furthermore, in view of the decrease in cell numbers observed in

the CSA SF and cell proliferation assay, it was deemed that the decrease was due to apoptosis.
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However, the current study did not show a significant early or late apoptosis induction at 12,
24 and 48 h after exposure to 8 Gy (Figure 54 — 56 in Section 3.8.1). The EDFs had a higher
percentage of cells committed to early and late apoptosis in comparison to the NHDFs, but this
result was not statistically significant. The slight increase in apoptosis in the EDFs could be
probably due to the extra copies of TP53 in the elephant fibroblasts, but the lack of statistical
significance does not allow us 1to draw decisive conclusions. In addition, the IR dose delivered
to the fibroblasts in this study was 4-fold higher than the study of Abegglen et al. and no
significant presence of apoptosis was seen (Abegglen et al., 2015). However, lymphocytes are
known to be one of the most radiosensitive tissues and are prone to radiation-induced apoptosis
(Lambin et al., 2020). Therefore, the findings of Abegglen and team in lymphocytes may not
necessarily apply to fibroblasts since radiation-induced apoptosis is cell type dependent.
Especially since fibroblasts are not prone to apoptosis (Hanson et al., 2019; Mellone et al.,
2017), even primary rat fibroblasts do not undergo apoptosis following serum withdrawal or
irradiation (McKenna et al., 1996). It is probably due to this reason that the decrease in cell
numbers following irradiation in the current study can’t be explained via an apoptosis-mediated
cell death pathway. Therefore, furtherinvestigation-is-warranted to understand what major cell
death pathway the NHDF and EDF cels-undertake.-The-activation of TP53 after genotoxic
insults may result in 2 different responses: apoptosis or growth arrest (Attardi, De Vries &
Jacks, 2004; Heinrichs and Deppert, 2003). While the former is considered untrue for dermal
fibroblasts even when containing exira copies of TP53, the latteris more convincingly observed

in the elephant fibroblast cell lines.

Radiation-induced DNA damage triggers the activation of G1/S, G2/M and intra-S cell cycle
checkpoints, consequently slowing the progress of radiation-exposed cells in the cell cycle
(Khan & Wang, 2022). Cell cycle checkpoints can enhance cell survival and limit mutagenic
events following DNA damage which leads to cell cycle arrest, DNA repair and cell death
(Clay & Fox, 2021; Kastan et al., 1992). Exposure of eukaryotic cells to IR is known to affect
the normal progression through G1-, S- and G2 phases of the cell cycle (Antoccia et al., 2009).
For this study, more than 84.50%. of the NHDF cells were in GO/G1 phase throughout all the
conditions and no clear shift in the cell cycle phases were noted with the different conditions.
Similarly, Antoccia et al. found that unsynchronised normal human primary fibroblasts cells
remained arrested in the G1 phase for several days at doses of 1 — 4 Gy for both X-ray and
protons and (Antoccia et al., 2009). Furthermore, primary murine fibroblasts were restricted in

a G1 checkpoint activated by IR when both wild-type TP53 alleles were disrupted (Kastan et
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al., 1992). The signal transduction pathway that controls cell cycle arrest following DNA
damage rely on the ataxia-telangiectasia gene, TP53 and GADDA45 and abnormalities in this
pathway contribute to tumour development (Kastan et al., 1992). Irradiated-human fibroblasts,
by persistent expression proteins of p53, p16 and p21, show hallmarks of GO growth arrest,
senescence or differentiation (Antoccia et al., 2009). The NHDFs in this thesis remained in
GO0/G1 phase 48 h post-irradiation and could possibly have reached a permanent cell cycle

arrest remaining in a quiescent state as mentioned by Urban and Cheung showed in Figure 59.
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Figure 59: Cellular states and transitions into quiescence. Quiescent cells can reversibly
transition into an active state in which they enter the cell cycle and generate new differentiated
cells to maintain tissue homeostasis. In contrasts to differentiation, cells can enter an
irreversible senescent (GO) state, therefore hampering the regenerative potential (Urbain and
Cheung, 2021).
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Cell cycle progression of the EDFs displayed a significant G2/M arrest after IR for 24 and 48
h. TP53 has been implicated in the control of G2/M arrest via 3 possible mechanisms (Figure
14 in Section 1.4.4.2) (Kastan, 2016; Taylor & Stark, 2001). Firstly, TP53 induces the
transcription of the GADDA45 gene and p21 that disrupts the cyclin B1-CDK1 complex (G2
arrest) (Nosrati, Kapoor & Kumar, 2015; Wang et al., 1999). Secondly, TP3 can induce the
transcription of 14-3-3 binds and sequesters the phosphorylated CDC25 in the cytoplasm,
preventing its activation (Wang et al., 1999). Thirdly, a direct process of transcriptional down-
regulation of cyclin B1 by TP53 could happen (Figure 59) (Baus et al., 2003; Liu et al., 2019).
The dysfunction of checkpoints leads to uncontrolled proliferation, accumulation of mutations
and ultimately, progressive survival advantage (Nosrati, Kapoor & Kumar, 2015). In the 14-3-
3 family, 14-3-3c is overexpressed in some cancers, including colon carcinoma and pancreatic
ductal carcinoma, where it has been shown to promote cell survival and invasiveness
(Pennington et al., 2018). The p21 protein exerts a key role in driving the G2 phase exit both
by inhibiting cyclin B-CDK1 and cyclin A-CDK1/2 complexes, which control G2/M
progression and by blocking the phosphorylation of pRB family proteins (Baus et al., 2003;
Liuetal., 2019). Agarwal et al. reported that requtated expression of wild-type TP53 in TP53-
null human fibroblasts causes growth-arrest in‘both G1 and G2/M and the arrest is associated
with high levels of p21 and is reversible (Agarwal et al., 1995). Therefore, the results of the
current study support Agarwal results since a dose dependent stimulation occurred at 120 h for
1 and 2 Gy in the cell proliferation assay (Figure 52 in Section 3.6). At low doses, one can
conclude that the G2/M block might'have allowed the cellsto'repair the DNA damage, followed
by a lift of the cell cycle arrest anda continuation of cell profiferation after 120 h as seen in the
cell proliferation assay. Unfortunately, at this stage of the project, it remains speculation if the
presence of TP53 RTGs in EDFs provide a better control of cell cycle checkpoints and switch
on the cell cycle arrest faster compared to the NHDF cells where no changes in cell cycle
distribution were observed during irradiation. In addition, the outcome of the DNA damage
repair (or misrepair) was not investigated in this study, which does not allow us to draw

conclusion on chromosomal instability and potential radiation-induced cancer risks.
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Figure 60: Contribution of the p53 protein to induce G2/M cell cycle arrest. When DNA
damage is present within the cell] the p53 protein triggers.several parallel pathways that block
the formation of the mitotic cyclin B-CDC2 .complex andiinhibit its activity to allow cell cycle
continuation. The p53 protein targets the upregulation of p21 and causes an inhibition of the
cyclin B-CDK complex acting as a cell cycle block. The upregulation of p53 acts on GADD45
and results in the binding to CDC2 and prevent the cyclin B complex activation. The p53
protein sequesters 14-3-3c and inhibits the phosphorylated form of CDC25 isoform C which
in turn dephosphorylate cyclin B-CDK complex. In addition, 14-3-3c recruits CDC2 in the
cytoplasm, preventing it from translocating into the nucleus in the late G2 phase. The p21
protein, GADDA45, 14-3-3c all are upregulated in the presence of TP53 in response to DNA
damage inducing a G2/M cell cycle block (Sionov, Hayon & Haupt, 2013).
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G2/M arrest occurs in the presence of DSBs, which prevents cells from entering the M phase
and repair the DNA damage (Wang, 2014). Post-irradiation the recovery process can be
delayed and sometimes if the DNA damage is irreparable it can lead to mitotic catastrophes
that result in cell death (Khan & Wang, 2022). Since a high-dose inhibition effect was observed
at 120 h for the cell proliferation assay one can conclude that EDFs entered the G2/M block
indicated by the cell cycle assay, however, were unable to repair the DNA damage. However,
comparing 72 and 120 h, a higher cell proliferation was observed indicating that some cell
death occurred at high doses but also the remaining cells were able to repair the DNA damage
and started to proliferate again (considering the Td of > 60 h, see Section 3.1.3.) Liu et al.
observed with increasing irradiation doses, a gradual decrease in GO/G1 phase and a gradual
increase in G2/M phase which support the results found in this study (Liu et al., 2019). The
hypersensitivity to DNA damage in elephant cells gives them the ability to eliminate cancerous
cells at a very early stage (Abegglen et al., 2015). Lui et al., also reported that the more severe
the IR induces DNA damages, the longer the cells were blocked in a specific cell phase (Liu et
al., 2019).

Furthermore, Sulak and team data suggested that-atteast 2 non-exclusive models of TP53 RTG

action in elephants (Sulak et al., 2016):

i. TP53 RTGs may act as ‘decoys’ for the MIDM2 complex allowing the canonical
p53 protein to escape negative regufation; and

ii. TP53 RTGs may pratect. canonical “TP53 from MDM2 mediated ubiquitination,
which requires tetramerisation by dimerising with canonical TP53 and thereby

preventing the formation of tetramers.

The upregulation of TP53 RTGs results in a rapid respond to lower levels of DNA damage and
stress compared to African elephant family members such as South African Rock hyrax, East
African aardvark and Southern Three-banded armadillo fibroblasts (Sulak et al., 2016). Their
RNA sequencing data suggests that at least TP53 RTG 12, TP53 RTG 18/19 and TP53 RTG
13 are transcribed in African elephant dermal fibroblasts (Sulak et al., 2016). Abegglen et al.
reported on TP53 RTG 14 or TP53 RTG 5 expression in adipose, placenta or fibroblasts
suggesting that the expression of some TP53 RTG is tissue specific (Abegglen et al., 2015). In
our study, it looks like the TP53 RTGs present in elephants induce growth arrest in G2/M
phase, while this was not observed in the NHDFs, however needs to be confirmed in future

studies.
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Over the course of evolution, the African elephant underwent a series of adaptations which
enabled them to have an enhanced monitoring of genomic integrity and to have the ability to
eliminate pre-cancer cells, which decreases the cancer incidence rate in these mammals. The
observations of Sulak et al. confirm that elephant cells may have an altered TP53 signalling
system compared to species without expanded TP53/TP53 RTG (Sulak et al., 2016). To
determine which subpopulation of the p53 protein or other molecules for controlling the cell
cycle are upregulated in response to DNA damage, needs to be understood in future studies.
This MSc study encountered several limitations, of which the Covid-19 pandemic was the most
severe one. However, it lays the foundation for future studies, particularly by the establishment
of primary EDF cell lines which simplifies future experiments drastically, since experiments
can now be scheduled and do not necessarily depend on the availability of an elephant sample.
These future experiments are essential to understand whether TP53 RTG genes are casually
related to the resolution of Peto’s paradox in Proboscidean lineage or if they are irrelevant
relicts of ancient transposition events, like so many other pseudogenes that riddle mammalian

genomes (Sulak et al., 2016).
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CHAPTER 5:
CONCLUSION

Developing novel cancer treatments or prevention strategies based on naturally occurring
cancer resistance shaped by species evolution, lifestyle and body characteristics is an important
trademark of biomimetics. The findings of this research project could rapidly advance the
development of new strategies for the prevention of radiation-induced cancers or the
sensitisation of cancer cells to RT. Cancer resistance has evolved over the course of evolution
in the animal kingdom. Species such as the African savanna elephant display cancer resistance
and one of the possible mechanisms is the duplication of TP53 RTGs in their genome. The
TP53 RTGs mechanism is beginning to be understood by conducting novel research with the
African savanna elephant. However, other pessible.mechanisms can also play a role in their

cancer resistance and will be partof future experiments as-a continuation of this project.

Primary dermal fibroblast cell lines, using small skin punch biopsies from living, semi- and
free-roaming African savanna elephants, were established and characterised. On average, the
first explant of fibroblasts outgrowth was observed after 8 =25 days (n = 6). An overall biopsy
success rate of 83.33% was obtained. The EDF Td was 62:13 £ 7.00 h (average + SD) at
passage 1 (n = 3). A metaphase chromosome spread was obtained which confirm the diploid
number of 56 chromosomes in the Loxodonta africana. This opens the scope for future
cytogenetic studies on the EDF cells of African savannah elephants. Investigating the cell cycle
kinetics of the EDFs at passage 9, revealed a peak in the Ml at 39 h after the release of G1/S
block. Preliminary results indicate a length of the GO/G1 phase of 20 — 22 h, the S phase 10 h,
the G2/M phase 5 h and M phase 1 h. Furthermore, the establishment of a primary cell line
from African savanna elephants allows the preservation of their genetic material for

conservation efforts.

The radiation sensitivity of elephant and human dermal fibroblasts cells were investigated
using 250 kVp X-ray irradiation in order to evaluate the impact of the 20 copies and 1 copy of
TP53 in EDFs and NHDFs, respectively. The NHDFs and EDFs were sensitive to radiation

and showed a decrease in SF and cell proliferation when exposed to higher doses of X-ray
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irradiation. No significant differences were found in the CSA between the NHDFs and EDFs.
However, the EDFs showed to be more radiosensitive based on the a/p ratio in comparison to
the NHDFs. While the cell proliferation assay showed a significant decrease in NHDFs after
the higher doses, the EDFs showed a remarkable recovery 120 h after irradiation with the lower
doses (1 — 2 Gy) and a slight recovery after the higher doses (4 — 16 Gy). The extend of TP53-
mediated apoptosis is cell line dependent and fibroblasts are known to preferentially go into
senescence rather than apoptosis. No significant difference in radiation-induced apoptosis was
observed between NHDFs and EDFs in this study after a radiation dose of 8 Gy. Additional
experiments will be required in the future to confirm this finding with different apoptosis
visualisation methods. TP53-mediated cell death will require further investigation to
understand what type of cell death pathway fibroblasts induce after high doses of radiation

exposure.

Furthermore, more than 84.50% of the NHDF cells were in GO/G1 phase throughout all the
control and irradiation conditions at different time points. The NHDFs remained in G0/G1
phase with higher doses and no change in the S=o#IM phase of the cell cycle was observed with
different radiation doses. The radiation-induced-celt-cycle effects were more pronounced in the
EDFs, showing a significant increase in-the G2/M phase and a decrease in GO/G1 phase with
higher doses at 24 and 48 h, indicating a possible G2/M cell cycle block. Moreover, an increase
in cell proliferation capacity was observed at 120 h for 1 and.?2 Gy with the cell proliferation
assay, indicating that the G2/M was lifted. It is possible that the TP53 RTGs provided the EDFs

a stricter cell cycle arrest to allow damaged DNA to be repaired before entering the M phase.

The RTGs present in the EDFs may provide an enhanced sensitivity for cell cycle arrests, but
the apoptosis results do not confirm the previous observations from other research groups
where an elevated sensitivity to apoptosis induction was observed in elephant lymphocytes
compared to human lymphocytes. The mechanism might be cell type dependent and future
studies, such as on radiation-induced senescence and different cell death pathways are
warranted to explain the results reported in this thesis. In addition, further investigation is
needed to understand the molecular underpinnings of TP53/TP53 RTG and other mechanisms
which could play a role in elephant cancer resistance and the resolution of Peto’s paradox in
Proboscidean lineage. In the end, the knowledge gained during this project could be harnessed

for cancer prevention and treatment in humans.
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FUTURE PERSPECTIVES

It is well known that primary human dermal fibroblasts cells placed in an artificial culture
environment exhibit a limited replicative potential. However, the extent to which the culture
environment influences proliferation life span is not completely understood but “cellular
senescence” does exist (Balin et al., 2002; Kuilman et al., 2010; Mammone, Gan & Foyouzi-
Youssefi, 2006). Senescence is a process by which cells stop replication and is characterised
as distinct metabolic activity and dramatic changes in cell morphology (Mammone, Gan &
Foyouzi-Youssefi, 2006; Gire & Dulic, 2015). The cellular proliferation and the transition into
senescence can vary depending on the tissue of origin and the age of the source tissue (Schauble
et al., 2012). Senescence is recognised as a critical feature of mammalian cells to suppress
tumourigenesis, acting alongside cell death and DNA repair pathways (Nunney, 2018).

In 2013, Chen et al. stated that cellular senescenee-accurs when cultures are unable to complete
1 population doubling during a 4-week period-that-includes 3.consecutive weeks of refeeding
with fresh medium (Chen, Li & Tollefsbol, 2013). For this methodology, the EFDs were kept
in culture for up to passage 14 without seeing any clear signs of cellular senescence based on
morphology and as defined by Chen'and team (Chen, Li & Tollefsbol, 2013). Similarly, Wang
et al. who established a hippopotamus primary fibroblast cell line, did not identify dramatic
changes in cell size, shape and proliferation rate upon reaching passage 12 (Wang et al.,
2021b). Mammone and team observed an increase in cell death with increased DNA
fragmentation in NHDFs in vitro as a function of increasing cell passage (passage 71). Serial
passage of human fibroblasts also resulted in mitochondrial dysfunction, represented by a loss
of mitochondrial membrane potential (Mammone, Gan & Foyouzi-Youssefi, 2006).
Additionally, Kuilman et al. highlight the power and limitations of the biomarkers such as the
increase in senescence-associated [B-galactosidase (SA-B-GAL) activity currently used to

identify senescent cells in vitro and in vivo (Nunney, 2018).
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Moreover, the upregulation of TP53 had been found in senescence cultures (Capuozzo et al.,
2022; Di Leonardo et al., 1994; Gire & Dulic, 2015). It is not known how the 20 copies of
TP53 in elephants play a role in senescence and it is possible that elephants may have an
extended protection of reaching cellular senescence which aids their longevity. Qian reported
that mouse studies have shown that the activation of TP53 induce premature senescence and
promotes tumour regression in vivo. However, TP53-mediated cellular senescence also leads
to aging-related phenotypes, such as tissue atrophy, stem cell depletion and impaired wound
healing (Qian & Chen, 2013). As already reported in Section 1.2.3., Tyner and team studied
the increase of TP53 copy number in mice and found resistance to spontaneous tumourigenesis

compared to wild type TP53, but also observed premature aging (Tyner et al., 2002).

Telomeres have a direct link with replicative senescence and telomere length is a molecular
marker of cell aging and genomic instability due to the link between telomere shortening and
aging-related diseases, especially cancer (Han et al., 2009). Allsopp et al. said that aging in
cells occur at many levels and is polygenic, however, several observation implicate a role of
telomere shortening in replicative senescence-of-cells and telomeres shorten during aging of
cultured human fibroblasts (Allsopp et al.,-1992).-Yin and Jiang observed a rapid telomere
shortening after radiation to human-dermal fibroblasts (Yin & Jiang, 2013). Therefore, an
active role of telomere length in ageing-related human diseases could occur since short
telomeres increase the risk of diseases related ‘to restricted cell proliferation and tissue
degeneration, while long telomeres increase the risk of diseases related to increased
proliferative growth, including major cancers (Aviv & Shay, 2018). As mentioned in Section
1.2.1. a possible reason why elephants can better suppress cancer can also be related to the
telomere length. Research suggest that larger animals could have a shorter telomere length and
therefore constrict cell replication (Tollis, Boddy & Maley, 2017; Vaiserman & Krashienkov,
2021). Mammalian species have different telomere lengths and the rate of telomere shortening

rates determine species longevity.
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To understand the properties of the primary fibroblasts cell culture more comprehensively and
to be able to take full advantage of it in future studies, it might be necessary to serially passage
the cells for a longer period of time to determine when both the elephant and human fibroblasts
enter an irreversible cell cycle arrest and induce replicative senescence with the upregulation
of SA-B-GAL activity for example (Domogauer et al., 2021; Wang et al., 2021b). The p53
protein isoforms: p63 and p73, have been shown to play a role in cellular senescence and/or
aging. Importantly, p53, p63 and p73 proteins are necessary for the maintenance of adult stem
cells and therefore, understanding the dual role the p53 protein family in cancer and aging is
critical to solve cancer and longevity in the future (Qian & Chen, 2013). Furthermore, cell
immortalisation is one way to eliminate the need for establishing cell cultures from the tissue
samples frequently. Therefore, it might be worth to immortalise the fibroblast culture using
methods as reported in previous literature to better facilitate future applications (Gouko et al.,
2018; Petkov et al., 2018). However, the cancer suppression mechanism of elephants might
require the induction of more mutations compared to rodent and human cell lines, in order to
obtain immortalisation. An example is the fact that for the malignant transformation of mouse
fibroblasts, 2 hits are needed (the. inactivation of transformation-related protein 53 (TRP53) or
pRB and an activating mutation of Harvey Rat sarcoma virus (HRAS)) (Rangarajan et al.,
2004). In contrast, 5 hits are needed to transform human fibroblasts, which already
demonstrates that humans have evalved much more robust anticancer defence mechanisms
than mice (Seluanov et al., 2018). Therefore, Sefuanov et al. suggest to establish primary cells
from long-lived and/or cancer resistant species-and try to induce a known set of mutational hits
into these cells, such as the inactivation of tumour suppressors and activation of oncogenes
(Seluanov et al., 2018). This will allow us to see if a number of hits beyond those that are
known from human and mouse studies are needed for tumour formation. Since primary EDF
cell lines have already been established in this MSc study, these experiments can now be
executed in the continuation of the TUSCC project.

Furthermore, the biopsy technique described in Section 2.1. allows for remote biopsy darting,
a technique which eliminates the need for sedation and causes minimal harm to the animal
(Mijele et al., 2016). It provides the opportunity to collect skin tissue samples from a variety
of free-ranging terrestrial animals, including the elusive African forest elephant. In the case of
remote biopsy darting, it might be more challenging to obtain samples originated from the skin
behind the ear of the elephant where the epidermis is thin and Global Positioning System

tracking might be required to retrieve the biopsy darts. In addition, there is a risk that the dart

157
https://etd.uwc.ac.za/



penetrates the skin at an oblique angle which would make the biopsy to superficial to reach
fibroblasts. Remote darting might be crucial to allow future studies on telomere length and
telomere shortening rate in elephants of different ages. It will reduce the stress for the elephants

and the risk induced by repetitive sedation.

Comprehending replicative senescence, studies on telomere shortening rate and the possible to
enable immortalisation of the primary EDF cell lines will be important steps in the future
studies of the TUSCC project.
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APPENDIX

Appendix I: Reagents and consumables for primary EDF cell culture.

Reagent/Consumable
Thianil®

Punch biopsy needles

Eagle’s Minimum Essential Medium

(EMEM)

Fetal Bovine Serum (FBS) Gamma

Irradiated
Phosphate Buffered Saline (PBS)

Trypsin
acid (EDTA) solution 1x

Penicillin/Streptomycin/Amphotericin

B (PIS/A)

" Modified

- chloride (CaClz) and magnesium

Ethylenediaminetetraacetic

Additional Information
Dosage/body mass:
3 mg/1 000 kg
Stored at room temperature (rt)
Standard
Store at rt
Contains Earle’s Balanced Salt
Solution and L-Glutamine
Stored at 2 — 8°C
Heat-inactivated, sterile-filtered
Stored at -20°C
Buffered-saline-solution
without= calcium
chloride (MgCly), liquid, sterile-

filtered, suitable for cell culture

—Stored-at 2—8°C

0.12% trypsin, 0.02% EDTA

Sterile filtered

| Working solution stored at 2 —

8°C

Stock solution stored at -20°C
10 000 units penicillin/mL,

10 000 pg streptomycin/mL and
25 pg amphotericin B/mL in
0.85% saline

Working solution stored at
2-8°C

Stock solution stored at -20°C

Vendor
Wildlife
LTD., Nelspruit, Mpumalanga,
South Africa

Supplied by the veterinarian

Pharmaceuticals Pty

Lonza, Walkersville, Maryland,
Delaware, United States of
America (USA)

Gibco™, Dun Lachaire, Dublin,
Leinster, United Kingdom (UK)
Gibco™, Dun Lachaire, Dublin,

Leinster, UK

Lonza, Walkersville, Maryland,
Delaware, USA

Lonza, Walkersville, Maryland,
Delaware, USA
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Penicillin/Streptomycin (P/S)

Gentamicin reagent solution

Ethanol (EtOH)

T25/T75 Tissue cultured treated flasks

15/50 mL Conical centrifuge tubes

Scalpels and surgical blades

150 mm Glass Pasteur pipets

100 mm Glass petri dishes

2-, 5-, 10- and 25 mL Serological

pipets

35 x 12 mm Petri dish

10 000 units penicillin/mL and
10 000 pg streptomycin/mL in
0.85% saline

Working solution stored at
2-8°C

Stock solution stored at -20°C
50 mg/mL in distilled water
Stored at rt

95% denatured

Sterilised by E-Beam

Vent caps (with breathable 0.22
pm membrane)
Non-Pyrogenic,
deoxyribonuclease ~ (DNase-)/
Ribonucleases (RNase-) free
Stored at rt

Sterilised by E-Beam

~Non=Pyrogenic, DNase-/RNase-
free

| Stored at'rt

| Size |11 s'bélpelis',' ind'i\'/iduralrly
: wrapped

 Sterilised by Gamma radiation

" (25kGy)

L Stored at rt

Autoclaved

Stored at rt
Autoclaved and reused
Stored at rt

Sterilised by E-beam
Non-pyrogenic,  non-cytotoxic
and non-haemolytic
DNase-/RNase- free

Stored at rt

Tissue Culture Treated
DNase-/RNase-
free, non-pyrogenic

Stored at rt

Polystyrene,

Lonza, Walkersville, Maryland,
Delaware, USA

Gibco™, Grand Island, New
York, USA
Labchem, Johannesburg,

Gauteng, South Africa
Nest®, Biotechnology Co, Ltd,

Wuxi, Jiangsu, China

Nest®, Biotechnology Co, Ltd,

Wuxi, Jiangsu, China

Hi-Care International, Cape
Town, Western Cape, South
Africa

Lasec®, Am  Wollerspfad,

Lauda-Koningshofen, Germany
Pyrex®, Birmingham, England,
UK

Nest®, Biotechnology Co, Ltd,

Wuxi, Jiangsu, China

Nest®, Biotechnology Co, Ltd,

Wuxi, Jiangsu, China
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Hydroxyurea (HU)

20 x 20 mm and 24 x 50 mm Glass

coverslips

Bouin’s Solution

Mayer’s Haematoxylin solution

Eosin Y solution alcoholic

Xylene

Glass slides

DPX mountant for histology

KaryoMAX™ Colcemid™

Potassium Chloride (KCI)

V Mixture |

Molecular formula:
NH,CONHOH

Molecular Weight: 76.05 g/mol
98%, powder

Powder stored at rt

Stock solution stored at 2 — 8°C
(200 mM: 0.15 g in 10 mL
cEMEM (EMEM, 20% FBS and
1% P/S)

Working solution of 2 mM: 20
uL/petri dish in 2 mL cEMEM
Autoclaved

Stored at rt

Contains formaldehyde

Stored at rt

Stored at rt

General purpose.counterstains

~Stored-atrt
Molecular formula: CoHa(CH3)
| Molecutar weight: 106.17 g/mol

Histological grade

- Stored at rt
| Microscopic use
© Stored atrt

plasticizer and xylene

Stored at rt

Stock solution: 10 pg/mL in
PBS.

Working solution: 0.05 pg/mL
Stored at 2 — 8 °C

Molecular formula: KCI
Molecular Weight: 74,55 g/mol
Powder stored at rt

Working solution stored at 2 —
8°C (0.075 M: 5.6 g KCI powder
was dissolved in 1 L dH,0)

of. distyrene, " &

Sigma-Aldrich® Co, LLC,
St.Louis, Missouri, USA

Lasec®, Am
Lauda-Koningshofen, Germany
Sigma-Aldrich® Co, LLC,
St.Louis, Missouri, USA
Sigma-Aldrich® Co, LLC,
St.Louis, Missouri, USA
Sigma-Aldrich® Co, LLC,
St.Louis, Missouri, USA
Sigma-Aldrich® Co, LLC,
St.Louis, Missouri, USA

Wollerspfad,

Lasec®, Am

Lauda-Koningshofen, Germany

Wollerspfad,
Kreatech Biotechnology,
Villerweg, Amsterdam,
Netherlands

GibcoTM, Grand Island, New

York, USA

Sigma-Aldrich® Co, LLC,
St.Louis, Missouri, USA

201

https://etd.uwc.ac.za/



Methanol

Acetic acid solution

Giemsa’s Azur Eosin Methylene Blue
Solution

2-[4-(2-hydroxyethyl) piperazin-1-yl]
ethanesulfonic acid (HEPES) Solution
A

HEPES solution B

Immersol™ 518 F

Molecular formula: CH3zOH
Molecular weight: 32.04 g/mol
Stored at rt

Molecular formula: CHzCOOH
Molecular weight: 60.05 g/mol
Stored at rt

Protected from light

Stored at rt

Molecular formula: CgH1sN204S
Molecular Weight: 238.30 g/mol
Powder stored at rt

Working solution stored at rt
(23.83 g dissolved in 1 L dH20)
HEPES sodium salt

Molecular formula:
CsH17N2NaO4S

Molecular Weight: 260.28 g/mol
Powder stored.at rt

~Working-solution stored-at It (26
g dissolved in 1 L'dH;0)

Stored at rt

Sigma-Aldrich® Co, LLC,
St.Louis, Missouri, USA
Sigma-Aldrich® Co, LLC,

St.Louis, Missouri, USA

Gurr®, BDH chemicals LTD.,
Poole, UK

Santa Cruz Biotechnology Inc.,
Dallas, Texas, USA

Santa Cruz Biotechnology Inc.,
Dallas, Texas, USA

Carl Zeiss SMT GmbH, RoRdorf,

Hessen, Germany
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Appendix I1: Reagents and consumables for primary NHDF cell culture.

Reagent/Consumable
Primary NHDF cell line (adult
donor)

Fibroblast Growth Medium (FGM)

Supplement mix

Hanks Buffered Saline Solution
(HBSS)

EtOH

DMSO

Tryspin EDTA solution 1x

T12.5/T25/T75 Tissue

treated flasks

culture

15/50 mL Conical centrifuge tubes

2-, 5-, 10- and 25 mL Serological
pipets

Additional Information
1x cryovial with >500 000/1 mL
Stored in liquid nitrogen
Basal medium
Stored at 2 — 8°C
0.02 mL/mL FBS, 1 ng/mL Basic
fibroblast growth factor
(recombinant human) and 5 ug/mL
insulin (recombinant human)
Stored at -20°C
Balanced salt solution Contains no
CaCl;, MgCl, with phenol red
indicator, liquid, sterile-filtered,
suitable for cell culture
Stored at 2 — 8°C
>99.8%
Molecular-formula CoHsO
Molecular weight: 46.07 g/mol
Stored at'rt
Molecular formula: G:HsQS
Molecular'weight: 78.13 g/mol
Stored at rt
0.05% 'trypéin,i 0.02% EDTA in
RBS
Sterile filtered
Working solution stored at 2 — 8°C
Stock solution -20°C
Non-pyrogenic
RNase-/ DNase- free
Vented caps incorporate a 0.2 um
hydrophobic ~ membrane  for
optimal gas exchange
Sterile
DNA-, DNase-/RNase-free
Non-pyrogenic, non-cytotoxic
Sterile
DNase-/RNase-free

Non-pyrogenic

Vendor
PromoCell®, Heidelberg,
Wirttemberg, Germany
PromoCell®, Heidelberg,
Wirttemberg, Germany
PromoCell®, Heidelberg,
Wirttemberg, Germany

Baden-

Baden-

Baden-

Gibco™, Dun Laohaire, Dublin,
UK

Carl Roth® GmbH & Co,
_Karlsruhe, Baden-Wiirttemberg,
Germany

AppliChem GmbH, Darmstadt,

Hessen, Germany

PAN-Biotech GmbH, Aidenback,

. Bavaria, Germany

Falcon®, Corning Incorporated,

Corning, New York, USA

Sarstedt AG & Co.
North

Westphalia, Germany

KG,
Nimbrecht, Rhine-
Costar®, Corning Incorporated,

Corning, New York, USA
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Appendix I11: Reagents and consumables for biological assays at GSI for the NHDF cell line.

Reagent/Consumable

Counting slides

Trypan blue dye, 0.4% solution

Roswell Park Memorial Institute
(RPMI) 1640

P/S

Loeffler’s methylene blue solution

Potassium Hydroxide (KOH)

Methanol

96-well Tissue culture plates

Crystal violet

Additional Information
Dual chamber for cell counter
Stored at rt
Molecular formula:
Cs4H24NeNas014S4
Molecular weight: 960.81 g/mol
Stored at rt
RPMI
GlutaMAX™
Stored at 2 — 8°C

Medium 1640 and

10 000 units penicillin/mL and
10 mg/mL streptomycin/mL
Working solution stored at

2 — 8°C and stock solution -20°C
For microscopy and cell payment
Stored at rt

Molecularfformula’ KQH

Vendor
Bio-Rad Laboratories, Inc,
Hercules, California, USA
Bio-Rad Laboratories, Inc,

Hercules, California, USA

Gibco™, Dun Laohaire, Dublin,

Leinster, UK

Pan-Biotech GmbH, Aidenbach,

Bavaria, Germany

Carl Roth® GmbH & Co,
Karlsruhe,  Baden-Wiirttemberg,
_ Germany

" Carl Roth® GmbH & Co,

Molecular weight: 56.11 g/mol
Working solution: 0:1% (1 g KOH
dissalved!in 1 1L dH0)

Stored atrt

Moleculat farmulaCHsOH
Molecular weight»32.04 g/mal
Stored at rt

Growth-enhanced treated
Sterilised by radiation

Free from pyrogens

DNA-/RNA-, DNase-/RNase-free
Molecular formula: C2sH3z0CIN3
Molecular weight: 407.99 g/mol
Stored at rt

Working solution: 0.1% crystal
violet dye (1 g crystal violet
powder + 50 mL EtOH, adjusted to
final volume of 1 L in dH,0)

Karlsruhe,  Baden-Wirttemberg,

Germany

AppliChem GmbH, Darmstadt,

. Hessen, Germany

TPP® Techno Plastic Products

AG, Trasadingen, Switzerland

Merck KGaA, Darmstadt, Hessen,

Germany
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Glutaraldehyde solution 25% for

synthesis

Triton-X 100

3-[4,5-dimethylthiazol-2-yl]-5-[3-
carboxymethoxyphenyl]-2-[4-
sulfophenyl]-2H-tetrazolium
(MTS) Assay Kit

phycoerythrin (PE) Annexin V

7-Amino-Actinomycin (7-AAD)

HEPES for buffer solutions

C&C|2

Sodium Chloride (NaCl)

1.5 mL Eppendorf tubes

Ribonuclease A (RNase A)

Propidium iodide (PI)

Molecular formula: CsHgO>
Molecular weight: 100.12 g/mol
Working solution: 1% (40 mL
adjusted to final volume of 1 L in
PBS)

Stored at rt

Molecular formula: CasHsoO10
Molecular weight: 624.00 g/mol
Working solution: 0.1% (1 mL
adjusted to final volume of 1 L in
PBS)

Stored at rt

MTS reagent in electron coupling
solution

Stored at -20°C

Protect from light

Stored at 2 — 8°C
Protect-from-ight

Stored.at 2 —8°C

Molecular weight: 288.31 g/mol
Working solution:-0/1 M-(pH7.4)
Stored at rt

Molecutar formuta: CaCl, -
Molecular weighti. 147.01 g/mol
Working solution: 25 mM
Stored at rt

Molecular formula: NaCl
Molecular weight: 58.44 g/mol
Working solution: 1.4 M
Stored at rt

DNA-, DNase-/RNase-free
Store at rt

100 000 U

Stored at -20°C

10 mg/mL solution in water
Protect from light

Stored at 2 — 8°C

. BD Biosciences

Sigma-Aldrich®
' St.Louis, Missouri, USA

AppliChem GmbH, Darmstadt,

Hessen, Germany

Carl Roth® GmbH & Co,
Karlsruhe, Baden-Wiirttemberg,

Germany

Abcam plc, Trumpington,

Cambridge, UK

BD Biosciences Pharmigen™,
Basel, Allschwil, Switzerland
Pharmigen™,

Basel, Allschwil, Switzerland

~ AppliChem GmbH, Darmstadt,

Hessen, Germany

Co, LLC,

Carl Roth® GmbH & Co,
Karlsruhe, Baden-Wiirttemberg,
Germany

Eppendorf®, Eppendorf,
Hamburg, Germany

Thermo Fisher Scientific,

Graicitno, Vilnius, Lithuania
Fisher

Scientific, Eugene, Oregon, USA

Invitrogen™,  Thermo
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Appendix IV: Reagents and consumables for biological assays at NRF iThemba LABS for the

EDF cell line.

Reagent/Consumable
RPMI 1640

Trypan blue dye, 0.4% solution

Loeffler’s methylene blue solution

KOH

Methanol

96-well Tissue culture plates

MTS Assay Kit

Annexin  V-FITC  (fluorescein
isothiocyanate)
Fluorescence-activated single cell
sorting (FACS) tubes

10x Annexin V Binding Buffer

Additional Information
Contains L-Glutamine, with a
phenol red indicator
Stored at 2 — 8°C
Molecular formula:
Cs4H24NeNas014S4
Molecular weight: 960.81 g/mol
Stored at rt
For microscopy and cell payment
Stored at rt
Molecular formula: KOH
Molecular weight: 56.1056 g/mol
Working solution: 0.1% (1 g KOH
dissolved in 1 L dH,0)

Stored at rt

Meleclar formtila: CH:0H
Molecular'weight:-32.04.g/mol
Stored at rt

Grawth-enhanced treated | |

Sterilised by radiation

Pyrogens-, DNA-/RNA-
DNase-fRNase-free
Storesat't

MTS reagent in electron coupling
solution

Stored at -20°C

Protect from light

Stored at 2 — 8°C

Polypropylene, non-pyrogenic
Store at rt

Stock solution: 0.1 M HEPES (pH
7.4),1.4 M NaCl and 25 mM CacCl,
solution

Working solution: 1x in dH.O
Store at 2 - 8°C

and

Vendor
Lonza, Walkersville,
Delaware, USA

Maryland,

Gibco™, Dun Laohaire, Dublin,

Leinster, UK

Sigma-Aldrich® Co, LLC,
St.Louis, Missouri, USA
Sigma-Aldrich® Co, LLC,
St.Louis, Missouri, USA

. Sigma-Aldrich® Co, LLC,

St.Louis, Missouri, USA

Nest®, Biotechnology Co, Ltd,

~ Wuxi, Jiangsu, China

Biocom  Africa (Pty) Ltd,

Centurion, Gauteng, South Africa
BD Biosciences Pharmigen™,
Basel, Allschwil, Switzerland

SPL Life Sciences,
Gyeonggi-do, South Korea

Pocheon,

BD Biosciences Pharmigen™,

Basel, Allschwil, Switzerland
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PI Solution 50 pg/mL BD Biosciences Pharmigen™,
Protect from light Basel, Allschwil, Switzerland
Stored at 2 — 8°C

FxCycle™ PI/RNase Staining = Protect from light Invitrogen™,  Thermo  Fisher

Solution Stored at rt Scientific, Eugene, Oregon, USA

T
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ANNEXURE

Annexure |:

AREC of UWC ethical approval form, reference number AR21/6/4.

Annexure I1l:

DFFE standing permit, registration number: 02307 and permit number: S-65761.

Annexure Il1I:

Section 20 granted by DALRRD formerly DAFF.

Annexure 1V:

Botlierskop Private Game Reserves landowner permission letter.

Annexure V:

Sanbona Wildlife Reserve landowner permission letter.

Annexure VI:

Pathcare 16S ribosomal RNA gene PCR test.

Annexure VII:

Publication submission to Heliyon: Establishment of primary adult skin fibroblast cell lines
from African savanna elephants (L. africana).
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Annexure |

UNIVERSITY of the YEARS
hape, acti
WESTERN CAPE Oég:ww
03 September 2021
Dr F Rahiman
Medical Biosciences
Faculty of Natural Science
Ethics Reference Number: AR2V/6/M4
Protocol Title: Tumour Suppression and Subdual of Cancer (TUSSC) in
elephants: An in vitro study to shed light on Peto’s Paradox
Principal Investigator: F Rahiman
Approval Period: 31 August 2021 - 30 August 2024

Date of Approval by UWC Animal Research Ethics Committee: 31 August 2021

Thereby certify that the Animal Research Ethics Committee (AREC) of the University of the Westem
Cape (UWC) approved the ethics application of the above-mentioned protocol.

) V'I"" & v‘,‘
zepoetinthe UWC AREC by 30900 .i - rd St e q“'

of the annual progress
i 2 AREC no later than two months
M ing form AREC (APR).

Anyamendmmtsextmsionsor modificatio l

submitted using form AREC (A}

The UWC AREC must be infgrié of 5 E»ﬁﬁslﬁ‘gge W protocol, unanticipated

problems. serious incidents or adverse events. mmz

UWC AREC requu 5. as well as the regulato: ﬁamev»orl of the protocol.

¢ further I will be stipulated as an Addendum acc mng this letter.

All forms, policies, and guidelines are available from https://uwcacza. oint.com/sites UW CIntranet
under Support Units, Office of Research & Development.

&) e

Prof TK Monsees, PhD

Chairperson: Animal Research Ethics Committee (AREC)
University of the Western Cape T . o g
Private Bag X 17
Belhville 7535
Republic of South Africa
Tet: 27210508111
NHREC Registration Number: AREC-130416-019 Email: research-ethics@uwcac.za




ADDENDUM: AR21/6/4
The approval of this project s subject to special conditions set out hereunder:

+ NOTES:
o AREC only approve the animal tissue portion of the project
o The application has to provide AREC with signed permission letters from
the landowners prior to collection of samples.
o Monthly reports be submitted to AREC. The permission letters from the
landovwners can be submitted via the monthly reports to the committee

UNIVERSITY of the
WESTERN CAPE

NHREC Restroration Nimber: AREC-I1304]6-019




Annexure 11

& REGISTRATION CERTIFICATE

CERTIFICATE NUMBER: (2007
NAME OF ISSUING AUTHORITY
(Issued in terms of the provisions of the NAME
National Envircnmental Management: ADoREss | DEPTOF ENVIROMENTAL-AFFAIRS—
Biodiversity Act 2004, Act 10 of 2004) ADDRESS ;RW#———
e PRETORM-6004

PROVINCIAL DEPARTMENT NATIONAL DEPARTMENT

CAPTIVE BREEDING OPERATIONS COMMERCIAL EXHIBITION EXHIBITION

GAME FARMS NURSERIES

X | SCIENTIFIC INSTITUTIONS SANCTUARIES
| REHABILITATION FACILITIES WILDLIFE TRADERS

UNIQUE REGISTRATION NUMBER __ J 26<1 ] ENOI1 2 &

DETAILS OF CERTIFICATE HOLDER

NAME | o0l RSO Tt ndakian D NO. |
surnAME C o Chavior Novdancorcla, | PASSPORTNO. B NOI Q90
" | POSTAL ADDRESS RESIDENTIAL ADDRESS

A

ADDRESS | Nohioroh Pagaort Tosndedon  TNo % UWnos SAORT
ADDRESS [ Wramicd Aaioorattries O X WOT

ADDRESS & Rend

TOWN River, Somesay \NdeY

POSTAL CODE 100 Ed%anl

PROVINCE Capoa \NosAern (o ba

PROPERTY WHERE OPERATION WILL BE CONDUCTED
v D

\

NAME AND SURNAME OF APPLICANT
NAME AND SURNAME OF AGENT

PHYSICAL ADDRESS OF FACILITY
PHYSICAL ADDRESS OF FACILITY

e NG AR, =

- e e =
iR NN NIl

v Foungahon

T E a e (a5 AT

a
-
r

DISTRICT NAME
PROVINCE 1

s i
BE

~p |
-

REGISTERED NAME AND NUMBER (in th4

SPECIES [ =
COMMON NAME . SCIENTIFIC NAME (if known)
Poacs A\ A '
9 a.r o
— W von e ode |
OO0 iy e =
CERTIFICATE VALIDATION
PERIOD OF VALIDITY FROM: 2.0 [Tl = DY — 202
RECEIPT NUMBER § -

SIGNATURE CERTIFICATE HOLDER




ol

Registration certificate number: 02307

ANNEXURE A
REGISTRATION CERTIFICATE Registration certficate no: 02307
NAME OF ISSUING AUTHORITY
(1ssued in terms of the provisions of the DEPARTMENT OF EORESTRY, FISHEREES |

mw:tymm;ﬂmoomw AND THE ENVIRONMENT
ADDRESS | PRIVATE BAG X 447

PRETORIA 0001

PROVINGE | NATIONAL DEPARTMENT

DETAILS OF SPECIES INVOLVED

SCIENTIFIC NAME ] COMMON NAME

Spodmmsofaﬂplastmdmimalspwhsﬂmlmlishdasmedaumdhhmofmssoftmmm
Environmental Management: Biodiversity Act, 2004 (Act No 10 of 2004)

DETAILS OF THE FACILITY FOR REGISTRATION CERTIFICATE

1. National Research Foundation
iThemba Laboratory
Old Faure Road
Eerste River
Somerset West
Westem Cape ;

| euisualon sle o St nstuton
CIAL

1. This registration certificate does

2. This registration certificate a A,
3. Inthe event that the certificate ‘ orised in terms of this registration the
registration holder must therefore
‘ 4. This registraion certificate applies only to d o nexura A,
PERIOD OF VALIDITY | FROM TOr
- Q- 2022 D\- OY-2W2.5
. IRIVIR ST ok

WESTERN CAPE

SIGNATURE OF ISSUING OFFICER SIGNATURE PERMIT HOLDER

DATE STAMPSEPT. VAN OMGEWINGSAKE
PRIVAATSAK | PRIVATE BAG X 447

. 2022 'o#' 22

——BRETORLA0004

DEPT. OF ENVIROMENTAL AFFAIRS

Pagelofi




8 STANDING PERMIT PERMIT NUMBER: S 65761
NAME OF ISSUING AUTHORITY

| (Issued In terms of the provisions of the NAME
National Environmentaf Management: (ADDRESS | PRIVAIE BAG X 447

Biodiversity Act 2004, Act 10 of 2004) PRETORIA 00D
PROVINCE
PROVINCIAL DEPARTMENT NATIONAL DEPARTMENT
PROTECTED AREA MANAGEMENT AUTHORITY VETERINARIAN
REGISTERED CAPTIVE BREEDING OPERATION REGISTERED SCIENTIFIC INSTITUTION
REGISTERED SANCTUARY REGISTERED REHABILITATION FACILITY
REGISTERED COMMERCIAL EXHIBITION FACILITY REGISTERED GAME FARM
REGISTERED WILDLIFE TRADER REGISTERED NURSERY
iy necsTRAToNIMBER_~I B /BN Ol A6
DETAILS OF HUNTER
NAME Mﬁﬁ Founcioho® | 1D No.
SURNAME Aot P PASSPORT NO. | o WOV =24
POSTAL ADDRESS . RESIDENTIAL ADDRESS
ADDRESS Rosmosch on O o Staat
ADDRESS A\ ok
ADDRESS
TOWN
POSTAL CODE M -\OK \21
PROVINCE o Caba Naswen Lo

mwmmmmmmamumnow
NAME AND SURNAME OF APPLICANT WW
NAME AND SURNAME: RESPONSIBLE PERSON
NAME AND SURNAME OF AGENT =
PHYSICAL ADDRESS OF FACILITY - :
PHYSICAL ADDRESS OF FACILITY
PROVINCE e R LS
REGISTERED NAME AND NUMBER (in the — S

SPECIES 1 s ANTITY MARKING
COMMON NAME SCIENTIFIC K (it applicable)
Blrao %_é
@gj?m N //
ONIVERSIT Y of fhe A
WESTERN CAPE
| DETAILS OF RESTRICTED ACTIVITIES INVOLVED

3 fempaey Poemass

SIGNATURE PERMIT HOLDER:




STANDING PERMIT CONDITIONS
m-mmbouv-mu- P rq ﬂl

2 Ay
N M s 23

2 wmmmnmlmuwnm

AR A AADITAK
3 ﬂlhpmihw*d\‘olhp;;nolo'ludmwmh!nhmm’mwdnldudhp-nl
4—This-permitds-valid-only-within the-province-where it wes tswaed;

5. The holder of this permit shall, at the request of & person authorised in terms of applicable legisiation so to demand,
forthwith produce such permit to such person.

6. This permit shall be invalld until such time that it Is signed by the permit holder.
7. This permit ghall be deemed invalid when it Is lost or destroyed and no copy thereof shail be Issued,

8. This parmit may be withdrawn by an authorised person If the execution of any activity may be’ detrimental to the
welfare of any wild animal or the safety of any person, provided that the permit holder is given notice of such intention
and bo granted the opportunity to appeal to such withdrawal.

0 The presenbed fees-peid-forthedsaving of this pormitshail-nol bo refunded—

10. I the holder of this permit contravenes or fails to comply with any parmit condition or requirement to which this parmit
is subject, he or she shall be guiity of an offence.

() the permit number and date : ﬁmITY!}fﬂ“’

umber of animsls hunted; and

WESTERN CAPE

where the hunt took pl

all used copies of the game farm hunting permits within 3 weeks after the ond of the calendar year following the
issuance of the gama fanm hunting permit, to the Issulng Authority.

Ty -85 g




Permit number: S - 65761
ANNEXURE A

Permit number: S - 65761

. STANDING PERMIT Registration number: 02307
(lssued in terms of the provisions of NAME OF ISSUING AUTHORITY
the National Environmental S DEPARTMENT OF FORESTRY
Management: Biodiversity Act 2004, FISHERIES AND THE ENVIRONMENT
Act 10 of 2004) ADDRESS | PRIVATE BAG X 447 ) ]
PRETORIA 0001
PROVINCE | NATIONAL DEPARTMENT -

DETAILS OF SPECIES INVOLVED

COMMON NAME SCIENTIFIC NAME QUANTITY ~ SEX DESCRIPTION
: : 32 Males and blood and skin biopsy |
African Elephant Loxodonta african
" . females samples

DETAILS OF RESTRICTED ACTIVITIES INVOLVED AND SPECIAL EOM)ITIONS

: mwmmmmmmwwm,m,tmmmmmmmmmd

species referred to in this annexure A for research purposes.
. This permit authorizes the permit holder to possess specimens of spacies referred to in this annexure A at the

National Research Foundation iThaba Laboralery. - —

. This permit authorizes the permit hokler to Téceivs sampies.of specimeits of species referred to in this annexure A
only from a veterinarian that is in possession of a permil issued in tems of National Environmental Management:
Biodiversity Act, 2004 (Act No. 10 of 2004) authorizing the coliection and giving of such specimens.

. The permit holder must keep a regigter and record &l resiricied activities carried out involving specimens of
species referred to in this annexure A.

. The register refered to in paragraph 4 must in¢lude the follawing infofmation;

Name and sumame of the Veterinarian who the specimens were receivad from,

Permit number of the veteriarian Who the|spacimens wera received from.

Details of the specimens collected/ received from the veterinarian. i.e. blood, tissue eic

Date of coltection/ receiving.

Purpose for collection.

Destination where the sample were transported to.

. The permit holder must make the register available to the Department of Forestry, Fisheries and the Environment

(DFFE) upon request by the DFFE.
: ThepemilholdermustsmmilacopydmeregisaerrefenedtoinpamphnotheDFFEwonmeexpiyof

this permit.
. mmmmmMMnawammtmmmemmmmmwm

referred o in paragraph 1 in other people’s property.

vV VV V V Y

. Thepemtholdamustsubmnawpattoﬂ\eDFFEonmeﬁndingsdlenhereseaulhasbeenoomplehdor

Page1o0f2

-~ = 5 Y y | .
— 4 e

https://etd.uwc.aéfia/ r

215



Permit number: S — 65761

progress report upen expiry of this permit.

10. This permit does not absolve the pamit holder to obtain additional import, export or re-export permits required in
terms of the National Environmental Management: Biodiversity Act, 2004 (Act No.10 of 2004) or the Convention
on Internaticnal Trade in Endangered Species of Wikl Fauna and Flora (CITES) for the specimens of species
referred to in this annesure A,

11, The permit holder must also obtain any permit that may be required in terms of any applicable legislation.

PERMIT VALIDATION
PERIOD OF VALUIDITY | FROM: |39 | 04 | 2002 [10: [21 - 04~ 2025
SIGNATURE OF ISSUING OFFICER SIGNATURE PERMIT HOLDER
DATE ST

* DEPT. VAN OMGEWINGSAKE
PRIVAATSAK / PRIVATE BAG X 447

022 04 22

PRETORIA 0001

DEPT. OF ENVIROMENTAL AFFAIRS

Page2of2

: F =L 0~ 216
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Annexure 111

g(g'lculture. land reform
rural development

<< mmwumw
REPUBLIC OF SOUTH AFRICA

Directorate Animal Heaith, lgggarlmentof/&mcum Land Reform and Rural Development
Private Bag X250, Pretoria

Enquiries: Ms. Marna Lahg Tel: 012 319 7442 - Fax: +27 12 319 7470 E-mail:

Marnal @dalrrd.gov.

Reference: 12/11/1/7 (2412 SR)

Dr Charlot Vandevoorde
University of the Western Cape

Robert Sobukwe Road
Betlville

Cape Town

7535

E-mail: mengelbrecht@tiabs.ac.za

RE: PERMISSION TQ.D OF SECTION 20 OF THE ANIMAL
.*_
DISEASES ACT, "'"'-.“""’J:"': g ————

-y e m——
TR AT NTR WY

o perfeission under Section 20 of the Animal
Disease Act. 198tmnmm)mmmpmjectasmy refers. | am

pleased to Infow H m]&’['w&?yf%r%d to perform the following

research/study, with the following conditions:

WESTERN CAPE

Conditions:

1. This permission does not relieve the researcher of any responsibility which may be placed
on him by any other act of the Republic of South Africa,

2. The research project is approved as per the application form received 22 April 2022 and
the correspondence thereafter. Written permission from the Director; Animal Health must
be obtained prior to any deviation from the conditions approved for this research project
under this Section 20 permit. Please apply in writing to MarnaL@dalrrd gov.za;

3. All potentially infectious material utilised or collected during the study is to be destroyed at
the completion of the study using the specified waste contractor (BCL Medical Waste
Management Service).

4. Records must be kept for five years for audit purposes,

5. A dispensation application may be made to the Director Animal Health in the event that
any of the above is to be stored or distributed;




10.

1.

12

13.

Permission In terms of the Fertilizers, Farm Feeds, Agricuitural Remedies and Stock
Remedies Act, 1947 (Act No 36 of 1947) and/or the Medicines and Related Substances
Control Act, 1965 (Act No 101 of 1965) may be needed prior to the start of the study;
Ethics approval must be obtained prior to the start of the study;

Samples may only be collected from African Elephants in the Botlierskop private game
reserve and Sanbona wildlife reserve;

Only in vitro testing may be done during this study;

The feollowing field samples may be collected from Airican Elephant: blood and skin
biopsies;

Samples to be exported may only be exported i in full compliance with the importing
conditions of the importing country;

If required, an application for an extension must be made by the responsible researcher
at least one month prior to the expiry of this Section 20 permit, Please apply in writing to
Mamal.@dalrrd.gov.2za;

This Section 20 approval is valid until 31 August 2025.

Title of research/study: “ Tumouwr Suppression and Subdual of Cancer (TUSSC) in elephants:
An in vitro study fo shed light on Pefo's Paradox."

Researcher (s): Dr Farzana Rahiman and Dr Charlot Vandevoorde

Institution: University of the Western Cape

Your Ref./ Project Numbor A 146

//%M&/

DR. MPHO ‘ ' '

omecTon SPAIEAT | of the
- W2 -05-03

WESTERN CAPE

SUBJECT: RE: Permission to do research in terms of Section 20 of the ANIMAL
DISEASES ACT, 1984 (ACT NO. 35 of 1984)




Annexure 1V

N 35,

BOTLIERSKOP

Game Reserves & Villas

Ref: Landowner permission letter for elephant research project
Dear Dr Burger and research team,

With this fetter we would like to express Botlierskep's support for the project on “Tumor Suppression
and Subdual of Cancer (TUSSC) in elephants: An in vitro study to shed let on Peto’s Paradox”.

Botlierskop Private Game Ressrve welcomes this new collaboration and approves the collection of
blood and skin tissue samples from our elephants by Dr Willem Burger in the framework of this
interesting research project. We are of the opinion that this is a project unique to Southern Africa,
that brings together the expertise of differen ople and has the potential to discover novel

mechanisms that could be used 1o.p n-‘ nent as well as improve existing cancer

treatment strategies in hu M e 12 this project and it fits well

in the spirit of our African Wilghfe ColcBrvAUbA Foundation | | |
_

We would like to express our Gammi nt / i approval has been obtained. The
male elephants on our premiseas have 3 phd im obilized two times per year by Dr Willem
Burger in order reduce their tag ¢ 12 Vel ithout this control, the mature bulls

could cause problems and
opportunity to collect samp

Please do not hesitate to ¢ uﬂmﬁﬂl‘g‘vm F}Tatlon
Sincerely,
’ WESTERN CAPE

%M%%Z/‘“

MhrT A. Neethling Y/ Dr W. Burger
: mncrNINMr Botlierskop AWCF Founder/Wildlife Vet
Private Game Reserve

083 3799949 082 5705710




Annexure V

L

Ref: Landowner permission letter for elephant research project
Dear Dr Burger and research team,

With this letter we would like to express Sanbana's support for the projsct - n "Tumour Suppression
and Subdual of Cancer [TUSSC) in elephants; An In vitro Study to shed light o Peto's Parado”,

sanbona Wildlife Reserve welcomes this new collaboration and approves th collection of blood and
skin samples fram our elephants by Dr Willem Burger in the framewarl: of his interesting research

project. We are of the apinion that this is a project unigue to Southern Africa. that brings together the
expertise of different people and has the Forential tadiscaver novel mechai isms that could be used

to prevent cancer developmentaswelt s improve exitifig cancer tiggtment ¢ rratagies in humans, We
e e s~ A o B e ¥ gl o | gy g P |

are pleased to be able to confrigbte to thisipraject. | |11 11|
A R e VR

The elephants on our premise:

c 7 [ 'T 1 an by 1o v illern Burger in order to
place a new collar on the elephant to trace the eleg
collect samples for this proje I |
Please do not hesitate to cantact us If you require any

ii' ! pra:zat an ideal opportunity to
¢ Tutirg information.

Smurehﬁra = E 1
UNIVERSITY of the
NESTERN CAPE
X Rwey H. Us pea X 7z
W 1g 2=y D W. Burgar
Legl represerialive 5 Wildlifs Resanve AWCF Founderftg: pons e VA iditke Veterinarian




Annexure VI

Final Report @m
. bl A

Teil: 021 8523144

Report to: Referred by: ITHEMBA LABS - RADIOBIOLOGY
ITHEMBA LABS - RADIOBIOLOGY
ATT: DR MONIQUE ENGELBRECHT

OLD FAURERD

7130 FAURE SOMERSET WEST

Requisition No: 678108213 Patient: Guarantor:

Specimen No: 0223:PAD2876R | N/A CP.EDF-P11 | ITHEMBA LABS - RADIOBIOLOGY
Collection Date:  23-02-2022 UNK Patient ID No:  N/A Contact No: U

Received Date:  2022-02-23 17:54 Age:SexDoB: U
Reported Date:  2022-02-28 14:18 Contact No: N/A

Clinical Data: Please note that the collection date or time was not
provided and could net be verified by PathCare.
TWO NEGATIVE CONTROLS : (1) NEGATIVE CONTROL (NC) PBS AND
{(2) NEGATIVE CONTRCL {NC) COMPLETE CULTURE MEDIA

Tests requested: PCR 18s rRNA

P.C.R. Department
Test Name lemneew
SPECIMEN SOURCE IIIII “‘E (0 WIN Wi

CT DETE

2 80
For consulta 10:1 contact a Clinical Pathologist - 427 21 596 3400

H=High, F%&: ﬁ]}"fﬁlg #Jrjitically Low

~ File [ ] Phone Patxent Appointment escription [ ] Draw File [ ]

WESTERN CAPE

sp.) was detected in

Generated: 2022-02-28 14:18 End of Report Page 1of 1




Annexure VII

—-0nginal Message--—

From: em.heliyon.0_7ef018.60d33205@editorialmanager.com <em_heliyon.0.7ef018.60d33205@editoriaimanager.com= On Behalf Of Heliyon
Sent. Wednesday, October 26, 2022 5:30 PM

To: Vandevoorde, Charlot <C Vandevoorde@agsi.de=

Subject. Confirming submission to Heliyon

CC: "Bolcaen Julie” Jbolcaeni@tlabs.ac.za, "Engelbrecht Monigue” mengelbrecht@ilabs.ac.za, "Jansen van Vuuren Amélia”

ameliajvv. 1i@gmail.com, "Miles Xanthene" xmuller@tiabs.ac.za, "Nair Shankari” snain@tlabs.ac.za, "Fisher Randall" fisher@tlabs.ac.za,
"Tinganelli Walter" w.tinganelli@2gsi.de, "Burger Willem" willem@willemburger.co.za, "Farzana Rahiman” frahiman@uwc_ac.za, "Durante Marco
m.durante@gsi.de, "De Kock Maryna™ mdekock@uwc.ac.za, "Martinez Lopez Wilner” wilnermartinezlopezi@gmail.com

"

*This is an automated message *

Establishment of primary adult skin fioroblast cell lines from African savanna elephants (Loxodonta africana)

Dear Dr Vandevoorde,

We have received the above referenced manuscript you submitted to the Life Sciences section of Helivon. It has been assigned the manuscript
number HELIYON-D-22-26335. To track the status of your manuscript, pleasze log in as an author at hitps:/iwwaw editoriaimanager. com/eliyon/,
and navigate to the "Submissions Being Processed” folder.

Thank you in advance for your understanding, and best wishes for the holiday season.

Kind regards,

Heliyon

More information and support

You will find information relevant for you as an author on Elsevier's Author Hub: hitps-/fwww elsevier com/authaors

FAQ: How can | reset a forgotten password?
hitps-/isemvice elsevier.com/appfanswers/detail’a_ids
Far further assistance, pleass visit our customer se SR W ;
Here you can search for solutions on a range of topics, find an=Wwers j2ctions, and learn more about Editorial Manager via
interactive tutorials. You can also talk 24/7 to our o = } )

#AU_HELIYON#

To ensure this email reaches the intended recipient,

In compliance with data protection regulationz, you-may request ihat we remove yvour personal registration details at any fime. (Use the
following URL: hitps:ffwww. editoriaimanager. com/helyondogin.asp?a=r). Flease contact the publication office if you have any questions.

UNIVERSITY of the

WESTERN CAPE




Heliyon
Establishment of primary adult skin fibroblast cell lines from African savanna elephants

--Manuscript Draft—

‘Manuscript Number: HELIYON-D-22-26335
Article Type: Protocol
‘Sectlon/Category: Life Sciences |
Keywords: lAfricanetepmm; Loxodonta africana; dermal fibroblast; primary cell ine;
metaphase; skin punch biopsy. explant culture; Peto's paradox
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mechanisms of the TP53 retrogenes remain unclear and elephants might have
developed additional adaptations to balance enhanced pS3-mediated apoptosis
1against the increasing need for cell repiacement, which could result in premature stem
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The successful establishment of elephant dermal fibroblast cell lines allows future
studies on the molecular mechanisms of cancer resistance in this species, which could
|be hamessed for cancer prevention and treatment in humans.
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26 October 2022

Dear Editor in Chief,

We present our methodology manuscript “Establishment of primary aduit skin fibroblasts from African elephants
(Loxedonta africana)” for your consideration and cvaluation for publication in the journal Heliyon. This
submission is part of a manuscript transfer process that was suggested by Dr Zearfoss from Cell Reports Methods.
Based on the author guidelines of Cell Reports Mcthods, the STAR Methods guidelines were applied in our
manuscript. However, based on the recommendation of the Heliyon editorial office, this can be adjusted.

There have been a number of recent methodology papers on the establishment of primary dermal fibroblast cell
lines from endangered wildlife species (Silva et al. — 2021: Wang ct al. — 2021; Jenuit ct al. — 2021), illustrating
the value and necessity to obtam this material for species and biodiversity conservation. However, most of these
techniques are based on skin biopsy samples obtained from post-mortem or captive animals. For clephants
specifically, there is one previously published protocol which makes use of relatively large car biopsy samples (3
% 3 em’ picces) from Asian clephant carcasses (Siengdee et al. — 2018). While this protocol is very valuable, we
were looking for a technique in which we could use minimally invasive punch skin biopsy samples from free-
roaming African savanna elephants, resulting in the methodology we are presenting in this manuscript.

_
most of their oniginal charactenstics, Taking thi extromely valuabl, fobanking and conservation cfforts.
uncer suppression mechanisms of
pbservation that cancer incidence

as Peto's Paradox (Peto et al Wﬂrﬂmrﬁmdﬂkhcs,alkﬂmpaﬂ,mmc
redundancy of Tumor Protein p53; T cs of leukenua mhibitory factor
(LIF) (Abegglen et al. — 2015: Sul mnﬂimz ct al. — 2018). This suggests
that the cancer defence ol'clcphnnw iediaded by 8o chlfaridell apgplosie réspobiec to DNA damage, in order to
kill potentially cancerous cells at an carly stage. However, it still remams unclear how elephants balance the
enhanced apoptosis response with the increasing need for cell replacement, which could lead to premature aging.
The primary elephant dermal fibroblast cell lines that have been established in this study, can assist the rescarch
communmty to further unravel how cvolution has fine-tuned the clephant genome.

Next to the methodology. the manuscript aims to illustrate the broad range of rescarch perspectives these cell lines
can bring, which we believe are of interest to the all-science multi-disciplinary readership of Heliyon. In order to
translate the underlying mechanisms of Peto’s Paradox to new strategics to improve cancer prevention and
treatment m humans, a close collaboration will be required between multiple disciplines runging from
biomimetics, conservation, evolutionary biology and genctics. to cancer rescarch.



Lastly, we would like to confirm that the manuscript has not been published, nor is it currently under consideration
for publication elsewhere. There has been a prior submission to the journal Cell Reports Methods. resulting in an
article transfer process to this journal.

Thank you for considering our methodology paper for publication 1n Heliyon.

Yours sincerely,

Charlot Vandevoorde, PhD
Lead author

Group Leader Space Radiobiology

Biophysics Department

Phone: +49 6159 71 3478

Email: C.Vandevoorde@gsi.de

GSI Helmholtzzentrum fiir Schwenionenforschung GmbH
PlanckstraBe |

64291 Darmstadt - Germany
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are currently listed as cntically endangered, with the African forest elephant even as critically
endangered on the International Union for Conservation of Nature (IUCN) red list of threatened
species™™. Cryopreserved biomaterial and biobanks might have a promising value to conserve the
genetic material of elephants for future research and conservation efforts®*. Projects like the 'Frozen
Zoo' and 'Frozen Ark’ have been launched internationally with the goal to safeguard the genetic
resources of threatened, rare and elusive animal species for the next generations”. Hence, the
establishment of primary elephant dermal fibroblast (EDF) cell lines would allow the acquisition of
large amounts of cells which conserved most of their original characteristics for functional and genetic
analyses'’. Primary fibroblast cell lines have previously been established from several endangered
animal species in captivity such as collared peccaries’”, jaguars®, a wild corsac fox"; as well as from
fresh carcasses of a common hippopotamus calf*?, a Chinese muntjac'®, a Sumatran rhinoceros'" and
Asian elephants’’, to name a few examples. The establishment of these somatic cell lines is considered
to be a valuable resource for modern somatic cell nucleus transfer as part of biodiversity
waﬁonlﬁlll"

In addition to wildlife conservation, a primary elephant cell line is also of high interest to the cancer
research community since elephants appear to have developed cancer suppression mechanisms
throughout their evolution™*. The African elephant is the largest land mammal with a body mass up
to 7 000 kg and longevity of up to 60 years in the wild. A simplified multi-stage model of carcinogenesis
is based on the old observations that the age-sp cancidence of cancer was consistent with the

#A;;.ﬁ s™Within Teell>= Toweyer, if cancers are initiated by
—

stepwise accumulation of 6 to

lifetime cell division) should ha¥e<
species™?7. The observation that $48
s first described in 1975 by
epidemiologist and statistician, dox™. This suggests that
elephants have evolved enlmnced cancer suppression mechamsm.s n order 1o offset the trade-off

associated with their large bodits b8 inlitksokn. 3 [ T'Y of the
Several recent studies invesliwﬁh&gxeﬂ &M&Mx&g for cancer suppression in

elephants, leading to the discovery of multiple copies of the tumor suppressor genes TP53 (19 extra
copies of TP53 retrogenes) and 11 extra copies of leukemia inhibitory factor (LIF)**2'%_Particularly
TP53 is a well-known tumor suppressor gene, mutated in approximately 50% of human cancers, and

often referred to as the “guardian of the genome™*. This suggests that the cancer defense of elephants
is mediated by an enhanced apoptotic response to DNA damage, in order to kill potentially cancerous
cells at an early stage™'**. However, this enhanced apoptotic response in elephants needs to be
balanced by other adaptations to prevent stem cell exhaustion due to the increasing need for cell
replacement, which could lead to premature aging. as confirmed in a study on mutant mice with
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increased p33 activity™. To the best of our knowledge, no primary nor immortalized commercial
elephant cell line is currently available and the successful establishment of in vitro primary EDF cell
lines would allow a broad range of scientists to further unravel the mechanisms of cancer resistance n
elephants.

This methodology describes the first collection, establishment, and cryopreservation of a primary EDF
cell line of African savanna elephants (Loxodonia africana). In addition, we describe a method to obtain
metaphase spreads from the primary EDF cultures to enable future cytogenetic studies. In contrast to
previous protocols where primary fibroblast cell lines were established from relatively large pieces of
skin of captive animals or postmortem samples, this protocol starts from a small skin punch biopsy
sample (3 -4 mm) from free-roaming elephants. This biopsy technique allows remote biopsy darting, a
technique which eliminates the need for sedation and causes minimal harm 1o the animal™. It provides
the opportunity to collect skin tissue samples from a variety of free-ranging terrestrial animals, including
the elusive African forest elephant. Thus, this method can lay the foundation for future research in a
broad range of research fields, including biomimetic. conservation and evolutionary biology. as well as

oncology.
2. Results

Establishment of primary eleph

Skin punch biopsy samples were ind the ear. where the corium
and epidermis are the thinnest'%of five-adul : ifferent days (Table 1). The
samples were transported on ice (0] 4 1 (STAR Methods) to prevent dehydration
and contamination (Figure 1A- d pi dl Withi h ival in the laboratory. Since
the samples were not taken T g ¢ le was washed thrice with

washing PBS containing antibiotics (STAR Methods: Key Resource Table) (Figure 1E). Two scalpels
were used to remove the epidefiais EMWA: : Flef?f;ﬂi'éﬁfts (Figure 1F). A few drops
of culturing media (STAR Meﬁdsﬂqg WH ﬂF) ‘E‘i'f"f—" tEprevenl dehydration and the
small tissue fragments were transferred to a T25 tissue culture treated flask using a sterile glass Pasteur
pipet (Figure 1G). To prevent floating of the tissue fragments, 0.5 mL Fetal Bovine Serum (FBS) was
added and the flask were incubated under standard conditions (STAR Methods). After 24 hours, the
flasks were placed upside down for the following 24 hours and 1 mL of initial culturing media was
added on day three.

Table 1. Overview of elephant samples. Information on the African savanna elephants (Loxodonta
Africana) such gender, age and location of the sample collection at two different wildlife reserves in
South Africa. In addition, more results on the individual cultures are listed, such as the days until the
first explant outgrowth was visible and the number of successful outgrowths per biopsy sample.
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Days until Success rate 2
Code name Gender Age first EDF | (successfil outgrowth Location of_ sample
elephants | (Male/Female) AL collection
outgrowth /n biopsies)
El M 25 9 4/5 Botlierskop Game Reserve
E2 M 14 / 0/5 Botlierskop Game Reserve
E3 ¥ 35 18 4/5 Sanbona Wildlife Reserve
E4 M 25 25 26 Sanbona Wildlifc Reserve
ES M 26 11 26 Botlierskop Game Reserve

E
Figure 1: Skin punch biopsy i ; ) The skin behind the ear of
the elephant was cleaned with 7 i iopsv-areq was surgically draped and a
punch biopsy needle was used t lect ample el bio ere collected and transferred

in tubes containing transport medid. E) I the labbrat e biapsies Were washed thrice with washing
PBS and transferred to a sterile S p :sl{, F) Two scalpels w d to remove the epidermis

were transferred to a T25

cfranmen

and cut the blops;es into smalENSuEtarmen -Gy e TSt

tissue culture treated flask usnnta sterile Pasteur Ipllpcl and 0. 5 mL FBS was added.

NIVE Y of the

Explant culture outgrowth and cell characteristics

'ESTERN CAPE

The first outgrowth of ﬁbmhla;l cells around the explant pieces was visible as early as day 9 (Figure
2A), but varied between individuals. Overall, the first outgrowth appeared within the first 9 - 25 days
of culture (15.75 4 6.30 days, mean = SD) (Table 1). Explant cultures of 4 out of the 5 elephants
exhibited outgrowth, resulting in a success rate of 80.00%. However, not all skin punch biopsies of the
same individual resulted in successful cultures. While 4 out of the 5 biopsies presented outgrowth for
El and E3. only 2 out of the 6 biopsies for E4 and ES were successful. No fibroblast outgrowth was
observed in any of the E2 biopsy samples and culture flasks were discarded after 40 days. The outgrowth
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of cells from the explant source resulted initially in a dense area with high cell numbers. which gradually
migrated and spread outward over time.

il
I

A

Confuency (%)

© 1234307 83WN
Darys (24 herrs)

Day 11

Figure 2: The characteristic outgrowth of the primary EDF cells from tissue explants. A) The
radial outgrowth of EDFs from a biopsy fragment of E1 on day 9, 10, and 11. B) The average doubling
time of EDFs obtained from E3, E4, and ES was 62. I3*700hmm(mem1-SD) C) A growth curve
was plotted (normalized mean + SD ofnT"Sﬂask)ofB E4 and E5

based on the % confluence ove ‘ “"'"'.‘##F ‘

1 ok ‘II.II-II-II-H-!I
with a live cell imaging system (

Upon 70% confluency. the culturg ere ! !! 0 4 new T25 flasks at a cell
density of 3 500 - 7000cellaph*m#—krpmgcﬁ—ﬂwmdmbhug-uﬂewasde(mmmdofmme

different EDF cultures msultmg{ij ﬁnWtERST"P Y Wﬁm‘ﬁm 2B). In addition, a

growth curve was established as a parameter of cell viability and proliferation capacity (Figure 2C).
Culture flasks of three mdxv-dunk'&:}iﬁb wherbmbhitoted i K Bodkcchtive days and the percentage
confluency (y-axis) was plotied in function of the number of days in culture (x-axis). Throughout the
culturing process, the tissue explants and cells were monitored daily for potential microbial or fungal
contamination. If contamination was suspected, the flask was washed daily with washing PBS
containing antibiotics (Key resource table) and the concentration of antibiotics in the nitial culturing
media was increased to a maximum of 5%. Additionally, a 16S nbosomal RNA gene polymerase chain
reaction (PCR) was performed and no bacterial DNA (including Mycoplasma species) was detected in
the cell lines.




WO s N -

A potential limitation of establishing a primary cell culture is the occurrence of senescence after
sequential passaging. which can vary depending on the tissue of origin and the age of the tissue source™.
After continuous sub-culturing over a period of 2 - 3 months. the morphology of the EDFs was
monitored closely from passage 3 up to 14. No significant changes in the cellular size and shape, which
could point to senescence. were observed (Figure 2D). In addition, the EDF cultures maintained a steady
proliferation rate. The EDFs exhibit a long. thin and multipolar appearance with disc-like structures.
similar to descriptions in other reports on primary skin dermal fibroblasts of different species'*!*3*.
Methods to achieve cellular immortalization could facilitate future applications but are out of the scope
of the current study'**”.

Cryopreservation and recovery

From the first passage onwards, EDFs cells were frozen away for cryopreservation at a cell density of
500 000 ~ 700 000 cells/mL by resuspension in freezing media (Key resource table) and transferred to
a freezing container containing isopropyl alcohol (STAR Methods) to acclimate to -20°C overmight.
Thereafter, the cryovials can be transferred to -80°C or liquid nitrogen for long term storage. After quick
thawing (STAR Methods). the EDFs attached after approximately 4 hours. The cell cultures were in a
healthy state and the cell doubling time remained similar after recovery.

Chromosome analysis

Once the primary EDF cultures were established, the protocol to obtain a metaphase spread of the

African savanna EDFs was tested. Onc uency, cultures at passage 6
were exposed to 0.05 pg/mL i i I ] £). which yielded scattered
chromosomes spreads from singleliibcob = taphase spreads confirm that
the diploid number of chromosddes e k15 |56, Wi is in accordance with the

Elephantidae family and previous public ‘

UNIVERSITY of the
WESTERN CAPE
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Figure 3: Metaphase spread of primary EDF cells. Image A and B were captured using a Metafer 4
platform, showing a diploid chromosome number of 56 chromosomes obtained from elephant ES.

3. Discussion

Four primary EDF cell lines were established, characterized and cryopreserved from living. free-
roaming African savanna elephants using this protocol. To the best of our knowledge, this methodology

transcriptional activity. Hence, fhey "I“ sult
connected biological processes ' -!. nb “
previously published protocol on th ! of w

(Elephas maximus)'". Larger ¢ -" 2l L “ !
in this protocol, while the current protocol makes use of small skin punch biopsy samples (3 - 4 mm)

from African savanna eleplwn(I.—Il'm Jo}s}EcE&eLI &L\ﬁ)ﬁ:ﬂféﬁiopsy darting in the future,
a technique that can be used IE,‘mELt,;lnr tﬁ"fm‘“@ﬁdm of free-ranging terrestrial

animals and will allow sample collection from free-ranging elusive African forest and savanna elephants
without the need for sedation and causing minimal harm to the animal. A success rate of 83.30% was
obtained with the protocol starting from post-mortem ear skin tissue ,with a first outgrowth of cells was
seen 4 - 12 days after explantation'’. These values are very similar to what we obtained with the

in balancing the two tightly

. There is currently only one
st cultures from Asian elephants
aimelephant carcasses were used

currently protocol, with on average 15.75 + 6.30 days to see the first outgrowth and a success rate of
80.00%. Vangipuram ef al. presented a protocol to start up human patient-derived fibroblast cultures

from 4 mm human skin biopsies*’. In contrast to our protocol, this group coated the surface of the wells
with 0.1% gelatin prior to skin biopsy fragment transfer. The first outgrowth of fibroblasts was observed
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at 7 - 14 days, which is slightly earlier than our observations for EDFs. Interestingly. Seluanov er al.
described a doubling time of approximately 7 days for long-lived small rodents (e.g. naked mole rats)
possessing cancer suppression mechanisms, whereas human fibroblast divide approximately every 2
days*. The relatively slow doubling time of the primary EDF cultures could potentially be linked to
their underlying cancer suppression mechanism, including a lower somatic mutation rate and basal
metabolic rate”. While we used Eagle's Minimum Essential Medium (EMEM) instead of Dulbecco’s
modified Eagle’s medium (DMEM) as used by Siengdee et al. and Vangipuram et al., the principle is
the same since both types of media support the growth of fibroblasts whereas other cell populations
(¢.g. keratinocytes) need additional supplements and growth factors™, This is a relatively simple way
to obtain pure fibroblast cultures. Next to the cultivation of fibroblasts as monolayers in tissue culture
dishes, Rittie e al. also presented a protocol applying three-dimensional collagen lattices and co-culture
with human keratinocytes to form so-called skin reconstructs®,

The vanation in days upon first EDF outgrowth between the five elephants could be caused by
environmental factors, such as the weather conditions when samples were obtained and the duration
and conditions of the transportation. We tried to keep transport under 10 hours (depending on the
location of the elephant in the game reserve) and a relatively constant temperature of < 4°C with no
direct ice contact. However, others documented no effect on the cell viability upon a shipment of skin
samples on ice for several days***, so there could be other factors at play such as the depth and
composition of the biopsy sample. The doubl' i ‘ i Ot mary EDF cultures of 62.13 + 7.00 hours
(mean 4 SD) was significant]yo1 abi ished hippopotamus primary
fibroblast culture (34 hours) and t4é A .'H fE hint_fibroblast euliure (3 5hom-s)‘“’. It s unlikely that
age plays a role as the African sa _ s) is much younger compared
th skin biopsies were obtained

1o the Asian elephant age range (
in the elephant's natural habitat, i increase the risk for microbial
contamination. Therefore, 2 hig treptomycin-Amphotericin B
(P/S/A) antibiotics was applied in the dia, in lhe media upon starting the cultures (1%
P/S/A) and PBS washes of the mﬁﬁn&l d /.i cin). This could potentially

affect the replication rate and hwﬁ:egg'ﬁr!v R‘amm iy lT‘P‘ Jopassage 074, Anti-bacterial

and anti-fungal agents in cell culture, even standardly used Penicillin-Streptomycin (P/S), can affect

cell cycle regulation, differential, and growth™. Gentamicin treatment can result in mitochondrial
dysfunction and oxidative damage in mammalian cells, while Amphotericin B has shown to cause
impaired physiological processes causing a decrease in cell viability*' .

Finally, we opted for a direct tissue explant culture instead of enzymatic digestion. Collagenase
digestion has been successful for the establishment of primary cell cultures of the Asian elephant, Jaguar
(Panthera onca) and nonhuman primates from skin biopsies'®'"*, A protocol using dispase 11, a

proteolytic enzyme, followed by a simple incubation with trypsin solution was also optimized for
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obtaining primary fibroblasts from living, wild leporid species (hares and rabbits)”’. However. our
method brings the advantage of establishing a primary EDF cell line in a relatively short time from a
small skin biopsy, with a great efficiency regarding cell density, viability and purity. Despite a longer
waiting period to establish a primary EDF culture, direct explant culture offers the advantage of
conserving cell integrity and providing essential growth factors***.

Our result confirm the diploid number of 56 chromosomes i the Loxodonta africana. which 1s in
accordance with the Elephantidae family and previous publications*#!-***_Frénicke et al. reported a
predominantly acrocentric Karyotype consisting of 2n = 56 chromosomes for the African savanna
elephant containing only one subtelocentric and two metacentric autosomes™. Palkopoulou er al.
formally reported the high quality reference genome of the African savanna elephant which first became
available in 2005 (LoxAfrl) and has been updated in 2014 (LoxAfr4)". Investigations on the ancestral
karyotype of humans and elephants concluded that human painting probes produced identical
hybridization patterns in both the African and Asian elephants, confirming that both species possess
karyotypes that differ only in the amount and distrnibution of C - band positive heterochromatin®'. This
type of information provides a departure point to address fundamental questions in mammalian genome
architecture, including possible correlation with chromosomal polymorphisms or translocations causing
neoplasia in humans. The cell lines of different elephants that were generated as part of this study, might
further contribute these type of investigations™*.

This 1s the first experiment of its kind in South Africa with a relatively small sample size of five African
savanna elephants. Due to the variability in bieps¥oulfirowth and doubling times, a larger sample size

cantia=ani iule: 3 :
| AR St At v ot BIAL sl St chall:
e S e

to ethics guidelines. In addition,
reserves, resulting in often
contamination compared (0 Saiip

iples-Gbiained-fromT-Captive-Zoo-stephinis. As part of this proof-of-
concept study, we performed sl : i collected samples from elephants who were
sedated for vaccination and Lommmir) M&rggﬁsy darting, it might be more
challenging to obtain sample§ bfignaied frob the dah behind, the" @ of the elephant where the
epidermis is thin and GPS tracking might be required to retrieve the biopsy darts throughout the game
reserves. In addition. there is a risk that the dart penetrates the skin at an oblique angle which would

make the biopsy too superficial to reach fibroblasts. These variables will require further investigation
and experimentation in order to make the remote darting technique for sample collection more

successful.
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In this methodology paper, we present a simple method to isolate and establish a pnimary EDF cell line
from small skin punch biopsies of wild, living African savanna elephants residing in South Africa. The
EDF cell line brings us a step closer to cryopreserve the genome of African savanna elephants.
Furthermore, the cell line provides opportunities to further investigate the Peto’s paradox and unravel
the biological and genetic mechanisms that lead to cancer suppression in elephants.
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7. Figure titles and legends

Figure 1: Skin punch biopsy procedure and biopsy preparation. A - B) The skin behind the ear of
the elephant was cleaned with 70% ethanol. C) The punch biopsy area was surgically draped and a
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punch biopsy needle was used to collect the sample. D) Punch biopsies were collected and transferred
in tubes containing transport media. E) In the laboratory. the biopsies were washed thrice with washing
PBS and transferred to a sterile glass petri-dish. F) Two scalpels were used to remove the epidermis
and cut the biopsies into small tissue fragments. G) The tissue fragments were transferred to a T25
tissue culture treated flask using a sterile Pasteur pipet and 0.5 mL FBS was added.

Figure 2: The characteristic outgrowth of the primary EDF cells from tissue explants. A) The
radial outgrowth of EDFs from a biopsy fragment of E1 on day 9. 10, and 11. B) The average doubling
time of EDFs obtained from E3, E4, and ES was 62.13 + 7.00 hours (mean + SD). C) A growth curve
was plotted (normalized mean + SD calculated within six regions of a T25 flask) of E3, E4 and ES
based on the % confluence over 11 consecutive days. D) The morphology of the EDFs appeared to be
normal throughout passage 3 up to 14 with elongated, disc - like structures. All images are captured
with a live cell imaging system (Cytosmart, Lonza®).

Figure 3: Metaphase spread of primary EDF cells. Image A and B were captured using a Metafer 4
platform, showing a diploid chromosome number of 56 chromosomes obtained from elephant ES.
8. Tables titles and legends

Table 1. Overview of elephant samples. [nformation on the African savanna elephants (Loxodonta
Africana) such gender, age and location of the sample collection at two different wildlife reserves in
South Africa. In addition, more results on the individual cultures are listed. such as the days until the

9. STAR Methods m‘ﬁ'
10.1 Resource availability
=
Further information and requesis<forresom pe-directed to and will be fulfilled

by the lead contact, Dr Charlot Vandevoorde (¢ tvmdevoorde(a 1 de)

UNIVERSITY of the
WESTERN CAPE

The availability of the primary EDF cel line 1 ed due to the requirement to obtain the necessary

Matertals availability

ethics approval letters as well as transport and wildlife permits. For any research conducted on wildlife
species, threatened species and/or endangered species, relevant conservation permits may be required
and the responsible local authorities in the country of relevance should be contacted prior to distribution
of the cell line.

Data and code availability:
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Any additional information required to analyze the data reported in this paper is available from the lead
author upon request.

10.2 Experimental model and subject details

Ethical approval was obtained from the Animal Research Ethics Committee of the University of the
Western Cape. South Africa (AR21/6/4). In addition, landowner permission letters and permits for
transport of the wildlife samples were obtained prior to sample collection. The Section 20 approval was
granted by the South African Department of Agriculture. Land Reform and Rural Development
(DALRRD) formerly the Department of Agriculture, Forestry, and Fisheries (DAFF Section 20:
12/11/1/7). The Threatened Or Protected Species (TOPS) permit (permit number: s65761) and
registration application (certificate number: 02307) process for the carrying out of restricted activities
in terms of the National Environmental Management: Biodiversity Act 2004 (No. 10 of 2004) was also
obtained. Biological samples of five free-ranging African savanna elephants (Loxodonta africana) aged
between 14 - 35 years old (four male and one female elephant) residing in their natural habitat at
Botlierskop Game Reserve and Sanbona Wildlife Reserve, South-Africa were collected (Table 1). The
elephants had to undergo a scheduled veterinary intervention (vaccination or replacement of tracking
collar) requiring sedation via a single intramuscular injection of Thianil (Wildlife Pharmaceuticals Pty
Ltd, Mpumualanga, South Africa, 3 mg/1000kg). No analysis of the influence of sex was performed in
this study because of the small sample size. Durmg the penod of sedation. oxygen levels and general

using a punch biopsy needle

10.3 Method details

Tissue sample collection

UNIVERSITY of the

The skin was cleaned with 70% ethanol and surgically draped (Figure 1A - C). Five skin punch biopsies
of 5 mm in diameter were wll% Htﬂh ;l;aﬁbesyweetﬁ:be‘uH uLear comparative thinness of
the corium and epidermis™. The biopsies were transferred 1o a stenile 15 mL conical wbe containing 10
mL transport media, consisting of 90% Eagle’s Minimum Essential Medium (EMEM), and 10%
Penicillin/Streptomycin/ Amphotericin B (P/S/A). Samples were transported at 0 - 4°C and processed
within 24 hours. All reagents and consumables are listed in the Key Resource Table.

Establishment of the primary EDF culture

All cell culture consumables and reagents (Key Resource Table) were sterile and all the reagents were
pre-warmed in a water bath (37°C) before usage. The skin biopsy was transferred to a glass petri-dish
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with a pair of tweezers (Figure 1E) and washed thrice with washing phosphate buffered saline (PBS).
containing 10% P/S/A, and 2% gentamicin. Two scalpels (size 11) were used to remove the epidermis
and cut the biopsies in smaller fragments (Figure 1F). A few drops of initial culturing media (EMEM
supplemented with 20% Fetal Bovine Serum (FBS) and 1% P/S/A) were added to prevent dehydration.
The small tissue fragments were transferred to a T25 tissue culture treated flask using a sterile glass
Pasteur pipet (Figure 1G). To prevent floating of the tissue fragments, 0.5 mL FBS was added. The T25
flasks were incubated under standard conditions at 37°C in a humidified 5% CO2 incubator. After 24
hours, the flasks were placed upside down for the next 24 hours. On day three, | mL initial culturing
media was added. The tissue fragments were momitored daily under an inverted microscope (Zeiss
Primovert, Carl Zeiss Pty LTD, Munich, Germany) at 10X magnification to observe explant dislodging
and the overall radial migration of the primary EDFs. Microbial or fungal contamination was closely
monitored at 40X magnification. If contamination was suspected, the flask was washed daily with 2 mL
washing PBS. In case of persistent contamination, the amount of P/S/A in the initial culturing media
was increased to a maximum of 3%. Additionally, a commercial 16S ribosomal RNA gene polymerase
chain reaction (PCR) assay was performed and no bacterial DNA (including Mycoplasma species) was
detected (Key Resource Table).

Once a T25 flask reached 70% confluency or when over confluent localized cell densities were observed
along tissue fragments, the EDFs were washed twice with PBS and 1 mL of 1X trypsin EDTA solution
(0.12% trypsin, 0.02% EDTA) was added and incubated for maximum 3 min. Upon detachment, 4 mL
¢EMEM (EMEM containing 20% FBS. |%-P*STwasadded and the cell suspension was transferred to
a 15 ml conical tube. To en -rm‘ﬁ ep was repeated. After 8 min
centrifugation at 201 relative ‘ W s
¢EMEM and transferred to a o
subcultured/frozen ina | 104 rf

000 cells per em? is recommende

The mean double time (Td) !vurdnemrwd'ﬁyrtmec'pmryfm"mhdm after the first passage (Td
= (normalised mean 4+ SD. q_-} tN fu‘r‘xﬁ E(ixld}? !P\fﬂ???ﬁ; cell coverage)/log(2))). Post

seeding, the cells were incubated for two days. From day three onwards, six images were taken daily in
six different regions of the T')S"I'Iaht hnTc&tﬁn&%n&ww&ched (field of view 2.40 x 1.40

mm) using the live cell imaging system (Cytosmart, Eindhoven, The Netherlands). The confluency was

gently resuspended in 2 mL
flask fapproximately 5x10° cells) was
pectiyely. A seeding density of 3 500 - 7

defined using the Cytosmart confluency algorithm® (Key Resource Table).
Primary EDF cryvopreservation

After trypsinization and centrifugation, the cell pellet was resuspended in freezing media (90% FBS,
10% Dimethyl sulfoxide (DMS0O)) and transferred to a Mr. Frosty™ Freezing Container containing
isopropy! alcohol acclimated to -20°C overnight. Thereafter, the cryovials were transferred to -80°C or
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liquid nitrogen for long term storage. A cooling rate of -10°C /min is satisfactory®'. To resuscitate the
EDFs, the cryovials were thawed quickly by placing them in a warm water bath (37°C) until a small
frozen clump remained and the cell suspension was added to 6 mL prewarmed cEMEM. After
centrifugation, the supernatant was discarded and the pellet was resuspended in 2 mL ¢EMEM and
transferred to a T25 flask. Attachment was observed after approximately 4 hours. A media change was
performed every third day.

Metaphase spread of the African savanna EDFs

Once a confluent monolayer was obtained, 50 000 cells were seeded into a petri dish (35 mm). After
90% confluency was reached, 0.05 pg/mL of KaryoMAX™ Colcemid™ Solution in PBS (stock
solution 10 pg/ml) was added for 3 hours to inactivate spindle fiber formation and amass cells in
metaphase®, Cells were harvested by trypsination, transferred to a conical 15 mL tube and 5 mL
prewarmed hypotonic solution (0.075 M Potassium Chlonde) was added in a dropwise manner while
stirring vigorously and left for 10 minutes at 37°C. The cells were fixed in methanol - acetic acid (3:1
ratio, freshly prepared at room temperature) using a Pasteur pipette, by slowly adding 1.5 mL fixative
from the bottom to the top of the 15 mL conical tube before centrifugation for 10 minutes at 201 RCF.
The supernatant was discarded, and this fixation step was repeated two more times (5 mL fixative) until
the fixative was clear. The cell pellet was resuspended in 200 uL of the left over supernatant and 50 pL
of the cell suspension was dropped from 30 cm height on wet slides (stored in dH20 with 10%

methanol. at 4°C). Slides were left to air dry. Sk ith fixed metaphase spreads were stained for 3
min with Giemsa’'s Azur Eosin ut1 rorking solution (1:25 ratio,
freshly prepared and protected i e 1:0 trice and left to dry and
mounted with DPX. The slides ere initially detected by 10X
objective lens using the metaphage findér dlgo off Metaféd (M sstems, Heidelberg, Germany)
and subsequently captured with n s ti 3X

10.4 Quantification and sta : ‘ -

The average and correspondid |stgddrd, ddviahbns, (§D) %}jﬁlmm for the results from the
individual experiments, Td determined and results visualized using Microsoft Office Excel 2019
ot Corporaion, Wiakioks St W B N ek St Vesion 501 o
Windows (GraphPad Software, San Diego, CA, USA). As a result of limited availability and
opportunistic sample collection. not all the experiments were performed on the same day.

10.5 Key resource table
REAGENT or RESOURCE SOURCE IDENTIFIER
Penicillin-Streptomycin-Amphotericin B Mixture Lonza Cat#: 17-745E
(Pen/Strep/Amph)
Gentamycin (50 mg/ml) Lonza Cat#: 17-518L
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Penicillin-Streptomycin (P/S) Capricorn Scientific | Cat#: PS-B
Eagle's Minimum Essential Medium (EMEM) Capricorn Scientific | Cat¥#: MEM-A
Fetal Bovine Serum (FBS) Capricorn Scientific | Cat#: FBS-GI-HI-12A
Phosphate Buffered Saline (PBS) Gibco Cat#: 15374875
Trypsin EDTA solution (1X) Capricorn Scientific | Cat#: TRY-1B
Chemicals, peptides, and recombinant proteins
Dimethy! Sulfoxide (DMSQO) Sigma-Aldrich Cat#: 34869
KaryoMAX™ Colcemid™ Gibco Cat#: 15212012
Potassium Chioride (KCI) Sigma-Aldrich Cat#: 7447-40-7
Methanol acid Merck Cat#:67-56-1
Acetic acid Merck Cat#:64-19-7
Giemsa's Azur Eosin Methylene Blue Solution Merck Cat#: 109204
HEPES sodium sait, CaH;N2NaO4S (Molecular Weight: | ChemCruz Cat#: sc-216092
260.28
HEPES, CeH1sN204S (Molecular Weight: 238.30) ChemCruz Cat#: 7635-45-9
DPX Mountant for histology Merck Cat#: 44581
Isopropanol Kimix Chemicals & | Cat#: IPR0O1
Lab Supplies
Critical commercial assays
Add PCR done commercially | PathCare | Practice #: 5200539
Experimental models: Cell lines
Primary African elephant (Loxodonta africana) dermal This paper. N/A
fibroblast (EDF) cell lines
Software and algorithms
Cytosmart confluency algorithm Lonza https://cytosmart.com/a
pplications/cell-
confluence
Metafer 4 platform MetaSystems https://metasystems-
international.com/en/pr
- oducts/metafer
GraphPad Prism Graphpad www.graphpad.com
Other
Tissue cultured treated flasks#25) Nest Cat#: 707003
Conical centrifuge tubes (15 mL) Nest Cat#: 601002
Scalpels (size11) Hi-carg’ Cat#: SCALPEL11
Glass petri dish (100 mm) | Pyrex| Cat#: SLW1480/08D
Serotogical pipets (2 and 10 L} Nest Cat#:325001/327001
Tissue cultured treated petrradish{35-mmx-+2mmy Nest Cat#:706001
Mr. Frosty™ Freezing Contaiger ThermoFisher Cat#:5100-0001
IScientifici
Glass slides Lasec Cat#:
GLAS4S22M3000F
Glass coverslips Lasec Cat#:
GLAS2C29M2450REC
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