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Abstract

Targeting DNA repair enzymes has attracted much attention in recent year to overcome the
therapeutic resistances in cancer therapy. Inhibition of DNA repair enzymes can be used to make
cancer cells sensitive to the DNA damaging effect of ionizing radiatfochemotherapy. In
addition, the down regulation or mutation of specific DNA repair enzymes and/or tumor
suppressor proteins in cancer cells, can make them particularly more sensitive to the inhibition of
DNA repair, a process knovasiisyntheticlethalityd. Human polynucleotide kinase/phosphatase
( PNKP) i's a bifunctional DNA r ep atermini &ad z y me
dephosphor y-teaninietsat pbobesses3hyj ligation of damaged DNA terndihe
inhibition of PNKP cammake cancer cells more sensitive to DNA damage by ionizing radiation or
Topoisomerase | inhibitorsThrough siRNA library screeninga synthetic lethal partnership
between loss of PNKRnd tumorsuppressor Phosphatase and TENsin homolog deleted on
chromosme 10 (PTEN). This inspired development of several small molecule inhibitors of PNKP.
These newly synthesized PNKP inhibitors are not wstérble, therefore not injectable.

My research aim was to develop delivery systems at nanometer size range thajetam
smallmolecule inhibitorof PNKP, known as A83B4C63 to the tumor while reducing their access
to normal tissues. Theanocarriersvere fabricated from setHssociating block copolymers based
on poly(ethylene oxide) (PEO) and poly(caprolactone) (fPFEXR) or abenzyl carboxylate
substituted poly(caprolactone), abbreviated as4PBCL. The developedanocarriersvere used
for the encapsulation of A83B4C@&Bone or with the active metabolite of irinotecan, i.e.; 3N
The developed formulations were achcterized for their average diameter, polydisper
morphology, loading properties, release profiles as well as sensitization of cancer cells to SN38

and/or ionizing radiation botin vitro and in vivo. To identify the binding affinity between



intracellular PNKP and A83B4C63, a novel biophysical assay known as Cellular Thermal Shift
Assay (CETSA) was developed and used. Maximum tolerated dose of A83B4C63 formulated with
the aid of Cremophor EL:Ethanol (CE)dnanocarrieformulations was investigated in healthy
CD-1 mice. The performed biochemical toxicity and immune histochemical experiments
demonstrated that the intravenous (IVV) administration of A83B4C@amocarrier®r CE form
was not toxic up tahe maximum examinediose of50 mg/kg dose, although thmanocarrier
injection was tolerated better by mice. Tihevivo anticancer activity of the above formulations
wasalso determined igolorectalcancer xenografts in mice either in PTEN negative model as
monotherapy or in wild type model in combination with radiation therapy using the Small Animal
Radiation Research Platform (SARRPhe results provided evidence for the anticancer activity
of nanocarrier formulation of A83B4C&& monotherapy in PTEN deent HCT116 xenografts
in mice. Inhibition of tumor growth was also observed as a result of combination of A83B4C63
nanocarriers with radiation therapy in wild type PTEN+ HCT116 xenografts in mice. This
contrasted with the CE formulation of the PNKP bitar that did not show any activitin vivo.
The superior activity of the nafformulation of A83B4C63 over CE formulation was attributed
to the enhanced distribution of the drug to tumor site by its nanoc#rsmergistic effectvas
also observed whemanocarriersof A83B4C63 vere combined with SNB8 or its nanc
formulation in CRC modelsn vitro.

The outcoms of this thesishavedemonstratedhe great feasibility ohanadelivery of a
novel inhibitor of DNA repair for CRC theramither as a single drug in PTEN deficient form or

in combination with DNA damaging therapeutics.



Preface

1. Chapter 1 provides a brief introduction about DNA damage and clinical consequences
stemming from defective DNA repair, DNA repair and associdbedapeutic resistance,
PNKP mechanisms and characteristics, DNA double and single strand break repair pathways,
synthetic lethality, and targeted drug delivery using polymeric micelles.

2. Chapter 2 of this thesis has been publishédedournal of Controlled Release as Sam#M
Sadat, Igor M Paiva, Zahra Shire, Forughalsadat Sanaee, TimothiR. dMorgan, Marco
Paladino, Feridoun KarirBusheri, Rajam SViani, Gary R Martin, Frank RJirik, Dennis G
Hall, Michael Weinfeld, Afsaneh Lavasanifar. (2024)synthetically lethal nanomedicine
delivering novel i nhi bi-phosplatase {PNKF)forytangetedl e ot i
therapy of PTEMNdeficient colorectal cancer. This study was altidab investigation. The
research group from Dr. Dennis Hall (includifyy. Timothy D R Morgan,Dr. Marco
Paladino) contributed to the drug synthesis. Genetic modification of cancer cells and the
development of luciferasgositive colorectal cancer celwere carried out in Dr. Frank R
Jiri kds | BrbGary R Martin)ulgerfarged and led the main experiments in this
study. Dr. Weinfeld and Dr. Lavasanifar were the principal investigators.

3. Chapter3 of this thesids In Press irFrontiers in Oncologys Sams M. A. Sadat, Melinda
Wuest,lgor M. PaivaSirazum Munira, Nasim Sarrami, Forughalsadat Sanaee, Xiaoyan Yang,
Marco Paladino, Ziyad Binkhathlan, Feridoun Karigusheri, Gary R. Martin, Frank R. Jirik,
Armin M. Gamper, David Murray, Dennis G. Hall, Michael Weinfeld, and Afsaneh
LavasanifarNanodelivery of a novel inhibitor of DNA repair enzyme for targeted sensitization
of colorectal cancer to ionizing radiatiimduced DNA damagélhis study was also a multi

lab investigatio. The research group from Dr. Dennis Hall (includidg Timothy D. R.



Morgan,Dr. Marco Paladino) contributed to the drug synthesis. Genetic modification of cancer
cells and the development of lucifergsesitive colorectal cancer cells were carriedioudr.
Frank R Jirikés | ab (including GaryediR Mart.
performing the SARRP study and PET imaging and in data analysis. | performed and led the
main experiments in this studgirazum Munira, Nasim Sarrami, ar@f. Forughalsadat
Sanaedelped in performing biodistribution studies. Beridoun KarimiBusheri helped in
coordinating the projects among multidisciplinary members of our research team. Dr. Armin
M. Gamper helped us by providing his IVIS facilities trfprm the bioluminescence imaging

of tumorsbearing mice. Xiaoyan Yangelped in microscopic identification of DNA damage
activities of cancer cells receiving A8B3B4C63 with or without ionizing radiairowitro. Dr.
Weinfeld and Dr. Lavasanifar were thencipal investigatorsThis is the first preclinical study
where we showed the promisiing vivo tumor growth retardation for the efficacy of PNKP
inhibition in combinatiorwith radiation therapy.

. Chapter4 of this thesis has been published in the Plhapsutics as Sams .M\. Sadat,
Mohammad Reza Vakili, lgor MPaiva, Michael Weinfeld, Afsaneh Lavasanifar. (2020).
Development of selAssociating SN38-conjugated poly(ethylene oxideply(ester) micelles

for colorectal cancer theraplyperformed and lethe main experiments in this studgd Dr.
Mohammad Reza Vakilelped me irthe synthesisDr. Igor M. Paiva helped in NMR data
processingDr. Weinfeld and Dr. Lavasanifar were the principal investigators.

. Chapter5 of this thesiswill be considered for a publication 8&ms M. A. Sadat, Mohammad
Reza Vakili, Marco Paladino, Dennis G. Hall, Michael Weinfeld, and Afsaneh Lavasanifar
Development of selssociating poly(ethylene oxidpply(esterlbased mixed micellar

nanopatrticle dr targeted calelivery of topoisomerase | toxin (SB8) and its novel chemo



sensitizing inhibitor of a DNphosphatpsa (PNKPE n z y me
in colorectal cancer. This study was the improvement of the limitations of the publishesi
described in chapter id terms of conjugation of S8 with the suitable noetoxic block
copolymer. In this study, we have further provided the proof of principle for the validity of this
combination therapy using PNKP inhibitor and-38lin CRC cdllines, in vitro. For this
purpose, conjugation of SBB to end functional grogmon methoxypoly(ethylene oxide)

block-p o | -pefizyl carboxylaté}caprolactone) was pursued. The combination therapeutic
approach of this study was expected to enhance the solubilized levels3# iBMqueous

media similar to recent other S38 solubilzing strategiesl performed and led the main
experiments in this study and D¥lohammad Reza Vakilhelped me in synthesis. Dr.
Weinfeld and Dr. Lavasanifar were the principal investigators.

. Chapter 6 of this thesis will also be consideasdpart of a ntrauscript forpublication Sams

M. A. Sadat, Nasim Sarrami, Sirazum Munira, Forughalsadat Sanaee, Marco Paladino, Jaber
Emami, Dennis GHall, Michael Weinfeld, and Afsaneh LavasanifBharmacokinetic and

tissue distribution profile of poly(ethylene oxig@ly(e-caprolatongbased micellaNP of an

i nhi bitor of p ophgsphatasé (EMKP), i eadland nexksxenct@aitjng

mice. In this study, the biodistribution profile of A83B4CéRBcapsulated poly(ethylene
oxide)poly(e-caprolactong(mPEGPCL) based micellaNPs in tumorbearing xenograft

mice has been performed in detail. Here, we assessed the biodistribution and pharmacokinetic
profile of A83B4C63 delivered by FDA approved block copolyméii®s in head and neck
cancer xenograibeaing mice. We aimed to determine the level of the PNKP inhibitor in
various tissues including xenograft tumors to identify the suitable dose schedule for

combination treatment either with ionizing radiation or DN&maging chemotherapeutic

Vi



agent. The resuftg biodistribution profiles of A83B4C68ncapsulated mPE®PCL-based
polymeric micelleswere also compared with the conventional solubilized formulations of
A83B4C63 dissolved in PEGOO0.

7. Chapter 7 of this thesis includes the overall conclusion withidudirections.

Vil
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and -12 for evaluating the radisensitizing anticancer activity of A83B4C63 as CE and NP
formulations in female NIHII nude mice following IV administration (n = 6 or 7). 0.5 x%10
colorectal Lu¢/HCT116 cells were inoculated and grown as SC tumor xenografts in the right flank
of the fanale athymic NIHIII nhude mice. When tumors became palpable, total of 25 mice were
randomly assigned into 4 groups (6 + 6 + 6 + 7), which were intravenously injected with (i) control
empty NPs, (ii) control empty NP plus 3 x 5 Gy IR, (iii) CE/A83 (A83B4@@&ulated with the

aid of CE) plus 3 x 5 Gy IR, and (iv) NP/A83 (A83B4CGéRcapsulated mPEQ-b-PBClLus
micelles) plus 3 x 5 Gy IR three times with a one day interval at a dose of 25 mg/kg. The mice
were imaged for luciferase intensity 2 days before the treatment started. Radiation therapy was
given using imagguided SARRP platform. (B) Quantitative anasy®r the average radiance
(photons per s per énper square) bioluminescence signal for the four treatment groups of mice
on day-2 (2 days prior to start treatment) and day 12 (termination day). Differences were
considered significant ifF O 0 ....D..5 oot 101

XXVi



Figure 3.6: (A) Typical FJFLT-PET images of female athymic NHM nude mice (one
representative image of mouse from each treatrgroup) post treatment with empty NP, CE/A83,

and NP/A83 with a fractionated 3 x 5 Gy dose of radiation under isoflurane anesthesia. The control
mice received empty NP without radiation. The white arrows indicate the xenograft CRC tumors

and color sca represents the SWVan value. (B) The quantitative analysis for the obtained
SUVmeanValues to determine the [18F]FLT uptake of corresponding CRC tumor xenografts in

mice post treatments. Differences were considered significapt®f* 0 . @6, 0 ard 1*p

O 0.001 f avlalyo AINIOY At W@ | | owed by Tukeyds met hod
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Figure 3.7: (A) The experimental schedule for determiningfdti® of AB3B4C63 intravenously
delivered via CE and NP formulations in CRC turbearing mice. (BN) The biodistribution

profile of A83B4C63 in wildtype HCT116 CRG&enograft bearing NIHII female nude mice (n

= 3) 4, 24, and 48 h after tail vein administration of CE/A83 and NP/A83 formulations. Mice were
inoculated with HCT116 CRC cells. 21 days following tumor cell inoculation, the mice received
CE/A83 and NP/A83ormulations intravenously at a dose of 25 mg/kg three times with one day
interval. The control mice received empty NPs, equivalent to the amounts used in the test groups.
4, 24, and 48 h after the last IV injection, all mice were euthanized to collect plasma by
cardiac puncture. Then, tumors and other organs including kidney, liver, lung, hear, spleen were
collected, snap frozen in liquid nitrogen, and stored-868°C freezer for later use. Drug
concentration was quantified using LC/MS/MS (mean * .S[B) A83B4C63 plasma
concentration versus time curves of CE/A83 and NP/A83 formulations in HCT116 xenograft
tumorbearing mice. (C, E, G, |, K, and M) represent AB3B4C63 concentrations obtained from the
excised tumor, kidney, liver, lung, hear, and spleespectively, after administration of CE/A8

and NP/A83 in xenograft mice. (D, F, H, J, L, and N) represents the ratio of tissues (tumor, kidney,
liver, lung, hear, and spleen, respectively) to plasma concentration of CE/A83 and Nifea&88
xenograft nice. Differences were considered significantgf® 0. @6, 0 * 6plO, 0* *0*0 1 ,
and ***p O 0. 0001 f-whlyoVvANOYWAt Vol | owed by Tukeyos
significance of differences was only illustrated between the treatment groups at eaplititn

Figure 4.1: Chemical structures of &8, mPEGb-PBCL, mPEGb-PCCL, and schematic
procedures to synthesize mPB@FPBCL/SN-38 and mPEh-PCCL/SN38 forming seH
ASSEMDIEA MICEIIES.... .. e 118

Figure 4.21H NMR spectra and corresponding peasignments for (A) mPEG-PBCL/SN-38,
(B) MPEGD-PCCLISNS8. ....cciiiiieeieiiiiieiieeee et eeenssss e e e e eeeaaeeeeeememeeees 131

Figure 4.3: TEM images of the polymeric and-88iconjugated midés formed from (A) mPE©O
b-PBCL, (B) mMPEGb-PBCL/SN38, (C) mPE@-PCCL, and (D) mPE®-PCCL/SN38. Images
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were obtained at a magnification of 110,000X at 75 kV. The bar in the bottom left corner of each
image indicates a scale of 100 nm. Hydrodynamimédiar (), PDI, and size distribution of (E)
MPEGb-PBCL, (F) mPEG-PBCL/SN38, (G) mPEGh-PCCL, and (H) mPE®-PCCL/SN38
micelles in aqueous medium were obtained using dynamic light scattering (DLS).......133

Figure 4.4. Average (A) percentage of intensity and (B) PDI of mBEBCL, mPEGb-
PBCL/SN38, mPEGh-PCCL (no PDI data), and mPE®PCCL/SN38 micellar peak (3 mgmL

1y in thepresence of SDS (20 mgm).at a ratio of 2:1 (v/v) as a function of time up to 24 h. Each

point represents mean = SD (n = 3). (C) The drug release profile of foFHBTL/SN-38 and
MPEQGb-PCCL /SN38 micelles compared to free &8 from dialysis tubing (MO = 3.5 kDa)

in aqueous solution (4% albumin in ultrapure water) at 37°C. Data are represented as mean + SD

(n = 3). The results of statistical analysis using followingerey ANOVA f ol | owed b
method showed a significant difference between BEHBCL and mPE-PCCL; between
MPEGb-PBCL/SN-38 and mPE&-PCCL/SN38 in Fig. 4.4A, between mPE®PCCL/SN38

and PEGb-PBCL; between mPE®-PCCL/SN38 and mPEh-PBCL/SN-38 in Fig. 4.4B, and

between free S8 and mPE&h-PBCL/SN-38; between free S88 ard mPEQGb-PCCL/SN38

in Fig. 4.4C. Significances of the difference
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Figure 4.5:n vitro cytotoxicity assay for free SR8 (black), irinotecan (green), mPHEPBCL
(orange), mPE&@-PCCL (purple), mPE@-PBCL/SN-38 (red), and mPE®-PCCL/SN38
(blue) in (AC) HCT116, (DF) HT-29, and (Gl) SW620 cell lines after 24 h, 48 h, and 72 h
incubation at 37°C in 5% GOThe cells were treated with the free drugs and polymeric micelles
with a range of concentration from 0.001 pM to 100 uM-FN\was solubilized with DMSO and
the untreated cells reeeid only 0.1% DMSO. Each point represents mean = SD (n.=.41L39

Figure 4.6: Caspase activity assay for free 3@\ irinotecan, mPEM®-PBCL, mPEGb-PCCL,
MPEGb-PBCL/SN38, and mPE&-PCCL/SN38 in (A) HCT116, (B) HT29, and (C) SW620

cell lines. The cells were treated with the media containing the respectige(2A€ h)
concentrations of free SBB, irinotecan, MPEM®-PBCL/SN-38, andmPEGb-PCCL/SN38 for

6 h. Treated amounts of mMPHEPBCL and mPE&h-PCCL were equivalent to the amounts of
MPECGb-PBCL/SN-38 and mPE&-PCCL/SN38, respectively. The untreated (control) cells

received only 0.1% DMSO. The significances of the differenceea i ndi cat ed as *p
0.01, ***p O 0.001, an dway ANOYAmullipleCompadisbitest ol | o v
foll owed by Tukeyo6s met hod. Dat.a..ar.e.eldlpresse

Figure 4.7: Hemolytic activity of (A) mPEG-PBCL and mPE&-PCCL; (B) mPEGb-
PBCL/SN-38 and mPE&-PCCL/SN38 micellar formulations against rat RBCs. Each error bar
represents the mean = SDH18). The concentrations of the polymers in the micellar formulations
(0.67, 3.34, and 16.67 pgri). were equivalent to their respective concentration in theS$N
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conjugated formulations. SB8 concentration of 0.2 (5 times less thagp)C,  1s0),(@rdl 5 iMC

(5 times higher than Kg) and their equivalent polymer concentrations were chosen for the study.
Isotonic PBS and full hemolysis by pure water were used as negative and positive controls,
respectively. All marked points were compared and weresstaii cal | 'y signiycant i
O 0.01, ***p O 0.0401.,..and. . **5*%p..0Q0..0..0.0@2.
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Figure 5.4: (A) The A83B4C63 release profile from BM83 and PMeSN-38:PMee/A83
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(4% albumin in ultrapure water) at 37°C. (B) The-3®release profile from PMSN-38, PMs-
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Figure 5.5: Analysis of additive versus synergistic effects for the combination of TOP1 and PNKP
inhibitors as free or part different formulations at indicated concentrations in (A, C, and E)
HCT116 and (B, D, and F) HZ9 cells. Data is a representative model of three independent
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Figure 5.6:1n vitro cytotoxicity of free irinotecan (black), irinotecan + R#A83 (green), SN38

(orange), SN38 + PMe/A83 (purple), PMe-SN-38 (red), and PI-SN-38 + PMbe/A83 (blue) in

(A, C, and EHCT116 and (B, D, and F) HZ9 cell lines after 24 h, 48 h, and 72 h incubation at

37°C in 5% CQ The cells were treated with the free TOP1 inhibitor or their polymeric micelles

at a range of concentration from 0.001 to 100 pM. For the combination treainthe
concentrationof AB3B4C6B ncapsul at ed mi e38dsfree drugwassolubilzede M. S
with the aid of DMSO and the untreated cells received only 0.1% DMSO. The differences were
considered significantifdO 0. 05; St ud eintrepresents meaa $SD.(n=Apc h po

Figure 5.7:In vitro cytotoxicity of PMe-SN-38:PMps (brown) and PMes-SN-38:PMbe/A83 (teal)

in (A, C, and E) HCT116 and (B, D, and F) 429 cell lines after 24 h, 48 h, and 72 h incubation

at 37°C in 5% C@ The cells were treated at a range of concentration from 0.001 to 100 uM of
SN-38. However, the concentrations of-eocapsulated PNKP inhibit were varied. The
differences were considered significantif® 0. 05 ; Student s t test. E
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obtained using dynamic light scattering (DLS) technique. The TEM image was obtained at a
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Chapter 1: Introduction



1.1.DNA damages anctlinical consequences stemming from defectid@NA repairs

All living creatures are encoded by deoxyribonucleic acid (DNéey moleculeof the
living bodiesthat cary genetic instruction$l]. As an integral part of the cellular and other
multiple functional processes in our body, the DNA strands constantly experience millions of
lesions by intrinsic and extrinsic damaging agents, such assph®c stressors, chemicals,
radiation, chemotherapeutics, reactive oxygen spéRi@S) and inflammatiorf2-4]. To correct
and repair any mismatches or lesions of the damaged DNA stthedgllsdinherentcomplex
DNA repair systemsand their networksonstantly exist on demand to continagorfree
functioning of the cell§1, 5]. Unless correctly repaired, persistent modificagiof the DNA
strandsare known toserve as mutagenic templates during nucleic acid synthesis as a result of
transcription arrest or replication fork collapse dtee compromised erroneous DNA
polymerization[6]. To prevent the consequenad<DNA damage, cefihave uniqueandcomplex
DNA repair mechanisms to restore the genomic complement to its stdieg7, 8]. Moreover,
in case of persistent DNA damage, cells might have erroneiasoding lesions to get the
damaged strands repairedometimes, ypassing such miscoding damages by the DNA repair
systems introduces unwanted mutagenesisaee cellsnstead ofcell death or errefree DNA-
repair[6, 9]. Lack of cell death response amawantedmutagenesis due to erronedSA repair
can lead to thectivaion of oncogenes omactivaton of tumor suppressor genes as a part of
initiating the cancefrcausing process in our bofi0, 11].

DNA damage takes place in cells due to the expasusgher intrinsic or extrinsSiDNA
damaging agentsnteraction with edogenous reaants(e.g. ROS S-adenosyL-methionine or
SAM, aldehydes etc.), replicative stresse.(g. doublestranded breaks or DSBs), replication

mistakes (e.g. mismatch, indedpontaneoubydrolysis (e.g. uracilapurinic/apyrimidinic or AP



sites) are common intrinsisources of DNA damagg¢l2]. In most cases, these intrinsic sources

have beenwell-investigatedand shownto be involved in cellular mutagenesis and genomic
instability for the carcinogenic process [13-26]. Moreover, ultraviolet (UV)light, ionizing

radiation (IR),chemotherapeutics, and atmospherfi@micalsare considered as the foremost

extrinsic sources of DNA damaging hazarowards genomic instability as well as mutagenesis

in exposed cell§27]. For example, melanoma is a commskin cancerthreat due to DNA
alteration and consecutive pol ymer asimducgdr ogr es
photo lesion$28-30].

Unintended indirect or therapeutically intended direct IR substantially damage DNA upon
exposure inide thecells.Mechanisically, IR triggers the radiolysis of intracellular watbrough
ROS productionThe oxidative free radicals resulting from intracellular DNA darrasgociated
ROS are directly involved in damaging basasd formingabasic (AP) sites and singétrand
breaks §SBs)[26, 31, 32]. Depending on the therapeutic types, doses and dosgieens, the
IR-mediated DNA damages include SSBs, DSBs, and base alteri@®85]. Ironically, such
dosedependent DNA damages are also directly proportional tgetheratiorof various types of
cancerg36], for examplethe development dhyroid and brain cancers due to receiviadiation
for neck and cranial cancerespectively.

Clinically used DNA-damaging agents, commonly known as chemotherapeutics, are
intended for therapeutic benefit to treat cancer patiedtsong them, platinum drugs (e.g.
cisplatin, carboplatin, and oxglatin), doxorubicin, Hluorouracil (5FU), methotrexate,
temozolomide, and etoposide are commonlydussinically [37]. Like cancer cells, other
proliferative cells including hair follicles, nails, mouth, digestive traci bone marrow get

affectedquickly as the chemotherapeutics target the DNA of tgpmultiplying cancer cells.



Collectively, the genomic lesions resnf from the DNAdamaging chemotherapeutics are
potential sources of miscoded DNA repair, genomic instability, and irreparable mutation
associated tumorigenesj86]. Chemotherapy is deemed to be a higher thoesashparedto
radiotherapyn causing this genetic instability because of its systemic exp[&&)ré&or example,
the development of acute myeloid leukemia from the predisposing diseasargaledysplastic
syndrome when treated with chemotherapeutic deug$ as alkylating agents, topoisomerase
inhibitors, anthracycline®tc, has been report¢a8].
1.2.DNA repair and associatedherapeutic resistances

According to the therapeutic needs, Di&an important target forither radic or DNA-
damagingchemotherap[39]. The goal of theifunctionis to damage DNA to kill theancercells,
permanently. However, celtsarrying damaged DNAan survive by their inherent DNA repair
mechanisra that confer therapeutic resistance to DNémagingtherapy [40]. Therapeutic
resistancecan hinder the efficacy of a drug to the respective disease condition drelfoin
developing unwantedlinical phenotypes (e.g. caars, neurological disorders, premature aging
etc.) stemming from either correct or defective DNA refairt1]. Thus, therapeutic resistance
has emerged as the key burden in treating severdhtiéaenng disease conditions, particularly
in cancer$42]. For example, most of the patients with multiple myeloma have been reported with
therapeutic resistance to an initial dose of chemotherapy due talsaweerlying resistance
mechanisms including DNA repaji3-49]. As a result, the drug frorthe nitrogen mustard
alkylating agent family (e.g. melphalam) respect to combination therapns been turned into a
gold standard therapy for multiple myeloma in supporting the concept of DNA-essaiciated

therapeutic resistan¢é0, 50-53].



There is no déite conclusion on which underlying therapeutic resistance mechanism is
predominant in respect to clinical settingslowever, many experimental reportsave
demonstrated enhanced DNA repair as one of the sigysficantunderlying contributors leading
to resistancdo radio and chemotherap}p4-60]. With relevarte to thetherapeutic resistance,
some of the DNA repair and toleranu®cesses are described below:
1.2.1.Base Excision Repair (BER)

The oxidative ROS, ionizing radiation, and alkylating agents damage the bases of
intracellular DNA.Base excision repa{BER) is known a one of the main repair pathways in
excising and replacinthosedamaged DNA basdhroughout the cell cyclgl, 62]. Ideally, in
this repair process, the damaged bases are first recognized and removed by either monofunctional
or bifunctional DNA glycosylase. The subsequent generation of sstgled break (SSB)
requires additional processing for correcting thes a n d 6 riot teecomyeting downstream
elongation and ligation. The end processing andsequentlownstream DNA repair can be
achieved by either shepiatch (single DNA base) or lofgatch (more than two DNA bases) BER
pathway. Either of these downstream BERhpatysis involved in recruitingseveralDNA repair
proteins or enzymefs3, 64]. The BER systemis consideredto be the primary phtvay for
removing alkylated bases from DNand thereforéo be involved in repairing the respective DNA
lesions from cancer cells leading to therapeutic resistamtfirthertumorigenesi$65-67].
1.2.2.Nucleotide excision repair (NER)

Active DNA alterations due to bulky DNA lesions mainly bgyclosporing UV
photoproducts omonoadduct®y drugsbelonging tathe nitrogen mustard family, anerimarily
repaired by an important DNA repair pathway known as nucleotide excision repair [BEER)

71.NERp a t h viuadfidhis carried out througtwo subpathways commonly known gobat



genomeNER (GG-NER) and transcriptiocoupled NER (TC-NER), which are involvedn
recognizingthe damaged DNAhroughthe actionof damage recognition proteins. Subsequently,
the subpathways take place, with the aid of excisamalhelicase proteins, imcisingthedamaged
backbone of the DNA. Once the excision of both sides of the oligonucleotide dotiaveed by
refilling the nucleotide gapligation of the nickstakes place to complete the NER process.
Bypassing DNA damages or any repair steps in N&Relieved tocortribute to genomic
instability and cancer predisposition that reflects the therapeutistapse[72-74]. It is also
reported that DNA damage repaly the NER pathway is one of the main reasons for cisplatin
resistanc¢69, 75|.

1.2.3.Mismatch repair (MMR)

Mismatch repair (MMR) isa key postreplication repairpathway in fixing DNA
polymeraseassociatednistakes such asismatched nucleotides or small indéechanisically,
MMR has direct roles in correcting thesuling mismatches and in preventidigulty bypass
replication[76, 77]. In an alternative mechanism, MMR is also involvedapair ofDNA damage
resulting from the oxidative stregsduced DNA metiilation [77, 78]. As a resulta defective
MMR system could be a potenttareat for initiating unwanted cancerous mutationpermanent
genetic alterationslue to either erreprone replication or unrepaired mismatch&scommon
example isn endometrial cancer where hypermethylation of DNA is common due to defective
MMR systems[77]. It is also evident thatherapeutic resistande DNA-targeting alkylating
agentganresultfrom the involvement of direct repair of DNA and incdete apoptosis following

the MMR pathway[78, 79].



1.2.4.Homologous recombinationHR)

Radiation and chemicaihduced breaks or modifications in the DNA need to be firex
timely mannerto avoid unplanned mutations that could bepotential risk for cancer
predispositionMistimed repair systerimducedreplication fork collapses arfdSBs are the most
lethal events that couldad totheloss of essential or nonessential genes towards the development
of cancel{80]. Homologous recombination (HR) and Nblomologous End Joining (NHEaye
the twochiefrepair systemt repair DSBdased on the homology structure of the damaged DNA
[81, 82]. Many anticancer drug®.g. topoisomerase |l inhibitors and some crossimlagents
such as melphalargnd radiation cause DSBs asthlledreplication forks, which are ideally
repaired throughout the cell cycle by HIRd NHEJ pathway83-85]. Cells with a defective or
silenced HR or NHEJ repair systeame prone tayenetic instability andubsequentancerous
diseasesThe deficiencyor targeted inhibitiomf such repair pathways was found to sensaéelks
to DNA damagingchemotherapeutiay IR. Howeveremerging datauggest tatdrug resistance
can bedue tothe involvement ofalternative DNArepair subpathwaysfor cancer cellsvhich
remain unclear to datf86, 87]. A common example is primastage HRdefective ovarian
caners. Platinumbased chemotherapy showsdynificant efficacy in such cancers due to
downregulation or mutation cfome commonHR proteins like BRCAL1, BRCA2XRCC2, and
FANCF[88-95]. In the downstream therapeutic timeline, thexpression or genetic reversion of
such proteins appeared to contribiite developing resistance mechanistosthe platinum
therapeutic§94-96]. Another example is etoposide therapy in treating small cell lung cancer where
overexpression ofraHR protein known as RAD51 wasevalentin therapeutic resistan¢87,

o).



Sincean errorprone NHEJ repair systen{similar to HR safeguard¢he genome from
chromosomal aberrations targeted destabilizatiois involved in sensitizing to DSBsausing
therapies[99-101]. Defective NHEJdriven DNArend joining is correlated with genomic
instability as well asancermpredispositiorj102-105. To date, defective NHEJ has been identified
behindmore than 300 chromosomal translocations in developing blisoddérs (e.g. lymphoid
cells) and multiplesolid tumorsncluding prostate cancer and renal cell carcinpb8&-108. The
HR repair pathway is preferentially involved in repairing -eneled DSBgesulting fromany
replication fork collaps@r encountered SSBr crosslink of DNA. However, repairing any of
these onended DSBs byhe NHEJ repair system generatiulty joints. For examplefFanconi
anemia syndrome is classified as a cancer predisposition due to chromosomal abnormalities and
DNA crosslinks associateavith faulty repairresuling from defective NHEJ repa109, 110.
Similarly, chemotherapeutic treatments are also involved in developing resistance due to faulty
NHEJ repair systemn A common example is the role thfe XRCC4like factor, known as a key
NHEJ repaimprotein in developing resistande cisplatin, oxaliplatin, doxorubicin, andfBUJ in
hepatocellular carcinomgl1]]. Furthermore, recent studies also showed that 4D%varian
cances possesdefective NHEJ repair, which is independenttioé HR repair system and
promotegesistance to systemic therapy with PARP inhibitor alone (Ruc&p#tib2].

The above DNA repair systems highlight the significance of these pathways not only in
response to DNA damaging therapies but also their inumdwe in developing resistance
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Tablel.1: Representative predominant sensors, signaling, and effector proteins for major DNA repair pathways.

Source
of DNA
damage

Damage
sensors

Signaling
proteins

DNA repair
proteins

Repair pathway

DSB repair SSB repair
NHEJ HR Alt-NHEJ SSB BER NER MMR
IR,
R X-linking agents ROS, Alkylating
Radiomimetics Repllgaton |nh|‘b|tors Radlor‘mm‘e‘tlcs Alkylating agents agents, DNA .Pol
Topo Ilinhibitor Antimetabolites Topo | inhibitor, X-linker, proofreading errors
P Topo | inhibitor H,0,, uv
Alkylating agents
MSH2,
MSHS3,
Ku70/Ku80 MRN PARP PARP DNA glycosylases, XPC DDB2 MSHS,
APE1 CSA
MLH1,
PMS2
ATM,
ATR,
e
DNAPK BRCAL )F?;Z
BRCA2,
PALB2,
RPA
RADS5],
XRCC4, RTELl, PNKP, PNKP XRCC1, XPG,
XLF, ' XRCC1, POL Db, ERCC1,
BLM, POLD EXO1,
LIG4, LIG3, FEN1, POLE,
TOPOIIl, FEN1 POLD,
APLF, LIG1, TDP1, POLD1,
. POLQ, TDP1 . LIG1
Artemis PARI CtIP, Aprataxin Aprataxin, LIG1,
PAXX, ' POLQ P LIG1, LIG3
WRN RECQLS LIG1 LIG3A
FANCJ, LIG3A

BLM




1.3.PNKP: A key end processing DNA repair enzyme:

DNA damage response and subsequent repair of incompatible ends of the damaged DNA
is a critical step thainvolves a complex intracellular protein netwofk13. Moreover, the
downstream elongation and ligation process of the damaged @2Néirescompatible end
processi+pbospleat-keydodyh @rmirf8 dhe DNA repair followed by any
incompatible end processing as well as ligation could be a potential risk for genetic instability and
cancer predispositiofiLt14-116. A number of end processing DNA repair enzymes have been
identified andrable 1.1 shows a list of end processing enzynmeslved intherepair of respective
damageshey correcpathwayq63]. In this thesis, both SSB and D$&pair pathwaysequiring
a DNA repair enzyme known as polynucleotide kinase/phosphat@BiKP) have been
emphasizedNKP plays an important role icorrecting DNA termini and further engagiBiNA
polymerases and ligase feubsequentlongation and lig@éon of DNA breakd117].

1.4. Structure and function of PNKP:

PNKP is a bifunctional 57pkbDapparboaseenantdat
kinase activity thatd e p h o s p h ophosphate trsninaBd\Nphosphorylate 5 -Nydroxyl
termini, facilitating rejoining of DNA singleand doublestrand breaks by DNA polymerases and
ligased118 119. The gene of PNKP is locatedlchromosome 19q13.42( and themammalian
PNKP protein has three distinct domains, as showkignl.1, including aforkheadassociated
(FHA) domain at the Nerminus, kinase domain #te C-terminus, and phosphatademainin
between theri11§).

As a phosphothreonirgnding signaling module, the FHA domain @noected with the
catalytic domain by a flexible polypeptide linkén. function, he FHA domainis involved in

binding to casein kinase-thediated phosphorylation sites of the scaffold proteins XRCC1 and

10



XRCC4, which playa major rolein BER and NHEJ DNA repair pathways, respectividil,
122. Such recognitiomirected PNKP engagemenobntributesto execuing ligation of end

processed termini of broken DNA strarjd49, 123.

Figure1l.1: Ribbon diagram of mammalian PfKwith kinase in yellow, phosphatase in blue and FHA
domain in green. Catalytic side chains (Asp 170 and Asp 396 in the phosphatase and kinase, respectively)
are in pink, the ATP binding P loop is in navy blue, and the teutfaund at the P loop is in orange and red
spheres.
To date, PNKP is believedtolkeonl vy DNA r epai r-kimaseactivie t hat
[124]. Being a membeof theadenylate family of kinased)d kinase domain of PNK$tlectively
bindsto the DNA strand5 ®H termirus without basepair disruptionon the same side as the
phosphatase active sitgl8 125 12¢. By the virtue ofATP binding sitesandthe presence of
Mg?* ion, the Asp397 residue catalyzes the reactiom p hos p hor y{OH teeninish e DN/

following a nucleophilic substitutior-{(g. 1.2).
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ADP

H Base

B Ll‘L, Base LL?,‘ Base OH

Asp 171

Figure 1.2: Catalytic reactions of thendprocessing enzymes. (A) Phosphorylation ehysiroxyl by
PNKP catalyzed by Asp397 and dependent od*lm. ATP is the phosphate donor. (B)Biosphtase
activity of PNKP involving nucleophilic arrack by Aspl71 followedthgrelease of the cleavedthosphate
from the aspartate residue.

The phosphatase domain of PNKP belongs to a haloacid dehalogenase superfamily that
carries a conserved DxDGT mdtif18 127, 12§. The phosphatase domain catalyzes the removal
of 36.phosphate ithepresence of Mg ion, whichstabilizes the negative charge onphesphate
substratg125. At first, nucleophilic attack by Aspl71 carboxylatee to negatiMg charged
phosphate substrate generates a covalent phasplastate intermediate as shownFig. 1.2.

Therefore, Aspl72ne di at ed hydrolysis of thi-GHtaminzal ent
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The catalytic domain of PNKP is comprised of both kinase phosphatase activity.
However, the kinase and phosphatase domains become nonfunctional when they are not together
[127]. Although both catalytic domains function independebyiyirtue ofsubstrag preferences,
the phosphatase activity is believedd&e precedence over the kinase activitypboth SSB and
DSB repaif129. The presence of both kinase and phosphatase domains ofi?bl{éesunique
flexibility for end processingf the broken DNA termini with eithér-RjH  o-phosphidje or both
[127.
1.5.Synthetic lethality

To date achievingatargeted anticancer thergpgavingnormal cellsunscathegds a major
challengein clinical oncology and the identification of such new targets is under continuous
investigation to overcome the limitation of conventional chemotherapeutics and ionizing radiation
that causes unwanted sidiects by damagin@NA in both cancer and normal ce|s30-137.
Clinically, such broagpectrum nonselective therapies leathortreatment failure[132. As
a result, there is an unmet need to invent novel therapeutic prattigpbeould essentially be able
to spare the normal csllminimizing sideeffects and simultaneouslyilling the rapidly
multiplying cancer cellso maximizethe therapeutic benedit To achieve such targeted anticancer
therapy, the concept of synthetic lethality could be one of the promising strfi}fles

Synthetic lethality is described azampellingoccurrence where two neadlelic or non
essential genes are synthetically lethal if simultaneous disruption of both genes leadietattcell
but loss of either ongloneallows survival of the cells under regular circumstariEes 1.3) [130
133 134]. Thusin mechanism[13Y, identifying and targeting a specific gene, that is a synthetic
lethal partner of a mutategkne causing cancer, could be a potential cancer cell killing conceptual

approach tesparethe normal cellsSimilarly, synthetic sickness describes another phenomenon
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whereby a combination of defective genes caas®nlethal feeblenessonditionthat could be

an effective way to make the cancer cells sensitive to therapeutic sti@&6as37]. Therefore,

both synthetic lethality and sickness have emerged as a targeted therapeutic platform to further
develop cancespecific cytotoxic agents. Due to insufficient methadddentifying synthetic

lethal partnerships, it was rfoilly exploited in he past. However, some advancement has recently

been made due to the improved availability of genetic tools for distressing the function of a
particular gene in cancer ce[l$30 131]. Cancer predisposition occurs due to the mutation of

tumor suppressor genes that are the major targets for synthetic Ithafityt39]. By virtue of
advancedchemical and genetic screening technologies, it is not very challenging to idbatify t
cancer cell s& gen e posdbtesynthetic lethal pardners th mutated tanwot d b e

suppressor genes in cancer cgli’0, 131].

Viable Cell Viable Cell

p co miNE coch m
-/ -

Viable Cell Lethal Cell

Figurel.3: The conceptual mechanism of synthetic lethality. f8esential genes A and B are not lethal to
cells if inactivated individually. When both of the genes or their coded proteins are inactivated, cell death
occurs.
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Recently,DNA repair genes or proteins\Vegained the most attraction for the synthetic
lethal phenomenon, which has been substantiated by the clinical sottleessynthetic lethal
partnership between the SSB repair protein PARRI the breast caneassociatd (BRCA1/2)
proteing 140 141]. Both BRCA1 and BRCA2 are known as tumor suppressor prdtedds142,.
However, these tumor suppressioave been found to be naturadigher lost omutated incancer
cells 0f5-10% of ovaian and breast cancer patiefit43. The inhibition of the DNA repair protein
PARP1 in the cancer cells with mutated BRCA1/2 gexpgeeared to be lethia those cellslt is
well known that PARP inhibition generat®SBsafter halting SSB repaif144 and BRCA1/2
proteins are essentially involvedtime HR pathway to repair the DSBs of DNA34, 1427. As a
result,thedisruption of two main proteins in DNA repair pathwagneratethegenotoxic DSBs
that lead to cell deatfil42. Fig. 4 illustratesaproposed mechanism of synthetic lethality between

PARP and BRCA.

DNA single strand break (SSB)

PARP No PARP + DNA replication

] I I

] I I
Repaired DNA DNA double strand break (DSB)
(Cell survives)

BRCA No BRCA

| L | L |
] I I
Repaired DNA Unrepaired DNA
(Cell survives) (Cell dies)

Figurel.4: Synthetic lethal partnership between PARP and BRCA. PARP participates in SSBR. Inhibiting
PARP chemically leads to stalled replication forks creating DSBs. However, cells with inactivated BRCA
are sensitive to PARP irtitors due to the inactivation of both SSBR and HR resulting in cell death.
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1.6.Syntheticlethality between PNKP and PTEN

DNA damage and the associated repair mechanisms have starring roles in cancer
predisposition agost genetic modifications includimgutation or loss of tumor suppressor genes
result from defective repair of damaged DINIX5. Due to endogenous ROS, SSBs are the most
common events among all the DNi#&sions and any unrepaired SSBs are twrnhed with DSBs
followed by the collapsed DNA replication forkgl46, 147]. As a proof of concept, synthetic
lethality wasconcomitant for inhibitind? ARP proteins in BRCAnutated cancer cells without any
endogenous DNA damaging triggers, which could be attributed to the excess production of SSBs
per cell cycldollowed by DSBg148 149. Following thisdiscovery it is suggested that inhibition
of any SSB repair protein could be synthetically lethalancer cells witldefectiveDSB repair
proteins.

Phosphatase and TENsin homolog deleted on chromosome 10 (PTEN) is a tumor
suppressor gene with both lipid and protein phosphatase actijitt$. PTEN regulates
various cellular processes including cell signaling, survival, metabolism, microenvironment,
and proliferation via phosphatidylinosit8lphosphate kinase (PI3K) pathwdp1]. PTEN also
plays a key role in maintaining genomic stabilj§52, 153]. As shown inTable 1.2, some
recent reports have revealed that PTEN mutation is very common in several cancers including
CRCs and head and neck squamous cell carcinomas (HNJC&®&L52 154-157]. The
literature provides a strong case for PTEN loss as a valid biomarker in tumorigenesis and
prognosis of some deadly canc¢i®0, 158 159, emphasizing the potential of therapeutics
targeting PTEN deficiency in cancer treatment. Phosphatidylinositol 3trigHosphate (PIP
3) is the main substrate of PTEN; andiatreased accumulation of RB?in cancer cells limits

the number of apoptotic stimuli, leading to tumor progresqibs8 159. Moreover,PTEN
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deficiency is found to be accompanied by the upregulation and/or mutation of other
survival/aggression pathways in CRC including the PAKT pathway, KRAS, BRAF, and
PIK3CA mutations. PTEN loss or inactivatitras also beenshown to be associated with the
limited sensitivity or nosresponsiveness of tumors to cherand/or immunotherapig460, 161].

It has recently been reported that PTIGSkis alsoassociated witBynthetic lethality when PARP

is inhibited as observed in BRGAutated cancer cell$62. The mechanism behind this synthetic
lethality in PTENdeficient cancer cells was demonstrated by the defective HR repair pathway
[162165. In addition, inhibiing another DNA damage response protein known as ataxia
telangiectasia (ATM) also revealed a drastic synthetic lethality in Pdédidient cancer cells

which could be attributet the elevation of endogenous ROS lewelBRTEN deficient cell§164.
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Table 1.2: A list of estimated frequencies for the percentagesTd&NP alterations in various
cancers.

Cancer Types PTEN loss (%) References
Breast ~40 [156, 167-172
Colorectal 40-75 [151, 152 156 167, 168 173
Lung 44- 56 [156, 167, 174178
Prostate grimary) ~29 [156, 167, 179 180
Prostate ifetastatic) ~54 [156 187]]
Glioblastoma ~65 [156, 168 182 183
Endometrial 20- 45 [156, 167, 168 184, 185
Ovarian pigh gradeserous) ~34 [156]
Ovarian endometrioid) ~44 [156]
Thyroid ~10 [167, 168 186
Melanoma 10- 20 [167, 168 187-19Q
Bladder ~53 [167, 191, 197
Liver ~ 50 [167, 193 194
Pancreatic ~70 [167, 195197
Head and necksquamous ced) 23-30 [198 199

A recent genetic screen using a library of 6,961 siRNAs identified PTEN loss to be a
synthetic lethal partner of PNKRE), and this has been confirmed in various cancer cell lines
[200, 201]. Our previous studies also revealed a higher background level of DNA ekitdohel
breaks in unirradiatedancer ells with PTEN I®&s[201]. The concurrent PNKP inhibition led to
enhanced apoptosis due to induced endogenous DNA damage by reactive oxygen species in
PTEN-deficient cellg[200, 201]. Since the discovery of synthetic lethality resulting from PTEN

and PNKP calepletionas shown irfFig. 1.5, we have investigated BN as a potential therapeutic
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target in PTEN cancers[202, 203. However, themechanismbehind thissynthetic lethal

partnershighasstill notbeenelucidatel.

Viable Cell Viable Cell

EEEE-\  /-EEE-
- RS

Viable Cell Lethal Cell

Figurel5: The conceptual mechanism of synthetic lethality between PTEN and PNKP. The disruption of
either of these genes is not lethal to cells. However, disrupting both of the genes or their coded proteins
causes cell death.

1.7. Synthetic sickness to DNA damagig agents: A combination approach for anticancer
therapy

Apart from tre synthetic lethal partnership between PNKP and RTEN alsoevident
thatmutation @ loss of PTEN in cancer cells hasup-regulatory role inthe PI3K/AKT pathway
andcancer progression onetastasi§158 160, 161, 204-211]. In this thesis, investigations were
essentiallyperformedto understand the role of PNKRhibitors in the induction ofsynthetic
sicknessin cancer cells, with or without PTEN knocko@®TEN”), in combinationwith DNA
damagingIR or chemotherapeutic®NKP inhibitorsare consideretb act as chemoor radic
sensitizerincreasing thgotency of chemoor radiotherapywherelower doses can be used to

induce anticancer effects and asresult, sideeffects to normal celé can be attenuated
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Combination therapy is currently}cammonapproach in treatindifferent types of cancefhe ce
delivery of DNA damagingchemotherapeutic drggand their chemoesengizing DNA repair
enzyme inhibitorcan be exploredo increase the potency and at the same time reduce adverse
effects of the combinatiotmerafy against various cancers.

After surgery, IR and chemotherapy are the most comamticancetreatmentsn CRC
but these are rarely curative and cause intolerable toxicities in patients. Most importantly, some
patients with localized or advancedncey who are not ideal candidatés surgery and IR, are
mandatedor the initiation of chemotherapeutic treatment regimens adtbmpromisedesponse
rate[212]. As a result, the best treatment decisions have been varied and individualized from
patient to patienf213-215. Howeve, resectable surgery is a very common optio@€RC and
adjunctivechemotherapy or ionizing radiation is oftemployedbefore or after surgerj21§.
Basically, radiation therapy, often witheadjuvant chemotherapy, is considered before the
surgery to help in shrinking the localized tumtargacilitate thecomplete resectiof217, 21§. In
the cases of incomplete resectitm prevent canceand meastasis, radiationr chemaoherapy is
considered to kill the cancer cells that may hlagenleft behind inthe resection boundary after
the surgery219.

Despite theDNA damagingtherapyemployedeither pre or postoperative surgery, failure
of such montherapy is still associated with suboptimal clinical outcanh@serent or thriving
cellular resistance mechanisms to the therapeutic modalit.es result in predominant
reoccurrences ircancer patients[220, 221]. In order to improve the outcomes of pre or
postoperative radiotherapy, one important challengedsstmver a nontoxic agetitat can act as
aradio or chemesensitizr, a process of making cancer cells more sensitive to DNA dagag

agent4222. Following asimilarmechanisniby which DNA-damaging chemotherapeutic ad¢i
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takes advantage ttfie exposuréo high intensity of radiation for cell death. However, cancer cells
that survive suboptimal radiation intensitycan develop resistancéAs a result, an elevated
radiation dose might be requiradhich canharm the nearbgormaltissues

Recently, inhibitingDNA repair hasbeendemonstrated as a promising approach to
improve the sensitivity ofancer cells tdR. Different DNA repair enzymes have been validated
as therapeutic targets in various candersadio-sensitizatior{63]. In this context, inhibition of
PARP has shown promi$223-225. Other DNA repair enzymes, e.\TM, ATR, DNA-PKcs
have beemxtensively investigated to develop new small molecule inhibitors to act as aadio
chemasensitizer§226-233. In these cases, the most challenging part was to deceloger
specific radie or chemesensitizerbecausethese DNArepair inhibitors could also actnon
specifially and posea potential risk for unwanted mutation and safects when used in
combination with DNA damaging therapeutics in normal cMisrespecific small fusion peptide
based inhibita of ChK2 kinase activatiof234, ATM-NBS1 interactiorj235, and DNAPKcs
autophosphorylatiorf236 have also been developed to act as radio chemesensitizer.
However, thespeptidebasedargeting strategies suffered from unavoidable stability problems.
1.8. Rationale, hypothesis, and objectives
1.8.1. Rationale

Human polynucleotide kinagghosphatase (PNKP) was also identified as a key enzyme
involved in DNA repair pathways followingdation or treatment with topoisomerase | inhilkstor
(e.g. Irinotecan) in many types of canci87]. The validity of PNKP as a therapeutic target, in
sensitizing cancer cells to topoisomerase | inhibitor and IR, has already been shown by our research
team and otheld.18-120, 126, 238 . Being inspired to develop an effective inhibitotloé PNKP

enzymethe research groujs our collaborators, DiDennis Hall and DriMlichael Weinfeldhave
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developedwo generations afiovel inhibitors of PNKPA PNKP inhibitor in this librarjknown
as A83B4C63vas recently shown teensitizecancer cellso radiation and irinotecgi202, 203.
A83B4C63 is a secongeneration polysubstitutachidopiperidine small molecular drug with a
Kp value inthenanomolar rangéor binding to purified PNKRFig. 1.6). The watersolubility of
this drug was measure¢d be <1 uM with a logD of around 4.16.

To increase the water solubility and at #aene timethe specificityand potencyf PNKP
inhibitors for solid tumors such &RC or head and neck cancer, encapsulation of AB3BA@63
proposed. This approach was suggested to show anticancer activity as monotherapy in PTEN

deficient cancerandin combination with radiation therapy or TOPI inhibitors.

Figurel.6: The chemical structure of second generation PNKP inhibitor known as A83B4C63.
Broadspectrum DNAdamaging chemotherapeutics have some limitations including

resistancetumorrecurrencesjonspecific biodistributionpoorwatersolubility, andrequirement

of high therapeutic dosd239. Although radiation therapy islassified as localized DNA

damaging therapy, it causes suboptimal therapeutic response to result in therapeutic resistances,

recurrences, and genomic instabi[R4(. Both chemeand radiation therapy are also considered

as palliative therapies in patients with metastatic cancers due to their limited efficacy and there is

yetno standard therapeutic recommendat@mmetastasized cancer managenj2ai-243.
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The poor solubility and high doskependent sideeffects of many hydrophobic
chemotherapeutic drugsgnificantly limit the overall clinical outcomef44, 245. Polymeric
micelleshave emerged as a commmanalelivery platform for hydrophobic drugs leydrophobic
drug candidates due high capacity for thencapsulationf these compoundsto thenanocarrier
hydrophobiccore [239, 246. One of the main advantages of thelymerc micellesis the
core/shell structure that makes modification of tseinfacepossible without any negative effect
on the micellar core capacity for drug encapsulats a consequencef a hydrophilic shell
inducing stealth prperities, polymeric micellescapsulatindnydrophobic drugnay bypassthe
reticuloendothelial system (RESnd improve the biodistribution of the encapsulated {24
249. Long circulating and stealth nawarriers are known to passively target solid tumoias
enhanced permeability and retention (EPR) eff260-252. They can change the distribution of
the encapsulated drug the same way, provided to their stability in the systemic circulation and
retainment oflte encapsulated drug.

Among a wide variety of nanomaterials investigdtadpassive targeting of hydrophobic
drugs polymeric miceles have attracted much attention due to thainaller size, higher
hydrophobic drug encapsulation efficienapd stealth properti¢251, 253-262. Architecturally,
the protective hydrophilic PEGoating of the biodegradable micelles actstaslthpreventive
shield of the core of the micelle carrying hydrophobic payloadkémiological systeni256.

One limiting factor, however, is the kinetic stability of the micellar structure and its capacity in
retainment of the encaplated drug in biological medidhe poly(ethylene oxidg)oly(a-benzyl
carboxylatee-caprolactone) (PE®BCL) micellar structure used here can overcome such
limitations. The existence of benzyl core in the polymeric micellar structure has made these

nancarriers particularly much more stable compared to their counterparts. For this reason, we
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refer to core/shell structures saésembled from PE®BCL asmicellar nanopatrticles (NP)s in

this thesis.

1.8.2. Hypotheses

1.

2.

Nancdelivery ofa small moleculd®NKP inhibitor can lead to the development of
cancer specifimonotherap in PTEN-deficientcolorectal cancer.
Nancdelivery ofa small molecul®NKP inhibitor can lead to the sensitizatiormaifd

type colorectal cancer modétsIR or Topo | inhibitors.

1.8.3. Objectives

1.

To determine the activity of nafmarticles of A83B4C63 as monotherapyRATEN
deficient colorectal cancer models making comparisons with the A83B4C63
solubilized by conventional methods

To investigating the radisensitizing antcancer activity of free versus nanoparticles
of A83B4(63 inwild type colorectal cancen vitro and in vivomodels

To develop a polymeric micellar nanocarrier formulation of 3N

To investigate the sensitizing activity fsee versusianoparticles of A83B4C6h
combination with free or polymeric micellar 88 formulations in CRC model#)
vitro.

Determining the biodistribution of the A83B4C63 the form of conventional
solubilized formulation and nanoparticle formulationHaDu xenograft in NIH-I1I

mice.
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Chapter2: A synthetically lethal nanomedicine
delivering novel inhibitors of polynucleotide
K 1 n a-ghesphatdge (PNKP) for targeted
therapy of PTEMNdeficient colorectal cancer
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2.1. Introduction

Colorectal cancer (CRC) is the fourth most common cancer. It is responsible for nearly
700,000 deaths per year worldwif263]. Forty percent of sporadic CRC patients die due to
distant metastases highlighting the need for the development of new treatments for this
aggressive cancg64]. The development of CRC carcinogenesis is classified as a multistep
process underlying the tumor growth with substantial genetic heterog¢h®dy

Phosphatase and TENsin homolog deleted on chromosome 10 (PTEN) is a tumor
suppressor gene with both lipid and protein phosphatase actiit€s Recent reports have
revealed PTEN mutation in 1:830% of cases of sporadic and in 75% of cases of aggressive
CRCs[151, 152 154, 155. The literature provides a strormgise for PTEN loss as a valid
biomarker in tumorigenesis and prognosis of CH68 159, emphasizing the potential of
therapeutics targeting PTEN deficiency in CRC treatment. Phosphatidylinositol 3, 4, 5
triphosphate (PIB) is the main substrate of PTEN; and an increased accumulation-8fiRIP
cancer cells limits a number of apoptoticnstii, leading to tumor progressidi58 159.
Moreover,PTEN deficiency is found to be accompanied by the upregulation and/or mutation of
other survival/aggression pathways in CRC includirePI3K-AKT pathway,KRAS, BRAF, and
PIK3CA mutations in CRCs. PTEN loss or inactivation is also shown to be associttetiev
limited sensitivity or nofresponsiveness of CRC tumors to cheara/or immunotherapig4 60,
161].

Synthetic lethality is an exciting treatment optiobecause of its potential cancer
specificity, that has attracted a lot of attention in recent y&8r 265. Synthetic lethality refers
to the induction of lethality due to a continuoosdisruption of two norallelic, nonessential genes

or their proteins in the same c§li38 264. In this context, genetic disorders in cancer versus
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normal cells can be exploited to develop synthetically lethal partner treatments functioning only
on cancer cells that harbor these genetic abnormalities.

A recent genetic screen using a library of 6,961 siRNAs identified PTEN loss to be a
synthetic lethbpartner of the DNA repair protein polynucleotide kinadgt®sphatase (PNKP)

(15), and this has been confirmed in various cancer cell lines including CRC26€11201]. Our
previous studies also revealed a higher background level of DNA dstnbiel breaks in
unirradiated CRC cells with PTEN |of201]. The concurrent PNKP inhibition led to enhanced
apoptosis due to induced endogenous DNA damage by reactive oxygen species-hefidiEnt
cells[200, 201]]. Since the discovery of synthetic lethality resulting from PTEN and PNKP co
depletion, we have investigated PNKP as a potetfiéahpeutic target in PTENcancers.

PNKP is a bifunctional endrocessing enzyme that phosphorylates D5IAydroxyl
termini and de p hphosphdiedernyini, fadliatemg r€)dihikg o DA singsnd
doublestrand breaks by DNA polymerasand ligase$118 119. We have identified small
molecule inhibitors of PNKP, from a library of polysubstituted imidopiperidines, as potential novel
synthetically lethal monotherapeutics in PTaBficient cancer$202 267. To overcome the
problem of low aqueous solubility, enhance cancer specificity, increase accessibility, and
potentiate the activity of lead inhibitors within this librarywardstumorassociated PNKP, we
proposed the developmentamflymeric micellaNP formulationg267]. In this context, polymeric
micellar formulations based on poly(ethylene oxibig) o | -Beqizyl carboxylatéicaprolactone)
(PEOb-PBCL) and poly(ethylene oxidé)}p o | -gatbakytUcaprolactone) (PE®-PCCL) of
two lead PNKP inhibitors, namely A83B4C63 and A12B4C50, respectively, were developed and
examined for their functional propes and PNKHnhibitory effects,in vitro [267]. A83B4C63

is a second generation polysubstituted imidopiperidines synthesized by our research group with an
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ICs0 and Ko value inlow M and nM range in binding to purified PNKRespectivelylt is a
poorly watersoluble drug (water solubility & uM) with a log D> 4.16.The current manuscript,
reports on the preclinical assessment of activity and safety of PECL NP formulations of
A83B4C63 Fig. 2.1) as a new cancer nanomedicine functioning through efficient inhibition of
tumor-associated PNKP in PTEN:olorectal tumors. Comparisons are made witbnventional
water solubilized formulation of this lead compound usingmophor EL: EthanolQE), which

is FDA approved and routinely used to formulate po@rgtersoluble dugs, for exampldor
paclitaxel injection (Tax®l) of cancer patients. Administration of CE, however, is associated with
poorly tolerated acute and chronic toxic sefeects, such as anaphylaxis, nephind
neurotoxicity in patient§268 269. CE is also known to interfere with the pharmacokinetics of
several drugg270-27q, thus it is not considered an ideal carrier for drug administration in
patients.In case of A83B4C63, CE was used siotieer inert solubilizing agents, such as low
molecular weight PEGs, were not able to achieve high enough soluble drug concentrations
required for intravenous (IV) administered doses of A83B4C63 in mice.

Polymeric micelles are weknown NPs mainly used for the solubilization and tumor
targeted delivery of poorly wataoluble drugs[2592627. Current literature on the use of
nanodelivery systems, including polymeric micelles, pertains mainly to their application in
enhancing the therapeutic index, mostly through a reduction in drug toxicity areffsicks on
normal tissue§277, 278. The research presented here exploregbtielinical development of a
new drug in the form of nanomedicine in cancer treatment. The results highlight the potential
benefit of nanomedicines as means for expediting the clinical development of lead
pharmacological entities with suboptimal propertigsich as poor watelubility and/or

suboptimal potency) in the drug development process.
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Figure2.1: Chemical structure of (A)-fhydroxy(2-methoxyphenyl)methyip-(naphthalend-ylmethyl)-
1-[(4-nitrophenyl)aminoH, 4aH, 7aHpyrrolo[3,4b]pyridine-5,7-dione or AB3B4C63 and (B) methoxy
poly(ethylene oxidep-p o | -pefizyl carboxylate-caprolactone or PE®-PBCL. (C) lllustration of the
encapsulation process for A83B4C63, into PEPBCL micellar NPs. (D) Physicochemical
characterization of A83B4Cé&ncapsulated PEGOPBCL NPs (NP/A83B4C63) (n = 10). (E) The
A83B4C63 release profile of NP/A83B4C63 micelles compared to free A83B4C63 from dialysis tubing
(MWCO = 3.5 kDa) in agueous solution (4% albumin in ultrapure water) at 37°C. Data are represented a
mean N SD (n = 3). Significances of t he -wdyi f fer en
ANOVA foll owed by Tukeyds met hod. Data are expres
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2.2. Materials and methods
2.2.1. Materials

Methoxy-polyethylene oxide (PEO) (average molecular weight of 5000 g/mol) and all
research grade organic solvents wer eBemyr chase
carboxylatev-caprolactone monomer was synthesized by Alberta Research Chemicals Inc.
(Edmonton, AB, Canada). Stannous octoate was purchased from MP Biomedicals Inc. (Tuttlingen,
Germany). Irhousemade PNKPRdetecting primary r@tibodies[279, a faddin (8anta Cruz,

CA, USA) were used.
2.2.2. Synthesis of A83B4C63 and PE®-PBCL copolymer

The mlysubstituted imidopiperidine compound, A83B4C&&s synthesizedising a
threecomponent aza[4+2]/allylboration reactiand purified to homogeneity via HPLC as
previously describef8(. The structure of theompoundvas confirmed by NMR, IR, and L-C
MS as previously reportd@67].

The af b)i noift yYA83kKB4C63 to purifiedetrecmimbe ch am
fluorescence quenchi2f)g. aTsh ep rdeivsitoruisbluyt idoens ccroiebfef
and agueous solubility (Kinetic) wer e det e
(httww. wWdxwi apptec.com/) usisowdg £488Bd&€H6AE waet de
usi nglmed@®ti on mi x tlorfe 1cOoXn traeiancitnigon7 bluf f er (50

mM Mg,Cl1 mM EDTA, 1 mM sper midi nel Aa8n3dB 41C6 3 mM

dissolved in DMSO (final concentr altofonl @ nng/el c
PNKP andf4@di®tilled water were mixedodnd.i5ncu
mM Ppbosphor-mémateldi g@nucl edTITAELRGEQAULAOAECGCE 6

3%#hos; I ntegrated DNA Technology, Coralville,
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10 more minuk26La&lnidgudctesn vBer e +wreans fpdrarteed (tCm
Kennebunk, ME) . Pi ColorLock Gold reagent ( Al
before use b'yolhdméengf 1LAd0661 erator thofPi Chi ®r L
prepar at iaodnd enda st -@lheeant hqR20t of the reaction san
at room temperature before measuring absor banc
(Mandel Scientific Company Inc., Canadka-)P.ECT he
b-PBCL polymer (dissolved in water) inhibits PI

The block copolymer, PE®-PBCL with 26 degree of polymerization for the PBCL block
was synthesized by riegpeni ng p ol y-beaaylicarttylate-capraactondusm
methoxyPEO (MW: 5000y/mol) as an initiator and stannous octoate as catalyst according to the
method described previous{$0-42). The synthesized copolymers were characterized for their
average molecular weights By NMR (600 MHz Avance I+ Bruker,East Milton, ON, Canada
using deuterated chloroform (CDflas solvent andetramethylsilane as an internal reference
standard.
2.2.3. Formulation, characterization, andin vitro release studyof AB3B4C63 loaded PEGh-
PBCL NPs

A83B4C63loaded PEGHh-PBCL NPs (NP/A83B4C63) were prepared as previously
described267]. In brief, 10 mg A83B4C63 and 30 mg PHBAIPBCL polymer were completely
dissolved in acetone. Then, the organic phase was transferred dropwise to 10 mL aqueous phase
and left overnight with continuoustirring with a magnetic bar under vacuum to completely
evaporate the organic solvent. Theantapsulated A83B4C63 was removed by centrifugation at
11600 x g for 5 min to obtain NP/A83B4C63. The NP/A83B4C63 solution was then transferred

into Amicon Ultral5 centrifugal filter tubes (molecular weight @ft, 100 kDa; Millipore, ON,
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Canada) and centrifuged at 11600 x g for 20 min at 4°C. The average size and polydispersity index
(PDI) of the NPs were measured by dynamic light scattering (DLS) using a Kaetasizer

3000 Malvern Instruments LtdVlalvern, UK). A83B4C63 loading and loading efficiency were
measured andnalyzed using a Varian Prostar 210 HPLC system. Reveinssg chromatography

was carried out with a MicrosodV 5 & +h00& doBimn (4.6mm x 250mm) with 20e L

of sample injected and eluted under isocratic conditions with a solution of 0.1% trifluroacetic acid
[ acetonitrile (1:1 v/v) at a flow rate of On7L/min at roomtemperature. Detection was performed

at 280nm wavelength for A83B4€&3 using a Varian 335 Photodiode Array HPLC detector
(Varian Inc., Palo Alto, CA, USA). In this study, A8B3B4C63 control was solubilized with DMSO
for all in vitro experiments, while foin vivo experiments, A83B4C63 was dissolved with the aid

of CE.

In vitro release of A83B4C63 was investigated using dialysis technique. Each dialysis bag
(Spectrapor dialysis tubing, MWCO = 3.5 kDa, Spectrum Laboratories, Rancho Dominguez, CA,
U.S.A)) containingd mL of the PEGb-PBCL micellar or free AB3B4C63 (dissolved with the aid
of DMSO) was immersed into 300 mL release medium (4% albumin in ultrapure water)
maintained at 37°C in a shaking water bath with 65 rpm (Julabo SW 22, Seelbach, Germany). At
selected i me i ntervals (O, 1, 2, 4, 6, 8, 24, 48,
bag were withdrawn and replaced with an equal volume of fresh water. The concentrations of
A83B4C63 in collected samples were measured and analyzed usinga Farstar 210 HPLC
system. All experiments were carried out in triplicate. Detection was performed at a wavelength

of 280 nm.
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2.2.4. Cell lines

HCT116 or HCT116/PTEN', a human wildtype CRC parental cell line and its PTEN
knock out (HCT116/PTEN") variant [281] were kindly provided by Dr. Todd Waldman
(Georgetown University School of Medicine, Lombardi Comprehensive Cancer Center,
Washington, DC, USA). Both cell lines were cultured &C37i 5% CQ in a humidified incubator
in a 1:1 mi xt uifiedEagie m&dium bnd E12 @BIEM/FDR) supplemented with
10% FBS, 50 U/mL penicillin, 50 mg/mL streptomycin, 2 mmol/tglutamine, 0.1 mmol/L
nonessential amino acids, and 1 mmol/L sodium pyruvate. All culture supplements were purchased
from Invitrogen Burlington, ON, CA) All cell lineswereroutinely tested for mycoplasma in the
lab.
2.2.5. In vitro cytotoxicity evaluations

The CellTiter 96° AQueous One Solution Cell Proliferation Assay (MTS) kit was
purchased from Promega, USA and used to assess the cytotoxicity of AB3B4C63 as free drug and
NP formulation in bothHCT116/PTEN" and HCT116/PTEN cell lines according to the
ma n u f a c totocoldnitiéllg, 2000 cells were plated in each well of-@8éll flat-bottomed
plates 24 h prior to the treatments. Then, cells were treated with A83B4C63 as free drug and NP
form with a concentration range of 0.5 to 10 uM. Control cells received orfly DMISO. After
experimental incubation time points, 20 uL of MTS reagent was added in each well and further
incubated for 2 hat 37°C before measuring the absorbance at a wavelength of 490 nm using a
BioTEK (Winooski, VT, USA)microplate reader. In additipthe Caspas&lo 3/7 assay reagent
(Promega, Madi son, WI , USA) was used adncordin

vitro caspase activity in HCT116/PTENand HCT116/PTEN cells following similar treatment
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conditions as mentioned abovethe MTS assay. The relative luminescence was measured and
analyzed compared to the control. Each experiment was performed in triplicate.
2.2.6. In vitro and in vivo cellular thermal shift assay (CETSA)

Initially, the CETSA procedure wasperformed in both HCT116/PTEN* and
HCT116/PTEN" cell lines,in vitro. The ability of A83B4C63 to interact with intracellular PNKP
and the consequent stabilization of PNKP in the intact cells was analyzed by CE3ZpAsing
a modified protocol developed for PNKP binding. In brief, cells were cultured-oni?Sissue
culture flasks until thecell confluence reached 8590%. After 4 h of cell treatment with
A83B4C63 (as free or NP formulation) and 0.1% DMSO in media (as control§@t&ls were
trypsinized, harvested, washed twice with-ccdd PBS before rsuspending in PBS containing
protease inhibitors. The 1®uspended cells were aliquoted into five PCR tubes and heated for 3
min to 4%C, 46°C, 47C, 48C, and 49C. Afterwards, cells were lysed using liquid nitrogen
following four repeated cycles of free#tgaw and centrifuged at 17080g for 20 min to extract
the soluble fraction of cellular proteins in the supernatant. Three independent replicates were
performed. Equal amounts of proteins were loaded onto 10%P3E gels for western blot
analysis. After the wet transfer, the nitetlalose membranes were analyzed for PNKP using an
in-house antPNKP antibody with a dilution ratio of 1:500. Thereafter, PNKP protein levels were
guantified by densitometry analysis using ImageJ software.

The CETSA procedure was also performiadvivo, following extraction of tumor cells
from the tumor xenografts in animals treated with AB3B4C63 formulation intratum@2&ig).

In brief, only human colorectal HCT116/PTEMNells were inoculated and grown as subcutaneous
(SO tumor xenografts in the right flank of NiH female nude mice of 46 weeks of age. When

the tumor volume reached 150 to 200 fnmice were randomly assigned and grouped into three
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test groups (two mice per group). Mice received three intratumonainjdctions of A83B4C63
in the free (solubilized with CE) and PHEPBCL NP forms at a dose of 1 mg/kg, two days apart.
The mice in the placebo group received IT injections of 5% dextrose with the same schedule.
Twenty-four hours after the last injectiotihe mice were euthanized and the excised tumors were
collected in the supplemented media and mechanically dispersed using sterile frosted slides for
cell suspension. Then, the dissociated cell suspensions were filtered twice usimg Zéll
strainers, conted, and transferred into PCR tubes for CETSA followingathevementioned
protocol.
2.2.7.Western blot analysis

Western blotting was performed to assessrthétro levels of caspase, PARP, and PNKP
proteins following cell treatment with A83B4C63 as free drug and NP form in both
HCT116/PTEN" and HCT116/PTEN cell lines. In brief, 1 x 10cells were plated in each well
of 6-well plates 24 h prior to the treatment$en, cells were treated with A8B3B4C63 as free drug
and NP form at a concentration of 10 uM. Control cells received only 0.1% DMSO. After
experimental incubation time points, protein extracts for western blot analysis were prepared using
commercial RIPAysis buffer (ThermoFisher Scientific, Canada) supplementedaiticktail of
protease inhibitar (Millipore Sigma, Canada). Protein concentrations were measured using the
BCA assay kit (Pierce/ThermoFisher Scientific, Canada) according to the manufa@itesre pr ot oc o
Equal concentrations of protein were separated by-BRSE and transferred to nitrocellulose
membranes. After blocking with 5% skimmed milk in TBST (50 mM-H®GI, pH 7.4, 150 mM
NaCl, and 0.1% Tween 20), the blots were incubated with thgective primary antibodies
(caspase cablogt 9662S, cleaved caspa3eat# 9661S, caspagecat# 9492S, cleaved caspase

7 cat# 9491S, PARP cat# 9542S) and secondary antibody-I{rieie antirabbit IgG cat# 7074S)
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purchased fronCell Signaling Technolog (Whitby, ON, Canada). The protein bands were
detected usingan enhanced chemiluminescence (ECL) based system (Pierce/ThermoFisher
Scientific, Canada). The band intensities for the PNKP protein were quantified by performing
optical density analysis usingageJ software.
2.2.8. Maximum tolerated dose (MTD) determination in CD1 mice

Randomly assigned and grouped healthy-Tf@male mice (4 6 weeks of age; 4 mice
per group) were injected three times two days apart intravenously with 2.5, 5, 10, 4550,
mg/kg doses of AB3B4C63 in the free drug and NP forms. Mice in the placebo group received IV
injections of 5% dextrose with the same schedule. The weights of the mice were measured up to
two weeks following the first injections. After two weeks, treups receiving the treatments at
the doses of 10, 20, and 50 mg/kg were euthanized to collect different organs including brain,
heart, lung, liver, kidney, and spleen. Tissue samples were fixed with 10% formalin buffer (pH
7.4) until they were embedded paraffin, sectioned at-ficron thickness and stained with
Hematoxylin and Eosin (HE). Tissue samples were then evaluated by a pathologist (Dr. P. N.
Nation, Animal Pathology Services Ltd., Edmonton, Canada) who was blind to the treatment
groups.
2.2.9. Hematology and blood biochemistry

Blood samples from the above animals were collected by cardiac punch 24 h after the last
injection, processed, and analyzed for animals that received the doses of 10, 20, and 50 mg/kg of
A83B4C63 as free and NP formulatgfPrairie Diagnostic Services, Saskatoon, Canada). The
levels of hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean
corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC) as well as

counts for red blood call(RBC), reticulocyts (RET), white blood cedl (WBC) or leukocytes,
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differential count (neutrophils, lymphocytes, monocytes, eosinophils, basophils), pl@Rel€Ex
and complete blood count (CBC) were measured. In addition, the levels of blood urea nitrogen
(BUN), creatinine (CREA), bilirubin (BIL), alkaline phosphatase (ALK), alanine aminotransferase
(ALT), aspartate aminotransferase (AST) were measured in plasma.
2.2.10. Xenograft models

All mice were purchased from Charles River Laboratories. All anishadies were
conducted in accordance with the guidelines of the Canadian Council on Animal Care with
approval from the Animal Care and Use Committee of the University of Alberta, Edmonton, AB,
Canada. The HCT116/PTEN, HCT116/PTEN", and Lu¢/HCT116/PTE’" xenograft tumor
mouse models wemgeneratedby subcutaneous injection of 0.5 x31@lls in a 100 pL mixture of
culture media and matrigel matrix (Corning, MA, USA) (1:1 v/v) in the right flank-06 dveek
old female NIHIII nude mice. The CRC ceiinplanted mice were routinely monitored every day
for tumor growth and signs of sickness. Animals reaching early endpoints as set in our animal
protocol were euthanized.
2.2.11. In vivo anticancer activity of A83B4C63 as CE or NP formulations after ITand IV
administration

This study was performed only on HCT116/PTEKenografts developed as described
above We waited until all tumors became palpable. At the time of first injedti@tumor volume
was 80 t0220 mn? in this study. Mce were randomly aggned into test groups receiving CE
solubilized and NP formulations of A83B5C63 or control group receiving 5% dextrose,
intratumorally (n = 5). The A83B4C63 dose was 1 mg/kg, which was injected three times two days

apart.
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Both HCT116/PTEN and HCT116/PTEN' subcutaneous xenografts in mice were
developed as described aboVghen the tumor volume reach&a to 100 mn?, tumorbearing
mice for each modelvere randomly assigned to test and control groups. In the first experiment,
three controlgroups were intravenously injected with 5% dextrose, -firey CE vehicle, and
empty PEGb-PBCL NPs (n = 5). Two test groups received A83B4C63 in CE formulation diluted
with dextrose or A83B4C63 in PERPBCL NPs (NP/A83B4C63). The injection schedule for
both control and test groups was set at three times one day apart at a dose of 25 mg/kg of
A83B4C63. Excipient dose in control groups was selected equivalent to their amounts in the test
groups. The length (L) and width (W) of the tumor were measuregltines per week and the
tumor volume (TV) was calculated usitige formulaTV = (L x W?)/2. The measurements
continued until the early end points for animal euthanasia, as definedanimal protocol, were
reached. Tumor growth and time to reach early points for animals in test and control groups
were then followed up as described above.

In the second experiment, subcutaneous HE€T116/PTEN" tumorbearing mice were
developed as described above and used to investigate the anticancer activBB4CA8 as CE
or NP formulations using a different dosing schedule (n = 8). Three groups of animals were
intravenously injected 6 times with either 5% dextrose, free A83B4C63 (solubilized with the aid
of CE) and NP/A83B4C63 one day apart at a dose of 2kgniyfice were given one week of rest
after the first three IV injections. Mice were monitored daily for tumor growth and signs of
sickness according to our approved animal prot@#&d]. Tumor growth was followed by digital
caliper measurement as descriladdve as well as IVIS imaging. For the optical imaging, mice
were subcutaneously injected with the XenoLightuZiferin - K+ salt bioluminescent substrate

(PerkinElmer, UK) at a dose of 10 uL/g of body weight before the luciferase detection. Mice were
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anesthetized and placed in the dark chamber of a Xenogen IVIS machine forlvduyl@nimal
imaging and the emitted photons were quantified and analyzed using Living Image Software
(Xenogen). Imaging of live animals was performed twice a week.
2.2.12. Assessmnt of plasma and tissue accumulation of AB3B4C63 in CE and NP forms in
HCT116 tumor-bearing mice

For assessing the distribution profile of A83B4C63 in CE and NP forms HCT116/PTEN
tumorbearing NIHIII mice were developed as described above. When the tumor volume reached
1200 to 1500 mi) mice were randomly assigned and grouped into 3 test groups (3 mice per
group). The test groups received A83B4C63 as free drug (CE formulatiaa)NP form three
times, one day apart at an 1V dose of 25 mg/kg. The control mice received 5% dextrose. 24 and 48
h after the last injection, all mice were euthanized, and blood and major tissues were collected to
define drug levels using an EKIS methal of quantification. All snafirozen dissected tissues
were weighed and homogenized with anrdoeled solution of acetonitrile/water (50:50 v/v) using
an electric hand homogenizer. The collected whole blood samples of the mice were centrifuged at
2000 x gfor 5 min at 2Cto separate the plasma. Tissue homogenate samples were centrifuged at
2000 x g for 15 min at°€. Then 100 uL of tissue homogenate or plasma was transferred into an
LC-MS glass vial and completely dried out by speed vacuum using liquadyen. Propranolol
dissolved in the solution of acetonitrile/water with 50:50 v/v ratios was used as an internal
standard. The dried residues in sample vials were reconstituted with 100 pL of internal standard
solution with vigorous vortexing before plagi into the aut@sampler of the LEMS (Waters
Quattro Micro + ES MS Triple Quadrupole, Milford, MA, USA) fitted with an Agilent
Technology: Poroshell 120 SB18 2.1x50 mm, 2.7 micron column. The mobile phase consisted

of 50:50 v/v ratios of water with 0.1%rmic acid and acetonitrile with 0.1% formic acid.
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2.2.13. Immunostaining and microscopy

Following the method described above, both HCT116/PTENd HCT116/PTEN*
subcutaneous xenografts mice were developed. The test groups of mice received AS3B4€C63 e
in CE or NP formulation, three times one day apart at a dose of 25 mg/kg and the two control
groups received IV injection of dextrose 5% and A83B4€68 empty NP formulation (n = 3).
Twenty four hours after the last injection; all mice were eugtwhito collect the tumors. To
evaluate thein vivo antiproliferative activity of A83B4C63 in CRC tumdmearing mice,
biomarker Ki67 antigen staining was conducted following a previously described m@agd
In brief, solid tumors were excised, fixed in formahuffer (pH 7.4), and paraffin embedded. The
deparaffinized tissue sections (5 micron) of each tumor on glass slides were rehydrated, incubated
with 0.3% hydrogen peroxide, and processed for antigen retrieval usingiadeagdd procedure.
After blocking, the samples were processed for&i antibody staining. A Vectastain ABC
horseradish peroxidase kit and DAB substrate (Vector Laboratories, Burlingame, CA) were used
for the development and detection. The sections were counterstained with hematoxylin,
delydrated, and mounted to be visualized using an Olympus BX41 microscope (Olympus, Japan).
The sections were washed with PBS between each of the incubations.
2.2.14. Statistical analysis

GraphPad Prism6 software (La Jolla, CA, USA) was used for statisticalysis.
Significance of differences between groups were assessed usigprand tweway ANOVA
foll owed b yhocltastkwehgreédappropriate. if a significant difference was found among
the groups, median ranks between pairs of groups were cedpsing the ManfVhitney U test.

A value of p O 0.05 was considered as statist
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2.3. Results
2.3.1. Physicochemical characterization andh vitro release profile of NP/A83B4C63

A simple onestepselfassembly method was employed to encapsulate A83B4kig3 (
2.1A) in NPs made from PE®-PBCL copolymersKig. 2.1B). The NPs were prepared at a 1:3
w/w A83B4C63/PEGL-PBCL ratio that yielded 22.57 = 0.40% loading and 69.12 + 11.23%
encapsulation effiency of A83B4C63 into PEM-PBCL NPs Fig. 2.1C and 2.1D). The
NP/A83B4C63 were ~50 nm in diameter on average and showed a low polydispersity index (PDI),
i.e., ~0.25.

Fig. 2.1E shows the comparativen vitro release profiles of A83B4C63 from the
NP/A83B4C63 compared to free A83B4C63. Within 6 h, 98.72 + 1.09% free A83B4C63 was
released from the dialysis bag pointing to the suitability of experimental condition [71]. In contrast,
only 29.34 + 1.57% A83B4C63 was released over 6 h from NP/A83B4C63 middteis72 h,
the release of AB3B4C63 from NP/A83B4C63 reached ~70%, indicating control by the micellar
carrier over the release of encapsulated A83B4C63 against media containing physiological
concentration of BSA.

2.3.2. Binding of A83B4C63 to purified ard intracellular PNKP

A Kp value for the binding of AB3B4C63 of 80 £ 5 nM was obtained by monitoring the
guenching of intrinsic (tryptophan) fluorescence as a function of inhibitor concentration
(Supplementary Fig 2.1A). The log D and solubility of AB3B4C63 were determined to be > 4.16
and < 1 pM, respectivelfhe 1Gso for the inhibition of the phosphatase activity, determined using
an assay to measure the release of inorganic phosphate from an oligonuctgimenientry
Fig. 2.1B), was found to be 2.04 uM (equivalent to 1.15 pg/mL). In comparison, thefdC

inhibition by PEQb-PBCL was determined to be 79.9 pg/n8upplementary Fig 2.1B).
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A CETSA protocol was developed and used to assess the direct inteacblhding
capability of A83B4C63 to PNKP in live HCT116/PTENNd HCT116/PTEN* CRC cells. The
appliedin vivoresults from CETSA are illustratedkig. 2.2 The PNKRPA83B4C63 binding was
considered positive if there was a significantly higher PNKdteimm level in AB3B4C63reated
cells than DMS@reated cells at temperatures above the threshold for PNKP denaturation making
its band less detectable in immunoblots. A significant stabilization of PNKP-&@826validated
the intracellular binding of A83B4C63 at a concentration of 10 uM in both CRC cell types
compared to media (0.1% DMS®@ated cellsgupplementary Fig 2.2A and2.2B).
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Figure2.2 (A) A representative experimental designifovivo CETSA tomeasure the intracellular PNKP
binding ability of AB3B4C63 injected as free drug (solubilized with CE) or its NP form intratumorally
injected to HCT116/PTEN subcutaneous xenograft tumors in NIHfemale nude mice. Subcutaneous
HCT116/PTEN- tumors h NIH-Ill nude mice received three IT injections of A83B4C63 in the free drug
(solubilized with CE) and PE®-PBCL NP form at a dose of 1 mg/kg two days apart. The control mice
received 5% dextrose IT. 24 h after the last injections, the tumors weredesriddsolated cells from the
tumors were used for CETSA sample preparation. Representative in vivo intracellular binding affinity of
(B) A83B4C63 and (C) NP/A83B4C63 in HCT116/PTERRC xenograft tumors. PNKP protein levels
were quantified by densitortie analysis using ImageJ software. Data are presented as mean + SD (n = 3).
Compared to the control cells, differences were considered significantOf *0 . @&, 0 * OplQ * ok ok
0.001,and****pO 0. 0001; Studentés t test.

There have been very few CETSA results reported to measure the intracellutardaig
protein bindingn vivo. We developed and optimized the CETSA method to evaluaie theo
PNKP-A83B4C63 binding. The results for A83B4C63 binding following IT itif@e of CE or NP
formulations of the drug in HCT116/PTENCRC xenografts in female NHI nude mice is
shownFig. 22B and2.2C. A significant increase in PNKP stabilization is observed at4%C
and 47- 49°Cin A83B4C63 and NP/A83B4C63reated xeagrafts, respectively. The overdall
vivo CETSA results demonstrates that namcapsulation using PE®PBCL polymeric
formulation weltpreserved the binding potency of A83B4C63.
2.3.3.In vitro toxicity of A83B4C63 and NP/A83B4C63 in CRC cells

The results othe MTS assay on HCT116/PTENand HCT116/PTEN' cells following
treatment with 5 and 10 uM A83B4C63 and NP/A83B4C63 for 72 h is shokig.i2.3A. A dose
response was observed followig h treatmenonly in HCT116/PTEN cellstreatedwith free
or NPforms of A83B4C63. After 72 h incubation, nearly 230% cell viability was observed in
A83B4C63treated HCT116/PTENCcells. This level reached 4@5% for NP/A83B4C63reated
HCT116/PTEN- cells.

Because the MTS assay is primarily an assay of metabolic activity, to confirm the
cytotoxicity of the PNKP inhibitor after a 72 h incubation, live images of the identicakyed

cells with the PTEN and PTEN'* phenotypes were taken and evalugfgd. 2.3B). Changes in
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cellular morphology were observed in A83B4@®8&ated HCT116/PTEN cells compared to
control cells. Moreover, newiable floating cells (round dark blackish in color) were noticeable in
both A83B4C63and NP/A83B4C63reated HCT116/PTEN cells. Although very few floating

dead cells were imaged in A83B4GBBated HCT16/PTEN'* cells, no distinct number of dead

cells were detectable in NP/A83B4C63 treatment even after 72 h incubation. The microscopic
observationsKig. 2.3) are in accordance with tlevitro cytotoxicity data assessed by the MTS
assay [Fig. 2.37A). These results validate the synthetic lethality as a result of PNKP inhibition in
PTEN-deficient CRC cell$267].

To evaluate the role of caspases in A83B4@&Rliated cell death, caspase activity was
assessed usinghe QaspaseGlo 3/7 assay after treating both HCT116/PTENand
HCT116/PTEN’ cells following similar treatment conditions as the cytotoxicity agdfag.
2.3C). Both A83B4C63 and NP/A83B4C63 exhibited significantly higher levels of ca§sase
activity in the PTENdeficient cells than the wiltype counterpart. This level was haghfor
A83B4C63 compared to NP/A83B4C63 after 24 and 48 h treatments. However, the -&dgpase
activity for AB3B4C63 treatments was significantly reduced after 72 h, while in NP/A83B4C63
treated PTEMNdeficient cells, the activity was found to persiRelaively lower caspase3/7
activity was observed for A83B4C63 treatments in HCT116/PTEbells at 24 and 48 h
incubation times and not #te 72 h incubation time poirdompared to that fadCT116/PTEN"
cells The caspas8/7 activity was negligible for NP/A83B4C63 treatment in wifge CRC cells
within the 2472 h incubation time points.

Western blot analysis was then performed to assess the level of respective caspase and
other apoptosis related proteins the treated whole cdlysates. As shown ifrig. 2.3 and

Supplementary Fig 2.3G, total caspas8, cleaved caspask total caspase, cleaved caspasg
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PARP, and cleaved PARP were detected and compared with the positive control of etoposide.
There wee no detectable cleaved casp@send PARP proteins (even after longer film exposure)
following A83B4C63 treatment regardless of the CRC cell tifmavever, an increase in cleaved
caspasd was detected in HCT116/PTENcells when treated with A83B4C63 din
NP/A83B4C63. Taken together, these results indicate that AB3B4C63 triggers the enzymatic
caspas€ activation pathway, possibly promoting cellular apoptosis in Rdi&fitient CRC cells

resulting in synthetic lethality.
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Figure 2.3 (A) In vitro cytotoxicity of A83B4C63 and NP/A83B4C63 in HCT116/PTENand
HCT116/PTEN" cells after 72 h incubation at 87 as determined by MTS assay. The cells were treated

with free drug and its NP form with a range of concentration from 0.5 pM to 10 pM. A83B%@E6

solubilized with 0.1% DMSO and the control cells received only 0.1% DMSO. Each point represents mean

+ SD (n = 4). Compared to the control cells, significant differences were considee®if*0 . @6, * ok
001, **p O 0.001, p @n@. 00 Witroscopid Jbservation of HCT116/PTEN and
HCT116/PTEN" cells after 72 h treatment with free A83B4C63 and NP/A83B4C63. Cells treated with

0.1% DMSO are shown as untreated control. (C) Measurement aflépendent caspa8é7 activity by

Caspasé5lo 37 assay kit in HCT116/PTERN and HCT116/PTEN cells after 24, 48, and 72 h incubation.

Data are expressed as mean + SD (n = 4). Compared to the control cells, differences were considered
significantif *p O 0. @®, 0* dplQ 0.*0°0 1 ,p Oa.fOd1 félldwing tweway ANOVA

foll owed by Tukeyds test. -3, Dgavedvmspase caspas®, laradlt det e
cleaved caspaseéin both cell lines after 48 h exposure to A83B4C63 and NP/A83B4C63@tiI35%
CO:(n=3).25uM Etopdde-t r eat ed cell s (24 h incubaacthwas) wer e
used as a loading control. The conditions for all sample preparations and western blots were the same.

2.3.4. In vivo safety and maximum tolerated dose MTD) determination of A83B4C63
formulations

Healthy CD1 female mice were used to determine the preclinical MTD and safety profile
of A83B4C63formulations with an escdlag IV dose ranging from 2.5 t60 mg/kg. Any
abnormal loss in total body weight tife mice (> 15%)and distressymptoms such azduced
motor activity failure to eat or walk or groom normally, piloerection, discharge, and allodynia
were considered asgns oftoxicity of the systemic treatmerntrsggering animal euthanasia based
on our appoved animal protocolsThe weight variation of the mider each treatment group was
below 10% of the mean weight before the mice were randomly assigned and groupetirédter
IV injections of either formulation of A83B5C6§3he mean body weight of thraice for each
treatment group was not statistically differé&atm control mice treated with 5% dextrose vehicle
(Fig. 2.4B andSupplementary Fig 24A). The results of this study demonstrate both AB3B4C63

and NP/A83B4C63 to be safe systemionotherapeutic candidataith an MTD O50 mgkg.
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Figure 2.4 (A) Representative experimental design for MTD determination of A83B4C63 and
NP/A83B4C63 in healthy CD female mice (n = 4). Randomly assigned and grouped mice were
intravenously injected tke times with a two day interval between injections with different doses ranging

from 2.550 mg/kg of A83B4C63 in either CE or NP formulation. The control mice received 5% dextrose.

(B) Percent weight changes of mice for each treatment group up to twe fettewing the first injections.

(C) Biochemical changes in blood (BUNblood urea nitrogen, ALPalkaline phosphatase, AliTalanine
aminotransferase, AST aspartate aminotransferase). (D) Hematological changes in mouse blood. The
normal range of e&chiomarker of drug toxicity is shown by dotted lines. Each point represents mean = SD

(n = 4) and significant ifpO 0. 05 . Con = 5% dextrose, FD = A83B4Cc
= NP/A83B4C63.
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To further evaluate thén vivo sideeffects or toxicity of systemic A83B4C63 and
NP/A83B4C63 compared to mice receiving 5% dextrose, biochemical tests of collected blood
samples, 24 h after thbird injection, were performed including BUN, CREA, BIL, ALK, ALT,
and AST parameters. Af©i@wvn in Fig. 2.4C and Supplementary Fig 24B, all the assessed
biochemical factors were within the normal range for all treatment groups. In addition to
biochemical tests, the hematological analysis of the same blood samples was also conducted and
the lewels of RBC, HGB, HCT, MCV, MCH, MCHC, RET, WBC or leukocyte count, differential
count (neutrophils, lymphocytes, monocytes, eosinophils, basophils), 2AdTCBC were
measured before the mice wenethanizedWe found no noticeable changes in these paramete
from the healthy CEL mice treated with 5% dextrose, A83B4C63, and NP/A83B4EiR3 2.4D
andSupplementary Fig 2.4C).

The histopathological evaluation of various organs of the treated @®nale mice
including brain, heart, lung, liver, kidney, aspleen was also performed to identify fratential
tissuetoxicity of AB3B4C63 and NP/A83B4C63 tite highest dose of 50 mkg. We observed no
histopathological differences in the tissue sections from various organs between the treatment
groupsand contrg further confirming the safe and nooxic systemic administration of both

A83B4C63 and NP/A83B4C63 formulatioasthe maximum tested dose of 50 mglkim. 2.5).
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Figure2.5 Histopathological evaluation of GD murine organs including brain (&, M), heart (B, H, N),

lung (C, I, O), liver (D, J, P), kidney (E, K, Q), and spleen (F, L, R) following intravenous injection of
A83B4C63 in CE formulation or NP/A83B4C63. Randomly assigned and grouped mice were injected IV
with 5% dextrose (Columt), 50 mg/kg A83B4C63 in CE formulation (Colunf), or 50 mg/kg
NP/A83B4C63 (ColumsB) three times with a two day interval between injections. After two weeks, all
mice were euthanized and collected organs were fixed, embedded in paraffin, sectioned, ahdititaine
Hematoxylin and Eosin (H&E). All images were taken with an objective magnification of 20X.
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2.3.5. In vivo therapeutic activity of A83B4C63 (CE) andNP/A83B4C63intratumorally in
HCT116 CRC xenograft mode$

To assesthein vivotherapeuti@ctivity of AB3B4C63 in HCT116 CRC xenograft models,
in the first experiment, IT injection of the drug was carried out based on a design shown in
Supplementary Fig. 25A. As shown inSupplementary Fig. 25C, at an IT dose of 1 md(g
(calculatel based on the obtaineuvitro ICso value in the cytotoxicity assay, approximate volume
of the tumor and weight of the mousépth free and encapsulated A83B4Q63ated mice
exhibited relativelylonger survival (time to reach humane end poiats) gravth retardation of
HCT116/PTEN" tumors compared to tumebearing control mice that received dextrose. 5%
While mice receiving 5% dextrose showed survival between3bdays, animalgeated with
A83B4C63 IT in CE or NP form survived between 30 and 29- 50 days, respectively
(SupplementaryFig. 25D). However, no significant difference was observedafograge tumor
volume growth curves among the treatment groups laadutmor growth of individual mice for
each treatment group is shownSnpplementary Fig 25B. Moreover, the mean body weights
of the mice receivingl treatments were within 20% weighdnation and not statistically different
(SupplementaryFig. 2.5e). The IT administration of AB3B4C63 was performed here to provide
relatively similar concentrations of the CE versus NP formulation of the drug directly in the tumor.
Under theseonditions, an equal trend was observed which did not reach statistically significant
inhibition of tumor growth for both CE and NP formulation of the A83B4C63 in PTEN deficient
HCT116 xerographs. At the time of injection, the tumors were relatively lartigs study and

that ould be the reason for low drug activity in the IT route of administration.
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2.3.6. In vivo therapeutic activity for IV administration of A83B4C63 (CE) and
NP/A83B4C63 in HCT116 CRC xenograft moded

To explore the therapeutactivity of systemicA83B4C63 andNP/A83B4C63a dose of
25 mg/kg three times a week was injected intravenourslypoth HCT116/PTEN and
HCT116/PTEN xenograftmodels All mice were inoculated with the respective cell types 14
days before the first injectioAccording to the study desidRig. 2.6A), the tumorbearing control
mice received IV 5% dextrose. The mice receiving systemic CE and emptpfPBCL were
also conglered as controls for A83B4C63 and NP/A83B4C63 formulations, respectively. As
shown inFig. 2.6B, mice receivingg% dextrose, CE, empty PE®PBCL NPs, and A83B4C63
in CE formulationexhibited rapid tumor progress, whiNP/A83B4C63treated mice displayed
significantgrowth retardation of HCT116/PTENwmors. The tumor growth of individual mice
for each treatment group is shown Supplementary Fig 26. The survival data showed
prolongation of life span for up to a maximum €& post treatment imice treated with
NP/A83B4C63, which was significantlyp = 0.0204)longer than all other control treatments of
HCT116/PTEN" tumors (maximum time to humane end points of 32 and 32 52 and 39 53
days for dextrose 5%, CE control and empty NPs,edsmely) and that of A83B4C63 in CE
formulation (maximum life span of 3960 days)(Fig. 2.8D). The wild-type HCT116/PTEN*
xenograft, on the other hand, did not show any tumor growth retardation for any of the treatment
or control groupgFig. 2.6C). As suchall mice reached the early humane endpoint between 24
and 52 days following treatme(fig. 2.6). The overall results, implicated tle vivo synthetic
lethal partnership between PTEN loss and PN#ibition as the PNKP inhibitor in its NP
formulation was only effective in reducing the growth of PTEGRC xenograftsThe measured

mean body weight variation of the mice receiving systemic treatments were also within 20%
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margin(Fig. 2.6 and2.6G) and did not show any statistical differenespective of the animal
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Figure 2.6. (A) Schematic study design for euating the anticancer activity of A83B4C63 and
NP/A83B4C63 in NIHIIl female nude mice following IV administration (n = 5). Colorectal
HCT116/PTEN- and HCT116/PTEN' cells were inoculated and grown as SC tumor xenografts in the
right flank of the mice. When tumors became palpable, for each xenograft type the mice were divided into
5 groups (25 mice in total), which were intravenously injected with (i) 5% dextrQdeg&iiCE, (iii) empty
PEOGD-PBCL NPs, (iv) A83B4C63 formulated with the aid of CE, or (v) R&ERBCL NP
(NP/A83B4C63) formulation three times with a one day interval at a dose of 25 mg/kg. Average tumor
volume growth curves for mice in each treatment grdar both (B) HCT116/PTEN, and (C)
HCT116/PTEN’ xenografts. Using digital calipers, the length (L) and width (W) of the tumor mass were
measured 2 3 times per week and the tumor volume (TV) was calculated according to the following
formula, TV = (Lx W?)/2. (D and E) KaplasMeier survival curves of mice bearing HCT116/PTEahd
HCT116/PTEN"* xenografts, respectively. Both survival curves include overall median survival (MS) days
for each of the treatment groups. (F and G) The average percentélge body weights of mice bearing
HCT116/PTEN- and HCT116/PTEN' xenografts, respectively. Each point represents the mean + SD (n

= 5). Di fferences were considered significant if

2.3.7. Biodistribution profile of AB3B4C63 formulations

Theresults of biodistribution study as presentedrig. 2.7 show A83B4C63 as CE formulation

was eliminated from plasma quickly. A83B4C63 concentration in CE formulation reached 400
ng/mL and below quantifiable levels within 24 and 48 h, respectively. Irrasintfor NP
formulation, A83B4C63 concentration stayed at around 700 and 600 ng/mL, at 24 and 48 h
respectively. For CE formulation, A83B4C63 level in tumor was decreased from < 25 ng/g to
undetectable limits, from 24 to 48 h. We observed a similar ireatl other normal tissues for

this formulation. Drug levels at 24 h time point followed this order for CE formulation of
A83B4C6 3: Pl asma > |iver > lung > kidney O
A83B4C63 in NPs showed an increase in itsdunevels from 24 to 48 h, but a decrease in
concentration from 24 to 48 h in all normal tissues and plasma. As a result, at 48 h following the

last injection of NP formulation, while drug concentration in tumor was at its highest level, its
concentrationn most tissues was below the quantifiable limit, except for plasma and liver. Drug

levels at 24 h time point followed this order for NP formulations of A83B4C63: Plasma > liver >
lung > kidney O heart > tumor >orthedEéemlation br ai n

of the drug. At 48 h, this order was changed to the following: plasma > tumor > liver > heatrt.
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Figure2.7: Assessing the biodistribution of A83B4C63 in HCT116/PTEMenograft bearing NIHII

female nude mice (n = 3) after 24 h and 48 h systemic exposure of A83B4C63 in free drug (CE) and NP
forms via tail vein. Mice were inoculated with HCT116/PTENCRC cels. 21 days following tumor cell
inoculation, the mice received free A83B4C63 in CE formulation and NP/A83B4C63 intravenously at a
dose of 25 mg/kg three times with a one day interval. The control mice received 5% dextrose. 24 and 48 h
after the last IV ijection, all mice were euthanized to collect tumors. Drug concentration was quantified
using LGMS (mean + SD). Differences were considered significap®* 0. pG , 0 .* 0pD, 0* 00 1,
and**pO 0.0001 fwady oAWNDYWA tfwml | oested by Tukeyods t

2.3.8. In vivo live imaging to assess the therapeutic activity after IV administration of
A83B4C63 (CE) and NP/A83B4C63 in LUYHCT116/PTEN’ CRC xenograft models
following an extended dosing schedule.

To further evaluate then vivo monotherapeuti activity of NP/A83B4C63, luciferase
positive Lu¢/HCT116/PTEN" cells were subcutaneously injected into the right flank of female
athymic NIHIII nude mice. Tumor growth in mice was detected by bioluminescence live imaging
following six injection dose schedules as showfim 2.8A. Based on the average radiance for
bioluminescence of LUHCT116/PTEN" cells in mice Fig. 2.88), NP/A83B4C63 treatment
was found to repress tumor growth significantly when compared to the 5% dexdrabe

A83B4C63 (CE formulationjreated groupsHig. 2.8E). At day-22 (Fig. 2.8), the quantitative
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analysis exhibited a significant difference in average radiante MP/A83B4C63treated group
in comparison to the 5% dextreseated group (B 0.0015), as well as the A8B3B4C&BCE
formulationtreated group (B 0.0213). The tumor growtim the mice vasalso measured using
digital slide calipes. The tumor volume of LU¢HCT116/PTEN" cells in the respective treatment
groups of mice followeé similar trend in tumor growtho thatobservedoy radiance detection
(Fig. 2.8C). In addition, he quantitative analysis based on the tumor volume gsilifges at day

22 post tumor implantation demonstrated a significant differentleeibNP/A83B4C63treated
group compared to the 5% dextraseated group (B 0.0063) and to the AB3B4C&Beated group
(P = 0.0465)(Fig. 2.8D). The average tumor volumes rapidly increased to 1178 + 57%amdh
990 + 515 mnY in the mice treated with 5% dextrose and A83B4C63, respectivblgreas the
tumor volumesemained as low &886 + 180 mriin mice trated with IV NP/A83B4C63 at day
22 post tumotimplantation The tumor growth of individual mice for each treatment group is
shown inSupplementary Fig 2.7. In summary, hese results validate tlaetivity of systemic
NP/A83B4C63 administration inthe PTEN"~ CRC »enograft model. Moreoverthe
NP/A83B4C63treatment, similar to the control groups, generatedigoificant change in total
body weightof tumorbearing mice(Fig. 2.84), validating the safety profile of this systemic
monotherapeutic system sisnilarly observed in CEL healthy mice.

Systemic  NP/A83B4C63 administration also improved the survival of
Luc*/HCT116/PTEN" tumorbearing micesignificantly @ = 0.0073 compared to control mice
receiving 5% dextroser A83B4C63in CE formulation The survival rates were 37.5% in the 5%
dextrosetreated group, 62.5% in the free A83B4@6&ated group, and 100% in NP/A83B4C63
treated group at da®6 post tumor inoculatiod.he tumor volumes reached the endpoints for the

mice receiving 5% dextrosand free A83B4C63reated micdoy day-36 post tumor inoculation.
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However in NP/A83B4C63treated group, the survival curwassignificantly extended for two
mice up to day’5 posttumor inoculation The resultsndicated thatthe monotherapeutictivity

of this formulation prevertthe rapid growth of PTENeficient CRC cellsin vivo.
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Figure2.8 (A) The experimental scheme fior vivo therapeutic evaluation of AB3B4C63 as CE and NP
formulation in PTEN' CRC tumorbearing mice (n = 8). The female athymic NIHnude mice were
implanted with 0.5 x 10Luc*/HCT116/PTEN" cells on their right flank. The mice were imaged for
luciferase itensity 3 days before the treatment started. To evaluate thiranti activity of AB3B4C63

and NP/A83B4C63, the mice were intravenously injected with either (i) 5% dextrose, (ii) AB3B4C63 in CE
formulation, or (iii) NP/A83B4C63 6 times with a dose of@g/kg. (B) Representative bioluminescence
images from the tumebearing mice on day3 and-22. (C) Average tumor volumes for the treated mice.
Using digital calipers, the length (L) and width (W) of the tumor mass were measudihis per week

and te tumor volume (TV) was calculated according to the following formula, TV = (L2#2WMD)
Average tumor volumes of treated groups on-B2ypost injection measured using digital slide calipers.
(E) Quantitative analysis for the average bioluminescenoalsfor the three groups of mice. (F) Average
radiance (photons per s per“per square) obtained from the treated groups or2@gyost injection. (G)
KaplanMeier survival curves and overall median survival (MS) days of treated mice bearing
Luc*/HCT116/PTEN" xenografts. The represented survival curve was calculated based on the tumor
volumes of the treated mice reached to terminal end point as of 2080(H)Analysis of individual
animal body weights plotted as mean change (%) in body weight.

2.3.9.In vivo anti-proliferative activity of NP/A83B4C63

Immunostaining for Ki67, a common exclusively nuclear proteissociated with cell
proliferation in tumorsjs considered to be an important prognostic evaluation for anticancer
therapy[286-288. An enhanced K67 expression is associated with accelerated intracellular
mitotic function. We, therefore, have investigatedoRiexpression levels in the xenograft tumors
obtained from 5% dextroseA83B4C63, NP/A83B4C63, andA83B4C63free empty NRreated
mice. In line with our tumor growth data, only tumors generated by HCT116/PTElé showed
decreased Kb67-positive cells in NP/A83B4C68eated mice Kig. 2.9. In contrast,
NP/A83B4C63 treatment did not show any gmbliferative efficacy in wildtype xenograft
tumors. The Ki67 tumor staining for mice treated with A83B4@6&E formulation was not

different from that of the control groggrrespective of the tumor phenotype.
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Figure 2.9 (A) Study design for asseieg antiproliferative activity of A83B4C63 formulations by
immunohistochemistry in PTENand wildtype HCT116 xenografts. Twenty four hours after the last
injection, all mice were euthanized to collect the tumors. (B) Representative image&/oéxession in

the excised tumors obtained with paraftained 5 micron tissue sections from HCT116/PTExd
HCT116/PTEN* xenografts of mice treated with three IV tail vein injections of 5% dextrose, free
A83B4C63, NP/A83B4C63, and A83B4C#H&e empty NP at dose of a 25 mg/kg with one day interval (n
= 4). Images were taken using an Olympus BX41 microscope at 20X magnification.
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24. Discussion

Mutation or loss of tumor suppressor genes plays a key role in tumor development and
therapeutic resistance in cancer pati€ag§]. Although, the retrieval or restoration of the mutated
or missing tumor supressor genes has generated considerable research interest, tbhedate,
successes in clinical translation of such approaches has been[28&r@91]. In an alternative
therapeutic approach, the loss of tumor suppressor genes in cancer cells can be exploited to achieve
targeted cancer therapeutics through synthetic lethality partnerships, where simultaneous loss of
expression or function of two protsineads to cancer cell death, while the expression or
functionality of either one in normal cells leads to cell survival. In principle, synthetic lethality
only targets the lethal partner of the mutant or depleted tumor suppressor gene or protein in the
tumor cells, thereby leaving the normal cells unaffected. This has been substantiated by the clinical
success for the synthetic lethal partnership between PARP1 and BR(QAQ/241]].

Our research team has previously identified two tumor suppressor genes, i-4. a8HP
PTEN, as synthetic lethal partners of PNKI®(J. We have also shown the potential of small
molecue inhibitors of PNKP to induce a synthetic lethal response in Pdé&eted cancer cells
when delivered as free or encapsulated compo[2{ls 267]. The main objective of this study
was to validate the anticancer activity and mechanism of action of eenaapsulated lead PNKP
inhibitor, i.e., AB3B4C63, in CRC xenograft models as synthetic lethal partner of PTEN Ioss. Fo
this purpose, we have used very stabieellar NP based on PEG-PBCL that have previously
been shown to encapsulate A83B4C63 effectively and slow down its release véte,[267];
two main properties required for potential in passive tumor targeted drug deliveryo. Two
cancer targeting approaches are used in this strategy to ensure preferential action of the DNA repair

inhibitor in cancer over normal cells, (a) developniiPs for targeted tumor delivery of PNKP
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inhibitor and (b) targeting of PTEN deficiency in cancer for the indudf@ynthetic lethality by
the encapsulated PNKP inhibitor. This strategy is expected to provide an optimal level of cancer
selectivityfot he PNKP i nhi bit or s -effectsion mormalicelisyPrdfehestiald r u g 6
drug delivery to solid tumors by NPs can also potentiate the encapsulated drug by providing higher
drug levels at the tumor siie vivo[259-267].

Free AB3B4C63 is a poorly wateoluble compound. The results of our study have shown
the encapsulation of A83B4C63 into PHBPBCL NPsovercamehis limitation, improving the
solubilized drug levels to > 6 mg/mL, which made this compound suitable foensgst
administration by IV injection to mic297. The slowin vitro release of A83B4C63, shown in
our previous study, low critical micellar concentration (CMC) of REPBCL (0.20 uM), ad its
high kinetic stabstacki ngnposedhdybeénzyl carbo
were all expected to lead to preferential accumulation of encapsulated A83B4C63 by the NPs to
solid tumors as a result of the EPR eff@&3 294]. The progressive time dependent accumulation
of PEGb-PBCL micelles in subdaneous wiletype HCT116 subcutaneous tumor models in mice
has recently been shown by our research group using positron emission tomograpH298ET)
Similar observations have been made by our group in orthotopic breast tumor models, using near
infrared imaging[27§. This has, in fact, been shown in our studies where NP formulations of
A83B4C63 showed higher plasma and tumor drug levels 48 h following administration of three
IV doses in mice compared to its formulation using conventional solubilizing ageits2.7).
This may indicate higher biological stability of Mfacapsulated A83B4C63, compared to its CE
formulation.

The encapsulated A83B4C63 was shown to be active as a monotherapeutic in PTEN

deficient HCT116 cellsin vitro, it caused 40 45% loss of cell viability at 1M concentration
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in PTEN” CRC cells Fig. 23A) [267]. In contrast, PTEN*c el | s wer e $olviablen t o
when treated with A83B4C63 irrespective of its formulation. Cytotoxic behavior of AB3B4C63
was only observed in PTENcells (Fig. 2.3, desjite similar binding of this lead inhibitor to the
intracellular PNKP in both PTEN' and PTEN" CRC cell linesjn vitro (Supplementary Fig.
2.2A and2.2B). In line with the above observation, higher levels of caspase 3/7 expression were
observed in PTENcell treated with free A83B4C63 as well its NP formulation at 5 anaiM0
drug concentrationFjg. 2.3. Unlike MTS assay results, in PTENells, we didnot observe a
clear dose response foaspase 3/7 expressiparticularly for the free drug, which may imply
involvement of other nowgaspase related mechanisms of cell death and/or limitated sensitivity of
the assay method beyond a thresholgollowing IT administration at a dose of 1 mg/Kg,
A83B4C63 either in NP or CE formulation showed a trend in the reduction of tumor size and better
survival of the mice in PTEN xenografts $upplementary Fig. 25C and2.5D). This activity
coincided withbinding of A83B4C63 either in CE or NP formulations with tumoral PNKP
following IT administration of the drud~(g. 2.2B and2.2C).

In the next step of preclinical evaluation of our lead PNKP inhibitor, and prior to systemic
IV administration of AB3B4C63ts MTD as well as potential biochemical, and histopathological
effects following IV administration eredetermined in healthy GI2 mice. An injection schedule
similar to that for the anticancer activity study was chosen for this dose escalating2&gdy
Our results showed A83B4C63 either as CE or NP formulation werdolelated up to the tested
dose of 50 mg/kg. Furthermore, the biochemical and histopathological examination of the major
organs of the treated mice did not reveal any toxicity. Despitébservable change in biochemical
and histopathological markers of toxicity by CE or NP formulations of A83B4C63, we visually

observed a few behavioral changes, including hyperactivity, restlessness, aggressive attitude,
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anxiety, and higher physical sénsty while touching skin in the course of experimentation, in
mice injected with the CE formulation.

In furtherin vivostudies, while NP/A83B4C63 at a repeated dose of 25 mg/kg wamable
impede the growth of PTENand Lu¢/PTEN” HCT116 xenogra#t significantly Fig. 2.6B and
2.8C), free A83B4C63 failed to show any substantial effé@tte superior activity of the NP
formulations of A83B4C63 compared to its CE formulation, Grieast partlybe attributed to
enhanced delivery of the encapsulated drug to the tumor by its NP c@fiier2.7). In addition
to the results of biodistribution study on the encapsulated and free A83B4C63, two other pieces of
evidence confirm this explanation. Fjrahy potential effect on the inhibition of tumor growth or
in vivocancer cell proliferation (evidenced by Ki67 staining of tumor xenografts) dyRlzone
(empty NPs) was ruled ouS(@pplementary Fig 25 andFig. 29, respectively). Besides, upon
IT administration, an equal trend in inhibition of tumor growth was observed for both CE and NP
formulations of the A83B4C63 in PTEN deficient HCT116 xerographe latter indicate the
equal activity of AB3B4C63 in CE versus NP formulation when delivered locally and at the same
dose to the tumoim vivo.

The applied dose of A83B4C6®r IV injection is in line with the injected dose for
conventional chemotherapeuticugs like irinotecan, and other inhibitors of DNA repair proteins,
such as PARP inhibitors likBlaparib, and inhibitors of ataxi®langiectasia mutated and Rad3
related (ATR) inhibitor likeCeralasertib in animal mod€297-299. A similar level of distributed
A83B4C63 in PTEN versus PTEN* tumors rules out the potential role of drug levels in tumor
site in observed activity of NP/A83B4C63 in PTEMMors and provides further evidence for the
synthetic lethality as the main reason behind effectiveness of this formulattdrEildnegative

tumors as monotherapy. The aptoliferative activity evidenced by K7 staining only in PTEN
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" tumors of mice treated only with NP/A83B4C@&3d. 2.9 provided further evidence for the
anticancer activity of A83B4C63/NPs as a synthetjcédthal nanomedicine in cancer cells
harboring PTEN deficiency.

Altogether, the above observations further confirmed a synthetic lethal partnership
between PTEN loss and PNKP inhibition and validated the potential of AB3B4C63/NPs as a lead
PNKP inhibitor for monotherapy in PTEMNeficient CRCs. The biochemical mechanism(s)
underlying the synthetic lethality resulting from PTEN loss and PNKP inhibition are still not fully
elucidated, although we have previously found a high proportion of the cell deatitedeloly
apoptosis in PTEN/PNKHeficient cells]200-202 267]. Here, we observed an upregulation of
cleaved caspaseé following treatment ofPTEN-deficient CRC cells with both free and
encapsulated A83B4C6Fif). 2.3D). It is known that caspaséplays an important role in the
execution phase of cellular apoptop3®(. It has also been reported that PARP is cleaved by
caspas€¢ along with caspase [301, 302. Being cleaved, PARP facilies the apoptosis.
However, the activation of both casp&sand PARP was not identified in PTEficient CRC
cells when treated with PNKP inhibitoFi¢. 2.3D and Supplementary Fig 2.3G), even after
longer film exposure. The underlying mechanism behind these observations remains poorly
understood and needs further investigations.

The results also showed better activity of AB3B4C63, as freeinlnityo, compared to its
NP formulation in FEN-deficient HCT116 cells. This was expected due to slow release of drug
from the NPs. In contrast, upon IV administration, the NP formulation of A83B4C63 was found
to be the only active form of the drug in PTHHficient HCT116 xenografts, most likelydaeise

of higher drug levels in the tumors following NP delivery.
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The current study focused on the use of AB3B4C63 as a lead PNKP inhibitor formulated
in PEGb-PBCL NPs as synthetically lethal monotherapeutic in P-Relative CRC models.
Micellar NPs of this lead PNKP inhibitor can also enhance the effect of DNA damaging
chemotherapeutics (particularly topoisomerase | inhibitors) or ionizing radiation particularly in
PTEN’ tumors, as shown in our previoirs vitro studies[267]. Preclinical evaluation of such

effects in tumotbearing animals will be the subject of future studies.

2.5. Conclusion

In summary, our preclinical dathave demonstrated thidPs of a PNKP phosphatase
inhibitor exhibit in vivo synthetic lethality in a PTEMeficient CRC xenograft modeThe
presented data provides a strong case for potential benefit of nanotechnology in the formulation of

leadcompounds for clinical development during the drug development process.
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Supplementary Figur@.l (A) Determination of the affinity (KD) between A83B4C63 with PNKP.
Unimodal binding pattern and the binding affinity of AB3B4C63 with PNKP (80 + 5 nM). The protein was
excited at 295 nm, and fluorescence intensity was monitored at 330 nm (see indedctiimbound (i.e.,
relative fluorescence intensity) versus ligand concentration is plotted. (B) Inhibition of PNKP phosphatase
activity (IC50) determinations for A83B4C63 (2.04 uM equivalent to 1.15 pg/mL) and emptybPEO
PBCL (79.9 ug/mL). The 16 plots show the mean of 3 independent determinations.
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Supplementary Figure.2 Representative CETSA for A83B4C&8luced stabilization of PNKP in (B)
HCT116/PTEN* and (C) HCT116/PTEN cells. PNKP protein levels were quantified by densitometric
analyss using ImageJ software. Data are presented as mean + SD (n = 3). Compared to the control cells,
differences were considered significant f® 0. @®, 0* ddQ 0-.*0*0 1 ,p Oa n0dL;0*0*0* *
Studentdés t test.
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In vitro cytotoxicity of A83B4C63 and NP/A83B4C63 in
HCT116/PTEN* and HCT116/PTEN cell lines after 24, 48 h, and 72 h incubation as measured by MTS
assay. The cells were treated with free drug and its NP formulatea@icentration range of 0.5 to 10

HM. A83B4C63 was solubilized with the aid of 0.1% DMSO and the control cells received only 0.1%
Compared to the control cells, differences were
0.*00 1 , p Oa rodl. &) *0Vestern blot
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Supplementary Figur2.4: (A) Representative percentage in weight change for femalé G&althy mice
following 1V injection of 2.5, 5, 10, 15, and 20 mg/kg doses of free A83B4C63 (solubilized with the aid of
CE) and NP/A83B4C63 administered three times with a two day interwakéetinjections. The control

mice (con) received IV 5% dextrose. The average percentage (%) for the body weights of the mice were
measured up to two weeks following the first injections. (B) Biochemical; and (C) hematological changes
in blood samples colt#ed from the mice receiving either 10 or 20 mg/kg doses. The normal range of each
biomarker of drug toxicity is shown by dotted lines. Each point represents mean = SD (n = 4).
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Supplementary Figur@.5 (A) Study design for evaluating the anticanceiivitgt of intratumoral (IT)
injection of A83B4C63 as CE formulation or NP/A83B4C63 in NIHfemale nude mice (n = 5).
HCT116/PTEN" cells were inoculated and grown as SC tumor xenografts in the right flank of the mice. 14
days following tumor inoculatignmice were intratumorally injected with either 5% dextrose, 1 mg/kg
A83B4C63 solubilized with the aid of CE, or NP/A83B4C63 formulation (1 mg/kg of AB3B4C63) three
times with a two day interval between injections. Using digital calipers, the lengthdjidiin (W) of the
tumor mass were measure@ 2mes per week and the tumor volume (TV) was calculated according to the
following formula, TV = (L x W2)/2. (B) Representative tumor volume growth curves for each individual
mouse in each treatment group) &¥erage tumor volume growth curves for mice in each treatment group.
(D) KaplanMeier survival curves including overall median survival (MS) days and (E) the average
percentage (%) for the body weights of treated HCT116/PT&avograft mice. Each poinépresents the
mean = SD (n = 5).
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Supplementary Figur.6: Tumor volume growth curves for individual mice in each treatment group for
both (A) HCT116/PTEN, and (B) HCT116/PTEN' xenografts mice (n = 5). Colorectal HCT116/PTEN

and HCT116/PTEN' cells were inoculated and grown as SC tumor xenografts in the right flank of the
mice. When tumors became palpable, for each xenograft type the mice were divided into 5 groups (25 mice
in total), which were intravenously injected with (i) 5% dextrose, (ii) free CE, (iii) empty-I2EBCL

NPs, (iv) A83B4C63 formulated with the aid of CE, or (v) REGBCL NP (NP/A83B4C63) formulation

three times with a one day interval at a dose of 2%&gng/
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Supplementary Figur27: Luc'/HCT116/PTEN" tumor volume growth curves for individual mice in each
treatment group after six IV injections with 5% dextrose, A83B4C63, and NP/A83B4C63 at a dose of 25
mg/kg with one day intervals between injections (n = 8). After the first three IV injections callwaie

given a rest for one week.
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Supplementary Figur@.8: (A) Schematic study design for assessing the tumoral concentration of
A83B4C63 in both HCT116/PTENand HCT116/PTEN*-bearing NIHIII female nude mice (n = 3) after

24 h systemi@xposure of NP/A83B4C63 via tail vein. Mice were inoculated with HCT116/PTéid
HCT116/PTEN+/+ CRC cells. 21 days following tumor cell inoculation, the mice received NP/A83B4C63
intravenously at a dose of 25 mg/kg three times with a one day intehelcontrol mice received 5%
dextrose. 24 h after the last IV injection, all mice were euthanized to collect tumors. (B) Average
concentration of A83B4C63 in HCT116/PTENand HCT116/PTEN* xenograft tumor tissues. The
A83B4C63 concentration in the tumitssues was quantified using HES (mean + SD). Differences were
considered significantpO 0. 05 .
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Chapter3: Nanodelivery of a novel inhibitor of
polynucleotide kinase/phosphatase (PNKP) for
targetedsensitization of colorectal cancer to

radiatiorinduced DNA damage
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3.1. Introduction

Colorectal cancer (CRC) is the second most common cause of cancer death, [(08ally
and its incidence is expected to increase by 33% by PB24. Clinical outcomes from the
conventional treatment options in CRC seem to depend on the location as well as molecular
features of individual tumof805. Thus, the best treatment decisions must be individualized for
patients[213215. Surgery is a very common option for most CRC patigi€]. Adjunctive
chemotherapy or ionizing radiatighR) is often accompanied before or after surgery. Although,
IR is not preferred option to treat colon candut it is fairly common in rectal cancgtlq.
Radiation therapy, often with adjuvant chemotherapy, is considered to helpirikirgh the
localized CRC tumors before the surggt¥7, 218. Radiation therapy may also be used to remove
the cancer cells that may have been left betliedesection boundary after the surd@i9.

Inherent or acquired cellular resistance mecmasigs CRC cells can undermine the effect
of IR, eventually leading to cancer reoccurrences in CRC pafi22@s221]. IR generates DNA
strand breakd-However, he intracellular capacity in the repair of damaged DNA is one of the
major causes of resistances to[ER1, 227. Inhibition of DNA repair is considered aspaomising
approachto improve the sensitivity cancer cells to IR, thus, diffefl@NtA repair enzymes have been
validated aghetherapeutic targets for radgensitization in various cancd63, 223 224, 306:31(.

Human polynucleotide kinagghosphatase (PNKP)identified as a key enzyme involved
in DNA repair following damage biR or topoisomerase | inhibitors (e.g. Irinotecan) in many
types of cancers including CHC18 127, 237, 267]. PNKPphosphorylates DNA"&termini and
dephosphorylates DNA"8termini that allow DNA ligases to rejoin the damaged strands of the
DNA. The validity of PNKP as a therapeutic target, in sensitizing cargdls totopoisomerase |
inhibitor and IR, has begmreviouslyshownby our research team and othgr$8-120, 126 238§).
Throughthe RNAI screens, we have made an exciting discovery thadeficiencyof a tumor
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suppressor protein, i.e., phosphatase and TENsin homolog (PTEN) tn@kancer cells even
more sensitive tthe PNKP inhibition[202, 203. This has inspired théevelopment ofhe small
moleculeinhibitors of PNKP by our research team.

A83B4C63 is a second generation polysubstituted imidopiperidines small molecular
inhibitor of PNKP with 1Goand Ko values in low micromolar and nano molar range, respectively.
The watersolubility of AB3B4C63 is <1 mM and its log D is ~4,Mhich makes this compound
a nonideal candidate for the drug development procBs®vercome the limitation of poor water
solulility and at the same timeeduce the access and radio/chesmnsitizing effects of
A83B4C63 in normal tissuewe have developadP formulations of this compound, which were
based on methoxy poly(ethylene oxigmly(a-benzyl carboxylate-caprolactoneYmPEOb-
PBCL). Passive targetirgf solid tumors byNPs, is attributed to the presencdesdky vasculature
as well as impaired drainage of the lymphatic system at the tumof25iie255262]. The
nanocarriers of appropriate size and swefpmoperties can extravasate from the leaky vasculature
at the tumor site while the impaired lymphatic drainageevents their rapid removal out of the
tumormicroenvironmenf311, 312. This phenomenon, which is known as enhanced permeation
and retention (EPR) effect, is believed to play arodg in preferential distribution of nanocarriers
in solid tumors compared to many normal tisq2ds3-316.

In our previous studies, the nafwmulation of A83B4C63 were shown to effectivegduce the
viability of PTEN-deficientCRC, as monotherag17]. The mPEGb-PBCL basedNPs of A83B4C63,
were also shown to sensitize CRC cells to IR and irinotecasityo [267]. In vivo, theNPs of A83B4C63
were tolerated better than conventiofmainulations ofthis compound and showed significantly enhanced
delivery andactivity of incorporated A834C63 in PTEN-deficient HCT116xenografts in mice. The
objective of current study was to assess the effect of the conventional wdP&i3b-PBCL nane

formulation of AB3B4C63 in sensitization of witgpe CRC models tiR, bothin vitro andin vivo.
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3.2. Materials and methods
3.2.1. Materials

Methoxy polyethylene oxide fPEO) (average molecular weight of 5000 g/mol),
Cremophor EL: Ethanol (CE), and all research grade organic solvents were purchased from Sigma
(St. Loui s-Benw@arboxyiatd-yaproldétone monomer was synthesized by Alberta
Research Chemicals In(Edmonton, AB, Canada). Stannous octoate was purchased from MP
Biomedicals Inc. (Tuttlingen, Germany).

3.2.2. Synthesis of A83B4C63 and PE®-PBCL copolymer

The polysubstituted imidopiperidine compound, A83B4C®as synthesizedising a
threecomponentaza[4+2]/allylboration reactiorand purified to homogeneity via HPLC as
previously describef8(. The structure of theompoundvas confirmed by NMR, IR, and L-C
MS as previously reportd@67].

The mPEGDb-PBCL block copolymermwith 26 degree of polymerization for the PBCL
block was synthesized by rismp e ni ng p o | y-beaaylicarkorylaté-caprotattond)
usingmPEO (MW: 5000g/mol) as an initiator and stannous octoate as catalyst according to the
method described previsly [267, 318 (Fig. 3.1). The synthesized copolymers were characterized
for their average molecular weights by NMR (600 MHz Avance I+ Bruker,East Milton, ON,
Canada using deuterated chloroform (CD¥Llas solvent and tetramethylsilane as an internal
reference standard.

3.2.3. Formulation and characterization of AB3B4C63encapsulated mPEGb-PBCL NPs

A83B4C63encapsulated mPE®PBCL NPs (NP/A83) were prepared as previously
described267]. In brief, 10 mg A83B4C63 and 30 mg mPB&PBCL polymer were completely

dissolved inl mL ofacetone. Then, the organic phase was transferred dropwlifentL aqueous
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phase and left overnight with continuous stirring with a magnetic bar thnedume hoodo
completely evaporate the organic solvent. Theencapsulated A83B4C63 was removed by
centrifugation at 11600 x g for 5 min to obtain NP/A83. TIRAB3 solution was then transferred
into Amicon Ultral5 centrifugal filter tubes (molecular weight -@ff, 100 kDa; Millipore, ON,
Canada) and centrifuged at 11600 x g for 20 min atid%Zder to concentrate as requirdthe
average size and polydispdy index (PDI) of the NPs were measured by dynamic light scattering
(DLS) using a Malvern Zetasizer 300®PIdlvern Instruments LtdMalvern, UK). A83B4C63
loading and loading efficiency were measured andlyzed using a Varian Prostar 210 HPLC
system. Reersed phase chromatography was carried out with a Micrdédb 5 & h00& 1 8
column (4.6mmx250mm) with20e L of sampl e i njected and el ut
with a solution of 0.1% trifluroacetic acid / acetonitrile (1:1 v/v) at a flow oat@.7mL/min at

room temperature. Detection was performed atrgB8@vavelength for AB3B4C63 using a Varian
335 Photodiode Array HPLC detector (Varian Inc., Palo Alto, CA, USA). In this study, AB3B4C63
control was solubilized with DMSO for alh vitro experiments, while foiin vivo experiments,
A83B4C63 was dissolved with the aid of QEE/A83). Finally, the A83B4C63 loading and

loading efficiency were calculated according to the following equations:

A83B4C63 loading (%) p T

A83B4C63 encapsulation efficiency (%) p T

3.2.4. Transmission electron microscopy (TEM)
The morgology of selfassembled structures under study was investigated by TEM using
a Morgagni TEM (Field Emission Inc., Hillsboro, OR) with Gatan digital camera (Gatan,
Pl easanton, CA). Il n brief, 20 €L of momlel | ar

was placed on a coppeoated grid. The grid was held horizontally fe2 Imin to allow the
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colloidal particles to settle down. The excess fluid was removed by filter paper. The-copiaet
grids holding the aqueous samples were then negativahedtay 2% phosphotungstic acid. After
2 min, the excess puid was removed by ylter pas
analysis.
3.2.5. Cell lines

Wild type HCT116 and luciferase positive CIldCT116 cell lines were routinebultured
at3PCin5% C@in a humidified incubator in a 1:1 n
medium and F12 (DMEM/F12) supplemented with 10% FBS, 50 U/mL penicillin, 50 mg/mL
streptomycin, 2 mmol/L tglutamine, 0.1 mmol/L nonessential amino acidd, ammol/L sodium
pyruvate. All culture supplements were purchased from Invitrdgerifgton, ON, CA) All cell
lines were routinely tested for mycoplasma in the lab.
32. 6. Mi cr os c cHRAXevaduationdy f or o

1 x 10° wild type HCT116 cells were seeded onto each glass coverslip innan8®etri
dish and incubated overnight to attach. The cells were then pretreatatevitmeformulaions
for 24 h pirrdadiation After thed-irr@latiorn the cells weréncubated fo two time
points up to 6 h. Aftetheincubation, the cells were fixed with 4% of paraformaldehyde in PBS
for 20 min, then permeabilizednd blocked with 1% BSA in 1 x PBS/0.1% Tween 20 for 20 min.
After 3 washes with 1 x PBST, athosphehistone H2A.X(Ser139) antibody (catalog# &36,
Millipore, Temecula, CA) at 1:4000 dilution was applied to the cells and incubated for 1 h at room
temperature. The cells were washed three times with 1 x PBST and then incubated with Alexa
Fluor 488 goat arntnouse seandary antibody (catalog# A11059, Life Technologies, Carlsbad,
CA) at a 1:200 dilution in 0.1 % BSAA PBST for 1 h in the dark. After washing the ceife

coverslips were mounted on the slides with DABhtaining mounting medig819 (Molecular
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Probes, Eugene, Oregoet) 1 pg/mLconcentrationimages were taken with the Axio Imager Z2
microscope (Carl Zeiss, Jena, Germany) using MetaMorph 7 and MetaXpress 6resoftwa
(Molecular Devices, San Jose, CA) to image and quantify foci.

3.2.7.1In vitro apoptotic activity evaluationsby western blot

Western blot was used to assess the DNA damadt2AX expression levels) and
apoptosis (level of cleaved caspase 3/7 RARP)of A83B4C63 as free drug (CE/A83) and NP
(NP/A83) formulation inHCT116 cell line with or without radiationnitially, 1.5 million cells
were plated in each of 200 mm dishes 24 h prior to the treatments. Then, cells were treated with
CE/A83 and NP/83, or vehicles aloneatan A83concentration of 10 pulMor equivalent drug free
vehicles i.e, CE and NRAfter 24 hincubation with A83 formulations or vehicle controtells
were exposed ta fixed dose of radiation (4 Gy) usififo Gamma irradiationlatform (AECL,

Chalk River, ON, Canada) facility at Cross Cancer Institute, Edmonton, Carteslaells were
harvesteaitherafter 1or 4 hof exposurdo IR. Each experiment was performed in triplicate.

The protein levelsfollowed by westerilotting, were quantified by densitometry analysis
using ImageJ softwarth assess the vitro levels of caspase, PARP, anéH2AX proteins
following the treatment with A83B4C63 as free drug and NP form in HCT116 cell line with or
without IR at a fixed dse of 4 Gy. After experimental incubation time points, protein extracts for
western blot analysis were prepared usioigmercial RIPA lysis buffer (ThermoFisher Scientific,
Canada) supplemented with a cocktail of protease inhibitors (Millipore Sigma, &aPRadtein
concentrations were measured using the BCA assay kit (Pierce/ThermoFisher Scientific, Canada)
according to the manufacturerdés protocod. Equ.
PAGE and transferred to nitrocellulose membranes.rAftecking with 5% skimmed milk in

TBST (50 mM TrisHCI, pH 7.4, 150 mM NaCl, and 0.1% Tween 20), the blots were incubated
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with the respective primary antibodies (caspaseatalog# 9662S, caspasecatlogt 9492S,
PARP catlogt 9542S phosphehistone H2AX (Ser139) (20E3tailogt 9718S) and secondary
antibody (HRPlinked antirabbit IgG cat# 7074S) purchased fr@ell Signaling Technology
(Whitby, ON, Canada). The protein bands were detected using an enhanced chemiluminescence
(ECL) based systelfiPierce/ThermoFisher Scientific, Canada).
3.2.8. Xenograft models

All mice were purchased from Charles River Laboratories. All animal studies were
conducted in accordance with the guidelines of the Canadian Council on Animal Care with
approval from the Animal Care and Use Committe€mafss Cancer Institute at thimiversity of
Alberta, Edmonton, AB, Canada. The HCT116 and’IHi€T116 xenograft tumor mouse models
were generated by subcutaneous injection of 0.5°¢dlB in a 100 pL mixture of culture media
and matrigel matrix (Corning, MA, USA) (1:1 v/v) in the righardk of 4- 6 weekold female
NIH-III nude mice. The CRC cell implanted mice were routinely monitored for tumor growth and
signs of sickness. Animals reaching early endpoints as set in our animal protocol were euthanized.

All animals were euthanized at dag following the tumor inoculation.

3.2.9. In vivo anticancer activity of combination therapies

This study was performed on LUelCT116 xenografts developed as described above.
When the tumor volume reached 80 to 1503nmice were randomly assigned iri&gst groups
receiving empty NP without IR (n = &rempty NP (n = 6), CE/A83 (n = 6), and NP/A83 (n=7)
formulations of A83B5C63 with &ixed radiation dose of 3 x 5 Gyhetreatments (empty NPs,
PNKP inhibitor A83B4C63 alone or CE/A83, A83B3CGéRBcapsulated NPs or NP/A83) were

started on day 0. On da®, tumor sizes were measured throtlggdigital slide caliper anah vivo
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imaging systeml{IS) imaging. All drugs were gien viaintravenous /) injectionvia tail vein
and administered on days 0, 2, andde IV A83B4C63 dose was 25 mg/kg, which was injected
three times one day apart. Mice received three radiation doses every alternative day. The excipient
dose, i.e., emptNP in control groups was selected equivalent to their amounts NP8 3test
group. The length (L) and width (W) of the tumor were measured using digital slide calipers two
times per week and the tumor volume (TV) was calculated using the formuta(ll\¢ W?)/2.
The measurements continued udgly 22 (since the day of tumor inoculation) when all mice were
euthanized

The fractionated radiation therapy using a daily dose of 5 Gy was started on day 1 and
given 3x including days 3 and 4. Radiationrtipy was administered using the imageded
smallanimal radiation research platform (SARRP; Xstrahl Inc. Suwanee, GA, U.S.A.) with 220
kVp X-rays and 13nA using 2 beams and a 10 xhbn squareshaped collimator with isocenter
positioned in the center ttie tumor. Radiation doses were calculated using cone beam computed
tomography images measured with the SARRP and the intedviateplan/Murislice software
(Xstrahl Medical & Life Sciences, Camberley, Ufjer contouring the tumor shape and defining
theisocenter. Mice were anesthetized with isoflurane (10@pfdDeach radiation therapy session.
After finishing the combination therapy on day 4, the mice were analyzed with bioluminescence
or PET imaging for tumor growth on days-1P before they were ¢uanized.
3.2.10. In vivo imaging systems (IVIS) for evaluating anticancer activity of CE/A83 and
NP/A83 with or without radiation

The animals inoculated with LU¢1CT116 and treated as described above were also
imaged for the expression of luciferase to follow their tumor grofdhthe optical imaging, mice

were subcutaneously injected with the XenoLightuZiferin - K+ salt bioluminescent substrate
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(PerkinElmerUK) at a dose of 10 uL/g of body weight before the luciferase detection. Mice were
anesthetized and placed in the dark chamber of a Xenogen IVIS machine foibatiplanimal
imaging and the emitted photons were quantified and analyzed using Living Boégeare
(Xenogen). Imaging of live animals was performed twice a week.
3.2.11. PET imaging

Luc*/HCT116 tumorbearing female NIHII nude mice from the radiation therapy study
(as described above) were analyzed on dayk2léfterast treatment for tumaroliferation using
positron emission tomography (PEN)ice wereanesthetized by isoflurane (100%)A needle
catheter was placed into the tail vein of these mice angiNdBq of [*¥F]FLT in 100 to 150mL
saline were injectedXJF]FLT was synthesized at the cyclotron research facility of the Cross
Cancer Institute (Edmonton, AB, Canada) according to the previously described pr¢8adure
using 50-(4,4-dimethoxytrityl}2,3-anhydrothymidine (ABX GmbH, Radeberg, Germany) as a
precursor. Radioactivity in thajection solution in a 0.5L insulin syringe was determined using
a dose calibrator (AtomlabTM 300, Biodex Medical Systems, Shirley, NY, USA). After
radiotracer injection, mice were allowed to regain consciousness for about 4@nin B6fore
anesthetiing them again. They were immobilized in prone position into the center field of view
of a preclinical INVEON PET scanner (Siemens Preclinical Solutions, Knoxville, TN, U.S.A.).
Acquisition data was collected in thrdamensional list mode for 1®@in, reaching ~60min post
injection. Static PET images were reconstructed using maximum a posteriori (MAP) algorithm.
Image files were further processed using the ROVER v2.0.51 software (ABX GmbH, Radeberg,
Germany). Masks defining thre@mensional regions ohterest (ROI) over tumor tissue were

defined and ROI's were analyzed with 50% threshold of radioactivity uptake. Mean standardized
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uptake values [SUMean = (measured radioactivity in the ROI/mL tumor tissue)/(total injected
radioactivity/mouse body weightyvere calculated for each ROI.
3.2.12. Biodistribution of CE/A83 and NP/A83 formulations in HCT116 tumor-bearing mice

Thebiodistribution profile of AB3B4C63 in CE and NP formvere assessed in wild type
HCT116 tumotbearing NIHIII mice. Tumor bearing micevere developed as described ahove
except for the use of HCT116 cells instead of UdE€T116 When the tumor volume reached
1200 to 1500 mr mice were randomly assigned and grouped into three test groem.(The
test groups receed CE/A83 or its NP form three times, one day apart at an IV dose of 25 mg/kg.
The control mice received empty NPs. 4, 24, and 48 h after the last injection, all mice were
euthanized, and blogdxcised tumorand other organs including brain, heart, luinger, kidney,
spleenwere collected to define drug levels using an LC/IMS method of quantificatioras
previously described methd817]. In brief, dl snapfrozen dissected tumor tissues were weighed
and homogenized with an io®oled solution of acetonitrile/water (50:50 v/v) using an electric
hand homogenizer. The collected wholedad samples of the mice were centrifuged at 2000 x g
for 5 min at 2Cto separate the plasma. Tissue homogenate samples were centrifuged at 2000 x g
for 15 min at 4C. To 250 ni of plasma/homogenized tissues 1000 pL cold acetonitrile was added.
Themixture was vortexed for 5 min and then the samples were centrifuged at 2000 x g for 20 min.
The solutions were separated and transferred to clean tubes and evaporated to dryness.

An Agilent 1100 HPLC system coupled to a Waters Quattro Micro tiyéelrypole mass
spectrometer (Waters, Milford, MA) and attached to an Agilent Poroshell 1201882.7micron
LC column with dimensions of 2rim x 50mm was used. The column was heated £33 he
mobile phase consisted of water with 0.1% formic acid (A)aaedonitrile with 0.1% formic acid

(B). A gradient elution was programmed to commence with 20% B foripestion followed by
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gradual increase in 3 min of B to 95%. The composition was maintained for 3 min when it was
gradually decreased back to 20% ofrB0.1 min. The flow rate was 0.3 mL/min anduR of
sample was injected. Standard curves were linear over the rangel®00 ng/mL (f > 0.99;
coefficient of variation €0%). The lowest limit of quantification was set at 1 ng/mL. The mass
spectrometewas operated in positive mode with capillary voltage at 3.2 kV, source temperature
at 120C, desolvationtemperature at 275°C, awdgsolvationgasflow at 800 L/Hr. Instrumental
control and data analysis were performed using MassLynx software (Watkosgd MVIA).

Propranolol dissolved in the solution of acetonitrile/water with 50:50 v/v ratios was used
as an internal standard. The dried residues in sample vials were reconstituted with 100 pL of
internal standard solution with vigorous vortexing befdacipg into the aut@ampler of the
LC/MS/MS (Waters Quattro Micro + ES MS Triple Quadrupole, Milford, MA, USA) fitted with
an Agilent Technology: Poroshell 120 €B.8 2.1x50 mm, 2:-ficron column. The mobile phase
consisted of 50:50 v/v ratios of watertwi0.1% formic acid and acetonitrile with 0.1% formic
acid.

The terminal elimination rate constant was estimated from thénear portion of the
plasma concentration time curves.Because of destructive sampling procedure used for the
collection of blood and tissues from different animals at each time plogndrea under thasma
ftissue curve (AUC) was estimated usitige trapezoidal rulefrom the average plasma
concentrations at different time poiraedthe variance of AUC wastes mat ed wusing B
method based on the standard error of mean (SRBEtjo of tissue concentration at each time

point to that of plasma (Kp) was also calculated and reported.
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3.2.13. Statistical analysis

GraphPad Prism 9 software (La Jolla, CA, USA) was used for statistical analysis.

Significance of differences between groups was assessed usiwaprand tweway ANOVA
foll owed b yhochestkwhgrédapproprats. if a significant difference wasd among
the groups, median ranks between pairs of groups were compared using thé/Mamay U test.

A value of p O Was cénsidered as statistically significant in all experimehRts.
biodistributionexperimentthe pairwise compariserof AUCs were carried out atlevel of 0.05.
The critical values of ZZcrit) for the twosided test using the Bonferreadjusted was 2.24. The
observed Z (Zobs) was c al Zobslvausgrehteriha®cet diereo n

considereds asignificant difference between the AUCs.

3.3. Results
3.3.1. Physicochemical characterization

ThelH NMR spectra and peak assignments of mREFBCL (Fig. 3.1A) and A83B4C63
(Fig. 3.1B) were previously reportef?54, 267, 294, 321, 327. According to the @&lculations
based on théH NMR spectra, the DP was 26 for PBCL block in mPE®BCL copolymers.
A83B4C63 encapsulation into the mPB&PBCL micellar NPs was performed following a simple
onestep seHassembly nanoprecipitation methddg. 3.1B). 21.97 + 0.65% loading and 70.28 +
3.47% encapsulation efficiency were measured when A83B4G68psulated mPEB®PBCL
NPs (NP/A83) were prepared at a 1:3 w/w A83B4C63/mPERBCL ratio. The NP/A83 were
~60 nm in diameter on average and showed a low pplgdigy index (PDl)i.e., <0.25 Fig.
3.1C). After AB3B4C63solubilization by CE formulation, the average size of CE/A88elles

was< 35 nm in diameter, which was significantly lower *f'O 0. 0001) t han

Bai

t hat

However, no significant differece was measured for the PDI values obtained from CE/A83 and
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NP/A83. The diameter of thenepty carriers fromboth formulation type e.g., NP, CEwere
significantly lower (pO 0. 05) t keacapsulateccounterpartsu As showRim 3.1D,

the TEMi ma g e , edthe forjnatiom of spherical NP/A83 micelles with uniform size. In TEM
image, a similar distribution pattern in the micellar population having a clear boundary was

observed that also indicated the lower aggregation tendency among the rioicekeks.
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Figure 3.1: Chemical structure of (A) methoxy poly(ethylene oxidg) o | -geqzyl carboxylat@-
caprolactone or mPEOG-PBCL and (B) illustration of encapsulation process afhydroxy(2
methoxyphenyl)methyip-(naphthalend-ylmethyl)-1-[(4-nitrophenyl)aminof2H, 4aH, 7akpyrrolo[3,4
b]pyridine-5,7-dione or A83B4C63. (C) Physicochemical characterization of veateible CE, empty NP,
A83B4C63solubilized (CE/A83), and A83B4@encapsulated mPEBPBCL (NP/A83) formulations (n

= 10). Hydrodynamic diameter and polydispersity index (PDI) of NP/A83 micelles in agueous medium
were obtained using dynamic light scattering (DLS) technique. (D) TEM image of A83Bcéapsulated
micellar formulation (NP/A83) in agueous medium. The TEM image was obtained at a magnification of
110,000X at 75 kV. The bar in the bottom left corner of each image indicates a scale of 100 nm.

3.3.2. Microscopic DNA damage activity evaluation

Upright microscofe evaluations were performed to assess the DNA damage activity of
PNKP inhibition in conjugation with a fixed dose of IR (3 Gllg. 3.2A shows the widdield
fl uor escence -H2AXaegpeessiorpobitivet cells that treated with CE/A83 and
NP/A83 Here, we studied the temporal and spatial distribution of the foci gihthgphorylated
form of the hisHB8AX)ptbaei nsHRAHXwWwfaradiadon,lbye act i
the introduction of doublstrand breaks of intracellular DNA. Qualitve analysis based on the
microscopic images for the distribution of foci in each cell fairly indicated the higher cluster of
DNA damage in cells when they were treated WABBB4C63delivered by either CE or NP
formulations. Quantitative analysis was also performed using MetaXpress 6 software to
guantify the number of foci in each cell. In this experiment, significantly higher numtzer of
H2AX expressd-positive foci was observed 40 min after thieradiation in NP/A83treated cells
than that of CE/A83 and untreated (radiation alone) treatment grblapeever, the number of
positive foci went downts h posto-irradiation for both A8B3B4C63 formulations. Significantly
higher foci numbers at 40 min and @dsto-irradiationtime points incells pretreated with either
CE/A83 or NP/A83 orthan the celldreatedw i t -inradiation alone demonstrated the proof of

concept for anticipated radsensitizingactivity of our PNKP inhibitor, i.e., AB3B4C63
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Figure32:For mati on and repair of doublH8AXdotifoamatbn br e a k s
(H2A. X Ser139) in HCT116 c e4H2AX (grednAfdci aRdenpcleie(tdue)nt at i v
were counterstained with DAPI. (B) Quantitative analysis for the nuofifeci in each treated cell. 24 h

pri or tir@adia8on,Gells onto the coverslips were treated with 10 pM CE/A83 and NP/A83. After

40 mi n -mradichtior cells were fixed, permeabilized, and stained for foci to be visualized under the
microscope. MetaXpress 6 software was used to take images and to quantify the number of foci in each

cell. Data from three independent experiments were compared by two ways ANOVA multiple comparison
test following Tukeyds met hficaht.if *pBDi fOf. éprOe rOcredplO, we r* e ¢
0.001, and **p O 0. 000 1. Mi crographs displayed are repr
experiments; scale bar = 40 ¢gm.

3.3.3. Apoptotic activity evaluation
Fig. 3.3 represents the comprehensive apoptotic activihk8FB4C63wi t h  or - wi t h o

irradiation in HCT116 cells. We observed the potential raeiasitizing activity of the PNKP



i nhi bitor (either CE/ A83 o-rraditioh doSedf Gypowhiohu |l at i o
induced apoptosis in HCT116 CRC celisconfirmed byincrease in théevels of cleaved PARP,
2-H2AX, cleaved caspasg and cleaved caspaSeexpressions. As shown ig. 3.3A andFig.
3.3B, both CE/A83 and NP/A83 formulations induced siméapression level of cleaved PARP
after i rhr apddsatt i ®ni.r rAatdidath omostt h® cl eaved PAF
significantly reduced in HCT116 cells that were treated with CE/A83 0O 0 . ONP/AE3)
treat ed c e diradation showkd aredpcedsexpression of cleaved PARFp&@ 0. 0 1
compared to 1 h t-irrad&atiom the exgressioilevel 4f cleaved BARP was
significantly higher in cellprereated with NP/A83 than that of CE/A83. To verify the cleave
PARP induction activity and microscopic observation in the above section, immunoblotting was
also performed to investigate tbeH2AX expression levels in the whole cell lysate after the
combination treatment§ig. 3.3A andFig. 3.3C). Similar towhat observed for thdeaved PARP
levels in cells treated withCE/A83 plus IR a decreasing trend farH2AX expression was
observedover time In contrast, arincreasing trend foo-H2AX expression was observed in
NP/A83treated HCT116 celigluso-irradiationovertime At 4  Hrraghiabios,tthe expression
of level of -H2AX was significantly higher in cells treated with NP/ABRIs IR than that of
CE/A83plus IR and IR alone.

Fig. 3.3D, andFig. 3.3E represent the elevad levels of two major proteingvolved in
apoptosisi.e., cleaved caspa3eand cleaved caspaSen the AB3B4C63pretreated HCT116
cells plus o-irradiation. CE/A83 formulatiorcombined witho-irradiation at 40 min interval
demonstrated significantly high expression of both cleaved caspasand cleaved caspaSe
This was not the case at longer time intervals between CE/A83 incubation and IR expasure.

the contrary, significantly higher induction levels of cleaved caspasel cleaved caspa3avere
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observed for the 4 interval betweero-irradiation of HCT116 cellsand NP/A83 treatment

Carriers alone without AB3B4C63, did not induce raskasitization. Notably, neither CE/A83

nor NP/A83alone (without IR combinatiorghowed any apoptotic activityy means of elevated
expression levels of cleaved PARPH2AX, cleaved caspasg and cleaved caspa3eproteins.

No apoptotic activity due to either empty na
irradiationwas observed;onfirming the lack of dktarget activity by A83B4C63 formulations

under experimental conditions.
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3.3.4. In vivo radio-sensitizing activity of CE/A83 and NP/A83 in wild type HCT116
xenografted mice

To explore theadio-sensitizing anticancexctivity of intravenously administered C&B3
and NP/A83ata dose of 25 mg/kg three times a weekiic’/HCT116 xenograft mice, alimice
were inoculated with th@.5 millioncells 10 days(day-10) before thdreatment schedule as shown
in Fig. 34A. According to theexperimentablesign Fig. 3.4A), the tumotbearing control mice
receivedempty NPs in isotonic 5% dextmdMice receiving systemiempty NPs plus IR were
also used as control groupo investigate the anticancer activity for this combination treatment
approaches, we conducted bothitdigslide calipers measurement and bioluminescence live
imaging to monitor the growth of xenograft tumors in mice.

As shown irFig. 3.4B, the mice receiving empty NP with no IR exhibited rapid CRC tumor
growth according to the slide caliper measuremempared to other treatment groups that
received IR. Following the similar trend, empty NP plus IR @&fA83 plus IR receiving mice
also showed moderate tumor progress. However, NP/A83 plus IR demonstrated slowest tumor
growth compared to other treatmembgps. Fig. 3.4C representshie average tumor volumes
obtained from the treated groups on di/since post first IV injection where a significant
retardation of growth in the xenografted tumor was observed, only for the NP/A83 plus IR

receiving mice compared to the control.
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Figure3.4: (A) Schematic experimental design for evaluating the anticancer activity of A8B3B4C63 as CE
and NP formulations in female NfHl nude mice following IV administration (n = 6 or 7). Colorectal
Luc*/HCT116 cells were inoculated and grown as SC tumor xenografts in the right flank of the mice. When
tumors became palpable, total of 25 mice weredédiinto 4 groups (6 + 6 + 6 + 7), which were
intravenously injected with (i) control empty NPs, (ii) control empty NP plus 3 x 5 Gy IR, (iii) CE/A83
(A83B4C63 formulated with the aid of CE) plus 3 x 5 Gy IR, and (iv) NP/A83 (A83B41@83apsulated
MPEQ1+b-PBCLys micelles) plus 3 x 5 Gy IR three times with a one day interval at a dose of 25 mg/kg.
(B) Average tumor volume growth curves for mice in each treatment group fofHQIE116 CRC
xenograft. (C) The average tumor volumes obtained from the treatgolsgrn dayl 2 post injection. Using

digital calipers, the length (L) and width (W) of the tumor mass were measured 2 times per week and the
tumor volume (TV) was calculated according to the following formula, TV = (L x W2)/2. (D) Images for
the representave tumors from (B). (E) The average percentage for the body weights of mice bearing
Luc'/HCT116 xenografts. Differences were considered significapg®* 0. 05 .
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As shown inFig. 3.4D, the trend of decrease in the average size of the exaiseds from
NP/A83treated mice matched the average tumor volumes obtained from either slide calipers or
bioluminescence measurements. At the day of termination (dayh&2jyverage tumor volumes
reached 1706.02 773.80, 1076.4% 586.78 and 1082.72 685.81mm° (n = 6), in the mice
treatedwith empty NP, empty NP plus IR, and CE/A83 plus i&spectively, whereas the tumor
volumes remained as low 496.56 + 221.01 min(n = 7) in mice treated with IV NP/A8@lus
IR. The overall resultslearly showedhe in vivoradio-sensitizing activityof AB3B4C63 inits NP
formulation inwild type Luc/HCT116 CRC xenografts in micevhich was in contrast to no
activity for CE formulation of this PNKP inhibitor compared to control groups receiving empty
NPs with orwithout IR ( > 0.05).Fig. 3.4D also shows the images of the excised tumors from
the xenograft mice of all treatment groups at the terminationTdagse data verified the results
of tumor growth measementby the digital slide calipeand IVISimaging.The measured mean
body weight variation of the mice receiving systemic treatments were within 20% miaigyin (
3.4E) and did not show any statistical difference irrespective of the treatment groups.

To further evaluate thim vivo radio-sensitizing anticanceactivity of AB3B4C63 tumor
growth in mice waslsodetected by bioluminescence likS imagingin animals Based on the
average radiance for bioluminescence of UHET116 cells in mice Rig. 35A), NP/A83
pretreatment withfractionated IR dose of 3 x 5 Gyas found to rard thetumor growth
significantly when compared to tie¢her treatment groupét day12 (Fig. 3.5B), the quantitative
analysis exhibited a significant difference in average radiance in the Nipfa88atael group(*p
O 0. 0-Way ANOWA)in comparison tehat of other pretreatment groups includihgempty
NP, empty NP plus IR, and CE/A83 plus IR. Therefohe tadiance for bioluminescence of

Luc*/HCT116xenograftsn the respective treatment groups of meb®weda similarpatternin

98



tumor growth to that observed Isfide calipers measuremeni&hen comparison was made
between the day2 (2 days prior to starting treatments) and day 12 (termination day), significant
differences indicating tumor growth was determined for all treatment groups except NP/A83
treated mice that did not show any difference in the luminescence of xenografts frétrialdgy

12. The dat@alidatel theantr-tumoralactivity of systemic NP/A8 administration in thelCT116

CRC xenograft models a novel radisensitizing nanomedicine
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