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Abstract:

This project's longerm goal is to increase thefficacy of genotoxic therapeutics through the
sensitization of cell®o DNAdamagingherapyahead ofthe treatment. The focus of this project
was on the enhancemenof platinum-based chemotherapeutics in colorectal cancer using
colorectal cancer cell les as models of the diseasEor thispurposee, novel inhibitor ofa DNA
repair enzyme involved in the repair of DNA caused by platibased chemotherapeutics, i.e.,
small molecule inhibitors dERCGXPF heterodimerization, namely Aad pyronaridine \&re
used To reduce the systemic effect cRECIXPFRnhibitors, that can lead to theensitization of
normal cells as well as cancer cellDidAdamagingchemotherapeuticsiano deliverysystems

of A4 and pyronaridingvere also developedinhibition of RCC1/XPF, a heterodimeric enzyme
complex with endonuclease activity that participates in the repair of DNA-andrintrastrand
crosslinks, by A4, pyronaridinand their naneformulations was hypothesized to make cells
sensitive to DNA damage by platmtbased chemotherapeutic§he results of our studies led
to the development of optimum polymer angpid-basednanoformulations for deliveryof A4
and pyronaridine respectively, showing maximum encapsulation efficiency, <50 % drug release
within 24 hrs, and average diametesf < 150 nm. Free and particularly encapsulated inhibitors
of ERCC1/XPF were able to sensitize colorectal cancetoctikscytotoxic effects of platinum
based chemotherapeutics under study at specific dose ratios. The seséiect of ERCC1/XPF

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



1.1 Undefeated Cancer

LYGSNYIFGA2yFE 1 3Syoe F2NJ /I yOSNI wSaSl NOK a
2NI R6ARS RS@GSt 2L O (X RgNaffededidliofadculdr iiScasHs, dardcd S G A Y
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 gldal 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, canglated motality 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 canceelated mortality have also altered due to changes in
disease diagnostics, thenplementation of screening programs, and advances in therapeutics.
Colorectal cancer (CRC) is the third most prevalent cai33eDver the past several years, the
frequency of CRC has been drastically rising worldwide. Accordesgiteates, 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 canceaseq4).

Almost a decade ag&;RCQwas relatively uncommon, but today is a common malignancy in
western countries, accounting for 10% of canoelated deaths. Unhealthy dietary habits,

inactivity, obesity, and aging populations are attitibsiof a surge ICREaseq3).



The first step toward the treatment of theRQ.J- G A Sy 1a Aa (GKS RAII3Iy2aia
condition, the stage o€ER@nd whether the tumour is malignant. Different tests and modalities

are used to definethe pfii Q& Of Ay@®)OIf O2yRAGAZ2Y

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

cell (5).

Due to various reasorfSRGs much easier to be screened and treated in early stages compared
to other malignancies. FirstiR@as a rather lengthy preclinical stagecondly to some extent

it is easily detectable and treatable malignankastly endoscopic removal of the benign tumors
and treatment of cancer in its early stages has a significant impact on the reduction of mortality

from CRQG3).

Despite all that is mentioned above, about 16%@ll cancers diagnosed each year, and cancer
related deaths globally are caused®RCWhich is one of the major reasons why mefiective

treatment plans are essenti@).

1.2. Treatmentoptions:
The primarytreatment method for those with normetastaticCRds surgery which is
carried outboth as laparoscopior open surgery(7¢9). However, different factors such as

LI GASYyGQa 3S FyR GKS &l suecasgiihe sufgenin CBC cire y OS NI 4

While the success in the treatment of nometastatic colorectal cancer heavily depends on
surgery and its quality, metastatic casesquire a combinations of different treatment

approacheslin past twenty years, there has been a significant advancement in the systemic

3



treatment of patients with colorectal cancer. In non metastatic cases, colon cancer has no
recognized neoadjuvant thepg. However, to lower the risk of local recurrence in rectal cancer,
neoadjuvant radiation or chemoradiotherapy is advised for intermedsiége and advanced
stage diseas€l0,11) Moreover,the success rate of surgery for nometastatic colorectal cancer

is considerably high and approximately only 5% of the patients would receive adjuvant
chemotherapy. However, guidelines stablished by Euraopead Japanese societies advised
considering adjuvant therapy in higlsk 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 colorecthcancer and clinical trials have shown that a median overall survival of
30 monthsis achievable. The use of chemotherapeutics such as palatinum based drugs, and
irinotecan, the development of targeted therapies that target characteristics of the tumias o
microenvironment, and the adaptation of multidisciplinary approaches is responsible for this

improvement in surviva(3).

While around 80% of newly diagnosed CRC patients have localized tumor which is curative with
surgery, adjuvant chemotherapyasecommended as a routine clinical pract{é8). The rest of

newly diagnosed population have metastatic melanomas that cannot be removed. Furthermore,
around half of the patients experience a recurrence of thease following surgical resection or

develop metastasis mostly in liver or lufigt).



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

to control their condition(15,16)

1.3. Patinum-based drugs:

Platinum based drugs play a pivotal role ag-&umnor drugsin the treatment ofdifferent
type of cancer. Cisplatin, the first generation of platinubased chemotherapeutics showed a
considerable efficacy in the clinical trialgainst a wide variety of solid tumors includmgarian,
testicular, blader, lung, head and neck and colorectal camight before itwas realized that

ototoxicity, dose dependemephrotoxicity and cell resistance limit its overall efficd@dy’)

Due to the limitation thatestrictedthe use ofcisplatin, the next generation drug was developed.
Carboplatin, a second generation of platirdbrased drugs, with similar mechanism of action as
the cisplatin drug was developed to overcome thmitations such as dose dependent

nephrotoxicityof the firstgeneration drugg17¢19).

Carboplatin is less toxic and easier to administer in regular dosages. This is because the
replacementof a more stable leaving groupy€lobutanedicarboxylate instead of chloride)}the
chemical structure of carboplatimhich led to an altered pharmacokinetic prof{20). Equal DNA
adducts formation between carboplatin and cisplatin might partially account for these two drugs

similar efficacies in treating most solid tumdg).

In comparison taisplatin,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 treatfreahtanced anal

cancer, in combination with paclitaxellarget 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 combinatith paclitaxel(22). Also, the combination of
OFNbP2LIX I GAY FYR LI Ot AlGFESt A &rargetABR 2 dnge wéeKhS (i NB
for 5 weeks (in combination with paclitaxel and concurrent radigtprior to surgeryr Target

AUC 5 to 6 every 3 weeks (in combination with paclitax¢,24)

Oxaliplatin on the other had not only is used for treatment of gastric cancer but also it used for
the treatment of stage Ill colon cancé&ased on the same drug data base, Lexicomp, 85 rg/ml
on day 1 every 2 weeks (in combination with infusional fluorouracil/leucovorin) foroup2t

cycles.

While both mentioned chemotherapeutic drugs show a limited success in colorectal cancer cases,
the third-generation drugoxaliplatin specifically in combination with -fuorouracil and

leucovorin is the standard treatment protocol fGRG25).
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Figure 11: Chemical structure of platinuimased drugs



1.4. Chemotherapy and its shortcomings:

Despite being used to treat a variety of malignansiash as ovarian cancer and colorectal
cancer, platinum chemotherapeutic drugs includiogrboplatin andoxaliplatin ae hitting their
limit due to the emergence of resistanc&hemo resistancevhich couldbe eitherinherent or

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

Numerous cellular adaptations, such as decreased uptake, inaotiMayi glutathione and other
antioxidants, and increased levels of DNA repair and DNA toleeardanown to be responsible

for resistance to platinunbased chemotherapeutiq®6¢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 théomost 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 -dirdss
which disturb the structure of th®NA molecule and cause steric changes in the (26x An
FEOGSNXraGA2y Ay GKS 5b! Y2f SOdzZ SQa aid NHzOG dzNB

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

1.5. DNA Damages, How and why?

The most significant molecule of our bodigoxyribonucleic 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 agetmespheric stressors, chemical,
radiations, chemotherapeutics, and reactive oxygen species (ROS) that also contribute to the
lesions that cells go througi31). As mentioned earlier, cells inherit different repair pathways to

correct any mismatch or lesions thAtNAgo through.

1.6. Major DNA repair and associated therapeutic resistance.

All cells have developed several repair mechanisms to correshkesaused by chemicals
and UVradiations (32,33) Mammalian cells have four primary repgiathways namely,
Nucleotide excision repair (NER), mismatch repair (MMR), base excision repair (BER) and double

strand break repai(34,35)

The underlyingesistance mechanisto the genotoxic treatmentshat 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 repg®,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 12: 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 resistarig®NA damage
repair through the NER systef®8). Mammals primarily employ nucleotide excision repair (NER)
to remove bulky DNA lesiontbat could be produced by the UV radiations, environmental
mutagens and certain cancer chemotherapeutic agents, and other environmental f488&qrs
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 th&igure 13. agroup 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 mestieps of incise and patch proce&40¢

42). Global genome NER (®I{ER) and transcriptieooupled NER (TRER) are two sub pathways

which, through the action of damage recognition proteins, are involved in identifying the

9



damaged section. Tise two subpathways have same core mechanism argdistinguish from
each other by howthe lesions are detected39). In contrast to GBIER (Global geme
Nucleotide Excision Repair) which removes damaged DNA from the whole genoiNERTC
(Transcriptiorcoupled Nucleotide Excision Repair) performs a selective function in mending

lesions found on the coding strand of genes that are being transcriBéd3)

7 A

c2tt26Ay3a (K RFEYF3S NBO23ayAlAz2y o6& (GKS LINRIGS
the subpathways with the aid of the excision and helicase proteins. The NER process is finished

by ligating the nicks after both sides of the oligonucleotide hbeen 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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1.8. ERCCGXPF and the effect of blocking it with small molecules:

In mammalian cells, ERGCt C LINR GSAYy O2 YLb SE a F-ahedfio dz8ly a
endonuclease and is engaged in several DNA pathways including Nucleotide excision repair
pathway. It is essential for NER because it incises the damaged DNA strar®l atp) | Y R 0
positions, respectively, to eliminate the pyrimidi@,4) primidone photoproducts (@PPs) and
cyclobutene pyrimidine dimers (CPDs) brought on by UV irradiation. Additionally, the-KREC1
heterodimer also plays a pivotal role in repair beémically generated hekhgistorting and bulky

DNA lesions, which are all substrates for the NER patli88y

A total of 297 amino acids makes up the ERCC1 domain, which also includeshaitptbhelix
(HhH2) domain necessafgr 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 aasenucle

helicaselike, and helixhairpin-helix (HhH2) domain@4,46;48).

The Primary proteiprotein interaction between ERCC1 and XPF is the development of a stable
heterodimer complex by the heterodimerization of their hydrophobite@ninal domaing47).
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 fold#4¥). 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 qui84ly7,48)It has been established

that without dimerization, the protein complex derived from the catalytic domain of XPF lost its

12



ability to serve as an endonuclease. It has also been demonstrated that the catalytically inactive

ERCC1fragment is still necessary for the heterodimer complex a¢4ivity

The three ERCEIPF heterodimer targets with the highest therapeutic potentialstaee XPA
binding domain necessary for the NER complex recruitment, the XPF endonuclease domain
necessary forthe ERGEL C O2 YLX SEQa Ol { RGCXBR iferaktiOnidangih (i & =
crucial for stability and catalytic activity are the three targets on the ER(BEIheterodimer with

the highest therapeutic potential.

1.9. Nanotechnology in Cancer therapy:

A broad variety of nangcaled drugcarriers, 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, Reawoiers exhibit properties distinct from

those of bulk meerials(49,50)

Nanocarriersare often designed to enable the delivery of medicinal or diagnasiensto their
site of action. Effective targeted delivery methaisexpectedo produce comparatively greater
or more effective dosing at the targeted site while allowing for a lower systergosure of the
drug. The growth of this discipline has been dqt by the anticipated advantages of decreased
systemic adverse effects and concurrently bet@ctivity of the medications delivery by

nanotechnology producté0,51)

Nanocarriers are known to be abte accumulate in the solid tumerpassivelydue to the
presence of leaky vasculature as well as impaired drainage of the lymphatic sy&Etén

mechanism which known as the enhanced permeation and retention (EPR) effect, is believed to

13



play a pivotal role in accumulation of nano sized carriers in tumors videxpected to enhance
the exposure, thuspecificityof encapsulated cargo withidé nanocarrier for the tumor versus

normal tissue Targeted delivery is now a thriving area for nanomaterials and medicine delivery

(52c58).

The nanoparticles must be able to avoid systemic identificadimh captue by the mononuclear
phagocytic systenm order to utilise the EPR effect for passive targetiag.this purpose, usually
polyethylene glycol (PEG) modification of narasriersis used tdengthennano-carrier stay in

the bloodcirculationby avoiding ilrmune system opsonization and clearar{6@).

The development of a densely knit water network underlies the stealth effect of PEG chains. This
will providethe nano-carrierwith a hydrophilic surface that will inhibédsorption of opsonins

that may be recognized by thenacrophagesand mark the nanocarrier for uptakePEG
modificationnot onlywould prevent the nano carriers from being cleared by the immune system,
prolonging thei circulation duration which willeventually lead toenhancel their tumor

accumulation but also prevents particle aggregati(0,5%.61).

1.10. PolymericMicelle

Polymeric micelles have attracted a lot of attention as colloidal delivery methods that
potentially mee the crieria for an optimal and flexible drug carrier. Polymeric micelles are
usually spherical, corshell nanostructures that are formed through the saffsembly of
amphiphilic block copolymers in an aqueous environmé&heyfrequently employed for the

solubilzation of poorly wateisoluble compounds and targeted drug delivés®,62)
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Ther core isusually chemically manipulatedo 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 si¢€100nm) is anticipated to make it more probable for the particles

to accumulate and distribute in the tumor adequately. Secygnittleir 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, thee f drug action, and the proposed

route of administration(63).

shell: PEO [W\r

| Core: PDLA, PBCL, PCL |

| Hydrophobic Compound: A4 | .

Figure 14: The schematic view tfie polymeric micelles arekamplecore, shell structureShell: Polyethylene glycwl PEO,
Core:poly O, Llactide) orPDLApoly ( -benzyl carboxylat&-caprolactone) or PBCL and polycaprolactone or PCL

1.11 Liposomal nanccarriers
Lipid based nandelivery systems have been the flagship of all the nanocarriers systems
with many clinically available formulations in the marké4). Liposomes are microscopic

spherical shaped vesicles composed of phospholipids bilayer. The property of the compound

15



determines whether it is erapsulated in thecore, thelipid bilayeror the interface between the

two (65,66)

Compounds that are lipophilic are often integrated directly into the lipid bilayer, whereas drugs
that are hydrophlic are typically contained within the central aqueous core. Following the
general concept of any narntelivery system, the loaded compoundillwtake 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 tisgbm69).

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

which would increase the chance of them to accumulate in the cite of a(#©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 nanopatrticles is the increaséuafor specificity of the chemosensitizer

compoundsso that the normal cells doot becomesensitizedo the effect of chemotherapy
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Figure 15: 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

ERCGCXPF is proven to be a key enz/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 protleat the inhibition of the interaction
between the ERCC1 and XPF is able to sensitize the cell to the effenbtdxye therapeutics.
(47,48) Different generations oinhibitors of ERCC1/XPF dimerization has been developed as
chemo and radiesensitizing compoundby our collaborators, Dr Fred West and Dr Michael
Weinfeld (71). Amongall the synthesized compound§ompound 4 (A4) were shown to be a
potent inhibitor of ERCCAPRIGo=0.33+0.12uM and k 100+ 5) (71). Considering that the
A4 compound is water insoluble, in order to tackle the solubility issue and at the same time

increase itaumor specficity, encapsulation of the compound nanocarrierss proposed71).
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Figure 16: The chemical structure of ERE&MF inhibitor known as A4

Considering the water insolubility of the compound and gievious success that polymeric
micelles had in delivery of hydrophobic compounds, they are the pnamocarriercandidates

for the delivery of A4(63)

While studying and synthesizing these series of compouhdsesearch group ddr. Frank

2 SaiQa ARSYyI( klésk SriRctutdo thaKdd M:A.€) anfaftitalaria drugknown as
pyronaridine(PYD), as a potential ERCC1/XRFibitor (72). Based the recent studigsot only

PYD has demonstrated chemotherapeutic activity but also it has been shown to be a modulator
of Rglycoprotein(73). Considering that YD is water soluble, the niagoal of its encapsulation

is to ncrease its specificity and potendyor this purpose ite proposed nanocarriexas a

liposomal delivery systemvith componentssimilar to that of Dox@formulation.
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Figure 17: The chemical structure oi¥P an antimalaria drug which inhibits the interaction of ERKEE

1.13. Hypothesis

Project one:Encapsulation of A4 (a watérsoluble inhibitor of XPF enzyma)properly
designed polymeric nanoarriers will enhance the aqueous solubility level of the drug,
slowdown its release while keeping the chessensitizing activity of this ERCC1/XPF inbribit

intact.

Project two: Liposomal formulation gbyronaridine(LPY slowdown its release while keeping

the chemaosensitizing activity of this ERCC1/XPF inhibitor intact.
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1.14. Objectives

1-

2-

To select the proper polymeric drug delivery system for A4

Toexamine the antcancer activity of the free and encapsulated drug in colorectal
cancer model in combination with platinum drugs.

To develop and optimize liposomal formulation (Lpy) D Ror passive tumor targeting
To examine the anitancer activity othe free and encapsulated drug in colorectal

cancer model in combination with platinum drugs.
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Chapter TwoNano-encapsulation of a novel inhibitors of
ERCGXPF for targeted sensitization of colorectal cancer to
platinum-basedchemotherapeutics
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2.1. Introduction

Colorectal cancer is the third most diagnosed cancer, with 1.8 million cases worldiwide
isthe second leading cause of cancer deaths, @itflobal annual rate 50000 deathg4,74)
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 amative option for
nonmetastatic cases, thpatient outcome of treatment strongly depends on manfactors
including the staging of cancé&hemotherapy and radiotherapy could be employed to decrease
the sizeof the tumor before surgergo that surgeryvould be possiblé3).
Platinum drugs are used for the treatment of many types of cancers, such as ovarian, breast,
lung, and colorectal cancé28,75) The mechanism of action pfatinum drugs is to bind to the
DNA of a cell and form DNA adducts which will lead to intrastranidterstrand crosdinks.
These crostinks will result in the disruption of the structure of DNA moleculgsthoxaliplatin

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

However, the use of platinushased drugs as chemathapeutics has been associated with
chemoresistance and doskependent adverse side effects. Chemoresistance to platinum drugs
is shown to be associated with several underlying mechanisms, including decreased cellular

uptake(78), accelerated detoxificatio(iV9), and enhanced DNA rep&#9,75)

Although treating cancer cells witllatinum DNAdamaging agents could result in lesions to the
DNA of the cell followed by its apoptodisit 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 ensitivity of cancer to the effect of platiniimased drug$26,76,77)

ERCGXPF is a heterodimeric enzyme which has a kieyindNER pathwalB0). In this structure
ERCCL1 is considered dgtizally inactive and its main role is to stabilize XPF, while XPF has the
endonuclease activity81,82) ERCCGXKPF is an attractivearget 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 ERCCL1 leading to rapid
degradation of either protein and eventual sensitization of earaells to the effects to DNA

damaging agents such as platindorased chemotherapeutiq#6,48)

Our research group have been focusing on synthesizing different small molecule inhibitors of
ERCC1/XPF dimerization with the aim of sensitizing cametls 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 studie$71,83;85).

While preliminary results on A4 are promising, poor water solubility and laspexdificity to
cancer cells would limit its further use for morestbugh 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 thiCER/XPF inhibitor. We then assesdbd

physicochemical properties of the developed formulation and its activity in combination with two

23



platinumbased chemotherapeutics in colorectal cancer cell liNesiodrug delivery systems of
appropriate size and sface properties are known to accumulate in the solid tun{bg).
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 studie$63).

The results pointed to the potential of polymeric micellar formulations of A4 vedte to not
only enhance solubilized drug A4 levels, butstow down its release and at the same time
maintainactivity of Adin the inhibition of ERCC1/XPFewiorectal cancer cednd show synergy

in combination withcarboplatin

2.2. Material and Methods

2.2.1. Materials

Methoxy-polyethylene oxide (mMPEQO) (average molecular weight of 5000 g/mol) bovine
serum albumin (BSA), and reseagfade organic solvents were purchased from Sigma (St. Louis,
Mo, USA). dactide (98%) was purchased from Alfa Aesar, Lanea@lK). ELactide (98%) was
' 3SYySNRdza 3IATFTAE FTNRY t dzSdprolactoné @&sApSrehbs¥d>froh S G KS
[ YOl &G SN & aBéir| Saibhxitlatedcdprslactdne 'monomer was synthesized by
WIfoSNIF wSaSlk NOK / KSYAdQ) accarding yo@praviodsy puslighgdi 2 y =
procedure(86). Stannous octoate was purcked 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 peniesireptomycin were purchased from GIBCO.

Spectra/Por dialysisibing (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 apmtesequential addition reaction
in 3 steps as previously reported by our collaborator and shown in Figure 1A (Ref: J. Med. Chem.
2019, 62, 17, 7684696). Mannich reaction op-acetamidophenol with formaldehyde and
appropriate secondary amine inf#opanol 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 compnod, the resulting viscous residue was treated with 6 M
HCl to deacetylate the acetamido group to furnish the primary amine as depicted for
intermediate 1 in Figure 1B. Afterwards, an equimolar amount ofi&;Bloro-2-methoxyacridine
was added, affordingfter 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 Bt NMR,'*C NMR, HRMS, IR and the purity of A4 was
determinSR 0& 1t [/ OxX@y:Fighd2h G&0 a aK2gy Ay
2.2.3. Synthesis and characterization of polymers
2.2.3.1. PE®-PBCL

The PE®-PBCL diblock copolymeras synthesized as it was described bef(86).
Briefly, the ring2 LISY Ay 3 L3Rt & YSNA | I henBhcardylafideBolactche 1 p 3
(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 undermawum. 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 temperate28 C) for 10 minutes.
The resulting precipitant was themashed by following the use of the DCM/hexane addition and
cooling process for 5 to 10 times.

After purification, the synthesized diblock copolymer was characterizedHdyMR (600 MHz
Avance IHBruker, East Milton, ON, Canada) using deuteratedrofdom (CDG), as solvent. The
area under the curve for peaks 3.580 and 5.079 ppm related to PEG (polyethylene glycol) and
h-benzyicarboxylates-caprolactoneggroups in the polymer structure, respectively, were used to
measure the molecular weight amtkgree of polymerization (Dp) of the hydrophobic block in the

polymer assuming an average DP of 144 for the PEO block.

2.2.3.2. PE®-PCL

The synthesis of PE®PCL was carried out as described bef(@é). briefly a typical
NEI OliA2yE mModHp3I YSiKz2Ee LRteSiKéetSyS 2EARS 0c¢
caprolactone (Mw:114.4). Brampule was then sealed under a vacuum and kept in an oven with
a temperature of 140 °C for 6 hours. The polymer was characterizéd KR (600 MHz Avance
lll- Bruker, East Milton, ON, Canada) using deuterated chloroform (CDCL3), as solvent. The area
under the curve for peakat 3.664 and 4.079 ppm related to PEG (polyethylene glycol and
Ol LINRBt I O 2 y Scap@bdodelnidhe polyrRer structure were used to measure the
molecular weight and the DP of the hydrophobic block in the polymer assumiagesage DP

of 144 for the PEO block.

2.2.3.3. PE®@DLA (580)
The synthesis of PERLLA (5050) was also carried out as described bef@®e,86)

Polyethylene oxide (Mw:5000 g/mol) was the initiator and a 50:50 mixturela€tide and B
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lactide were used as monomers in this react{68). Briefly, MePEO (0.6 g) was rescwith a

50-50 ratio of Elactide and Blactide (total weight of 0.7g, 0.35g ofléxtide, and 0.35g of-L
lactide) in an ampule. Stannous Octoate6(8rops) was used as the catalyst. The ampule was
then sealed under a vacuum and kept in an oven witeragerature of 140 °C for 6 hours. The
synthesized polymer was then purified as described above. The purified polymer was
characterized byH NMR (600 MHz Avance Bluker, East Milton, ON, Canada) using deuterated
chloroform (CDG@), as solvent. The areeder the curve for peaks 8581 and 5.101 ppm related

to PEG (polyethylene glycol am LLactide groupsn the polymer structure were used to
measure the molecular weight and DP of the hydrophobic block in the polymer assuming an

average Dief 144 fa the PEO block.

2.2.4. Selfassembly of prepared block copolymers

A cosolvent evaporation method was used to prepare empty or tvaged 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 doublstilled water. The remaining acetone
evaporated under the fone hood overnight while stirring, using a magnetic bar. F\
dispersion was centrifuged at 11600 x g for 5 min. This was followed by filtration BMbasing
a 0.22pum MRMillipore™ Membrane. (Syring€riven Filter Unit, Millex, 33mm).
2.2.5. Characterization of loaded and unloaddeMs

The average size f&erage), polydispersity index (PDI), and zeta potential (ZP) of the
prepared PMs were assessed using dynamic light scattering (DLS) Malvern Zetasizer 3000
(Malvern Instruments Ltd., MalvertJK). 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 Geneb 1.11) based on a calibration curve of the drug in a DMSO: water 50:50 solution.
The prepared®Msdispersion 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.
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The stability of thePMs in terms of the potential for aggregation or drug leakage was assessed
(88). For this purpose, th®Ms were kept in a fridge and at room temperature for 20 days. The
shge morphology, loading, and encapsulation efficiency of the drug during the storage period
were assessed. The morphology of the prepd?dts was checked with TEM as described before
(89). Briefly,PM samples in water (0L mg/mL) were transferred to a coppeoated 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 filterpaper after 2 minutes. The prepared TEMansmission 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

Thein vitro release of loaded A4 frolMswas 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 3mLRifitteemulation of A4 in
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water. Each bag was immersed in 300 mL of the release solution containing double distilled water
and10% BSA. The media was changed after 12h. At selected time points (0, 2, 4, 6, 8, 24 h) 200
puL of samples were taken from inside the dialysis bags andaeglwith 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(89)1The drug
concentraton 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,-B9, and SW62Were initially purchased from American Type
Culture Collection (ATCBY Dr.2 SAY TSt RQa [ | The cell Werefg®whiin DMEM dza ®

supplemented with 10% FBS and 1% penietiiaptomycin(90).

2.2.8 Proximity ligatiorassay

The interaction and disruption of ERCXRF heterodimer is assessed after being treated with 2
UM of A4 compound Proximity ligation assay waerformed asexplained befoe (85,91,92) As

a brief explanation, 30,000 SW620 cells were seeded in an 8 well Nuhekathamber slide
system. The slides were incubated for 24 hours prior to the treatment. After adding the
treatments, cells were incubated for 24 howsd then processed for prein proximity analysis
using the Duolink assay (Olink Bioscience, Uppsala, Sweden) with and ERCC1 antRddy (FL
1/100; Santa cruz biotechnology, Santa Cruz,lt3) andXPF antibody (ES173159, 1/100;
LifeSpan BiSciences, Seattle, WA). The Samplesewhen fixed and stained with DAPI. Later

then the celé were visualized with ZEISAxio 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 betweenERCCland XF and they were analyzed with ImageJ software (LOCI,
University of Wisconsin, USAesults are determined as mean values from two experiments

conducted independently.

2.2.¢p Cytotoxicity Assay

The 3(4,5dimethylthiazot2-yl)-2,5-diphenyt2Htetrazolium bromide (MTT) assay was
used to assess the cytotoxicity of the A4 (free or as-PBOLPM formulation) alone or in
combination with platinurdbased drugs, carboplatin, af@ialiplatin against HCIIL6, HT29, and
SW620 cells. Briefly, 2 x31€ells 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 platimibased drugs using a-lbur 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 dés for 2hs. Then the culture media was removed and replaced with 100
pL 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 Ad/platinum treaddd c

compared to media treated cel(93).

2.2.Mm nColony 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 PREBCIPMs) first, and after a -4hour 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 fixedhfrieezing cold methanol and stained
with 0.5% crystal violate solution. The colonies were counted afterward. The plating efficiency

was then calculate@©4).
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2.2.1m Statistical Analysis
All experiments were repeated at least three times, and dia¢a are shown as mean +
standard deviation (SD). The significant difference was assessed witw&@ner twoway
l bh+! TF2ff 23S Rhoo analysisizbt&istiCahanadlyidisanias carried out using Graph
Pad Prism 9 Software (GraphPad Software InxJplla, CA, USA). If a significant difference was
seen between groups, groups were compared using the MakA Gy Se& | GSade | @I

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

2.3.1. Physicochemical Characterizatioof polymeric micellar formulations

The structure of the thredlock copolymers and degree of polymerization (DP) of the
hydrophobic block was assessed usiHgNMR (Figure S{86). The data showed a DP of 42, 32,
and 35, for the hydrophobic block in PPCL, PE®BCL, and PERDLA copolymers,
respectively. The physicochemical characteristics of the asseniNdwith or without A4
loading, including their average diameter, polydispty index, encapsulation efficiency, and

loading content, are listed imable 21.

The average size of &Ms was below 100 nm, and all formulat®oshowed a relatively narrow

polydispersity index (below 0.25)he size of all threBMs 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 thePMs. Among all thdormulations, PEEPBCL demonstrated the smallest size while
PEGPCL size changed the most after A4 loading. Also, the smallest IBMiedere formed by
PEGPBCL which had the highest encapsulation efficiency for A4 (83.06 + 5.83 %) at the same

time.

The size oPMs obtained by TEM microscopy was assessed with Image J software. The sizes that
were obtained by the TEM microscopy were cdasably smaller that the ones obtained with
DLS. Between the three different formulations, PEBClwas demonstrating less differende

size between the two methods

The mean zeta potential of empfyMsis negative at5 to -9 mV. However, the mean zeta

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

Overall, among all the carriers, PPBCLPMshas shown the best loadingmallest average

diameterand PDI

HPLC chromatogram of A4 measured at 210 and 254 nm:
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Figure 21: HPLC chromatogram 8, yielded a purity of 98%.
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Table 21: Physicochemical characteristics of the-asembled empty and A4 loaded block copolymer micelles (n=3)

Average diametett

Average diameter +

Loading content

Encapsulation

PM formulation SDb PDI +SDP SD (nmf) Zeta potential (Wiwos) Efficiency (%)
PEQasb-PClg? 61.60 £ 0.41 0.240 + 0.007 30.51+8.1 -9.5+0.23 - -
PEQusb-PCLJ/A4 55.71 +0.38 0.105+£0.015] 35.591+13.39 476 +0.1 7.64+0.33 | 69.45+9.04
PEQusb-PBCh, 46.37 £ 0.25 0.220 £ 0.070 32.931+10.1 -7.58 + 0.069 - -
PEQusb-PBCE/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
PEQusb-PDLAs 79.12 £ 0.43 0.178 + 0.008 32.61 +£13.98 -5.5+0.04 - -
PEQusb-PDLAs/A4 68.12 +0.1¢ 0.099 +£0.013| 27.963 = 10.56 3.32+0.17 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 S5AFTFSNBYyOSa sSNBE O2yaARSNBR ai3dyATAinpaisonbdtweed thifree and paledF 2 £ £ 2 6 A y 3
polymeric micelles or
e) S5ATFTSNBYyOSa sSNB O2y airRSGNEBR ! iy A Fradded FOyA LI I1SG Ol LIK NAdRp/, diNy|Esi F2¢6 €

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

and unloadedPMs, where the spherical shape BMs was confirmed.
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PEGPBCL PEGPBCL/A4

PEGPDLA 5&0 PEGPDLA/A4 560
Figure 22: TEM Pictures d?Ms(loaded and unloaded with A4). Images were obtained at a magnification of 110,000x at 75kv

2.3.2.In Vitro Drug Release

Figure 23 shows the release profile of fre®4 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 bagMWCO = 3.5kDa)n contrast, only 20.43% of the drug in the FEBCL
formulation was released fronhe carrier and into the release media at the same time point.
The two other formulations, PERPDLA and PERCLPMs, were able to slow down the release
to 78.97% and 42.68% after 4iAdter 24 hours about 45% of tldrug was released from the
PEGPBCIPMs. While PE®DLA and PERCL 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: fréel > PEDLA/A4 > PERCL/A4 > PEO

PBCL/A4.

Overall, the PE®BCIPMs provide the smalles2Mformulations 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 naraarrier.

.
—§

Drug release %

0 I | 1 |
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- PEO-b-PCL/A4
PEO-b-PBCL/A4

=¥ PEO-b-PDLA/A4

Figure 23: 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 whethé&4 compound has the ability iohibit the interaction between

ERCC1 and XPF proteirsW62Ccell line.Figure 24 shows that A4 compand significantly

reduced the number of fluorescent foci resulting from dimerized ERG&-Lin comparison to

the single foci visualized with cells only treated with control.
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Figure 24: This figurendicates that A4 (2 a 0 f 2 I R $.Ras Abjediolisrupt the XFERCC1 dimer when loaded directly
into SW620 cells. This action could not be replicated bl &8, indicating thaPM/A4provided an appropriate vehicle to
release A4 into SW620 cell and modified-ERECin situ.
2.3.4. In Vitro nonspecific cytotoxicity of A4 and its PERBCIPM 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 asse$seMTT assay. Data is showirrigure

2.5, and the Igyvalues are demonstrated ihable 22.
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Table 22: The Ig(mean + SD) of free A4 against colorectal cancer cell lines measured by MTT assay (n=3)

1Goin HCT116 [Goin SW620 IGoin HT29
Free A4
(M) (UM) (HM)
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 23: The IC50 of free A4 against colorectal cancer cell lines measured by MTT assay (n=3)

IGsoin HCT116 IGsoin SW620 |Gsoin HT29
PM/A4
(LM) (UM) (UM)
24h >16 pM (8-16) pM (8-16) pM
48h (8-16) UM (8-16) pM >16 UM

The nonspecific cytotoxicity of A4 seemed to increase as its incubation time was enhanced.
However, in general, th@anoformulation seemed to reduce the nonspecific toxicity of A4
against all three cancer cell lingSonsidering that H29 showed aonsiderablylower level of
sensitivity to the effect of A4 compound, the rest of the studies were done on the two o#fler ¢
lines. The empty micelles were not cytotexand 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 25: The comparison between the cytotoxicity of free and-PBOIPMloaded 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-PBOL micellar fonulation
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 thecelidinesA) HCT116 an&) SW620
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under study, i.e., 0.25 and 0.5 uM of A4 either as free or-PBOIPM formulation. (Figure

2.6.)

A
HCT116
g
100 =e— Carboplatin
< 80 =+ Carboplatin+A4 (0.5 eM)
> —— Carboplatin+PM/A4 (0.5 €M)
T 60
3
> 404
©
O 204
0 I I I I I I I I
0 25 50 75 100 125 150 175 200
Carboplatin concentration eM
B
SW620
100 > - Carboplatin
Q =~ Carboplatin+ A4 (0.5 eM)
< 80
> =~ Carbopaltin& PM/A4 (0.5 eM)
= 60~
3
= 404
©
O 20
0 1 I I 1 1 1 1 1
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Carboplatin concentration eM

Figure 26: Cytotoxicity of Carboplatin without and with A4 (Free or Polymeric micelles) at 72h incubation against A) HCT116

and BJISW620 cell line (n=3), There is-hotir time interval between the two treatmentsShows statistically significant

difference from cotrol PM alone; * shows statistically significant fromfree ®dg¢g € ! bh+! = ¢dz] S& Qa Ydz (A L
test)

The results showed a chensensitizing activity when 0.5 uM concentrations of A4, particularly

as a PM formulation, was combined with carbdplan both CRC cells under stuligure 26 on
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the other hand, 0.25 pM of A4, while showing a minor effect in combination with the

chemotherapeutic, was not affectiveas 0.5 uMA4 as a chemosensitizer

2.3.6. Sensitization of CRC lteto Oxaliplatin by A4 and its PERBCL micellar formulation
The chemesensitizing effect of A4 in combination with another platinum
chemotherapeutic agent, i.eQOxaliplatin,is assessed as wellhe data showed the cell lines

under study to be much mersensitive to the effects of oxaliplatin alone thamboplatin.(Figure

2.7)
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Figure 27: Cytotoxicity of Oxaliplatin without and with A4 (free or polymeric micelles) at 72h incubation against A) HCT116 and
B) Sw620 cell line (n=3)here is a Arour time interval between the two treatmentsShows statistically significant difference
from cantrol PM alone; * shows statistically significant fromfree®g¢s | @ ! bhx! I ¢dzl SeQa YdzZ GALX S O2

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

Oxaliplatin.

2.3.7. Colony forming Assay

2.37.1. HCT116

In the HCT116 cell line, the combination of A4 eaxdboplatin has shown more promising result

as the combination of either free or PM A4 led to lower surviving fraction of the HCT116 cells at
both 0.0626 and 0.5M A4 concentrationMeanwhile, in this cell line, the combination of A4
andoxaliplatindid not showpromising result and increasing the concentratiorPdd A4 onlyled

to a negligibleimprovement in cytotoxicity in combination witthe highest concentration of

oxaliplatinunder sudy. (Twog @ ! bh+! 3 ¢dzl Se Qa Ydz HFigutasy O2 Y LI
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Figure 28: The results oflonogenic assafpllowing combination of A4 and A4 PM withrboplatin(3.125, 6.26, 12.5 pM)r
oxaliplatin (0.5, 1,2 pMagainst HCT11=3.(* purple)Shows statistically significant difference from control PM alne;

green) shows statistically significant from free ABNo-G | €

2.3.1.2. SW620

I'bhx! X

In SW620 celthe 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 thexigaictivity of

oxaliplatin against SW620 cells when higher concentrations of A4 were usedMpHwoway ANOVA,

¢dzl Se Qi

Ydzt GALX S (RpBrePA) NRA 52y

dSadov
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42

¢dzZl SeQa )ydzZ GALIX S O2YLI NR &2,



(A4: 0.0625, Carboplatin: 3.125, 6.25, 12.5)

(A4:0.5, Carboplatin: 3.1

25, 6.25, 12.5)

SW620
1003 1003
X g = PM R -= PM
g — & A4(0.0625cM) 3 -+ A4(0.5&M)
> >
5 109 - PM/A4 (0.0625¢ M) 5 104 - PM/A4 (0.5 M)
2] 3 2] ]
3 3
O o
1 T T T T 1 T T T X

0.0 3.125 6.25 125 0 3.125 6.25 12.5

Carboplatin concentration éM Carboplatin concentration €M

(A4:0.0625, Oxaliplatin: 0.5, 1, 2) (A4:0.5, Oxaliplatin: 0.5, 1, 2)

100 10075
< = PM < - PM
S - A4 (0.0.0625 £M) T - A4(05eM)
2 10 ~ PM/A4 (0.0625 £M) 2 104 - PM/A4(0.5eM)
" » 3
o T
(&) O
1 T T T 1 T

T
0 0.5 1 2
Oxaliplatin concentration (g M)

T T T
0 0.5 1 2

Oxaliplatin concentration (e M)

Figure 29: Clonogenic assay in SW620 cells treated with carboplatin (3.125, 6.25, 12.5 uM) or oxaliplatin (0.5, 1,2 pM) in the
presence empty PMs or 0.0625, 0.5 pM of free or PM loaded A4(frR3)ple)shows statistically significant difference from

control PM along(
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HCT116 Colony Pictures

A4:0.0625, Carboplatin:3.125, 6.25, 12.5 yM
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A4 (0.0625)

PM

PM/A4 (0.0625)

Carboplatin:
0 pM

Carboplatin:
3.125 uM

Carboplatin:
6.25 uM
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Carboplatin:
12.5 pM

Figure 210: Clonogenic assay in HCT12@(0.0625 uM) and Carboplatin (3.125, 6.25, 12.5 uM) (n=3)

A4:0n c5iOxaliplatin :0.5, 1, 2 uM
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Figure 211: Clonogenic assay in HCT12&(0.0625 uM) and Oxaliplatin (0.5, 1, 2) (n=3)

A4:0.5, Carboplatin:3.125, 6.25, 12.5 pM
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6.25 uM
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12.5 uM

Figure 212: Clonogenic assay in HCT12&(0.5 uM) and Carboplatin (3.125, 6.25, 12.5) (n=3)
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Oxaliplatin:

2 uM
Figure 213: Clonogenic assay in HCT12&(0.5 uM) and Oxaliplatin (0.5, 1, 2) (n=3)
SW620 Colony pictures
A4:0.0625 pM, Carboplatin: 3.125, 6.25, 12.5 uM
SW620 DMS1% A4 (0.0625) PM PM/A4 (0.0625)
Carboplatin:
0O uM
Carboplatin:
3.125 uM
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A4:0.0625 pM, Ox: 0.5, 1, 2 uM

Figure 214: Clonogenic assay in SW6204(0.0625 uM) and Carboplatin (3.125, 6.25, 12.5) (n=3)

SW620

DMSG1%

A4 (0.0625)

PM

PM/A4 (0.0625)

Oxaliplatin:
0 uMm

50




Oxaliplatin:

0.5 pM

Oxaliplatin:

1uM

Oxaliplatin:

2 uM

Figure 215: Clonogenic assay in SW6224(0.0625 uM) and Oxaliplatin (0.5, 1, 2) (n=3)

A4: 0.5 puM, Carboplatin 3.125, 6.25, 12.5 uM
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Figure 216: Clonogenic assay in SW62¢1(0.5 uM) and Carboplatin (3.125,6.25, 12.5) (n=3)
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A4: 0.5 uM, Oxaliplatin: 0.5, 1, 2 uM
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Figure 217: Clonogenic assay in SW6204(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 wasdparthis study
to reduce the chance of their side effects on normal cells, particularly when combined with DNA
damaging agentsThis study aimed to design a polymeric micellar formulation for the A4
compound, which would tackle the poor water solubibfithe compound while showing promise
in enhancing its delivery to colorectal cancer cells for targeted sensitization of cancer over normal

cells to the effect of platinuabased compounds.

Carboplatin and Oxaliplatin, as two of the chemotherapeutic agevite the capability of
damaging the DNA of the cells, have been used in the treatment of many types of cancer,
including colorectal cancgR8, 7). However, drug resistance, high toxicity, and side effects that
most patients suffer fromcan hinder their activity in increasing patient outcor(29,75,95) In

this study, we followed two main objectives. First, to find the most desirable polymmckllar
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for the A4 compound that would tackle this compoungksr watersolubilityofferingthe highes

A4 encapsulation efficiency and slowest release profile in biologically relevant release media.
Second, to assess the cytotoxicity activity af fhree and encapsulated drug in colorectal cancer
model in combination with platinumdrugs 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 developeBM formulations,PMs based o?EGb-PBCL demonstrated the best
loading efficiencyor A4 while reducing itseleaserate better thanthe other formulationsat the

same time Table 21. andFigure 23.). These desirable physicochemical characteristics, such as
smallersize higherloading content and thelowerreleaseof A4 from this structurgis attributed

to the presence of penderit-benzyl carboxylate groupn PCLThePEGb-t . / [ = -bgnkyli K b
carboxylate, has higher hydrophobicity thamther block copolymerainder study The higher
loadingof A4din the PBClcontainingmicelles could be due to hydrophmhinteractions between

the drug and thecore-forming block This has been shown in both DLS and TEM data. In general,
the TEM revealed smaller average diameters for the micellar formulations comparedSto DL

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

The same hydrophobic interactiaranbe the reason for theetainment of ~50% of the drug
content in the PE@BClmicellarformulation after 24 hour®f release studyn the biologically

relevant media.

The results ofcytotoxicity 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 comparet the other two cell lines. In addition, the PEEBCL micellar
formulation of A4 was able to lower the n@pecific toxicity of A4 in all three CRC cell lines under
study, in vitro Figure 25.). This could be attributed to slow release of A4 from the micellar

formulation.

In colony forming assay, when combined with platirbhased DNA damaging agents, A4 at a low
concentration of 0.0625rM showed tosensitize both cell lines to the anticancer activity of
carboplatin, but not that of oxaliplatin. Higher concentrations of A4 (v 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 chersensitizer 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 chesapsitizing activity oA4 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 ndoomulation for this novel inhibitor of ERCC1/XPF capable

of sensitization of CRC cells to the anticancer activity of platibhased chemotherapeutics.
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Chapter ThreeRepurposing pyronaridine as a novel ittior
of heterodimeric ERCCAPF DNA endonuclease complex for
target sensitization of colorectal cancer to platinuimased
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 daefactors such as
population growth and aging, there will be 60 and 71 % growth in the number of colon and rectal
cancers, respectivel{96). Surgery is the main curative option for individuals with colorectal
carcer that has not spread beyond the col@7¢99). In some cases, chemotherapsy 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 importantehemotherapy in the

management of colorectal cancé¥8,10¢103)

Even thouglplatinum-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 treatmestlimited (26). In order to exert their effects,

LI I GAydzy RNMzZ& Ydzad FaGalFOK G2 I+ OStftQa 5b!
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integrity will be compromised. Both carboplatin and oxaliplatin damage DNA, which ultimately
causes cell deat(6,29,76,77)Different mechanisms, including decreased cellular up{@é
increased drug efflux, and enhanced DNA repair mechani¢g®75) can lead to
chemoresistance against the effectiveness of platinum based chemotherapeutics. Adverse side
effects such as neurotoxicity @other limiting factor hindering the effective use of platinum
based chemotherapy in clini26¢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 cellsogosis, 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 molades can increase the sensitivity of cancer cells to the effect of certain

genotoxic treatment$26,76,77)

The heterodimeric enzyme, ERCGXHF is essential for the NER pathway. The primaotifumof

ERCCL1 in this structure, which is thought to be catalytically inactive, is to bind to XPF while XPF
has endonuclease activif1,82) Due to its crystal structure and availability of several binding
sites on the protein that may be targeted by small molecule inhibitors, ElXEE1s a desirable

target for the sensitization of cancer to platinum based chemotherapdufiy

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 ERCCL1. This was shown to result
in the sensitization of many cancer cell types to the effectatium based chemotherapeutics

(72).

While investing a wide number of compounds, West etaind 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(t@#) It is a
water-soluble compound that can be found in the form of tetraphosphate €H)5) 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 aiv2(91). It was shown to inhibit the catalytic activity of
ERCC1/XPF at levels like that of A4 and act as a radiosensitizer in combividtigonizing

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 ceadministration of this copound 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 sdhility of this compound, liposomal delivery system was proposed for
the nanaencapsulation of pyronariding 06) Liposomal encapsulation o¥B by remote loading

in liposomes (DOPC, DSPEG2000, 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 ofDPand its liposomal
formulation as chemosensitizers in combination with two platinum chemotherapsut

carboplatin and oxaliplatin, in colorectal cancer cells was assesseto (107)

3.2. Material and Methods

3.2.1. Materials
Pyronaridine tetraphosphate was purchased from abgcdomited Kingdom Lipids
including 1,2-Distearoyisnglycera3-phosphocholine DSP{, 1,2-distearoytsnglyceroe3-

phosphoethanolaminéN-[methoxy(polyethyleneglyco2000] OSPEPEG, Cholesteral 1,2-
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Dioleoytsnglycere3-phosphocholine DOPC, 1-palmitoyt2-oleoytsnglycere3-
phosphocholine ROP(Q, 1,2-dipalmitoytsnglycere3-phosphocholine DPP(, were all
purchased from Avanti Polar Lipid, Inc. (Alabaster, AL, USA). Sodium Dodecyl Sulfate
(electrophoresis purity reagent) was bought from 8D All the research grade solvents were
purchased from sigma (St. Louis, Mo, USpectra/Por dialysis tubingiVCO, 3.4KDA) was
purchased from Spectrum Laboratories (Rancho Dominguez, CA). Cell culture media DMEM, fetal

bovine serum (FBS), and peniciliitneptomycin were purchased from GIBCKD8)

3.2.2. Preparation of Pyronaridind_.oaded Liposomes

Liposomes were made with a thin lipid film hydration method. For the preparation of
liposomes DSPC, DOPC POPC or DPPC were mixed wviBHGSR8holesterol at a molar ratio
of 75:5:20. Phospholipids were dissolved in chloroform/methanol at a ratio biVB/ 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 sblvents start boiling). After the
formation of the thin lipid layer, thdlask waskept in a vacuunoven atroom temperature
overnight, to make sure there is no trace of organic solvent left. The thin lipid layer was then
hydrated with 200mM of citrate @ffer (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) emRDO

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

A water bath sonicator (Elma ElImaso®10H Heated Ultrasonic Water Bath, EIma Schmidbauer
GmbH,Germany) preheatedo ~ 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

61



rounds of 20 minws of sonication while applying he&t08,109) 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 mola 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 1. The unencapsulated drug was separated from
the loaded liposomes by pelleting drigaded liposomes via ultracentrifugation (150,00@,

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 siz&-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 measutgy disrupting the liposomes using a 4% SDS
solution. Pyronaridine absorbance 426nmwas 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 dded liposomes were calculated with based on the following
equations.
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The morphology of the liposomes was checked witAnsmission ElectromMicroscopyTEM.
Sample preparation for TEM was done using a drop of liposome dispersion with the
concentration of 10nM transferred to a copper coated grid and incubated at room temperature
for 20 mirutesso that the liposomes settle on the membrane om tirid. The samples are then
rinsed through 8 drops of water over parafilm each for almost 1 minute. The sasgles 9:1

ratio of 2% methyl cellulose: 4% of uranyl acetate on ice for 10 minutes. After all thevateps
done thenit was liftedthe grid and dry if off with Whiatman paper to remove the excess liquid
before imaging. The samplegere observed under the electron microscope at 8@kt0) The
prepared TEM specimengere then analyzed in a Morgagni 268 TEM microscope (Philips/field

emission). The inserted camera was Gatan a CCD cdfrieirp

3.2.5. In vitro drug release

Thein vitrorelease of the encapsulated pyronaridine from tsomes was investigated
using a dialystbag 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 foee drug dissolved in PBS, was placed into 20
mL of PBS maintained at 37 °C in a shaking water bath (90 rpm, Julabo SW 22 shaking water bath,
Seelbach, Germany). At selected time intervals, 0, 1, 3, 6, 9, 12, 24, 36, 48, 72, and 96 hours,

aliquots of 0.5mL 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 &\J¥ Plate reader (BioTeklriergy 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 pyronaridineasked was corrected by the correction

factor as shown in the following equation:

W
Y Y - Y
w

where,’Y is percent drug released at time point n after correctioh; percent drug releasedit

time point n before correction)Y percent drug released at time pointl @ , the volume of
sample withdrew (mL)p volume the release medium (mL). Finally, the release profiles of the
formulations were plotted, and their mean release timeRIV) was calculated using the equation

below:

where i is the sampling number, n is the last sampling numberist the time at the midpoint
between t and t.1 (calculated as {(# t10 K H 0 lisytiR adudiionhamount of drug released

between tand f.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 asssed 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 PB3@¥BSA and maintained in 37 °C in 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 frandisdysis 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 concentratior(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 pkti6d
days, all the samples went through ultracentrifugation (150,800 4 °C, for 2.8) to separate
the portion of the drug thatvasstill loaded from the portion that has leaked out of the liposomal
formulations. The supernatanwas discarded and relpced 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 486 as explained aboy@08)

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

FBS and 1% penicillin streptomy(a0).
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3.2.8 Assessing the Cell toxicity of Pyronaridine and determining its IC50 in colorectal cancer
model

The The 3(4,5dimethylthiazot2-yl)-2,5-diphenyt2Htetrazolium bromide (MTT) assay
was used to assess the cytotoxicity of pyronaridine as a free compound and its liposomal
formulation inDSPC: DSHFEEQ@O000: cholesterohagainst HCT116 and SW620 cell lineefBrR x
10 cells were seeded in 96 well platgd0 uM) The plates were incubated for 24 hours so that
the cells adhere to the plate. The day after cells are treated with 12 differemtentrationsof
pyronaridine. The cytotoxicity of the compound issassed 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 replaibdlOOpuL of DMSO and
after all the crystals are dissolvélge percentage of viability is calculated based on the amount
of light absorption of the dissolved crystals at 570 nm. The viability gf@lips arecalculated

based on the media only treated cells.

3.2.9. Assessing the Cell toxicity assay in Combenfefitmat

In a typical experiment, 2 x 10ells were seeded in each well of 96 well pl&é 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 treatéith 11 different concentrations of
Pyronaridine. After a-dlifference interval, the cells were treated with 8 different concentrations
of the chemotherapeutic agentdrboplatin oroxaliplatin). The cells were kept in the incubator
for 72 h. This was llowed by addition of 20 uL of the MTT solution (5 pg/mL) which was exposed

for 1.5 h to the cells. The media was then removed and the MTT crystals were dissolved in 100

66



puL of DMSO. Absorption at 570 nm in each well was used to measure cell viabilitygftnected

cells compared to the ones treated with media as the negative co(@R)!

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 pL of pyronaridine as the chemosensitizer. Four hours after, the cells
received 10QuL of chemotherapeutiagent. 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 methanol,
and stained with 0.5% crystal violet solution. The number of colonies were counted and after

normalizing data the fraction of surviving cells was calcul €l

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 wigty BMNOVA or
two-g I @ ! bh+! F2ff 2 ¢g-BoRanalysis. If dzdighiicAnd diffed@naeiiwere seen
between groups, they were compared using the Maihitney U test. AJI £ dzS 2 F LK1 dn |

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 summariseable 31

and Table 32 The characterization of particle average diameter showed a meawverage
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diameter at a range of 863110 nm, irrespective of the lipid composition and interior giHe

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

distribution.

Table 31: Characteristics gbyronaridineloaded liposomal formulations prepared from various phospholipids with

an interior pH of 3.5.

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

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 32: Characteristics of empty and pyronaridileaded liposomal formulations prepared from DSPC/EFIRE

and cholesterol with different interior pH.

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

Drugloaded, pH 6.5 106.3 + 0.95 0.216 £ 0.011 34.85+ 1.29 16.63+ 1.91
Drugloaded, pH 5.0 103.8 + 0.67 0.218 £ 0.009 97.51+2.49 144.9 + 5.62
Drugloaded 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 angarior pH of 3.5Table 31). However,
Elevating the pH of the liposomal interior to 6.5 lowered the encapsulation efficiency of

pyronaridine signitiantly. (Table 32).

Among all the developed formulations, DSPC, EFRE, andholesterol holding a pH of 3.5

inside and 7.4 outside with a molar ratio of 10:1 (Lipid: Drug) demonstrated the highest
encapsulabn 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 lgaid its disturbance

would result in the lack of Pyronarine encapsulation.

Free Liposome (04am) Drug + Liposome (01m)

Free LiposoméL00 nm) Drug + LiposomgL00 nm)

Figure 31: TEM pictures of DSR@h luminal pH of 3.5 Liposomal formulations (loaded and unloaded with pyronaridine).
Images were obtained at 80 kV and two different magnificatidri8000xand 22000x an@9000x
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Figure 32: Pyronaridine structure,
showingthe 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 migpgsés too low and
inconclusive. Yet it is an adequate approach to confirm the formation of the free and loaded
liposomes.The pcturesare taken at 3 different magnifications as both free and encapsulated
ones,and it is demonstrated ifrigure 31. The formulation that was analyzed were DSPC based

liposomes with luminal pH of 3.5.

In pictures with highemagnification,it was also possible to visualize the bilayeusture 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 levedf lipophilicity drug decreases significantly. Yatthe more drug

gets loaded, the reaction shifts toward consumption of [H+] and production of protonated
pyronaridine until, eventually, the pH gradient is cancelédinvestigate if this phenomenon
would result in drug leakage from the liposomes, the amount of pyronaridine that remained
encapsulated in the samples were measured followinglag storage at both room temperature

(22 °C) and fridge (4°C). Our results sheoweat the percentage of the encapsulated drug was
maintained for the duration of the assay for all liposomal formulations under Stigiyre 33.C
Vescles appeared to maintain their integrity upon storage based on the assessment of changes

in their size and polydispersity index during storage for 16 &aysre 33.A andFigure 33.B

The following graphs demonstrate the size and Polydispersity index of the DSP®HISEPEDO,
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Figure 33: Stability of DSRBased liposomal formulations of pyronaridine in termgA)fAverage diameter(B)

Polydispersity index, an@€)Encapsulation efficiency formulations with different lumen pH (3.5 and 5) following
storage at22 or 4° C.

3.3.3.Release Study

The result of the in vitro release of pyronaridine from DORROPE and DPP(hased
liposomes with an interior pH of 3.5 apeesented inFigure 34.A. The calculated corresponding
MRTs (Mean Release Time) are presentethinle 31. Evidently, the drug release rate from the
drugrloaded liposomes composed of DPPC and POPC was much faster than that ab&@&C
liposomes, reaching 60% of the release in less than @hdata 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 POP43ed liposomes. Among different liposomal formulations of

pyronaridine using an interior pH of 3 DSP®asedformulationsshowed the slowest release

profile (MRT of 247.7 hrs).

Figure 3BaK2ga GKS STFSOG 2F fALI2a2YSaQ AyiSNAR2N

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 (24aTdhpH 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 formulationsThe mentioned data are presented ihable 32:
Characteristics of empty and pyronaridiwaded liposomal formulations prepared from
DSPC/DSHEEG and cholesterol with different interior pEbmplete drug release was observed

for liposomal fomulation 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, EF¥RE, andCholesterol holding a pH of 3.5

inside demonstrated the best properties in terms of drug encapsulation and release.
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Figure 34: The effect ofA) phospholipid type an{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: PES#6BSA

The release profile of fregoyronaridine versus the DSPC basetiposomal formulation is
demonstratedin Figure 34.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 forralation into the release media. After 24 hours, whaléthe free drugs

are released into the released media (100% released), about 50% cliodwled liposomes were
released from the carrier. After the first 24 hours the rate of release would decregrsécantly

until after72h there is only an extra 15% is released from the liposomal formulation reaching to
almost 65% release of the pyronaridine from the carriékmong all the different liposomal
conformations, and different luminal pHs, DSPC: EFHEE2000, Cholesterol with the pH: 3.5
has the best loading efficiency and drug release profiea result, all the further studies are
done with DSPC: DSPEF2000: 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 otytotoxicity of the compound was assessadainst two different colorectal
cancer cell lines. HCT116 and SW620. The cells were seeded 24 auis thee 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 demonstrateel 38

below. Also, the sigmoidal graphs of the cytotoxic effect of pyronaridine are shomiguia 35.

Table 33: The IC50 (meaaSD) of freé®YD and LPAgainst colorectal cancer cell lines measured by MTT (n=3)

(72 h) IC500f PYD (M) IC50 of LPY [{M)
HCT116 0.558+0.05 0.499+0.33
SW620 0.758+0.121 0.669+0.212
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Figure 35: The sigmoidal curves demonstrate half maximum inhibitory value (ICBQHGT116 cell line free
pyronaridine B) liposomal formulation of pyronaridin€)in SW620 cell line free pyronaridii®)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 theofeve
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
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prior to the chemotherapeutic ager{i12) 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 result$113) Fourconcentrations opyronaridine and all concentrations of the chosen

chemotherapeutic agents were below the 1G&MGboth HCT116 and SW620 cell line.

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

chosen for analymg 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 st{idy8)
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Figure 36: Combenefit format of presenting synergism dataH@T11&ell line treated withA) Pyronaridine as
free andB)liposomal formulation wittCarboplatin. C) HCT1Dgll line treated with Pyronaridine as free aby
liposomal formulation in combination wit@xaliplatin

The results showed a chemosensitization of HCT116 cell line to the effearboplatin after
treating with free and liposomal pyronaridine. HCT116 cell line were showing a symergism
toward a combination therapy with Free pyronaridine in [0.04B@375]uM concentration and
Carboplatin in [6.28.2.5] uM concentration. @ 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 [0Q75] uM and Carboplatin in the
concentration range of [6.288.75] 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 lgpabomal formulation)
are not as promising as the results we had on carboplatin yet in M. ®f pyronaridine and
Oxaliplatin in the concentration range of [0-2huM a slight level of synergism can be witnessed.
These concentrations are used to furthiewvestigate 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 data3w620cell line treated withA) Pyronaridine as
free andB)liposomal formulation wittCarboplatin. C) SW62tkll line treated with Pyronaridine as free aby

liposomal formulation in combination wit@xdiplatin
As the results are indicating SW620 is less sensitive to the effect of chemosensitization yet on

higher concentration of pyronaridine (0.fM) some synergisms can be seen. Loaded

pyronaridine is demonstrating a hightavel effect in comparisornotfree drug. Also 0.GM of
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pyronaridine where able to sensitize SW620 to a broad concentration of Carboplatin7fz].34

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

Both cell lines show better sensitivity to the effect of carboplatircomparison 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 0.15M of pyronardine while 0.6uM was able to sensitize SW620 to the
effect of Carboplatin and at minimum have an additive effect to Oxaliplaifurther 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

3.3.6.1HCT116

The next step after assessing the effect combination therapy on bothral ik 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 range218 uM] carboplatinin the HCT116
cellline could have a synergistic effedlethod of statistical analysis on the results: Fway

lbh+! 3 ¢dz1 SeQa YdzZ GALX S O2YLI NRazy (Sado oyrlo
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Figure 3.8: Clonogenic assay in HCT116 (0.15 uM) and Carboplatin (3.125, 6.25, 12.5 uM) Purgly Shows statistically
significant differences frol®BS as aontroland PYD* Shows statistically significant difference fraup as a control andAY.
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3.3.6.2. SW620

In comparison to HCT116 cell ljme SW620 cell line, theells showed a considerably lower level
of sensitivity tothe chemotherapeuticagents. Although @it was observed befori the A4
project, the higher concentration of the chemosensitizer while demonstrating a level of

cytotoxicity on its ownalso has a higher potential in sensitizing the dellthe effect of

chemotherapeutic agents
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Figure 3.9. The results of clonogenic assay following combinatiorybf(P.15, 0.6uM) and LPY with Carboplatin (3.125, .25,

12.5pM) and Oxaliplatin (0.5, 1, 2M) against HCT116 and SW62&hows statistically significant differences from the PBS as

control and RD.* Shows statistically significant differences from the Lip as controlBdTwo# & ! bh+! X ¢dz] S& Qa
comparison test)
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Figure 310: Clonogenic assay in HCT1B§D(0.15 uM) and Carboplatin (3.125, 6.25, 12.5 pM) (n=3)
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Figure 311: Clonogenic assay B\W620, PY®.15 uM) and Carboplatin (3.125, 6.25, 12.5 pM) (n=3)
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Figure 312: Clonogenic assay BW620, PY[.6 pM) andOxaliplatin(0.5, 1, 2 uM) (n=3)
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Figure 313: Clonogenic assay BW620, PY®.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 pyidine as a chemosensitizer in
combination with platinurdbased drugs against colorectal cancer cell lifggonaridine 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 repurposingYbf & a novel
inhibitor of ERCC1/XRF1,91) 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,

methylating agents that form adduc{84,71,114)
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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 wwefl
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 -dalivery system with
potential for preferential delivery of ¥© to solid tumor over normal tissues. Such delivery system
is expected to show high levels ofPloading while reducing¥® release in vitro. Nandelivery
systems of proper size and stealttoperties 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. Considerindg’ftats a water
soluble canpound, a liposomal formulation was considered to be the best option for this purpose

(105)

Many cancersincluding 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 cel(29). Adwerse 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 platinunibased chemotherapeutid®9). In the current study, ¥ and its liposomal
formulation were hypothesized to act as effective chemosensitizers fobopdetin 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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characteristic§107) The formulation achieved 99% encapsulation efficiency while only releasing
50% ofthe 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 g@ @07) (Table 3.1, Table 3.2, Figure

3.4)

5SLISYRAY 3 2y {ipgdSpyréhgridineNEn\be Begeintnidifferent ionization states.
This is owed to the pKas of its hydroxyl and three Amin group8,6.95, 9.29, 10.23The figure
3.2 demonstrates structure of Y@ compound and the pKas of different protonable group)

(107,115)

At pH 7.4, the pH of outside media for liposomal encapsulatid®, B mainly present in an
unionized form and is hirdy lipophilic (logD 0.34107,116,117)The higher lipophilicity it 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 grips
making RD to get trapped within the liposomes effectively. Under this conditmare PD gets
loaded, the reaction shifts toward consumption of [H+] and production of protonated

pyronaridine until, eventually, the pH gfient 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 ionM2dFpH 5.0
compared to that of pH 3.5 that can enhante chance of ¥D release and leakage or reduce

the driving force for partition of ¥D 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 appant circulation lifetimes, we examined the effect of lipids with varying TC in the
liposome composition on the release and encapsulationYef,Ras well. Our results showed that
the level of drug encapsulation, increased with increasing degree of lipidtunasion 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 0f15°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 DSPIE tfwithighest TC (54 °C)
exhibited extremely lower rate of ¥® release (MRT 247.7h). The lipid formulations made from
POPC (TG5°C) had intermediate rate and duration of drug release between that of DSPC and
DOPC liposomes. DSPC and DOPC have similgrdea 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). d'mate 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 betweéfd Rnd its iposomal formulation with

carboplatin and oxaliplatin in two different colorectal cancer cell lines using MTT assay. Loewe
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models were chosen for this analysis because Loewe model not only considers the dose
equivalence principal, but also the sham conation principal which would make it the best

approach for analyzing synergism in this st(ti/3)

Our results showed that the HCT116 cell lines was more sensitive &ffée 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 Y access to itsntracellular target by its liposomal

formulation. (118;123) Well

Conclusions:

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

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 fedr@mnosensitizers in the treatment of

colorectal cancer when combined with carboplatin.

Our studieshowed hat polymeric micelles based ®GHEGPBCIto be the bestsystems for the
delivery of A4 This formulationpot only tackle the solubility issue of this compound but also
controlled its releaserom the formulationin a biologically relevant media. The Pagsay
demonstrated that M of the A4 compound can inhibit the interaction between the ERCC1
and XPF at 24h timmoint. Micellar formulation of A4 compound was able to decrease the-non
specific cytotoxicity of the compound to a consideragkent. Both cdl lines showed a higher
level of sensitivity toward@arboplatin treatment in combination with either free or PM/Al4
colony forming assay, both cell lines were sensitized to the effect of Carboplatin when they
received a lower concentration of A4 compual) 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 forulations, DSPC, DSPEG200, 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 thit &f pyronaridine compound

is abe to inhibit the dimerization of ERCC1 and ¥ IC50 of both free pyronaridine and

liposomal formulation of pyronaridine was assessgdmbination treatment of LPahd
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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 levelyoiergism.

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
considerablesensitizatiorresult in SW620 cell linghe same teswill be repeatedn HCT116

cell line with a higher concentratioof PYD and its liposomal formulatidn 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 compouis under studythe same set ofytotoxicity
testsshould be repeated in ERCC1/XPFCT116 cells available to our research grdumrder

to investigate if the inhibition of dimerization leads to degradation of the two proteins, a

western blot test wilbe 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.

95



References:

1. Internarional Agency for research cancer. Available from:
https://www.iarc.who.int/cancertopics/

2. Fouad YA, Aanei C. Revisiting the hallmarks of cancer. Am J Cancer Ré&)200T8,
36.

3. Kuipers EJ, Grady WM, Lieberman D, Seufferlein T, Sung JJ, Boelens PG, et al. Colorectal
cancer. Nat Rev Dis Primers. 2015 Dec 17;1(1):15065.

4, Xi Y, Xu P. Global colorectal cancer burden in 2020 and projections to 2040.
TranslationaDncology. 2021 Oct;14(10):101174.

5. De Falco V, Napolitano S, Rosellé S, Huerta M, Cervantes A, Ciardiello F, et al. How we
treat metastatic colorectal cancer. ESMO Open. 2019;4:e000813.

6. Dekker E, Tanis PJ, Vleugels JLA, Kasi PM, Wallace MB. &lalareer. The Lancet.
2019 Oct;394(10207):14630.

7. Fiori E, Lamazza A, Schillaci A, Femia S, DeMasi E, DeCesare A, et al. Palliative
management for patients with subacute obstruction and stage IV unresectable rectosigmoid
cancer: colostomy versus enslmpic stenting: final results of a prospective randomized trial.
The American Journal of Surgery. 2012 Sep;204(3)6321

8. De Graaf EJR, Doornebosch PG, Tollenaar RAEM, MeerboeKranenbarg E, de
Boer AC, Bekkering FC, et al. Transanal endostigiosurgery versus total mesorectal
excision of T1 rectal adenocarcinomas with curative intention. European Journal of Surgical
Oncology (EJSO). 2009 Dec;35(12):¢280

0. Doornebosch PG, Zeestraten E, de Graaf EJR, Hermsen P, Dawson |, Tollenaar RAEM, e
al. Transanal endoscopic microsurgery for T1 rectal cancer: size matters! Surg Endosc. 2012
Feb;26(2):5547.

10. van Gijn W, Marijnen CA, Nagtegaal ID, Kranenbarg EMK, Putter H, Wiggers T, et al.
Preoperative radiotherapy combined with total mesoreaatision for resectable rectal

cancer: 12year followup of the multicentre, randomised controlled TME trial. The Lancet
Oncology. 2011 Jun;12(6):57.

11. Sauer R, Becker H, Hohenberger W, Rédel C, Wittekind C, Fietkau R, et al. Preoperative
versus Pasperative Chemoradiotherapy for Rectal Cancer. N Engl J Med. 2004 Oct
21;351(17):173440.

96



12. Labianca R, Nordlinger B, Beretta GD, Mosconi S, Mandala M, Cervantes A, et al. Early
colon cancer: ESMO Clinical Practice Guidelines for diagnosis, treatntefailaw-up. Annals
of Oncology. 2013 Oct;24:viGA2.

13. Lombardi L, Morelli F, Cinieri S, Santini D, Silvestris N, Fazio N, et al. Adjuvant colon

OF yOSNJ OKSY20KSNI LRBY 6KSNB 6S NS YR gKSNB 4
Nov;36:53441.

14. Gl S, Thomas RR, Goldberg RM. Colorectal cancer chemotherapy: REVIEW:

COLORECTAL CANCER CHEMOTHERAPY. Alimentary Pharmacology & Therapeutics. 2003

Oct;18(7):68892.

15. Engstrom PF, Arnoletti JP, Benson AB, Chen YJ, Choti MA, Cooper HS, et al. Colon
Caner. J Natl Compr Canc Netw. 2009 Sep;7(85338.

16.  Gustavsson B, Carlsson G, Machover D, Petrelli N, Roth A, Schmoll HJ, et al. A Review of
the Evolution of Systemic Chemotherapy in the Management of Colorectal Cancer. Clinical
Colorectal Cancer. 20Mar;14(1):X10.

17. Dilruba S, Kalayda GV. Platinbased drugs: past, present and future. Cancer
Chemother Pharmacol. 2016 Jun;77(6):14D8

18.  Calvert AH, Harland SJ, Newell DR, Siddik ZH, Jones AC, McElwain TJ, et al. Early clinical
studies with g-diammine1,1-cyclobutane dicarboxylate platinum Il. Cancer Chemother
Pharmacol. 1982 Dec;9(3):1d0

19.  Abdulsalam Alharbi. Development of Novel Polymeric Micellar DACHPt for Enhanced
Platinum Based Chemotherapy in Colorectal Cancer. 2019 [cited 20224} Available from:
https://era.library.ualberta.ca/items/3df4e36€0f6-492fb26b-fe558bd22b90

20. Ken R. Harrap. Initiatives with platinum and quinazebased antitumor molecules
fourteenth bruce F. cain memorial award lecture. Available from:
https://aacrjournals.org/cancerres/article/55/13/2761/501203/Initiativesith-Platinumand-
Quinazolinebased

21. /T @SNI !'1 X bSgStt 5wI DdzYoNBff [!'Z hQwSAf
dosage: prospective evaluation of a simple formula basetkeoal function. J Clin Oncol. 1989
Nov;7(11):174856.

22. Kim R, Byer J, Fulp WJ, Mahipal A, Dinwoodie W, Shibata D. Carboplatin and Paclitaxel
Treatment Is Effective in Advanced Anal Cancer. Oncology. 2014;87(32125

23. van Hagen P, Hulshof MCCMnW.anschot JJB, Steyerberg EW, Henegouwen Ml van B,
Wijnhoven BPL, et al. Preoperative Chemoradiotherapy for Esophageal or Junctional Cancer. N
Engl J Med. 2012 May 31;366(22):2634.

97



24.  Gadgeel SM, Shields AF, Heilbrun LK, Labadidi S, Zalupski MnGhag al. Phase |l
Study of Paclitaxel and Carboplatin in Patients With Advanced Gastric Cancer: American Journal
of Clinical Oncology. 2003 Feb;26(1§48Y.

25. hQ568SNJtws {(GS@Syazy Wt WE&HKbho@ain/ang 2 @ / f Ay
Other PlatinumBased Antitumor Drugs. In: Lippert B, editor. Cisplatin [Internet]. Zirich: Verlag
Helvetica Chimica Acta; 2006 [cited 2022 Nov 24]. g629Available from:
https://onlinelibrary.wiley.com/doi/10.1002/9783906390420.ch2

26. Rabik CA, Dolan ME. Molecular mechanisms of resistance and toxicity associated with
platinating agents. Cancer Treatment Reviews. 2007 Feb;3828):9

27. Lebwohl D, Canetta R. Clinical development of platinum complexes in cancer therapy: an
historical rspective and an update. European Journal of Cancer. 1998 Sep;34(1934522

28. Agarwal R, Kaye SB. Ovarian cancer: strategies for overcoming resistance to
chemotherapy. Nat Rev Cancer. 2003 Jul 1;3(7§562

29.  Martin LP, Hamilton TC, Schilder Ratinum Resistance: The Role of DNA Repair
Pathways. Clinical Cancer Research. 2008 Mar 1;14(553291

30. Erasimus H, Gobin M, Niclou S, Van Dyck E. DNA repair mechanisms and their clinical
impact in glioblastoma. Mutation Research/Reviews in MutaRasearch. 2016 Jul;769¢135.

31. Lewis T, Dimri M. Biochemistry, DNA Repair. In: StatPearls [Internet]. Treasure Island
(FL): StatPearls Publishing; 2022 [cited 2022 Nov 25]. Available from:
http://www.ncbi.nlm.nih.gov/books/NBK560563/

32. Sadat, Sams MAanodelivery of novel inhibitors of DNA repair for enhanced cancer
therapy. [cited 2022 Nov 25]; Available from: https://era.library.ualberta.ca/items/edfcb9c9
d864-4016-aa300ch8f6a18177

33. Chen Q, Van der Sluis PC, Boulware D, Hazlehurst LA, Daltdh&\F\/BRCA pathway
is involved in melphalamduced DNA interstrand crodisk repair and accounts for melphalan
resistance in multiple myeloma cells. Blood. 2005 Jul 15;106(2)7633

34. Elmenoufy AHM. Design, Synthesis, and Biological Evaluati@ongiounds for DNA
Targeted Therapy. 2020 [cited 2022 Nov 25]; Available from:
https://era.library.ualberta.ca/items/b8a0a7 #@f2b-4ba9-84fd-f95f99e99a81

35. Lehmann A, Niimi A, Ogi T, Brown S, Sabbioneda S, Wing J, et al. Translesion synthesis:
Y-family polymerases and the polymerase switch. DNA Repair. 2007 Jul 1;6€9:891

3. !''foSNIStflF awX [Fdz !'Z hQ/2yy2N) aWd ¢KS 2@S
in cancer. DNA Repair. 2005 May;4(5) 553

98



37. Kelland LR, Mistry P, Abel G, Freidlo®F,3Y, Roberts JJ, et al. Establishment and
Characterization of an in Vitro Model of Acquired Resistance to Cisplatin in a Human Testicular
Nonseminomatous Germ Cell Linel. Cancer Research. 1992 Apr 1;52(@9:1710

38.  Scharer OD. Nucleotide Excision RepaEukaryotes. Cold Spring Harbor Perspectives in
Biology. 2013 Oct 1;5(10):a0126@®12609.

39. Rosell R, Mendez P, Isla D, Taron M. Platinum Resistance Related to a Functional NER
Pathway. Journal of Thoracic Oncology. 2007 Dec;2(12)x6063

40. Nouspikel T. Nucleotide excision repair and neurological diseases. DNA Repair. 2008
Jul;7(7):115867.

41.  Shuck SC, Short EA, Turchi JJ. Eukaryotic nucleotide excision repair: from understanding
mechanisms to influencing biology. Cell Res. 2008 Jan;1&1264

42. Costa R. The eukaryotic nucleotide excision repair pathway. Biochimie. 2003
Nov;85(11):108899.

43.  Fousteri M, Mullenders LH. Transcriptioaupled nucleotide excision repair in
mammalian cells: molecular mechanisms and biological effectsR€=II2008 Jan;18(1)G34.

44.  Kartalou M, Essigmann JM. Mechanisms of resistance to cisplatin. Mutation
Research/Fundamental and Molecular Mechanisms of Mutagenesis. 2001 Jut 27334 3.

45.  Lans H, Marteijn JA, Vermeulen W. AlEpendent chromatimemodeling in the DNA
damage response. Epigenetics & Chromatin. 2012 Jan 30;5(1):4.

46. Tsodikov OV, Enzlin JH, Scharer OD, Ellenberger T. Crystal structure and DNA binding
functions of ERCC1, a subunit of the DNA struesipecific endonuclease XE#RCCIProc Natl
Acad Sci USA. 2005 Aug 9;102(32):14236

47.  Tripsianes K, Folkers G, Ab E, Das D, Odijk H, Jaspers NGJ, et al. The Structure of the
Human ERCC1/XPF Interaction Domains Reveals a Complementary Role for the Two Proteins in
Nucleotide ExcisioRepair. Structure. 2005 Dec;13(12):18388.

48. Choi YJ, Ryu KS, Ko YM, Chae YK, Pelton JG, Wemmer DE, et al. Biophysical
Characterization of the Interaction Domains and Mapping of the Contact Residues in the XPF
ERCC1 Complex. Journal of Biological @tigm2005 Aug;280(31):286432.

49.  Moghimi SM, Hunter AC, Murray JC. Nanomedicine: current status and future prospects.
FASEB j. 2005 Mar;19(3):830.

50. Soleymani Abyaneh H. Rational Design and Development of Nanodelivery Systems and
Combination Teatments for Overcoming Chemoresistance in Solid Tumors. 2017 [cited 2022
Nov 29]; Available from: https://era.library.ualberta.ca/items/82817{0iibd-482d-a9a8
f519541231c9

99



51.  Phillips MA, Gran ML, Peppas NA. Targeted nanodelivery of drugs and diagyridetio
Today. 2010 Apr;5(2):1489.

52. Dawidczyk CM, Kim C, Park JH, Russell LM, Lee KH, Pomper MG, etatigtad in
design rules for drug delivery platforms: Lessons learned fromdgproved nanomedicines.
Journal of Controlled Release. 2044g;187:13844.

53.  Matsumura Y, Kataoka K. Preclinical and clinical studies of anticancer agent
incorporating polymer micelles. Cancer Science. 2009 Apr;100(4R572

54. Houdaihed L, Evans JC, Allen C. Overcoming the Road Blocks: Advancement of Block
Copolymer Micelles for Cancer Therapy in the Clinic. Mol Pharmaceutics. 2017 Aug
7;14(8):250817.

55.  Estanqueiro M, Amaral MH, Conceicédo J, Sousa Lobo JM. Nanotechncokrgieed for
cancer chemotherapy: The state of the art. Colloids and Surfaces B: Biointerfaces. 2015
Feb;126:63¢48.

56. Balogh LP, editor. Narenabled medical applications. Singapore: Jenny Stanford
Publishing Pte. Ltd.; 2021.

57.  Torchilin VP. Multifactional, stimulisensitive nanopatrticulate systems for drug
delivery. Nat Rev Drug Discov. 2014 Nov;13(115313

58. PérezHerrero E, Fernandddedarde A. Advanced targeted therapies in cancer: Drug
nanocarriers, the future of chemotherapy. Europeanrdal of Pharmaceutics and
Biopharmaceutics. 2015 Jun;93@&@3.

59. Lee J, Lee H, Andrade J. Blood compatibility of polyethylene oxide surfaces. Progress in
Polymer Science. 1995;20(6):1@Z9.

60.  Torchilinl VP, Papisov MI. Why do Polyethylene Gigaaled Liposomes Circulate So
Long?: Molecular Mechanism of Liposome Steric Protection with Polyethylene Glycol: Role of
Polymer Chain Flexibility. Journal of Liposome Research. 1994 Jan;4{39.725

61. Kommareddy S, Tiwari SB, Amiji MM. L-@igulating Blymeric Nanovectors for
TumorSelective Gene Delivery. Technol Cancer Res Treat. 2005 Dec;4(#):615

62. Soleymani Abyaneh H, Vakili MR, Zhang F, Choi P, Lavasanifar A. Rational design of block
copolymer micelles to control burst drug release at a remabe dimension. Acta Biomaterialia.
2015 Sep;24:1289.

63. Aliabadi HM, Lavasanifar A. Polymeric micelles for drug delivery. Expert Opinion on Drug
Delivery. 2006 Jan;3(1):1882.

64. Bozzuto G, Molinari A. Liposomes as nanomedical devices. |IJN.20335-

100



65. Lasic DD, Frederik PM, Stuart MCA, Barenholz Y, McIntosh TJ. Gelation of liposome
interior A novel method for drug encapsulation. FEBS Letters. 1992 Nov ;3126%8.

66. Zamboni WC. Liposomal, Nanoparticle, and Conjugated FormulatiédmdioAncer
Agents. Clinical Cancer Research. 2005 Dec 1;11(23)48230

67. Drummond DC, Meyer O, Hong K, Kirpotin DB, Papahadjopoulos D. Optimizing
Liposomes for Delivery of Chemotherapeutic Agents to Solid Tumors. Pharmacol Rev. 1999 Dec
1;51(4):691.

68. Papahadjopoulos D, Allen TM, Gabizon A, Mayhew E, Matthay K, Huang SK, et al.
Sterically stabilized liposomes: improvements in pharmacokinetics and antitumor therapeutic
efficacy. Proc Natl Acad Sci USA. 1991 Dec 15;88(24)cu1460

69. Barenholz Y. Relancy of Drug Loading to Liposomal Formulation Therapeutic Efficacy.
Journal of Liposome Research. 2003 Jan;13{8):1

70.  Allen TM, Hansen C. Pharmacokinetics of stealth versus conventional liposomes: effect
of dose. Biochimica et Biophysica Acta (BEB\membranes. 1991 Sep;1068(2):433.

71. Elmenoufy AH, Gentile F, Jay D, KaBusheri F, Yang X, Soueidan OM, et al. Targeting
DNA Repair in Tumor Cells via Inhibition of ERKEHR. J Med Chem. 2019 Sep 12;62(17)7684
96.

72. Wang Y, Zhang Z, XW¥ang F, Shen Y, Huang S, et al. pH, redox and photothermal tri
responsive DNA/polyethylenimine conjugated gold nanorods as nanocarriers for specific
intracellular cerelease of doxorubicin and chemosensitizer pyronaridine to combat multidrug
resistant cacer. Nanomedicine: Nanotechnology, Biology and Medicine. 2017 Jul;13(59:1785
95.

73. QiJ,Wang S, Liu G, Peng H, Wang J, Zhu Z, et al. Pyronaridine, a novel modulator of P
glycoproteirmediated multidrug resistance in tumor cells in vitro and in vivocBemical and
Biophysical Research Communications. 2004 Jul;319(4%3124

74.  Biller LH, Schrag D. Diagnosis and Treatment of Metastatic Colorectal Cancer: A Review.
JAMA. 2021 Feb 16;325(7):669.

75. Buyana B, Naki T, Alven S, Aderibigbe BA. Nandpartioaded with Platinum Drugs for
Colorectal Cancer Therapy. IJIMS. 2022 Sep 24;23(19):11261.

76. Hector S, BolanowsHKdigdon W, Zdanowicz J, Hitt S, Pendyala L. In vitro studies on the
mechanisms of oxaliplatin resistance. Cancer Chemother PharmacalNe(48(5):398406.

77. Shen B, Mao W, Ahn J, Chung P, He P. MechanismZpfcelNapoptosis induced by
carboplatin: Combination of mitochondrial pathway associated with Ca2+ and the nucleus

101



pathways. Mol Med Report [Internet]. 2018 Sep 24 [cited 2022 PD]; Available from:
http://www.spandidospublications.com/10.3892/mmr.2018.9507

78. Hall MD, Okabe M, Shen DW, Liang XJ, Gottesman MM. The Role of Cellular
Accumulation in Determining Sensitivity to PlatimBased Chemotherapy. Annu Rev
Pharmacol Toxa. 2008 Feb 1;48(1):49535.

79.  Knipp M. Metallothioneins and Platinum(ll) Aitimor Compounds. CMC. 2009 Feb
1;16(5):52237.

80. McNeil EM, Astell KR, Ritchie AM, Shave S, Houston DR, Bakrania P, et al. Inhibition of
the ERCQXPF structurespecificendonuclease to overcome cancer chemoresistance. DNA
Repair. 2015 Jul 1;31:428.

81. de Laat WL, Appeldoorn E, Jaspers NGJ, Hoeijmakers JHJ. DNA Structural Elements
Required for ERCE&IPF Endonuclease Activity. Journal of Biological Chemistry. 1998
Apr;273(14):783542.

82.  Gaillard PHL. Activity of individual ERCC1 and XPF subunits in DNA nucleotide excision
repair. Nucleic Acids Research. 2001 Feb 15;29(4)9%872

83. Jordheim LP, Barakat KH, HeirniBddard L, Matera EL, CtBsrrial E, Bouledrak K, et al.
Small Molecule Inhibitors of ERCKRF ProtenProtein Interaction Synergize Alkylating Agents
in Cancer Cells. Mol Pharmacol. 2013 Jul;84(4242

84. GentleF9f YSy2dzFé !'I X /AYASNR DX W& 53 YINRYA
FARSR RNHzZZ RSaAday 2F avlftf Y2 igo@ueintSraciof, KA o A G 2 N.
Chem Biol Drug Des. 2020 Apr;95(4) @l

85. Ciniero G, ElImenoufy AH, Gentile FeiNfeld M, Deriu MA, West FG, et al. Enhancing
the activity of platinurdbased drugs by improved inhibitors of ERQCMFmMediated DNA
repair. Cancer Chemother Pharmacol. 2021 Feb;87(2&59

86. Mahmud A, Xiong XB, Lavasanifar A. Novel/Aslbciating &ly(ethylene oxide)b lock-
LJ2 f-@pralactone) Block Copolymers with Functional Side Groups on the Polyester Block for
Drug Delivery. Macromolecules. 2006 Dec 1;39(26):6289

87.  Aliabadi HM, Mahmud A, Sharifabadi AD, Lavasanifar A. Micelles of xgetho
poly(ethylene oxidep-poly(@Gcaprolactone) as vehicles for the solubilization and controlled
delivery of cyclosporine A. Journal of Controlled Release. 2005 May;104(2)1301

88. Sagr A, Vakili MR, Huang YH, Lai R, Lavasanifar A. Development aif[€rRaeximab
Modified PE@Polyester Micelles by Postinsertion of Patt@spholipids for Targeting of&l|
Lymphoma. ACS Omega. 2019 Nov 12;4(20): X887

102



89. de Paiva IM, Vakili MR, Soleimani AH, Tabatabaei Dakhili SA, Munira S, Paladino M, et al.
Biadistribution and Activity of EGFR Targeted Polymeric Micelles Delivering a New Inhibitor of
DNA Repair to Orthotopic Colorectal Cancer Xenografts with Metastasis. Mol Pharmaceutics.
2022 Mar 10;acs.molpharmaceut.1c00918.

90. Sadat SMA, Vakili MR, Paivag MWeinfeld M, Lavasanifar A. Development of Self
Associating Si88-Conjugated Poly(ethylene oxidEply(ester) Micelles for Colorectal Cancer
Therapy. Pharmaceutics. 2020 Oct 29;12(11):1033.

91. Jackson N, Alhussan A, Bromma K, Jay D, Donnelly JC, WatsdlFRepurposing
Antimalarial Pyronaridine as a DNA Repair Inhibitor to Exploit the Full Potential ef Gold
NanoparticleMediated Radiation Response. Pharmaceutics. 2022 Dec 14;14(12):2795.

92. Weilbeer C, Jay D, Donnelly JC, Gentile F, KRustieriF, Yang X, et al. Modulation of
ERCGXPF Heterodimerization Inhibition via Structural Modification of Small Molecule Inhibitor
SideChains. Front Oncol. 2022 Mar 17;12:819172.

93. Xiong XB, Ma Z, Lai R, Lavasanifar A. The therapeutic response to ctidtifain
polymeric naneconjugates in the targeted cellular and subcellular delivery of doxorubicin.
Biomaterials. 2010 Feb;31(4): %58.

94.  Franken NAP, Rodermond HM, Stap J, Haveman J, van Bree C. Clonogenic assay of cells
in vitro. Nat Protoc. 2006 Dgl(5):231%,9.

95. Florea AM, Busselberg D. Cisplatin as an-Funtnor Drug: Cellular Mechanisms of
Activity, Drug Resistance and Induced Side Effects. Cancers. 2011 Mar 15;3¢7t1351

96. Araghi M, Soerjomataram |, Jenkins M, Brierley J, Morris EBetal. Global trends in
colorectal cancer mortality: projections to the year 2035. Int J Cancer. 2019 Jun
15;144(12):29923000.

97.  Kuipers EJ, Résch T, Bretthauer M. Colorectal cancer screaspitighizing current
strategies and new directions. Nat\R€lin Oncol. 2013 Mar;10(3):13.

98. van de Velde CJH, Boelens PG, Borras JM, Coebergh JW, Cervantes A, Blomqvist L, et al.
EURECCA colorectal: Multidisciplinary management: European consensus conference colon &
rectum. European Journal of Cancer. 20An;50(1):1.e1.e34.

99. van de Velde CJH, Boelens PG, Tanis PJ, Espin E, Mroczkowski P, Naredi P, et al. Experts
reviews of the multidisciplinary consensus conference colon and rectal cancer 2012. European
Journal of Surgical Oncology (EJSO). 2014@g):45468.

100. Quirke P, West NP, Nagtegaal ID. EURECCA consensus conference highlights about
colorectal cancer clinical management: the pathologists expert review. Virchows Archiv.
2014;464(2):12834.

103



101. Tudyka V, Blomqvist L, Bedtan RGH, Baats PG, Valentini V, Van De Velde CJ, et al.
EURECCA consensus conference highlights about colon & rectal cancer multidisciplinary
management: the radiology experts review. European Journal of Surgical Oncology (EJSO).
2014;40(4):46875.

102. Valentini VGlimelius B, Haustermans K, Marijnen CA, Rddel C, Gambacorta MA, et al.
EURECCA consensus conference highlights about rectal cancer clinical management: the
NI RAFTGAZ2Y 2y 02f23AaGQ8 SELISNI NBJIABS6D wl RAZ2GK

103. Van de ¥lde CJ, Aristei C, Boelens PG, B&atsRG, Blomqvist L, Borras JM, et al.
EURECCA colorectal: multidisciplinary mission statement on better care for patients with colon
and rectal cancer in Europe. European Journal of Cancer. 2013;49(18pR784

104. Villanueva PJ, Martinez A, Baca ST, DeJesus RE, Larragoity M, Contreras L, et al.
Pyronaridine exerts potent cytotoxicity on human breast and hematological cancer cells
through induction of apoptosis. Tan M, editor. PLoS ONE. 2018 Nov 5;13(11):e0206467.

105. Adegoke O, Babalola C, Oshitade O, Famuyiwa A. Determination of the physicochemical
properties of pyronaridine a new antimalarial drug. Pakistan journal of pharmaceutical
sciences. 2006 Feb 1;186L

106. Tenchov R, Bird R, Curtze AE, Zhou Q.hipid/ 2 LJ- NIi A Of S& CNRBY [ A LR a4z
Vaccine Delivery, a Landscape of Research Diversity and Advancement. ACS Nano. 2021 Nov
23;15(11):169827015.

107. Biosca A, Dirscherl L, Moles E, Imperial S, FernéBusguets X. An
ImmunoPEGIliposome for Targeted fmlarial Combination Therapy at the Nanoscale.
Pharmaceutics. 2019 Jul 16;11(7):341.

108. Biosca A, Dirscherl L, Moles E, Imperial S, FernéBusgguets X. An
ImmunoPEGIliposome for Targeted Antimalarial Combination Therapy at the Nanoscale.
Pharmaceutics2019 Jul 16;11(7):341.

109. DuaJS, Rana AC, Bhandari AK. Liposome: methods of preparation and applications.

110. Théry C, Amigorena S, Raposo G, Clayton A. Isolation and Characterization of Exosomes
from Cell Culture Supernatants and Biological Flumsrent Protocols in Cell Biology [Internet].
2006 Mar [cited 2022 Oct 19];30(1). Available from:
https://onlinelibrary.wiley.com/doi/10.1002/0471143030.cb0322s30

111. Baxa U. Imaging of Liposomes by Transmission Electron Microscopy. In: McNeil SE,
editor. Characterization of Nanoparticles Intended for Drug Delivery [Internet]. New York, NY:
Springer New York; 2018 [cited 2022 Sep 15]. p883(Methods in Molecular Biology; vol.
1682). Available from: http://link.springer.com/10.1007/9184939-73521 8

104



112. Di Veroli GY, Fornari C, Wang D, Mollard S, Bramhall JL, Richards FM, et al. Combenefit:
an interactive platform for the analysis and visualization of drug combinations. Bioinformatics.
2016 Sep 15;32(18):2868.

113. Foucquier J, Guedj M. Analysis ofglaombinations: current methodological landscape.
Pharmacol Res Perspect. 2015 Jun;3(3):e00149.

114. de Almeida LC, Calil FA, Machadeto JA, Costhotufo LV. DNA damaging agents and
DNA repair: From carcinogenesis to cancer therapy. Cancer GenetitsAR0252,253:624.

115. Chemaxon [Internet]. Available from: https://chemaxon.com/calculaianstpredictors

116. wdza 02S W9z ¢Ay3afS a5 hQbSAff taX 2FNR {!=X
Antimalarial Agents on Their Pharmacology and Toxigolagtimicrob Agents Chemother.
1998 Sep;42(9):2418.

117. Croft SL, Duparc S, ArBarnes SJ, Craft JC, Shin CS, Fleckenstein L, et al. Review of
pyronaridine antimalarial properties and product characteristics. Malar J. 2012 Dec;11(1):270.

118. WongHL, Bendayan R, Rauth AM, Wu XY. Simultaneous delivery of doxorubicin and
GG918 (Elacridar) by new Polyrtgpid Hybrid Nanoparticles (PLN) for enhanced treatment of
multidrugresistant breast cancer. Journal of Controlled Release. 2006 Dec;116B4275

119. Hasenstein JR, Shin HC, Kasmerchak K, Buehler D, Kwon GS, Kozak KR. Antitumor Activity
of Triolimus: A Novel Multidrugoaded Micelle Containing Paclitaxel, Rapamycin, anrtlAG.
Molecular Cancer Therapeutics. 2012 Oct 1;11(10):2233

120. ShuheRf SNJ ! WX hQ. NASY t WX wlkdziK !'aX 2dz -, & h
and mitomycin C against breast cancer cells. Drug metabolism and drug interactions.
2007;22(4):20¢34.

121. Harasym TO, Tardi PG, Harasym NL, Harvie P, Johnstone SA, Mmgreased

preclinical efficacy of irinotecan and floxuridine coencapsulated inside liposomes is associated
with tumor delivery of synergistic drug ratios. Oncology Research Featuring Preclinical and
Clinical Cancer Therapeutics. 2006;16(8)c381

122. Zhang RX, Cai P, Zhang T, Chen K, Li J, Cheng J, et al.dRpigirhgbrid nanopatrticles
synchronize pharmacokinetics of-eacapsulated doxorubicgmitomycin C and enable their
spatiotemporal cedelivery and local bioavailability in breast tumor. Nanonceth:
Nanotechnology, Biology and Medicine. 2016;12(5): 209

123. Zhang RX, Wong HL, Xue HY, Eoh JY, Wu XY. Nanomedicine of synergistic drug
combinations for cancer therapyStrategies and perspectives. Journal of Controlled Release.
2016 Oct;240:486603.

105



