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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is the most common type of pancreatic malignancy.
PDAC is one of the deadliest cancers, with a 5 year survival rate of only 3.2 % when diagnosed
at an advanced stage. Approximately 75-80 % of PDAC cases are diagnosed at a
late/inoperable stage where palliative chemotherapy is the only treatment option available.
Current treatment options are met with numerous challenges. Despite the advances and success
in targeted therapy and immune checkpoint blockade in various solid tumours, PDAC is
unresponsive to these treatments. The stress-response protein, HMOX1, has been implicated
in treatment failure of chemotherapy in numerous cancer-types. There is a need for novel
therapeutic approaches in the treatment of PDAC and the reasons for treatment failure of
chemotherapy for pancreatic cancer cells requires urgent attention. Copper complexes as
anticancer agents have shown promising cytotoxicity against numerous cancers, and appear to
cause cell death by inducing apoptosis. The ligands to which copper are complexed play a
major role in the specificity and mode of cell death of the complexes. The ligands that were
evaluated in this study had previously shown anti-cancer activity, and allow the binding of the
complexes to DNA. This study evaluated three different classes of copper complexes for their
anti-cancer activity on AsPC-1 and MIA PaCa-2 pancreatic cancer cells. A copper-
phenanthroline-theophylline complex (AD3), a copper 8-aminoquinolone naphthyl complex
(OM), and two copper isoindoline complexes (L.1Cu and L6Cu) were cytotoxically active in
both the AsPC-1 and MIA PaCa-2 cell lines. The complexes had clinically relevant ICso values

of below 5 pM and were significantly more active than the positive control, doxorubicin.

Preliminary investigations on the effect of the copper complexes on the morphology of the
cells indicated the absence of necrotic cell death, while features of apoptosis, such as membrane
blebbing and chromatin condensation were observed. The copper complexes caused
statistically significant formation of reactive oxygen species (ROS), in both cell lines. The
copper complexes caused the binding of annexin-V in both cell lines and provided evidence
for apoptosis. Apoptotic cell death was confirmed by the activation of caspase-3/7, with copper
complexes causing between 16 % and 67 % caspase-3/7 activation in AsPC-1 cells while >88%
of MIA PaCa-2 treated cells had active caspase-3/7. The loss of mitochondrial membrane
potential was seen in 100 % of treated cells in both cell lines with the activation of caspase-9

confirming activation of the intrinsic apoptotic pathway.



The copper complexes increased the expression of HMOXI1 in both cell lines, as seen in
immunofluorescence and western blot studies. AD3 was the strongest inducer of HMOX1
whilst L1Cu caused the smallest increase in HMOXI1 expression. The inhibition of HMOX1
by a small-molecule inhibitor, OB24 HCI, significantly decreased the ICso values of the copper
complexes, indicating that HMOX1-inhibition sensitized the cells to the cytotoxic effect of the
copper complexes. At the concentration used, OB24 HCI had no effect on cell viability. The
data suggested that HMOX1-inhibition may be a viable therapeutic consideration in PDAC.

Taken together, the data from this study supports the further pre-clinical investigation of copper

complexes as cancer treatments together with an in depth investigation on HMOX1.
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Chapter I: Introduction

1.1 Pancreatic cancer statistics

According to GLOBOCAN 2022, the International Agency for Research on Cancer reported
an estimated 510 992 new cases of pancreatic cancer (PC) worldwide in 2022 (WHO, 2022).
PC is ranked as the seventh leading cause of cancer-related deaths worldwide, with 467 409
deaths in 2022 (WHO, 2022). PC remains one of the deadliest cancers, with a
mortality/incidence ratio of 91 % (WHO, 2022) and a 5 year survival rate of 12.5 % for all
stages combined (American Cancer Society, 2023). Advanced disease at diagnosis is
associated with a poor survival rate (Table 1.1). The poor prognosis of PC is partly due to the
late presentation of symptoms, causing patients to be diagnosed at a later, inoperable stage (De

LaCruzetal., 2014).

Table 1.1 Five year relative survival rates of PC based on stages (National Cancer Institute,
2023)

Stage Frequency of diagnosis (%) 5 year relative survival rate

(%)

Localized 13 443
Regional 29 16.2
Distant 51 3.2
Unknown 7 10.5

The incidence of PC in Africa is 3.7 % of the total global cases (WHO, 2022). In South Africa,
the National Cancer Registry recorded 248 female and 254 male diagnoses of PC in 2020,
contributing to approximately 0.7% of all cancer cases in the country (NICD, 2020). PC was
more prevalent among the white population than the black population (NICD, 2020) (Table
1.2), which is contrary to global trends that show a higher incidence among black populations
compared to white populations (Yadav and Lowenfels, 2013). Coloured populations had the
third highest number of new cases, followed by the Asian population group (Table 1.2).
According to the latest Stats SA Census data, the white population makes up 7.3 % of the total
population of South Africa (Census, 2022). White South Africans have the highest incidence
of PC cases in South Africa, while accounting for one of the smallest racial groups. The

majority of all cases occurred in individuals over the age of 50 (NICD, 2020).



Table 1.2 The number of new cases of PC recorded according to race in South Africa (NICD,

2020)
Black White Coloured Asian
2019 124 238 58 16
2018 120 217 67 17
Total 244 455 125 33
1.2 Types of PC tumours

PCs can be divided into exocrine and endocrine tumours. The most common type of PC,
pancreatic ductal adenocarcinoma (PDAC), is an exocrine tumour which originates in the
epithelial lining of the pancreatic duct (Pai and Spalding, 2015). Less common are tumours of
the endocrine tissue which are termed pancreatic neuroendocrine tumours (PNET) (Rawla et
al., 2019). PNETs, also known as Islet cell tumours, account for less than 2 % of PC cases
(National Cancer Institute, 2022). Because PDAC is typically diagnosed at a late/inoperable
stage (stage III or IV), it has a poor prognosis compared to PNETs (Rawla et al., 2019). When
diagnosed at stage IV, PDAC has a 5-year survival rate of 3 % (American Cancer Society,

2024) compared to the 23 % of PNETs (American Cancer Society, 2023).

1.3 Features of PDAC

The main precursor lesion to invasive PDAC is pancreatic intraepithelial neoplasm (PanIN).
High grade PanINs, also known as “carcinoma in situ”, have a high frequency for developing
into invasive PDAC and warrants evaluation and surgical intervention (Pittman et al., 2017,
McCarthy et al., 2001). Approximately two thirds of PDACs are found in the head of the
pancreas, while the remainder are found in the body or tail, at a frequency of 15 % each
(Luchini et al., 2020). Lifestyle risk factors for PDAC include smoking, excessive alcohol
consumption, obesity, high consumption of dietary saturated fats, diabetes mellitus and chronic
pancreatitis (McGuigan et al., 2018). Inherited syndromes that increase a patient’s pancreatic
cancer risk include Peutz-Jeghers syndrome, Familial Atypical Multiple Mole Melanoma
(FAMMM), Lynch syndrome, Hereditary Breast And Ovarian Cancer Syndrome and
hereditary pancreatitis (McGuigan et al., 2018).

1.4 Tumourigenesis of PDAC
The progression model for PDAC begins with the most common precursor lesion, PanIN.
KRAS activation is an initiating event in the development of low grade PanINs. Loss of

CDKN2A/p16 function then occurs. Loss of 7P53 and SMAD4/DPC4 subsequently occur in



high grade PanIN lesions, promoting invasion and metastasis of pancreatic tumour cells (Figure

1.1) (Iacobuzio-Donahue et al., 2012).
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Figure 1.1 PDAC progression model. Progression model depicting the mutations that drive PDAC
tumorigenesis. Legend: Panin: Pancreatic intraepithelial neoplasm; KRAS: Kirsten rat sarcoma virus;
CDKNZ2A: Cyclin dependent kinase inhibitor 2A; TP53: Tumour suppressor protein 53; SMAD4:
Supressor of mothers against decapentaplegic family member 4. Reproduced from lacobuzio-Donahue
etal., (2012).

1.4.1 Metastasis

The process of cancer metastasis begins when carcinoma cells lose their cell-cell and cell-
extracellular matrix connections through the loss of adhesion molecules, promoting
detachment of epithelial cells from the basement membrane and hence, invasion into the
surrounding stroma (Keleg et al., 2003). The loss of epithelial characteristics and development
of motile characteristics of the cancer cell represents the process of epithelial-to-mesenchymal
transitioning (EMT). Thereafter, the mobilized tumour cells extravasate into the blood and
lymphatic system (Das and Batra, 2015). Circulating tumour cells then enter the parenchyma
of distant organ sites and re-establish colonies of neoplasms (Tuveson and Neoptolemos,

2012).

The liver is the most common site of metastasis of a primary pancreatic tumour, followed by
the lungs and peritoneum (diSibio and French, 2008). Other less common sites of metastasis

include the adrenal gland, bone and gall bladder (diSibio and French, 2008).

In PDAC, mutations associated with tumour progression and promotion of metastasis occur in

KRAS, CDKN2A, TP53 and SMAD4/DPC4 (Tuveson and Neoptolemos, 2012). A Loss of



Heterozygosity (LOH) mutation in KRAS promotes migration and motility of tumour cells
resulting in metastasis in mice and human tumours (Qiu et al., 2011). SMAD4-inactivation is
present in metastatic disease but not locally advanced disease, suggesting a correlation between
SMADA4 loss and PDAC metastasis (Iacabuzio-Donahue et al., 2009). In genetically engineered
mouse models with mutant KRAS and deletion of the Ink4A/Arf locus (encodes for the tumour
suppressor protein, pl6), micrometastasis to the liver and the lungs were seen (Mazur and

Siveke, 2012).

1.4.2 Molecular signature of PDAC

1.4.2.1 KRAS

The KRAS proto-oncogene encodes for a small GTPase protein, KRAS. Embedded in the inner
membrane of the cell, KRAS is a kinase involved in the mitogen-activated protein kinase
(MAPK) growth signaling pathway (Waters and Der, 2018). When activated by the binding of
growth factor ligands to their respective receptor tyrosine kinases, KRAS triggers downstream
kinases and molecules that amplify signaling for the activation of transcription factors.
Subsequently, the nucleus receives signals to enter into cell division, promoting growth and
proliferation of the cell (Waters and Der, 2018). KRAS exists between its inactive, GDP-bound
state and active, GTP-bound state. After converting GTP to GDP, KRAS is inactivated and
stops relaying growth signals to the nucleus (Waters and Der, 2018). Mutant KRAS protein is
permanently locked in its activated state, continually conferring growth signals to the nucleus
irrespective of the presence or absence of extracellular stimuli. In this way, mutated KRAS is
an oncogenic driver for tumourigenesis (Waters and Der, 2018) and promotes proliferation,
cell survival, angiogenesis and invasion of the tumour (Podolsky et al., 2016). KRAS mutations
are found in 95 % of PDAC cases (lacobuzio-Donahue et al., 2012). The point mutation in
KRAS is an early event involved in the formation of PDAC, present in 92 % of low grade
PanINs, the major precursor lesion to PDAC (Kanda et al., 2012). In a PDAC mouse model,
KRAS activation exhibited an aggressive phenotype, conferring a growth advantage and

promoting metastasis of the tumour (Qiu et al., 2011).

1.4.2.2 CDKN24

The CDKN2A4 gene is a tumour suppressor gene that encodes for the protein pl16 which is a
cyclin-dependent kinase inhibitor that impedes the progression of the cell cycle from G1 to S
phase (Serrano et al., 1983). This prevents abnormal cell growth and a loss of p16 promotes

tumour development and proliferation of neoplastic cells (Schutte et al., 1997). Mutations in



the CDKN2A gene, rendering p16 inactive, is present in approximately 98% of PDACs (Schutte
et al., 1997). Inactivation of pl6 occurs early on in the transformation of normal cells into
invasive carcinoma (Iacobuzio-Donahue, 2011). In PDAC mice models, biallelic inactivation
of p16 combined with KRAS activation promoted tumour progression and metastases (Qiu et

al., 2011).

1.4.2.3 TP53

The TP53 gene encodes for the tumour-suppressor protein, p53. Termed the ‘guardian of the
genome’, p53 prevents the replication of damaged or mutated DNA. DNA damage and
oncogene expression activates p53 (Toufektchan and Toledo, 2018). It functions by stimulating
the transcription of proteins involved in cell cycle arrest, DNA repair and apoptosis of damaged
cells (Toufektchan and Toledo, 2018). Loss of function of p53 allows uncontrolled
proliferation of damaged cells. Additionally, mutated p53 may promote the survival and
progression of tumour cells (Muller and Vousden, 2014). Approximately 70% of PDAC cases
have a mutation of the 7P53 gene, causing the formation of mutant p53 protein, which not only
loses its tumour suppressive effects, but also gains oncogenic functions (Voutsadakis, 2021;
Maddalena et al., 2021). According to the progression model of PDAC the loss of p53 occurs
at a later stage and is present in high-grade PanIN lesions. In a mouse model, mutated TP53
was found to promote tumour invasion and lymph node metastasis of pancreatic tumour cells
(Hu et al., 2021). Gain-of-function mutant p53 caused decreased infiltration of immune CD8"
T cells into mice pancreatic tumours and modulated the tumor microenvironment by increasing
fibrosis of the surrounding tissue, indicating the immunosuppressive properties of gain-of-

function p53 (Maddalena et al., 2021).

1.4.2.4 SMAD4/DPC4

The SMAD4 gene is responsible for encoding the SMAD4 protein. SMAD4 is activated in
response to transforming growth factor beta (TGF-f) signaling. The SMAD4/TGF-f pathway
promotes cell cycle arrest, apoptosis and DNA repair (Hu ef al., 2021). SMAD4 acts as a
transcription factor and tumour suppressor protein and is inactivated in approximately 50% of
PC cases (McCarthy and Chetty, 2018). The loss of tumour-suppressing properties of SMAD4
occurs in high grade PanIN lesions, thereby promoting invasion and metastasis of precursor

lesions (Hu et al., 2021).



1.5 Signs and symptoms of PDAC

Early stages of PDAC are clinically asymptomatic (Schawkat et al., 2020). Non-specific
symptoms such as abdominal pain, unexplained weight loss, nausea and vomiting, anorexia
and weakness are the most common presentation of late stage PDAC (De La Cruz et al., 2014).
Tumours situated in the head of the pancreas causing biliary tree obstruction present with
abdominal pain, jaundice, pruritus, dark urine and acholic stools due to the prevention of bile
secretions (De La Cruz et al., 2014). Early satiety and food intolerance are clinical
manifestations specific to tumours of the body and tail of the pancreas (De La Cruz et al.,
2014). Additionally, sudden onset of type 2 diabetes mellitus in a thin person over the age of
50 years that is unresponsive to treatment is suggestive of pancreatic cancer (De La Cruz et al.,

2014).

1.6 Serological biomarkers for the detection of PDAC

Carbohydrate antigen 19-9 (CA19-9), carcinoembryonic antigen (CEA) and cancer antigen 125
(CA125) are widely used tumour markers for the detection of PC. The tumour markers display
limited specificity for PC when used alone. Consequently, the use of a combination of serum
biomarkers is employed as a screening measure to increase the sensitivity and specificity for
PC detection (Wu et al., 2022). Additionally, these biomarkers are used as predictors for

prognosis of disease following diagnosis (van Oosten et al., 2023).

1.7 Treatment of PDAC

The multidisciplinary approach to PDAC treatment depends on the stage of the tumour at
diagnosis: resectable, borderline resectable, locally advanced or metastatic disease
(unresectable). Resectable tumours are defined as tumours that have no contact with any major
peripancreatic blood vessels. Borderline resectable tumours constitute tumours that have blood
vessel abutment of less than or equal to 180°. Unresectable tumours demonstrate encasement

of the blood vessel of greater than 180° (Toesca et al., 2018).

1.7.1 Treatment of resectable disease

Surgical resection followed by adjuvant chemotherapy is the standard of care applied to
resectable disease (Kwasniewska et al., 2023). Adjuvant chemotherapy refers to chemotherapy
that is administered after resection of the tumour to decrease the risk for relapse. In the
treatment of early stage PDAC, pancreatectomy remains the only potentially curable treatment

option. However, the 5-year survival of patients who underwent resection is still only 24 % (Li



et al., 2022). Additionally, only 15-20 % of patients are eligible for surgical resection upon
diagnosis (Principe et al., 2021). The options for adjuvant chemotherapy include a modified
FOLFIRINOX (5-fluorouracil (5-FU)/folinic acid plus irinotecan and oxaliplatin) regimen or
gemcitabine/capecitabine (Manrai et al., 2021). Neoptolemos et al. (2017) conducted a phase
III, randomised clinical trial investigating the use of gemcitabine plus capecitabine vs
gemcitabine monotherapy as adjuvant therapy for resected PDAC. The results indicated a
median overall survival of 28.0 months in the gemcitabine plus capecitabine group vs 25.5
months in the gemcitabine-only group (Neoptolemos et al., 2017). A more recent multicentre,
randomised phase III trial evaluated a modified FOLFIRINOX regimen against gemcitabine-
monotherapy in adjuvant chemotherapy (Conroy et al., 2022). The median overall survival in
the modified FOLFIRINOX group was 53.5 months compared to the 35.5 months in the
gemcitabine group. The results from this trial prompted for the modified FOLFIRINOX
regimen to be the standard of care in patients who undergo resection for PDAC (Conroy et al.,

2022).

1.7.2 Treatment of borderline resectable disease

Borderline resectable disease refers to tumours that present as unresectable upon diagnosis, but
have the potential for surgical resection after chemoradiation therapy (Toesca et al., 2018).
Neoadjuvant chemotherapy serves to reduce the tumour size and involvement with
peripancreatic blood vessels in order to increase the chances of tumour resection with negative
margins (Toesca et al., 2018). There is a growing body of evidence in support of neoadjuvant
chemotherapy (Smaglo, 2023). Currently, there are ongoing phase III clinical trials
investigating the use of FOLFIRINOX in the pre-operative setting vs post-operatively. The
results from a retrospective study supports the use of neoadjuvant chemotherapy which showed
that patients who received chemotherapy before surgical resection remained disease-free for a

minimum of 48 months (Shrestha et al., 2017).

1.7.3 Treatment of unresectable/metastatic disease

First-line therapy for patients with metastatic disease is determined according to the patient’s
ability to tolerate treatment. Combination chemotherapy regimens consisting of FOLFIRINOX
or gemcitabine plus nano-albumin-bound (nab)-paclitaxel are currently the first-line treatment
options in fit patients (Garajova et al., 2023). Patients who are unable to tolerate FOLFIRINOX
are treated with gemcitabine monotherapy. Alternatively, treatment of gemcitabine in

combination with capecitabine is offered (Garajova et al., 2023). For patients in advanced



stages of disease who are bed-bound, therapy is offered according to a case-by-case basis

(Garajova et al., 2023).

A multicentre, randomised phase II-III clinical trial evaluated the efficacy of FOFIRINOX vs
gemcitabine monotherapy (Conroy et al., 2011). The results indicated a median overall survival
of 11.1 months in FOLFIRINOX-treated patients vs the 6.8 months in patients treated with
gemcitabine. This trial was pivotal in the change of first-line therapy for metastatic PDAC from
gemcitabine monotherapy to the FOLFIRINOX regimen. Despite the increase in adverse
effects in the FOLFIRINOX group, including grade 3/4 neutropenia, febrile neutropenia,
diarrhoea, sensory neuropathy, there was also an increase in the time it took to see a reduction
in quality of life compared to the gemcitabine group (Conroy et al., 2011). In a retrospective
study, Klein-Brill et al. (2022) compared the two first line therapies, FOLFIRINOX vs
gemcitabine/(nab)-paclitaxel and found an increase in overall survival of 2 months in the
FOLFIRINOX group. The FOLFIRINOX group was also associated with fewer posttreatment
complications (Klein-Brill et al., 2022).

Patients who failed on first-line FOLFIRINOX therapy and are fit are treated with combination
gemcitabine and nab-paclitaxel (Petrelli ef al., 2023). Gemcitabine monotherapy is offered as
second-line treatment in patients who are unable to tolerate more aggressive regimens (Principe
et al.,2021). Second-line therapy additionally involves the use of 5-FU/folinic acid with nano-
liposomal irinotecan in patients who have previously used gemcitabine-based therapy. The
regimen was well tolerated and showed an increase of 1.9 months in median overall survival

compared to 5-FU/folinic acid alone (Wang-Gillam et al., 2019).

PDAC patients with mutations in BRCA-1/2 or PALB-2 show increased sensitivity to a
combination regimen of gemcitabine and cisplatin, which is used as first-line therapy in these
patients (Principe et al., 2021). Additionally, BRCA-mutated patients benefit from the use of
targeted immunotherapy, namely olaparib (PARP inhibitor), particularly those who did not
progress on platinum-based therapy (Principe er al., 2021). An additional subset of PDAC
patients that benefits from immunotherapy includes those deficient in DNA mismatch repair
with high microsatellite instability. These patients respond well to pembrolizumab, an immune
checkpoint inhibitor (Principe et al., 2021). The use of tropomyosin receptor kinase (TRK)

inhibitors in patients with NTRK gene fusions further contributes to precision medicine



approaches (Principe et al., 2021). NTRK gene fusions are rare oncogenic drivers in PDAC

which may be a potential target for therapy in these tumours (O’Reilly and Hechtman, 2019).

The mechanism of action and adverse effects of the chemotherapy drugs used in the treatment

of all stages of PDAC are summarized in Table 1.3.

Table 1.3 Mechanism of action and adverse effects of drugs used in the treatment of PDAC

(Wellstein and Sausville, 2023; Wellstein and Giaccone, 2023; Wellstein and Atkins, 2023)

Cancer drug Mechanism of Action (MOA) Adverse effects

Incorporates into DNA and RNA Anorexia, nausea, diarrhoea,
5-FU mucosal ulceration,

Inhibits thymidylate synthase, Myelosuppression:

preventing DNA-repair mechanisms thrombocytopenia, anaemia

Results in DNA-strand breakage Hand-foot syndrome (erythema,

oedema, burning sensation)

Irinotecan Prodrug Diarrhoea

Inhibits topoisomerase-|, preventing Myelosuppression: severe

DNA replication, repair and neutropenia, febrile neutropenia

transcription
Nausea, vomiting, fatigue,
mucositis

Skin flushing, alopecia

Cholinergic syndrome

Binds to electron-rich regions in Peripheral neuropathy
proteins and various sites on DNA,
forming inter- and intra-strand

Oxaliplatin crosslinks
Inhibits DNA replication and Sensory neurotoxicities:
transcription, leading to single- and dysesthesias, ataxia, numbness of
double-stand breaks extremities

Causing the induction of apoptosis

Additionally suppresses expression of
thymidylate synthase - synergistic with

5-FU

Enters cells through nucleoside Myelosuppression
Gemcitabine transporters

Intracellularly converted to active di- Hepatotoxicity

and tri-phosphates

Di-phosphate inhibits ribonucleoside Flu-like syndrome, asthenia

diphosphate reductase, causing (weakness)

depletion in deoxyribonucleotide pool,
preventing DNA synthesis

Interstitial pneumonitis



Tri-phosphate incorporates into DNA,
causing strand termination that is
resistant to repair

Paclitaxel

Binds to S-tubulin of microtubules,
causing their disassembly

Causes mitotic arrest and induction of
apoptosis

Neutropenia
Peripheral and sensory neuropathy

Myalgias
Mucositis

Capecitabine

Prodrug of 5-FU. MOA as for 5-FU

Hand-foot syndrome (erythema,
oedema, burning sensation)

Cisplatin

As for oxaliplatin

Nephrotoxicity

Ototoxicity (tinnitus, hearing loss of
high-frequencies)

Nausea, vomiting

Mild/moderate myelosuppression:
leukopenia, thrombocytopenia,
Anaemia

Olaparib

Poly-(ADP-ribose) Polymerase (PARP)-
inhibitor, used only in BRCA-mutated
patients.

PARP normally repairs single-stranded
breaks in DNA

Without PARP, double-strand breaks
accumulate during DNA replication.
Cells with functional BRCA are able to
repair double-stranded breaks.

In tumour cells lacking functional BRCA,
PARP-inhibitors prevent repair of DNA
double-strand breakage, causing
induction of apoptosis

Myelodysplastic syndrome, acute
myelocytic leukaemia

Pneumonitis
Nausea, vomiting, loss of appetite
Fatigue, myalgia and arthralgia

Anaemia

Pembrolizumab

Antibody that blocks PD-1

allowing for restoration/maintenance
of antitumour T cell response

Fatigue, cough, nausea,
constipation, diarrhoea

Pruritus, arthralgia, decreased
appetite

Immune-mediated inflammation:
pneumonitis, colitis, hepatitis

1.7.4 Treatment resistance/failure in PDAC

Drug resistance of PDAC cells poses another obstacle in the treatment of the disease.
Resistance of the tumour to chemotherapy is as a result of the desmoplastic,
immunosuppressive tumour microenvironment and the poor vasculature surrounding the
tumour which results in decreased delivery and perfusion of the drug into the tumour (Olive et
al., 2009; Sofuni et al., 2005; Carapuga et al., 2016). The dense stroma in the tumour
microenvironment prevents the infiltration of T and B lymphocytes, contributing to the

immunosuppressive environment (Ene-Obong et al., 2013). Consequently, immune checkpoint
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blockade and targeted therapy is ineffective in PDAC tumours, despite showing promising
activity in various other solid tumours (Hecht et al., 2021; Tempero et al., 2021; Van Cutsem
et al., 2020). There is, therefore, an urgent need for novel drug therapies in PDAC.
Additionally, the factors contributing to treatment resistance in PDAC requires attention and

resolution.

1.8 Haem oxygenase-1

Haem oxygenase-1 (HMOX1) is the inducible isoform of the enzyme which catalyses the
breakdown of pro-oxidant, cytotoxic, free haem into biologically active carbon monoxide
(CO), free ferrous iron and biliverdin, which is rapidly catabolized to bilirubin by the action of
biliverdin reductase (Mascaro et al., 2021). HMOXI is induced in response to cellular stresses
such as ROS, ultraviolet irradiation, pro-inflammatory cytokines, hypoxia, ischemia, heavy
metals and nitric oxide as well as other stimuli such as the presence of its substrate haem
(Muchaa et al.,2019; Jun et al., 2018). HMOXI1 is normally embedded in the membrane of the
smooth endoplasmic reticulum. Most of the protein, including its active N terminus, resides in
the cytoplasm. A shorter portion containing the C terminus resides in the lumen of the smooth
endoplasmic reticulum (Yoshida and Sato, 1989). Additionally, HMOX1 localizes to other
subcellular compartments including the mitochondria, vacuoles, caveolae in the plasma
membrane and the nucleus. Translocation to the nucleus is possible through the truncation of
the C terminus of the protein which is associated with loss of its enzymatic activity (Lin ef al.,
2007; Mascar¢ et al., 2021). The cytoprotective properties of HMOX1 include its ability to
prevent against neuron damage, atherosclerosis, cardiovascular disease, cancer and
inflammation (Lee et al., 2014). As a result of truncation and nuclear translocation of HMOX1,
the protein is able to upregulate cytoprotective genes involved in hydrogen peroxide-induced
oxidative stress (Lin et al., 2007). The transcription factor effects are independent of its
enzymatic activity. Additionally, the by-products of the enzyme activity of HMOX1 (carbon
monoxide, biliverdin, ferrous iron) contribute to its cytoprotective effects. Bilirubin
demonstrated antioxidant effects against hydrogen peroxide-induced cytotoxicity as well as
ROS-mediated cell injury in cultured cells (Ryter et al., 2006). Biliverdin reductase gene
silencing causing decreased levels of bilirubin resulted in the accumulation of ROS and the
promotion of apoptosis in HeLa cells and primary neuronal cells (Ryter et al., 2006). Ferrous
iron is a pro-oxidant molecule that is rapidly sequestered by ferritin, an intracellular protein
responsible for iron storage and homeostasis (Kim ez al., 2011). Accumulation of ferritin in the

cell in conjunction with HMOXI1 expression is associated with cytoprotective properties in
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cultured cells (Ryter et al., 2006). CO has shown anti-apoptotic effects in several studies. In
mouse fibroblasts and endothelial cells, CO inhibited TNF-a induced apoptosis. In addition,
anti-apoptotic effects were observed in ischemia/reperfusion injury after low dose treatment

with CO (Ryter et al., 2006).

1.8.1 HMOX1 in cancer cells

HMOXI1 exhibits contrasting protumour and antitumour effects in different types of cancer
(Mascard et al., 2021). In prostate cancer cells, the HMOX1 product, CO was shown to inhibit
tumour growth and increased the sensitivity of tumour cells to chemotherapy by causing
metabolic exhaustion. In addition, overexpression of HMOXI1 in the cells further stimulated
cell death in response to chemotherapy (Wegiel et al., 2013). In a KRAS-positive lung cancer
mouse model, treatment with CO significantly inhibited tumour growth (Wegiel et al., 2013).
Overexpression of HMOX1 in rat and human breast cancer cell lines caused anti-proliferative
and pro-apoptotic effects (Hill et al., 2005). MCF-7 breast cancer cells overexpressing
HMOX1 demonstrated a reduction in tumour invasion due to HMOX1 (Lin et al., 2008). In
colorectal cancer patients, tumours expressing HMOX1 were associated with a longer median
survival time. In addition, colorectal cancer cell lines demonstrated cell cycle arrest and
apoptosis as a result of HMOX1, however, intact p53 tumour-suppressive properties was

required (Andrés et al., 2014).

In contrast, overexpression of HMOX1 promotes protumour effects, allowing cancer cells to
evade apoptosis, contributing to resistance of tumour cells to chemotherapy and radiation
(Nuhn et al., 2009; Chau, 2015). Increased proliferation was observed in melanoma cells
overexpressing HMOX1 while tumour-bearing mice displayed increased lung metastasis and
induced the production of vascular endothelial growth factor (Was et al., 2006). In prostate
cancer patients, nuclear HMOX1 correlated with disease progression (Sacca et al., 2007).
Nuclear translocation of HMOX1 conferred resistance to chronic myeloid leukaemia cells to

imatinib treatment (Tibullo ez al., 2013).

In pancreatic cancer, mice with overexpressed HMOXI1 demonstrated an increase in
angiogenesis and endothelial cell survival and proliferation compared to mice without HMOX1
overexpression (Sunamura et al., 2003). Additionally, the HMOXI1-mice developed lung
metastases at a greater frequency than mice without overly expressed HMOX1 (85% vs 33%

respectively) (Sunamura et al., 2003). Samples from PDAC patients revealed a 6-fold increase
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in HMOX1 mRNA compared to normal pancreatic tissue, indicating that HMOX1 is
overexpressed in pancreatic cancer (Berberat ef al., 2005). Exposure of pancreatic cancer cells
to chemotherapy and radiation increased the expression of HMOXI1 in these cells, further
contributing to treatment resistance (Berberat et a/., 2005). In cultured pancreatic cancer cell
lines, gene silencing of HMOXI1 reduced cell proliferation and sensitized the cells to
radiotherapy as well as gemcitabine treatment (Berberat ef al., 2005). In vitro studies have
shown that concurrent administration of gemcitabine with HMOX1 inhibitors increased the
effectiveness of gemcitabine by sensitizing the pancreatic cancer cell lines to gemcitabine and
promoting apoptosis (Abdalla et al., 2019). Further studies have shown that HMOX1 inhibitors
arrested the cell cycle by inducing the cyclin-dependent kinase (CDK) inhibitor, p21 and
inhibiting CDKs in thyroid cancer cells (Yang et al., 2018).

Increased expression of HMOXI1 in the cells of the tumour microenvironment, such as tumour-
associated macrophages, dendritic cells and tumour-infiltrating lymphocytes, contributes to the
suppression of the immune response, allowing for the survival and proliferation of the tumour
cells (Nitti et al., 2023). In a murine model of PDAC, inhibition of HMOX1 in tumour-
associated macrophages resulted in a reduction in tumour growth (Arnold et al., 2014).
Treatment of breast carcinoma-bearing mice with the HMOX1 inhibitor, zinc protoporphyrin,
caused an increase in immune response to paclitaxel by increasing CD8" T cells (Kim et al.,
2021). Using a murine fibrosarcoma model where HMOXI1 was deleted in the tumour-
associated macrophages, Consonni ef al. (2021) observed a decrease in lung metastasis of the
primary tumour. In a murine melanoma model, deletion of HMOXI in the myeloid
compartment (immune cells) caused a switch of M2 tumour-associated macrophages to their
anti-tumour phenotype, M1 (Consonni et al., 2021). Additionally, the decrease in mesenchymal
markers observed in the mice with HMOX1 deletion in the myeloid compartment, indicated
the inhibition of epithelial-to-mesenchymal transition, decreasing the migratory capacity of the
tumour cells (Consonni ef al., 2021). In the same model, there was also an observed increase
in tumour-infiltrating lymphocytes and a decrease in the immunosuppressive regulatory T cells,
indicating enhancement of the immune response after deletion of HMOX1 in immune cells
(Consonni et al., 2021). In both the fibrosarcoma and melanoma murine models, inhibition of
HMOXI1 by zinc protoporphyrin sensitized the tumours to anti-PD-1 immunotherapy
(Consonni et al., 2021).
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1.8.2 HMOXI1 inhibitors

Mechanisms used to inhibit the activity of HMOX1 includes RNA interference, CRISPR/Cas9,
pharmacological inhibition using metalloporphyrins or imidazole-based inhibitors (Podkalicka
et al., 2018). RNA interference and CRISPR/Cas9 directly target the HMOX1 gene, resulting
in downregulation or knockdown of the gene function (Podkalicka et al., 2018). In vivo and in
vitro application of RNA interference (small interfering RNA/ short hairpin RNA) resulting in
HMOX1-silencing was demonstrated in multiple studies (Sass et al., 2008; Kang et al., 2014;
Kim et al., 2008; Wei et al, 2014). Studies using CRISPR/Cas9 to induce HMOXI1
knockout/inhibition have also been demonstrated (Liu ef al., 2019). Pharmacological inhibition
of HMOX1 is achieved through the use of metalloporphyrins. Metalloporphyrins are potent,
non-selective inhibitors of all isoforms of HMOX. While their HMOX1-inhibitory effects have
been demonstrated in numerous in vitro and in vivo settings (Li et al., 2023; Cheng et al., 2016;
Furfaro et al., 2022), their phototoxicity and high lipophilicity currently precludes their use in
the clinical setting (Schulz et al., 2012). Additional pharmacological inhibitors include the
imidazole-based inhibitors such as OB24 HCI, the inhibitor used in this study (Alaoui-Jamali
et al., 2009). Imidazole-based inhibitors are highly potent and show selectivity towards
HMOXI1 (Podkalicka et al., 2018). There is limited information available regarding their safety

profiles, pharmacokinetics and distribution in a clinical setting (Podkalicka et al., 2018).

1.9 Types of cell death

There are two broad types of cell death: accidental cell death and regulated cell death.
Accidental cell death occurs when extreme disturbances in cellular homeostasis causes an
immediate physical rupture of cellular components (Galluzzi and Myint, 2023). Necrosis is a
form of accidental cell death. On the other hand, disruptions in cellular homeostasis leading to
damage of cellular components trigger certain repair pathways that attempt to restore the
function of the cell. The pathways include DNA-damage response pathways, the unfolded
protein response and autophagy (Galluzzi and Myint, 2023). Should these pathways fail to
repair the damaged cell, the pathways will activate mediated-cell death pathways to promote
the demise of the cell in a process broadly termed regulated cell death. Regulated cell death
occurs in normal physiological conditions as well as tissue injury and disease states (Ye et al.,
2023). Regulated cell death includes extrinsic and intrinsic apoptosis, necroptosis, ferroptosis,
pyroptosis, cuproptosis and autophagy (Tsvetkov et al., 2022; Galluzzi and Myint, 2023). This
study presents evidence for apoptotic cell death. As such, apoptosis will be discussed in greater

detail than the alternative modes of cell death.
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1.9.1 Necrosis

Necrotic cell death is induced by external stimuli such as hypoxia, radiation, heat or chemical
injury (D’arcy 2019). Necrosis involves the up-regulation of pro-inflammatory proteins such
as nuclear factor kappa B (NF-xB). Necrotic cell death is associated with the swelling of the
cell, cell membrane rupture and overflow of the contents of the cell into surrounding tissue.
This results in the triggering of a cascade of inflammatory molecules causing damage to the
surrounding tissue (D’Arcy, 2019). Consequently, necrosis is unwanted in the context of anti-
cancer treatment due to its inflammatory effects and its contribution to tumour lysis syndrome

(Woo et al., 2020).

1.9.2 Secondary necrosis

In vivo, apoptotic cells and their blebs are rapidly cleared by circulating phagocytes. This is
often accompanied by the release of anti-inflammatory signals (Galluzzi and Kroemer, 2017).
In vitro, there is an absence of circulating immune cells which precludes the removal of
apoptotic cells by phagocytes. As a result, the floating apoptotic cells lose their structural
integrity, swelling of the cells’ organelles results in plasma membrane rupture and
subsequently, the release of cytoplasmic contents (Galluzzi and Kroemer, 2017). This process

is known as secondary necrosis.

1.9.3 Apoptosis

Apoptosis is a controlled form of cell death that is crucial in physiological processes. Unlike
necrosis, apoptosis does not elicit an inflammatory response, and only the individual cell
undergoing apoptosis is affected. Features of apoptosis include rounding-up of the cell, cell
shrinkage (pyknosis), chromatin condensation, nuclear fragmentation and membrane blebbing
(Kroemer 2008). A family of cysteine-aspartate proteases called caspases triggers the
activation of apoptosis, although apoptosis can be carried out in a non-caspase-dependent
manner. There are two types of apoptotic pathways namely, the extrinsic/death receptor

pathway and the intrinsic/mitochondrial pathway (Haynes et al., 2023).

1.9.3.1 Extrinsic pathway

Following extracellular stress signals, the extrinsic pathway is initiated by the binding of
extracellular-exposed death receptors with their respective protein family ligands (Figure 1.2).
The death receptors belong to the tumour necrosis factor (TNF) receptor superfamily. The

ligands include TNF-a and the Fas-ligand which bind to the TNF-receptor-1 and Fas receptors,
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respectively (Haynes et al., 2023). The death receptors possess an intracellular protein-protein
domain called the death domain which interacts with the death domains of other receptors. The
binding of the ligands with their respective receptor results in the recruitment of adapter
proteins (TRADD/FADD) which bind to their respective receptors. The adapter proteins then
dimerize with pro-caspase 8, resulting in the formation of the death-inducing signalling
complex (DISC) (Haynes ef al., 2023). The formation of DISC results in the cleavage of pro-
caspase 8 to caspase 8, thereby activating it. Subsequent activation of caspase-3 by caspase-8
occurs, thereby activating the execution phase of apoptosis. Additionally, the activation of
caspase-8 triggers the activation of BH3-interacting domain death agonist (Bid) to tBid which,
in turn, activates Bax (Haynes ef al., 2023). Bax is a protein recruited in the intrinsic pathway
and functions by creating pores in the mitochondrial membrane, thereby causing the release of
cytochrome c¢ from the mitochondria, and eventually activating caspase-3 downstream of the

intrinsic pathway (Haynes et al., 2023).

1.9.3.2 Intrinsic pathway

The intrinsic pathway, also known as the mitochondrial pathway, is mediated by intracellular
signals that are relayed to the mitochondria (Figure 1.2). Stimuli include irreparable DNA
damage, endoplasmic reticulum stress, hypoxia and oxidative stress (Haynes et al., 2023).
Following the occurrence of stimuli, pro-apoptotic members of the BH3-only family (Bax,
Bak) are activated, resulting in the disruption of the mitochondrial outer membrane
permeability (MOMP). Proteins normally confined to the mitochondria, namely cytochrome c,
Smac/DIABLO and Omi/HtrA2 (a serine protease) enter the cytosol due to increased
permeability of the mitochondrial membrane (Haynes et al., 2023). Smac/DIABLO and
Omi/HtrA2 function by inhibiting anti-apoptotic proteins, IAPs (inhibitors of apoptosis
proteins). Cytochrome c binds to apoptotic protease activating factor-1 (Apaf-1) resulting in
the formation of an apoptosome. The apoptosome associates with pro-caspase-9, which
subsequently causes its cleavage and activation. Active caspase-9 triggers the activation of
downstream executioner caspases, such as caspase-3, caspase-6 and caspase-7 (Haynes et al.,

2023).

1.9.3.3 Execution phase of apoptosis
Following the activation of the most important executioner caspase, caspase-3, the
endonuclease caspase-activated DNase (CAD) is activated. In an inactive state, CAD is

complexed to its inhibitor which is degraded by caspase-3, rendering CAD active. CAD cleaves
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chromosomal DNA resulting in chromatin condensation. Additionally, caspase-3 promotes the
reorganisation of the cytoskeleton and the fragmentation of the cell into apoptotic bodies.
Finally, apoptotic cells are tagged for phagocytic uptake by the translocation of
phosphatidylserine to its outer surface (Haynes ef al., 2023).
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Figure 1.2 Extrinsic and Intrinsic Apoptotic pathways. Diagram depicting the extrinsic and intrinsic
apoptotic pathways. Legend: FADD: Fas-associated death domain; BID: BH3-interacting domain death
agonist; tBID: truncated Bid; Bcl-2: B-cell lymphoma-2; BCL-x: B-cell lymphoma-extra-large protein;
MCL1: Myeloid cell leukaemia-1; Bax: Bcl-2-associated X protein Bak: Bcl-2 antagonist killer 1; SMAC:
Second mitochondria-derived activator of caspase; APAF1: Apoptotic protease activating factor-1;
XIAP: X-linked inhibitor of apoptosis. Modified from Wilson and Hunt, 2002; created with
BioRender.com)

1.9.3.4 Evasion of apoptosis by cancer cells

One of the hallmarks of cancer is their ability to evade cell death by apoptosis, contributing to
uncontrolled growth and proliferation; and resistance to chemo- and radiation therapy
(Neophytou et al., 2021). Gene mutations resulting in the loss of pro-apoptotic proteins and the
amplification of anti-apoptotic proteins enables cancer cells to evade apoptosis. Additionally,
the loss of caspase functioning and compromised death receptor signalling allows cancer cells
to evade apoptosis. Overexpression of the anti-apoptotic Bcl-2 protein occurs in numerous

cancers and is associated with resistance to chemoradiation therapy (Weller et al., 1995; Geng
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et al.,2013). Another mutation that is implicated in enabling cancer cells to evade apoptosis is
the loss of function of p53. The role of wild type p53 is the upregulation of pro-apoptotic
proteins such as Bid, Bax, Puma and noxa. The binding of p53 to the anti-apoptotic proteins
(Bcl-2 and Bcl-x) inhibits their effects as inhibitors of apoptosis. Mutated p53 is the most
common somatic mutation found in cancer (Bouaoun ef al., 2016) and confers resistance of
cancer cells to chemotherapy drugs such as gemcitabine, doxorubicin, cisplatin and cetuximab
(Stahnke et al., 2001). Overexpression of inhibitors of apoptosis proteins (IAPs), such as XIAP
and survivin, has been reported in numerous cancers is associated with poor prognosis and
resistance to treatment (Tamm et al., 2004; Moussata et al., 2012). The IAPs inhibit caspase-
activation, thereby preventing apoptosis. Overexpression of the IAP, c-IAP2, occurs during the
early stages of malignant progression of PC (Esposito et al., 2007). Additionally, the tumour
microenvironment plays a role in immune escape of the cancer cells, promoting survival and
proliferation. The stroma surrounding the tumour consists of high levels of cancer associated
fibroblasts that release various factors that result in activation of anti-apoptotic pathways,
promote the epithelial-to-mesenchymal transitioning and increase the tumorigenic cancer stem

cells (Neophytou et al., 2021).

1.9.4 Necroptosis

Necroptosis is a regulated form of cell death that is activated by TNF-a. It demonstrates all the
features of necrosis such as membrane rupture, swelling of organelles, absence of nuclear
fragmentation and the release of intracellular contents but occurs in a signal-mediated manner
(Ye et al., 2023). Necroptosis is implicated in many disease conditions such as ischemia
reperfusion injury (Linkermann et al., 2013), sepsis (Reilly et al., 2022) and neurodegenerative

diseases (Yuan et al., 2019).

1.9.5 Autophagy

Autophagy refers to the process of conveying cytoplasmic constituents, including organelles,
to the lysosome for the purpose of degradation. Under normal conditions, autophagy plays an
important role in the homeostasis of amino acid levels in starvation; the development of the
blastocyst before implantation; inhibition of tumour formation; anti-aging processes,
elimination of microbes inside the cell and the regulation of the immune system (Levine and
Kroemer, 2019). In certain cancers, such as PC, autophagy confers a survival advantage by

allowing tumour cells to survive high metabolic demands of increased growth and
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proliferation. In contrast, autophagy has exhibited tumour suppression effects in other cancers

through the promotion of programmed cell death (Levine and Kroemer, 2019).

1.9.6 Ferroptosis
Ferroptosis is a form of cell death dependent on iron-induced ROS accumulation, that employs
lipid peroxidation to induce cell death (Dixon et al., 2012). Certain cancers, in vitro, have been

shown to be susceptible to cell death by induced ferroptosis (Yang et al., 2014).

1.9.7 Pyroptosis

Gasdermins are a family of proteins that mediate the inflammatory cell death pathway,
pyroptosis. Gasdermins disrupt the integrity of the cell membrane through the formation of
pores. This results in the release of pro-inflammatory cytokines into the extracellular space
(Liu et al., 2021). Morphological features of pyroptosis include flattening of the cell, as the

cytoplasmic contents of the cell are released into the extracellular space.

1.9.8 Cuproptosis

Cuprotosis is triggered by the accumulation of copper in the mitochondria, leading to
lipoylation of mitochondrial enzymes involved in the tri-carboxylic acid cycle, which leads to
proteotoxicity and death (Tsvetkov et al., 2022). Cells that utilise oxidative phosphorylation as
their main source of energy are especially susceptible to death by cuproptosis. Certain cancers
such as, melanoma, glioblastoma, cholangiocarcinoma, breast and leukaemic cancers rely
mostly on oxidative phosphorylation (Porporato et al., 2018; Xie et al., 2023). Additionally,
drug-resistant cancers exhibit a high dependency on mitochondrial metabolism as their energy
source (Xie et al., 2023). Copper ionophores inducing copper-overload in cancer cells have
been used to disrupt mitochondrial function and respiration, inducing cell death of cancer cells

via cuproptosis (Tsvetkov et al., 2022)

1.10 Copper complexes and their potential anti-cancer activity

Copper is an essential element required for various physiological processes in the body. Copper
functions in the activation of key enzymes such as cytochrome c¢ oxidase, Cu-Zn superoxide
dismutase, tyrosinase and dopamine f-hydroxylase (Kennelly, 2023). The enzymes are
involved in mitochondrial respiration, protection of the cell against free radicals, the synthesis
of melanin and the synthesis of epinephrine, respectively (Kennelly, 2023). In tumour cells,

copper complexes were shown to promote the growth and metastases of tumours through their
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ability to induce angiogenesis (Xie et al., 2009; McAuslan et al., 1980; Hu, 1998). Copper
promoted the proliferation and migration of endothelial cells and was shown to stimulate the
secretion of angiogenic factors such as vascular endothelial growth factor (VEGF) (Xie et al.,
2009). As such, copper-reduction therapy is an attractive treatment strategy in the treatment of
cancers. Copper-reduction therapy utilizing copper-chelators were shown to inhibit several
angiogenic factors such as vascular endothelial growth factor (VEGF), interleukin-8 (IL-8) and
matrix metalloproteinases in MDA-MB-231 breast cancer cells while also inhibiting the
migration, invasion and tube formation of human umbilical vein endothelial cells (Zhou et al.,
2019). In contrast, the anticancer activity of synthesized copper complexes have been shown
extensively over the past four decades (Ji et al., 2023). A copper-phenanthroline complex
inhibited the migratory abilities of SKOV-3 ovarian cancer cells and inhibited the expression
of the metastasis-promoting protein, matrix metalloproteinase-2, indicating that the copper-
phenanthroline complex inhibited metastasis (Shi et al., 2018). The same study demonstrated
the ability of the copper-phenanthroline complex to inhibit angiogenesis by decreasing the
expression of VEGF-R1, and preventing the formation of sprouting and tube formation in
human umbilical vein endothelial cells (Shi et al., 2018). In a study conducted by Thathi et al.
(2007), human hepatic and kidney carcinoma cells treated with a different
copper/phenanthroline complex showed activation of caspase-3 and caspase-9, and
demonstrated PARP-cleavage, indicating the induction of DNA damage and apoptosis.
Recently, a synthesized copper-diketonate complex was cytotoxic against multiple human
carcinoma cell lines, including pancreatic, with an ICso value of 1.2 puM in the BxPC-3
pancreatic cancer cell line, after a 24 hour MTT assay (Pellei et al 2022). In the A549 lung
carcinoma cell line, two copper isoquinolinyl aniline complexes were active at ICso values of
3.1-and 6.4 pM, respectively (Gul et al., 2020). The complexes arrested the cell cycle of A549
cells, caused an increase in ROS formation, activated caspases -3, -8 and -9 and caused an
increase in autophagy-related proteins, confirming the activation of both the intrinsic apoptotic
pathway as well as autophagic cell death (Gul ef al., 2020). Additionally, the same study
demonstrated a reduction in tumour size in a xenograft lung cancer mouse model caused by the
copper complexes (Gul et al., 2020). Another mechanism of action of copper complexes is
through the activation of cuproptosis. A glucose-oxidase-engineered copper triazolate complex
is an engineered molecule that is activated by the high glutathione levels in cancer cells,
augments starvation in cancer cells, induces ROS and sensitizes mice bladder tumours to
cuproptosis (Xu et al., 2022). A group of copper complexes, the Casiopeinas®, containing

either a phenanthroline ligand or a bipyridyl ligand, demonstrated anti-cancer activity through
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the production of ROS, caused mitochondrial membrane depolarization and activated caspase-
3 in a paediatric metastatic neuroblastoma cell line (Garcia-Ramos et al., 2017). Numerous
other studies have reported the cytotoxicity of the Casiopeinas® in human cell cultures as well
as in murine carcinoma models (Castillo-Rodriguez et al., 2021; Chavez-Gonzalez et al., 2017,
Valdez-Camacho et al., 2020; Kachadourian et al., 2010). From this group of complexes, the
Cas Ill-ia complex was selected for evaluation in phase I clinical trials due to its solubility in
water and its lower toxicity profile compared to its more active counterparts (Masuri et al.,
2022). A study by Rodrigues et al. (2023) highlighted the importance of the phenanthroline
ligand in synthesized copper-diiminic hydroxybenzophenones, where an increase in
cytotoxicity towards human hepatoma and colon carcinoma cell lines was observed in the
complexes that contained a phenanthroline ligand. An additional mechanism of action of the
anti-cancer activity of copper is through the inhibition of the proteasome. The proteasome is
responsible for the degradation of damaged and misfolded proteins and plays a key role in the
regulation of proteins in various cell processes (Peters et al., 1993). Disruption of
ubiquitination of proteins mediated by the proteasome leads to the activation of apoptosis in
tumour cells (An et al., 1998). Copper-indolecarboxylic acid/phenanthroline complexes
inhibited the activity of the proteasome and induced apoptosis in MDA-MB-231 cells, in a
dose-dependent manner (Zhang et al., 21016).

Another study on copper-indenoisoquinoline complexes demonstrated cytotoxic effects on five
adenocarcinoma cell lines (cervix, breast, prostate and colorectal) at low uM ICso values after
a 72 h MTS assay (Molinaro ef al., 2023). The complexes were able to inhibit topoisomerase |
in a dose-dependent manner. Moreover, the complexes showed increased DNA-binding
capabilities following the complexation with copper (II) as copper stabilized the aromatic ring

before binding to DNA (Molinaro et al., 2023).

Studies evaluating the effect of copper-imidazo[l,2-a]pyridines were shown to induce
apoptosis of HT-29 colorectal cancer cells (Harmse et al., 2019). The copper complexes
decreased the levels of inhibitor of apoptosis proteins. Additionally, the compounds induced
the expression of the stress-response protein, HMOX1, indicating the presence of cellular stress
in the form of ROS which was confirmed by the DCFDA cellular ROS assay (Harmse et al.,
2019). The same copper-imidazo[1,2-a]pyridines showed cytotoxic activity towards human
colon carcinoma, breast carcinoma and leukaemic cell lines with ICso values ranging from as

low as 0.68 uM to 28 pM (Dam et al., 2018). A different study using the same copper-
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imidazo[1,2-a]pyridines caused the activation of caspase-3 and caspase-9 in leukaemic cell
lines, while an increase in the expression levels of pro-apoptotic proteins (Bax,
Smac/DIABLO, HTRA2/Omi) was observed (Ismail et al., 2021). Gordon et al. (2022)
evaluated the cytotoxic activity of the same copper-phenanthroline complex used in this study.
Against neuroblastoma, lung, breast, colon and pancreatic carcinoma cell lines, the copper-

phenanthroline complex had ICso values of below 5 pM (Gordon et al., 2022).

1.11 Pancreatic cancer cell lines

1.11.1 AsPC-1

The AsPC-1 cell line was derived from nude mouse xenografts of cells established from a 62
year old white female patient with pancreatic ductal adenocarcinoma of the head of the
pancreas. The patient developed metastases to various abdominal organs and presented with
ascites. The epithelial cells were isolated from the patient’s ascites and grown into primary
tissue cultures (Chen et al., 1982). Nude mice were infected with the cells resulting in a tumour
that displayed typical characteristics of pancreatic adenocarcinoma. The tumour produced
abundant mucin and expressed CEA as well as human pancreas cancer associated antigen
(Chen et al., 1982). The AsPC-1 cell line harbours mutations in KRAS, TP53, CDKN2A4/p16
and SMAD4/DPC4 (Moore et al., 2001).

1.11.2 MIA PaCa-2

The MIA PaCa-2 epithelial cell line was derived from the primary tumour of a 65 year old
white male patient with ductal adenocarcinoma (Yunis et al., 1977). The cell line did not
express CEA (Yunis et al., 1977). The cell line exhibits mutations in KRAS and TP53,
homozygous deletion in CDKN2A4/p16 genes but expresses wildtype SMAD4/DPC4 (Moore et
al., 2001).

1.12 Rationale of the study

The prognosis of patients with PDAC remains poor while the incidence is increasing. Current
therapeutic approaches are not curative and serves to slow down the rate of tumour progression.
Therefore, novel approaches to therapy are required. Copper complexes have previously shown
promising activity against several cancer cell lines such as colorectal and leukaemic cell lines,
therefore further studies are required on other cell lines, specifically pancreatic cancer cell

lines.
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Additionally, the role of HMOX1 in cancer demonstrates contrasting effects in different cancer
types, necessitating the need for clarity and further studies. This study tested different classes
of copper complexes on pancreatic cancer cell survival and HMOX1 expression as well as the

role of HMOX1 expression on cell survival.

The two chosen cell lines represent the highly aggressive phenotype of PDAC. Additionally,
the study uses cell lines established from the primary tumour as well as one from a metastatic

site, ensuring a comprehensive representation of PDAC in a cell culture model.

1.13 Aim and Objectives
Aim:
To evaluate a few copper complexes of different classes of ligands on pancreatic cancer cell

survival, determine the mechanism of cell death induced by the copper complexes and elucidate

their effects on HMOX1.

Objectives:

(1) Evaluate the effects of copper complexes on pancreatic cell survival, using the MTT cell
viability assay.

(i1) Determine the mechanism of cell death induced by copper complexes by evaluating cell
morphology, mitochondrial membrane potential using the JC-1 assay, evaluating annexin-V-
binding and by measuring caspase-3 and caspase-9 activity.

(ii1) Determine the effect of the copper complexes on the formation of ROS.

(iv) Determine the effect of copper complexes on HMOX1 expression and its percentage of
nuclear localization using immunofluorescence and western blotting.

(v) Determine the effect of HMOX-1 inhibition on the cytotoxicity of the copper complexes
using the MTT cell viability assay.

23



Chapter II: Methods

2.1 Cell culture

AsPC-1 and MIA PaCa-2 cells were obtained from the American Type Culture Collection
(Manassas, VA, USA). AsPC-1 cells were derived from the ascites of a patient with metastatic
adenocarcinoma (Chen ef al., 1982) while MIA PaCa-2 cells were derived from the tumour of
a PDAC (Yunis et al., 1977). Cells were monitored daily using an Olympus CKX41 (Tokyo,
Japan) inverted phase contrast microscope to observe the growth of cells and to ensure cultures

were free from microbial contamination.

2.1.1 Cell culture reagents

Each cell line was maintained in medium specific to their requirements. AsPC-1 cells were
cultured in Roswell Park Memorial Institute (RPMI) medium obtained from Sigma-
Aldrich/Merck, SA) while MIA PaCa-2 cells were grown in a 50/50 (% v/v) solution of
Dulbecco’s Modified Eagle Medium (DMEM) and Ham’s F-12 medium (Sigma-
Aldrich/Merck, SA). Media was supplemented with 10% heat-inactivated foetal bovine serum
(FBS) (Thermo Fisher, Life Technologies, SA), sodium pyruvate, non-essential amino acids
and L-glutamine (Sigma-Aldrich/Merck, SA). Media was sterile filtered and stored at 4 °C.

Before each use, media was warmed to 37 °C.

FBS was placed in a 56 °C water bath for 60 minutes to inactivate the complement system,

then aliquoted into 50 mL centrifuge tubes and stored at -20 °C until required.

Phosphate buffered saline (PBS) was used for washing cell cultures prior to trypsinization, in
order to remove cell debris and residual FBS which prevents the trypsinization of cells. PBS
was composed of 1.37 mM NaCl, 0.27 mM KCIl, 100 mM Na,HPO4 and 18 mM KH>PO4 (pH

7.2-7.4). After autoclaving, PBS was stored at room temperature.

Trypsin is a proteolytic enzyme that promotes the detachment of cells from the growth surface,
allowing for resuspension during subculture. Trypsin is supplemented with
ethylenediaminetetraacetic acid (EDTA). Both cell lines were adherent and required the use of

trypsin in cell culture (Sigma-Aldrich/Merck, SA).
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2.1.2 Cell culture maintenance and subculture

Cells were grown in sterile conditions in 75 cm? cell culture flasks (Greiner Bio-One) at 37 °C
in a 5% CO», humidified incubator. Once cells reached 80% confluency, they were trypsinized
as follows: after aspirating the media from the flask, cells were washed with sterile PBS three
times. Four millilitres of trypsin were added to the flask and incubated at 37 °C for two to five
minutes until the cell layer had detached. Thereafter, the cells were resuspended and four
millilitres of media was added to the flask to deactivate the trypsin. Cell clusters were
dissociated and evenly redistributed through repeatedly pipetting the cell suspension, after
which approximately one millilitre of cell suspension was returned to the flask. Fresh media
was added to the flask to a total volume of 20 mL. Media was replaced every two to three days

until confluency was reached.

2.1.3 Cryopreservation

Cryopreservation utilizes low temperatures to halt the growth of cells and preserve their
integrity until they are required. Cell culture stocks were made in freezing medium which was
composed of each cell line’s respective media, supplemented with 20 % FBS and 6% cell
culture grade dimethylsulfoxide (DMSO) (Sigma-Aldrich/Merck, SA). The addition of DMSO
served as a cryoprotective agent. After trypsinization, the cell suspension was placed in 15 mL
centrifuge tubes and centrifuged (Thermo Fisher, Life Technologies Heraeus Megafuge 40,
Rotor 75003607) at 1500 rpm for 5 minutes. Thereafter, the supernatant was discarded and the
cell pellet resuspended in 15 mL of freezing media. After repeatedly pipetting the cell
suspension to ensure even dispersion of cells, the cell suspension was aliquoted into 2 mL
cryovials (Nest Biotech®, Whitehead Scientific SA). To prevent the formation of ice crystals
which would disrupt their structural integrity, cells were frozen down slowly at a controlled
rate of 1 °C/ minute. This was achieved by placing the cryovials in an insulation box which
was constructed from a polystyrene box lined with cotton wool. This insulation box was placed
in a -77 °C freezer for 72 hours. Thereafter, the cells were transferred to non-insulated boxes

and stored in liquid nitrogen at -196 °C.

2.2 Determining viability of cells: Trypan Blue dead cell exclusion assay
Prior to plating of the cells for each experiment, viable cells were counted using trypan blue
dye (Sigma-Aldrich/Merck, SA) in an exclusion assay. This assay is based on the principle that

viable cells possess intact cell membranes, which prevents trypan blue dye from entering the
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cells. Dead cells have a compromised cell membrane and allow entry of the dye into the cells,

staining it blue (Strober, 2015).

Method

Following trypsinization of the cells, the cell suspension was placed in a 15 mL centrifuge tube
and pipetted gently to ensure even distribution of the cells. Twenty five microliters each of the
cell suspension and trypan blue dye (0.2% w/v) (Sigma-Aldrich/Merck, SA) was added to a
microcentrifuge tube. Ten microliters of this mixture was placed under a thick glass coverslip
on either side of a Neubauer hemocytometer. Cells were viewed and counted using a Nikon
Optiphot light microscope at 100X magnification.at 100X magnification. The number of cells

per millilitre was determined using the following equation:

(Number of cells counted)(dilution factor)

x 10*
(Number of large squares counted)

Using the cell count of the suspension, cells were seeded accordingly to attain the required

number of cells/well for each experiment.

2.3 Test compounds

The compounds used in this study were synthesized by the University of the Witwatersrand,
School of Chemistry as well as Department of Chemistry at the Nelson Mandela University.
All compounds were assessed for purity and their structures verified via elemental analysis and
X-ray crystallography. Their structures are shown in Table 2.1. All ligands and copper
complexes used in this study were solubilized in 100 % cell culture-grade DMSO. The positive
control, doxorubicin, was dissolved in 70 % cell-culture grade ethanol (BioUltra, Sigma-
Aldrich/Merck, SA). Stock solutions of the compounds were prepared at concentrations of

between 10-20 mM.
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Table 2.1 Molecular structures of copper complexes and their ligands.

Compound .
Name Copper complex Copper-free ligand
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2.4 MTT cell viability assay

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium
reduction assay is a quantitative colorimetric assay that measures cell viability and was used to
determine the cytotoxic activity of the copper complexes and doxorubicin. In viable cells with
active mitochondria, the mitochondrial enzyme, succinate dehydrogenase, cleaves the MTT
dye and forms insoluble purple crystals (Mossman, 1983). The crystals are dissolved in an
organic solvent (DMSO) and their absorbances measured to obtain percentage cell viability.
MTT solution was prepared by adding 250 mg MTT powder into 50 mL PBS (5 mg/mL) which

was sterile filtered and stored in the dark at 4 °C before use.

Method:

Cells were seeded in 96-well plates (Nest Biotech®, Whitehead Scientific SA) at a density of
12 000 cells/well for AsPC-1 cells and 8 000 cells/well for MIA PaCa-2 cells. Plates were
incubated overnight at 37 °C in a 5 % CO., humidified incubator to allow the cells to adhere.
Cells were treated with copper complexes and doxorubicin (in quadruplicate) at various
concentration ranges (each data point in quadruplicate) and incubated for 48 hours. Four hours
before the exposure time expired, 40 uL of MTT solution was added to each well and incubated
for a further 4 hours. Thereafter, the plates were centrifuged at 503 X g for five minutes to
ensure the crystals settled at the bottom of the wells. Media was aspirated and 200 uL. of DMSO
was added to each well to dissolve the crystals. The plates were shaken on an orbital plate
shaker (Thermoshaker MRC) for 5 minutes at 1200 rpm to ensure the formazan crystals were
dissolved. The abosrbance of each well was measured at a test and reference wavelength of
540 nm and 690 nm respectively using a Lab Systems Multiskan iEMS plate reader. The %

cell viability was calculated using the following equation:

(absorbance of test compound) — (average absorbance of media only) % 100

(average absorbance of untreated control) — (average absorbance of media only)

Three classes of copper complexes and their ligands were screened for their cytotoxic potential
at concentrations of 50- and 5 uM, for 48 hours. The active compounds were tested at a range
of concentrations between 0.05-20 uM while doxorubicin was tested at concentrations ranging
between 0.05-300 uM (from 0 % growth inhibition to 100 % growth inhibition) to obtain the
ICso value for the compound. The ICso value of a drug refers to the concentration of drug that

causes 50% growth inhibition of the cells. The ICso values of the copper complexes were
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compared to the positive control doxorubicin, and to each other, to determine the statistical
significance of their differences. A negative control of media only and an untreated control of
cells only was included in all experiments. A vehicle control experiment testing the cytotoxicity
of DMSO and ethanol was included to determine whether the solvents had cytotoxic activity
on their own. The evaporation rate of the 70 % ethanol solvent in which doxorubicin was
dissolved is minimal when stored correctly. Doxorubicin was used as a positive control.
Ordinary one-way ANOVA followed by Dunnett’s post hoc multiple comparisons test was
used to evaluate the statistical significance of the differences in ICso values. Significance
criterion was set at p <0.05 with a 95 % confidence interval. Statistical evaluations were
performed, and sigmoidal dose response curves and ICso values of the compounds were

obtained using GraphPad Prism version 9.

Combination experiments using MTTs with a HMOX1-inhibitor, OB24 hydrochloride (OB24
HCI), were conducted to determine the effect of HMOX1 inhibition on the activity of the
compounds and whether or not HMOX1 inhibition would render the cells more susceptible to
the cytotoxic effects of the compounds. OB24 HCIl was used at a constant concentration of 20
pM and added to each well containing the range of test compound concentrations. An equal
volume of 50 pL each of OB24 HCI and the test compounds were added to each well,

simultaneously.

Student’s t test was used to evaluate the statistical significance of the differences in ICso values
obtained from treatment with copper complexes alone compared to ICso values obtained from
treatment with copper complexes and OB24 hydrochloride. Significance criterion was set at p

<0.05 with a 95 % confidence interval.

In subsequent experiments throughout this study, the copper complexes were evaluated at
concentrations equivalent to their ICgo values. AsPC-1 cells were treated with AD3 at 6 uM,
OM at 4 uM, and L1Cu and L6Cu at 2 uM. MIA PaCa-2 cells were treated with AD3 at 6 uM,
OM at 5 uM, and L1Cu and L6Cu at 2 uM. Doxorubicin was used at a constant concentration

of 5 uM.
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2.5 Cell morphology

The effect of the copper complexes on the cell morphology of the cells was assessed utilizing
the triple dye indicators, consisting of Hoechst 33342 (HO) (5 pg/mL) (Sigma-Aldrich/Merck,
SA), propidium iodide (PI) (10 pg/mL) (Sigma-Aldrich/Merck, SA) and acridine orange (AO)
(10 pg/mL) (Thermo Fisher, Life Technologies, SA) in PBS.

HO is a membrane permeant dye that stains the DNA of live and fixed cells by binding to the
adenine-thymine regions of the minor groove of DNA (Chazotte, 2011). Healthy nuclei emit a
uniform blue fluorescence while apoptotic nuclei emit a bright blue uneven fluorescence in
which DNA appears condensed or fragmented. AO is a cell permeant dye that readily enters
living cells (Bank, 1988). When bound to double stranded DNA, AO fluoresces bright green.
When bound to single stranded DNA and RNA, AO fluoresces red. AO staining also allows
for the visualization of lysosomes through the accumulation of this weakly basic dye inside the
acidic granules, which fluoresce bright red (Darzynkiewicz et al., 1992). PI is unable to
penetrate cells with intact membranse and is used to distinguish between viable and necrotic
cells. Necrotic cells have a compromised cell membrane which allows for the entry of

propidium iodide, staining the nucleus a birght red-orange (Dengler et al., 1995).

Method

Glass coverslips were soaked in 100 % analytical grade ethanol (Sigma-Aldrich/Merck, SA)
for ten minutes and heat sterilized by removing each coverslip from the ethanol and flaming it.
Sterile coverslips were gently placed into each well of a six-well plate (Sigma-Aldrich/Merck,
SA). AsPC-1 and MIA PaCa-2 cells were seeded at a density of 200 000 cells/well and 50 000
cells/well respectively on glass coverslips in six-well plates and allowed to attach overnight.
Cells were treated with copper complexes and doxorubicin for 24 hours. Following incubation,
the copper complexes and doxorubicin were aspirated from each well and cells were washed
with 2 mL PBS. One millitre of the vital dye stain solution was added to each well and
incubated for 20 minutes in the dark, at room temperature. After the 20 minutes expired, the
dye was removed and cells were washed with 2 mL PBS. Coverslips were mounted onto
microscope slides (Lasec, SA) using Fluoromount Mounting Medium (Sigma-Aldrich/Merck,
SA) and viewed using an Olympus BX41 epifluorescence microscope. AO was viewed using
U-MNIB3 filter cube (Excitation: 480/20, Emission: 510/50); PI with U-MWIG2 (Excitation:
535/30, Emission: 580 long pass) and HO with U-MWU?2 (Excitation: 365/10, Emission 420
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long pass). Images were captured with an Olympus DP72 camera and analyzed with the
Olympus CellSens Software package (Olympus, Tokyo, Japan). Experiments were repeated at

least three times.

2.6 Measurement of reactive oxygen species

The Invitrogen™ CellRox® Deep Red Reagent (Thermo Fisher, Life Technologies, SA) was
used to measure ROS activity. The assay is based on the utilization of the cell permeant dye
which lacks fluorescence in its reduced state. Upon oxidation by ROS, the dye exhibits a bright

red fluorescence with an absorption/emission maxima of approximately 644/655 nm.

Method

Cells were seeded on glass coverslips in a 6-well plate in 2 mL media per well and allowed to
attach overnight at 37°C in a 5% COz, humidified incubator. Media was aspirated from the
wells and washed with 2 mL PBS. The cells were incubated simultaneously with the copper
complexes and doxorubicin in addition to the Deep Red reagent for 4, 6 and 18 hours at 37 °C.
The CellRox® Deep Red reagent was used at a concentration of 2 pL/mL. A doxorubicin-only
control that lacked Deep Red reagent was included to mitigate the effects of doxorubicin’s
innate fluorescence. Following the removal of the copper complexes and doxorubicin and Deep
Red reagent, the cells were washed one time with PBS. The coverslips were mounted onto
microscope slides. Slides were viewed with an Olympus BX41 epifluorescence microscope
using the U- MWIG2 (Excitation: 535/30, Emission: 580 long pass). Images were captured
with an Olympus DP72 camera and analyzed with the Olympus CellSens Software package.
Experiments were repeated at least three times. Fluorescent intensities of individual images
were measured using CellProfiler™ Image analysis software. Ordinary one-way ANOVA
followed by Dunnett’s post hoc multiple comparisons test was used to evaluate the statistical
significance of the differences in ROS fluorescent intensities of treated cells compared to

untreated cells. Significance criterion was set at p <0.05 with a 95 % confidence interval.

2.7 Evaluation of apoptosis

Once necrosis was excluded as the cause of cell death, the compounds were evaluated for their
ability to induce apoptosis via the annexin-V assay, JC-1 assay, caspase-3/7 and -9 assays. The
data from the caspase-3/7 and caspase-9 assays determined whether the compounds induced

apoptosis and whether it was via the intrinsic or extrinsic pathway. Caspase-3 is the executioner
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caspase and is activated in both the intrinsic and extrinsic pathways. The presence of active
caspase-9 in the cells indicates the activation of the intrinsic mitochondrial apoptotic pathway.
The health of the mitochondria was assessed using the JC-1 assay, whereby depolarized
mitochondria were visible as diffuse, smooth, green fluorescence. Mitochondrial

depolarization was indicative of the activation of the intrinsic apoptotic pathway.

2.7.1 Annexin-V

The Annexin-V assay works on the principle that during early apoptosis, changes to the cell
membrane occur, specifically, the translocation of phosphatidylserine from the inner surface
of the cell membrane to the outer surface (Vermes ef al., 1995). Annexin-V has a high affinity
for phosphatidylserine. Binding of fluorescent-tagged annexin-V to phosphatidylserine can be
used to detect phosphatidylserine exposure on the cell surface seen by the emission of green

fluorescence on the cell membrane.

Method

The AlexaFluor® 488/Annexin-V Dead Cell Apoptosis kit (Thermo Fisher, Life Technologies,
SA) was used to detect the presence of phosphatidylserine on the cell surface. The kit contained
annexin-V conjugated to the green fluorescent dye AlexaFluor® 488; wash buffer; as well as
PI dye. Cells were seeded on coverslips in six-well plates as described previously in 2 mL
complete media (per well) and allowed to attach overnight. Cells were then treated with copper
complexes and doxorubicin and incubated for 24 hours at 37 °C in a 5 % CO», humidified
incubator. Subsequently, test compounds from each well were aspirated and cells washed with
2 mL PBS. The annexin-V detection reagent was prepared by adding Alexa Fluor®
488/annexin-V (5% v/v) and PI (2% v/v) to a solution containing one part buffer and four parts
double distilled water (ddH20). Coverslips were mounted face down directly onto 30 pL of the
reagent mixture on microscope slides. The slides were incubated in the dark at room
temperature for 20 minutes and viewed using an Olympus BX41 epifluorescence microscope.
The filter cube U-MNIB3 (Excitation: 480/20, Emission: 510/50) was used to view
AlexaFluor® 488/Annexin-V while filter cube U-MWIG2 (Excitation: 535/30, Emission: 580
long pass) was used to view PI. Images were captured with an Olympus DP72 camera and
analyzed with the Olympus CellSens Software package. Experiments were repeated at least
three times and data was collated into a bar graph using GraphPad Prism version 9. ANOVA

followed by Dunnett’s post hoc multiple comparisons test was used to evaluate the significance
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of the induction in annexin-V binding and PI staining between treated cells and the untreated

control. Significance criterion was set at p <0.05 with a 95 % confidence interval.

2.7.2 JC-1 assay

During apoptosis, an early occurrence is the disruption of active mitochondria. This includes
the dissipation of the mitochondrial membrane potential (MMP) (Galluzzi et al., 2012) caused
by the opening of the mitochondrial permeability transition pore (MPTP), which allows for
ions and small molecules to pass through. The balance of ions and hence, the charge, on either
side of the mitochondrial membrane disrupts the electron gradient across the membrane
resulting in the decoupling of the respiratory chain and the release of cytochrome c into the

cytosol which, in turn, triggers the release of caspases (Kroemer et al., 2007).

1,1',3,3'-Tetraethyl-5,5',6,6'-tetrachloroimidacarbocyanine iodide (JC-1) dye is a membrane
permeant, cationic carbocyanine dye. At higher MMPs (healthy cells), JC-1 dye accumulates
in the mitochondria as red fluorescent ‘J-aggregates’. At lower MMPs (cells with disrupted
mitochondrial activity) the dye exists in its monomer form and is visible as green fluorescence
in the mitochondria (Reers et al., 1991). A decrease in the red/green fluorescence intensity ratio

is indicative of mitochondrial depolarization.

Method

Cells were seeded on glass coverslips in six-well plates and allowed to attach overnight at 37
°C in a 5 % CO2, humidified incubator. Cells were treated with copper complexes and
doxorubicin for 18 hours and incubated at 37 °C. The treatment period of 18 hours was selected
to evaluate the effect on MMP before the cells died. To prepare the reagent, 5 uL of JC-1 dye
(Mitochondrial Membrane Potential Probe) (Thermo Fisher, Life Technologies, SA) was
added to 5 mL warmed media. The mixture was gently pipetted to ensure even dissolution of
the JC-1 dye and to disperse any crystals formed by the dye. The reagent mixture was
centrifuged in a 15 mL tube at 1500 rpm for 5 minutes. Thereafter, the reagent mixture was
passed through a 0.22 um filter, to ensure the complete removal of JC-1 crystals.

The media from each well of the six-well plate was aspirated, and washed with 2 mL PBS.
Five hundred microliters of the JC-1 reagent mixture was added to each well and incubated for
30 minutes at 37°C in the dark. After the incubation period, 500 pL PBS was dropped into each

well to wash the dye off the coverslips. The coverslips were mounted onto microscope slides
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and viewed using an Olympus BX41 epifluorescence microscope. The filter cubes used were
U-MNIB3 (Excitation: 480/20, Emission: 510/50) and U-MWIG2 (Excitation: 535/30,
Emission: 580 long pass). Images were captured with an Olympus DP72 camera and analyzed
with the Olympus CellSens Software package. Experiments were repeated at least three times
and data was collated into a bar graph using GraphPad Prism version 9. ANOVA followed by
Dunnett’s post hoc multiple comparisons test was used to evaluate the significance of the
differences in JC-1 monomers and ‘J-aggregate’ formation between treated cells and the

untreated control. Significance criterion was set at p <0.05 with a 95 % confidence interval.

2.7.3 Caspase-9

An assay used to detect activated caspase-9 specifically was used. d. The assay comprises of
the caspase-9 inhibitor, LEHD-FMK, conjugated to the fluorescent marker, fluorescein-5-
isothiocyanate (FITC). FITC-LEHD-FMK is membrane permeable and irreversibly binds to

activated caspase-9 in apoptotic cells.

Method

Cells were seeded on glass coverslips in six-well plates and allowed to attach overnight at 37°C
in a 5% CO2, humidified incubator. Cells were treated with the copper complexes and
doxorubicin and incubated for 24-48 hours at 37 °C. Following aspiration of the test
compounds, cells were washed once with 2 mL PBS. To prepare the reagent, three microliters
of FITC-LEHD-FMK was added to 900 uL of wash buffer. One hundred and fifty microliters
of the reagent was added to each coverslip and incubated for 60 minutes at 37°C. Thereafter,
cells were washed with PBS and coverslips were mounted onto microscope slides. Slides were
viewed using an Olympus BX41 epifluorescence microscope using the U-MNIB3 (Excitation:
480/20, Emission: 510/50) filter cube. Images were captured with an Olympus DP72 camera
and analyzed with the Olympus CellSens Software package. Experiments were repeated at least
three times and data was collated into a bar graph using GraphPad Prism version 9. ANOVA
followed by Dunnett’s post hoc multiple comparisons test was used to evaluate the significance
of caspase-9 activation between treated cells and the untreated control. Significance criterion

was set at p <0.05 with a 95 % confidence interval.
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2.7.4 Caspase-3/7

CellEvent™ Caspase-3/7 Green Detection Reagent (Thermo Fisher, Life Technologies) is a
substrate for activated caspase -3 and -7. The reagent is comprised of a four amino acid peptide
(DEVD) conjugated to a DNA-binding dye. In healthy cells, the substrate is non-fluorescent
because the DEVD peptide prevents binding of the dye to DNA. In apoptotic cells that have
active caspase -3 and -7, the DEVD peptide is cleaved allowing for the dye to bind to DNA,

emitting a bright green fluorescence.

Method

Cells were seeded on glass coverslips in 6 well plates and allowed to attach overnight at 37°C
in a 5% CO, humidified incubator. Cells were treated with the copper complexes and
doxorubicin and incubated for 48 hours at 37°C. To prepare the reagent, a 5 uM solution of
CellEvent™ Caspase-3/7 Green Detection Reagent was prepared in complete media.
Following incubation, the test compounds were aspirated from the wells and washed with 2
mL PBS. One hundred microliters of the reagent was added to each coverslip and incubated
for 45 minutes at 37°C in the dark. Coverslips were then mounted onto microscope slides and
viewed with an Olympus BX41 epifluorescence microscope using the U-MNIB3 (Excitation:
480/20, Emission: 510/50) filter cube. Images were captured with an Olympus DP72 camera
and analyzed with the Olympus CellSens Software package. Experiments were repeated at least
three times and data was collated into a bar graph using GraphPad Prism version 9. ANOVA
followed by Dunnett’s post hoc multiple comparisons test was used to evaluate the significance
of caspase-3/7 activation between treated cells and the untreated control. Significance criterion

was set at p <0.05 with a 95 % confidence interval.

2.8 Immunofluorescence

Immunofluorescence is an immunoassay that allows for the visualization of a target protein of
a cell by fluorescence microscopy (Im et al., 2019). The primary antibody binds to the target
antigen while the secondary antibody (a fluorophore) binds to the primary antibody, tagging it
with a fluorescent probe. The protein of interest in this study was HMOX1.
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Method:

Treatment and fixing of cells

Cells were seeded on coverslips in a six-well plate and allowed to attach overnight at 37°C in
a 5 % CO2, humidified incubator. Cells were treated with the copper complexes and
doxorubicin and incubated for 18 hours. The treatment period of 18 hours was to evaluate
HMOX1 expression before the cells had died. Following treatment, test compounds were
aspirated and cells washed twice with 2 mL PBS and floating cells were harvested by
centrifugation at 503 X g. Cells were fixed by adding 1.5 mL of a 3.7% formaldehyde solution

to each well and incubated for 20 minutes at room temperature.

Blocking and permeabilization

Following fixing, the formaldehyde solution was aspirated and cells were washed twice with 2
mL PBS. Thereafter, a blocking and permeabilizing solution was prepared by combining 100
pL of 25% Triton X 100; 1 ml of 3 % human serum albumin; and PBS to a final volume of 10
mL. Triton X 100 is a nonionic surfactant and is used to permeabilize the cell membranes.
Human serum albumin is a blocking agent which binds to and blocks non-specific binding
sites, ensuring that antibodies bind solely to the target antigens. One and a half millilitres of
the blocking/permeabilizing solution was added to each well and incubated for 10 minutes at
room temperature. After removal of the permeabilization reagent from the wells, cells were
washed twice with 2 mL PBS. One and a half millilitres of a blocking-only solution consisting
of 0.3 % human serum albumin was added to each well and incubated for a further 45-60
minutes, after which the solution was aspirated and he coverslips washed three times with 2

mL PBS added to each well.

Preparing the primary antibody

The primary antibody of interest, anti-HMOX1 (Rabbit, polyclonal antibody) (PA5-27338;
Thermo Fisher, Life Technologies, SA) was prepared in 0.5% HSA in a 1:200 dilution.
Moistened filter paper was placed in the lid of a six-well plate, with squares of cut-out parafilm
aligned onto the filter paper. Fifty microliters of the primary antibody was placed onto each
parafilm. Each coverslip was lifted from the well (excess PBS dried off) and placed face down
gently onto the drop of primary antibody. The lid was carefully placed into the container with

wet tissue paper and incubated overnight at 4 °C.
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Preparing the secondary antibody

An AlexaFluor 488 ® goat anti-Rabbit antibody (A32731; Thermo Fisher, Life Technologies,
SA) was used as the secondary antibody which bound to anti-HMOX1 primary antibody and
tagged it with a green fluorescence. The secondary antibody was diluted in a 1:800 ratio in
0.5% HSA. Following overnight incubation with the primary antibody, the coverslips were
lifted gently off the parafilm and placed face-up into their respective wells which contained 2
mL PBS. The coverslips were lifted from the wells and placed face-up onto clean parafilm.
Thereafter, 150 pL of secondary antibody was placed onto the cells, creating a cohesive bubble
of reagent. The cells were incubated in this position in the dark at room temperature for 60
minutes. Coverslips were then lifted back up, allowing the secondary antibody to drip off the
coverslip, and placed into their wells, cells-side up. Cells were washed once with 2 mL PBS.
After aspirating the PBS, 1.5 mL HO (5 pg/ml) (Sigma-Aldrich/Merck, SA) stain was added
to each well and incubated in the dark at room temperature for 20 minutes. Following the
removal of HO, cells were washed with 2 mL PBS. Thereafter, coverslips were mounted onto
microscope slides using Fluoromount™ (Sigma-Aldrich/Merck, SA) mounting media. Using
clear nail polish, the sides of the coverslips were sealed to prevent drying out of the cells. The
slides were then wrapped in foil to prevent photodegradation of the fluorescent signal and
stored at 4°C. Slides were viewed with an Olympus BX41 epifluorescence microscope. The
following filter cubes were used: U-MWU?2 (Excitation: 365/10, Emission: 420 long pass) for
Hoechst 33342; U-MNIB3 (Excitation: 480/20, Emission: 510/50) for AlexaFluor 488 ® /anti-
HMOXI1. Images were captured using an Olympus DP72 camera and analyzed with the
Olympus CellSens Software package. Experiments were repeated at least three times.
Fluorescent intensities of HMOX1 images were measured using CellProfiler™ Image analysis
software. Ordinary one-way ANOVA followed by Dunnett’s post hoc multiple comparisons
test was used to evaluate the statistical significance of the differences in HMOX1 fluorescent
intensities of treated cells compared to untreated cells. Significance criterion was set at p <0.05
with a 95 % confidence interval. Colocalization analysis was performed using CellProfiler™
Image analysis software to determine the correlation (Pearson’s correlation coefficient)
between the HO signal and the HMOX1 signal. This analysis provided information on the
subcellular location of HMOX1 within the cell. GraphPad Prism version 9 was used to perform

statistical analysis.

37



2.9 Western blot

Western blot is used to identify and quantify proteins in a sample (Mahmood and Yang, 2012).
The first stage is gel electrophoresis whereby the proteins in a sample are separated according
to molecular weight. Thereafter, the separated proteins are transferred from the gel onto a
polyvinylidene difluoride (PVDF) membrane. The membrane’s non-specific binding sites are
blocked and the membrane is probed with antibodies specific to the protein of interest. The

bands are then visualized and quantified in relation to other samples.

Casting the SDS-PAGE gels

To cast the gels, the Bio-Rad Mini-PROTEAN® Short Plates (#1653308) and Mini-
PROTEAN® Spacer Plates with 1.0 mm Integrated Spacers (#1653311) (Bio-Rad, SA) were
used. The two glass plates were aligned, with the shorter plate in front, and placed into the
casting frame. The casting frame was inserted into the casting apparatus and the clip was
secured. Following the preparation of the resolving gel (APS and TEMED were added
immediately prior to use) (Table 2.2), the gel mix was pipetted in between the glass plates to a
volume that allowed for a gap of approximately 1 cm at the top of the resolving gel for the
stacking gel. At the surface of the resolving gel, 100 % ethanol was pipetted in order to flatten
out the surface of the gel, to prevent drying out of the gel and to remove bubbles formed at the
meniscus of the unpolymerized gel. After the resolving gel polymerized (approximately an
hour after casting), the ethanol was poured off. The stacking gel mixture was prepared (APS
and TEMED was added immediately prior to use) (Table 2.2) and pipetted on top of the
polymerized resolving gel. The combs were placed into the unpolymerized stacking gel layer.
The sides of the comb were sealed with agarose. The stacking gel was allowed to polymerize
for 2 hours. Thereafter, the casting frame was removed from the casting apparatus and stored

in a container with tank buffer at 4 °C until use.

Table 2.2 SDS-PAGE gel. Table showing the constituents of the SDS-PAGE gel.

Resolving gel Stacking gel

2.72 mL ddH20 3.05 mL ddH20

3.2 mL 30% acrylamide/bis 665 pL 30% acrylamide/bis
2 mL resolving gel buffer 1.25 mL stacking gel buffer
(1.5 M Tris-HCI, pH 8.8) (0.5 M Tris-HCI, pH 6.8)

80 pL 10% sodium dodecyl-sulfate (SDS) 50 pL 10% SDS

50 uL 10% ammonium persulfate (APS) 25 pL 10% APS

5 pL Tetramethylethylenediamine (TEMED) | 2.5 uyL TEMED
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Cell lysate preparation

Each sample lysate was prepared from cells grown in 75 cm? cell culture flasks. A total of six
cell culture flasks were seeded (one for each of the following: untreated control, AD3, OM,
L1Cu, L6Cu and doxorubicin). Once 80 % confluency was reached, each flask was trypsinized
and the cell suspension transferred to a 50 mL centrifuge tube. A cell count was performed on
the cell suspension. Subsequently, an equal number of cells was reseeded into each flask at a
density of 8 000 000 cells per 75 cm? flask. The cells were allowed to attach overnight.
Thereafter each flask was treated with the test compound at their respective ICgo values for 18
hours. An untreated flask and a doxorubicin control flask was included. Following the
treatment period, cell culture flasks were placed on ice and a cell scraper was used to gently
facilitate the detachment of the cells from the surface of the flask. The suspended cells were
transferred to a 50 mL tube and centrifuged at 503 X g for 5 minutes. The supernatant was
discarded and the cell pellet was resuspended in 1 mL RIPA lysis buffer (Table 2.3). One Roche
protease inhibitor cocktail mini-tablet was added per 20 mL of buffer immediately prior to use.
After ensuring complete dispersion of the cell pellet in the lysis buffer, the sample was passed
through a 25-gauge needle to shear the DNA. Thereafter, the sample was transferred to a 2 mL
microcentrifuge tube. The samples were incubated in the lysis buffer for one hour on a rocking
platform at 4 °C to ensure complete breakdown of the various cell membranes (nuclear and
external membrane) and release of its proteins. Subsequently, the microcentrifuge tubes were
centrifuged at 14000 X g for 12 minutes in a Sorvall™ LYNX 4000 superseed centrifuge
(Thermo Fisher, Life Technologies, SA). The protein lysate supernatant was transferred to
fresh, labelled microcentrifuge tubes in 300 uL aliquots and stored at -70 °C until use. The

Bradford assay was used to quantify the amount of protein present in each sample.

Table 2.3 Buffer recipes. Table showing the constituents of the buffers used in the Western
blot assay

25 mM Tris base (pH 7.6)
150 mM NaCl
RIPA/lysis buffer 1% Triton X 100

1% sodium deoxycholate
Roche protease inhibitor cocktail
mini-tablet (1 per 20 mL)

15 mL glycerol

1.5g SDS

13.5 mL stacking gel buffer
1.15 g dithiothreitol (DTT)

5X Laemmli sample buffer

39



15 mg bromophenol blue
30 g Tris
Tank buffer 144 g glycine
10 g SDS
48 mM Tris
Transfer buffer 39 mM glycine
20% methanol
. . 20 mM Tris
21)_(B'g|'1|_§-buffered-salme-Tween 150 mM NaCl
0.1% Tween 20

Bradford assay

The Bio-Rad Protein Assay Kit II (Bio-Rad, SA) was used to perform the Bradford assay.
When bound to proteins, the Bradford reagent (acidified Coomassie® Brilliant Blue G-250)
undergoes a colour change, with the absorbance maximum changing from 470 nm to 595 nm
(Kruger, 1994). A standard curve is generated from a series of dilutions of protein standards of
known concentrations. Standardized bovine serum albumin (1 mg/mL) (Sigma-Aldrich/Merck,
SA) was used as the protein standard. The quantity of protein in each sample was interpolated

from the standard curve (Appendix A).

Samples were diluted in ddH20 in a 1 in 10 dilution. In a 96-well plate, 5 uL of each 1 in 10
sample was added to each well in triplicate. Additionally, 5 pL of each concentration of bovine
serum albumin standards (in-reaction concentrations of 0-1000 pg/mL) were added to each
well in triplicate. Thereafter, 195 puL of Bradford reagent (diluted in a ratio of 1 part reagent: 4
parts ddH>O) was added to each well. The absorbances were measured after 5 minutes at 595
nm using the Lab Systems Multiskan iEMS plate reader. The standard curve was generated
using GraphPad Prism version 9. Protein concentrations of the samples were interpolated from

the standard curve.

Gel electrophoresis

Following the quantification of the protein in each cell lysate, each sample was prepared in a
1:4 dilution of 5X Laemmli buffer (Table 2.3) to cell lysate. To prepare a concentration of 20
pg of protein in each sample, cell lysates were diluted in stacking gel buffer (Table 2.1).
Samples were prepared in microcentrifuge tubes and kept on ice at all times. Samples were

heated for 4 minutes in a water bath at 95 °C and immediately transferred to ice. Samples were
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then centrifuged at 1400 rpm for 1 minute and placed back on ice. The Bio-Rad Mini-
PROTEAN® Tetra vertical electrophoresis cell (Bio-Rad, SA) was used to run gel
electrophoresis and separate the proteins in each sample according to size. The pre-cast gels
were placed into the tank and tank buffer (Table 2.3) was poured into the inner chamber of the
tank. An equal amount of sample (20 pL) was loaded into each well of the gel. Additionally,
Precision Plus Protein™ WesternC™ molecular weight markers (Bio-Rad, SA) were loaded
in the well of the first lane. Thereafter, tank buffer was poured into the outer chamber up to the
required level and the apparatus was connected to the power supply. A voltage of 200 V was
applied to the gel for approximately one hour until the bromophenol blue reached the end of

the gel and the proteins were separated.

Blotting/membrane transfer

Following gel electrophoresis, the separated proteins in the gel were transferred onto a PVDF
membrane using the wet transfer method. The Bio-Rad Mini Trans-Blot® Cell (Bio-Rad, SA)
was used to transfer the proteins. A “transfer sandwich” was constructed consisting of a pre-
soaked foam pad, pre-soaked filter paper, the gel, PVDF membrane, pre-soaked filter paper
and foam pad. The foam pads and filter paper were soaked in transfer buffer (Table 2.3) prior
to use. The “sandwich” was placed in the gel holder cassette and subsequently assembled into
the tank in the correct orientation, ensuring that current flowed in a gel-towards-membrane
direction. Cold transfer buffer was filled to the required level and the apparatus was connected

to the power supply. A voltage of 100 V was applied to the cell for 1 hour.

Blocking the membrane

Following the transfer of the proteins from the gel onto the PVDF membrane, the membrane
was carefully removed from the “transfer sandwich” using forceps. Non-specific binding sites
on the membrane were blocked by the incubation of the membrane in 10 mL Invitrogen™
Membrane Blocking Solution (Thermo Fisher, Life Technologies, SA) for one hour at room

temperature.

Antibody staining of the membrane
The primary anti-HMOX1 antibody (rabbit, polyclonal antibody) (PA5-27338; Thermo Fisher,
Life Technologies, SA, Johannesburg, SA) was prepared in a 1 in 2000 dilution in Invitrogen™

Membrane Blocking Solution (Thermo Fisher, Life Technologies, SA). Beta-actin was used as
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a loading control to confirm that equal amount of protein was added to each lane. Actin
Antibody (H-300): sc-10731 (Santa Cruz Biotechnology, Inc) was added to the primary
antibody solution at a concentration of 1 in 1000. Following blocking, the membrane was
washed once in 1X TBST (Table 2.3) and incubated in 10 mL of primary antibody solution
overnight on a rocking platform at 4 °C. The following morning, the primary antibody solution
was aspirated and the membrane washed 3 times while on a rocking platform for 10 minutes
each in 20 mL 1X TBST. Thereafter, the membrane was incubated in 10 ml secondary antibody
solution for one hour on a rocking platform at room temperature. The secondary antibody,
Pierce® Goat Anti-Rabbit IgG, (H + L), horseradish peroxidase (HRP) conjugated (#31460,
Thermo Fisher, Life Technologies, SA), was prepared in Membrane Blocking Solution at a
concentration of 1 in 10 000. In addition, StrepTactin-HRP (Bio-Rad, SA) was added to the

solution at a concentration of 1 in 10 000 as a probe to detect the molecular weight markers.

Visualizing the protein bands

Detection of the protein bands was made possible through a chemiluminescent reaction. HRP,
which was conjugated to the secondary antibody, catalyses the reaction to generate a
chemiluminescent signal in the presence of a substrate. The substrate used was the Pierce™
ECL Western Blotting Substrate (Thermo Fisher, Life Technologies, SA). The substrate was
prepared by combining equal volumes of reagent A and B (according to the manufacturer’s
instructions). The membrane was incubated in the substrate for 5 minutes. Thereafter, the
membrane was enclosed between two layers of acetate film and viewed using the Bio-Rad
ChemiDoc™ MP imaging system. The blot was analysed using Bio-Rad Image Lab software.
Ordinary one-way ANOVA followed by Dunnett’s post hoc multiple comparisons test was
used to evaluate the statistical significance of the differences in HMOX1 pixel densities
induced by the copper complexes and doxorubicin compared to the untreated cells.
Significance criterion was set at p <0.05 with a 95 % confidence interval. Experiments were
repeated at least three times. Pixel densities of the bands were collated into a bar graph.
Statistical analysis was performed and bar graphs constructed using GraphPad Prism version
9.
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CHAPTER III: RESULTS

This study evaluated the cytotoxic activity of three classes of copper complexes, namely, a
copper-phenanthroline-theophylline complex (AD); a copper-8-aminoquinolonenaphthyl
complex (OM); and copper-isoindoline complexes (LCu); and the respective copper-free
ligand of each complex against the AsPC-1 and MIA PaCa-2 cell lines. The OM and LCu
compounds were synthesized by the School of Chemistry, University of the Witwatersrand,
Johannesburg. The AD copper complex was synthesized and supplied by the Department of
Chemistry, Nelson Mandela University, Ggeberha. The compounds were prepared at stock
concentrations of between 10-20 mM in DMSO or ethanol and stored at room temperature.
While it is not the norm for the complexes to be stored at room temperature, the copper
complexes were susceptible to degradation after undergoing repeated freeze-thaw cycles when

stored at 4 °C and -20 °C, when DMSO becomes solid.

3.1 The effect of the copper complexes and their ligands on the cell viability of AsPC-1
and MIA PaCa-2 cells

3.1.1 Identification of active copper complexes against AsPC-1 and MIA PaCa-2 cell lines
Two copper-isoindoline complexes (L1Cu and L6Cu) and their respective ligands (L1 and L6)
were tested at concentrations of 50 pM and 5 pM using the MTT cell viability assay as
described in Section 2.4. The results are shown in Figure 3.2. The compounds that had less
than 1 % cell viability at 50 uM and less than 50 % cell viability at 5 uM were selected for
further investigation. None of the copper-free ligands showed any meaningful activity and were
not investigated further. Amongst the LCu copper complexes, L1Cu and L6Cu met the criteria
for activity against both cell lines (Fig. 3.1).

The copper complexes AD3 and OM efficiently inhibited the growth of several other cancer
cell lines with ICso values in the low micromolar range and were therefore included in this
study (Gordon et al., 2022; Rooplal, 2023). Initial evaluation of AD3 and OM confirmed their
cytotoxic activity against both AsPC-1 and MIA PaCa-2 cell lines (Fig. 3.1). Phenanthroline
and theophylline form part of the structure of AD3 and were poorly active against both cell
lines (Fig. 3.2). Similarly, the copper-free ligand of OM was poorly active (Fig. 3.1). Vehicle
control cell viability assays were performed to determine the effect of DM SO and ethanol on
the viability of the cells (Fig. 3.2). The results confirmed the absence of cytotoxic effects of

the solvents on their own (Fig. 3.2).
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Figure 3.1 The effect of the copper complexes and their ligands on cell viability of AsPC-1 (A) and
MIA PaCa-2 (B) cells. AsPC-1 and MIA PaCa-2 cells were treated with the copper complexes and their
ligands at concentrations of 50 uM and 5 uM for 48 h and cell viability was measured with the MTT
assay. Each bar represents the mean of at least four replicate values. Error bars represent the standard
error of the mean (SEM). (Phen: phenanthroline; Theo: theophylline; OML: OM-ligand)
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Figure 3.2 The effect of DMSO and ethanol on the cell viability of AsPC-1 and MIA PaCa-2 cells. AsPC-
1 and MIA PaCa-2 cells were treated with DMSO and ethanol at various concentrations for 48 h and
cell viability was measured with the MTT assay. Each bar represents the mean of at least four replicate
values and experiments were repeated at least twice. Error bars represent the standard error of the
mean (SEM). (DMSO: dimethyl sulfoxide; EtOH: ethanol).

3.1.2 Selection of a cancer drug to use as a positive control

Gemcitabine is a nucleoside analog used clinically to treat PDAC, while doxorubicin is used
in-house and has consistently proven to be active against various cell lines. In order to select a
positive control, gemcitabine and doxorubicin were tested against the AsPC-1 and MIA PaCa-
2 cell lines to determine their anti-cancer activity using a 48 hour MTT assay as described
above. Gemcitabine and doxorubicin were tested at concentrations of 50 pM and 5 uM. The
results are shown in Figure 3.3. Gemcitabine showed poor activity against both cell lines at 50
UM and 5 pM compared with doxorubicin (Fig. 3.3). Therefore, doxorubicin was chosen as a

positive control for this study.

3.1.3 Determination of the ICso values of active compounds
The four copper complexes selected for further investigations were AD3, OM, L1Cu and L6Cu
Doxorubicin was selected as a positive control. To determine their ICso values, the copper

complexes were treated with a concentration range of between 0.005 uM and 40 uM and
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Figure 3.3 The effect of gemcitabine and doxorubicin on the cell viability of AsPC-1 and MIA PaCa-2
cells. AsPC-1 and MIA PaCa-2 cells were treated with gemcitabine and doxorubicin at concentrations
of 50 M and 5 pM for 48 h using the MTT cell viability assay. Each bar represents the mean and error
bars represent the SEM of at least four replicate values. (GEM: gemcitabine; DOX: doxorubicin).

doxorubicin was tested at a concentration range between 0.005 pM and 300 uM. The high
concentration of 300 uM was to ensure absolute growth inhibition of the cells treated with
doxorubicin which was not achieved at lower concentrations. Dose response curves were
generated and the half maximal inhibitory (ICso) concentrations for each complex and
doxorubicin were obtained using GraphPad Prism software version 9. Representative dose
response curves are shown in Figure 3.4. Each data point was obtained in quadruplicate and

experiments were repeated at least four times.

The ICso values of the compounds are summarized in Table 3.1 and represent the average of at
least four independent experiments. All four copper complexes had ICso values below 5 uM in
both cell lines. The ICso values for the copper complexes ranged between 1.27 pM and 3.10
UM against AsPC-1 and between 1.08 pM and 4.04 uM in MIA PaCa-2 cells. In both cell lines,
the 1Cso values for the complexes were lower than those of doxorubicin, which had ICso values
0f 6.64 £ 0.11 pM and 12.07 £ 0.61 pM in AsPC-1 and MIA PaCa-2 cells, respectively. One-
way ANOVA followed by Dunnett’s post hoc test showed very highly significant differences
(p <0.0001) in the ICso values of the complexes compared to doxorubicin, indicating that all
four copper complexes were significantly more active than doxorubicin in both cell lines (Table
3.1). The ICso values of the copper complexes and doxorubicin were in a similar range across

cell lines, with the exception of doxorubicin. Doxorubicin showed a close to 100 % increase in
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its ICso value between AsPC-1 to MIA PaCa-2 cells, indicating an increased sensitivity of

AsPC-1 cells to doxorubicin.
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Figure 3.4 Representative sigmoidal log dose response curves of active copper complexes and
doxorubicin in AsPC-1 cells (A and B) and MIA PaCa-2 cells (C and D). AsPC-1 and MIA PaCa-2 cells
were treated with AD3, OM, L1Cu, L6Cu at concentrations ranging from 0.005 uM to 40 uM and
doxorubicin was treated at concentrations ranging between 0.005 pM and 300 uM for 48 h using the

MTT cell viability assay. Data points were collected in quadruplicate. Error bars represent the standard

deviation. Sigmoidal dose response curves were generated using GraphPad Prism version 9.

Experiments were repeated at least four times.

Table 3.1 ICso values of the copper complexes and doxorubicin against AsPC-1 and MIA PaCa-
2 cells after a 48 hour treatment period.

AsPC-1 MIA PaCa-2
Copper complexes IC50 (LM) p value I1C50 (M) p value
AD3 3.15 £ 0.07 <0.0001 4.04 + 0.07 <0.0001
oM 2.75+ 0.14 <0.0001 3.62 + 0.08 <0.0001
L1Cu 1.41 +0.33 <0.0001 1.08 + 0.15 <0.0001
L6Cu 1.27 + 0.22 <0.0001 1.39 + 0.16 <0.0001
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Doxorubicin 6.64 + 0.11 n/a 12.07 + 0.61 n/a
ICso values + SEM of four independent experiments. Copper complexes compared to doxorubicin using
ANOVA followed by Dunnett’s post hoc multiple comparisons test. Significance criterion was set at p <
0.05. Legend: n/a= not applicable.

In clinical practice, patients are treated with the cancer drugs at their ICo9 concentration in order
to ensure 100 % kill of the tumour cells (Swinney, 2011). Therefore, the copper complexes
were used at their [Cgo concentrations (concentrations that resulted in 80% decrease in cell
viability) for the rest of this study. Doxorubicin possesses an innate red fluorescence that can
interfere with the assays based on immunofluorescence detection. In order to decrease this
effect, doxorubicin was used at a constant concentration of 5 uM and not at its ICgo value. The
maximum excitation and emission wavelength of doxorubicin is 470 nm and 560 nm,

respectively (Kauffman et al., 2016).

3.2 Effects of the copper complexes and doxorubicin on cell morphology of AsPC-1 and
MIA PaCa-2 cells

Fluorescent indicators were used to determine the effect of the copper complexes and
doxorubicin on the cell morphology as described in Section 2.5.1. Following a 24 hour
treatment period with the copper complexes and doxorubicin, notable morphological changes
were observed in the cells. Experiments indicated that cells detached from the growth surface
after a 30 hour treatment, therefore effects of the complexes on cell morphology and cell death
mechanisms were assessed after a 24 hour treatment period. An untreated control was included.
Cells were viewed with an Olympus BX41 microscope and images were captured with an
Olympus DP72 camera. The results shown in Figures 3.5 and 3.6 represent the AsPC-1 and
MIA PaCa-2 cell lines, respectively and were confirmed with three independent experiments.

The effects of the copper complexes in both cell lines are summarized in Table 3.2.

3.2.1 Effects of the copper complexes and doxorubicin on the cell morphology of AsPC-1
cells

Untreated cells remained attached to the growth surface and had intact cell membranes while
the nucleus of each cell was visible as oval-shaped and fluoresced with a homogenous HO
signal (Fig. 3.5, panels a and b). The reason for the observed difference in intensities of the HO
signal between cells in the control may be explained by the cells being over-confluent and
growing on different plains of the coverslip, causing some cells to be out of focus (Fig. 3.5,

panel b). Endosomes were present in untreated cells, depicted by green punctate fluorescence
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in the AO stain (Fig. 3.5, panel c). Phase contrast images of treated cells are shown in Fig. 3.5,
panels d, g, j, m and p and membrane blebbing was seen in AD3-, OM-, and doxorubicin-
treated cells (Fig. 3.5, panels d, g and p). HO staining of the nuclei of treated cells showed ring
condensation in all the cells (Fig. 3.5, panels e, h, k, n and q). Additionally, necklace
condensation was seen in cells treated with L1Cu and L6Cu (Fig. 3.5, panels h, k and n). Ring
condensation, necklace condensation and chromatin compaction are all stages of chromatin
condensation (Tone" et al., 2007). The lack of orange/red-fluorescing nuclei in the merged
PI/AO images indicated the absence of PI entering and binding to the nuclei and hence, overt
necrosis was not seen in any of the cells, with the exception of an isolated yellow nucleus seen
in doxorubicin-treated cells which was likely due to secondary necrosis (Fig. 3.5, panels c, f, 1,
I, o and r). The accumulation of non-nuclear orange-red vesicles in AD3-, L6Cu- and
doxorubicin- treated cells indicated the formation of lysosomes and were possibly an indicator
for early autophagy (Fig. 3.5, panels f, o and r). Additionally, green vesicles representing

endosomes were seen in all copper complex-treated cells (Fig. 3.5, panels f, i, 1, and o).

3.2.2 Effects of the copper complexes and doxorubicin on the cell morphology of MIA
PaCa-2 cells

Phase contrast images of untreated MIA PaCa-2 cells showed spindle-shaped cells with fibrils
connecting the cells to each other (Fig. 3.6, panel a) and oval-shaped nuclei that fluoresced
uniformly blue as seen in HO-stained nuclei (Fig. 3.6, panel b). AO stained the untreated cells
green and the lack of PI staining confirmed the absence of necrotic cells (Fig. 3.6, panel ¢). In
the phase contrast image of AD3-treated cells, rounding up and detachment of the cells from
the growth surface (floating cells were harvested for viewing) was observed (Fig. 3.6, panel d).
Large vacuoles were observed in the cytoplasm of AD3- and OM-treated cells and the cells
treated with OM, L1Cu, L6Cu and doxorubicin were rounded up but still attached to the growth
surface (Fig. 3.6, panels d, g, j, m and p). In the HO-stained images, kidney-shaped nuclei were
seen in AD3-treated cells, as well as chromatin compaction of the nuclei (Fig. 3.6, panel e).
Chromatin compaction and ring condensation was observed in OM-, L1Cu- and L6Cu-treated
cells, while the nuclei of doxorubicin-treated cells demonstrated ring condensation (Fig. 3.6,
panels h, k, n and q). The HO stain in doxorubicin-treated cells was affected by the action of
doxorubicin to compete with HO 33342 for binding to the minor groove in DNA, resulting in
a diminished HO fluorescence (Ijds et al., 2021; Chazotte, 2011) (Fig. 3.6, panel q). The nuclei

of some L6Cu-treated cells showed increased fluorescence intensity suggesting the formation
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Figure 3.5 Representative photomicrographs showing morphological changes in AsPC-1 cells after a
24 hour treatment with copper complexes. A, panel a-c: untreated cells. A, panel d-f: AD3 (6 uM). A,
panel g-i: OM (4 uM). A, panel j-I: L1Cu (2 pM). A, panel m-o: L6Cu (2 pM). A, panel p-r: doxorubicin (5
uM). Cells viewed with Olympus BX41 microscope. Images captured with Olympus DP72 camera.
Magnification: 400X, scale bar: 20 um. Each photomicrograph is representative of three independent
experiments (n = 3). Legend: Red arrow = vacuoles. Green arrow = blebbing. Blue arrow = lysosomes.
Yellow arrow = endosomes. Pink arrow = secondary necrotic cell. White arrow = chromatin
condensation. CC = chromatin compaction. RC = ring condensation. NC = necklace condensation. PC =
phase contrast. HO = Hoechst 33342. Pl = propidium iodide. AO = acridine orange.
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after a 24 hour treatment with copper complexes. A, panel a-c: untreated cells. A, panel d-f: AD3 (6
uM). A, panel g-i: OM (5 uM). A, panel j-I: L1Cu (2 uM). A, panel m-o: L6Cu (2 uM). A, panel p-r:
doxorubicin (5 uM). Cells viewed with Olympus BX41 microscope. Images captured with Olympus
DP72 camera. Magnification: 400X, scale bar: 20 pum. Each photomicrograph is representative of three
independent experiments (n = 3). Legend: Red arrow = vacuoles. Pink arrow = kidney-shaped nuclei.
Yellow arrow = endosomes. White arrow = chromatin condensation. CC = chromatin compaction. RC
= ring condensation. NC = necklace condensation. PC = phase contrast. HO = Hoechst 33342, Pl =
propidium iodide. AO = acridine orange.
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of cytoplasmic vacuoles which cannot be observed by phase contrast when the cells are
rounded up (Fig. 3.6, panel n). The absence of PI staining of the nuclei in PI/AO merged images
confirmed that none of the cells were necrotic (Figure 3.6, panels f, i, I, o, r). Punctate green
fluorescence was seen in the AO images of L1Cu- and L6Cu-treated cells, indicating the

presence of endosomes (Fig. 3.6, panels 1 and o).

Table 3.2 The effect of the copper complexes on the cell morphology of AsPC-1 and MIA
PaCa-2 cells.

AD3 OoM L1Cu L6Cu

Apoptotic feature AsPC-1 | MIA PaCa-2 AsPC-1 MIA PaCa-2 AsPC-1 MIA PaCa-2 AsPC-1 MIA PaCa-2
Necrosis
Ring condensation v v v v v v v
Necklace condensation v v v
Chromatin compaction v v v v v v
Membrane blebbing v v
Lysosomes v
Endosomes v v v v v v
Vacuoles v v v v

3.3 Translocation of phosphatidylserine to the surface of AsPC-1 and MIA PaCa-2 cells

Since membrane blebbing and changes to nuclei suggesting apoptosis were observed in cell
morphology studies, apoptosis as a mechanism of cell death was investigated. The annexin-V
assay was used to determine if the copper complexes induced the translocation of
phosphatidylserine to the outer surface of the cell membrane (as described in Section 2.7.1).
Cells were treated with the copper complexes for 24 hours at concentrations equivalent to their
ICgo values. Doxorubicin was used as a positive control at 5 pM and untreated cells were
included. Cells were viewed with an Olympus BX41 microscope and images were captured
with an Olympus DP72 camera. The results of the annexin-V assay in AsPC-1 and MIA PaCa-

2 cells are shown in Figures 3.7 and 3.8, respectively.

3.3.1 The effect of copper complexes and doxorubicin on annexin-V binding in AsPC-1
cells

Phase contrast images showed a normal morphology of the untreated cells and no fluorescence
signal was observed, indicating the absence of apoptotic/necrotic cells (Fig. 3.7 A, panels a and
b). Membrane blebbing was observed in phase contrast images of AD3-, OM-, L1Cu- and

L6Cu-treated cells and doxorubicin treated cells remained attached to the growth surface (Fig.
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3.7 A, panels c, e, g, i and k). Annexin-V-binding was present in all treated cells (Fig. 3.7 A,
panels d, f, h, j and [; Fig. 3.7 B). None of the treated cells showed PI staining, confirming the
absence of necrotic cell death (Fig. 3.7 A, panels d, f, h and j). The cell membranes of
doxorubicin-treated cells were intact, therefore, the orange-red fluorescence that was visible in
the nuclei of doxorubicin-treated cells (Fig. 3.7 A, panel 1) was likely due to the innate red
fluorescent nature of doxorubicin and its ability to intercalate with DNA (Chen et al., 2012).
Doxorubicin was significantly more effective than the copper complexes at inducing annexin-
V binding due to phosphatidylserine exposure on the outer leaflet of the cell membrane (Fig.
3.7 B). L6Cu-treated cells had strong annexin-V binding in the cells that were beginning to
detach from the growth surface (rounded cells), with 76.8 % of the cells demonstrating
annexin-V-binding (Fig. 3.7 A, panel j; Fig. 3.7 B). Annexin-V-binding was observed in 50.5
% and 46.4 % of OM- and AD3-treated cells, respectively (Fig. 3.7 B). L1Cu was the least
efficient effector of annexin-V binding, with 28.5 % of cells showing annexin-V-binding (Fig.

3.7B).
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Figure 3.7 Representative photomicrographs (A) and a bar graph (B) of annexin-V binding and PI
staining of AsPC-1 cells after a 24 hour treatment with copper complexes. A, panel a-b: untreated
cells. A, panel c-d: AD3 (6 uM). A, panel e-f: OM (4 uM). A, panel g-h: L1Cu (2 pM). A, panel i-j: L6Cu
(2 uM). A, panel k-l: doxorubicin (5 uM). Cells viewed with Olympus BX41 microscope. Green
fluorescence indicates annexin-V-binding. Images captured with Olympus DP72 camera.
Magnification: 400X, scale bar: 20 um. Each photomicrograph is representative of at least three
independent experiments (n = 3). Each bar represents mean from at least three independent
experiments. Error bars represent SEM. Legend: Pink arrow = blebbing. Pl = propidium iodide. Copper
complexes compared to doxorubicin using ANOVA (p< 0.05) followed by Dunnett’s post hoc multiple
comparisons test. Fig. 3.7 B: red text represents statistical comparison of annexin-V-only; black text
represents statistical comparison of annexin-V/PI. P values: not significant (ns): p > 0.05. * = p < 0.05.
** =p <0.01. ¥** = p < 0.001. **** =p < 0.0001.
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3.3.2 The effect of copper complexes and doxorubicin on annexin-V binding in MIA
PaCa-2 cells

Untreated MIA PaCa-2 cells had their normal morphology and did not show annexin-V-
binding or PI binding to the nucleus, indicating healthy cells (Fig 3.8 A, panels a and b). Phase
contrast images of treated cells showed rounded cells detaching from the growth surface (Fig.
3.8 A, panels ¢, e, g, i and k). All the copper complexes and doxorubicin caused an increase in
green fluorescence indicating the binding of annexin-V to phosphatidylserine on the cell
surface (Fig. 3.8 A, panels d, f, h, j and I; Fig. 3.8 B). PI staining was observed in cells treated
with AD3, OM, L1Cu and L6Cu indicating late apoptosis or secondary necrosis (Fig. 3.8 A,
panels d, f, h, j). Late apoptosis/secondary necrosis was most prevalent in AD3- and OM-
treated cells (Fig. 3.8 A, panels d and f). AD3-treated cells had a percentage of 26.4 % of cells
that showed annexin-V-only binding while 46.9 % of cells had both annexin-V and PI staining
(Fig. 3.8 B). In OM-treated cells, 32.5 % of cells showed annexin-V-binding while 21.4 % had
both annexin-V and PI (Fig. 3.8 B). In L1Cu-treated cells, attached cells showed a faint green
signal while rounded cells indicated both annexin-V-only-binding and annexin-V/PI binding
(Fig. 3.8 A, panel h). Annexin-V-binding was observed in 20.1 % of L1Cu-treated cells while
3.7 % of cells showed the presence of both annexin-V and PI (Fig. 3.8 B). L6Cu-treated cells
showed annexin-V-only-binding in 60.1 % of the cells as well as annexin-V/PI in 24.4 % (Fig.
3.8 A, panel j; Fig 3.8 B). Annexin-V-binding was observed in 30.8 % of cells treated with the
positive control, doxorubicin (Fig. 3.8 A, panel 1; Fig 3.8 B). The orange/red fluorescence of
doxorubicin was also visible in the nuclei of MIA PaCa-2 cells and was likely not due to PI
staining since the membranes appeared to be intact (Fig. 3.8, panels k and 1). Only L6Cu was
significantly more effective than doxorubicin at causing annexin-V-binding, with a p value of

0.009 (***) (Fig. 3.8 B).

3.3.3 Summary of the effects of copper complexes on annexin-V-binding

In summary, all four copper complexes induced phosphatidylserine exposure in both cell lines,
with L6Cu being the strongest inducer and L1Cu being the least potent inducer of
phosphatidylserine exposure. AsPC-1 cells did not show the presence of late
apoptosis/secondary necrosis, while MIA PaCa-2 cells showed cells undergoing late

apoptosis/secondary necrosis.
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Figure 3.8 Representative photomicrographs (A) and a bar graph (B) of annexin-V binding and PI
staining of MIA PaCa-2 cells after a 24 h treatment with copper complexes. A, panel a-b: untreated
cells. A, panel c-d: AD3 (6 uM). A, panel e-f: OM (5 uM). A, panel g-h: L1Cu (2 pM). A, panel i-j: L6Cu
(2 uM). A, panel k-l: doxorubicin (5 uM). Cells viewed with Olympus BX41 microscope. Green
fluorescence= annexin-V-binding. Red fluorescence= propidium iodide-binding to nucleus. Images
captured with Olympus DP72 camera. Magnification: 400X, scale bar: 20 um. Each photomicrograph
is representative of at least three independent experiments (n = 3). Each bar represents mean from
at least three independent experiments. Error bars represent SEM. Legend: Blue arrow = early
apoptotic cell. Red arrow = late apoptotic/secondary necrotic cell. Pl = propidium iodide. Copper
complexes compared to doxorubicin using ANOVA (p< 0.05) followed by Dunnett’s post hoc multiple
comparisons test. Fig. 3.8 B: red text represents statistical comparison of annexin-V-only; black text
represents statistical comparison of annexin-V/PI. P values: not significant (ns): p > 0.05. * = p < 0.05.
** =p <0.01. *** = p < 0.001. **** =p < 0.0001.
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3.4 Evaluation of the ability of the copper complexes to induce ROS formation

The copper complexes were evaluated for their ability to induce oxidative stress by measuring
the formation of ROS using the CellRox® Deep Red reagent. The cells were incubated with
the copper complexes and doxorubicin and the CellRox® reagent for four, six and 18 hours
and viewed with an Olympus BX41 microscope as described in Section 2.5.3. Images were
captured using an Olympus DP72 camera. The copper complexes were tested at concentrations
equivalent to their ICgo values and doxorubicin was used as a positive control at 5 uM and were
compared to untreated cells. Given that the CellRox® reagent indicates the presence of ROS
with red fluorescence, an additional doxorubicin control without CellRox® reagent was
included to mitigate doxorubicin’s innate red fluorescence. The results are shown in Figure 3.9

and 3.10 for AsPC-1 and MIA PaCa-2, respectively.

3.4.1 The effects of the copper complexes on ROS formation in AsPC-1 cells

ROS formation was induced by the copper complexes after a six hour treatment period (Figure
3.9). The copper complexes did not induce the formation of ROS at four and 18 hours (data
not shown). After a six hour treatment period, untreated AsPC-1 cells had normal morphology
and fluoresced with a low intensity signal, indicating low baseline levels of ROS (Fig. 3.9,
panels a and b). Membrane blebbing was observed in the phase contrast images of all treated
cells (Fig. 3.9, panels c, ¢, g, 1, k). Compared to untreated cells, L1Cu caused a non-significant
increase in ROS fluorescent signal (Fig. 3.9 A, panel h, Fig. 3.9 B) while AD3, OM and L6Cu
(Fig 3.9 A, panels d, fand j; Fig. 3.9 B) caused highly significant increases in ROS formation.
Doxorubicin-treated cells that were exposed to the CellRox® reagent (Fig. 3.9 A, panel [; Fig.
3.9 B) fluoresced with a bright red signal and had a statistically significant increase in red
fluorescence compared to the doxorubicin-treated cells without CellRox® reagent exposure

(Fig. 3.9 A, panel n; Fig. 3.9 B), suggesting that doxorubicin induced ROS formation.

3.4.2 The effects of the copper complexes on ROS formation in MIA PaCa-2 cells

Similar to AsPC-1 cells, the complexes induced ROS after a six hour treatment period (Fig.
3.10) but ROS was not observed at treatment periods of four hours and 18 hour (data not
shown). At six hours, untreated MIA PaCa-2 cells displayed their normal, polygonal-shaped
morphology with the complete absence of a fluorescence signal, indicating the absence of ROS
in untreated MIA PaCa-2 cells (Fig. 3.10 A, panels a and b). Phase contrast images of treated
cells showed elongated cells in AD3-, and L6Cu- treated cells whilst rounded-up cells were

seen in OM-treated cells (Fig. 3.10 A, panels c, e, i). L1Cu showed both elongated and rounded
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Figure 3.9 Representative photomicrographs (A) and a bar graph (B) of ROS formation in AsPC-1 cells
after 6 hour treatment with copper complexes. A, panel a-b: untreated cells. A, panel c-d: AD3 (6
uM). A, panel e-f: OM (4 uM). A, panel g-h: L1Cu (2 uM). A, panel i-j: L6Cu (2 uM). A, panel k-I:
doxorubicin (5 pM). A, panel m-n: doxorubicin-only control lacking CellRox® reagent. Cells viewed with
Olympus BX41 microscope. Images captured with Olympus DP72 camera. Magnification: 400X, scale
bar: 20 um. Fluorescence intensities were measured using CellProfiler™. Legend: Pink arrow =
blebbing. ROS = reactive oxygen species (indicated by red fluorescence). AU = arbitrary units. Each
photomicrograph is representative of at least three independent experiments (n = 3). Copper
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complexes compared to doxorubicin using ANOVA (p< 0.05) followed by Dunnett’s post hoc multiple
comparisons test. P values: not significant (ns): p >0.05. * = p < 0.05. ** = p < 0.01. *** = p < 0.001.
**d* = p <0.0001.

cells (Fig. 3.10 A, panel g). All the copper complexes induced an increase in red fluorescence
intensity after a six hour treatment period (Fig. 3.10 A, panels d, f, h, j; Fig. 3.10 B), indicating
the formation of ROS. The phase contrast images of doxorubicin-treated cells are shown in
Fig. 3.10 A (panels k and m). Compared to the CellRox®-negative doxorubicin control (Fig.
3.10 A, panel n), doxorubicin-treated cells with CellRox® reagent showed intense red
fluorescence (Fig. 3.10 A, panel 1I; Fig. 3.10 B) indicating that doxorubicin caused the
formation of ROS. Doxorubicin was more effective than the copper complexes at inducing

ROS formation (Fig. 3.10 B).

3.4.3 Summary of the effects of the copper complexes on ROS formation

In AsPC-1 cells, low levels of ROS were present in untreated cells and the copper complexes
increased the ROS signal. In MIA PaCa-2 cells, ROS was absent from untreated cells and the
complexes induced a high intensity ROS signal in treated cells. The results suggested that the
copper complexes induced ROS more potently in MIA PaCa-2 cells than in AsPC-1 cells,
reiterating the fact that MIA PaCa-2 cells showed increased sensitivity to the copper
complexes. The results from the ROS assay suggested that the copper complexes likely
stimulated the initiation of the intrinsic/mitochondrial apoptotic pathway through ROS-
induction. Further apoptotic assays were performed to confirm the mechanism of cell death

caused by the complexes.
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Figure 3.10 Representative photomicrographs (A) and a bar graph (B) of ROS formation in MIA PaCa-
2 cells after 6 hour treatment with copper complexes. A, panel a-b: untreated cells. A, panel c-d: AD3
(6 uM). A, panel e-f: OM (5 uM). A, panel g-h: L1Cu (2 uM). A, panel i-j: L6Cu (2 uM). A, panel k-I:
doxorubicin (5 pM). A, panel m-n: doxorubicin-only control lacking CellRox® reagent. Cells viewed with
an Olympus BX41 microscope. Images captured with Olympus DP72 camera. Magnification: 400X,
scale bar: 20 um. Fluorescence intensities measured using CellProfiler™. Each photomicrograph is
representative of at least three independent experiments (n = 3). Legend: ROS = reactive oxygen
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species (indicated by red fluorescence). AU = arbitrary units. Copper complexes compared to
doxorubicin using ANOVA (p< 0.05) followed by Dunnett’s post hoc multiple comparisons test. P
values: not significant (ns): p > 0.05. * =p < 0.05. ** = p < 0.01. *** =p < 0.001. **** = p < 0.0001.

3.5 Evaluation of the effect of the copper complexes on mitochondrial membrane
potential

In the cell, the mitochondria are the main source of ROS production. Following the detection
of ROS formation in treated cells, the status of the mitochondria was evaluated using the
membrane permeant reagent, JC-1, as described in Section 2.5.2.4. The loss of MMP is a
feature of the intrinsic apoptotic pathway (Redza-Dutordoir and Averill-Bates, 2016). Cells
were treated with the copper complexes at concentrations equivalent to their ICsgo
concentrations and with doxorubicin at 5 pM for 18 hours. The results for AsPC-1 and MIA

PaCa-2, are shown in Figure 3.11 and 3.12, respectively.

3.5.1 The effect of the copper complexes on mitochondrial membrane potential in AsPC-
1 cells

Untreated cells showed punctate orange/red fluorescing ‘J-aggregates’, indicating an intact
MMP, in 94.7% of the cells (Fig. 3.11 A, panel a; Fig. 3.11 B). All the copper complexes
caused a loss in MMP, indicated by the absence of red/orange fluorescence, as seen in Fig. 3.11
A, panels b, ¢, d and e. AD3 caused 97.8 % of the cells to fluoresce green while OM, L1Cu
and L6Cu caused 100.0% of the cells to shift from red to green fluorescence, indicating
mitochondrial depolarization (Fig. 3.11 B). An increase in diffuse, even, green fluorescing JC-
1 monomers was observed in 98 % of doxorubicin-treated cells (Fig. 3.11 A, panel f), possibly
caused by the loss of structure of the mitochondria. AD3-, OM- and L1Cu-treated cells showed
punctate fluorescence, indicating intact mitochondria (Figure 3.11 A, panels b, ¢ and d), while
some L1Cu-treated cells showed diffuse, even fluorescence (Fig. 3.11 A, panels d). Loss of
mitochondrial structural integrity was also observed in cells treated with L6Cu, as seen by the
even, green fluorescence (Figure 3.11 A, panel e). The complexes and doxorubicin showed
similar efficacy in the induction of mitochondrial membrane depolarization, as determined by

statistical evaluation (Fig. 3.11 B).
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Figure 3.11 Representative photomicrographs (A) and a bar graph (B) showing the effects of the
copper complexes on mitochondrial membrane potential in AsPC-1 cells after 18 h treatment.
Photomicrographs show merged images of red J-aggregates and green JC-1 monomers. A, panel a:
untreated cells. A, panel b: AD3 (6 uM). A, panel c: OM (4 uM). A, panel d: L1Cu (2 uM). A, panel e
L6Cu (2 uM). A, panel f: doxorubicin (5 pM). Cells viewed with Olympus BX41 microscope. Images
captured with Olympus DP72 camera. Magnification: 400X, scale bar: 20 um. Each photomicrograph
is representative of three independent experiments (n = 3). Each bar represents mean from three
independent experiments. Error bars represent SEM. Copper complexes compared to doxorubicin
using ANOVA (p < 0.05) followed by Dunnett’s post hoc multiple comparisons test. Fig. 3.11 B: red
text represents statistical comparison of J-aggregates; black text represents statistical comparison of
JC-1 monomers. P values: not significant (ns): p > 0.05.
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3.5.2 The effect of the copper complexes on mitochondrial membrane potential in MIA
PaCa-2 cells

In untreated cells, the MMP was intact in 100 % of the cells, as observed by the presence of
orange/red fluorescing ‘J-aggregates’ (Fig. 3.12 A, panel a). The copper complexes caused a
shift from red fluorescing ‘J-aggregates’ to green fluorescing JC-1 monomers, which indicated
that all the complexes caused a loss of MMP (Fig 3.12 A, panels b-¢). AD3, L1Cu, L6Cu and
OM caused a loss in the MMP in close to 100 % of the cells (Fig. 3.12 B). In doxorubicin-
treated cells, green-fluorescing JC-1 monomers were observed in 97 % of the cells (Fig. 3.12
A, panel f; Figure 3.12 B). In treated cells with a rounder morphology, the green fluorescence
was diffuse and even, indicating a loss in the mitochondrial integrity. This was seen in cells
treated with AD3, OM and L1Cu (Fig. 3.12 A, panels b, c, and d). Cells treated with L6Cu and
doxorubicin showed punctate green fluorescence, suggesting that the mitochondria were
structurally intact (Fig. 3.12 A, panel e and f). The complexes showed similar potency to

doxorubicin, in their ability to cause a loss of MMP (Fig. 3.12 B).

3.5.3 Summary of the effects of the copper complexes on mitochondrial membrane
potential

In both cells lines, the copper complexes caused a loss in the MMP after an 18 hour treatment.
The observed fluorescence was either punctate or diffuse/even, indicating that some cells had
a loss in their mitochondrial structural integrity while others remained intact. The copper
complexes were not more active than doxorubicin in their abilities to cause a loss in the MMP.
Further assays measuring caspase activity were performed in order to confirm the mechanism

of cell death of the copper complexes.

3.6 The effect of the copper complexes on caspase-9 activity

The effect of the copper complexes on caspase-9 activity was evaluated as described in Section
2.5.2.3. Cells were treated with the copper complexes at concentrations equivalent to their ICsgo
concentrations for 24 and 48 hours. Doxorubicin was used as a positive control at a
concentration of 5 uM and an untreated control was included. The results for AsPC-1 and MIA

PaCa-2, are shown in Figures 3.13 and 3.14, respectively.
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Figure 3.12 Representative photomicrographs (A) and a bar graph (B) showing the effects of the
copper complexes on mitochondrial membrane potential in MIA PaCa-2 cells after 18 h treatment.
Photomicrographs show merged images of red J-aggregates and green JC-1 monomers. A, panel a:
untreated cells. A, panel b: AD3 (6 uM). A, panel c: OM (5 uM). A, panel d: L1Cu (2 uM). A, panel e:
L6Cu (2 uM). A, panel f: doxorubicin (5 uM). Cells viewed with Olympus BX41 microscope. Images
captured with Olympus DP72 camera. Magnification: 400X, scale bar: 20 um. Each photomicrograph
is representative of three independent experiments (n = 3). Each bar represents mean from three
independent experiments. Error bars represent SEM. Copper complexes compared to doxorubicin
using ANOVA (p < 0.05) followed by Dunnett’s post hoc multiple comparisons test. Fig. 3.12 B: red
text represents statistical comparison of J-aggregates; black text represents statistical comparison of
JC-1 monomers. P values: not significant (ns): p > 0.05.

64



3.6.1 The effect of the copper complexes on caspase-9 activity in AsPC-1 cells

There was no meaningful activation by the copper complexes of caspase-9 at 24 hours
(Appendix B), therefore, cells were treated for 48 hours. Caspase-9 activity was absent in
untreated cells, indicated by the normal cell morphology and the absence of a green fluorescent
signal and the cells had a normal morphology (Fig. 3.13 A, panels a and b). Phase contrast
images of treated cells are shown in Fig. 3.13 A, panels ¢, e, g, i and k). All the copper
complexes and doxorubicin caused the activation of caspase-9 after a 48 hour treatment (Fig.
3.13 A, panels d, f, h, j and ). OM, L1Cu and L6Cu had between 75.9 % and 84.0 % of cells
with active caspase-9 (Fig. 3.12 B). AD3 was the least efficient activator of caspase-9, with
53.2 % of cells showing active caspase-9 (Fig. 3.13 B). Doxorubicin was more active than the
copper complexes, with the highest percentage (93 %) of cells with active caspase-9 (Fig. 3.13
B). Doxorubicin was significantly more effective than AD3 (p = 0.03) in its caspase-9
activating effects, while having a similar effect as OM, L1Cu and L6Cu (p > 0.05) (Fig. 3.13
B).

3.6.2 The effect of the copper complexes on caspase-9 activity in MIA PaCa-2 cells
Similar to the AsPC-1 cell line, active caspase-9 was not observed after a 24 hour treatment
period (Appendix B), therefore, cells were treated for 48 hours. Untreated cells had a normal
morphology and lacked active caspase-9 (Figure 3.14 A, panel a and b). Phase contrast images
of the copper complex-treated cells showed rounded up cells while doxorubicin-treated cells
remained attached to the growth surface (Fig. 3.14 A, panels c, e, g, i and k). All the copper
complexes and doxorubicin caused activation of caspase-9 (Fig. 3.14 A, panels d, f, h, j, and
1). AD3 and OM were the most potent activators of caspase-9 with more than 90 % of the cells
showing active caspase-9 (Fig. 3.14 A, panels c-f; Fig. 3.14 B). L1Cu showed 76 % of MIA
PaCa-2 cells with active caspase-9 (Fig. 3.14 B). From the copper complexes, L6Cu was the
least efficient in activating caspase 9 in MIA PaCa-2 cells with 41 % of cells showing active
caspase-9 (Fig. 3.14 B). Doxorubicin activated caspase-9 in 86.0 % of the cells (Fig. 3.14 B).
Doxorubicin was significantly more effective in activating caspase-9 than L1Cu (p = 0.02) and
L6Cu (p <0.0001), while AD3 and OM were similar to doxorubicin in their ability to activate
caspase-9 at this treatment period (Fig. 3.14 B).
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Figure 3.13 Representative photomicrographs (A) and a bar graph (B) showing the effects of the
copper complexes on caspase-9 activation in AsPC-1 cells after a 48 h treatment period. A, panel a:
untreated cells. A, panel b: AD3 (6 uM). A, panel c: OM (4 uM). A, panel d: L1Cu (2 uM). A, panel e:
L6Cu (2 uM). A, panel f: doxorubicin (5 pM). Cells viewed with Olympus BX41 microscope. Images
captured with Olympus DP72 camera. Green fluorescence= active caspase-9. Magnification: 400X,
scale bar: 20 pm. Each photomicrograph is representative of three independent experiments (n = 3).
Each bar represents mean from three independent experiments. Error bars represent SEM. Copper
complexes compared to doxorubicin using ANOVA (p < 0.05) followed by Dunnett’s post hoc multiple
comparisons test. Legend: not significant (ns): p > 0.05. * = p < 0.05. PC = phase contrast.
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Figure 3.14 Representative photomicrographs (A) and a bar graph (B) showing the effects of the
copper complexes on caspase-9 activation in MIA PaCa-2 cells after a 48 h treatment period. A, panel
a: untreated cells. A, panel b: AD3 (6 uM). A, panel c: OM (5 uM). A, panel d: L1Cu (2 uM). A, panel e:
L6Cu (2 uM). A, panel f: doxorubicin (5 pM). Cells viewed with Olympus BX41 microscope. Images
captured with Olympus DP72 camera. Green fluorescence= active caspase-9. Magnification: 400X,
scale bar: 20 um. Each photomicrograph is representative of three independent experiments (n = 3).
Each bar represents mean from three independent experiments. Error bars represent SEM. Copper
complexes compared to doxorubicin using ANOVA (p < 0.05) followed by Dunnett’s post hoc multiple
comparisons test. Legend: not significant (ns): p > 0.05. * = p < 0.05. **** = p < 0.0001. PC = phase
contrast.
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3.6.3 Summary of the effects of the copper complex on caspase-9 activity

The copper complexes activated caspase-9 in both cell lines after 48 hour. Across cell lines,
OM, L1Cu and doxorubicin showed similar caspase-9 activity in both the AsPC-1 and MIA
PaCa-2 cell lines. However, AD3 and L6Cu were different across the two cell lines. In the
AsPC-1 cell line, AD3 was the weakest activator of caspase-9 while in the MIA PaCa-2 cell
line, AD3 was the strongest activator. L6Cu had a percentage activation of caspase-9 of 76 %
in the AsPC-1 cell line while in the MIA PaCa-2 cell line, the percentage of cells with active
caspase-9 dropped to 41 %. However, the activation of caspase-9 by all the complexes supports
the activation of the intrinsic apoptotic pathway. The copper complexes were then evaluated

for their effect on caspase-3/7 activity in order to confirm apoptosis.

3.7 The effect of the copper complexes on caspase-3/7 activation

Caspase-3 and caspase-7 are executioner caspases involved in the late stages of apoptotic cell
death. The effect of the copper complexes on caspase-3/7 activity was determined as described
in Section 2.5.2.2. AsPC-1 and MIA PaCa-2 cells were treated with the copper complexes at
concentrations equivalent to their ICgo values. Due to the lack of caspase-9 activity at 24 hours
and since caspase-3/7 activation is a late event during apoptosis, the cells were treated with the
copper complexes and doxorubicin for 48 hours. Doxorubicin was used as a positive control at
5 uM. The results from the caspase-3/7 assay are shown in Figures 3.15 and 3.16 for AsPC-1
and MIA PaCa-2, respectively.

3.7.1 The effect of the copper complexes on caspase-3/7 activity in AsPC-1 cells

Caspase-3/7 activity was not observed in untreated AsPC-1 cells (Fig 3.15 A, panels a and b).
All the copper complexes and doxorubicin showed the presence of a green fluorescent signal
indicating the activation of caspase-3/7 (Fig. 3.15 A, panels c-1). Amongst the copper
complexes, OM was the most efficient activator of caspase-3/7 with 67 % of cells showing
active caspase-3/7 (Fig. 3.15 A, panels ¢ and f; Fig. 3.15 B). This was followed by AD3 and
L6Cu, where active caspase-3/7 was observed in approximately 30 % of the cells (Fig. 3.15 A,
panels ¢, d, i and j; Fig. 3.15 B). L1Cu was the least efficient activator of caspase-3/7, with
16.2 % of the cells showing active caspase-3/7 (Fig. 3.15 A, panel g and h; Fig. 3.15 B).
Doxorubicin was the most effective activator of caspase-3/7, with 89.8 % of the cells showing
active caspase-3/7 (Fig. 3.15 A, panels k and 1; Fig. 3.15 B). Doxorubicin was significantly

more effective than the copper complexes in activating caspase-3/7 (Fig. 3.15 B).
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Figure 3.15 Representative photomicrographs (A) and a bar graph (B) showing the effects of the
copper complexes on caspase-3/7 activation in AsPC-1 cells after a 48 h treatment period. A, panel
a: untreated cells. A, panel b: AD3 (6 uM). A, panel c: OM (4 uM). A, panel d: L1Cu (2 uM). A, panel e:
L6Cu (2 uM). A, panel f: doxorubicin (5 pM). Cells viewed with Olympus BX41 microscope. Images
captured with Olympus DP72 camera. Green fluorescence= active caspase-3/7. Maghnification: 400X,
scale bar: 20 pm. Each photomicrograph is representative of three independent experiments (n = 3).
Each bar represents mean from three independent experiments. Error bars represent SEM. Copper
complexes compared to doxorubicin using ANOVA (p < 0.05) followed by Dunnett’s post hoc multiple
comparisons test. Legend: **** = p < 0.0001. PC = phase contrast
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3.7.2 The effect of the copper complexes on caspase-3/7 activity in MIA PaCa-2 cells
Cells were treated with the copper complexes and doxorubicin for 48 hours. Caspase-3/7
activity was absent in untreated cells (Fig. 3.16 A, panels a and b). The four copper complexes
were effective activators of caspase-3/7 in MIA PaCa-2 cells, with copper-complex-treated
cells showing more than 88 % of cells with active caspase-3/7 (Fig. 3.16 A, panels c-j). The
positive control, doxorubicin, was slightly less effective, with 85 % of cells showing active
caspase-3/7 (Fig. 3.16 A, panels k and 1; Fig. 3.16 B). Results from three experiments showed
that AD3 and L6Cu had the highest percentage of cells (97 % and 98 % of cells, respectively)
with active caspase-3/7 (Fig. 3.16 A, panels c, d, i and j; Fig. 3.16 B). This was followed by
L1Cu and OM with caspase-3/7 present in 92 % and 88 % of the cells respectively (Fig. 3.16
A, panels e-h; Fig. 3.16 B). AD3 and L6Cu caused statistically significant increases in caspase-
3/7 activity compared to doxorubicin (Fig. 3.16 B), while OM and L1Cu activated caspase-3/7
with a similar potency to doxorubicin (Fig. 3.16 B).

3.7.3 Summary of the effects of the copper complexes on caspase-3/7 activity

In the AsPC-1 cell line, OM was the most efficient copper complex to activate caspase-3/7,
while AD3, L1Cu and L6Cu were less active with low percentages (16-31 %) of cells with
active caspase-3/7. In MIA PaCa-2 cells, AD3 and L6Cu had close to 100 % of cells with active
caspase-3/7, while OM and L1Cu had close to 90 % of cells showing active caspase-3/7.
Similar to previous assays, the complexes were more effective at activating caspase-3/7 in the
MIA PaCa-2 cell line. Doxorubicin was more effective than the copper complexes at activating
caspase-3/7 in the AsPC-1 cell line, while AD3 and L6Cu were more effective than
doxorubicin in the MIA PaCa-2 cell line. In conclusion, all four copper complexes caused the
activation of the intrinsic apoptotic pathway, as confirmed by the induction of active caspase-
9 and caspase-3/7 in all treated cells. Additionally, caspase-3/7 functions in the nucleus, and

the presence of fragmented nuclei can be seen in treated cells in both cell lines.
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Figure 3.16 Representative photomicrographs (A) and a bar graph (B) showing the effects of the
copper complexes on caspase-3/7 activation in MIA PaCa-2 cells after a 48 h treatment period. A,
panel a: untreated cells. A, panel b: AD3 (6 uM). A, panel c: OM (5 uM). A, panel d: L1Cu (2 pM). A,
panel e: L6Cu (2 uM). A, panel f: doxorubicin (5 uM). Cells viewed with Olympus BX41 microscope.
Images captured with Olympus DP72 camera. Green fluorescence= active caspase-3/7. Magnification:
400X, scale bar: 20 um. Each photomicrograph is representative of three independent experiments (n
= 3). Each bar represents mean from three independent experiments. Error bars represent SEM.
Copper complexes compared to doxorubicin using ANOVA (p < 0.05) followed by Dunnett’s post hoc
multiple comparisons test. Legend: not significant (ns): p > 0.05. ** = p < 0.01. *** = p < 0.001. PC =
phase contrast.
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3.8 The effect of the copper complexes on HMOX1 expression

HMOX1 is overexpressed in PDAC and is associated with treatment failure and poor prognosis
of the disease (Ahmad er al., 2021). Previous studies have reported an increase in HMOX1
expression following treatment with copper complexes (Harmse et al., 2019). Therefore, this
study evaluated the effect of the copper complexes on HMOXI1 expression in pancreatic cancer

cell lines using immunofluorescence and western blot studies.

3.8.1 The effect of the copper complexes on HMOXI1 expression in AsPC-1 cells

3.8.1.1 Immunofluorescence studies investigating the effect of the copper complexes on
HMOXT1 expression in AsPC-1 cells

An immunofluorescence assay was used to evaluate the changes in HMOXI1 expression
induced by the copper complexes as described in Section 2.7. AsPC-1 cells were treated with
the copper complexes at concentrations equivalent to their ICgo values, and doxorubicin was
used at 5 uM, for 18 hours before incubation with the primary and secondary antibodies. An
untreated negative control, where incubation with the primary antibody was omitted, was
included to ensure specificity of the secondary antibody and to ensure the absence of non-
specific binding. An untreated positive control was incubated with both primary and secondary
antibody to show baseline expression of HMOX1 in untreated cells. The photomicrographs of
AsPC-1 cells from immunofluorescence assays are shown in Figure 3.17. Fluorescent
intensities of individual cells depicting changes in HMOX1 expression compared to the

untreated positive control is shown in Table 3.3.

The untreated negative control lacked green fluorescence, confirming the specificity of
AlexaFluor® 488 for the anti-HMOX primary antibody only (Fig. 3.17, panels a-c). The
untreated positive control showed normal cell morphology and expressed low levels of
HMOXI1 (Fig. 3.17, panels d-f). Phase contrast images of treated cells are shown in Fig. 3.17,
panels g, j, m, p and s. All the copper complexes caused an increase in HMOX1 expression
compared to untreated AsPC-1 cells (Fig. 3.17, panels f, i, 1, r, 0 and u). Fluorescence intensity
measurements of individual cells showed that AD3, OM and L6Cu caused a very highly
significant increase in fluorescent intensity compared to untreated cells (Table 3.3). HMOX1
in untreated cells fluoresced with an intensity of 295.5 + 15.04 arbitrary units (AU) (Table 3.3).
From amongst the copper complexes and doxorubicin, AD3 was the strongest inducer of
HMOX1 with the highest average fluorescence intensity signal of 1 082.0 + 34.1 AU (Fig.
3.17, panel i and Table 3.3). This was followed by L6Cu and OM with a fluorescence intensity
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of 848.8 7.1 and 747.5 £ 36.8 AU, respectively (Fig. 3.17, panels | and r; Table 3.3). L1Cu
was the weakest inducer of HMOX1, with a fluorescence intensity of 381.2 = 34.9 AU, which
was non-significant compared to untreated cells (Fig. 3.17, panel o; Table 3.3). Doxorubicin-
treated cells fluoresced at an intensity of 1 046 = 18.5 AU, indicating that doxorubicin was the

second most potent inducer of HMOX1 expression after AD3 (Fig. 3.17, panel u; Table 3.3).

Colocalization analysis measuring Pearson’s correlation coefficient, to determine whether
HMOXI1 translocated to the nucleus following treatment, was performed between Hoechst
3342 staining and HMOX1 protein staining as described in Section 2.8, using CellProfiler™
Image analysis software. The results indicated a strong positive correlation between HMOX1
and Hoechst 3342 in all treated cells which confirmed the localization of HMOXI1 to the
nucleus after treatment (Table 3.3). Cells treated with the copper complexes showed an
increase in correlation compared to untreated cells indicating that HMOX1 translocated to the
nucleus following exposure to the copper complexes (Fig 3.17, panels e, h, k, n, q, t and Table
3.3). Doxorubicin-treated cells had the lowest correlation compared to the copper complexes
and untreated cells (Table 3.3), indicating that doxorubicin did not induce the translocation of
HMOXI to the nucleus and there was an increase in cytoplasmic HMOX]1 compare to untreated
cells.

Table 3.3 The mean fluorescence intensity and nuclear localization of HMOXI1 in AsPC-1
cells after treatment with copper complexes and doxorubicin for 18 hours.

Mean Nuclear
Test p value % Nuclear
Fluorescence localization
Compound (significance) localization
Intensity (AU) (PCC)

Control 295.5 + 15.04 0.767 £ 0.030 76.7
AD3 1082.0 £ 34.1 p = <0.0001 0.816 £ 0.013 81.6
oM 747.5 + 36.8 p = <0.0001 0.878 £ 0.016 87.8
L1Cu 381.2+349 p =0.1521 0.867 £ 0.003 86.7
L6Cu 848.8+7.1 p = <0.0001 0.843 £ 0.017 84.3

Doxorubicin 1046 £ 18.5 p = <0.0001 0.578 £ 0.004 57.8

One-way ANOVA followed by Dunnett’s post hoc multiple comparisons test compared fluorescence
intensities of copper complexes to untreated cells.

AU = arbitrary units. PCC = Pearson’s correlation coefficient
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Figure 3.17 Representative photomicrographs of immunofluorescence showing the effects of the
copper complexes on HMOX1 expression in AsPC-1 cells after 18 h. A, panel a: untreated cells. A,
panel b: AD3 (6 uM). A, panel c: OM (4 uM). A, panel d: L1Cu (2 uM). A, panel e: L6Cu (2 uM). A, panel
f: doxorubicin (5 pM). Cells viewed with Olympus BX41 microscope. Images captured with Olympus
DP72 camera. Green fluorescence: HMOX1 protein. Blue fluorescence: HO/nuclear staining.
Magnification: 400X, scale bar: 20 um. Each photomicrograph is representative of three independent
experiments (n = 3). Legend: PC = Phase contrast. HO = Hoechst 33342. HMOX1 = haem oxygenase-1.
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3.8.1.2 Western blot studies investigating the effect of the copper complexes on HMOX1
expression in AsPC-1 cells

Western blot analysis was utilized to verify the results obtained from immunofluorescence
studies. Whole cell lysates were prepared from cells treated with the copper complexes for 18
hours at concentrations equivalent to their ICgo values as described in Section 2.8. The 18 hour
treatment period was selected to assess HMOX1 expression levels before the cells died.
Doxorubicin was used as a positive control at 5 pM and an untreated control was included. The

HMOX1 western blot on the AsPC-1 cell line and its analysis is shown in Figure 3.18.

A band corresponding to the molecular weight of HMOX1 of low intensity was visible in the
untreated sample lane (5.7x10°> AU) (Fig. 3.18 A and 3.18 B). All four copper complexes
caused highly significant (p < 0.0001) increases in HMOXI1 expression compared to the
untreated cells (Fig. 3.18 A and 3.18 B). AD3 and L6Cu caused the highest increases in
HMOXI1 expression with a 16.3 fold and a 12.6 fold increase in band intensity, respectively,
compared to the control (Fig. 3.18 A and 3.18 B). OM caused a 10.2 fold increase in HMOX1
expression and L.1Cu was the weakest inducer of HMOX1, with a 3.0 fold increase (Fig. 3.18
A and 3.18 B). The data obtained from the western blot analysis confirmed the
immunofluorescence findings on AsPC-1 cells, with AD3 being the strongest inducer of
HMOXT1; OM and L6Cu having similar effects on HMOX1 expression; while L1Cu was the
weakest inducer of HMOX1. Doxorubicin did not induce the expression of HMOXI1 as seen in
western blot analysis (Fig. 3.18 A and 3.18 B). This did not correlate with doxorubicin’s
induction of HMOXI1 expression observed in immunofluorescence studies. The effect of

doxorubicin on HMOX1 is, therefore, inconclusive and requires further investigation.

3.9.2 The effect of the copper complexes on HMOX1 expression in MIA PaCa-2 cells
3.9.2.1 Immunofluorescence studies investigating the effect of the copper complexes on
HMOXT1 expression in MIA PaCa-2 cells

The immunofluorescence assay was used to evaluate the changes in HMOXI1 expression
induced by the copper complexes as described in Section 2.7. MIA PaCa-2 cells were treated

with the copper complexes at concentrations equivalent to their ICgo values, and doxorubicin
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Figure 3.18 Immunoblot of HMOX1 (A) and a graph (B) of the pixel densities of HMOX1 bands in
AsPC-1 cells. Cells treated with complexes at concentrations of: AD3 at 6 uM; OM at 4 uM; L1Cu at
2 uM; L6Cu at 2 uM and doxorubicin at 5 uM. Each sample lysate contained 20 pg of protein and were
separated on a 12 % denaturing polyacrylamide gel. S-actin used as loading control. Bands detected
by chemiluminescence with a Bio-Rad ChemiDoc™ MP Imaging system and blot analysed using Bio-
Rad Image Lab software. Results representative of three independent experiments. Error bars
represent SEM. Copper complexes compared to untreated sample using ANOVA (p < 0.05) followed
by Dunnett’s post hoc multiple comparisons test. Legend: * = p < 0.05. *** = p < 0.001. **** =p <
0.0001. HMOX1 = haem oxygenase-1. AU = arbitrary units.

was used at 5 uM, for 18 hours before incubation with the primary and secondary antibodies,
as for AsPC-1 cells (Section 3.9.1.1 above). The photomicrographs of MIA PaCa-2 cells from
immunofluorescence assays are shown in Figure 3.19. Fluorescent intensities of individual
cells depicting changes in HMOX1 expression compared to the untreated positive control is

shown in Table 3.4.

Green fluorescence was absent from the untreated negative control, confirming the absence of
non-specific binding of AlexaFluor ® 488, and its specificity for the secondary antibody (Fig.

3.19, panels a-c). The untreated positive control fluoresced with a weak signal intensity of
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173.1 +£ 7.6 AU (Fig. 3.19, panels d-f; Table 3.4). Phase contrast images of treated cells are
shown in Fig. 3.19, panels g, j, m, p and s. In comparison with untreated cells, all the copper
complexes caused a very highly significant (p < 0.0001) increase in HMOXI1 fluorescence
intensity (Fig. 3.19, panels i, 1, o, r and u; Table 3.4). Amongst the copper complexes, AD3-
treated cells had the strongest fluorescence intensity of 908.4 + 36.8 AU (Fig. 3.19, panel i and
Table 3.4). This was followed by OM and L6Cu with fluorescence intensities of 733.4 + 8.8
and 558.2 £ 17.9 AU, respectively (Fig. 3.19, panels 1 and r; Table 3.4). L1Cu had the lowest
fluorescence intensity of 496.5 £ 2.2 AU compared to the rest of the copper complexes (Fig.
3.19, panel o; Table 3.4). Doxorubicin induced the lowest fluorescence intensity signal of 360.1

+ 13.3 AU compared to the copper complexes (Fig. 3.19, panel u; Table 3.4).

All the copper complexes and doxorubicin had a strong positive correlation (Pearson’s
correlation coefficient > 0.5) between Hoechst 3342 and HMOXI1 for all treated cells. There
was an increase in the correlation coefficient in copper-complex-treated cells compared to
untreated cells, indicating that HMOXI1 co-localizes with Hoechst 3342 in the nucleus
following treatment with the copper complexes (Fig. 3.19, panels h, k, n and q; Table 3.4).
Doxorubicin-treated cells had a lower correlation than untreated cells indicating that
doxorubicin caused an increase in cytoplasmic HMOX1 compared to control (Fig. 3.19, panel
t; Table 3.4).

Table 3.4 The mean fluorescence intensity and nuclear localization of HMOX1 in MIA PaCa-
2 cells after treatment with copper complexes and doxorubicin for 18 hours.

Mean Nuclear
Test p value % Nuclear
Fluorescence localization
Compound (significance) localization
Intensity (AU) (PCC)

Control 173176 0.721 £ 0.043 72.1
AD3 908.4 + 36.8 p =< 0.0001 0.899 + 0.021 89.9
oM 7334 +838 p =< 0.0001 0.879 £ 0.004 87.9
L1Cu 496.5+2.2 p =< 0.0001 0.888 £ 0.012 88.8
L6Cu 558.2 £ 17.9 p = <0.0001 0.869 £ 0.010 86.9

Doxorubicin 360.1 £ 13.3 p = 0.0005 0.590 + 0.014 59.0

One-way ANOVA followed by Dunnett’s post hoc multiple comparisons test was compared
fluorescence intensities of copper complexes to untreated cells.
AU = arbitrary units. PCC = Pearson’s correlation coefficient.
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Figure 3.19 Representative photomicrographs of immunofluorescence showing the effects of the
copper complexes on HMOX1 expression in MIA PaCa-2 cells after 18 h treatment. A, panel a:
untreated cells. A, panel b: AD3 (6 uM). A, panel c: OM (5 uM). A, panel d: L1Cu (2 uM). A, panel e:
L6Cu (2 uM). A, panel f: doxorubicin (5 pM). Cells viewed with Olympus BX41 microscope. Images
captured with Olympus DP72 camera. Green fluorescence: HMOX1 protein. Blue fluorescence:
HO/nuclear staining. Magnification: 400X, scale bar: 20 um. Each photomicrograph is representative
of three independent experiments (n = 3). Legend: PC = Phase contrast. HO = Hoechst 33342. HMOX1
= haem oxygenase-1.
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3.9.2.2 Western blot studies investigating the effect of the copper complexes on HMOX1
expression in MIA PaCa-2 cells

Western blot studies were utilized to verify the results obtained from immunofluorescence
studies, and was performed as for AsPC-1 cells (3.9.2 above). Samples were prepared from
whole cell lysates of cells treated with the copper complexes for 18 hours at concentrations
equivalent to their ICgo values as described in Section 2.8. Doxorubicin was used as a positive
control at 5 uM and an untreated control was included. The HMOXI1 blot obtained from

western blot analysis on MIA PaCa-2 cells is presented in Figure 3.20.

A low intensity band (3.2x10° AU) was visible in the control lane (Fig. 3.20 A and 3.20 B).
AD3, OM and L6Cu showed highly significant (p < 0.001) increases in HMOX1 expression
compared to untreated cells (Fig. 3.20 A and 3.20 B). AD3 was the strongest inducer of
HMOX1 with a significant 37.5 fold increase in HMOX1 expression (Fig. 3.20 A and 3.20 B).
The second most potent inducer of HMOX1 was OM (20.9 fold increase from the control)
followed by L6Cu with a significant 6.6 fold increase compared to the control. L1Cu induced
a significant (p = 0.0004) 4.4 fold increase when compared with the control (Fig. 3.20 A and
3.20 B). Western blot analysis confirmed the immunofluorescence studies regarding the eftects
of the copper complexes on HMOX1 expression. The HMOXI1 band for doxorubicin was
absent, indicating that doxorubicin did not induce HMOX1 expression (Fig. 3.20 A). This did
not correlate with immunofluorescence studies, where doxorubicin-treated cells showed an
increase in HMOX1 expression. The effect of doxorubicin on HMOXI1 is, therefore,

inconclusive and requires further investigation.
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Figure 3.20 Immunoblot of HMOX1 (A) and a graph (B) of the pixel densities of HMOX1 bands in MIA
PaCa-2 cells. Cells treated with complexes at concentrations of: AD3 at 6 uM; OM at 5 pM; L1Cu at
2 uM; L6Cu at 2 uM and doxorubicin at 5 pM. Each sample lysate contained 20 pg of protein and was
separated on a 12 % denaturing polyacrylamide gel. S-actin used as loading control. Bands detected
by chemiluminescence with Bio-Rad ChemiDoc™ MP Imaging system and blot analysed using Bio-Rad
Image Lab software. Results representative of three independent experiments. Error bars represent
SEM. Copper complexes compared to untreated sample using ANOVA (p < 0.05) followed by
Dunnett’s post hoc multiple comparisons test. Legend: not significant (ns): p > 0.05. ** = p < 0.01. ***
=p < 0.001. **** = p < 0.0001. HMOX1 = haem oxygenase-1. AU = arbitrary units.

3.10 The effect of HMOXI1 inhibition on the ICso values of copper complexes in AsPC-1
and MIA PaCa-2 cells

Immunofluorescence and western blot studies confirmed that the copper complexes caused an
increase in the expression of HMOX1. Therefore, combination cell viability experiments were
done to determine the effect of HMOX1 inhibition on the ICso values of the copper complexes
(Table 3.4 and 3.5). OB24 hydrochloride (OB24 HCI), a selective small-molecule HMOX1
inhibitor (Alaoui-Jamali et al., 2009), was tested in combination with the copper complexes.

Cells were exposed to the copper complexes at a range of concentrations as was done for the
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determination of the ICso values of the complexes, in the presence of a constant concentration
of 20 uM OB24 HCI. The concentration at which OB24 HCl inhibits 50 % of HMOX1 enzyme
activity is approximately 11.66 pM (6.5 pmol/L) (Alaoui-Jamali et al., 2009). Therefore, OB24

HCI was used at a constant concentration of 20 uM.

3.10.1 The effect of OB24 HCI on the cell viability of AsPC-1 and MIA PaCA-2 cell line
OB24 HCI was tested at concentrations of 5-, 40-, 100- and 200 pM, alone, using a 48 hour
MTT as described in Section 2.4. OB24 HCI did not show significant cytotoxic activity against
either cell line, and at 20 uM, OB24 HCI showed marginal effects on cytotoxicity (Fig. 3.21
A). The chemical structure of OB24-HCl is shown in Fig. 3.21 B.

A

120 -
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100
B MIAPaCa-2

80—
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Figure 3.21 Graph (A) si:-gwing cell viability (%) of AsPC-1 and MIA PaCa-2 cells treated with OB24
HCl only and structure of 0B24 HCI (B). AsPC-1 and MIA PaCa-2 cells treated with 200-, 100-, 40- and
5 pM OB24 HCI for 48 h and cell viability was measured with MTT assay. Each bar represents mean of
at least four replicate values. Error bars represent SEM. Experiments were repeated three
independent times. OB24 HCI chemical structure shown in B. (OB24 HCI: OB24 hydrochloride).
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3.10.2 The effect of the combination of OB24 HCI and the copper complexes on the cell
viability of AsPC-1 and MIA PaCa-2 cells

In both AsPC-1 and MIA PaCa-2cells, all the copper complexes displayed a statistically
significant decrease in their ICso values when viability was determined in the presence of 20
UM OB24 HCI (Table 3.5 and Table 3.6). In AsPC-1 cells, AD3 showed a 0.89-fold decrease
in its ICso value when combined with OB24 HCI, with a p value of 0.0108 (*) (Table 3.5). OM
showed a very highly significant 2.72-fold decrease in its ICso value with a p value of <0.0001
(****), L1Cu had a 7.8-fold decrease and L6Cu had a 6.7-fold decrease in ICso values with p
values of 0.0216 (*) and 0.0022 (**), respectively.

In the MIA PaCa-2 cell line, AD3 and OM showed very highly significant fold-decreases of
2.2 and 1.5-fold, respectively, with p values of <0.0001 (****) (Table 3.5). L1Cu and L6Cu
both showed fold-decreases of 1.8, with p values of 0.0404 (*) and 0.0363 (*), respectively
(Table 3.6).

Table 3.5 The ICso values of copper complexes alone and in combination with 20 uM of a
HMOXI1 inhibitor, OB24 HCI, in AsPC-1 cells

Copper complex ICso ?oncentration (nM): ICso co.ncentration (uM): ] P .value
without OB24 HCl with OB24 HCl1 (significance)
AD3 3.15+0.07 uM 2.79 £ 0.04 uM p=0.0108
OM 2.75 £ 0.14 uyM 1.01 £ 0.10 pM p =<0.0001
L1Cu 1.41 £ 0.33 uyM 0.18 £ 0.03 uM p=0.0216
L6Cu 1.27 £ 0.22 yM 0.19 + 0.04 pM p=0.0022

Student’s t test was performed comparing ICso values of copper complexes with and without OB24

HCI.

Table 3.6 The ICso values of copper complexes alone and in combination with 20 pM of a
HMOXI1 inhibitor, OB24 HCI, in MIA PaCa-2 cells

Copper complex ICso ?oncentration (uUM): ICso co.ncentration (1M): ' P .v::llue
without OB24 HC1 with OB24 HCI1 (significance)
AD3 4.04 £ 0.07 uM 1.83 £ 0.15uM p =<0.0001
oM 3.62 £ 0.08 uM 245 £ 0.07 uyM p =<0.0001
L1Cu 1.08 £ 0.15 uM 0.59 £ 0.05 uyM p =0.0404
L6Cu 1.39 £ 0.16 yM 0.77 £ 0.16 pM p=0.0363

Student’s t test was performed comparing ICso values of copper complexes with and without OB24

HCI.
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The observed decreases in the ICso values of the copper complexes after combination with
OB24 HCI were statistically significant. Given that OB24 HCI did not display cytotoxic
activity on its own against the cell lines, it can be concluded that the observed decrease was
not due to the cytotoxic activity of OB24 HCI, but due to its inhibition of HMOXT1. The results
indicate that HMOX1-inhibition sensitized the pancreatic cancer cell lines to the copper

complexes.
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Chapter IV: Discussion

4.1 Introduction

This study evaluated and compared three classes of copper complexes for their potential
cytotoxic effects against AsPC-1 and MIA PaCa-2 pancreatic cancer cell lines. In order to
progress the development of copper complexes as potential anti-cancer agents in the preclinical
stage, studies on their mechanism of cell death are required. Therefore, the mechanism of cell
death of the active complexes was investigated further using various cell death related assays.
HMOXI is implicated in treatment failure of chemotherapy (Bukowska-Strakova et al., 2021).
Therefore, the effects of the complexes on HMOX1 protein expression was evaluated using
immunofluorescence and western blot studies. The lastly, the effect of a HMOXI1-inhibitor,

OB24 HCI on the cytotoxicity of the copper complexes were investigated.

4.2 The cytotoxic effects of the copper complexes on AsPC-1 and MIA PaCa-2 cells

This study evaluated four copper complexes plus their respective copper-free ligands for their
cytotoxic potential using the MTT cell viability assay. The copper complexes consisted of a
copper-theophylline-phenanthroline complex (AD); a copper-8-aminoquinoline-naphthyl
complex (OM); and copper-isoindoline complexes (LCu). The initial evaluation showed that
complexes AD3, OM, L1Cu, and L6Cu had less than 50 % cell viability at 5 pM and less than
1 % cell viability at 50 pM. The copper-free ligands did not show efficient inhibition of cell

viability and were not investigated further.

Gemcitabine and doxorubicin were evaluated for their effect on AsPC-1 and MIA PaCa-2 cell
viability in order to select a positive control for this study. Gemcitabine is used clinically to
treat PDAC as neoadjuvant chemotherapy, adjuvant chemotherapy and for metastatic disease.
Therefore, gemcitabine was initially evaluated against AsPC-1 and MIA PaCa-2 cell lines at
concentrations of 50- and 5- uM using a 48 hour MTT assay. Doxorubicin is commonly used
as a positive control in in-house studies and was therefore also selected for initial evaluation at
the same concentrations. Gemcitabine exhibited poor cytotoxic activity at both concentrations
while doxorubicin demonstrated sufficient growth inhibition at 50 pM. Consequently,

doxorubicin was selected as a positive control for this study.

Gemcitabine is a deoxycitidine analog used to treat various sold tumors. Gemcitabine is

hydrophilic and does not cross the cell membrane by diffusion. Instead, gemcitabine requires
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membrane nucleoside transporters to facilitate its entry into the cell. Upon entry into the cell,
gemcitabine requires stepwise activation to its diphosphate and triphosphate metabolites.
Active gemcitabine triphosphate incorporates into DNA, thereby disrupting DNA synthesis of
cancer cells. Additionally, gemcitabine diphosphate inhibits ribonucleotide reductase,
preventing the formation of deoxyribonucleotides and hence, de novo DNA synthesis.
Doxorubicin is an anthracycline used to treat multiple cancers including breast, gastric and
lung cancers, among others. Doxorubicin acts by intercalating into DNA; inhibiting
topoisomerase-I1; and generating free radicals which cause DNA damage (Wellstein and
Sausville, 2023). Doxorubicin readily crosses the cell membrane and does not require
activation, which is likely the reason for the differences in activity of gemcitabine and
doxorubicin at the same treatment period of 48 h. Most studies employed a 72 h MTT when
testing gemcitabine, indicating that gemcitabine requires more time to exert its effects (Xu et
al., 2016; Huanwen et al., 2009). Therefore, doxorubicin was a more suitable choice as a

positive control in this study.

Doxorubicin had an ICsg value of 14.6 + 1.2 pM in the MIA PaCa-2 cell line using a 24 hour
MTT (Nurcahyanti and Wink, 2016), which is similar to the ICso value of 12.1 + 0.6 pM
obtained using a 48 hour MTT in this study. In contrast, doxorubicin was reported to have an
ICso value of 0.4 pM in the AsPC-1 cell line, obtained using a luciferase-based assay (Graeser
et al., 2009). This was inconsistent with the value of 6.6 + 0.1 uM obtained in this study, for
the same cell line. However, due to the difference in methods used and the lack of information

pertaining to the treatment period, comparisons of the ICso values are not possible.

ICso values were obtained for the selected copper complexes. The National Cancer Institute
considers ICso values below 10 pM as clinically relevant and is used as the selection criteria
for novel cancer drugs to be developed further (Kumar et al., 2016). All four complexes had

clinically relevant ICso values of below 5 uM.

In both cell lines, the copper complexes had highly significantly lower ICso values than the
positive control, doxorubicin, indicating that the copper complexes were more active than
doxorubicin. In the AsPC-1 cell line, the ICso values ranged from 3.15 pM to 2.74 uM for AD3
and OM, respectively, while L1Cu and L6Cu had ICso values of 1.41 pM and 1.27 pM,
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respectively. In the MIA PaCa-2 cell line, AD3 and OM had ICs¢ values of 4.04 uM and 3.62
UM, respectively, while L1Cu and L6Cu had values of 1.08 uM and 1.39 puM, respectively.

The ICso values were obtained from sigmoidal dose-response curves of the percentage cell
survival when cells were treated with a range of concentrations of the complexes. The dose-
response curves enabled the calculation of the ICso values of the complexes, which is the
concentration at which the complexes were tested throughout this study. An ICgo value was
selected since the aim of cancer drug treatment is to affect a 100 % cell-kill (Swinney, 2011).
Therefore, the effects of the copper complexes on cell death mechanisms were studied at their

ICgo values throughout this study.

The ICso values reported in this study are comparable to published ICso values of copper
complexes in various cancer cell lines (summarised in Table 4.1). Using a 48 h MTT (as for
this study), Dam et al. (2017) reported ICso values of copper-imidazo[1,2-a]pyridines below
10 uM against breast, colorectal and leukaemic cell lines while the imidazo[1,2-a]pyridines
and their complexes with zinc showed poor activity against the same cell lines. The copper-
imidazo[1,2-a]pyridines had ICs values ranging between 1.7- and 5.4- pM (Dam et al., 2017),
which is higher than the ICso values of the copper-phthalimide complexes (LCu) used in this
study, but comparable to the ICso values of the copper-phenanthroline-theophylline (AD3) and
the copper-8-aminoquinoline-naphthyl (OM) complexes. Sigman et al., (1979) first discovered
the ability of a copper-phenanthroline complex to target DNA by inducing oxidative damage
and acting as an artificial nuclease. Since then, extensive studies on copper-phenanthroline
complexes have been shown to possess anticancer activity with low micromolar ICso values
(reviewed in Masuri et al., 2022). In a study on the MIA PaCa-2 cell line, a 5 day exposure to
a Cu-phenanthroline based complex resulted in an ICso value of 2.97 uM (Fantoni et al., 2021).
The complex also demonstrated the ability to bind to the minor groove of DNA (Fantoni et al.,
2021). AD3, the same copper complex that was used in this study, was reported to have ICso
values of below 5 pM in lung, breast, colorectal and glioblastoma cell lines (Gordon ef al.,
2022). The ICso value reported for AD3 in MIA PaCa-2 cells was 2.44 + 0.13 pM (Gordon et
al., 2022), compared to the 4.04 + 0.07 uM obtained in this study. Reasons for discrepancies
were possibly due to the instability of the complex upon storage, as AD3 had a tendency to
precipitate when stored at 4 °C as well as at room temperature. This may have caused its
reduced efficacy. Further investigations regarding the stability of this complex are required. In

a another study on MCF-7 breast adenocarcinoma cells treated with two polypyridyl-based
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copper (II) complexes, ICso values of 4.57 pM and 1.98 puM were reported after a 24 h MTT
(Salimi et al., 2015). The two polypyridyl-based copper (II) complexes were more active than
the positive control, cisplatin (Salimi et al., 2015). Numerous studies have reported low
micromolar ICso values of copper complexes on a variety of cancer cell lines, however, direct
comparisons are not always possible due to variations in cell viability studies and exposure
times employed (C. Wang et al., 2023). The low ICso values obtained for the copper complexes
in this study contribute to the expanding literature showing the potential for copper complexes

as anticancer agents.

Table 4.1 1Cso values of copper complexes from various studies, using the MTT assay.

ICsp
Copper complex Cell line concentration Treat!nent Reference
(uM) period
Leite et al.
Cu(l)triphenylphosphine- MDA-MB-231 | 55+0.3 48 h (2023)
naphthoquinone MCF-7 15+£3
A549 3.6+£0.3
Shi et al.
Copper-phenanthroline Hela 7.32+1.35 48 h (2018)
triphenylphosphine SKOV-3 6.56 + 1.28
HK-2 21.57 £1.26
Kellet et al.
[{Cu(phen)2}a(terph)](terph) MCF-7 79104 24 h (2011)
Where terph= terephthalic acid DU145 57+0.2
HT-29 54+0.3
Y. Guo et al.
Cu(ll)(Lycr AsPC-1 4.39+0.58 48 h (2021)
PANC-1 473+0.48
[Cu(ll)2(L)2(NO3)2] AsPC-1 0.46 £ 0.05
PANC-1 0.73+£0.08
[Cu(I2Cu(l)(L)2(Br)3] AsPC-1 0.41+£0.05
PANC-1 0.62 £0.05
Where L= dithiocarbazate
Schiff-base ligand
Copper-imidazo[1,2-a]pyridines:
Dam et al.,
Compound 21 HT-29 0.79 £0.02 48 h (2017)
MCF-7 0.62 £0.03
MDA-MB-231 | 28+2
K562 1.9+£0.9
HL-60 22+05
Compound 29 HT-29 1.6+£0.3
MCF-7 1.20+£0.08
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MDA-MB-231 24+04
K562 6004
HL-60 2.1+£0.3
Gordon et al.
SF-268 3.17 £ 0.17 48 h (2022)
SH-SY5Y 1.74 £ 0.26
Copper-phenanthroline- MIA PaCa-2 | 244£0.13
theophylline (AD3) A549 4.9+037
MDA-MB-231 1.5+£0.05
MCF7 2.63+0.18
HT-29 3.1+0.26

4.3 The effects of the copper complexes on the morphology of AsPC-1 and MIA PaCa-2
cells

Apoptosis is characterized by the condensation of nuclear material, nuclear fragmentation
(karyorrhexis), rounding up of the cell, decrease in cellular volume (pyknosis), membrane
blebbing and the retraction of pseudopodes (Galluzzi et al., 2018). HO, AO and PI were used
to assess the effects of the copper complexes on the morphology of the cells. The changes
observed in the morphology of treated cells are summarized in Table 4.2. HO is a membrane
permeant dye that binds to the minor groove of DNA and indicates the health status of the
nuclei (Chazotte, 2011). Toné et al. (2007) classified the nuclear changes of apoptotic cells
into three stages. Stage I is called “ring condensation” and involves the condensation of the
cells’ chromatin along the periphery of the nuclear membrane. The nuclear membrane remains
intact during this state. “Necklace condensation” defines stage I, wherein the chromatin forms
irregular, discontinuous fragments that are visible as bead-like structures, throughout the
nucleus. Necklace condensation is termed karyorrhexis. Stage III involves nuclear collapse or
disassembly. The chromatin shrinks into a compacted structure while the structural integrity of
the nuclear envelope is lost (Toné et al., 2007). Chromatin condensation begins at the periphery
and progresses to include the entire nucleus (Galluzzi et al., 2015). Untreated AsPC-1 and MIA
PaCa-2 cells stained homogenously blue with HO, indicating normal nuclei. Ring
condensation, necklace condensation and chromatin collapse was observed in the nuclei of all

treated cells, suggesting that the copper complexes caused apoptosis.
In healthy cells, PI is unable to cross the cell membrane. Necrotic cells have a compromised

cell membrane which allows for the entry of Pl into the cells, staining the nuclei of these cells

red. Therefore, PI is used as an indicator for necrosis (Dengler et al., 1995). None of the
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untreated AsPC-1 and MIA PaCa-2 cells, or the copper-complex-treated cells displayed red
nuclei, confirming the absence of PI staining and hence, necrotic cells. AO is useful in
identifying lysosomes and endosomes. AO accumulates in acidic compartments and causes
lysosomes to fluoresce bright red, while endosomes fluoresce with a bright green signal
(Darzynkiewicz et al., 1992; Pierzynska-Mach et al., 2014). Lysosomes are membrane-bound
acidic vesicles that contain hydrolytic enzymes involved in the degradation of proteins, lipids,
polysaccharides and nucleic acids. Lysosomes are involved in endocytosis, phagocytosis and
autophagy (Bonam et al., 2019). Lysosomes were observed most prominently in AsPC-1 cells
treated with AD3, L6Cu and doxorubicin. Increased acidification and the perinuclear
localization of lysosomes (as observed in AD3- and doxorubicin-treated cells) is suggestive of
cellular stress and is an initial indicator for autophagy (Yim and Mizushima, 2020). Endosomes
are a collection of cytoplasmic vesicles that organize the intracellular components of the cell,
either for re-uptake by the plasma membrane; or for degradation by lysosomes (Mellman,
1996). Endosomes were seen in untreated and treated AsPC-1 cells, as well as in L1Cu- and

L6Cu-treated MIA PaCa-2 cells.

The formation of cytoplasmic vacuoles are implicated in autophagy and paraptosis and is an
indicator of cell stress (Kessel and Reiners, 2019). Cytoplasmic vacuoles were seen in MIA
PaCa-2 cells treated with AD3, OM, L1Cu and L6Cu, indicating that the cells were in a stressed
state. Membrane blebbing is a characteristic of apoptosis whereby protrusions form in the
plasma membrane (Stillwell, 2016). This is caused by the contraction of actin-myosin filaments
in the cytoskeleton (Coleman et al., 2001). Membrane blebbing was seen in phase contrast
images of AsPC-1 cells treated with AD3, OM and doxorubicin. The blebs seen in phase
contrast images stained with AO confirmed that they were extensions of the cell membrane.
Membrane blebbing was not observed in MIA PaCa-2 treated cells, but the cells adopted a

rounded appearance, indicating their imminent detachment from the growth surface.

4.4 The effect of the copper complexes on phosphatidylserine exposure in AsPC-1 and
MIA PaCa-2 cells

Phosphatidylserine is a phospholipid normally found in the inner leaflet of the plasma
membrane. During apoptosis, phosphatidylserine translocates to the outer leaflet of the plasma
membrane, allowing for the recognition and subsequent engulfment of the apoptotic cell by

macrophages (Logue et al., 2009). Annexin-V binds to exposed phosphatidylserine with high
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affinity (Logue et al., 2009). Alexa Fluor® 488-tagged annexin-V fluoresces with a bright

green signal, allowing the detection of cells with annexin-V bound to phosphatidylserine.

AsPC-1 and MIA PaCa-2 cells were treated with the copper complexes at concentrations
equivalent to their ICgo values and doxorubicin was evaluated at 5 pM. After a 24 hour
treatment period, all the cells treated with the four copper complexes showed annexin-V
binding in both cell lines. In AsPC-1 cells, the binding of annexin-V only, without PI-staining
suggested early apoptosis. MIA PaCa-2 cells showed annexin-V-only staining as well as
staining with annexin-V and PI, indicating the presence of late apoptotic or secondary necrotic
cells. Secondary necrotic cells refers to circulating dead cells that have lost their cell membrane
integrity due to the length of the treatment period since phagocytes, which are responsible for
the removal of apoptotic cells, are not present in cell culture (Galluzzi and Kroemer, 2017).
The presence of secondary necrotic cells in MIA PaCa-2-treated cells suggested that MIA
PaCa-2 cells responded faster to all four copper complexes than AsPC-1 cells. In both cell
lines, L6Cu was the most effective inducer of annexin-V whilst L1Cu was the least effective.
Doxorubicin was more effective in AsPC-1 cells, with 95 % of the cells showing annexin-V
binding compared to the 31 % in MIA PaCa-2 cells. This correlated with the lower ICso value
obtained for doxorubicin in AsPC-1 cells compared with MIA PaCa-2 cells. In AsPC-1 cells,
doxorubicin was significantly more efficient than the copper complexes in causing annexin-V
binding in AsPC-1 cells, while in MIA PaCa-2 cells, doxorubicin was minimally more active

than L6Cu in causing annexin-V binding.

Numerous studies have reported the ability of copper complexes to induce phosphatidylserine
exposure to the outer cell membrane leaflet. Copper-imidazo[1,2-a]pyridines induced annexin-
V binding in leukaemic cell lines (Ismail ez al., 2022) as well as in colorectal cancer cell lines
(Harmse et al., 2019). Additionally, polypyridyl based copper (II) complexes demonstrated
annexin-V binding in breast cancer cells (Salimi et al., 2015). Ternary copper (II) complexes
with reduced Schiff base ligands and heterocyclic bases, which also included a phenanthroline-
based copper complex, were able to induce annexin-V binding in human lung, oesophageal

and gastric cancer cell lines (Ma et al., 2015).
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4.5 The effect of the copper complexes on the formation of reactive oxygen species in
AsPC-1 and MIA PaCa-2 cells

ROS are highly reactive molecules that have an unpaired electron in their outer shell, enabling
them to readily partake in chemical reactions (Liou and Storz, 2010). ROS are generated during
oxidative phosphorylation and f oxidation of fatty acids (Kirtonia et al., 2020). At low and
controlled levels, ROS play a key role in physiological processes, such as aging, activation of
the immune system, inflammatory responses and maturation of sperm cells, enabling
successful fertilization (Bardaweel et al., 2018). High levels of ROS have been implicated in
pathological conditions such as infertility and cancer (Bardaweel er al., 2018). Under
pathological conditions, ROS interacts with DNA, causing DNA damage and the formation of
oncogenic mutations that drive tumorigenesis (Kirtonia et al., 2020). In KRAS-mutant murine
models of pancreatic cancer, the inhibition of ROS resulted in a decrease of the initiation and
progression of pre-cancerous pancreatic lesions (Liou et al., 2016). KRAS-activation induced
mitochondrial ROS formation, leading to the activation of various signaling pathways that
promoted the de-differentiation of pancreatic acinar cells into precancerous lesions, promoting

the progression of PDAC (Liou et al., 2016).

Owing to the fact that ROS have extremely short half-lives; and added to the fact that increases
in ROS levels are fleeting over time (Juan et al., 2021), the formation of ROS in this study was
measured at different exposure periods: at four, six and 18 h treatment periods. The copper
complexes showed ROS formation at 6 h, but not at 4- and 18- hour treatment periods. After a
six hour treatment, ROS was observed in untreated AsPC-1 cells, indicating that the cells had
high baseline levels of ROS. This is not uncommon for cancer cells given their high metabolic
rate (Nakamura and Takada, 2021). The increase in ROS levels observed in treated cells
indicated that the copper complexes induced the formation of ROS. In the AsPC-1 cell line,
AD3, OM, L6Cu and doxorubicin caused a statistically significant increase in ROS
fluorescence intensity compared to the control, with doxorubicin causing the highest increase.
L1Cu showed a non-significant increase in ROS fluorescence intensity compared to untreated
AsPC-1 cells. ROS were absent in untreated MIA PaCa-2 cells, while all treated cells
fluoresced with a high intensity, red signal, with AD3 and L6Cu showing the most intense
signal caused by the copper complexes. Doxorubicin had the highest increase in fluorescence
intensity compared to the copper complexes. Formation of ROS was more prevalent in MIA
PaCa-2 than in AsPC-1 cells as indicated by the increases in fluorescence intensity caused by

all four complexes: AD3, OM, L1Cu and L6Cu. The innate red fluorescence of doxorubicin
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made the interpretation of the data more difficult but the inclusion of a doxorubicin-only
control confirmed that doxorubicin caused ROS formation in both cell lines which is consistent
with the its published mechanism of action (Wellstein and Sausville, 2023). Doxorubicin was
statistically significantly more effective than the copper complexes at inducing the formation

of ROS in MIA PaCa-2 cells, at the treatment periods tested.

The induction of high levels of ROS in cancer cells leading to irreparable DNA and
mitochondrial damage followed by the induction of apoptosis is a valuable treatment strategy
in cancer treatment. ROS triggered the intrinsic apoptotic pathway by increasing the
permeability of the mitochondrial membrane and by inhibiting the anti-apoptotic protein Bcl-
2 in human lung epithelial cancer cells and oral squamous carcinoma cells (Luanpitpong et al.,
2013; Lietal., 2004). Additionally, tyrosine kinase inhibitors caused ROS-dependent apoptosis
in melanoma and non-small-cell lung cancer cell lines through the disruption of the MMP
(Chang et al., 2011; Shan et al., 2016). A disulfiram-based copper complex triggered apoptosis
through the ROS/JNK pathway in a human osteosarcoma cell line (W. Guo et al., 2021). The
JNK pathway is implicated in ROS-induced apoptosis (W. Guo et al., 2021). An additional
study evaluated synthesized 2-naphthlenol-Cu®" complexes against A549 lung cancer cells
(Khan et al., 2019). The copper complexes activated apoptosis through endoplasmic reticulum
stress-mediated pathways, inhibited topoisomerase | and caused DNA damage through the

formation of ROS (Khan et al., 2019).

The effects of HMOX1-induced chemoresistance of cancer cells is linked with its ability to
protect cancer cells against chemotherapy-induced ROS. This chemoprotective effect is
significant in drugs whose mechanism of action is via ROS-mediated mechanisms. In a human
liver cancer cell line, HMOXI1 inhibition with zinc protoporphyrin sensitized the cells to
cisplatin-induced cytotoxicity, through the increased production of ROS (Liu et al., 2014). The
number of apoptotic cells induced by cisplatin decreased after induction of HMOX1 with
hemin, as did the levels of cisplatin-induced-ROS and caspase-3 (Liu et al., 2014). In a study
on 5-FU-resistant pancreatic cancer cell lines, silencing of Nrf-2 resulted in decreased levels
of its downstream target, HMOXI1 as well as increased levels of intracellular ROS, compared
to the unsilenced control (Kim et al., 2020). The Nrf-2-silenced 5-FU-resistant cells showed a
decrease in cell viability after treatment with 5-FU compared to the unsilenced 5-FU-resistant
control (Kim et al., 2020). The results indicated that the resistance to 5-FU was mediated
through increased HMOX1 expression and its ROS-depleting effects (Kim et al., 2020). In
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another study on MIA PaCa-2 cells, there was an observed increase in ROS formation and
apoptosis, and a suppression of autophagy, following HMOX1-inhibition in chemotherapy-
treated cells (Ahmad ef al., 2023). The suppression of autophagy was mediated via increased
levels of ROS, as the effects were deleted after treatment of the cells with the ROS scavenger,
N-acetylcysteine (Ahmad et al., 2023).

The data from this study thus indicate that ROS formation, although transient, is an important

event following treatment with the copper complexes.

4.6 The effect of the copper complexes on mitochondrial membrane potential of AsPC-1
and MIA PaCa-2 cells

The generation of ATP through oxidative phosphorylation is driven by a series of redox
reactions that creates an electrochemical gradient in the mitochondria. This electrochemical
gradient contributes to the MMP of the mitochondria (Sakamuru et al., 2016). Consequently,
the status of MMP is a key indicator for mitochondrial activity. A decrease in MMP indicates
a disruption in mitochondrial activity and, hence the viability of the cell (Sakamuru et al.,
2016). A decrease in MMP results from the opening of the mitochondrial permeability
transition pore, allowing the release of pro-apoptotic proteins and factors such as cytochrome
¢, Smac/DIABLO and HtrA2/Omi (Ly et al., 2003). Additionally, the release of apoptosis
inducing factor (AIF) is dependent on the disruption of MMP (Ly et al., 2003). Thus, loss of
MMP is a prerequisite and preliminary indicator of apoptosis (Redza-Dutordoir and Averill-

Bates, 2016).

Epithelial cancer cell lines, such as AsPC-1 and MIA PaCa-2 cell lines, have demonstrated a
notably higher MMP than normal cells (Summerhayes et al., 1982). Studies evaluating the
effects of high MMP revealed that colon carcinoma cells with higher MMP were associated
with increased secretions of VEGF and matrix metalloproteinase 7, causing augmented

migration and invasiveness of the tumour cells (Heerdt et al., 2005).

The JC-1 reagent was used as an indicator of mitochondrial health. In healthy cells with an
intact MMP, JC-1 is present as a dimer showing red fluorescent “J-aggregates”. In depolarized
mitochondria, JC-1 does not form dimers, with the monomeric form showing green
fluorescence (Reers ef al., 1991). In untreated AsPC-1 and MIA PaCa-2 cells, accumulation of

red J-aggregates was seen, indicating active mitochondria. All the copper complexes and
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doxorubicin decreased the red fluorescence whereby the mitochondria of treated cells were
visible as green fluorescence, indicating a complete loss in MMP. In AsPC-1 cells treated with
OM, AD3 and L1Cu, most of the cells showed punctate green fluorescence, indicating the
mitochondria were structurally intact. In contrast, L6Cu-treated cells demonstrated diffuse

green fluorescence, indicating loss of mitochondrial structural integrity (Zuliani et al., 2003).

In MIA PaCa-2 cells, diffuse green fluorescence was observed in rounded cells while cells that
were still attached to the growth surface showed a more punctate green fluorescence, indicating
that longer treatment times were required to affect mitochondrial structural integrity. In MIA
PaCa-2 cells, doxorubicin caused a loss of MMP, possibly induced by ROS formation.
Statistical analysis comparing doxorubicin to the copper complexes indicated a similar effect

in their ability to decrease the MMP.

4.7 The effect of the copper complexes on caspase-3/7 activation in AsPC-1 and MIA
PaCa-2 cells

Caspase-3 is the major executioner caspase of apoptosis. The presence of active caspase-3 and
-7 serves as confirmation of apoptotic cell death. Caspase-3 is responsible for the distinct
nuclear changes that occur during apoptosis such as, DNA fragmentation as well as
morphological changes including membrane blebbing (through the activation of ROCK 1)
(Janicke et al., 1998; Boing et al., 2013). Caspase-3 activates caspase-activated-DNAse (CAD)
by cleaving its inhibitor, ICAD, enabling CAD-mediated DNA degradation (Enari et al., 1998).
Additionally, caspase-3 cleaves components of the cytoskeleton (actin, lamin, fodrin) leading
to cellular collapse and disassembly (Enari et al., 1998). In vitro, caspase-3 suppresses the
inflammatory response through the release of anti-inflammatory cytokines, such as TGF-£,

resulting in anti-proliferative and anti-tumor effects (Martin et al., 2012).

Activation of caspase-3/7 is a late apoptotic event, therefore, its activation was measured after
a 48 hour treatment period in both cell lines. Active caspase-3 and -7 cleave the same amino
acid recognition sequence which the assay-probe binds to, labelling it with a fluorescent signal.
The probe is, therefore, non-selective and labels both active caspase-3 and -7. All the copper
complexes caused the activation of caspase-3/7 in both cell lines. Doxorubicin caused more
than 80 % of cells to show activation of caspase-3/7 in both cell lines. In AsPC-1 cells,
doxorubicin caused the highest percentage (90 %) of cells with activated caspase-3/7, followed

by OM (67 %). AD3 (32 %), L6Cu (31 %) and L1Cu (17 %) showed the smallest percentage
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of cells with increases in caspase-3/7 activation and were the least efficient activators. L1Cu
caused caspase-9 activation in 81 % of cells while only 17 % of L1Cu-treated cells showed
active caspase-3/7. Since caspase-3/7 activation occurs downstream of caspase-9 activation, it
is likely that additional time was required for L1Cu to cause further activation of caspase-3/7
in the AsPC-1 cell line. In MIA PaCa-2 cells, all the copper complexes caused increases in the
percentage of cells with active caspase-3/7, with a similar efficacy to one another.
Doxorubicin-treated cells had the lowest percentage of cells with active caspase-3/7 (85 %).
AD3 and L6Cu were more efficient activators of caspase-3/7 than doxorubicin, with highly

significant increases compared to doxorubicin.

Copper complexes have demonstrated the ability to activate caspase-3 in numerous cancer cell
lines. In a study on synthesized copper-isoquinoline compounds, selective toxicity was shown
in A549 lung cancer cells and the activation of caspase-3 was also observed in these cells (Gul
et al., 2020). In human cervical cancer (HeLa) cells, a copper-pyrazalone complex caused
activation of caspase-3 and caspase-9 after a 24 hour treatment, indicating the induction of the
intrinsic apoptotic pathway (Reheman er al., 2020). Additionally, copper-imidazo[l,2-
a]pyridines caused caspase-3/7 activation in colorectal and leukaemic cancer cell lines

(Harmse et al., 2019; Ismail et al., 2021).

4.8 The effect of the copper complexes on caspase-9 activation in AsPC-1 and MIA PaCa-
2 cells

Caspase-9 is the initiator caspase of the intrinsic/mitochondrial apoptotic pathway (Wong,
2011). After a 48 hour treatment with the test compounds, all the copper complexes caused a
statistically significant activation of caspase-9 in both cell lines. In AsPC-1 cells, OM and
L1Cu were the strongest inducers of active caspase-9, followed by L6Cu, while AD3 was the
weakest activator. In MIA PaCa-2 cells, AD3 and OM were the strongest activators of caspase-
9, followed by L1Cu. Doxorubicin activated caspase-9 in both cell lines with a high potency.
In AsPC-1 cells, doxorubicin was more effective at activating caspase-9 than the copper
complexes. In MIA PaCa-2 cells, the complexes AD3 and OM activated caspase-9 with greater

potency than doxorubicin.

PDAC cells are known for their resistance to death-receptor mediated apoptosis (Hamacher et
al., 2008). Fas-associated phosphatase-1 is overexpressed in PDAC cells and renders

pancreatic carcinoma cells resistant to Fas-initiated apoptosis by inhibiting the activation of
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caspase-8 and preventing the formation of DISC (Hamacher et al., 2008). PDAC cells are
classified as type Il cells, meaning they require mitochondrial amplification pathways to induce
apoptosis (Westphal and Kalthoff, 2003). The data obtained in this study suggested that the
copper complexes initiated apoptosis through the mitochondrial/intrinsic apoptotic pathway in

both cell lines.

In contrast to its caspase-9 activity, L6Cu was the strongest activator of caspase-3/7 in MIA
PaCa-2 cells. In L6Cu-treated MIA PaCa-2 cells, caspase-3/7 activation was observed in 98.3
% of cells, while only 41.2 % of cells demonstrated active caspase-9 at the same treatment time
period. Reasons for this could be due to increased expression/availability of XIAP which is a
member of the anti-apoptotic family of proteins, the inhibitor of apoptosis proteins (IAPs).
XIAP expression has been shown to be overexpressed in PDAC, and MIA PaCa-2 cells show
high levels of XIAP (Riickert et al., 2010). XIAP utilizes different binding sites to inhibit
caspase-9 and -3 thus, caspase-9 may have been inhibited in a manner that is independent of
caspase-3 inhibition (Shiozaki ef al., 2003). In non-small cell lung cancer cell lines, caspase-9
inhibition by XIAP did not block apoptosis induced by gemcitabine, cisplatin and topotecan
(Stewart, 2010). The results were similar to the current study in which L6Cu showed low levels
of caspase-9 activation but high levels of caspase-3/7 activation. However, previous studies
with different copper complexes indicate a suppression of XIAP (Harmse et al., 2019; Ismail
et al.,2022). The direct effect of the copper complexes tested in this study on XIAP expression
requires further investigation. Additionally, the effects of the copper complexes on

SMAC/DIABLO, a caspase-9 activating protein also requires further investigation.

The percentage activation of caspase-3/7 and caspase-9 in both cell lines is summarized in
Table 4.2. The differences in caspase activation across cell lines demonstrates the varied
responses of different cell types to the same complex, highlighting the need for personalized

medicine in clinical practice.

Table 4.2 Summary of the effect of the copper complexes on caspase-3/7 and caspase-9
activation (%) in AsPC-1 and MIA PaCa-2 cells

AD3 oM L1Cu L6Cu

AsPC-1 MIA PaCa-2 | AsPC-1 MIA PaCa-2 | AsPC-1 MIA PaCa-2 AsPC-1 MIA PaCa-2

*% *k%k *k%k *k%k * *kk * *kk

Caspase-3/7

Caspase-9 ** *kk *kk kK *kk *kk *kk ok
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Percentage cells with active enzyme: ***: high. **: medium. *: low

4.9 The effect of the copper complexes on HMOXI1 expression as evaluated by
immunofluorescence and western blot studies

HMOXI1 is a highly inducible enzyme that is increased in response to cellular stresses such as
ROS, UV irradiation, pro-inflammatory cytokines, hypoxia, ischemia, heavy metals and nitric
oxide as well as other stimuli such as the presence of its substrate heme (Muchaa et al., 2019;
Jun et al., 2018). The dual role of HMOX1 in cancer has been studied extensively and remains
inconclusive, due to its pro- and anti-tumour effects in different cancer types (Mascaro et al.,
2021). In PDAC, HMOXI1 expression has been reported to increase in response to
chemotherapy and is associated with treatment failure (Ahmad et al., 2021). Previous studies
have reported the ability of copper complexes to induce HMOXI1 expression. A copper
diethyldithiocarbamate complex induced HMOXI1 through activation of Nrf2 in vascular
endothelial cells in culture (Fujie et al., 2016). Additionally, copper-imidazo[1,2-a]pyridines
induced HMOX1 expression in HT-29 colorectal cells, which potentially decreased the
cytotoxicity of the copper complexes (Harmse et al., 2019). Consequently, this study

investigated the effect of the copper complexes on HMOX1 expression in PC cell lines.

Immunofluorescence and western bot studies confirmed that all four copper complexes
increased the expression of HMOX1 in both the AsPC-1 and MIA PaCa-2 cell lines. AD3 was
the strongest inducer of HMOX1 as shown by immunofluorescence as well as western blot
studies. L1Cu was the weakest inducer of HMOX1 while OM was similar to L6Cu in its
HMOX1-inducing ability. The trends observed in HMOXI1 expression was the same in both
cell lines, and was confirmed in both immunofluorescence and western blot assays. The
induction of HMOX1 expression by all the complexes may be associated with their ability to
stimulate ROS formation (Ahmad et al., 2023). Immunofluorescence studies on doxorubicin
indicated an increase in HMOX-1 expression following treatment. However, this could not be
confirmed with western blot studies. In a study conducted by Tan et al. (2015), treatment of
MDA-MB-231 breast cancer cells with doxorubicin resulted in the induction of HMOX1 which
subsequently conferred resistance to MDA-MB-231 cells to doxorubicin treatment. The effect
of doxorubicin on HMOXT1 expression in PC cell lines in this study was inconclusive and

requires further investigation.
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Increased HMOX1 expression protects tumour cells against oxidative stress, inflammatory
mediators and apoptosis and promotes angiogenesis in the tumour cells (Nowis et al., 2006;
Banerjee et al., 2012; Cheng et al., 2016). High levels of HMOX1 mRNA expression is
associated with a significantly worse prognosis for lung, brain, breast, colorectal and blood
cancers, as predicted by a meta-analysis database (Wang et al., 2023). In ovarian cancer cells,
SIRT-5 (a mitochondrial enzyme) confers cisplatin-resistance to the cells via upregulation of
the Nrf2/HMOX1 pathway, which protects against ROS-mediated DNA damage caused by
cisplatin (Sun et al., 2019). Another study on acute myeloid leukaemia compared HMOX1
expression in tyrosine-kinase-inhibitor-resistant cells vs tyrosine-kinase-inhibitor-sensitive
cells (Kannan et al., 2022). There was an up-regulation of HMOXI1 in the tyrosine-kinase-
inhibitor-resistant cell line. Following HMOX1 knockdown in the resistant cell line, a 25 %
suppression in cell proliferation was observed. Additionally, after a 48 hour treatment of the
cells with the HMOX1 inhibitor, zinc protoporphyrin, in combination with the tyrosine-kinase-
inhibitor, quizartinib, a synergistic two to three-fold increase in apoptosis was observed

compared to treatment with the individual drugs alone (Kannan et al., 2022).

Under normal conditions HMOXI1 is found in the cytoplasm, anchored to the smooth
endoplasmic reticulum membrane. Certain disease states induce HMOX1 translocation to the
mitochondria, plasma membrane and the nucleus. Its enzymatic activity is preserved in all
compartments except in the nucleus (Chiang et al., 2021). In this study, the strong positive
correlation between the Hoechst fluorescent signal and the HMOX1 immunofluorescent signal
in immunofluorescence studies (measured by Pearson’s correlation coefficient) indicated that
HMOX1 was predominantly in the nucleus. The copper complexes caused an increase in the
correlation coefficient compared to the untreated cells, indicating that a fraction of HMOX1
likely translocated to the nucleus. Doxorubicin showed a decrease in Pearson’s correlation
coefficient compared to the untreated cells, indicating an increase in cytoplasmic HMOX1

following treatment with doxorubicin.

In mouse embryonic fibroblasts, HMOX1 translocated to the nucleus in response to hypoxia
and promoted the up-regulation of transcription factors involved in oxidative stress (Lin et al.,
2007). The transcription factors included AP-1, AP-2, Brn-3 and Core Binding Factor which
play a role in cell proliferation and differentiation, and possibly caused an increase in cell
proliferation (Lin ef al., 2007). Additionally, the nuclear translocation of HMOX1 resulted in
decreased binding of nuclear factor kappa B (NF-kB) to DNA (Lin et al., 2007). Western blot
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studies that isolated cytoplasmic and nuclear fractions of the cell demonstrated an increase in
nuclear HMOX1 following treatment of MIA PaCa-2 cells with nab-paclitaxel/gemcitabine,
indicating nuclear translocation of HMOX1 (Ahmad et al., 2021). The nuclear HMOX1
contributed to the cells’ resistance to chemotherapy treatment (Ahmad et al., 2021). In another
study on chronic myeloid leukaemic cell lines, HMOX1 induction following hemin treatment
protected the cells against imatinib-induced apoptosis (Tibullo et al., 2013). Furthermore,
exposure of the cells to CO and biliverdin was unable to protect the cells against imatinib,
indicating that the anti-apoptotic effects were conferred to the cells independent of the
enzymatic activity of HMOX1 (Tibullo ef al., 2013). In the same study, inhibition of the nuclear
translocation of HMOX1 was achieved after treatment of the cells with E64d, a cysteine
protease inhibitor that prevents the proteolytic cleavage necessary for nuclear translocation.
This resulted in the restoration of imatinib-induced apoptosis, further suggesting that resistance
to chemotherapy treatment is provided by the action of nuclear HMOX1 (Tibullo et a!l., 2013).
In a different study by the same group, inhibition of nuclear translocation of HMOXI1 using
E64d resulted in increased sensitization of multiple myeloma cells to bortezomib treatment

(Tibullo et al., 2016).

4.10 The effect of HMOXI1 inhibition on the cytotoxicity of the copper complexes in AsPC-
1 and MIA PaCa-2 cells

Following the detection of increased HMOXI1 expression in treated cells, the effects of
HMOX1 inhibition on the ICso values of the complexes were evaluated. Experiments using the
MTT assay evaluated the cytotoxic effects of the complexes in combination with an imidazole
HMOXT-inhibitor, OB24 HCI. Dose response curves were constructed using the same
concentration range that was used to determine the ICso values of the individual complexes.
The HMOX1 inhibitor, OB24 HCI, was used at a constant concentration of 20 uM. ICso values
of the combinations were calculated and a statistically significant decrease in the ICso values
of all the complexes was observed in both cell lines. On its own, OB24 HCI did not affect the
viability of the cells. The results indicated that HMOX1-inhibition, which was not detrimental
to the cells on its own, sensitized the cell lines to the treatment with the copper complexes. The
use of OB24 HCI on prostate cancer cell lines resulted in a synergistic effect when combined
with paclitaxel, showing a reduction in cell viability of the prostate cancer cells (Alaoui-Jamali
et al., 2009). In the prostate cancer cells, OB24 HCI showed an inhibitory effect on cell
proliferation on its own, in vivo and in vitro (Alaoui-Jamali et al., 2009), which is in contrast

to the findings of the current study.
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Numerous studies have reported the chemosensitization of cancer cells to treatment following
HMOX1-inhibition (Mucha et al., 2019; Kongpetch et al., 2012; Miyake et al., 2010; Furfaro
et al., 2016; Furfaro et al., 2022). In a PDAC mice model, a significant reduction in tumor size
was observed in mice treated with gemcitabine and the HMOX1 inhibitor, zinc protoporphyrin,
compared to gemcitabine alone (Nuhn et al., 2009). MIA PaCa-2 cells showed increased
sensitivity to nab/paclitaxel and gemcitabine treatment when used in conjunction with the
HMOXI1 inhibitor, zinc protoporphyrin (Ahmad et al., 2021). Following HMOXI1 gene
silencing in patient-derived pancreatic cancer cell lines, the cells were exposed to radiation and
gemcitabine chemotherapy. The results revealed a significant reduction in cell viability in
HMOX1-silenced-cells, confirming that HMOXI1 depletion sensitizes cancer cells to radiation
and chemotherapy (Berberat ef al., 2005). In MIA PaCa-2 cells, chemotherapy treatment with
arsenic trioxide (ATO) induced apoptosis, measured by annexin-V flow cytometry (Ahmad et
al., 2023). Inhibition of HMOX1 with zinc protoporphyrin in these cells caused a 2.9-fold
increase in apoptotic cells compared to cells treated with ATO alone. The same study
highlighted the role of autophagy in ATO-resistance — whereby inhibiting the antioxidant role
of HMOX1 deleted the protective role of autophagy, combatting ATO-resistance (Ahmad et
al., 2023). The tumour microenvironment is another avenue where HMOX1 exerts its effects,
contributing to tumor resistance to treatment. Tumour associated macrophages express
HMOXI1 in high levels following differentiation and infiltration of monocytes into the TME of
thymus cancer cells (Alaluf ef al., 2020). Tumour regression was observed in a lymphoma mice
model where HMOX1 was deleted in myeloid cells (Alaluf et al., 2020). The HMOX1™ mice
demonstrated an increase in the proliferation and cytotoxic functions of CD8" T cells following
treatment with cyclophosphamide as well as an antitumor vaccine, resulting in tumour

regression (Alaluf et al., 2020).

4.11 Comparisons of the effects of the copper complexes on cell-death-assay-findings and
HMOX1-expression between cell lines

At the same treatment period, the copper complexes demonstrated higher caspase-3/7
activation in MIA PaCa-2 cells than in AsPC-1 cells. This was in line with annexin-V findings
and cell morphology evaluation that demonstrated a higher frequency of late apoptotic cells in
which detached/floating cells were observed more often in MIA PaCa-2 cells than in AsPC-1
cells. Additionally, the copper complexes induced ROS more potently in MIA PaCa-2 cells
than in AsPC-1 cells. The data suggested that MIA PaCa-2 cells appeared to be more sensitive
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to the complexes than AsPC-1 cells. However, in both cell lines, the copper complexes caused
a complete loss of MMP in 100 % of the cells. Additionally, the complexes had similar

percentages of cells with active caspase-9 in both cell lines.

The effect of HMOXI1 expression in both cell lines were aligned. The data from
immunofluorescence and western blot studies showed AD3 to be the strongest inducer of
HMOX1, while L1Cu was the least potent. In both cell lines, truncated HMOX1 was absent in
the doxorubicin-treated sample. Taken together, the results indicated that the copper complexes
caused the activation of the intrinsic apoptotic pathway in both cell lines and induced the
expression of nuclear HMOXI. In addition, cytotoxicity studies indicated that HMOX-1
inhibition sensitized the cancer cells to the copper complexes. In conclusion, together with the
literature, the results obtained in this study support the potential for HMOX1-inhibition as a

viable strategy to combat chemotherapy-resistance in different tumour types.
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Chapter V: Conclusions

This study aimed to evaluate the cytotoxicity of novel copper complexes of different classes
on AsPC-1 and MIA PaCa-2 pancreatic cancer cell lines. Their mechanism of cell death was
elucidated using various cell death assays and their effect on the expression of HMOX1 was
evaluated using immunofluorescence and western blots. The effect of HMOX1-inhibition on
the cytotoxicity of the copper complexes was investigated with an imidazole-based HMOX1-

inhibitor, OB24 HCI.

5.1 The copper complexes inhibited the growth of AsPC-1 and MIA PaCa-2 cell lines at
low micromolar ICso values

Using the MTT cell viability assays, this study aimed to evaluate the cytotoxic effects of the
copper complexes on AsPC-1 and MIA PaCa-2 cells. In both cell lines, all four copper
complexes were significantly more active than the positive control, doxorubicin. AD3, OM,
L1Cu and L6Cu all had ICso values of below 5 uM in both cell lines. The LCu complexes were
the most effective inhibitors of proliferation in both cell lines. In the AsPC-1 cell line, L6Cu
had the lowest ICso value (1.27 puM), while in the MIA PaCa-2 cell line, L1Cu had the lowest
ICso value (1.08 uM). In the AsPC-1 cell line, doxorubicin’s ICso value was approximately half
its value in the MIA PaCa-2 cell line, with ICso values of 6.64 and 12.07 uM in AsPC-1 and
MIA PaCa-2 cells, respectively.

5.2 The copper complexes caused the formation of ROS

After a 6 hour treatment period, the copper complexes caused the formation of ROS in both
the AsPC-1 and MIA PaCa-2 cell lines. Doxorubicin caused the highest increase in ROS
formation, with a statistically significant increase compared to the copper complexes. The
formation of ROS by the copper complexes indicate that, although, transient, ROS formation
is an important event following treatment and is possibly responsible for the copper complex-

induced increase in HMOX1.

5.3 The copper complexes activate the intrinsic apoptotic pathway
No evidence of necrosis was observed in cell morphology studies while apoptotic features such
as chromatin condensation and membrane blebbing were seen in treated cells. The copper

complexes caused the binding of annexin-V to translocated phosphatidylserine. The presence
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of annexin-V-only binding showed the presence of early apoptotic cells in AsPC-1 cells, while
late apoptotic/secondary necrotic cells were indicated by the presence of annexin-V and
propidium iodide binding in treated MIA PaCa-2 cells. This suggested that the copper
complexes exerted their action faster in the MIA PaCa-2 cell line than in AsPC-1 cells. In both
cell lines, L6Cu was the strongest effector of annexin-V binding while L1Cu was the least
potent effector. The loss of mitochondrial membrane potential was observed in close to 100 %
of copper-complex-treated cells in both cell lines, indicating a disruption in mitochondrial
functioning. The copper complexes activated caspases -3/7 and -9 in both cell lines in varying
amounts. Caspase-3/7 activation was most frequently seen in OM-treated cells, in the AsPC-1
cell line. In MIA PaCa-2, caspase-3/7 activation was seen in more than 85 % of all copper-
complex- and doxorubicin- treated cells. In AsPC-1 cells, OM was the strongest activator of
caspase-9 while in MIA PaCa-2 cells, AD3 and OM were both more effective activators than
the other complexes. Caspase-3/7 activation was the highest in MIA PaCa-2 cells compared to
AsPC-1 cells. Caspase-9 activation was seen in 53-92 % of AsPC-1 cells while MIA PaCa-2
showed caspase-9 activation in 41-91 % of the cells, indicating a similar caspase-9 activating

effect.

Annexin-V-binding and caspase-3/7-activation confirmed that the complexes activated
apoptosis in both cell lines. The loss of MMP and the activation of caspase-9 indicated that the

copper complexes activated the intrinsic apoptotic pathway.

5.4 The copper complexes induce the expression of HMOX1

The copper complexes caused an increase in HMOXI1 expression, confirmed by
immunofluorescence and western blot studies. AD3 was the strongest inducer while L1Cu was
the least potent inducer of HMOX1, in both cell lines. The results correlate with other studies
showing an increase in HMOX1 expression following treatment with chemotherapeutic agents
(Ahmad et al., 2021; Han et al., 2018). Additionally, colocalization analysis showed a strong
positive correlation between the Hoechst nuclear signal and HMOX1 immunofluorescence
signal, indicating that hMOX1 was predominantly in the nucleus. The increase in correlation
in treated cells compared to untreated cells suggested that HMOX1 translocated to the nucleus

following treatment with the copper complexes.
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5.5 The effect of HMOX1-inhibition on the cytotoxicity of the copper complexes

Following HMOX1-inhibition using an inhibitor of HMOX1 activity (OB24 HCI), the ICso
values of the copper complexes against the AsPC-1 and MIA PaCa-2 cell lines were decreased
with statistical significance. Alone, OB24 HCI had no effect on the viability of the cells,
indicating that HMOX1 sensitizes the cancer cells to cell death induced by the copper
complexes and HMOX1-inhibition on its own has no effect on cell survival. The results affirm
the role of HMOXI1 in treatment failure and resistance of cancer cells to chemotherapy and
demonstrate how HMOX1-inhibition can be targeted in clinical settings to sensitize cancer

cells to chemo- and radiation-therapy.

5.6 Limitations

One of the limitations of this study is that the assays were performed in a cell culture model,
therefore, the results of this study cannot be extrapolated beyond this setting. In order to be
developed further, the copper complexes need to be evaluated in pre-clinical animal models.
Additionally, information on the pharmacokinetics, pharmacodynamics and safety profile of

the copper complexes are absent.

Another limitation involves the use of OB24 HCI as the method for HMOX1 inhibition. There
is limited data available on the pharmacokinetics, pharmacodynamics and safety of OB24 HCL.
This study did not evaluate the effect of the complexes on the activity of HMOX1, and its
levels were only investigated in the context of gene expression. The evaluation of the extent of
nuclear translocation of HMOXI1 was limited to colocalization analysis of
immunofluorescence images. Additionally, the function of nuclear HMOX]1 remains unclear.
Further, the effect of HMOX1-inhibition was investigated only on the cytotoxicity of the
copper complexes and their ICso values. None of the cell death assays were evaluated with the
copper complexes in combination with OB24 HCI. Therefore, future studies should investigate

the role of HMOX 1-inhibition on the activation of the various apoptotic parameters.

5.7 Future considerations

Since the copper complexes have been confirmed to induce apoptosis, the effect of the copper
complexes on the apoptotic protein profile in the pancreatic cancer cell lines should be
investigated to gain a more global understanding on the expression levels of IAPs and pro-
apoptotic proteins. Cuproptosis should be investigated as a possible mode of cell death by the

copper complexes. Additionally, the role of HMOX1-inhibition on the effect of the copper

104



complexes on apoptotic parameters in cell culture should be tested. Future studies utilising
HMOX1 gene knockout using CRISPR and ChIP (Chromatin Immunoprecipitation) assays
would provide more information regarding the function of nuclear HMOXI. Nuclear
translocation should be inhibited using the cysteine protease inhibitor, E64d, preceding
treatment with the copper complexes, to determine whether or not the protection conferred to

cancer cells is due to nuclear HMOX1.

The novel copper complexes used in this study likely display different bioavailability,
reactivity and stability compared to other copper-based compounds. Future studies should aim
to elucidate these differences. A nude mouse model can be used to evaluate the
pharmacokinetics, pharmacodynamics and safety of the copper complexes, in vitro. This study
evaluated the effects of the copper complexes after short-term exposure to the complexes. As
such, the effect of chronic exposure to the copper complexes and long-term efficacy and
toxicity studies are needed. Further, the role of HMOXI1 in the tumour microenvironment
should be investigated using a mouse model whereby HMOX1 is deleted. Mice models that
can be used for this purpose include genetically-engineered mouse models and xenograft
mouse models using athymic nude mice as well as severe combined immune deficiency mice
(Jung, 2014). Lastly, formulation studies aiming to increase delivery of the drug through the
dense stroma and limited blood supply of the pancreatic tumour microenvironment may be

studied, exploring the potential of a nano-particle formulation.

5.8 Conclusion

To conclude, this study has identified four copper complexes of three different ligand-classes
as promising lead compounds for pre-clinical studies in the treatment of pancreatic ductal
adenocarcinoma. The copper complexes include AD3, a copper-phenanthroline-theophylline
complex; OM, a copper 8-aminoquinolone naphthyl complex; and L1Cu and L6Cu, copper
iso-indoline complexes. The complexes activated the intrinsic apoptotic pathway — as seen by
by the formation of ROS, the binding of annexin-V, the loss in MMP and the activation of
caspases -3/7 and -9. Additionally, the complexes induced the expression of HMOXI.
Inhibition of HMOXI1 resulted in a decrease in the ICso values of the copper complexes,
indicating that HMOX1-inhibition sensitizes AsPC-1 and MIA PaCa-2 cells to the copper
complexes. This study affirms the use of HMOX1-inhibition as a promising and viable strategy

to combat treatment resistance in pancreatic ductal adenocarcinoma.
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Appendix

Appendix A: Standard protein curve
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Appendix B: The effect of the copper complexes on caspase-9 activation in AsPC-1 cells.
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Figure Bl Representative photomicrographs showing the effects of the copper complexes on
caspase-9 activation in AsPC-1 (A) and MIA PaCa-2 (B) cells after a 24 h treatment period. AsPC-1
cells were treated with AD3 at 6 uM; OM at 4 uM; and L1Cu and L6Cu at 2 pM; and doxorubicin at 5
uM. MIA PaCa-2 cells were treated with AD3 at 6 uM; OM at 5 uM; and L1Cu and L6Cu at 2 pM; and
doxorubicin at 5 uM. Cells viewed with Olympus BX41 microscope. Images captured with Olympus
DP72 camera. Green fluorescence= active caspase-9. Magnification: 400X, scale bar: 20 um. Legend:

Caspase-9 PC
] © J -

Doxorubicin

Control
L6Cu

Doxorubicin

PC = phase contrast.

130



Appendix C: Ethics waiver

&

UNIVERSITY OF T8
\\ll\\ \ll lk\l(/\\l\
NESRURC

HUMAN RESEARCH ETHICS COMMITTEE (MEDICAL)

12/10/2020
Ref: W-CBP-201012-01
TO WHOM IT MAY CONCERN:

Waiver: This certifies that the following research does not require clearance from the
Human Research Ethics Committee (Medical)

Investigator: Ms Z Jhetam
Student No. (if appropriate). 1434073
Staff No. (if appropriate): AO068489

Supervisor:  Dr L Harmse

School: Therapeutic Sciences
Department:  Pharmancy and Pharmacology
Medical School

University

Project title:  The effects of cancer drugs and copper complexes on
pancreatic cancer haem-oxygenase-1 and cell survival

Reason: In vitro laboratory study.
No human participants will be involved in the study.

Dray

DrCB Ponny )
Co-cmmnon/ﬂuman Research Ethics Committee (Medical)

Research Office Secretariat:

Physical address: Phillip Tobias Building, 3 Floor, Office 302, Comer York Road and
Princess of Wales Terrace, Parktown, Johannesburg 2193.

Postal address: Private Bag 3, Wits 2050

Tel Nos. +27 (0)11-71 7-123‘/2656'2700/1252

Office E'mal" HR 3 e e@

Website:http:/,

131



Appendix D: Turnitin score

Final combined.pdf

ORIGINALITY REPORT

D¢ 2« 7 "

SIMILARITY INDEX INTERNET SOURCES PUBLICATIONS STUDENT PAPERS

PRIMARY SOURCES

Zeenat Ismail, Jean Dam, Clement Penny, 1 %
Charles B. de Koning, Leonie Harmse.
"Copper-imidazo[1,2-a]pyridines differentially
modulate pro- and anti-apoptotic protein and
gene expression in HL-60 and K562 leukaemic
cells to cause apoptotic cell death”,

Biochimica et Biophysica Acta (BBA) -
Molecular Cell Research, 2021

Publication

Leonie Harmse, Nadia Gangat, Carla Martins- 1 %
Furness, Jean Dam, Charles B. de Koning.
"Copper-imidazo[1,2-a]pyridines induce
intrinsic apoptosis and modulate the
expression of mutated p53, haem-oxygenase-

1 and apoptotic inhibitory proteins in HT-29
colorectal cancer cells", Apoptosis, 2019

Publication

rcastoragev2.blob.core.windows.net 1
%

Internet Source

"Gastrointestinal Oncology - A Critical 1 %
Multidisciplinary Team Approach 2e", Wiley,

132



