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Abstract:

This project's long-term goal is to increase the efficacy of genotoxic therapeutics through the
sensitization of cells to DNA-damaging therapy ahead of the treatment. The focus of this project
was on the enhancement of platinum-based chemotherapeutics in colorectal cancer using
colorectal cancer cell lines as models of the disease. For this purpose e, novel inhibitor of a DNA
repair enzyme involved in the repair of DNA caused by platinum-based chemotherapeutics, i.e.,
small molecule inhibitors of ERCC1-XPF heterodimerization, namely A4 and pyronaridine were
used. To reduce the systemic effect of ERCC1-XPF inhibitors, that can lead to the sensitization of
normal cells as well as cancer cells to DNA-damaging chemotherapeutics nano delivery systems
of A4 and pyronaridine were also developed. Inhibition of ERCC1/XPF, a heterodimeric enzyme
complex with endonuclease activity that participates in the repair of DNA inter-and intra-strand
crosslinks, by A4, pyronaridine, and their nano-formulations was hypothesized to make cells
sensitive to DNA damage by platinum-based chemotherapeutics. The results of our studies led
to the development of optimum polymer and lipid-based nano-formulations for delivery of A4
and pyronaridine, respectively, showing maximum encapsulation efficiency, <50 % drug release
within 24 hrs, and average diameter of < 150 nm. Free and particularly encapsulated inhibitors
of ERCC1/XPF were able to sensitize colorectal cancer cells to the cytotoxic effects of platinum-
based chemotherapeutics under study at specific dose ratios. The sensitizing effect of ERCC1/XPF

inhibitors and their encapsulated counterparts was more noticeable for carboplatin.
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Chapter One: Introduction



1.1. Undefeated: Cancer

International Agency for Cancer Research states on its website that “One in five people
worldwide develop cancer during their lifetime” (1). Right after cardiovascular diseases, cancer
is the second leading cause of death globally. In 2020, 10 million individuals died because of
cancer (2). Nowadays, we live in an era where access to appropriate healthcare has expanded,
and global average living standards have increased. These policies have influenced the average
life expectancy in most parts of the world. Even though these medical advancements have
reduced communicable disease mortality rates internationally, cancer-related mortality has
surged by about 40%. In the next 15 years, a further 60% increase is anticipated, with 13 million

cancer fatalities predicted by 2030.

The key contributors to cancer-related mortality have also altered due to changes in
disease diagnostics, the implementation of screening programs, and advances in therapeutics.
Colorectal cancer (CRC) is the third most prevalent cancer (3). Over the past several years, the
frequency of CRC has been drastically rising worldwide. According to estimates, 1.93 million new
cases of CRC were diagnosed, and 0.94 million people died from CRC in 2020. Today more than
5.25 million individuals globally are affected by CRC, which is slightly fewer than breast cancer.

This accounts for 7.79 million cancer cases (4).

Almost a decade ago, CRC was relatively uncommon, but today is a common malignancy in
western countries, accounting for 10% of cancer-related deaths. Unhealthy dietary habits,

inactivity, obesity, and aging populations are attributes of a surge in CRC cases (3).



The first step toward the treatment of the CRC patients is the diagnosis of the patients’ clinical
condition, the stage of CRC and whether the tumour is malignant. Different tests and modalities

are used to define the paint’s clinical condition (5).

In order to make the treatment as effective as possible, the treatment plan is tailored for each
individual based on patients characteristics, tumor features and molecular profile of the cancer

cell (5).

Due to various reasons CRC is much easier to be screened and treated in early stages compared
to other malignancies. Firstly, CRC has a rather lengthy preclinical stage. Secondly to some extent
it is easily detectable and treatable malignancy. Lastly endoscopic removal of the benign tumors
and treatment of cancer in its early stages has a significant impact on the reduction of mortality

from CRC (3).

Despite all that is mentioned above, about 10% of all cancers diagnosed each year, and cancer-
related deaths globally are caused by CRC. Which is one of the major reasons why more effective

treatment plans are essential (6).

1.2. Treatment options:
The primary treatment method for those with non-metastatic CRC is surgery, which is
carried out both as laparoscopic or open surgery (7-9). However, different factors such as

patient’s age and the staging of the cancer would limit the success of the surgery in CRC cure.

While the success in the treatment of non-metastatic colorectal cancer heavily depends on
surgery and its quality, metastatic cases require a combinations of different treatment

approaches. In past twenty years, there has been a significant advancement in the systemic
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treatment of patients with colorectal cancer. In non metastatic cases, colon cancer has no
recognized neoadjuvant therapy. However, to lower the risk of local recurrence in rectal cancer,
neoadjuvant radiation or chemoradiotherapy is advised for intermediate-stage and advanced-
stage disease (10,11). Moreover, the success rate of surgery for non-metastatic colorectal cancer
is considerably high and approximately only 5% of the patients would receive adjuvant
chemotherapy. However, guidelines stablished by European and Japanese societies advised
considering adjuvant therapy in high-risk cases, such as ones with poorly differentiated tumors

(3,12).

Over the past two decades, there has been a considerable improvement in the survival of patients
with metastatic colorectal cancer, and clinical trials have shown that a median overall survival of
30 months is achievable. The use of chemotherapeutics such as palatinum based drugs, and
irinotecan, the development of targeted therapies that target characteristics of the tumor or its
microenvironment, and the adaptation of multidisciplinary approaches is responsible for this

improvement in survival (3).

While around 80% of newly diagnosed CRC patients have localized tumor which is curative with
surgery, adjuvant chemotherapy is a recommended as a routine clinical practice (13). The rest of
newly diagnosed population have metastatic melanomas that cannot be removed. Furthermore,
around half of the patients experience a recurrence of the disease following surgical resection or

develop metastasis mostly in liver or lung (14).



All that is mentioned above points to the fact that although surgery is the main curative option,
chemotherapy must be given systematically to individuals with metastatic CRC (mCRC) in order

to control their condition (15,16).

1.3. Platinum-based drugs:

Platinum based drugs play a pivotal role as anti-tumor drugs in the treatment of different
type of cancer. Cisplatin, the first generation of platinum- based chemotherapeutics showed a
considerable efficacy in the clinical trials against a wide variety of solid tumors including ovarian,
testicular, bladder, lung, head and neck and colorectal cancer right before it was realized that

ototoxicity, dose dependent nephrotoxicity and cell resistance limit its overall efficacy. (17)

Due to the limitation that restricted the use of cisplatin, the next generation drug was developed.
Carboplatin, a second generation of platinum-based drugs, with similar mechanism of action as
the cisplatin drug was developed to overcome the limitations such as dose dependent

nephrotoxicity of the first-generation drugs (17-19).

Carboplatin is less toxic and easier to administer in regular dosages. This is because the
replacement of a more stable leaving group (cyclobutanedicarboxylate instead of chloride) in the
chemical structure of carboplatin which led to an altered pharmacokinetic profile (20). Equal DNA
adducts formation between carboplatin and cisplatin might partially account for these two drugs

similar efficacies in treating most solid tumors (21).

In comparison to cisplatin, carboplatin demonstrated a significantly lower level of neurotoxicity,

nausea and vomiting in the receiving patients.



Based on the Lexicomp, the drug data base, carboplatin is used in the treatment of advanced anal
cancer, in combination with paclitaxel. "Target AUC 5 on day 1 every 4 weeks (in combination
with paclitaxel) for 6 cycles or until disease progression or unacceptable toxicity (Rao 2020) or
Target AUC 5 or 6 every 3 weeks (in combination with paclitaxel"(22). Also, the combination of
carboplatin and paclitaxel is used in the treatment of gastric cancer. “Target AUC 2 once weekly
for 5 weeks (in combination with paclitaxel and concurrent radiation) prior to surgery or Target

AUC S5 to 6 every 3 weeks (in combination with paclitaxel) ” (23,24).

Oxaliplatin on the other hand not only is used for treatment of gastric cancer but also it used for
the treatment of stage Ill colon cancer. Based on the same drug data base, Lexicomp, 85 mg/m|?
on day 1 every 2 weeks (in combination with infusional fluorouracil/leucovorin) for up to 12

cycles.

While both mentioned chemotherapeutic drugs show a limited success in colorectal cancer cases,
the third-generation drug oxaliplatin- specifically in combination with 5-fluorouracil and

leucovorin is the standard treatment protocol for CRC (25).
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Figure 1.1: Chemical structure of platinum-based drugs




1.4. Chemotherapy and its shortcomings:

Despite being used to treat a variety of malignancies such as ovarian cancer and colorectal
cancer, platinum chemotherapeutic drugs including carboplatin and oxaliplatin are hitting their
limit due to the emergence of resistance. Chemo resistance, which could be either inherent or

acquired occurs by many factures either inside or outside of the cancer cells

Numerous cellular adaptations, such as decreased uptake, inactivation by glutathione and other
antioxidants, and increased levels of DNA repair and DNA tolerance are known to be responsible

for resistance to platinum-based chemotherapeutics (26—28)

Cells use five different DNA repair pathways to protect their DNA from various lesions. Namely,
nucleotide excision repair, mismatch repair, double strand break repair, base repair, and direct
repair. The first two repair pathways (NER and MMR) seem to be the most significant DNA repair
mechanisms known to be involved in the platinum chemoresistance. The mechanism of action of
carboplatin is the formation of DNA adducts that result in intrastrand or interstrand cross-link,
which disturb the structure of the DNA molecule and cause steric changes in the helix (26). An
alteration in the DNA molecule’s structure enables cell to recognize and repair DNA damage,

which can keep the cell viable and lead to platinum resistance. (29,30).

1.5. DNA Damages, How and why?

The most significant molecule of our body, deoxyribonucleic acid (DNA), carries genetic
information which is used to encode all living things. The DNA strands constantly endure
different kinds of alterations and lesions. A part of these damages are results of regular metabolic

activities that takes place inside of the cells and another part of the damages are due to numerous



environmental and external variables such as damaging agents, atmospheric stressors, chemical,
radiations, chemotherapeutics, and reactive oxygen species (ROS) that also contribute to the
lesions that cells go through (31). As mentioned earlier, cells inherit different repair pathways to

correct any mismatch or lesions that DNA go through.

1.6. Major DNA repair and associated therapeutic resistance.

All cells have developed several repair mechanisms to correct lesions caused by chemicals
and UV-radiations (32,33). Mammalian cells have four primary repair pathways namely,
Nucleotide excision repair (NER), mismatch repair (MMR), base excision repair (BER) and double-

strand break repair (34,35).

The underlying resistance mechanism to the genotoxic treatments that predominates in clinical
situation cannot be determined with certainty. However, several experimental studies have
shown that one of the primary underlying causes of resistance to radiotherapy and
chemotherapy is increased DNA repair (32,36,37). The repair pathway that we focused on in

these series of studies were the Nucleotide Excision Repair (NER) pathway.
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Figure 1.2: DNA damage and repair pathway. The figure demonstrates some common causes of DNA damage and the repair
pathways (34)

1.7. Nucleotide Excision Repair (NER):

It has been claimed that one of the primary causes of platinum resistance is DNA damage
repair through the NER system (38). Mammals primarily employ nucleotide excision repair (NER)
to remove bulky DNA lesions that could be produced by the UV radiations, environmental
mutagens and certain cancer chemotherapeutic agents, and other environmental factors (38—
40). NER is a very flexible repair pathway that can identify, confirm, and fix a wide variety of helix-

distorting damages.

As it is shown in the Figure 1.3. a group of assembled repair proteins at the locations of the DNA
damage mediate NER. Nucleotide Excision repair pathway, a fairly complicated mechanism,
requires roughly thirty distinct proteins to carry out multi-steps of incise and patch process. (40—
42). Global genome NER (GG-NER) and transcription-coupled NER (TC-NER) are two sub pathways

which, through the action of damage recognition proteins, are involved in identifying the
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damaged section. These two sub-pathways have same core mechanism but are distinguish from
each other by how the lesions are detected (39). In contrast to GG-NER (Global genome
Nucleotide Excision Repair) which removes damaged DNA from the whole genome, TC-NER
(Transcription-coupled Nucleotide Excision Repair) performs a selective function in mending

lesions found on the coding strand of genes that are being transcribed. (34,43)

Following the damage recognition by the proteins, the damaged DNA’s backbone is excised by
the sub-pathways with the aid of the excision and helicase proteins. The NER process is finished
by ligating the nicks after both sides of the oligonucleotide have been removed and the
nucleotide gap is filled. It is suggested that the process with which the DNA damage is bypassed,
or the repair steps take place, will contribute to genomic instability and therapeutic resistance.

(32,38,44).
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Figure 1.3: A simplified model of Nucleotide Excision Repair (NER) pathway and its sub pathways. There are two sub-pathways
in the recognition of the damage in the DNA A) GG-NER and B) TC-NER. There are 4 major steps in the NER pathway, 1.
Recognition 2. verification 3. Excision 4. Gap filling that are demonstrated in simplified version (45)

11



1.8. ERCC1-XPF and the effect of blocking it with small molecules:

In mammalian cells, ERCC1-XPF protein complex functions as a 5’-3’ structure- specific
endonuclease and is engaged in several DNA pathways including Nucleotide excision repair
pathway. It is essential for NER because it incises the damaged DNA strand at the 5’ and 3’
positions, respectively, to eliminate the pyrimidine-(6,4)- primidone photoproducts (6-4PPs) and
cyclobutene pyrimidine dimers (CPDs) brought on by UV irradiation. Additionally, the ERCC1-XPF
heterodimer also plays a pivotal role in repair of chemically generated helix-distorting and bulky

DNA lesions, which are all substrates for the NER pathway (34).

A total of 297 amino acids makes up the ERCC1 domain, which also includes a helix-hairpin-helix
(HhH2) domain necessary for heterodimerization with XPF and a central region that interacts
with DNA and the XPA protein but is not catalytically active. The XPF protein domain, on the other
hand, consists of 916 amino acids and comprises important residues (FANCQ) that are nuclease,

helicase-like, and helix-hairpin-helix (HhH2) domains (34,46-48).

The Primary protein-protein interaction between ERCC1 and XPF is the development of a stable
heterodimer complex by the heterodimerization of their hydrophobic C-terminal domains (47).
Without the presence of XPF, it is expected that ERCC1 in unable to fold adequately in vitro,
functioning as a scaffold for XPF during protein folding (47). Both proteins were demonstrated to
be unstable in monomeric form and to instead aggregate once their hydrophobic interaction
domains were exposed, which caused them to degrade quickly (34,47,48). It has been established

that without dimerization, the protein complex derived from the catalytic domain of XPF lost its
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ability to serve as an endonuclease. It has also been demonstrated that the catalytically inactive

ERCC1fragment is still necessary for the heterodimer complex activity (47).

The three ERCC1-XPF heterodimer targets with the highest therapeutic potentials are the XPA-
binding domain necessary for the NER complex recruitment, the XPF endonuclease domain
necessary for the ERCC1-XPF complex’s catalytic activity, and the ERCC1-XPF interaction domain
crucial for stability and catalytic activity are the three targets on the ERCC1-XPF heterodimer with

the highest therapeutic potential.

1.9. Nanotechnology in Cancer therapy:

A broad variety of nano-scaled drug carriers, often known as nanocarriers, have been
created to enhance drug performance and overcome its pharmacokinetic resistance. Due to their
small size and high surface area to volume ratio, nano-carriers exhibit properties distinct from

those of bulk materials (49,50).

Nanocarriers are often designed to enable the delivery of medicinal or diagnostic agents to their
site of action. Effective targeted delivery methods are expected to produce comparatively greater
or more effective dosing at the targeted site while allowing for a lower systemic exposure of the
drug. The growth of this discipline has been sparked by the anticipated advantages of decreased
systemic adverse effects and concurrently better activity of the medications delivery by

nanotechnology products (50,51).

Nanocarriers are known to be able to accumulate in the solid tumors passively due to the
presence of leaky vasculature as well as impaired drainage of the lymphatic system. This

mechanism which known as the enhanced permeation and retention (EPR) effect, is believed to
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play a pivotal role in accumulation of nano sized carriers in tumors which is expected to enhance
the exposure, thus specificity of encapsulated cargo within the nanocarrier for the tumor versus
normal tissue. Targeted delivery is now a thriving area for nanomaterials and medicine delivery

(52-58).

The nanoparticles must be able to avoid systemic identification and capture by the mononuclear
phagocytic system in order to utilise the EPR effect for passive targeting. For this purpose, usually
polyethylene glycol (PEG) modification of nano-carriers is used to lengthen nano-carrier stay in

the blood circulation by avoiding immune system opsonization and clearance (50).

The development of a densely knit water network underlies the stealth effect of PEG chains. This
will provide the nano-carrier with a hydrophilic surface that will inhibit adsorption of opsonins
that may be recognized by the macrophages and mark the nanocarrier for uptake. PEG
modification not only would prevent the nano carriers from being cleared by the immune system,
prolonging their circulation duration which will eventually lead to enhanced their tumor

accumulation, but also prevents particle aggregation (50,59-61).

1.10. Polymeric Micelle

Polymeric micelles have attracted a lot of attention as colloidal delivery methods that
potentially meet the criteria for an optimal and flexible drug carrier. Polymeric micelles are
usually spherical, core-shell nanostructures that are formed through the self-assembly of
amphiphilic block copolymers in an agueous environment They frequently employed for the

solubilization of poorly water-soluble compounds and targeted drug delivery (50,62).
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Their core is usually chemically manipulated to facilitate the encapsulation of water

insoluble compounds, proteins, or DNA while the hydrophilic shell interfaces the biological fluid.

There are various reasons that would make the polymeric micelles a prime candidate for drug
delivery. Firstly, their small size (<100nm) is anticipated to make it more probable for the particles
to accumulate and distribute in the tumor adequately. Secondly their ability to encapsulate
hydrophobic drugs has made polymeric micelles an excellent option for a vast group of

compounds.

But above all due to the versatility of the choices for the core shell structure, polymeric micelles
could be designed and created in a way that is suitable for the pathophysiology of the disease,
physiochemical properties of the incorporated drug, the site of drug action, and the proposed

route of administration (63).

shell: PEO [W\r

| Core: PDLA, PBCL, PCL |

| Hydrophobic Compound: A4 | .

Figure 1.4: The schematic view of the polymeric micelles and example core, shell structure. Shell: Polyethylene glycol or PEQ,
Core: poly (D, L-lactide) or PDLA, poly (a-benzyl carboxylate-e-caprolactone) or PBCL and polycaprolactone or PCL

1.11. Liposomal nano carriers

Lipid based nano-delivery systems have been the flagship of all the nanocarriers systems
with many clinically available formulations in the market (64). Liposomes are microscopic

spherical shaped vesicles composed of phospholipids bilayer. The property of the compound
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determines whether it is encapsulated in the core, the lipid bilayer or the interface between the

two (65,66).

Compounds that are lipophilic are often integrated directly into the lipid bilayer, whereas drugs
that are hydrophilic are typically contained within the central aqueous core. Following the
general concept of any nano-delivery system, the loaded compound will take on the
pharmacokinetic characteristics of the carrier rather than the free agent, which would make it

more probable to accumulate in the tumor and distribute in the tissue (65—69).

Development of pegylated liposomes (STEALTH liposomes) were achieved after realizing that
incorporation of polyethylene glycol causes the liposomes to remain the blood circulation longer

which would increase the chance of them to accumulate in the cite of action (66,67,70).

Considering that the major role of the compounds that are studied in this project are
chemosensitization of the cancer cells to the effect of chemotherapy, the mutual factor in
rationalizing the use of nanoparticles is the increase of tumor specificity of the chemosensitizer

compounds so that the normal cells do not become sensitized to the effect of chemotherapy.
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Figure 1.5: Schematic view of the liposomal formulation. Indicating different phospholipids incorporated in the project and a
schematic demonstration of hydrophilic drug encapsulated in the core of the liposomes.

1.12. Rationale

ERCC1-XPF is proven to be a key enzyme in the NER pathway which is involved in the
repair of the damages that has been done to the DNA of the cells following radiation or treatment
with DNA damaging agents such as platinum based chemotherapeutics or cyclophosphamide.
(71). Based on the previous studies it has been proven that the inhibition of the interaction
between the ERCC1 and XPF is able to sensitize the cell to the effect of genotoxic therapeutics.
(47,48). Different generations of inhibitors of ERCC1/XPF dimerization has been developed as
chemo and radio-sensitizing compounds by our collaborators, Dr Fred West and Dr Michael
Weinfeld (71). Among all the synthesized compounds, Compound 4 (A4) were shown to be a
potent inhibitor of ERCC1-XPF (ICso = 0.33 + 0.12 uM and K4 100 #+ 5) (71). Considering that the
A4 compound is water insoluble, in order to tackle the solubility issue and at the same time

increase its tumor specificity, encapsulation of the compound in nanocarriers is proposed (71).
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Figure 1.6: The chemical structure of ERCC1-XPF inhibitor known as A4
Considering the water insolubility of the compound and the previous success that polymeric

micelles had in delivery of hydrophobic compounds, they are the prime nanocarrier candidates

for the delivery of A4. (63)

While studying and synthesizing these series of compounds, the research group of Dr. Frank
West’s identified a chemically close structure to that of A4:i.e., an antimalaria drug, known as
pyronaridine (PYD), as a potential ERCC1/XPF inhibitor (72). Based the recent studies not only
PYD has demonstrated chemotherapeutic activity but also it has been shown to be a modulator
of P-glycoprotein (73). Considering that PYD is water soluble, the main goal of its encapsulation
is to increase its specificity and potency. For this purpose, the proposed nanocarrier was a

liposomal delivery system with components similar to that of Doxil® formulation.
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Figure 1.7: The chemical structure of PYD an antimalaria drug which inhibits the interaction of ERCC1-XPF

1.13. Hypothesis

Project one: Encapsulation of A4 (a water-insoluble inhibitor of XPF enzyme) in properly
designed polymeric nano-carriers will enhance the aqueous solubility level of the drug,
slowdown its release while keeping the chemo-sensitizing activity of this ERCC1/XPF inhibitor

intact.

Project two: Liposomal formulation of pyronaridine (LPY) slowdown its release while keeping

the chemo-sensitizing activity of this ERCC1/XPF inhibitor intact.
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1.14. Objectives

W

To select the proper polymeric drug delivery system for A4

To examine the anti-cancer activity of the free and encapsulated drug in colorectal
cancer model in combination with platinum drugs.

To develop and optimize liposomal formulation (Lpy) of PYD for passive tumor targeting
To examine the anti-cancer activity of the free and encapsulated drug in colorectal

cancer model in combination with platinum drugs.
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Chapter Two: Nano-encapsulation of a novel inhibitors of
ERCC1-XPF for targeted sensitization of colorectal cancer to
platinum-based chemotherapeutics
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2.1. Introduction

Colorectal cancer is the third most diagnosed cancer, with 1.8 million cases worldwide. It
is the second leading cause of cancer deaths, with a global annual rate of 850000 deaths (4,74).
Based on the pattern of population growth and aging, it is anticipated that by 2040, 3.2 million
new CRC cases will be diagnosed globally. While surgery is the most curative option for
nonmetastatic cases, the patient outcome of treatment strongly depends on many factors,
including the staging of cancer. Chemotherapy and radiotherapy could be employed to decrease
the size of the tumor before surgery so that surgery would be possible (3).
Platinum drugs are used for the treatment of many types of cancers, such as ovarian, breast,
lung, and colorectal cancer (28,75). The mechanism of action of platinum drugs is to bind to the
DNA of a cell and form DNA adducts which will lead to intrastrand or interstrand cross-links.
These cross-links will result in the disruption of the structure of DNA molecules. Both oxaliplatin

and carboplatin cause DNA lesions which will finally lead to apoptosis of the cells. (26,29,76,77).

However, the use of platinum-based drugs as chemotherapeutics has been associated with
chemoresistance and dose-dependent adverse side effects. Chemoresistance to platinum drugs
is shown to be associated with several underlying mechanisms, including decreased cellular

uptake (78), accelerated detoxification (79), and enhanced DNA repair (29,75).

Although treating cancer cells with platinum DNA-damaging agents could result in lesions to the
DNA of the cell followed by its apoptosis but it would also result in activation of many DNA

repairing mechanisms such as Nucleotide Excision Repair pathway (NER) leading to resistance to
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the effect of DNA damaging agents. Previous studies shows that NER pathway is a key pathway

in defining the sensitivity of cancer to the effect of platinum-based drugs (26,76,77).

ERCC1-XPF is a heterodimeric enzyme which has a key role in NER pathway (80). In this structure
ERCC1 is considered catalytically inactive and its main role is to stabilize XPF, while XPF has the
endonuclease activity (81,82). ERCC1-XPF is an attractive target for sensitization of cancer to
platinum based chemotherapeutics, due to the availability of its crystal structure and the
availability of multiple binding sites on the protein that can be accessed by small molecule

inhibitors (71).

Inhibition of XPF by small molecules, can prevent its dimerization with ERCC1 leading to rapid
degradation of either protein and eventual sensitization of cancer cells to the effects to DNA

damaging agents such as platinum-based chemotherapeutics (46,48).

Our research group have been focusing on synthesizing different small molecule inhibitors of
ERCC1/XPF dimerization with the aim of sensitizing cancer cells to the effect of DNA damaging
cancer therapeutics. A4 is one of these small ERCC1/XPF inhibitors developed by our team
showing significant sensitization of colorectal cancer cells to cyclophosphamide and UV radiation

in previous studies (71,83-85).

While preliminary results on A4 are promising, poor water solubility and lack of specificity to
cancer cells would limit its further use for more thorough studies on this compound. To overcome
these shortcomings, in the present research, we developed a polymeric micellar formulation of
A4 that can increase the soluble levels of this ERCC1/XPF inhibitor. We then assessed the

physicochemical properties of the developed formulation and its activity in combination with two
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platinum-based chemotherapeutics in colorectal cancer cell lines. Nano-drug delivery systems of
appropriate size and surface properties are known to accumulate in the solid tumor (52).
Polymeric micellar formulations that are the subject of this study, have shown great potential in
solubilisation of poorly soluble drugs and/or targeted delivery of the accommodated cargos in

previous studies (63).

The results pointed to the potential of polymeric micellar formulations of A4 were able to not
only enhance solubilized drug A4 levels, but to slow down its release and at the same time
maintain activity of A4 in the inhibition of ERCC1/XPF in colorectal cancer cells and show synergy

in combination with carboplatin.

2.2. Material and Methods

2.2.1. Materials

Methoxy-polyethylene oxide (mPEQ) (average molecular weight of 5000 g/mol) bovine
serum albumin (BSA), and research-grade organic solvents were purchased from Sigma (St. Louis,
Mo, USA). L-lactide (98%) was purchased from Alfa Aesar, Lancashire (UK). D-Lactide (98%) was
a generous gift from Purac, Schiedam, Netherlands. e-Caprolactone was purchased from
Lancaster synthesis (UK). a-Benzyl carboxylate-e-caprolactone monomer was synthesized by
‘Alberta Research Chemicals Inc.” (Edmonton, AB, Canada), according to a previously published
procedure (86). Stannous octoate was purchased from Sigma Aldrich, purified, and dehydrated
by toluene azeotropic distillation, which was followed by vacuum distillation. Cell culture media
DMEM, fetal bovine serum (FBS), and penicillin-streptomycin were purchased from GIBCO.

Spectra/Por dialysis tubing (MWCO, 3.4kDA) was purchased from Spectrum Laboratories (Rancho
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Dominguez, CA)
2.2.2. Synthesis of A4

Synthesis of compound A4 was achieved through a one-pot sequential addition reaction
in 3 steps as previously reported by our collaborator and shown in Figure 1A (Ref: J. Med. Chem.
2019, 62, 17, 7684-7696). Mannich reaction of p-acetamidophenol with formaldehyde and
appropriate secondary amine in 2-propanol was carried out under reflux for 12 h. The solvent
and excess of the unreacted formaldehyde from the resulting mixture was removed under
vacuum and without isolating the compound, the resulting viscous residue was treated with 6 M
HCl to deacetylate the acetamido group to furnish the primary amine as depicted for
intermediate 1in Figure 1B. Afterwards, an equimolar amount of 6,9-dichloro-2-methoxyacridine
was added, affording after heating compound A4 in good yield after isolation and purification.
The reaction sequence in synthesis is general, facile, and reproducible. The synthesized
compound A4 were characterized by *H NMR, 3C NMR, HRMS, IR and the purity of A4 was
determined by HPLC (298% purity) as shown in Figure 2.1
2.2.3. Synthesis and characterization of polymers
2.2.3.1. PEO-b-PBCL

The PEO-b-PBCL diblock copolymer was synthesized as it was described before (86).
Briefly, the ring-opening polymerization of the 2.325 g of a-benzyl carboxylate-e-caprolactone
(Mw:248 g/mol) was initiated with 1.25 g of PEO (methoxy polyethylene oxide) (Mw:5000 g/mol)
using 4 drops of stannous octoate, as the catalyst. The reaction was conducted in a 10 mL ampule
containing all the reactants and sealed under a vacuum. The reaction proceeded at 140 °C for 4

hours. The synthesized polymer was then purified through dissolving the product in
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dichloromethane (DCM), precipitation with hexane at cold temperature (-20 C) for 10 minutes.
The resulting precipitant was then washed by following the use of the DCM/hexane addition and
cooling process for 5 to 10 times.

After purification, the synthesized diblock copolymer was characterized by *H NMR (600 MHz
Avance llI- Bruker, East Milton, ON, Canada) using deuterated chloroform (CDCls), as solvent. The
area under the curve for peaks at 3.580 and 5.079 ppm related to PEG (polyethylene glycol) and
a-benzyl-carboxylate-e-caprolactone groups in the polymer structure, respectively, were used to
measure the molecular weight and degree of polymerization (Dp) of the hydrophobic block in the
polymer assuming an average DP of 144 for the PEO block.
2.2.3.2. PEO-b-PCL

The synthesis of PEO-b-PCL was carried out as described before (86). briefly a typical
reaction, 1.25g methoxy polyethylene oxide (Mw:5000 g/mol) was reacted with 1.255g of e-
caprolactone (Mw:114.4). The ampule was then sealed under a vacuum and kept in an oven with
atemperature of 140 °C for 6 hours. The polymer was characterized by *H NMR (600 MHz Avance
llI- Bruker, East Milton, ON, Canada) using deuterated chloroform (CDCL3), as solvent. The area
under the curve for peaks at 3.664 and 4.079 ppm related to PEG (polyethylene glycol and
caprolactone groups and e-caprolactone in the polymer structure were used to measure the
molecular weight and the DP of the hydrophobic block in the polymer assuming an average DP

of 144 for the PEO block.

2.2.3.3. PEO-PDLA (50-50)
The synthesis of PEO-PDLA (50-50) was also carried out as described before (62,86).

Polyethylene oxide (Mw:5000 g/mol) was the initiator and a 50:50 mixture of L-lactide and D-
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lactide were used as monomers in this reaction (62). Briefly, MePEO (0.6 g) was reacted with a
50-50 ratio of L-lactide and D-lactide (total weight of 0.7g, 0.35g of D-lactide, and 0.35g of L-
lactide) in an ampule. Stannous Octoate (5-6 drops) was used as the catalyst. The ampule was
then sealed under a vacuum and kept in an oven with a temperature of 140 °C for 6 hours. The
synthesized polymer was then purified as described above. The purified polymer was
characterized by *H NMR (600 MHz Avance llI- Bruker, East Milton, ON, Canada) using deuterated
chloroform (CDCls), as solvent. The area under the curve for peaks at 3.581 and 5.101 ppm related
to PEG (polyethylene glycol and D, L Lactide groups in the polymer structure were used to
measure the molecular weight and DP of the hydrophobic block in the polymer assuming an

average DP of 144 for the PEO block.

2.2.4. Self-assembly of prepared block copolymers

A cosolvent evaporation method was used to prepare empty or drug-loaded polymeric
micelles (PMs) (62,87). A4 and diblock copolymers were dissolved in 0.6 mL of acetone. The
mixture was then added dropwise to 3 mL of double-distilled water. The remaining acetone
evaporated under the fume hood overnight while stirring, using a magnetic bar. The PM
dispersion was centrifuged at 11600 x g for 5 min. This was followed by filtration of the PMs using

a 0.22pum MF-Millipore™ Membrane. (Syringe-driven Filter Unit, Millex, 33mm).

2.2.5. Characterization of loaded and unloaded PMs

The average size (Z-average), polydispersity index (PDI), and zeta potential (ZP) of the
prepared PMs were assessed using dynamic light scattering (DLS) Malvern Zetasizer 3000
(Malvern Instruments Ltd., Malvern, UK). A4 has an absorbance at 470 nm. This was used to

measure the amount of loaded drug using a plate reader (Synergy H1 Hybrid Reader Biotek,
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Software Gene5 1.11) based on a calibration curve of the drug in a DMSO: water 50:50 solution.
The prepared PMs dispersion in aqueous media was diluted with the same volume of DMSO to
disrupt the PMs, and the concentration of A4 was measured by UV spectroscopy as described

above. The A4 loading and loading efficiency were calculated based on the following equations.

A4 loading (%) = Weight of the encapsulated A4 in PMs < 100
0atmng A7) = Trotal weight of the polymer in PMs

Weight of the encapsulated A4

A4 Encapsulation ef ficiency (%) = Initial welght of the A4 added %X 100

The stability of the PMs in terms of the potential for aggregation or drug leakage was assessed
(88). For this purpose, the PMs were kept in a fridge and at room temperature for 20 days. The
shape morphology, loading, and encapsulation efficiency of the drug during the storage period
were assessed. The morphology of the prepared PMs was checked with TEM as described before
(89). Briefly, PM samples in water (0.17 mg/mL) were transferred to a copper-coated grid and
incubated at room temperature for 15s. The water was dried with a piece of Whatman paper.
The samples were then stained using a 2% phosphotungstic acid solution. The excess stain was
removed with filter paper after 2 minutes. The prepared TEM (Transmission Electron Microscopy)
specimens were then analyzed in a Morgagni 268 TEM microscope (Philips/field emission). The

inserted camera was Gatan a CCD camera.

2.2.6. In Vitro drug release
The in vitro release of loaded A4 from PMs was assessed using the equilibrium dialysis
technique (n=3). Each dialysis bag (Spectrapor dialysis tubing, MWCO=3.5 kDa, Spectrum

Laboratories, Rancho Dominguez, CA, USA.) was filled with 3mL of the PM formulation of A4 in
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water. Each bag was immersed in 300 mL of the release solution containing double distilled water
and 10 % BSA. The media was changed after 12h. At selected time points (0, 2, 4, 6, 8, 24 h) 200
uL of samples were taken from inside the dialysis bags and replaced with fresh water. The A4
concentration remaining in the dialysis bags was quantified using a plate reader at 470 nm as
described above (Synergy H1 Hybrid Reader Biotek, Software Gene5 1.11) (89). The drug
concentration remaining in the bag was subtracted from the total drug concentration and used
as the released drug concentration.
2.2.7. Cell lines

Three cell lines HCT116, HT-29, and SW620 were initially purchased from American Type
Culture Collection (ATCC) by Dr. Weinfeld’s Lab and lent to us. The cells were grown in DMEM

supplemented with 10% FBS and 1% penicillin-streptomycin (90).

2.2.8 Proximity ligation assay

The interaction and disruption of ERCC1-XPF heterodimer is assessed after being treated with 2
UM of A4 compound. Proximity ligation assay was performed as explained before (85,91,92). As
a brief explanation, 30,000 SW620 cells were seeded in an 8 well Nun Lab-Tek chamber slide
system. The slides were incubated for 24 hours prior to the treatment. After adding the
treatments, cells were incubated for 24 hours and then processed for protein proximity analysis
using the Duolink assay (Olink Bioscience, Uppsala, Sweden) with and ERCC1 antibody (FL-297,
1/100; Santa cruz biotechnology, Santa Cruz, CA, USA) and XPF antibody (LS-C173159, 1/100;
LifeSpan BioSciences, Seattle, WA). The Samples were then fixed and stained with DAPI. Later

then the cells were visualized with ZEISS Axio Scan.Z1 slide scanner (ZEISS, Oberkochen,
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Germany). The nuclei of the cells are shown as blue dots. The red dots are presenting the
interaction between ERCC1, and XPF and they were analyzed with Imagel) software (LOCI,
University of Wisconsin, USA). Results are determined as mean values from two experiments

conducted independently.

2.2.9. Cytotoxicity Assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was
used to assess the cytotoxicity of the A4 (free or as PEO-PBCL PM formulation) alone or in
combination with platinum-based drugs, carboplatin, and Oxaliplatin, against HCT116, HT29, and
SW620 cells. Briefly, 2 x 103 cells were seeded in 96 well plates. The plates were kept in the
incubator overnight so that the cells would adhere to the plates. The day after cells were treated
with different concentrations of A4 and platinum-based drugs using a 4-hour time interval
between treatments. The cytotoxicity was assessed at 24, 48, and 72h after incubation with the
second treatment. After incubation, 20 pL of MTT solution (5 mg/mL) was added to the plates
and incubated with the cells for 2hs. Then the culture media was removed and replaced with 100
uL of DMSO to dissolve all the crystals. The percentage of cell viability was calculated based on
the amount of light absorption of dissolved crystals at 570 nm for A4/platinum treated cells

compared to media treated cells (93).

2.2.10. Colony formation assay

For HCT116 cells in combination with chemotherapeutics, 100 cells were seeded.
After seeding the plates were kept in the incubator overnight for cells to adhere to the petri dish.
Cells were then treated with the A4 (free or in PEO-PBCL PMs) first, and after a 4-hour period,
they received different concentrations of carboplatin or oxaliplatin. The media was changed after
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3 days. At the endpoint of the study, the cells were fixed with freezing cold methanol and stained
with 0.5% crystal violate solution. The colonies were counted afterward. The plating efficiency
was then calculated (94).

Number of counted colonies
Number of Seeded Cells

(Plating ef ficiency) =

2.2.11. Statistical Analysis

All experiments were repeated at least three times, and the data are shown as mean %
standard deviation (SD). The significant difference was assessed with One-way or two-way
ANOVA followed by Tukey’s post-hoc analysis. Statistical analysis was carried out using Graph
Pad Prism 9 Software (GraphPad Software Inx., La Jolla, CA, USA). If a significant difference was
seen between groups, groups were compared using the Mann-Whitney U test. A value of p<0.05

were considered significantly different in all the experiments.
2.3. Results

2.3.1. Physicochemical Characterization of polymeric micellar formulations

The structure of the three-block copolymers and degree of polymerization (DP) of the
hydrophobic block was assessed using *H NMR (Figure S1) (86). The data showed a DP of 42, 32,
and 35, for the hydrophobic block in PEO-PCL, PEO-PBCL, and PEO-PDLA copolymers,
respectively. The physicochemical characteristics of the assembled PMs with or without A4
loading, including their average diameter, polydispersity index, encapsulation efficiency, and

loading content, are listed in Table 2.1.

The average size of all PMs was below 100 nm, and all formulations showed a relatively narrow

polydispersity index (below 0.25). The size of all three PMs after A4 loading seemed to be smaller
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(p<0.05), which could be the result of hydrophobic interaction between the hydrophobic A4 and
the core of the PMs. Among all the formulations, PEO-PBCL demonstrated the smallest size while
PEO-PCL size changed the most after A4 loading. Also, the smallest loaded PMs were formed by
PEO-PBCL which had the highest encapsulation efficiency for A4 (83.06 + 5.83 %) at the same

time.

The size of PMs obtained by TEM microscopy was assessed with Image J software. The sizes that
were obtained by the TEM microscopy were considerably smaller that the ones obtained with
DLS. Between the three different formulations, PEO-PBCL was demonstrating less difference in

size between the two methods.

The mean zeta potential of empty PMs is negative at -5 to -9 mV. However, the mean zeta

potential shifted toward positive mV after A4 was loaded inside the carriers

Overall, among all the carriers, PEO-PBCL PMs has shown the best loading, smallest average

diameter and PDI.

HPLC chromatogram of A4 measured at 210 and 254 nm:
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Figure 2.1: HPLC chromatogram of A4, yielded a purity of 98%.
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Table 2.1: Physicochemical characteristics of the self-assembled empty and A4 loaded block copolymer micelles (n=3)

Average diameter +

Average diameter *

Loading content

Encapsulation

PM formulation sDb PDI £SD" SD (nm)© Zeta potential (w/w%) Efficiency (%)
PEO144-b-PCLsg? 61.60+0.41 0.240 + 0.007 30.51+8.1 -9.5+0.23 - -
PEO144-b-PClas/A4 55.71+0.384 0.105 +0.015 35.591+13.39 4.76 0.1 7.64+0.33 69.45 +9.04
PEO144-b-PBCL3; 46.37£0.25 0.220 £ 0.070 32.931+10.1 -7.58 +0.069 - -
PEO144-b-PBCL3>/A4 39.73+0.32¢ 0.120 +0.008 31.0+£9.27 3.35+0.48 11.48+0.37¢ | 83.06£5.83¢
PEO144-b-PDLA3s 79.12+0.43 0.178 +0.008 32.61+13.98 -5.5+0.04 - -
PEO144-b-PDLAss/A4 68.12+0.11¢ 0.099 +£0.013 27.963 +10.56 3.3210.17 7.56+0.86 75.65 + 8.66

a)  The subscript number shows the DP of the block in the copolymer structure
b) based on DLS data.
c) based on TEM data
d) Differences were considered significant if p < 0.05, following unpaired student’s t test comparison between the free and loaded

polymeric micelles or
e) Differences were considered significant at *p < 0.05 (one-way ANOVA multiple comparison test following Tukey’s method)

The morphology of the polymeric micelles was investigated with the help of TEM for both loaded

and unloaded PMs, where the spherical shape of PMs was confirmed.

-

PEO-PCL/A4
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PEO-PBCL PEO-PBCL/A4

PEO-PDLA 50-50 PEO-PDLA/A4 50-50
Figure 2.2: TEM Pictures of PMs (loaded and unloaded with A4). Images were obtained at a magnification of 110,000x at 75kv.

2.3.2. In Vitro Drug Release

Figure 2.3 shows the release profile of free A4 versus the three developed formulations.
During the first 4hours of the study, more than 90% of the free A4 (93.4%) was released from
the dialysis bag (MWCO = 3.5kDa). In contrast, only 20.43% of the drug in the PEO-PBCL
formulation was released from the carrier and into the release media at the same time point.
The two other formulations, PEO-PDLA and PEO-PCL PMs, were able to slow down the release
to 78.97% and 42.68% after 4hs. After 24 hours about 45% of the drug was released from the
PEO-PBCL PMs. While PEO-PDLA and PEO-PCL micelles released > 80 % of their A4 content
within 24 hrs. Overall, among the formulations under study, the kinetics of drug release from
the fastest to slowest followed this order: free A4 > PEO-PDLA/A4 > PEO-PCL/A4 > PEO-

PBCL/A4.

Overall, the PEO-PBCL PMs provide the smallest PM formulations of A4 with the highest

encapsulation and slowest release profile. As a result, all further studies were done, Using PEO-
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PBCL as the nano-carrier.
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Figure 2.3: The in vitro release profile of A4 (mean + SD, n=3) from the three polymeric micellar carriers vs. the release of free

A4.

2.3.3. Proximity ligation Assay

We investigated to see whether A4 compound has the ability to inhibit the interaction between

ERCC1 and XPF protein in SW620 cell line. Figure 2.4 shows that A4 compound significantly

reduced the number of fluorescent foci resulting from dimerized ERCC1-XPF in comparison to

the single foci visualized with cells only treated with control.

35



DAPI Red Foci (A 624 nm) Merge

Control
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Figure 2.4: This figure indicates that A4 (2 uM) loaded into PBCL was able to disrupt the XPF-ERCC1 dimer when loaded directly
into SW620 cells. This action could not be replicated by PBCL alone, indicating that PM/A4 provided an appropriate vehicle to
release A4 into SW620 cell and modified XPF-ERCC1 in situ.
2.3.4. In Vitro nonspecific cytotoxicity of A4 and its PEO-PBCL PM formulation against CRC
cells

The level of A4 cytotoxicity against three different CRC cell lines, HCT116, SW620, and HT-

29, following incubation for 24, 48, and 72h was assessed by MTT assay. Data is shown in Figure

2.5, and the ICso values are demonstrated in Table 2.2.
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Table 2.2: The ICso(mean + SD) of free A4 against colorectal cancer cell lines measured by MTT assay (n=3)

Free Ad ICso in HCT116 ICso in SW620 ICso in HT29
(nM) (uMm) (uM)
24h 3.127 £+ 0.04 1.286 + 0.03 2.183 +0.139
48h 1.56 + 0.05 1.248 + 0.06 1.297 + 0.07
72h 1.59 + 0.06 0.4810 + 0.02 0.495 + 0.02

Table 2.3: The IC50 of free A4 against colorectal cancer cell lines measured by MTT assay (n=3)

ICso in HCT116 ICs0 in SW620 ICso in HT29
PM/A4
(uMm) (uM) (uM)
24h >16 uM (8-16) uM (8-16) uM
48h (8-16) uM (8-16) um > 16 uM

The nonspecific cytotoxicity of A4 seemed to increase as its incubation time was enhanced.
However, in general, the nano-formulation seemed to reduce the nonspecific toxicity of A4
against all three cancer cell lines. Considering that HT-29 showed a considerably lower level of
sensitivity to the effect of A4 compound, the rest of the studies were done on the two other cell
lines. The empty micelles were not cytotoxic and did not show any decrease in the level of

toxicity. (Also the amount of absorbance was deducted from all the wells).
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Figure 2.5: The comparison between the cytotoxicity of free and PEO-PBCL PM loaded A4 in three CRC cell lines following 24, 48,
and 72 h incubation as determined by MTT assay ((n=3).

2.3.5. Sensitization of CRC cells to Carboplatin by A4 and its PEO-PBCL micellar formulation
In this series of studies, A4 was applied 4h prior to platinum drug treatment, and its
function as a chemosensitizer was evaluated. The study was performed using A4 concentrations

below the IC50 of this compound as a single agent in the two cell lines A) HCT116 and B) SW620
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under study, i.e., 0.25 and 0.5 uM of A4 either as free or PEO-PBCL PM formulation. (Figure

2.6.)

A
HCT116
o
100 - Carboplatin
s 80 == Carboplatin+A4 (0.5 uM)
> —— Carboplatin+PM/A4 (0.5 uM)
5 60
S
> 40
©
© 204
0 I I I I I I I I
0 25 50 75 100 125 150 175 200
Carboplatin concentration yM
B
SW620
100 == Carboplatin
9 80 =~ Carboplatin+ A4 (0.5 uM)
> — Carbopaltin& PM/A4 (0.5 uM)
S 60-
8
> 404
°
O 20-
0 1 I I 1 1 1 1 1
0 25 50 75 100 125 150 175 200
Carboplatin concentration pM

Figure 2.6: Cytotoxicity of Carboplatin without and with A4 (Free or Polymeric micelles) at 72h incubation against A) HCT116
and B)SW620 cell line (n=3), There is a 4-hour time interval between the two treatments. * Shows statistically significant
difference from control PM alone; * shows statistically significant from free A4 (Two-way ANOVA, Tukey’s multiple comparison
test)

The results showed a chemo-sensitizing activity when 0.5 uM concentrations of A4, particularly

as a PM formulation, was combined with carboplatin in both CRC cells under study Figure 2.6 on
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the other hand, 0.25 uM of A4, while showing a minor effect in combination with the

chemotherapeutic, was not as effective as 0.5 uM A4 as a chemosensitizer.

2.3.6. Sensitization of CRC cells to Oxaliplatin by A4 and its PEO-PBCL micellar formulation

The chemo-sensitizing effect of A4

in combination with another

platinum

chemotherapeutic agent, i.e., Oxaliplatin, is assessed as well. The data showed the cell lines

under study to be much more sensitive to the effects of oxaliplatin alone than carboplatin. (Figure

2.7.)
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Figure 2.7: Cytotoxicity of Oxaliplatin without and with A4 (free or polymeric micelles) at 72h incubation against A) HCT116 and
B) Sw620 cell line (n=3). There is a 4-hour time interval between the two treatments. * Shows statistically significant difference
from control PM alone; * shows statistically significant from free A4 (Two-way ANOVA, Tukey’s multiple comparison test)

Overall, A4 and its PM formulations were less effective as chemosensitizers when combined with

Oxaliplatin.

2.3.7. Colony forming Assay

2.3.7.1. HCT116

In the HCT116 cell line, the combination of A4 and carboplatin has shown more promising results
as the combination of either free or PM A4 led to lower surviving fraction of the HCT116 cells at
both 0.0626 and 0.5 uM A4 concentration. Meanwhile, in this cell line, the combination of A4
and oxaliplatin did not show promising result and increasing the concentration of PM A4 only led
to a negligible improvement in cytotoxicity in combination with the highest concentration of

oxaliplatin under study. (Two-way ANOVA, Tukey’s multiple comparison test) (n=3) (Figure 2.8.)
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Figure 2.8: The results of clonogenic assay following combination of A4 and A4 PM with carboplatin (3.125, 6.26, 12.5 uM) or
oxaliplatin (0.5, 1,2 uM) against HCT116 (n=3).( * purple) Shows statistically significant difference from control PM alone; (*
green) shows statistically significant from free A4 (Two-way ANOVA, Tukey’s multiple comparison test)

2.3.7.2. SW620

In SW620 cell, the combination of A4 and PM/A4 seemed to enhance the cytotoxic effects of

both carboplatin and oxaliplatin. This effect was still more consistent in combination of either free or

PM A4 with carboplatin. Combination of PM A4 has shown to increase the cytotoxic activity of

oxaliplatin against SW620 cells when higher concentrations of A4 were used (0.5 uM) (Two-way ANOVA,

Tukey’s multiple comparison test) (n=3) (Figure 2.9.)
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Figure 2.9: Clonogenic assay in SW620 cells treated with carboplatin (3.125, 6.25, 12.5 uM) or oxaliplatin (0.5, 1,2 uM) in the
presence empty PMs or 0.0625, 0.5 uM of free or PM loaded A4 (n=3) (* Purple) shows statistically significant difference from

(Two-way ANOVA, Tukey’s multiple comparison test)

control PM alone; (
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HCT116 Colony Pictures
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Carboplatin:
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Figure 2.10: Clonogenic assay in HCT116, A4 (0.0625 uM) and Carboplatin (3.125, 6.25, 12.5 uM) (n=3)
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Figure 2.11: Clonogenic assay in HCT116, A4 (0.0625 uM) and Oxaliplatin (0.5, 1, 2) (n=3)

A4:0.5, Carboplatin:3.125, 6.25, 12.5 uM
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Figure 2.12: Clonogenic assay in HCT116, A4 (0.5 uM) and Carboplatin (3.125, 6.25, 12.5) (n=3)
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2 UM
Figure 2.13: Clonogenic assay in HCT116, A4 (0.5 uM) and Oxaliplatin (0.5, 1, 2) (n=3)
SW620 Colony pictures
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3.125 uM

49




Carboplatin:
6.25 uM

Carboplatin:
12.5 uM

A4:0.0625 uM, Ox: 0.5, 1, 2 uMm

Figure 2.14: Clonogenic assay in SW620, A4 (0.0625 uM) and Carboplatin (3.125, 6.25, 12.5) (n=3)
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Figure 2.15: Clonogenic assay in SW620, A4 (0.0625 uM) and Oxaliplatin (0.5, 1, 2) (n=3)

A4: 0.5 pM, Carboplatin 3.125, 6.25, 12.5 puM
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Figure 2.16: Clonogenic assay in SW620, A4 (0.5 uM) and Carboplatin (3.125,6.25, 12.5) (n=3)
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Figure 2.17: Clonogenic assay in SW620, A4 (0.5 uM) and Oxaliplatin (0.5, 1, 2) (n=3)

2.4. Discussion:

Inhibitors of DNA repair can make cancer cells sensitive to the effects of DNA damaging
therapeutics but may have the same effect on normal cells. Development of nanocarrier for
targeted delivery of novel inhibitors of DNA repair enzyme, ERCC1/XPF was pursued in this study
to reduce the chance of their side effects on normal cells, particularly when combined with DNA
damaging agents. This study aimed to design a polymeric micellar formulation for the A4
compound, which would tackle the poor water solubility of the compound while showing promise
in enhancing its delivery to colorectal cancer cells for targeted sensitization of cancer over normal

cells to the effect of platinum-based compounds.

Carboplatin and Oxaliplatin, as two of the chemotherapeutic agents with the capability of
damaging the DNA of the cells, have been used in the treatment of many types of cancer,
including colorectal cancer (28,75). However, drug resistance, high toxicity, and side effects that
most patients suffer from, can hinder their activity in increasing patient outcome (29,75,95). In

this study, we followed two main objectives. First, to find the most desirable polymeric micellar

54




for the A4 compound that would tackle this compound's poor water solubility offering the highest
A4 encapsulation efficiency and slowest release profile in biologically relevant release media.
Second, to assess the cytotoxicity activity of the free and encapsulated drug in colorectal cancer
model in combination with platinum drugs Such formulations are expected to provide
pharmacologically relevant drug doses and a potential tumor targeted drug delivery profile for

future animal studies.

Among all three developed PM formulations, PMs based on PEO-b-PBCL demonstrated the best
loading efficiency for A4 while reducing its release rate better than the other formulations at the
same time (Table 2.1. and Figure 2.3.). These desirable physicochemical characteristics, such as
smaller size, higher loading content and the slower release of A4 from this structure, is attributed
to the presence of pendent a-benzyl carboxylate group on PCL. The PEO-b-PBCL, with a-benzyl
carboxylate, has a higher hydrophobicity than other block copolymers under study. The higher
loading of A4 in the PBCL containing micelles could be due to hydrophobic interactions between
the drug and the core-forming block. This has been shown in both DLS and TEM data. In general,
the TEM revealed smaller average diameters for the micellar formulations compared to DLS,

which was expected due to the dry nature of the samples in the TEM measurements.

The same hydrophobic interaction can be the reason for the retainment of ~ 50% of the drug
content in the PEO-PBCL micellar formulation after 24 hours of release study in the biologically

relevant media.

The results of cytotoxicity study revealed, cytotoxic activity for A4 monotherapy in the three

human colorectal cancer cell lines under study, although the HCT116 cells appeared to be less
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sensitive to this effect compared to the other two cell lines. In addition, the PEO-PBCL micellar
formulation of A4 was able to lower the non-specific toxicity of A4 in all three CRC cell lines under
study, in vitro (Figure 2.5.). This could be attributed to slow release of A4 from the micellar

formulation.

In colony forming assay, when combined with platinum-based DNA damaging agents, A4 at a low
concentration of 0.0625 uM showed to sensitize both cell lines to the anticancer activity of
carboplatin, but not that of oxaliplatin. Higher concentrations of A4 (0.5 uM) were needed to
see its sensitizing effects for oxaliplatin in both cell lines, however. Besides, the PM formulation
of A4 was more effective as a chemo-sensitizer when combined with oxaliplatin, while both free
and PM/A4 showed similar activity in sensitization of CRC cell lines to carboplatin. Similar trend
was observed in MTT assay, where the chemo-sensitizing activity of A4 was more noticeable in
combination with carboplatin particularly in SW620 cells. Similar to colony forming assay, in MTT
assay only PMA4 showed sensitizing activity in combination with oxaliplatin in SW620 cells, as

well.

Conclusions:

The results points to PM A4 as a nano-formulation for this novel inhibitor of ERCC1/XPF capable

of sensitization of CRC cells to the anticancer activity of platinum-based chemotherapeutics.
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Chapter Three: Repurposing pyronaridine as a novel inhibitor
of heterodimeric ERCC1-XPF DNA endonuclease complex for
target sensitization of colorectal cancer to platinum-based
chemotherapeutics
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3.1. Introduction

Colorectal cancer is the third most diagnosed cancer worldwide and the fourth cause of
cancer death around the world. While regular screening has helped to decrease colorectal cancer
mortality in some parts of the world, it is anticipated that by 2035 due to factors such as
population growth and aging, there will be 60 and 71 % growth in the number of colon and rectal
cancers, respectively (96). Surgery is the main curative option for individuals with colorectal
cancer that has not spread beyond the colon (97-99). In some cases, chemotherapy is used
before the surgery in a neoadjuvant setting to enhance the chance of treatment success. In
addition, in metastatic cases, chemotherapy would be the major course of treatment to reduce
tumor load and even tumor stage. This highlights the importance of chemotherapy in the

management of colorectal cancer (98,100-103).

Even though platinum-based drugs, alone and combined with other chemotherapeutic agents,
have been used to treat various malignancies, including ovarian, bladder, head and neck, and
colorectal cancer, response to this treatment is limited (26). In order to exert their effects,
platinum drugs must attach to a cell’s DNA and create DNA adducts. These adducts then cause
intrastrand or interstrand cross-links. As a result of these cross-links, DNA molecules’ structural
integrity will be compromised. Both carboplatin and oxaliplatin damage DNA, which ultimately
causes cell death (26,29,76,77). Different mechanisms, including decreased cellular uptake (78),
increased drug efflux, and enhanced DNA repair mechanisms (29,75), can lead to
chemoresistance against the effectiveness of platinum based chemotherapeutics. Adverse side
effects such as neurotoxicity is another limiting factor hindering the effective use of platinum
based chemotherapy in clinic (26—28).
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In spite of the fact that the damages that are done to the DNA of the cells by DNA damaging
agents could eventually result in cells apoptosis, it can also result in the activation of many DNA
repair mechanisms including Nucleotide excision repair pathway (NER) leading to
chemotherapeutic resistance. Based on previous studies it was demonstrated that blocking this
pathway with small molecules can increase the sensitivity of cancer cells to the effect of certain

genotoxic treatments (26,76,77).

The heterodimeric enzyme, ERCC1-XPF is essential for the NER pathway. The primary function of
ERCC1 in this structure, which is thought to be catalytically inactive, is to bind to XPF while XPF
has endonuclease activity (81,82). Due to its crystal structure and availability of several binding
sites on the protein that may be targeted by small molecule inhibitors, ERCC1-XPF is a desirable

target for the sensitization of cancer to platinum based chemotherapeutic (71).

Our research group have been focusing on the development of small molecules that can block
the active sites of XPF protein, preventing its dimerization with ERCC1. This was shown to result
in the sensitization of many cancer cell types to the effect of platinum based chemotherapeutics

(71).

While investing a wide number of compounds, West et al. found a clinically available antimalaria
drug, i.e., pyronaridine, with a very similar structure to lead ERCC1/XPF inhibitors developed by

their group (including A4 compounds that was used in the previous chapter).

Pyronaridine, has been studied for its cytotoxic effects for almost a decade now (104). It is a
water-soluble compound that can be found in the form of tetraphosphate salt (105). Our recent

data using Proximity ligation Assay (PLA assay) has confirmed the ability of pyronaridine as an
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inhibitor of ERCC1/XPF dimerization at 2uM (91). It was shown to inhibit the catalytic activity of
ERCC1/XPF at levels like that of A4 and act as a radiosensitizer in combination with ionizing

radiation.

Although our preliminary results confirmed the potential of pyronaridine as a chemosensitizer
through inhibition of ERCC1/XPF dimerization, lack of cancer specificity is still a concern for
systemic co-administration of this compound with chemotherapeutic agents. To overcome this
problem, we proposed developing nanocarriers of pyronaridine that can direct this chemo and

radio sensitizer to solid tumors by enhanced permeation and retention (EPR) effect.

Considering the water solubility of this compound, liposomal delivery system was proposed for
the nano-encapsulation of pyronaridine (106). Liposomal encapsulation of PYD by remote loading
in liposomes (DOPC, DSPE-PEG2000, Cholesterol) with an interior of citrate buffer has been
reported in the literature before (107). Here we conducted the modification of the lipid
composition and change in the interior pH of the liposomes, in order to define the optimum
formulation for in vivo testing. At the same time the potential of PYD and its liposomal
formulation as chemosensitizers in combination with two platinum chemotherapeutics,

carboplatin and oxaliplatin, in colorectal cancer cells was assessed, in vitro (107).

3.2. Material and Methods

3.2.1. Materials
Pyronaridine tetraphosphate was purchased from abcam, United Kingdom. Lipids
including 1,2-Distearoyl-sn-glycero-3-phosphocholine  (DSPC), 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (DSPE-PEG), Cholesterol, 1,2-
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Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), were all
purchased from Avanti Polar Lipid, Inc. (Alabaster, AL, USA). Sodium Dodecyl Sulfate
(electrophoresis purity reagent) was bought from Bio-RAD. All the research grade solvents were
purchased from sigma (St. Louis, Mo, USA). Spectra/Por dialysis tubing (MWCO, 3.4KDA) was
purchased from Spectrum Laboratories (Rancho Dominguez, CA). Cell culture media DMEM, fetal

bovine serum (FBS), and penicillin-streptomycin were purchased from GIBCO (108).

3.2.2. Preparation of Pyronaridine-Loaded Liposomes

Liposomes were made with a thin lipid film hydration method. For the preparation of
liposomes DSPC, DOPC POPC or DPPC were mixed with DSPE-PEG and cholesterol at a molar ratio
of 75:5:20. Phospholipids were dissolved in chloroform/methanol at a ratio of 5:1 V/V and
transferred to a 100 mL round bottom flask. The solvent was removed using a rotary evaporator
(Rotavapor RE111, Buchi, Switzerland) while applying vacuum and heat (Starting at 37 °C and
then increasing the temperature to around 50°C or before the solvents start boiling). After the
formation of the thin lipid layer, the flask was kept in a vacuum oven at room temperature
overnight, to make sure there is no trace of organic solvent left. The thin lipid layer was then
hydrated with 200mM of citrate buffer (pH 3.5), to achieve a final lipid concentration of 10 mM.
For some samples, the thin lipid film was hydrated in 200 mM citrate buffer (pH 5) or 200-mM

phosphate buffer (pH 6.5). The buffers were heated to 85 °C.

A water bath sonicator (EIma Elmasonic S10H Heated Ultrasonic Water Bath, EIma Schmidbauer
GmbH, Germany) preheated to ~ 80°C set at 100% power and 37KHz frequency was used to

downsize the liposome. The desirable size and quality of lipids are usually reached within 4 to 5
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rounds of 20 minutes of sonication while applying heat (108,109). The buffer outside was
replaced by PBS using Sepharose column, creating a pH gradient formulation with an acidic pH

inside and a neutral pH of 7.4 outside of the liposomes.

3.2.3. Encapsulation of Drugs in Liposomes

The molar ratio between liposome and drug should be 10:1. A 1.5 mg of pyronaridine
tetraphosphate was then added to the liposomal solution. The drug and the liposomes were
incubated at room temperature for about 17 h. The unencapsulated drug was separated from
the loaded liposomes by pelleting drug-loaded liposomes via ultracentrifugation (150,000 x g,

4°C, 2.5h). The supernatant was then discarded and replaced with fresh PBS solution.

3.2.4. Characterization of loaded and unloaded liposomes
The average size (Z-average), the polydispersity Index (PDI), and the zeta potential (ZP) of
liposomes were assessed by dynamic light scattering (DLS) using a Zetasizer Malvern Zetasizer

3000 (Malvern Instruments Ltd., Malvern, UK).

The encapsulated drug levels were measured by disrupting the liposomes using a 4% SDS
solution. Pyronaridine absorbance at 426nm was used to assess encapsulated drug levels in a
plate reader (Synergy H1 Hybrid Reader Biotek, Software Gene5 11.1). The loading and
encapsulation efficiency of the loaded liposomes were calculated with based on the following
equations.

Weight of the encapsulated A4 in Nps

P idine loadi %) = x 100
yronaridine loading (%) Total weight of the polymer in NPs
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. . o Weight of the encapsulated A4
Pyronaridine Encapsulation ef ficiency (%) = Initial weight of the A4 added x 100

The morphology of the liposomes was checked with Transmission Electron Microscopy TEM.
Sample preparation for TEM was done using a drop of liposome dispersion with the
concentration of 10 mM transferred to a copper coated grid and incubated at room temperature
for 20 minutes so that the liposomes settle on the membrane on the grid. The samples are then
rinsed through 8 drops of water over parafilm each for almost 1 minute. The samples sat on 9:1
ratio of 2% methyl cellulose: 4% of uranyl acetate on ice for 10 minutes. After all the steps were
done then it was lifted the grid and dry if off with Whatman paper to remove the excess liquid
before imaging. The samples were observed under the electron microscope at 80kv (110). The
prepared TEM specimens were then analyzed in a Morgagni 268 TEM microscope (Philips/field

emission). The inserted camera was Gatan a CCD camera (111).

3.2.5. In vitro drug release

The in vitro release of the encapsulated pyronaridine from the liposomes was investigated
using a dialysis-bag diffusion method. Each dialysis bag (Spectrapor dialysis tubing, MWCO = 3.5
kD, Spectrum Laboratories, Rancho Dominguez, CA, U.S.A.) only permeable to the drug,
containing 2 mL of the liposomal formulation or free drug dissolved in PBS, was placed into 20
mL of PBS maintained at 37 °Cin a shaking water bath (90 rpm, Julabo SW 22 shaking water bath,
Seelbach, Germany). At selected time intervals, O, 1, 3, 6, 9, 12, 24, 36, 48, 72, and 96 hours,

aliquots of 0.5 mL from the continuous phase of the dialysis bag (release medium) were collected
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and replaced with an equal volume of fresh release media (PBS). The concentrations of released
drugs in collected samples were determined using a UV—Vis Plate reader (BioTek Synergy H1,
hybrid reader, BioTek Instruments, Inc., Winooski, VT, USA). Detection was performed at a
wavelength of 260 nm. All experiments were carried out in triplicate. Due to the media dilution
during the release process, the amount of pyronaridine released was corrected by the correction
factor as shown in the following equation:

Vw n-1
Rf =R} + —Z Ry
Vm i=1

where, R% is percent drug released at time point n after correction; R2, percent drug released at
time point n before correction; R,,_percent drug released at time point n-1; V,,,, the volume of
sample withdrew (mL); V,,, volume the release medium (mL). Finally, the release profiles of the
formulations were plotted, and their mean release time (MRT) was calculated using the equation

below:

MRT = i1 tmiqa AM;
?:1 AM;

where i is the sampling number, n is the last sampling number, tmiqd is the time at the midpoint
between t; and ti.1 (calculated as (ti+ ti.1)/2) and AM,; is the additional amount of drug released

between tj and ti.1.

In vitro drug release of the encapsulated pyronaridine in the DSPC: DSPE_PEG2000: Cholesterol
liposomal formulation with an interior pH of 3.5 induced by encapsulation of citrate buffer at this

pH was also assessed against BSA/buffer media that mimics in vivo conditions better. Each
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dialysis bag (Spectrapor dialysis tubing, MWCO = 3.5 KD, Spectrum Laboratories, Rancho
Dominquez, CA, U.S.A.) contained 2 mL of the liposomal formulation or free drug in PBS. The
dialysis bag was then emersed in 300 mL of PBS and 10 % BSA and maintained in 37 °Cin a shaking
water bath (90 rpm, Julabo SW 22 shaking water bath, Seelbach, Germany). At selected time
points, 0, 1, 3, 4, 6, 8, 24, 48, 72h, 150 pL sample was taken from each dialysis bag and replaced
with fresh PBS. The concentration remaining in the bag was quantified by plate reader at 426nm
as described above and subtracted from the total drug concentration and used as the released

drug concentration (89).

3.2.6. Liposome stability Assay

For stability assay, liposomes that were hydrated with citrate buffer, holding a pH of 3.5
or 5.0 inside were kept in the fridge (4 °C) and at room temperature (22 °C). After a period of 16
days, all the samples went through ultracentrifugation (150,000 x g, 4 °C, for 2.5 h) to separate
the portion of the drug that was still loaded from the portion that has leaked out of the liposomal
formulations. The supernatant was discarded and replaced with fresh PBS. The resuspended
liposomal pellets were then disrupted by 4% SDS and the amount drug that was still trapped in

the liposomes was measured at 426 nm as explained above (108).

3.2.7. Cell lines
Two human colorectal cancer cell lines HCT116, SW620 were obtained from American
Type Culture Collection (ATCC). The cells were grown in DMEM which was supplemented by 10%

FBS and 1% penicillin streptomycin (90).
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3.2.8. Assessing the Cell toxicity of Pyronaridine and determining its IC50 in colorectal cancer
model

The The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay
was used to assess the cytotoxicity of pyronaridine as a free compound and its liposomal
formulation in DSPC: DSPE-PEG2000: cholesterol against HCT116 and SW620 cell line. Briefly 2 x
103 cells were seeded in 96 well plates (100 pM). The plates were incubated for 24 hours so that
the cells adhere to the plate. The day after cells are treated with 12 different concentrations of
pyronaridine. The cytotoxicity of the compound is assessed at 72h time point. After the
mentioned time, the cells are given a 20 puL of MTT solution (5 mg/ml) of MTT solution and
incubated for 1.5 hours. The culture media was removed and replaced with 100 pL of DMSO and
after all the crystals are dissolved the percentage of viability is calculated based on the amount
of light absorption of the dissolved crystals at 570 nm. The viability of all groups are calculated

based on the media only treated cells.

3.2.9. Assessing the Cell toxicity assay in Combenefit format

In a typical experiment, 2 x 103 cells were seeded in each well of 96 well plate, 24 hours
prior to the beginning of the test. The cells were kept in the incubator to give them enough time
to adhere to the plates. The seeded cells were first treated with 11 different concentrations of
Pyronaridine. After a 4-difference interval, the cells were treated with 8 different concentrations
of the chemotherapeutic agent (carboplatin or oxaliplatin). The cells were kept in the incubator
for 72 h. This was followed by addition of 20 pL of the MTT solution (5 pug/mL) which was exposed

for 1.5 h to the cells. The media was then removed and the MTT crystals were dissolved in 100
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uL of DMSO. Absorption at 570 nm in each well was used to measure cell viability for drug treated

cells compared to the ones treated with media as the negative control (93).

3.2.10. Colony formation assay

For this test, 100 cells are seeded in petri dishes and kept in incubator for 24 h. The cells were
then treated with 100 plL of pyronaridine as the chemosensitizer. Four hours after, the cells
received 100 uL of chemotherapeutic agent. The media was changed with fresh media every 72
h after. The test duration for different cell lines varied between 7 to 14 days. At the end point of
the test, the media was removed, cells were washed with PBS, fixed with freezing cold methanaol,
and stained with 0.5% crystal violet solution. The number of colonies were counted and after

normalizing data the fraction of surviving cells was calculated (94).

3.2.11. Statistical Analysis

Tests were repeated at least three times and the data are shown as mean + standard
deviation. Statistical analysis of data was carried out using Graph Pad Prism 9 Software (GraphPad
Software Inx., La Jolla, CA, USA). The significant difference was assessed with One-way ANOVA or
two-way ANOVA followed by Tukey’s post-hoc analysis. If a significant difference were seen
between groups, they were compared using the Mann-Whitney U test. A value of p<0.05 was

considered as significantly different in all experiments.

3.3. Results

3.3.1. Optimization of the Liposomal formulation of pyronaridine
The characteristics of the developed liposomal formulations are summarised in Table 3.1

and Table 3.2 The characterization of particle average diameter showed a mean Z-average
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diameter at a range of ~ 80-110 nm, irrespective of the lipid composition and interior pH. The

Polydispersity index of all formulations was below 0.264, which indicates a uniform size

distribution.

Table 3.1: Characteristics of pyronaridine-loaded liposomal formulations prepared from various phospholipids with

an interior pH of 3.5.

Formulation Z average diameter | PDI EE (%) MRT (h)
(nm)

DOPC 83.09 + 0.469 0.219+0.011 97.9+1.38 37.85+2.49

POPC 84.05 £ 0.228 0.211 £ 0.003 95.4+1.22 7.51+0.31

DPPC 90.46 £ 0.383 0.247 £0.010 93.6+1.32 4.60+1.38

DSPC 107.6 £ 1.67 0.193 £ 0.009 99.24 +£1.76 247.7 £16.3

Table 3.2: Characteristics of empty and pyronaridine-loaded liposomal formulations prepared from DSPC/DSPE-PEG

and cholesterol with different interior pH.

Formulation Z average diameter | PDI EE (%) MRT (h)
(nm)

Drug-loaded, pH 6.5 | 106.3 £ 0.95 0.216 £ 0.011 34.85+1.29 16.63+1.91
Drug-loaded, pH 5.0 | 103.8 £ 0.67 0.218 £ 0.009 97.51%2.49 144.9 +5.62
Drug-loaded pH 3.5 | 107.6 +1.67 0.193 £ 0.009 99.24 +1.76 247.7+16.3
Plain, pH 6.5 92.23 £0.752 0.226 £ 0.008

Plain, pH 5.0 90.25+0.123 0.199 + 0.003

Plain, pH 3.5 90.62 £ 0.286 0.225 +0.005

MRT: Mean Release Time

The type of phospholipid structure used in the preparation of liposomes did not affect
encapsulated levels of pyronaridine in the liposomes at an interior pH of 3.5 (Table 3.1). However,
Elevating the pH of the liposomal interior to 6.5 lowered the encapsulation efficiency of

pyronaridine significantly. (Table 3.2).

Among all the developed formulations, DSPC, DSPE-PEG, and cholesterol holding a pH of 3.5
inside and 7.4 outside with a molar ratio of 10:1 (Lipid: Drug) demonstrated the highest
encapsulation efficiency of higher than 99 percent. At pH 6.5 however, the encapsulated fraction
was proportionally lower (35%). Testing different acidic pHs inside the liposomes demonstrated
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that a sufficient pH gradient is necessary for reaching the desired loading and its disturbance

would result in the lack of Pyronarine encapsulation.

Free Liposome (0.5 pm)

Drug + Liposome (0.5 um)

Free Liposome (100 nm)

Drug + Liposome (100 nm)

Figure 3.1: TEM pictures of DSPC with luminal pH of 3.5 Liposomal formulations (loaded and unloaded with pyronaridine).
Images were obtained at 80 kV and two different magnifications of 18000x and 22000x and 89000x
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Figure 3.2: Pyronaridine structure,
showing the pKa of different protonable
groups
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There is a considerable variation between the sizes that were obtained by TEM microscopy and
by Dynamic light scattering. Which could be due to a variety of reasons including the fact that
the number of particles that are assessed and measured with microscopy is too low and
inconclusive. Yet it is an adequate approach to confirm the formation of the free and loaded
liposomes. The pictures are taken at 3 different magnifications as both free and encapsulated
ones, and it is demonstrated in Figure 3.1. The formulation that was analyzed were DSPC based

liposomes with luminal pH of 3.5.

In pictures with higher magnification, it was also possible to visualize the bilayer structure of

liposomes.

3.3.2. Stability of prepared liposomal formulations
The concept of how drug gets loaded in the liposomes is based on the degree of

lipophilicity of the drug at different pH. As the result of drug being entrapped in the acidic pH and
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getting protonated, the level of lipophilicity drug decreases significantly. Yet as the more drug

gets loaded, the reaction shifts toward consumption of [H+] and production of protonated

pyronaridine until, eventually, the pH gradient is canceled. To investigate if this phenomenon

would result in drug leakage from the liposomes, the amount of pyronaridine that remained

encapsulated in the samples were measured following 16-day storage at both room temperature

(22 °C) and fridge (4°C). Our results showed that the percentage of the encapsulated drug was

maintained for the duration of the assay for all liposomal formulations under study Figure 3.3.C

Vesicles appeared to maintain their integrity upon storage based on the assessment of changes

in their size and polydispersity index during storage for 16 days Figure 3.3.A and Figure 3.3.B

The following graphs demonstrate the size and Polydispersity index of the DSPC, DSPE-PEG 2000,

Cholesterol formulation, both loaded and unloaded with two different pH’s over 16 days.
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Figure 3.3: Stability of DSPC-based liposomal formulations of pyronaridine in terms of (A) Average diameter, (B)
Polydispersity index, and (C) Encapsulation efficiency formulations with different lumen pH (3.5 and 5) following
storage at 22 or 4° C.

3.3.3. Release Study

The result of the in vitro release of pyronaridine from DOPC-, POPC-, and DPPC- based
liposomes with an interior pH of 3.5 are presented in Figure 3.4.A. The calculated corresponding
MRTs (Mean Release Time) are presented in Table 3.1. Evidently, the drug release rate from the
drug-loaded liposomes composed of DPPC and POPC was much faster than that of DOPC- based
liposomes, reaching 60% of the release in less than 6h. The data did not show a sustained release
pattern of the drug loaded in POPC and DPPC liposomes. The sustained release of the drug from
DOPC liposomes resulted in an MRT (Mean Release Time) which was respectively 8 and 5 times
longer than DPPC and POPC-based liposomes. Among different liposomal formulations of
pyronaridine using an interior pH of 3.5 in DSPC based formulations showed the slowest release

profile (MRT of 247.7 hrs).

Figure 3.4.B shows the effect of liposomes’ interior pH on in vitro drug release at 37 °C for

liposomes made from DSPC. The data suggest that increasing the pH accelerated the rate of drug
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release. The MRTs of liposomes prepared at 3.5 (247.7h) and pH 5 (144.9h) were far different
from DSPC liposomes prepared by hydrating at pH 6.5 (16.6h). Longer MRTs indicate slower
release rates from the formulations. The mentioned data are presented in Table 3.2:
Characteristics of empty and pyronaridine-loaded liposomal formulations prepared from
DSPC/DSPE-PEG and cholesterol with different interior pH. Complete drug release was observed
for liposomal formulation with inside pH of 6.5 after 96 hours, while only about 20 and 30% of
the drug was released from DSPC liposomes with luminal pH of 3.5 and 5, respectively, at the

same time.

Among all the developed formulations, DSPC, DSPE-PEG, and Cholesterol holding a pH of 3.5

inside demonstrated the best properties in terms of drug encapsulation and release.

Pyronaridine Released (%)

B
100 FY F 100 4
: ! <
80 . N % 80
Y = 7
re } T g T
60 2 60 L —a—pH 3.5 ——pH35 —a—pHG6.5
-5
—&—DOPC-based liposome g
40 ——POPC-based liposome = 40 4
—e—DPP(C-based liposome E
20 g 20 4
e -
=
&
0 = T T T T 1 0 T T T T
0 20 40 &l RO 100 ] 20 40 o0 50

Time (h) Time (h)

100

73




100 A & & Y

3

80

®

60

Released %

40 4

20 —e—Formulation —&—Free drug

0 10 20 30 40 50 60 70
Time (h)

Figure 3.4: The effect of (A) phospholipid type and (B) interior pH of liposomal formulations on the in vitro release of
pyronaridine. (C) The in vitro release profile of free versus encapsulated pyronaridine at set time points during 72h
test. Release media: PBS+10 %BSA

The release profile of free pyronaridine versus the DSPC based liposomal formulation is
demonstrated in Figure 3.4.C. During the first 4 hours of the study, more than 90% of the free
pyronaridine (95%) is released from the dialysis bag, while only 25% of the loaded drug is released
from the liposomal formulation into the release media. After 24 hours, while all the free drugs
are released into the released media (100% released), about 50% of drug-loaded liposomes were
released from the carrier. After the first 24 hours the rate of release would decrease significantly
until after72h there is only an extra 15% is released from the liposomal formulation reaching to
almost 65% release of the pyronaridine from the carrier. Among all the different liposomal
conformations, and different luminal pHs, DSPC: DSPE-PEG 2000, Cholesterol with the pH: 3.5
has the best loading efficiency and drug release profile. As a result, all the further studies are
done with DSPC: DSPE-PEF2000: cholesterol holding a pH gradient of 3.5 inside and 7.4 outside

of the liposomes.
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3.3.4. In vitro nonspecific cytotoxicity of Pyronaridine and its liposomal formulation against

CRC cells:

The level of cytotoxicity of the compound was assessed against two different colorectal

cancer cell lines. HCT116 and SW620. The cells were seeded 24 hours prior to the treatment and

then treated with the 12 different concentrations and then incubated with the treatment for 72h,

and then assessed with MTT assay. The data on the IC50 values are demonstrated in Table 3.3

below. Also, the sigmoidal graphs of the cytotoxic effect of pyronaridine are shown in Figure 3.5.

Table 3.3: The IC50 (mean + SD) of free PYD and LPY against colorectal cancer cell lines measured by MTT (n=3)

(72 h) IC50 of PYD (uM) IC50 iof LPY (uM)
HCT116 0.558 + 0.05 0.499 +0.33
SW620 0.758 + 0.121 0.669 + 0.212
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Figure 3.5: The sigmoidal curves demonstrate half maximum inhibitory value (IC50) in A) HCT116 cell line free
pyronaridine, B) liposomal formulation of pyronaridine, C) in SW620 cell line free pyronaridine, D) liposomal
formulation of it

As it is can be observed in the results, the HCT116 cell line is more sensitive to the effect of
pyronaridine than SW620. Moreover, it seems that the formulation does not change the level of
toxicity of the compound.

3.3.5. Sensitization of CRC to Carboplatin by Pyronaridine and its liposomal formulation and

assessing the possibility of synergism

This test was designed based on the format that was necessary to analyze the results of

the Combenefit application. In this set of tests, pyronaridine was given to the seeded cells 4 hours

76




prior to the chemotherapeutic agent (112). In this series of tests, we are using the combination

approach, which is using the noneffective doses of drugs to analyze the possibility of getting

significant results (113). Four concentrations of pyronaridine and all concentrations of the chosen

chemotherapeutic agents were below the IC50 in both HCT116 and SW620 cell line.

The possibility of synergism was also assessed using the same application. Loewe model was

chosen for analyzing the effects that drugs had on each other. Loewe model not only considers

the dose equivalence principle but also the sham combination principle, which would make it the

best approach for analyzing synergism in this study (113).
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Figure 3.6: Combenefit format of presenting synergism data on HCT116 cell line treated with A) Pyronaridine as
free and B) liposomal formulation with Carboplatin. C) HCT116 cell line treated with Pyronaridine as free and D)
liposomal formulation in combination with Oxaliplatin

The results showed a chemosensitization of HCT116 cell line to the effect of carboplatin after
treating with free and liposomal pyronaridine. HCT116 cell line were showing a minor synergism
toward a combination therapy with Free pyronaridine in [0.0187-0.0375] uM concentration and
Carboplatin in [6.25-12.5] uM concentration. On the other hand, liposomal formulation of
pyronaridine were able to demonstrate a stronger synergism to the effect of carboplatin.
Liposomal pyronaridine in the concentration range of [0.075-0.3] uM and Carboplatin in the
concentration range of [6.25-18.75] uM (same as in the free treatment group) shows a high level
of synergism which would indicate the potential for further cell studies and helps with choosing

the concentration range.

The results on the combination therapy with pyronaridine (as free and liposomal formulation)
are not as promising as the results we had on carboplatin yet in 0.15 uM of pyronaridine and
Oxaliplatin in the concentration range of [0.25-1] uM a slight level of synergism can be witnessed.
These concentrations are used to further investigate the effects of chemosensitization on the

HCT116 cell line while being treated with Oxaliplatin.

Same series of tests were done on SW620 cell line.
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Figure 3. 7: Combenefit format of presenting synergism data on SW620 cell line treated with A) Pyronaridine as
free and B) liposomal formulation with Carboplatin. C) SW620 cell line treated with Pyronaridine as free and D)

liposomal formulation in combination with Oxaliplatin

As the results are indicating SW620 is less sensitive to the effect of chemosensitization yet on

higher concentration of pyronaridine (0.6 pM) some synergisms can be seen. Loaded

pyronaridine is demonstrating a higher-level effect in comparison to free drug. Also 0.6 uM of

79




pyronaridine where able to sensitize SW620 to a broad concentration of Carboplatin [2.34-75]

UM which would make it a desirable candidate for further studies.

Both cell lines show better sensitivity to the effect of carboplatin in comparison to oxaliplatin.
Although all in all HCT116 shows a stronger effect to chemosensitization compared to SW620.
Also same as the group that were treated with carboplatin, SW620 cell line demonstrates an
antagonistic effect to 0.15 uM of pyronaridine while 0.6 UM was able to sensitize SW620 to the
effect of Carboplatin and at minimum have an additive effect to Oxaliplatin. A further series of
colony formation assay were done to see if we could witness an aligned results to what we have

in Combenefit sets.

3.3.6. Colony Forming Assay

3.3.6.1. HCT116

The next step after assessing the effect combination therapy on both cell lines is colony forming
assay. (All the subsequent data are normalized)

The concentrations were chosen based on the previous studies. The Combenefit studies
demonstrated that 0.15 uM of pyronaridine and a range of [2-18 uM)] carboplatin in the HCT116
cell line could have a synergistic effect (Method of statistical analysis on the results: Two-way

ANOVA, Tukey’s multiple comparison test) (n=3)
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Figure 3. 8: Clonogenic assay in HCT116 (0.15 uM) and Carboplatin (3.125, 6.25, 12.5 uM) (n=3). (*Purple) Shows statistically
significant differences from PBS as a control and PYD. * Shows statistically significant difference from Lip as a control and LPY.
(Two-way ANOVA, Tukey’s multiple comparison test)

3.3.6.2. SW620

In comparison to HCT116 cell line, in SW620 cell line, the cells showed a considerably lower level
of sensitivity to the chemotherapeutic agents. Although as it was observed before in the A4
project, the higher concentration of the chemosensitizer while demonstrating a level of
cytotoxicity on its own also has a higher potential in sensitizing the cell to the effect of

chemotherapeutic agents.
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Figure 3. 9. The results of clonogenic assay following combination of PYD (0.15, 0.6 uM) and LPY with Carboplatin (3.125, .25,
12.5 uM) and Oxaliplatin (0.5, 1, 2 uM) against HCT116 and SW620. * Shows statistically significant differences from the PBS as
control and PYD. * Shows statistically significant differences from the Lip as control and LPY. (Two-way ANOVA, Tukey’s multiple

comparison test)
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Figure 3.10: Clonogenic assay in HCT116, PYD (0.15 uM) and Carboplatin (3.125, 6.25, 12.5 uM) (n=3)
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Figure 3.11: Clonogenic assay in SW620, PYD (0.15 uM) and Carboplatin (3.125, 6.25, 12.5 uM) (n=3)
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Figure 3.12: Clonogenic assay in SW620, PYD (0.6 uM) and Oxaliplatin (0.5, 1, 2 uM) (n=3)
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Figure 3.13: Clonogenic assay in SW620, PYD (0.6 uM) and Carboplatin (3.125, 6.25, 12.5 uM) (n=3)

3.4. Discussion

In this project, two objectives were followed. First, to find the most desirable delivery system for
pyronaridine, which would provide a high encapsulation and a controlled release in biologically
relevant media. Second to assess the effectiveness of pyronaridine as a chemosensitizer in
combination with platinum-based drugs against colorectal cancer cell lines. Pyronaridine is an
antimalaria drug clinically used since the 1970s. It has shown cytotoxicity against multiple cancer
cell lines (104). Our research group has been interested in the repurposing of PYD as a novel
inhibitor of ERCC1/XPF (71,91). The ERCC1/XPF complex plays a pivotal role in the nucleotide
excision repair pathway, which is involved in the repair of DNA caused by alkylating agents, i.e.

methylating agents that form adducts (34,71,114).
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Inhibitors of DNA repair can make cancer cells more sensitive to the effect of DNA damaging
agents but may show the same function in normal cells. This can lead to increased normal cell
toxicity when used in combination with DNA damaging chemotherapeutics. order to decrease
the possibility of adverse side effects on normal cells, specifically when combined with DNA-
damaging agents, this study focused on designing an optimum nano-delivery system with
potential for preferential delivery of PYD to solid tumor over normal tissues. Such delivery system
is expected to show high levels of PYD loading while reducing PYD release in vitro. Nano-delivery
systems of proper size and stealth properties that can retain their drug content are expected to
be able to change the pharmacokinetics and biodistribution of the cargo, redirecting its
distribution from normal tissue to solid tumors, by EPR effect. Considering that PYD is a water-
soluble compound, a liposomal formulation was considered to be the best option for this purpose

(105).

Many cancers, including bladder, head and neck, ovarian and colorectal cancer, have been
treated with carboplatin and oxaliplatin. Both chemotherapeutic drugs have the capability to
damage the DNA of the cells (29). Adverse side effects, high toxicity, and drug resistance are
among the reasons that limit the use of these groups of chemotherapeutics to a great extent.
(27) ERCC1/XPF is a DNA repair enzyme that has shown to play a major role in the repair of DNA
damage by platinum-based chemotherapeutics (29). In the current study, PYD and its liposomal
formulation were hypothesized to act as effective chemosensitizers for carboplatin and

oxaliplatin in colorectal cancer cells.

Among all the developed formulations with different luminal pHs, DSPC/DSPE-

PEG200/Cholesterol with luminal pH of 3.5 demonstrated the best physicochemical
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characteristics (107). The formulation achieved 99% encapsulation efficiency while only releasing
50% of the entrapped drug after 72h immersed in biologically relevant media. The modifications
that were done in the formulation in comparison to what reported in the literature enabled
higher encapsulation and an improved release profile got PYD (107). (Table 3.1, Table 3.2, Figure

3.4.)

Depending on the environment’s pH, pyronaridine can be present in different ionization states.
This is owed to the pKas of its hydroxyl and three Amin groups (7.98, 5.95, 9.29, 10.23) (The figure
3.2 demonstrates structure of PYD compound and the pKas of different protonable group)

(107,115).

At pH 7.4, the pH of outside media for liposomal encapsulation, PYD is mainly present in an
unionized form and is highly lipophilic (logD 0.34) (107,116,117). The higher lipophilicity will make
the drug more prone to pass the lipid bilayer, entering the core of liposomes that hold an acidic
pH of 3.5. The lipophilicity of the drug changes significantly when facing an acidic environment
(117). At pH 3.5, 99.6% of pyronaridine molecules are protonated in all three amino groups (107)
making PYD to get trapped within the liposomes effectively. Under this condition, more PYD gets
loaded, the reaction shifts toward consumption of [H+] and production of protonated

pyronaridine until, eventually, the pH gradient is canceled.

Higher values of pH in the liposome core (pH 5.0) decreased the drug loading and increased the
rate of drug release for liposomes. This was due to the lower proportion of ionized PYD in pH 5.0
compared to that of pH 3.5 that can enhance the chance of PYD release and leakage or reduce

the driving force for partition of PYD to the liposomal core during the encapsulation process.
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Due to the significance of lipid phase transition temperature (TC) on liposome stability, drug
release and apparent circulation lifetimes, we examined the effect of lipids with varying TC in the
liposome composition on the release and encapsulation of PYD, as well. Our results showed that
the level of drug encapsulation, increased with increasing degree of lipid unsaturation but

decreased with increasing TC of the lipid composition.

Figures 3.4 show the time course of cumulative percent drug release for liposomes made from
unsaturated DOPC lipid and saturated DSPC lipid. Liposomes made from the unsaturated DOPC
(lowest Tc of -15°C) exhibited a much higher rate of drug release (MRT 37.85h)) (Table 3.1 and
Table 3.2). This formulation released most of its drug (70%) within 48h and there was no further
release after 48h. Liposomes made from the fully saturated DSPC (with the highest TC (54 °C)
exhibited extremely lower rate of PYD release (MRT 247.7h). The lipid formulations made from
POPC (TC= -5°C) had intermediate rate and duration of drug release between that of DSPC and
DOPC liposomes. DSPC and DOPC have similar headgroup and both have two acyl chains of equal
lengths (18 carbon). Higher drug release rate from DPPC liposomes might be due to shorter acyl
chains (16 carbons) compared to other tested lipids and significant lower TC (41 °C) as apposed
to DSPC (54 °C). The rate of drug release was inversely related to the chain length of the
constituent lipid chains. In addition to having higher encapsulation capacity for hydrophobic
drugs as, liposomes made from lipids with longer acyl chains. While these observations may
suggest that the observed differences in drug release for the formulations was due to differences

in TC as well as the degree of saturation, the generalization may not hold for all lipids.

We next checked the possibility of synergy between PYD and its liposomal formulation with

carboplatin and oxaliplatin in two different colorectal cancer cell lines using MTT assay. Loewe

91



models were chosen for this analysis because Loewe model not only considers the dose
equivalence principal, but also the sham combination principal which would make it the best

approach for analyzing synergism in this study (113).

Our results showed that the HCT116 cell lines was more sensitive to the effect of combination
therapy and interestingly the loaded drug demonstrated a higher level of synergism in
comparison to the free dug. This was in line with previous observations and may be due to the
effect of formulation in increasing PYD access to its intracellular target by its liposomal

formulation. (118-123). Well

Conclusions:

The results points to liposomal formulation of pyronaridine as a nano-formulation for this novel
inhibitor of ERCC1/XPF capable of sensitization of CRC cells to the anticancer activity of platinum-

based chemotherapeutics.
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Chapter four: conclusion and future work
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4.1. Conclusions
The results of this study pointed to the potential of polymeric micellar formulation of A4
(PM/A4) as well as liposomal formulation of PYD as nano-chemosensitizers in the treatment of

colorectal cancer when combined with carboplatin.

Our studies showed that polymeric micelles based on PEO-PBCL to be the best systems for the
delivery of A4. This formulation, not only tackle the solubility issue of this compound but also
controlled its release from the formulation in a biologically relevant media. The PLA assay
demonstrated that 2uM of the A4 compound can inhibit the interaction between the ERCC1
and XPF at 24h time point. Micellar formulation of A4 compound was able to decrease the non-
specific cytotoxicity of the compound to a considerable extent. Both cell lines showed a higher
level of sensitivity toward carboplatin treatment in combination with either free or PM/A4. In
colony forming assay, both cell lines were sensitized to the effect of Carboplatin when they
received a lower concentration of A4 compound, but to show sensitivity to the effect of

Oxaliplatin, they needed a higher concentration of A4 compound both as free and PM/A4.

Liposomal delivery system is the ideal way for the delivery of Pyronaridine compound. Among
all the developed liposomal formulations, DSPC, DSPE-PEG200, Cholesterol with a luminal pH of
3.5 showed a considerably high encapsulation efficiency and the most desirable release profile.
Based on the recent work of our colleagues, it was shown that 2uM of pyronaridine compound
is able to inhibit the dimerization of ERCC1 and XPF (91). IC50 of both free pyronaridine and

liposomal formulation of pyronaridine was assessed. Combination treatment of LPY and
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Carboplatin showed a considerable level of synergism in the HCT116 cell line, while in SW620, a

higher concentration of PYD demonstrated a lower level of synergism.

4.2. Future works

In the short term the following experiments should be conducted to supplement the current
data: Considering that the higher concentration of PYD were able to demonstrate a
considerable sensitization result in SW620 cell line, the same test will be repeated in HCT116
cell line with a higher concentration of PYD and its liposomal formulation. In order to assess if
the level of sensitivity that we are observing is due to inhibition of ERCC1 and XPF interactions
or potential off target activities of the compounds under study, the same set of cytotoxicity
tests should be repeated in ERCC1/XPF7/-HCT116 cells available to our research group. In order
to investigate if the inhibition of dimerization leads to degradation of the two proteins, a

western blot test will be performed.

In the long term, conduction of pharmacokinetics and anticancer studies for both formulations
in relative tumor bearing animal models of CRC alone and in combination with carboplatin is

suggested.
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