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Abstract  

The relentless growth of tumors is triggered by a complex array of molecular changes 

such as DNA damage, disruption of cell-cycle progression, uncontrolled proliferation and 

escaping cell death. Various therapies have been developed to treat cancer, many of 

which kill cancer cells by damaging their DNA. DNA damage in cells, including DNA 

strand breaks, are caused by endogenous agents, mainly reactive oxygen species (ROS), 

and exogenous sources such as ionizing radiation (IR) and topoisomerase poisons, such 

as irinotecan. Clinical evidence indicates that DNA repair is a major cause of cancer 

resistance. Therefore, attack on DNA repair processes renders cancer cells more 

sensitive to radiotherapy and DNA damage chemotherapy. 

Targeting DNA repair enzymes is one approach to overcome resistance in cancer. DNA 

strand breaks, major lesions generated by ROS, IR and irinotecan, are lethal to cells if 

not repaired. The 3′- and 5′- termini of the DNA strand breaks are often modified and do 

not present the correct termini for completion of DNA repair. Among the frequently 

generated modifications are 3′-phosphate and 5′-hydroxyl termini. Human polynucleotide 

kinase/phosphatase (PNKP), a bifunctional DNA repair enzyme which phosphorylates 

DNA 5′-termini and dephosphorylates DNA 3′-termini, can process the unligatable DNA 

termini. Moreover, cancer cells depleted of PNKP show significant sensitivity to ionizing 

radiation and chemotherapeutic drugs such as irinotecan.  Initial screening for the first 

generation of small molecule inhibitors of PNKP phosphatase activity identified A12B4C3, 

an imidopiperidine compound, which enhanced the radio- and chemosensitivity of lung 

and breast cancer cells. Based on these findings, we intended to identify more potent 
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PNKP phosphatase inhibitors than A12B4C3 and design suitable nanoparticles to target 

inhibitors to cancer cells.  

First, we developed a novel fluorescence-based assay in order to screen a second 

generation of imidopiperidine compounds. This resulted in the identification of A12B4C50 

and A83B4C63, which are more potent inhibitors than A12B4C3. In addition, we screened 

new compounds from a natural derivative library, which resulted in the identification of 

two new promising 3′-phosphatase inhibitors, N12 and O7. The novel assay was used to 

determine the IC50 values of the newly identified inhibitors. Kinetic analysis revealed that 

A83B4C63 acts as a non-competitive inhibitor, whereas N12 acts as an uncompetitive 

inhibitor.  

To test the hypothesis that nano-encapsulation would enhance the effectiveness of the 

newly identified imidopiperidine-based 3′-phosphatase inhibitors in a cellular context, a 

series of experiments was carried out with A12B4C50 and A83B4C63. First we examined 

the retention of the inhibitors by polymeric micelles of different poly(ethylene oxide)-b-

poly(ester) based structures to determine suitable encapsulation media for each inhibitor.  

Cellular studies revealed that encapsulated A12B4C50 and A83B4C63 sensitized 

HCT116 cells to γ-radiation and irinotecan. Furthermore, the encapsulated inhibitors were 

capable of inducing synthetic lethalilty in phosphatase and tensin homolog (PTEN)-

deficient HCT116 cells. In addition, actively targeted delivery of nano-encapsulated 

inhibitors to colorectal cancer cells overexpressing epidermal growth factor receptor 

(EGFR) was achieved by attachment of the peptide GE11 on the surface of polymeric 

micelles. Preliminary studies with a human xenograft model in nude mice indicated that 
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encapsulated A83B4C63 has the capacity to treat PTEN deficient tumors as a 

monotherapeutic agent.   

Finally, investigation of the potential site of binding of 3′-phosphatase inhibitors to PNKP  

was determined by photoaffinity crosslinking method coupled with liquid chromatography-

mass spectrometry technique (LC/MS/MS). The photoactivatable PNKP inhibitors 

A95B4C50, A95B4C3 and A12B4C67 revealed three distinct binding sites located in both 

the kinase and phosphatase domain of PNKP. 
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PREFACE 

• Chapter 1 provides a brief introduction about PNKP mechanisms and characteristics, 

DNA double and single strand break repair pathways, synthetic lethality and targeted 

drug delivery using polymeric micelles.  

• Chapter 2 describes original work performed by Zahra Shire. No part of this thesis has 

been previously published. Most of the experiments and manuscript preparation were 

designed and conducted by Zahra Shire under the supervision of Dr. Michael Weinfeld. 

Dr. Linda Reha-Krantz provided valuable advice as well as phage T4 DNA polymerase. 

Synthesis of the imidopiperidine compounds was performed by Dr. Timothy Morgan in 

Dr. Dennis Hall’s laboratory. Binding assays were performed by Dr. Rajam S. Mani 

(Figure 2.9). The inhibitors’ in vitro specificity analysis was performed by Dr. Phuwadet 

Pasarj in Dr. Charles Holmes’ laboratory (Figure 2.11). Finally, the DNA kinase assay 

was performed by Mr. Mesfin Fanta (Figure 2.12). 

• Chapter 3 describes original work conducted by Zahra Shire and recently submitted to 

Molecular Pharmaceutics, “Nano-encapsulation of novel inhibitors of PNKP for 

selective sensitization to ionizing radiation and irinotecan and induction of synthetic 

lethality”. All the experiments and manuscript preparation were designed and 

performed by Zahra Shire under the supervision of Dr. Michael Weinfeld and Dr. 

Afsaneh Lavasanifar. Synthesis of the imidopiperidine compounds was performed by 

Dr. Timothy Morgan in Dr. Dennis Hall’s laboratory. Dr. Vakili assisted in the synthesis 

of functionalized PEG. 

• Chapter 4 describes original work conducted by Zahra Shire. No part of this chapter 

has been previously published. All the experiments and manuscript preparation were 
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designed and conducted by Zahra Shire under the supervision of Dr. Michael Weinfeld. 

Synthesis of the imidopiperidine compounds was performed by Dr. Timothy Morgan in 

Dr. Dennis Hall’s laboratory. Dr. Rajam S. Mani conducted the binding assays (Figure 

4.1). Dr. Mark Glover assisted in generating the structural analysis figure displaying 

the binding sites of the photoactivatable PNKP inhibitors (Figure 4.11). 

•  In Chapter 5, we summarize the three main topics of this thesis (i) the significance of 

developing small molecule inhibitors of DNA repair enzymes including PNKP, (ii) 

synthetic lethality and its role in personalized treatment, (iii) targeted delivery of small 

molecule inhibitors. We also discuss future experimental procedures required to 

optimize and complement work done in this thesis. Finally, we mention briefly a 

preliminary collaborative pre-clinical study in mice carried out by Zahra Shire and Sams 

Sadat under the supervision of Dr. Afsaneh Lavasanifar and Dr. Michael Weinfeld. 

 

 

  



 

  

 

vii 

 

 

 

 

 

Dedication 

 

 

 

 

 

 

All thanks and praises are due to Allah the most gracious the most merciful for granting 

me patience and strength. For my father Jama Hussein Shire and my mother Halimo 

Abdullah Arshe for all their support and patience during my PhD studies 

 

 

 

 

 

 

 

 

 



 

  

 

viii 

 

Acknowledgments  

To my family, especially my parents, I am grateful for your patience and great support 

over the past 5 years. Achieving a PhD degree would not have been possible without 

your help and encouragement.  

Furthermore, I would like to thank Dr. Feridoun Karimi-Busheri, Dr. Rajam Mani, Dr. 

Aghdass Rasouli-Nia, Dr. Mohammad Reza Vakili, Mr. Mesfin Fanta and Mrs. Xiaoyan 

Yang for their guidance and technical support throughout my research project. Without 

your help this project would not have been easy. In addition, I would like to thank Mr. Ed 

Fu and Mr. Bela Reiz, Department of Chemistry, for their great technical support. 

I would also like to thank the Alberta Cancer Foundation, Canadian Institutes of Health 

Research and EIRR21 Fellowship for their tremendous help in funding our research, 

which is focused on enhancing the treatment of colon cancer to benefit cancer patients 

and make an impact here in Alberta and Canada. 

Finally, I would like to express my special gratitude for my advisors Dr. Michael Weinfeld 

and Dr. Afsaneh Lavasanifar. I am very grateful to be part of your wonderful team, and I 

am grateful for your guidance and support on my projects.  You are humble, patient and 

great scientists.  I couldn’t have asked for better mentors. I would also like to thank my 

supervisory committee members, Dr. Mary Hitt and Dr. Armin Gamper for their continued 

advice and guidance throughout my studies. 

 

 

 



 

  

 

ix 

 

Table of Contents 

Chapter 1: Introduction ................................................................................................. 1 

1.1 DNA damage and repair ......................................................................................... 3 

     1.1.1 Single-strand break repair (SSBR) .................................................................... 5 

        1.1.1.1 Base excision repair pathway (BER) ........................................................... 8 

        1.1.1.2 Topoisomerase-I poisoning induces SSBs  ................................................. 8 

     1.1.2 Double-strand break repair (DSBR) .................................................................. 9 

        1.1.2.1 Nonhomologous end-joining (NHEJ): classic and alternative pathways .... 10 

1.2 Polynucleotide kinase / phosphatase (PNKP): structure and key interactions  ..... 12 

     1.2.1 Catalytic activities of PNKP  ............................................................................ 13 

     1.2.2 Physiological importance of PNKP increased its clinical interest ..................... 18 

1.3 Small molecule inhibitors, novel drugs to overcome resistance of conventional 

cancer treatment  ........................................................................................................ 19 

1.4 A12B4C3: a first-generation inhibitor of the DNA repair enzyme PNKP ................ 22 

1.5 Synthetic lethality: The application of PNKP inhibitors as monotherapeutic in the 

context of cancer therapy ............................................................................................ 24 

1.6 The role of nanoparticles in drug delivery.............................................................. 32 

     1.6.1 Polymeric micelles ........................................................................................... 34 

1.7 Epidermal growth factor receptor (EGFR), a clinical target for anti-cancer  

    therapy  ................................................................................................................... 39 

     1.7.1 GE11: a novel peptide ligand targeting EGFR................................................. 41 

1.8 Colorectal cancer: the role of damage and repair of DNA in disease progression and 

treatment ..................................................................................................................... 43 

1.9 Hypothesis and scope of the thesis  ...................................................................... 46 

Chapter 2: Identification and characterization of new inhibitors of the 3′-

phosphatase activity of human polynucleotide kinase/phosphatase .................... 49 

2.1. Introduction .......................................................................................................... 53 

2.2. Experimental procedures. .................................................................................... 55 

     2.2.1 Materials .......................................................................................................... 55 

     2.2.2. Synthesis of polysubstituted imidopiperidine compounds .............................. 56 

2.3. Methods ............................................................................................................... 60 



 

  

 

x 

 

     2.3.1. Fluorescence-based assay for screening small molecules inhibitors of the 3′-                                    

phosphatase activity of PNKP ..................................................................................... 60 

     2.3.2. Determination of binding constants to PNKP.................................................. 60 

     2.3.3. Mechanism of inhibition-Lineweaver-Burk Plot... ............................................ 61 

     2.3.4. Testing possible protein phosphatase inhibition by PNKP inhibitors  ............. 62 

     2.3.5. Conventional radio-gel assay to detect PNKP 5′-kinase activity ..................... 62 

     2.3.6. Statistical analysis .......................................................................................... 63 

2.4. Results. ................................................................................................................ 63 

     2.4.1. Test for the exonuclease and phosphatase activities of the DNA polymerase      

and PNKP with the 2-Ap hairpin probes ...................................................................... 63 

     2.4.2. Screening small molecule inhibitors with the fluorescence-based  

  assay ........................................................................................................................... 67 

     2.4.3. Measurement of IC50 values ........................................................................... 70 

     2.4.4. Measurements of Kd values....... ..................................................................... 74 

     2.4.5. Mechanism of inhibition of PNKP phosphatase activity by inhibitors .............. 74 

     2.4.6. Specificity of inhibitors .................................................................................... 77 

     2.4.7. The effect of PNKP phosphatase inhibitors on the kinase activity .................. 77 

  2.5. Discussion ............................................................................................................ 80 

  2.6. Acknowledgements .............................................................................................. 82 

Chapter 3: Nano-encapsulation of novel inhibitors of PNKP for selective 

sensitization to ionizing radiation and irinotecan and induction of synthetic 

lethality ......................................................................................................................... 83 

3.1. Introduction .......................................................................................................... 87 

3.2. Materials and methods ......................................................................................... 91 

     3.2.1. Materials ......................................................................................................... 91 

     3.2.2. Cell lines ......................................................................................................... 91 

     3.2.3. Synthesis of polysubstituted imidopiperidine compounds .............................. 92 

     3.2.4. Synthesis of block copolymers ....................................................................... 92 

     3.2.5. Synthesis and characterization of GE11−PEO-b-PBCL conjugates. .............. 93 

     3.2.6. Characterization of the prepared block copolymers and polymeric  

  micelles ....................................................................................................................... 94 



 

  

 

xi 

 

     3.2.7. In vitro release of encapsulated PNKP inhibitors ............................................ 95 

     3.2.8. Cell proliferation assay ................................................................................... 95 

     3.2.9. Clonogenic survival assay .............................................................................. 96 

   3.2.10. Determination of polymeric micellar uptake by different colorectal cancer     

cells ............................................................................................................................. 96 

     3.2.11. Statistical analysis ........................................................................................ 98 

  3.3.    Results .............................................................................................................. 99 

     3.3.1. Polymer synthesis and micelle characterization ............................................. 99 

     3.3.2. In vitro release of PNKP inhibitors from polymeric micelles ........................... 99 

     3.3.3. Inhibition of cell growth by the hit PNKP inhibitors and their polymeric micellar    

formulations ............................................................................................................... 101 

     3.3.4. Cellular radio- and chemosensitization by PNKP inhibitors .......................... 101 

     3.3.5. In vitro release of PNKP inhibitors from GE11-conjugated polymeric  

  micelles ..................................................................................................................... 104 

     3.3.6. Cellular uptake of encapsulated compounds ................................................ 104 

     3.3.7. Cellular radio- and chemosensitization by PNKP inhibitors encapsulated in 

GE11-conjucated micelles. ....................................................................................... 107 

     3.3.8. Synthetic lethal targeting of PTEN-deficient cancer cells using encapsulated   

PNKP inhibitors. ........................................................................................................ 108 

3.4. Discussion .......................................................................................................... 112 

  3.5. Acknowledgements ............................................................................................ 116 

Chapter 4: Identification of binding sites of small molecule inhibitors of 

polynucleotide kinase/phosphatase by photoaffinity labeling-mass  

spectrometry ............................................................................................................. 117 

4.1. Introduction ........................................................................................................ 122 

4.2. Experimental procedures ................................................................................... 126 

     4.2.1. Materials ....................................................................................................... 126 

     4.2.2. Methods........................................................................................................ 126 

        4.2.2.1. Synthesis of components of photoactivatable PNKP inhibitors 

  A95 component ......................................................................................................... 126 

        4.2.2.2. Determination of binding constants of PNKP photolabelled inhibitors .... 131 



 

  

 

xii 

 

     4.2.2.3. Fluorescence-based assay for detecting activity of photoactivatable inhibitors 

of the 3′-phophatase activity of PNKP ....................................................................... 132 

     4.2.2.4. Photocrosslinking of ligand-PNKP mixture ................................................ 132 

     4.2.2.5. In-solution digestion of ligand-modified PNKP ........................................... 133 

     4.2.2.6. Purification of ligand-modified PNKP ......................................................... 133 

     4.2.2.7. LC-MS/MS analysis ................................................................................... 133 

4.3. Results ............................................................................................................... 134         

   4.3.1. Measurement of Kd values ........................................................................... 134 

     4.3.2. Biochemical evaluation of the photoaffinity probes ....................................... 135 

     4.3.3. Identification of the binding sites by tandem mass spectrometry  ................. 140 

        4.3.3.1. A95B4C50 .............................................................................................. 140 

        4.3.3.2. A95B4C3 ................................................................................................ 145 

        4.3.3.3. A12B4C67 .............................................................................................. 149 

  4.4. Discussion .......................................................................................................... 153 

  4.5. Acknowledgements ............................................................................................ 157 

Chapter 5: Discussion and future work  .................................................................. 158 

5.1. Discussion .......................................................................................................... 160 

   5.1.1. The promise of targeted therapy: small molecule inhibitors ......................... 160 

     5.1.2. Synthetic lethality, a revolution in the era of personalized treatment ............ 162 

     5.1.3. Targeted delivery of small molecule inhibitors .............................................. 164 

5.2. Future work  ....................................................................................................... 167          

   5.2.1. Optimization of lead compounds, A12B4C50 and A83B4C63 ...................... 167 

     5.2.2. Purification of N12 mixture is needed to identify the active component ........ 167 

     5.2.3. Monitoring the interaction of small molecule inhibitors with PNKP inside living 

cells  .......................................................................................................................... 168 

     5.2.4. Identification of the mechanism responsible of the synthetic lethality   

partnership between PTEN and PNKP ..................................................................... 170 

     5.2.5. Identification of binding sites of inhibitors to PNKP ...................................... 171 

     5.2.6. Pre-clinical study of PNKP 3′-phosphatase inhibitors: preliminary results and 

future work ................................................................................................................ 172 

  5.3. Significance ........................................................................................................ 174 



 

  

 

xiii 

 

  References ............................................................................................................... 177 

  Appendix: Supplementary material  ...................................................................... 241 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  

 

xiv 

 

List of Schemes 

 

2.1     Mechanism of synthesis of polysubstituted imidopiperidines .............................. 58 

4.1     Photochemistry of benzophenone ..................................................................... 124 

4.2     Photoactivatable PNKP inhibitors used in this study ......................................... 125 

          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  

 

xv 

 

List of Tables 

      

1.1      Chemical structure of the three poly(ethylene glycol)-block-poly(ester)s used in 

this thesis ...................................................................................................................... 38 

2.1        Chemical structure of the newly found PNKP inhibitors ................................... 59 

3.1      Characteristics of the polymeric micelles under study (n=3) determined      by 

dynamic light scattering ................................................................................................. 90 

4.1        Induced fragments of unmodified and modified peptides after photoreaction with 

A95B4C50 ................................................................................................................... 143 

4.2        Induced fragments of unmodified and modified peptides after photoreaction with 

A95B4C3 ..................................................................................................................... 147 

4.3       Induced fragments of unmodified and modified peptides after photoreaction with 

A12B4C67  .................................................................................................................. 151 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  

 

xvi 

 

 List of Figures 

1.1     DNA damage and repair mechanisms  .................................................................. 4 

1.2     The mechanism of BER ........................................................................................ 7 

1.3     Classical NHEJ pathway ..................................................................................... 11 

1.4A     Crystallographic structure of a murine PNKP .................................................... 14 

1.4B     DNA binding modes to murine PNKP ............................................................... 16 

1.5     Catalytic reactions of PNKP ................................................................................ 17 

1.6     The causes of resistance to anti-cancer drugs .................................................... 21 

1.7     Drug design and development stages ................................................................. 23 

1.8     The structure of the first generation PNKP inhibitor, A12B4C3 ........................... 25 

1.9     The concept of synthetic lethality ........................................................................ 26 

1.10   Synthetic lethal partnership between PARP and BRCA ...................................... 28 

1.11   The role of PTEN in the cytoplasm and nucleus.................................................. 29 

1.12   Clonogenic survival assay of HCT116 cells deficient in PTEN ............................ 31 

1.13   Enhanced permeability and retention (EPR) effect .............................................. 33 

1.14   Different shapes and designs of nanoparticles currently used in cancer therapy.35 

1.15  Micellization and drug loading by self-assembly of block-copolymers in aqueous 

solution .......................................................................................................................... 36 

1.16   EGFR biology ...................................................................................................... 40 

1.17   The chemical structure of GE11 peptide ............................................................. 42 

1.18   Multiple major mutations occur in CRC that lead to disease progression ............ 44 

2.1   (A)  The structure of the hairpin probes used for the screening assay (B) The     

structure of 2-Amino-9-( β-D-2-deoxyribufuranosyl purine) (2-Ap) ................................ 57 

2.2   Schematic diagram of the function of the novel fluorescence assay for the 3′-   

phosphatase activity of PNKP ....................................................................................... 64 

2.3 The hydrolysis of hairpin probes treated with DNA polymerases                                        

and PNKP ..................................................................................................................... 66 

2.4     The effect of A12B4C3 and A70B4C3 on PNKP activity ..................................... 68 

2.5     The effect of A12B4C50 and A83B4C63 on PNKP activity ................................. 69 



 

  

 

xvii 

 

2.6      The effect of different small molecules from library of 200 natural product derivatives 

on PNKP activity ........................................................................................................... 71 

2.7     The effect of N12 and O7 on PNKP activity ........................................................ 72 

2.8     Dose dependent inhibition of PNKP by inhibitors ................................................ 73 

2.9     A plot of fluorescence intensities of titration of PNKP .......................................... 75 

2.10  Lineweaver-Burk analysis of the inhibition of PNKP phosphatase activity using 

varying concentrations of A83B4C63, N12 and 20-mer 3′-phosphorylated substrate ... 76 

2.11   A ctivity of PNKP inhibitors against three protein phosphatases, PP-1c, aspartate-

based ubiquitous Mg2+-dependent phosphatase (AUM) and calcineurin (CAN) ............ 78 

2.12   DNA kinase assay ............................................................................................... 79 

3.1     TEM of loaded polymeric micelles ..................................................................... 100 

3.2     In vitro release from dialysis tubing (MWCO 3.5 kDa) for free versus encapsulated 

(A) A12B4C50 and (B) A83B4C63 in aqueous solution at 37°C ................................. 102 

3.3     In vitro cytotoxicity of (A) A12B4C50 and (B) A83B4C63 measured by MTS assay 

after 72 h of drug incubation at 37°C  .......................................................................... 103 

3.4   Radio/chemosensitization by free and encapsulated A12B4C50 or A83B4C63  . 105 

3.5   In vitro release from dialysis tubing (MWCO 3.5 kDa) of (A) A12B4C50, (B) 

A83B4C63 and (C) Dil ................................................................................................. 106 

3.6    Cellular uptake of Dil-encapsulated polymeric micelles ...................................... 109 

3.7     Radio/chemosensitization of HCT116 wild-type cells by A12B4C50 and A83B4C63 

encapsulated in GE11-PEO-b-PCCL and GE11-PEO-b-PBCL, respectively .............. 110 

3.8     Clonogenic survival assays of PTEN-deficient cells treated with encapsulated PNKP 

inhibitors ...................................................................................................................... 111 

4.1   A plot of fluorescence intensities of titration of PNKP with (A) A95B4C50, (B) 

A95B4C3 and (C) A12B4C67 ...................................................................................... 136 

4.2    The effect of A95B4C50 on PNKP activity.  (A) Hairpin HPP was incubated with 

both PNKP (25 nM) and T4 pol ................................................................................... 137 

4.3     The effect of A95B4C3 on PNKP activity.  (A) hairpin HPP was incubated with both 

PNKP & T4 pol ............................................................................................................ 138 

4.4     The effect of A12B4C67 on PNKP activity.  (A) hairpin HPP was incubated with 

both PNKP & T4 pol .................................................................................................... 139 



 

  

 

xviii 

 

4.5      Sequence coverage of PNKP in the presence or absence of A95B4C50 determined 

by ProteinScape software ........................................................................................... 141 

4.6     Mass spectra of digested-PNKP peptide PANWAPGR ..................................... 144 

4.7     Sequence coverage of PNKP in the presence or absence of A95B4C3 determined 

by ProteinScape software ........................................................................................... 146 

4.8    Mass spectrum of digested-PNKP peptide LLVFTAAGVK modified by A95B4C3  

 .................................................................................................................................... 148 

4.9     Sequence coverage of PNKP in the presence or absence of A12B4C67 determined 

by ProteinScape software ........................................................................................... 150 

4.10   Mass spectra of digested-PNKP peptide STFLK ............................................... 152 

4.11   The structure of PNKP catalytic domains and the location of the target-binding sites 

of A95B4C50 (294-301), A95B4C3 (153-162) and A12B4C67 (379-383) ................... 156 

5.1      PTEN is a predictive biomarker for the outcome of monoclonal antibodies targeting 

EGFR therapy in mCRC patients ................................................................................ 165 

5.2     Schematic diagram of approaches suggested to monitor PNKP-inhibitor interactions 

inside living cells ......................................................................................................... 169 

5.3     Tumor volume curve .......................................................................................... 175 

5.4     Mean body weight–time profile of NIH-III nude mice ......................................... 176 

A1    Time course for monitoring the activity of T4 polymerase by varying the concentration 

of enzyme from 0.005 to 0.2 µM .................................................................................. 242 

A2    Time course for monitoring the activity of PNKP by varying the concentration of 

enzyme from 0.005 to 0.2 µM   .................................................................................... 243 

A3     Fluorescence Intensities of 200 nM 2-Ap (open circles) and 200 nM HPOH (filled 

circles) ......................................................................................................................... 244 

A4      Dose dependent inhibition of PNKP by inhibitor A12B4C3   ............................. 245 

A5    Chromatogram of N12 dissolved in DMSO under storage of room temperature  

 .................................................................................................................................... 246 

A6       NMR Spectra of A12B4C50 ............................................................................. 247 

A7       NMR Spectra of A83B4C63 ............................................................................. 249 

A8       1H NMR spectrum of PEO-b-PCL block copolymer in CDCl3 and peak assignments  

 .................................................................................................................................... 251 



 

  

 

xix 

 

A9    1H NMR spectrum of PEO-b-PBCL block copolymer in CDCl3 and peak assignments

 .................................................................................................................................... 252 

A10  1H NMR spectrum of PEO-b-PCCL block copolymer in CDCl3 and peak 

assignments ................................................................................................................ 253 

A11   1H NMR spectrum of act-PEO-b-PCCL block copolymer in CDCl3 and peak 

assignments ................................................................................................................ 254 

A12   1H NMR spectrum of act-PEO-b-PBCL block copolymer in CDCl3 and peak 

assignments ................................................................................................................ 255 

A13       Life cell fluorescence microscopy images of A12B4C50 accumulation in HCT116 

after 4 h incubation ...................................................................................................... 256 

 

 

  

 

 

 

  



 

  

 

xx 

 

List of Abbreviations 

AML                       Acute myeloid leukemia  

AOA4                    Ataxia-ocular motor apraxia 4 

AP                         Abasic (apurinic/apyrimidinic) 

2-Ap                      2-Amino-9-(β-D-2-deoxyribufuranosyl) purine 

APC                       Adenomatous polyposis coli 

APE-1                    AP endonuclease-1 

APTX Aprataxin 

ATM                       Ataxia telangiectasia mutated 

ATXN3                   Ataxin-3 

AUM Aspartate-based ubiquitous Mg2+-dependent phosphatase  

BER                       Base excision repair 

Bp Benzophenone 

CAN Calcineurin 

CIMP CpG island methylator phenotype  

CIN                        Chromosomal instability   

CK2                       Casein kinase 2 

CMC                      Critical micelle concentration 

CML                       Chronic myeloid leukemia 

CRC                       Colorectal cancer  

CsA                        Cyclosporine A 

DDR                       DNA damage response 

Dil                          1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate 

DLS                        Dynamic light scattering 

DNA PKcs              DNA-dependent protein kinase catalytic subunit 

DSBs                      Double-strand breaks 

DSBR                     Double-strand break repair 

DTT                        Dithiothreitol 

EGFR                     Epidermal growth factor receptor 

EPR                        Enhanced permeability and retention 



 

  

 

xxi 

 

EtOAc Ethyl acetate 

FHA                        Forkhead associated domain  

FRET-FLIM             Fluorescence resonance energy transfer - fluorescence lifetime 

imaging microscopy 

HAD                        Haloacid dehalogenase superfamily 

HPLC                      High-performance liquid chromatography 

HR                          Homologous recombination 

IC50 the concentration of an inhibitor which causes 50% reduction of 

enzyme activity 

IR Ionizing radiation or infrared spectroscopy 

iRGD Tumor-internalizing RGD peptide 

Kd The measurement of the affinity constant  

LC/MS Liquid chromatography-mass spectrometry 

LET Linear energy transfer 

Lig3/4                     DNA ligase 3/4 

MCSZ                     Microcephaly, seizures and developmental delay 

mCRC Metastatic colorectal cancer 

MDR                       Multiple drug resistance 

MGMT                       O6-methylguanine-DNA methyltransferase 

MH                             Microhomology 

MMR                       Mismatch repair 

MSI                         Microsatellite instability 

MWCO Molecular weight cut-off 

NEIL                         Endonuclease VIII-like 

NHEJ                      Nonhomologous end-joining 

NIS Sodium iodide symporter  

NMR Nuclear magnetic resonance 

PARP-1/2               Poly(ADP-ribose) polymerase-1/2 

PDI                         Polydispersity index 

PEG                        Polyethylene glycol 



 

  

 

xxii 

 

PEG-b-PBCL            Poly(ethylene glycol)-block-poly(α-benzyl carboxylate-ɛ-caprolactone) 

PEG-b-PCL             Poly(ethylene glycol)-block-poly(ɛ-caprolactone) 

PEG-b-PCCL          Poly(ethylene glycol)-block-poly(α-carboxyl-ɛ-caprolactone) 

PEI-PEG                 Polyethyleneimine-polyethyleneglycol 

PIP2 Phosphatidylinositol 4,5-bisphosphate 

PIP3 Phosphatidylinositol (3,4,5)-trisphosphate 

PLGA                      Polylactide-co-glycolide 

PNKP                      Polynucleotide kinase/phosphatase 

PP-1c  Protein phosphatase 1 catalytic subunit 

Pol                      Polymerase  

PTEN                      Phosphatase and tensin homolog 

PUA                        Phosphor-α,β-unsaturated aldehyde 

RES                        Reticuloendothelial system 

ROS                        Reactive oxygen species 

SCA3                      Spinocerebellar ataxia type 3 SCA3 

SHP-1  Protein tyrosine phosphatase 

SSBs                      Single-strand breaks 

SSBR                     Single-strand break repair 

Tdp1                       Tyrosyl-DNA phosphodiesterase 

TEM                        Transmission electron microscopy 

Top I                       Topoisomerase I 

UV                           Ultraviolet 

XLF                         XRCC4-like factor 

XRCC1/4                X-ray repair cross-complementing group 
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Chapter 1: Introduction
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Overview: 

In this chapter we provide a summary of PNKP structural analysis, mechanisms and 

characteristics, DNA double and single strand break repair pathways, the benefits of 

using small molecule inhibitors for cancer therapy, synthetic lethality and targeted 

drug delivery using polymeric micelles. 
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1.1. DNA damage and repair 

Daily exposure to environmental stressors, radiation, chemotherapeutic drugs, 

inflammation, and DNA metabolism all lead to the production of cytotoxic and mutagenic 

DNA lesions 1-3. Fortunately, efficient DNA repair mechanisms protect the DNA by either 

removing or tolerating the damage to ensure overall survival (Fig. 1.1). Deficiency in the 

repair of DNA damage is known to lead to elevated cancer risk, neurological disorders 

and aging 4-6. The DNA damage response (DDR) is a complex of protein networks 

responsible for the identification and repair of disruptions in DNA structure 7. This 

organized complex network senses and responds to these DNA lesions by inducing cell-

cycle arrest, DNA repair or apoptosis 8. In this thesis, single-strand break repair (SSBR) 

via base excision repair (BER), and topoisomerase I (Top I) inhibitor single-strand break 

repair and double-strand break repair (DSBR) via the nonhomologous end-joining (NHEJ) 

pathway will be discussed with an emphasis on the enzyme, human polynucleotide 

kinase/phosphatase (PNKP). This protein plays an important role in restoring the 

chemical structure at DNA ends, so that they can serve as substrates for DNA 

polymerases and ligases to allow the extension and ligation of the broken strand(s). 
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Figure 1. 1. DNA damage and repair mechanisms. Upper panel, different endogenous 

and exogenous agents that generate different types of DNA damage. Lower panel, DNA 

repair mechanisms needed to repair the different types of DNA lesions. Vaz et al. Trends 

Biochem Sci. 2017 Jun;42(6):483-495. Reused with permission from Trends in 

Biochemical Sciences 
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1.1.1. Single-strand break repair (SSBR) 

Single-strand breaks (SSBs) often encompass the disintegration of a single nucleotide, 

and damaged 5′- and/or 3′-termini 9. Typical sources of SSBs include spontaneous 

hydrolysis, leading to the formation of abasic (or apurinic/apyrimidinic, AP) sites and 

further hydrolysis, and oxidative damage by endogenous reactive oxygen species (ROS) 

and ionizing radiation 10. SSBs can also be generated as intermediates of Endonuclease 

VIII-like (NEIL) - mediated BER and they can also arise as a result of chemical inhibition 

of cellular enzymes such as Top I 2, 10-14. IR and free radicals generate two primary end 

groups at the 3′-termini, phosphate, which is processed by PNKP 15, and 

phosphoglycolate, which is usually handled by AP endonuclease (APE1) 2, 15. The primary 

end group at the 5′-termini is phosphate, but up to 15% is 5′-hydroxyl groups, which are 

handled by PNKP 15. On the other hand, damage by Top I inhibitors generates 3′-

phosphate and 5′-OH termini. The removal of damaged bases by DNA glycosylases, 

which possess an AP lyase activity, can also generate 3′-phosphate and 5′-phosphate 

termini 15.   

SSBs are considered a serious threat to genetic stability and cell survival If not repaired 

rapidly. Moreover, SSBs occur at a substantially higher frequency than double-strand 

breaks (DSBs) 16. Most SSBs are repaired by a global SSBR process that can be divided 

into four basic steps; SSB detection, DNA end processing, DNA gap filling, and DNA 

ligation: (i) SSB detection is primarily mediated by poly(ADP-ribose) polymerase-1 

(PARP-1) and (PARP-2), which are critical for recruitment of X-ray repair cross-

complementing group 1 protein, XRCC1 and PNKP 16-19. XRCC1 is a scaffold protein 

required for the assembly of the other proteins at the site of DNA damage within the cell 
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such as PNKP, DNA polymerase β (Pol β), and DNA ligase III (Lig3). It has been shown 

previously that XRCC1 can stimulate both the 3′-phosphatase and 5′-kinase activities of 

PNKP and this stimulation is triggered by phosphorylation of a cluster of three CK2 

phosphorylation sites at Ser518, Thr519, Thr523 in XRCC1 and high-affinity binding to 

the forkhead associated (FHA) domain of PNKP 20-23.  Non-phosphorylated XRCC1 can 

also stimulate PNKP activity through a lower-affinity interaction with the catalytic domain 

of PNKP, and recent data have led to speculation that in cells XRCC1 is initially tethered 

to PNKP through the phosphorylation-dependent interaction followed by a shift to the low-

affinity interaction to stimulate activity 24, 25. (ii) DNA end processing of the 3′- and/or 5′-

termini, which are often modified, must be carried out to restore the correct 3′-OH and 5′-

phosphate required for gap filling and DNA ligation to occur. As mentioned earlier, PNKP 

plays critical roles in processing the damaged ends. (iii) The DNA gap is filled once 

damaged termini have been restored to their suitable configuration. Gap filling can occur 

by two different mechanisms. The insertion of the single nucleotide that is missing at most 

SSBs (short-patch repair) can be catalyzed by Pol β. But at some SSBs, gap filling may 

continue for multiple nucleotides and this is done by Pol δ/Ɛ (long-patch repair) 26. (iv) 

DNA ligation is the final step of SSBR. Lig1 and Lig3α appear to be the enzymes of choice 

during nuclear long patch repair and short patch SSBR, respectively 27-29, but there is 

some controversy regarding the role of Lig3 in the repair of nuclear DNA. Lig3 is present 

in both nuclei and mitochondria. A study has shown that mitochondrial Lig3 is required 

for cellular viability independent of the XRCC1 repair pathway 30. Figure 1.2 shows a 

model depicting the steps involved in the BER pathways. 
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Figure 1.2. The mechanism of BER/SSBR. BER/SSBR model describing the steps 

involved in both short patch and long patch repair as described in section 1.1.1. The 

yellow circles indicate the damage on each terminus, AP indicates an abasic 

(apurinic/apyrimidinic) site, FEN-1 is Flap endonuclease 1 and PCNA is proliferating cell 

nuclear antigen. Caldecott. DNA Repair (Amst) 6, 443-453 (2007). Re-used with 

permission from Elsevier 
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1.1.1.1. Base excision repair pathway (BER)  

BER is responsible for the removal of oxidative and alkylation base damage 31, 32. The 

first step in this pathway is catalyzed by one of several DNA glycosylases such as the 

Neil glycosylases 33, 34. Mono-functional DNA glycosylases, which lack lyase activity, 

excise the damaged base and must rely on APE1 to hydrolyze the phosphate backbone 

15, 26. On the other hand, bi-functional DNA glycosylases cleave the N-glycosyl bond, 

releasing the base and leaving an abasic site in the DNA, and can also cleave the DNA 

backbone on the 3′ side of the abasic site via a lyase reaction 26, 35. There are two 

processes by which the cleavage of the phosphodiester backbone of DNA can occur, β-

elimination or by two consecutive elimination steps (β,δ-elimination). Either of these 

processes create a DNA nick with “unclean” 3′-termini, a phospho-α,β-unsaturated 

aldehyde (PUA) or phosphate, respectively, which requires further processing by a 

specific enzyme to provide a suitable substrate for a DNA polymerase 26, 35, 36. Endo-

glycosylases (NEIL1, NEIL2, and NEIL3) carry out a β,δ-elimination to generate 3′-

phosphate and 5′-phosphate termini 37, 38. The removal of the 3′-phosphate is dependent 

on PNKP and not APE1 36, 39-41.  

1.1.1.2. Topoisomerase I poison induces SSBs 

Top I relieves torsional strain in DNA by nicking and then resealing a single strand of DNA 

during replication, transcription and other cellular processes 11, 42. The cleavage occurs 

via a transesterification reaction in which a Tyr molecule located in the active site acts as 

a nucleophile causing a SSB (a nick), which results in linking the enzyme covalently via 

a 3′-phosphotyrosyl DNA bond 43, 44. The complex retains the enzyme at the nick while 

the strain on the DNA is relieved prior to rejoining of the DNA. However, several factors 
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can stall the enzyme at the cleavage site, including DNA lesions in close proximity to the 

site of Top I cleavage 45-47, and the use of Top I inhibitors, such as camptothecin or one 

of its derivatives irinotecan 48. The inhibitor prevents re-ligation and release of Top I from 

DNA 49-52. The inhibition of TOP I is particularly deleterious at replication forks as this can 

lead to DSB. The inhibitor binds to Top I, creating a bulky adduct that is recognized as a 

DNA lesion. First, Spartan, a protease that resolves DNA-protein crosslinks, digests the 

TOP I leaving a small peptide fragment covalently attached to the DNA 53, 54. Then this 

fragment is acted upon by tyrosyl-DNA phosphodiesterase (Tdp1), which releases the 

fragment from DNA by hydrolyzing the 3′-phosphotyrosyl DNA bond creating a single-

strand break with a nick flanked by a 3′-phosphate and a 5′-hydroxyl, which are resolved 

by PNKP 55-57. 

1.1.2. Double-strand break repair (DSBR) 

DNA damaging agents such as ionizing radiation, topoisomerase II inhibitors, antitumor 

antibiotics, such as bleomycin, and cellular recombination processes can induce DSBs 

directly 58, while other agents, such as ultraviolet (UV) light, and oxidative free radicals 

can cause DSBs when the replication fork encounters unrepaired SSB 59. DSBs pose a 

major threat to cell survival and, unless repaired, lead to chromosomal rearrangements 

(translocations or deletions) or cell death. These detrimental effects help accelerate aging 

and promote carcinogenesis 60. There are three main DSBR pathways: homologous 

recombination (HR), NHEJ and alternative NHEJ (alt-NHEJ) pathway. HR, an error free 

repair pathway, requires the homologous strand at the time of repair to use as a template 

and is active during DNA replication (S phase) and G2 phase 61-63. On the other hand, 

NHEJ functions in all phases of the cell cycle and does not require homology between 
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DNA strands, and is considered an error prone repair pathway 61-63. For the purpose of 

this thesis, we will only focus on NHEJ and alt-NHEJ because PNKP participates in DNA 

end processing in these pathways 64.  

1.1.2.1. Nonhomologous end-joining (NHEJ): classic and alternative pathways 

NHEJ is a major mechanism of DSBR 65. The Ku complex, a heterodimer of two protein 

subunits Ku70 and Ku80, acts as a sensor for DSBs. The presence of Ku complex at the 

DNA ends of DSB is essential for subsequent DNA end processing and ligation 66, 67. 

DNA-dependent protein kinase catalytic subunit (DNA-PKcs) is recruited to Ku at DNA 

ends of DSB, becomes activated and catalyzes synapsis of the DNA ends by dimerization 

66, 67.  Another core complex, XRCC4-lig4-XRCC4 like factor (XLF), is also recruited to 

sites of damage. XRCC4-lig4-XLF induces DNA-PKcs autophosphorylation, dissociation, 

translocation of the Ku heterodimer along the DNA away from the ends, and recruitment 

of end processing factors 67. A number of end processing enzymes and polymerases are 

recruited to the site of damage by interacting with the core complex 59, 67, 68. PNKP is one 

of the key enzymes required for the processing of radiation-induced DSBs.  PNKP is 

recruited to the site of damage by interacting with phosphorylated XRCC4 via the PNKP 

FHA domain 69.  Ligation of DNA ends is catalyzed by lig4. Finally, the Ku complex is 

removed from DNA ends by proteasomal degradation mediated by ubiquitination by Cullin 

and RNF8 67. Figure 1.3 shows a model delineating the steps involved in the conventional 

NHEJ pathway. 

A substitute of classical NHEJ, alt-NHEJ, is available when the cell is deficient in NHEJ 

components and relies on microhomology (MH), the tendency of the two DNA ends to 

align themselves at short regions of homology within the two ends 70-72. The main  
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Figure 1.3. Classical NHEJ pathway. The DSB is first detected by the Ku70/Ku80 

heterodimer, the complex binds and encircles DNA ends. The DNA-PKcs is then recruited 

to the site of damage. Activation of DNA-PKcs occurs and the recruitment of subsequent 

end-processing enzymes is required to produce ligatable ends. PNKP is one of the key 

enzymes for the processing of DSBs. The final stage of NHEJ repair process is the 

removal of Ku complex by proteasomal degradation. Rulten and Grundy. BioEssays. 

2017;39(3). doi: 10.1002. Re-used with permission from BioEssays 
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attributes of alt-NHEJ are large deletions, insertions and a high frequency of 

chromosomal translocations 73. The damage is detected in this situation by PARP-1, 

which facilitates the recruitment of the MRN complex to bridge the DNA ends, following 

the loading of CtlP to facilitate MH searches 74-76. The ligation process is mainly driven by 

the activity of the XRCC1/lig3 complex and on some occasions lig1, where MH is not 

required 77. In recent studies, it was shown that polymerase ɵ (Pol ɵ) performs terminal 

transferase activity at the 3′-termini of resected DSBs to mediate MH 78, 79. PNKP is also 

involved in this process and is likely partially regulated by IR-induced phosphorylation of 

PNKP by Ataxia telangiectasia mutated (ATM) and DNA-PKcs 80, 81. An in vivo study 

showed that the inactivation of DNA-PKcs and/or ATM led to reduced PNKP levels at 

DNA damage sites 81. Based on the observation that depletion of PNKP does not alter 

the level of sister chromatid exchanges, it was surmised that PNKP does not participate 

in HR, the other major DSB repair pathway 82. 

1.2. Polynucleotide kinase/ phosphatase (PNKP): structure and key interactions 

PNKP, a 57-kDa protein, is a dual function enzyme that possesses DNA 3′-phosphatase 

and DNA 5′-kinase activities 83, 84. The location of the gene for PNKP was found to be at 

chromosome 19q13.4 85. PNKP is found in both the nucleus and mitochondria. PNKP 

participates in the BER/SSBR pathway to process the damaged ends of nuclear and 

mitochondrial DNA caused by oxidative damage 86. Under normal conditions, PNKP is 

regulated by a balance between PNKP transcription and CUL4A-DDB1-STRAP-

dependent protein degradation 87. However, the activation of ATM upon cellular exposure 

to radiation and oxidative stress prevents PNKP ubiquitylation and degradation by  
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phosphorylation at serines 114 and 126 in the linker region between the FHA and catalytic 

domains of PNKP 88. 

The phosphatase activity of PNKP supersedes the kinase activity 89. Phage T4 PNK, 

another bifunctional enzyme, shares similar catalytic activity to PNKP but lacks an FHA 

domain 90. T4 PNK does not repair DNA, but instead acts on RNA 90, 91. Identified proteins 

of Caenorhabditis elegans and Schizosaccharomyces pombe have ~ 30% similarity to 

human PNKP 85, 92-94. The murine PKNP is ~80% identical to human PNKP 90. 

A crystal structural of murine PNKP (Figure 1.4A) revealed that the enzyme consists of 

three domains, the kinase domain at the C-terminus, the phosphatase domain in the 

centre and an FHA domain at the N-terminus 95, 96. The kinase and phosphatase domains 

together make up the catalytic segment of PNKP, once separated they lose activity 97.  

The flexibility of the kinase and phosphatase domains of PNKP may allow this enzyme to 

work on either the 5′-OH or 3′-phosphate termini, or both if present at the same DNA 

strand break 96. The FHA domain, a phosphothreonine-binding signaling module, is 

attached to the catalytic fragment by a flexible linker. The FHA domain recognizes the 

phosphorylated forms of XRCC1/4, key components of BER and NHEJ pathways, 

respectively, to direct PNKP to the site of DNA damage. This recognition occurs via FHA-

dependent interaction with CK2-phosphorylated regions of XRCC 1/4 98, 99. 

1.2.1. Catalytic activities of PNKP 

PNKP is essential for maintaining genomic stability. To date, PNKP is the only DNA repair 

enzyme that has been identified as possessing 5′-kinase activity 56. In addition, the 3′-

phosphatase activity of PNKP supersedes that of APE1 and aprataxin (APTX), which 
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Figure 1.4A. Crystallographic structure of murine PNKP. The model shows the three 

major subdomains: kinase in yellow, phosphatase in blue and FHA domain in green. The 

catalytic active sites (Asp 396 in the kinase and Asp 170 in the phosphatase) are 

represented in pink. The navy blue in the kinase domain shows the ATP binding site, the 

orange and red spheres represent the sulfate bound at the P loop. Bernstein et al. Mol. 

Cell 17, 657-670 (2005). Re-used with permission from Elsevier 
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have been identified as being able to dephosphorylate 3′-phosphate 56.  Previous studies 

revealed major differences in substrate type between the kinase and phosphatase 

domains, and it also showed that both act independently of one another, with the 

phosphatase being more active than the kinase 100. The kinase domain, which is selective 

for DNA, preferentially phosphorylates nicks, small gaps and recessed 5′-hydroxyl ends 

with a 3′-overhang 3, 95, 101. Furthermore, the kinase domain can bind to double-stranded 

5′-termini without base pair disruption (Figure 1.4B) 102. This domain belongs to the 

adenylate kinase family and includes both DNA and ATP binding sites. The ATP binding 

site consists of Walker A (P-loop) and B motifs 95, 103, 104. The Walker A motif binds the β- 

and γ-phosphates of ATP, while the Walker B motif coordinates Mg2+ ion. The DNA end 

is sequestered in a pocket of PNKP kinase domain with access to the 5′-OH terminus and 

the reaction is catalyzed by the Asp397 residue (Figure 1.5A) 105.  

The phosphatase domain is a member of the haloacid dehalogenase (HAD) superfamily 

and adopts the DxDGT motif 90, 102, 106. This domain is dependent on Mg2+, which 

catalyzes the removal of 3′-phosphate of DNA and stabilizes the negative charge on the 

substrate phosphate during the process 107.  The phosphatase domain functions in a two-

step mechanism, the nucleophilic attack is first carried out on the substrate phosphate by 

the Asp171 carboxylate to produce the covalent phospho-aspartate intermediate. In the 

following step, the intermediate is hydrolyzed by Asp172 which deprotonates the 

attacking water molecule (Figure 1.5B)  90, 107. The dephosphorylation process acts in the 

same manner on nicked and gapped double-stranded substrates and single-stranded 

substrates as small as 3 nucleotides (Figure 1.4B) 83, 90, 102, 105, 107. However, the binding 

of double-stranded DNA to the PNKP phosphatase domain destabilizes base pairing in  
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Figure 1.4B. DNA binding modes to murine PNKP. (A) The kinase domain acts 

preferentially on a double-stranded DNA substrate with 8 base pairs, which contains a 5′-

hydroxyl recessed by 4-5 nucleotides to catalyze the phosphorylation process. (B) The 

phosphatase domain requires a minimum of trinucleotide single-stranded DNA to catalyze 

the dephosphorylation process. Bernstein et al. Mol. Cell 17, 657-670 (2005). Re-used 

with permission from Elsevier 
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Figure 1.5. Catalytic reactions of PNKP. (A) The mechanism of action of PNKP kinase 

activity is catalyzed by Asp397, which is believed to provide base assistance by activating 

the 5′-OH for nucleophilic attack on the ATP γ-phosphate and is dependent on Mg2+ ion. 

(B) The 3′-DNA dephosphorylation mechanism of PNKP phosphatase subdomain 

involving nucleophilic attack by Asp171 carboxylate dependent on Mg2+ ion, followed by 

activating a water molecule to serve as a nucleophile in an SN2 attack on the phosphorus 

atom to release the cleaved phosphate from the aspartate residue. Shire et al. 

Processing strand break termini in the DNA single-strand break repair pathway. In: 

Wilson III DM, editor. The Base Excision Repair Pathway: Molecular Mechanisms 

and Role in Disease Development and Therapeutic Design. London: World 

Scientific; 2017. p. 281-321 
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the two or three terminal base pairs of double-stranded substrates closest to the 3′-

phosphate by electrostatic interactions between a positively charged surface of PNKP 

and the DNA strand 102. 

PNKP kinase and phosphatase activities are active on DNA and inactive on RNA.  

Mammalian cells have distinct DNA-specific and RNA-specific polynucleotide kinase 

functions. The mammalian DNA kinase has a pH optimum of 5.5, while the RNA kinase 

has an alkaline pH optimum 108-111. Moreover, the human RNA kinase does not have an 

associated 3′-phosphatase, whereas DNA kinases do have an inherent DNA-specific 3′-

phosphatase function 112, 113. 

1.2.2. Physiological importance of PNKP increased its clinical interest 

Although there has not been any study confirming that PNKP is mutated in cancer cells, 

shRNA mediated knock down of PNKP increases the spontaneous mutation frequency 

114. The following examples highlight the risks resulting from PNKP mutations in neuronal 

cells. Several studies have linked defects in BER/SSBR proteins to hereditary 

neurodegenerative diseases 115. Moreover, recent studies have highlighted that 

mutations in the gene coding for PNKP can cause neurological disorders 116-120. Neuronal 

cells live longer, which makes them more prone to endogenous DNA damage. PNKP is 

a DNA end processing enzyme that can process endogenous DNA damage. Therefore, 

it is not surprising that PNKP mutations are associated with the severe 

neurodevelopmental disorder, microcephaly, seizures and developmental delay (MCSZ) 

116, 121-123. Most of the PNKP mutations identified in the MSCZ patients are in the 

phosphatase and kinase domains 124. To date, there is no indication of ataxia, 

immunodeficiency or cancer in individuals affected with MCSZ 116. On the other hand, the 

http://www.sciencedirect.com/topics/page/Endogeny
http://www.sciencedirect.com/topics/page/DNA_repair
http://www.sciencedirect.com/topics/page/Endogeny
http://www.sciencedirect.com/topics/page/DNA_repair
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neurodegenerative disorder ataxia-ocular motor apraxia 4 (AOA4), a complex movement 

disorder that causes eye movement abnormalities, polyneuropathy and obesity 125, is also 

caused by mutations of PNKP, which to date appear to be located only in the kinase 

domain 124. Spinocerebellar ataxia type 3 (SCA3), is a disease characterized by CAG 

repeat expansion of the polyglutamine protein, ataxin-3 (ATXN3). In recent studies, it has 

been shown that there is an association of ATXN3 with PNKP. The purified wild-type 

ATXN3 stimulates the 3′-phosphatase activity of PNKP, and ATXN3-deficient cells show 

decreased 3′-phosphatase activity of PNKP 123, 126-129. 

1.3. Small molecule inhibitors, novel drugs to overcome resistance of conventional 

cancer treatment  

The conventional therapeutic approaches to cancer treatment include surgery, 

radiotherapy and chemotherapy 130-132. Chemotherapy can be delivered as a single drug 

or a combination of drugs that mainly target rapidly dividing cancer cells 133. Unfortunately, 

chemotherapy also harms normal cells that proliferate rapidly such as cells in the gut, 

bone marrow and hair follicles, thus resulting in side effects such as fatigue, nausea, 

vomiting, immune suppression and hair loss 134-136. Surgery, a primary treatment to 

prevent cancer spread, is very efficient in dealing with early localized stages of disease 

and less advanced tumors but is rarely curative for metastasized cancers. Despite the 

introduction of techniques such as image-guided adaptive radiotherapy, there is still the 

potential for radiation-induced normal tissue damage to surrounding healthy tissue. 

Moreover, although tumors often respond to a range of conventional and advanced 

treatments, tumor resistance frequently develops through several mechanisms such as 
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multidrug resistance, defects in cell death pathways, incomplete drug activation and 

enhanced DNA repair (Figure 1.6) 137.  

Thus, the development of new targeted small molecule inhibitors is needed to overcome 

the drawbacks of traditional cancer therapies. These molecules should conceptually be 

more specific to cancer than the traditional non-targeted therapy. Small molecule 

inhibitors can penetrate tissues and tumors easily and interact with targets on the cell 

surface and/or within the cells 138, 139. Examples of successful small molecule inhibitors in 

clinical use are Glivec, a kinase inhibitor of the BCR-ABL fusion protein in chronic myeloid 

leukemia (CML), and Gefitinib, an epidermal growth factor receptor (EGFR) inhibitor 140-

142. DNA repair pathways enable tumors to survive DNA damage that is induced by 

radiation or chemotherapeutic agents; therefore, inhibitors of specific DNA 

repair enzymes, such as PARP-1, O6-methylguanine-DNA methyltransferase (MGMT) and 

ATM, have been generated and have undergone, or are currently undergoing, clinical 

trials 143-147. Olaparib (Trade name - Lynparza), a PARP-1 inhibitor has been approved by 

the FDA for treatment of ovarian cancer patients carrying germline mutations in BRCA1 

or BRCA2 148.  

The discovery of new small molecule cancer drugs remains challenging and may take 

several years to gain success clinically. The major steps for small molecule inhibitor 

discovery are target validation, the discovery of chemical hits and lead compounds, 

optimizing lead drug candidates for preclinical tests to predict how potent and selective 

targeted drugs will function in future clinical applications (Figure 1.7) 149, 150. To continue 

the discovery of potential future targets and identify successful novel treatments of  

http://www-ncbi-nlm-nih-gov.login.ezproxy.library.ualberta.ca/entrez/query.fcgi?db=gene&amp;cmd=Retrieve&amp;dopt=full_report&amp;list_uids=613
http://www-ncbi-nlm-nih-gov.login.ezproxy.library.ualberta.ca/entrez/query.fcgi?db=gene&amp;cmd=Retrieve&amp;dopt=full_report&amp;list_uids=25
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Figure 1.6.  The causes of resistance to anti-cancer drugs. Cellular mechanisms 

responsible for cancer cells resistance to chemotherapy. Lage. Cell. Mol. Life Sci. 65 

(2008) 3145 - 3167. Re-used with permission from Springer 
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cancer, my focus in this thesis is the development of new small molecule inhibitors of the 

DNA repair enzyme PNKP. 

1.4. A12B4C3: a first-generation inhibitor of the DNA repair enzyme PNKP 

PNKP plays important roles in both SSBR and DSBR repair, and cancer cells depleted of 

PNKP are more sensitive to ionizing radiation and the Top I inhibitor camptothecin 82, 151-

154, making PNKP a suitable target for inhibition 56, 97. Several reasons led to the choice 

of targeting the PNKP phosphatase activity rather than the kinase. First, studies have 

indicated that the phosphatase activity of PNKP takes precedence over the kinase activity 

155, 156. Second, 3′-phosphate termini are produced more frequently than 5′-OH by IR and 

ROS. Third, targeting the PNKP phosphatase (especially by competitive inhibitors) is 

more specific than targeting the kinase activity. Although the phosphatase belongs to the 

HAD superfamily, there are very few enzymes with true similarity to mammalian PNKP 

(Dr. Mark Glover, personal communication, Department of Biochemistry, University of 

Alberta) 15, while the kinase domain belongs to a superfamily with many similar structures 

to the PNKP kinase 56, 97, 157.  

Several members of a small chemical library of imidopiperidine derivative compounds 

synthesized by Dr. Dennis Hall’s group (Dept. of Chemistry, University of Alberta) were 

shown to inhibit the phosphatase activity of PNKP 158, 159.  A12B4C3, Figure 1.8, was the 

first PNKP phosphatase inhibitor discovered in our lab.  A12B4C3 is able to enhance the 

radio/chemosensitivity of human A549 lung adenocarcinoma, MDA-MB-231 breast 

carcinoma and acute myeloid leukemia cells (AML) 160-162.  In addition, a recent study 

showed that A12B4C3 can sensitize PC3 cells, which are radioresistant, to high linear 

 



 

  

 

23 
 

 

 

Figure 1.7. Drug design and development stages. The main steps of cancer drug 

discovery that are featured in this scheme are: target identification, discovery of lead 

compound, performance of preclinical studies to determine efficacy and finally 

performance of clinical trials. Hoelder et al. Mol Oncol. 2012; (2): 155 - 176 
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energy transfer (LET) radiation 163. Further kinetic analysis of A12B4C3 showed it to be 

a non-competitive inhibitor 161.  

This thesis discusses attempts to optimize the lead compound A12B4C3 by identifying 

second generation compounds that are more potent, and to design novel nanocarriers for 

targeted delivery of the newly found inhibitors to cancer cells. 

1.5. Synthetic lethality: The application of PNKP inhibitors as a monotherapeutic in 

the context of cancer therapy 

Synthetic lethality delineates the phenomenon whereby a defect or loss of a non-essential 

gene or its coded protein allows for cell survival under normal circumstances but results 

in cell death when associated with mutation or loss of another non-essential gene or its 

coded protein (Figure 1.9) 164. Synthetic sickness, in contrast to synthetic lethality, is a 

situation where combinations of defective genes can engender non-lethal weakness and 

hence greater susceptibility to stressors 165, 166. The concept of synthetic lethality has 

been successfully employed to identify new drug targets for personalized therapies by 

exploiting weaknesses present in tumor cells 167. The selective targeting of cancer via 

synthetic lethality is a smart approach that can spare normal cells from the toxicity of anti- 

cancer therapy. Tumor suppressors are major targets for synthetic lethality 168. Through 

both chemical and genetic screens, it is possible to identify potential genes or proteins 

that are synthetic lethal partners with defective tumor suppressors 169. The tumor 

suppressor proteins BRCA1 and BRCA2 play key roles in the repair of DNA DSBs by HR 

170, 171. BRCA1 and BRCA2 have been found to be mutated in 5-10% of ovarian and breast 

cancer patients 172. While both alleles of BRCA1 or BRCA2 are defective in the tumor, the 
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Figure 1.8. The structure of the first generation PNKP inhibitor, A12B4C3. 
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Figure 1.9. The concept of synthetic lethality. Non-essential genes A and B are not 

lethal to cells if inactivated individually. However, cell death occurs when both genes or 

their coded proteins are inactivated. Adapted from Nijman. FEBS Lett. 2011 Jan 3; 

585(1): 1- 6 
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patients’ normal cells carry a wild-type allele and therefore retain BRCA1 or BRCA2 

activity. Inhibiting PARP-1 in cancer cells with defective BRCA1 or 2 genes was found to 

be lethal to these cells 173-175. The lethality in these situations is a result of the disruption 

of two main repair pathways. Figure 1.10 illustrates one proposed mechanism of synthetic 

lethality between PARP and BRCA. 

The tumor suppressor gene, phosphatase and tensin homolog (PTEN), which is located 

on human chromosome 10q23, is one of the most commonly mutated genes in several 

cancer types 176, 177. PTEN regulates many cellular processes via its lipid phosphatase 

activity such as cell survival, metabolism, microenvironment and proliferation (Figure 

1.11). Mechanisms controlling PTEN expression and its activity, including transcription 

factors and phosphorylation, are often poorly regulated in cancer 177-179. Recent evidence 

also indicates that PTEN is important for the maintenance of genome stability 180. Similar 

to BRCA, PTEN was found to be a synthetic lethal partner of PARP 181. A combination of 

the PARP inhibitor, Olaparib, and cisplatin showed a synergistic effect in PTEN-deficient 

lung cancer and endometrial adenocarcinoma 182, 183. In another study, it was suggested 

that PTEN deficiency causes an HR defect in tumor cells 184, 185. In PTEN-deficient cells, 

inhibition of ATM, a key player in DDR, by a small molecule exhibited synthetic lethality. 

It was concluded that the reason behind this lethality is that elevated levels of ROS due 

to absence of PTEN, increased endogenous DNA damage, and therefore ATM 

inactivation led to accumulation of drastic DNA damage186.  
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Figure 1.10. 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 inhibitors due to the 

inactivation of both SSBR and HR resulting in cell death. Sonnenblick et al. Nat Rev 

Clin Oncol. 2015;12(1):27-41. Re-used with permission from Nature Publishing 

Group 
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Figure 1.11. The role of PTEN in the cytoplasm and nucleus. (A) PTEN 

dephosphorylates phosphatidylinositol (3,4,5)-trisphosphate (PIP3) to the diphosphate 

phosphatidylinositol 4,5-bisphosphate (PIP2) in the cytoplasm obstructing downstream 

pathways regulated by PDK and AKT, such as cell-cycle progression, survival, 

proliferation and regulation of cell migration through controlling FAK and Shc pathways. 

(B) PTEN is also present and functional in the nucleus, it protects genomic integrity, 

maintains DNA double strand break repair and regulates cell-cycle progression. Milella 

et al. Front Oncol. 2015 Feb 16;5:24 
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In recent years, PNKP has emerged as a new synthetic lethal partner of PTEN. An siRNA-

based screen of the ~7000-gene “druggable genome” led to the identification of PTEN 

(and another tumor suppressor, protein tyrosine phosphatase SHP-1) as a synthetic lethal 

partner of PNKP in A549 lung cancer cells 187. Subsequent work showed that PTEN-

deficient HCT116 colon cancer cells were sensitive to A12B4C3 (Figure 1.12), and also 

dramatically sensitized PTEN-deficient cells to ionizing radiation 188. The mechanism 

responsible for the synthetic lethal partnership between PTEN and PNKP has not yet 

been fully elucidated. 

PTEN is of interest clinically for synthetic lethality in many cancers including colorectal 

cancer (CRC). Monoallelic mutations at position 10q23 are found in 50-80% of sporadic 

cancers such as glioblastoma and prostate cancer and 30-50% in colon and lung cancers 

176. One study demonstrated that PTEN alteration through genetic or epigenetic 

mechanisms, such as mutations and promoter hypermethylation, causes biallelic 

inactivation of PTEN in 20-30% of CRC patients 189.  Another group reported that PTEN 

is inactivated either by loss or reduction of expression in ~70% of CRCs, and this is 

frequently caused by microsatellite instability (MSI) 190. MSI in CRC contributes to loss, 

reduction or inactivation of PTEN protein levels, thus resulting in tumor progression 191-

193. In a recent study, it was found that microRNA-26b promotes CRC metastasis by 

down-regulating PTEN 194.  In addition, mutations or loss of PTEN leads to upregulation  

of the oncogenic PI3K/AKT pathways 195, 196, and knockdown of PTEN induces invasion 

and migration of HCT116 cells through epithelial mesenchymal transition (EMT) 197. 

Failure of anti-EGFR treatment, a prominent targeted therapy, in metastatic CRC (mCRC)  
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Figure 1.12. Clonogenic survival assay of HCT116 cells deficient in PTEN. Data 

represented here indicate that inhibition of PNKP 3′-phosphatase activity, chemically by 

addition of A12B4C3, is synthetically lethal to PTEN deficient cancer cells. Western blot 

indicates the expression of PTEN in HCT116- PTEN wildtype (wt), Neo124 vector only 

control cells and two PTEN−/− HCT116 strains, #22 and #35. Mereniuk et al. Mol Cancer 

Ther. 2013;12(10):2135-44. Re-used with permission from American Association for 

Cancer Research 
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has been attributed to the loss of PTEN 198-200. The studies mentioned above all highlight 

that irregular or absent functions of PTEN probably contribute significantly to CRC 

progression and metastasis, therefore we investigated if the newly identified PNKP 

inhibitors could elicit synthetic lethality in CRC cells lacking PTEN. 

1.6. The role of nanoparticles in drug delivery 

Disadvantages of traditional cancer chemotherapeutics include toxicity, poor solubility 

and bioavailability. Nanoparticles have been designed with optimal size and synthesized 

with multi-functionality surfaces to improve solubility and enhance biodistribution, escape 

the reticuloendothelial system (RES) and increase drug circulation time in the 

bloodstream 201-203. Nanoparticles have the capability to penetrate tumors passively 

because of the enhanced permeability and retention effect (EPR) and the tumor 

microenvironment 204, 205. Tumor blood vessel walls have big intercellular gaps between 

endothelial cells. In addition, the absence of lymphatic drainage will allow particles to 

accumulate in the tumor interstitial space 206. Figure 1.13 shows the differences between 

leaky and normal vasculature in the tumor microenvironment. Furthermore, nanoparticles 

can avoid recognition by P-glycoprotein, one of the main mechanisms of multiple drug 

resistance (MDR), and are frequently sheathed inside endosomes when entering cells, 

resulting in increased intracellular concentration of drugs. Active targeting approaches 

using ligands or antibodies specific for tumors also reduce toxicity and eliminate 

resistance to these therapeutic nanoparticles 207.  Receptor-targeting ligands facilitate the 

uptake of nanoparticles via receptor-mediated endocytosis to overcome drug 

resistance 208.   

 



 

  

 

33 
 

 

Figure 1.13. Enhanced Permeability and Retention (EPR) effect. Tumor tissues have 

destabilized vasculature and the effectiveness of lymphatic drainage is greatly reduced, 

which helps nanoparticles internalize in tumors by the EPR effect. Actively-targeted 

nanoparticles further enhance drug accumulation inside cells by receptor-mediated 

endocytosis. Pérez-Herrero and Fernández-Medarde. Eur J Pharm Biopharm. 2015; 

93:52-79. Re-used with permission from Elsevier 
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Forms of nanoparticles used for delivery of cancer therapeutics include polymeric 

micelles, dendrimers, liposomes, gold carriers, nanotubes and magnetic carriers 209, 210.  

Figure 1.14 summarizes the design of various nanoparticles and their unique physical 

and chemical properties. 

1.6.1. Polymeric micelles 

Polymeric micelles are established through self-assembly of amphiphilic block 

copolymers in an aqueous environment, due to the large solubility difference between 

hydrophilic and hydrophobic segments 211. Figure 1.15 shows the micellization process 

in aqueous media. Polymeric micelles usually form a spherical core/shell structure in 

which the hydrophobic core encapsulates poorly water-soluble drugs, proteins or DNA, 

whereas the hydrophilic shell of the copolymer protects the drug from the aqueous 

environment and stabilizes polymeric micelles against recognition by the RES in vivo 211-

213.  The chemical structure and physicochemical properties of the core/shell-forming 

blocks of polymeric micelles can be easily modified to lead to sustained, pulsed or delayed 

mode of drug release depending on the delivery purpose 214. Some intrinsic properties of 

polymeric micelles include, size in the nm range, stability in plasma, prolonged blood 

circulation times and release of the loaded drug in a controlled manner at target sites 215-

219. Moreover, polymeric micelles reduce the clearance of drugs from the body via 

metabolism or kidney excretion 220. Their size (> 50 kDa) is large enough to avoid renal 

excretion and small enough (< 200 nm) to bypass filtration by the spleen 221. 

Polymeric micelles are stable due to the polymeric nature of the hydrophobic core. The 

long hydrophobic chain of the core segment in polymeric micelles supports the formation  
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Figure 1.14. Different shapes and designs of nanoparticles currently used in cancer 

therapy. Nanoparticles can be constructed from a variety of materials, compositions and 

structures to assist in loading different anticancer drugs, with their sizes being < 100 nm. 

Sun et al. Angew Chem Int Ed Engl. 2014 Nov 10;53(46):12320-64. Re-used with 

permission from John Wiley and Sons 
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Figure 1.15. Micellization and drug loading by self-assembly of block-copolymers 

in aqueous solution.  First, the drug and the polymer are dissolved in an organic solvent 

(acetone). The mixture is then added dropwise to an aqueous solution to form micelles. 

Reproduced from Xu et al. J Drug Deliv. 2013;2013:340315 
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of micelles, resulting in a critical micellar concentration (CMC) as low as 10–6 M. As a 

result, polymeric micelles may stay above the CMC for longer periods after dilution in 

the blood stream 212, 220. In addition, optimizing factors like the structure of the 

hydrophobic core of polymeric micelles and the micellization process can aid in optimizing 

drug loading capacity 222.  

The work represented in this thesis is focused on the use of poly(ethylene glycol)-block-

poly(ε-caprolactone) (PEG-b-PCL) based polymeric micelles. The PEG segment is a 

neutral water-soluble polymer, which is non-toxic, non-immunogenic and FDA approved 

to be used in vivo 223, 224. PEG-b-PCL has been successfully used previously to 

encapsulate indomethacin, cyclosporine A (CsA), a STAT3 inhibitor, paclitaxel, 

doxorubicin and siRNA 225-230. New modifications of PEG-b-PCL were applied to enhance 

the encapsulation and release of a variety of drugs 231.  We have used PEG-b-PCL 

bearing side groups of benzyl carboxylate, poly(ethylene glycol)-block-poly(α-benzyl 

carboxylate-ɛ-caprolactone) (PEG-b-PBCL), or free carboxyl, poly(ethylene glycol)-block-

poly(α-carboxyl-ɛ-caprolactone) (PEG-b-PCCL), on the PCL backbone to encapsulate the 

newly found inhibitors of PNKP as we will describe in detail in Chapter 3. Table 1.1 shows 

the chemical structures of PEG-b-PCL, PEG-b-PBCL and PEG-b-PCCL. 

As mentioned previously, the nanoscale size of polymeric micelles aids in passive drug 

targeting and their preferential accumulation in solid tumors due to leaky vasculature by 

the EPR effect. However, accumulation of polymeric micelles at the tumor site does not 

guarantee effective drug delivery to target cells. A second generation of polymeric 

micelles for active drug targeting, in the form of polymeric micelles with tumor specific 

ligands attached on the surface, have been synthesized previously 232. Ligands such as  
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Table 1.1. Chemical structure of the three poly(ethylene glycol)-block-poly(ester)s 

used in this thesis. 
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monoclonal antibodies, aptamers, peptides and folate ligands have been attached on the 

micellar shell to improve drug targeting by specific recognition by cancer cells 233. For the 

purpose of this thesis, we will focus on targeting colorectal cancer (CRC) taking 

advantage of the overexpression of the epidermal growth factor receptor (EGFR). 

1.7. Epidermal growth factor receptor (EGFR), a clinical target for anti-

cancer therapy  

EGFR, a transmembrane protein receptor, belongs to the ErbB family of tyrosine kinase 

receptors. EGFR is activated by interacting with its associated ligands resulting in 

autophosphorylation and activation of downstream signaling pathways that are involved 

in regulating cellular growth, cell motility, angiogenesis and survival (Figure 1.16) 234. 

Mutations in EGFR activity or enhanced expression levels are found in many cancers 

such as colon, lung, breast and head and neck 235-238. Changes in EGFR structure and/or 

expression contribute to the causes of hallmark properties of malignant behavior such as 

cell proliferation, anti-apoptosis, metastasis and uncontrolled angiogenesis 239, 240. As a 

result, EGFR mutations have provided opportunities for the development of anti-EGFR 

therapeutics such as antibody-based approaches including Cetuximab and Trastuzumab, 

and small molecule ligands such as Erlotinib and Gefitinib. These approaches have been 

used for the treatment of several cancers including colon, lung and breast 241-245. EGFR 

overexpression in cancer is also attracting attention clinically as a significant candidate 

for targeted nanoparticle delivery. In CRC, several targeted delivery approaches to 

enhance drug accumulation in tumor and efficacy have been applied.  Immunoliposomes,  

https://en.wikipedia.org/wiki/Transmembrane_protein
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Figure 1.16.  EGFR biology.  Interaction of EGFR with its cognate ligands leads to the 

activation of several downstream signaling pathways responsible for regulating cell 

proliferation, motility and angiogenesis. Herbst. Int J Radiat Oncol Biol Phys. 2004; 

59:21-6. Re-used with permission from Elsevier 

 

 

 

 

 

https://www-ncbi-nlm-nih-gov.login.ezproxy.library.ualberta.ca/pubmed/15142631


 

  

 

41 
 

prepared by attaching the Fab fragment of a humanized anti-EGFR monoclonal antibody, 

and a formulation consisting of antibody-conjugated nanotubes loaded with SN38, an 

active metabolite of irinotecan, have been used to target CRC 246, 247. 

Peptides are more suitable than antibodies and antibody fragments to be used for active 

targeting, because antibodies are large molecules that can interfere with nanoparticle  

dimensions and can elicit immunogenicity. On the other hand, peptides have lower 

manufacturing costs and better tumor penetration 248. 

1.7.1. GE11: a novel peptide ligand targeting EGFR 

A phage-display screening of peptides resulted in the identification of GE11, a potent 

peptide that can specifically target EGFR in a manner that mimics the natural ligand of 

EGFR, EGF 249. GE11, 12-mer peptide YHWYGYTPQNVI (Figure 1.17), binds efficiently 

to EGFR with a dissociation constant of ~22 nM, but does not activate the receptor 250. 

GE11 internalizes preferentially into EGFR highly expressing tumor cells and has minimal 

to no effect on healthy tissue 251. The use of GE11 as a targeted ligand enhanced the 

internalization of nanocarriers. For example, polyethyleneimine-polyethyleneglycol (PEI-

PEG) conjugated to GE11 and GE11-targeted polylactide-co-glycolide (PLGA) showed 

high affinity to EGFR overexpressing MDA-MB-468 and A549 tumors, respectively 252, 253. 

Another study showed that GE11-conjugation increased the effectiveness of an oncolytic 

adenovirus carrying the sodium iodide symporter gene 254. Doxorubicin-loaded liposomes 

with GE11 attached on their surface showed higher A549 cell killing than the 

unconjugated counterpart 255. Liposomes loaded with a combination of docetaxel and 

siRNA molecules against the ABCG2 gene that regulates multidrug resistance in 

laryngeal cancers showed enhanced anti-tumor efficacy and specificity when conjugated  
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Figure 1.17. The chemical structure of GE11 peptide. Colzani et al. Int J 

Pharm. 2016;511(2):1112-23. Re-used with permission from Elsevier 
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with GE11 256. The above-mentioned trials indicate that GE11 peptide might be a 

successful and suitable targeting moiety to actively deliver the newly found PNKP 

inhibitors to EGFR-overexpressing CRCs. 

1.8. Colorectal cancer: the role of damage and repair of DNA in disease progression 

and treatment 

CRC is classified as the 4th leading cause of cancer-related death globally 257, 258. CRC is 

the 2nd most diagnosed cancer in Canada, 2nd leading cause of death in men and the 3rd 

leading cause of death in women (Canadian Cancer Society, 2017). According to the 

Canadian Cancer Society, Public Health Agency of Canada and Statistics Canada, the 

percent distribution estimated for male CRC patients was 12% of the total 42,600 deaths 

of all cancer types in 2017 and 11.3% for female CRC patients of total 38,200 deaths. 

There are three molecular features that characterise CRC progression: (i) chromosomal 

instability (CIN), the majority of CRCs develop via CIN, which leads to mutations in tumor 

suppressors, cell cycle genes, epigenetic and genetic alterations (Figure 1.18) 259, 260; (ii) 

defective mismatch repair (MMR) genes, which lead to DNA microsatellite instability 

(MSI), short repeat DNA sequences, and (iii) CpG island methylator phenotype (CIMP) 

261-263. 

The first choice of treatment in CRC often involves surgery followed by chemotherapy 

such as FOLFIRI (5-FU/irinotecan/folinic acid) or FOLFOX (5-FU/leucovorin/oxaliplatin) 

and radiation 264-268. There are different approaches to administer the different treatment 

options. In a phase II study, radiation was performed on patients first, then surgery 

followed by FOLFOX treatment post-surgery 269. In another phase II trial, FOLFIRI was  
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Figure 1.18. Multiple major genetic mutations occur in CRC that lead to disease 

progression. First, inactivation of the adenomatous polyposis coli (APC) tumor 

suppressor gene occurs, followed by activating mutations of KRAS.  Finally, mutations in 

the transforming growth factor–β, PIK3CA, and TP53 pathways. Pino and Chung. 

Gastroenterology. 2010;(6):2059-72. Re-used with permission from Elsevier 
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administered in parallel with low-dose radiotherapy 270. All these attempts aim to improve 

overall survival for CRC and increase treatment efficacy. However, the harsh treatment 

could cause other toxic complications. 

DNA repair mechanisms, such as BER and mismatch repair MMR, may not only influence 

tumor characteristics and prognosis but also dictate chemotherapy response. For 

example, defective MMR contributes to chemoresistance in CRC 271. Similarly, efficient 

BER enhances cellular survival by repairing genotoxic base damage generated from 

treatment 272.  

CRC is one of the most common malignancies and has a relatively poor prognosis due 

to high metastasis and tumor recurrence.  In addition, side effects often hinder the 

success of some chemotherapy and, as in the case of FOLFOX, some patients suffer 

from renal failure due to oxaliplatin, and there is also a risk of causing female fertility 

problems 273, 274. Accordingly, the integration of targeted small molecules inhibitors with 

conventional therapy (combination therapy) could reduce toxicity of conventional 

treatment and improve treatment outcome. Therefore, there is a need to expand 

personalised therapy to overcome metastatic CRC, increase the survival gains and 

reduce toxicity in healthy tissues. However, targeting DNA repair pathways may not 

improve the therapeutic index because there is the increased risk of harming normal cells. 

We can overcome this problem by targeting small molecule inhibitors to CRC utilizing 

nanoparticles and/or inducing synthetic lethality in CRC with the targeted small molecule 

inhibitors (monotherapy) taking advantage of certain deficiencies and weaknesses 

present in CRC. 
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1.9. Hypotheses and scope of the thesis  

The overarching hypothesis for the work described in this thesis is that small molecule 

inhibitors of the 3′-phosphatase activity of PNKP can provide an effective means by which 

to enhance cytotoxicity conferred by ionizing radiation and chemotherapeutic agents 

targeting topoisomerase 1 and/or elicit cytotoxicity as single agents when used in a 

synthetic lethal setting. The other hypotheses are as follows: 

1) To date the small molecule inhibitors of PNKP 3′-phosphatase that have been 

identified belong to an imidopiperidine family of chemical compounds. We 

hypothesize that other chemical structures exist that can inhibit PNKP and that 

these may act by a different mechanism to the imidopiperidine molecules. 

2) Nano-encapsulation of small molecule inhibitors of the 3′-phosphatase activity of 

PNKP will enhance the efficacy of the inhibitors by improving solubilization and 

cellular uptake, thereby enhancing cell killing.  

3) Given the tight structural interrelationship between the kinase and phosphatase 

domains of PNKP, the binding of phosphatase inhibitors to the protein may not be 

confined to the phosphatase domain.  

In Chapter 2, we describe in detail the design and development of a novel fluorescence-

based assay employing 2-aminopurine that was utilized to screen two libraries of small 

molecules, a library of natural derivative compounds from which we identified N12 and 

O7 as inhibitors of PNKP, and a library of polysubstituted imidopiperidine compounds 

from which A12B4C50 and A83B4C63 were identified. This was followed by 

characterizing the inhibitors by determining their equilibrium dissociation constant (Kd), 

and the concentration of the inhibitor which causes 50% reduction of enzyme activity 
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(IC50) and illustrating the mechanism of action of the new PNKP inhibitors using 

biophysical and molecular methods.  

We have also developed nano-delivery systems for the newly identified hit compounds 

with potent PNKP inhibitory activity (described in Chapter 3). The inhibitors were 

encapsulated in polymeric micelles of different poly(ethylene glycol)-b-poly(ɛ-

caprolactone) (PEG-b-PCL) -based structures having various modifications on the PCL 

block. The amount of encapsulated compounds and the in vitro release of inhibitors were 

measured by high-performance liquid chromatography (HPLC). Targeted delivery to 

EGFR-expressing cells following conjugation of GE11 peptide to the polymeric micelles 

was investigated by cellular uptake of an ecapsulated dye. The cells that overexpress 

EGFR showed higher internalization of GE11-modified polymeric micelles. The 

cytotoxicity of the PNKP inhibitors towards HCT116 colorectal cancer cells was assessed, 

and, at non-toxic doses, both free and encapsulated inhibitors were tested for their 

capacity to sensitize HCT116 cells to radiation and irinotecan by colony forming assay. 

Furthermore, free and encapsulated inhibitors were also tested for their ability to cause 

synthetic lethalilty in PTEN-deficient HCT116 cells.  

In addition, we investigated the possible binding sites that are involved in the interaction 

between novel inhibitors and PNKP (described in Chapter 4). Photoactivatable 

benzophenone derivatives of the newly found inhibitors were synthesized to generate, 

through photoreaction, an irreversibly labelled PNKP-inhibitor complex. The 

photolabelled inhibitors were characterized and tested for their ability to bind and inhibit 

the 3′-phosphatase activity of PNKP. The site of covalent addition to PNKP by the inhibitor 



 

  

 

48 
 

was identified by proteolytic digestions and characterization of the resulting peptides by 

liquid chromatography - tandem mass spectrometry LC/MS/MS method.  

The data we present in this thesis show that the DNA repair enzyme PNKP is a useful 

target for enhancing CRC treatment. We have also demonstrated the potential of nano-

encapsulated inhbitors of PNKP to be used as either mono or combined therapeutic 

agents for CRC in the future.
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Chapter 2: Identification and characterization of new 

inhibitors of the 3′-phosphatase activity of human 

polynucleotide kinase/phosphatase 
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Overview: 

In this chapter we discuss the first step of this project, which is the development of a 

novel fluorescence-based assay utilizing 2-aminopurine to screen two distinct libraries 

of small molecules.  A library of natural derivative compounds from which we identified 

N12 and O7 as new inhibitors of PNKP, and a library of polysubstituted imidopiperidine 

compounds from which A12B4C50 and A83B4C63, derivatives of the parent compound 

A12B4C3, were identified. We also discuss the potency of the inhibitors by determining 

their Kd and IC50 values and investigating the mechanism of action of the new PNKP 

inhibitors using biophysical and molecular methods. 
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Abstract 

Human polynucleotide kinase/phosphatase (PNKP), which possesses DNA 5′-kinase and 

3′-phosphatase activities, plays an essential role in DNA strand break repair by rendering 

strand-break termini suitable for DNA polymerases and ligases. Inhibition of PNKP 

increases the sensitivity of cells to ionizing radiation and topoisomerase-I poisons, such 

as camptothecin. We have developed a rapid fluorescence-based assay to identify small 

molecule inhibitors of the 3′-phosphatase activity of PNKP.  The main components of this 

assay are two oligonucleotide hairpin probes, PNKP enzyme, and T4 DNA polymerase.  

T4 DNA polymerase has a powerful 3′→ 5′ exonuclease activity that digests 

oligonucleotides that have a 3′-OH terminus but is blocked by the presence of a 3′-

phosphate terminus.  We detect the inhibition of PNKP by monitoring the fluorescence 

signal of 2-aminopurine (2-Ap) embedded in the stem of the hairpin probes.  The 

fluorescence of 2-Ap is highly quenched when it is incorporated in duplex DNA.  One 

hairpin probe, which has a 3′-OH terminus (HPOH), is used as a control, and the test 

probe (HPP) is a hairpin with the same sequence as HPOH but has a 3′-PO4 terminus.  In 

the presence of PNKP, the 3′-PO4 terminus of the HPP probe is converted to 3′-OH 

allowing T4 DNA polymerase to hydrolyze the probe, thereby releasing 2-Ap as a highly 

fluorescent mononucleotide.  However, the presence of small molecule inhibitors of 

PNKP, such as the natural derivative compounds N12 and O7, or the polysubstituted 

imidopiperidine compounds A12B4C50 and A83B4C63 results in the retention of the 3′-

PO4 terminus of HPP and prevents the increase in the fluorescence signal caused by the 

release of 2-ApMP.  HPOH is used to ensure that the small molecules under investigation 

do not inhibit the exonuclease activity of T4 DNA polymerase.
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2.1. Introduction 

Cells in our body are exposed to both endogenous and exogenous agents that cause 

DNA strand breaks 275, 276, including reactive oxygen species (ROS), inadvertent action 

by nuclear enzymes on DNA, DNA glycosylases, ionizing radiation, topoisomerase 

poisons, and physical or mechanical stress on the DNA duplex 59, 277-279. The DNA strand 

breaks produced by these agents often possess 3′-phosphate termini and 5′-hydroxyl 

termini 280, 281.  The presence of these abnormal termini block DNA polymerisation and 

ligation 282, and DNA repair mechanisms are required to process such termini, thereby 

maintaining the stability of the genome and ensuring cell survival.  

Human polynucleotide kinase/phosphatase (PNKP), a 57 kDa enzyme, plays an 

important role in the repair of DNA strand breaks 283, and as such contributes to several 

DNA repair pathways including single-strand break repair (SSBR), base excision repair 

(BER), the nonhomolgous end-joining (NHEJ) double-strand break repair pathway, and 

the repair of topoisomerase-I dead-end complexes 96, 154, 284.  Human PNKP possesses 

two activities, a DNA 5′-kinase activity that catalyzes the phosphorylation of 5′-hydroxyl 

termini and 3′-phosphatase activity that converts 3′-phosphate termini to 3′-hydroxyl 

termini 84, 280.  If this repair process is deficient or absent, cells accumulate increased 

levels of strand breaks and thereby become sensitized to genotoxic agents including 

ionizing radiation, alkylating agents and the topoisomerase-I poison camptothecin 114. 

Reducing DNA repair in cancer cells by inhibiting specific DNA repair enzymes is 

emerging as a new therapeutic strategy to improve cancer treatment, either in 

combination with radiation or chemotherapy or as monotherapy targeting cells expressing 

severely reduced levels of a synthetic lethal partner protein of the DNA repair enzyme 285.  
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We have previously identified several molecules from a relatively small library of 

polysubstituted imidopiperidine compounds that effectively inhibit the phosphatase 

activity of  PNKP 160.  One of these compounds, A12B4C3, was shown to sensitize cells 

to ionizing radiation and camptothecin 160, 161 and to induce cell death in cells lacking 

synthetic lethal partners of PNKP such as SHP-1 and PTEN 188, 286. Several methods 

have been employed to detect inhibitors of DNA 3′-phosphatases 158, 287. However, these 

methods have some limitations with regards to their ease of use, for example the need 

for radiolabeled substrates, or their requirement for relatively substantial quantities of 

enzyme (colorimetric assays).  

Here we describe the development of a radiolabel free, reliable and rapid fluorescence-

based assay for inhibitors of 3′-DNA phosphatase activity based on the release of 2-

aminopurine monodeoxynucleotide (2-ApMP). We have used this assay to screen new 

derivatives of A12B4C3 (A12B4C50 and A83B4C63) as well as a series of 200 natural 

compounds or derivatives of natural compounds, from which we identified novel inhibitors 

of PNKP (N12 and O7). 
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2.2. Experimental procedures 

2.2.1. Materials 

Synthetic oligonucleotides hairpin probes were obtained from Integrated DNA 

Technologies, Inc. (Coralville, IA, USA). See Figure 2.1A for the oligonucleotide 

sequences, 5′-GTGTCGTCCTTGGAAAAAACCAAGG(2-Ap)CGACAC-OH-3′ is the 

control sequence and 5′-GTGTCGTCCTTGGAAAAAACCAAGG(2-Ap)CGACAC-PO4-3′ 

is the test sequence. 2-Amino-9-(β-D-2-deoxyribufuranosylpurine) (2-Ap), Figure 2.1B, 

was purchased from Berry & Associates (Dexter, MI, US).  PiColorLock Gold reagent was 

purchased from Innova Biosciences Ltd. (San Diego, CA, US). Magnesium chloride was 

obtained from EMD Chemicals Inc. (Gibbstown, NJ, US), sodium chloride from ACP 

Chemicals Inc. (Montreal, QC, CA), ultrapure Tris from ICN Biomedical Inc. (Aurora, OH, 

US), dithiothreitol (DTT) from Gold Biotechnology (St. Louis, MO, USA), HEPES and 

EDTA from Fisher Scientific Company (Fairlawn, NJ, US).  All chemicals were used as 

received without further purification.  Oligonucleotide test samples were dissolved in Tris-

buffer (10 mM Tris (pH 7.5), 50 mM NaCl, 3 mM MgCl2, 1 mM EDTA) to a concentration 

of 2 µM.  Samples were kept frozen at −20 °C until needed.  The hairpin probes were 

dissolved in Tris-buffer, and then annealed by heating in a water bath to 80 °C, followed 

by cooling to room temperature. 

Recombinant PNKP, produced in E.coli, was purified as described previously 280, 288 and 

stored in 50 mM Tris-HCl (pH 7.4), 100 mM NaCl, 5 mM MgCl2, and 0.5 mM DTT.  T4 

DNA polymerase was prepared as previously described 289, T7 DNA polymerase and 

Klenow fragment were purchased from New England Biolabs Inc. (Ipswich, MA, US).  

Biomol Green was purchased from Enzo Life Sciences Inc. (Farmingdale, NY, US).  Myria 
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screen II and natural derivative compounds were purchased from Time Tec Inc. (Newark, 

DE, US). 

2.2.2. Synthesis of polysubstituted imidopiperidine compounds 

Compounds A12B4C50 and A83B4C63 (Table 2.1) were prepared by Dr. Timothy 

Morgan (Department of Chemistry, University of Alberta) according to the previously 

reported procedure 290. The heterodiene (1 equiv) and maleimide (1.5-2 equiv) were 

dissolved in toluene in a screw-cap reaction vial. The aldehyde (2 equiv) was added and 

the vial was sealed and heated to 85 ºC for three days. After cooling to room temperature, 

the solvent was removed under reduced pressure. The residue was purified by flash 

column chromatography (ethyl acetate (EtOAc)/Hexane solvent system) to afford yellow 

solids (40-70% yield). The compounds were further purified by semi-prep high-

performance liquid chromatography (HPLC) to purities of 95-99%. Pure compounds were 

characterized by nuclear magnetic resonance (NMR), infrared spectroscopy (IR) and 

mass spectrometry (refer to appendix Figs. A7-A8). 
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Figure 2.1.  (A) The structure of the hairpin probes used for the screening assay. (B) The 

structure of 2-Amino-9-(β-D-2-deoxyribufuranosyl purine) (2-Ap). 
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Scheme 2.1. Mechanism of synthesis of polysubstituted imidopiperidines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

59 
 

Table 2.1. Chemical structures of newly found PNKP inhibitors 
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2.3. Methods 

2.3.1. Fluorescence-based assay for screening small molecules inhibitors of the 3′-

phophatase activity of PNKP 

The assays (100 µL total volume) were performed in Corning 3573 black, flat bottom 384-

well microplates, purchased from Corning Life Sciences (Tewksbury, MA, US), and 

prepared in 100 mM HEPES (pH 7.5), 50 mM NaCl, 10 mM MgCl2, and 1mM DTT.  

Several DNA polymerases were tested for this assay including Klenow fragment I of E. 

coli DNA polymerase, T4 and T7 phage DNA polymerases.  Initially 25 nM PNKP (2.5 µL) 

was preincubated with 10 µM test compound (2 µL) or DMSO vehicle for 5-15 min at room 

temperature. Then HPP (10 µL) or HPOH (10 µL) and 80 nM T4 DNA polymerase (4 µL) 

were added.   

The phosphatase activity of PNKP was monitored by first treating HPP (10 µL) with 25 

nM PNKP (2.5 µL) to convert all 3′-P to 3′-OH, then adding 80 nM T4 DNA polymerase (4 

µL) to hydrolyse the recovered hairpins.  Finally, the released 2-Ap led to an increase in 

the fluorescence signal.  However, the fluorescence signal of 2-Ap was reduced after 

incubating PNKP with 10 µM and 25 µM inhibitor (2 µL) for 5-15 min. Fluorescence (320 

nm excitation and 405 nm emission) of each well was read in a FLUOstar Optima (BMG 

Labtech Inc., Guelph, ON, CA).  Data were analyzed using Graphpad Prism software.  

2.3.2. Determination of binding constants to PNKP 

Fluorescence titrations of PNKP with small molecule inhibitors were measured by Dr. 

Rajam Mani (Department of Oncology, University of Alberta) at 25 oC using a PerkinElmer 

Life Sciences LS-55 spectrofluorometer with 3 nm spectral resolution for excitation and 

emission as previously described 288.  PNKP fluorescence was excited at 295 nm, and 
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fluorescence emission was recorded at 340 nm.  In this experimental design a single 

concentration of the receptor (PNKP) was used and varied the concentration of the ligand 

(inhibitor).  Binding of the inhibitor to PNKP was analyzed using the equation: 

[𝐿𝑅] =
([𝑋] + [𝑅𝑡𝑜𝑡] + 𝑘𝑑) ± √([𝑋] + [𝑅𝑡𝑜𝑡] + 𝐾𝑑)2 − 4[𝑋][𝑅𝑡𝑜𝑡]

2
 

L= X – LR. 

Where, X is the total Ligand concentration and Rtot: is the total receptor concentration 

(Same units as X).  LR refers to ligand bound to the receptor and the L is the free ligand 

concentration. Binding data were analyzed using Prism (GraphPad Software Inc., La 

Jolla, CA). 

2.3.3. Mechanism of inhibition, Lineweaver-Burk plot 

PNKP phosphatase activity was determined by the PiColorLock Gold reagent. This 

protocol is modified from a previously described method 161. Briefly, the phosphatase 

reactions (20 µL total volume) were prepared as follows: 3 µL of PNKP (100 ng), 2 µL of 

10 X phosphatase buffer (100 mM Tris HCl, pH 7.4, 500 mM NaCl, and 100 mM Mg2Cl), 

2 µl of 0, 100, 200, 400, or 800 µM 3′-phosphorylated 20-mer oligonucleotide, 15 µL of 

distilled H2O, and 2 µL of PNKP inhibitors to a final concentration of 1, 5, 10, or 20 µM. 

The assays were performed in a clear polystyrene colorimetric 384-well plate, purchased 

from Corning Life Sciences (Tewksbury, MA, US), and incubated at 25 °C for 5-10 min. 

Finally, PiColorLock Gold reagent was prepared by the addition of 1:100 volume of 

accelerator to the Gold reagent. The reagent mixture was then added to the reaction 

samples in a volume ratio of 1:4 (incubated at 37 °C for 30 min) and absorbance was 
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read at 620 nm using a FLUOstar Optima (BMG Labtech Inc., Guelph, ON, CA).  Data 

were analyzed using Graphpad Prism software. 

2.3.4. Testing possible protein phosphatase inhibition by PNKP inhibitors 

The phosphatase activity of aspartate-based ubiquitous Mg2+-dependent phosphatase 

(AUM), protein phosphatase 1 catalytic subunit (PP-1c) and calcineurin (CAN) were 

tested (Dr. Phuwadet Pasarj, Department of Biochemistry, University of Alberta) using a 

colorimetric p-nitrophenol phosphate assay as described previously 160, 291. The reactions 

were performed in a 96-well microplate in a final volume of 60 μL containing 40 μL of p-

nitrophenol phosphate assay buffer [50 mM Tris (pH 7.4), 0.1 mM EDTA, 30 mM MgCl2, 

0.5 mM MnCl2, 1 mg/mL BSA, and 0.2% β-mercaptoethanol], 0.03 μg PP-1cγ (specific 

activity of >30 units per mg) or a catalytically equivalent quantity of CAN and AUM. 

A12B4C50, A83B4C63, N12 and O7 dissolved in DMSO (10 μL of 0.5 mM or 10 μL of 50 

μM) or control solvent were added to the reaction. After a 10-min incubation at 37°C, 10 

μL of 30 mM p-nitrophenol phosphate was added to each well and incubated for an 

additional 60 and 45 min for AUM, PP-1c and CAN, respectively. The absorbance at 405 

nm was measured using a SOFTmax 2.35 kinetic microplate reader (Molecular Devices). 

2.3.5. Conventional radio-gel assay to detect PNKP 5′-kinase activity 

This experiment was conducted by Mesfin Fanta (Department of oncology, University of 

Alberta). PNKP (0.02 nmol) was premixed with 0.2 nmol of the inhibitors (07, N12, 

A12B4C50 and A83B4C63) and incubated at 37oC for 5 min. Kinase buffer (80 mM 

succinic acid (pH5.5), 10 mM MgCl2, and 1 mM dithiothreitol), 0.2 nmol of 24-mer DNA 

substrate (Integrated DNA Technologies), and 3.3 pmol of [γ-32P]ATP  (PerkinElmer Life 

Sciences) were added to the mixtures, and incubated for 20 min. 4 µl samples were mixed 
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with 2 µl  of 3X sequencing gel loading dye (Fisher), boiled for 10 min and run on a 12% 

polyacrylamide sequencing gel which contains 7 M urea at 200 V. Gels were scanned on 

a Typhoon 9400 variable mode imager (GE Healthcare, Bucks, UK) and the resulting 

bands were quantified using Image Quant 5.2 (GE Healthcare, Bucks, UK). This assay 

was performed by Mesfin Fanta (Department of Oncology, University of Alberta). 

2.3.6 Statistical analysis 

Each experimental group was compared with a control group using a two-tailed 

unpaired Student’s t- test. The software used was GraphPad Prism5 software (La Jolla, 

CA, USA). A value of P < 0.05 was considered as statistically significant in all 

experiments. Error bars represent mean ± SD. 

2.4. Results 

2.4.1. Test for the exonuclease and phosphatase activities of the DNA polymerase 

and PNKP with the 2-Ap hairpin probes 

The basis of the novel fluorescence assay for the 3′-phosphatase activity of PNKP is 

shown schematically in Figure 2.2. The fluorescence is generated as a result of digestion 

of an oligonucleotide to release the fluorescent mononucleotide (2-ApMP) of 2-

aminopurine (2-Ap).  2-Ap is an analog of adenine and guanine that pairs with both 

thymine and cytosine.  It has been used previously for probing the dynamic structure of 

DNA polymerases 292-295.  The fluorescence of 2-Ap is highly quenched when 

incorporated in double-stranded DNA due to base stacking, slightly fluorescent in single-

stranded DNA, while the maximum fluorescence is detected for the free base or 

nucleotide 296, 297.  Figure 2.1A shows the structure of the two hairpin probes that we 

designed for this assay.  The test probe (HPP) bears a 2-Ap in the stem of the hairpin  
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Figure 2.2. Schematic diagram of the function of the novel fluorescence assay for 

the 3′-phosphatase activity of PNKP. First, PNKP will convert 3′-PO4 group to 3′-OH 

group. Second, T4 DNA polymerase will be able to digest the probe. Finally, the 

fluorescence signal will develop due to release of 2-ApMP. 
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and a 3′-PO4 terminus that is resistant to the 3′→5′ exonuclease activity of many DNA 

polymerases unless first removed by the PNKP 3′-phosphatase.  The second probe 

(HPOH) has the same structure as HPP but has a 3′-hydroxyl terminus and is used as a 

control to ensure that failure to generate a fluorescent signal is not due to inhibition of the 

exonuclease rather than inhibition of PNKP phosphatase activity. 

Several DNA polymerases were examined for this assay including Klenow fragment I of 

E. coli DNA polymerase, phage T4 and T7 DNA polymerases.  The 3′→5′ exonuclease 

activity of these enzymes is dominant in the absence of deoxynucleotide triphosphates.  

We have optimized the amount of the oligonucleotides hairpin probes, DNA polymerase 

and PNKP to be used in this assay (Figs. A1-A3) (refer to Appendix).  Initially, we tested 

the ability of the three different DNA polymerases to hydrolyze the hairpin probes.  Figure 

2.3 shows the change in the fluorescence intensity over time after incubating the probes 

with each polymerase. While phage T4 (Figure 2.3A) and T7 (Figure 2.3B) DNA 

polymerases both readily hydrolyzed HPOH, thereby releasing 2-ApMP, Klenow fragment 

(Figure 2.3C), which has a weaker exonuclease activity, generated no increase in 

fluorescence.  The latter observation is not surprising, because previous studies showed 

that the 3′→5′ exonuclease activity of the Klenow fragment is faster and more efficient 

with single-stranded than double-stranded DNA 298. In contrast, incubation of the 3′-

phosphorylated substrate, HPP, with T4 and T7 DNA polymerases elicited no increase in 

fluorescence signal (Figures 2.3A and 2.3B), but an increase in fluorescence was 

observed when HPP was incubated with PNKP and T4 or T7 DNA polymerase (Figures 

2.3B and 2.3C), due to 3′-dephosphorylation followed by digestion of the probes.  As a  
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Figure 2.3. The hydrolysis of hairpin probes treated with DNA polymerases and 

PNKP.  (A) 200 nM HPOH (filled circles), 200 nM HPOH treated with 80 nM T4 pol (filled 

squares). 200 nM HPOH treated with 80 nM Klenow (open squares) and 200 nM 2-Ap 

(open circles), which was used as a control for 2-ApMP because the base and 

mononucleotide display the same fluorescence.  (B) 200 nM HPOH treated with 80 nM 

T7 pol (open squares). 200 nM HPP treated with 80 nM T7 pol (filled triangles), 200 nM 

HPP treated with 80 nM T7 pol and 25 nM PNKP (open triangles). (C) 200 nM HPP treated 

with 80 nM T4 pol (filled circles), 200 nM HPP treated with 80 nM T4 pol and 25 nM PNKP 

(filled squares).  Each point represents the mean ± SD (n = 3). 
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result of these data, we chose to carry out further measurements using T4 DNA 

polymerase.   

2.4.2. Screening small molecule inhibitors with the fluorescence-based assay 

Prior to using the assay for screening, we examined its applicability by testing compounds 

previously shown 160 to inhibit (A12B4C3) and not inhibit (A70B4C3) PNKP 3′-

phosphatase using a conventional radiolabeled based approach. As is evident from 

Figure 2.4, the presence of A12B4C3 reduced the expected increase in the fluorescence 

signal, while A70B4C3 elicited no effect.   

Next, we tested two new derivatives of A12B4C3 for inhibition of PNKP phosphatase 

activity, A12B4C50 and A83B4C63 (Table 2.1). Figure 2.5A and C show the fluorescence 

signal obtained with PNKP treated with 10 μM A12B4C50 and A83B4C63.  A decrease 

in the fluorescence signal is observed in comparison to the PNKP free of drug, which 

indicates a possible blocking effect of the phosphatase activity of PNKP by A12B4C50 

and A83B4C63.  To further confirm this observation, we treated T4 pol with the same 

amount of the drugs to check if the exonuclease activity of the polymerase is targeted by 

A12B4C50 and A83B4C63.  As shown in Figure 2.5B and D, there was no inhibitory effect 

on the exonuclease activity of T4 pol in the presence of 10 μM A12B4C50 and A83B4C63, 

which indicates that the reduced fluorescence signal was indeed due to the inhibition of 

PNKP only. 

We also tested a small library of 200 natural product derivatives for inhibition of PNKP 

phosphatase activity, and one compound N12 (7-chloro-6-methyl-3,4,5,3a,9b-

pentahydrocyclopenta [1,2-c] quinolone-4-carboxylic acid, Table 2.1) gave a positive result.  
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Figure 2.4. The effect of A12B4C3 and A70B4C3 on PNKP activity.  (A) Incubation of 

hairpin HPP with both PNKP and T4 pol causes an increase in the fluorescence signal 

(filled squares), indicating release of 2-ApMP from the hairpin. In the presence of 

A12B4C3, the fluorescence signal is partially reduced (open squares), indicating partial 

inhibition of PNKP phosphatase activity. (B) There was no reduction of 2-ApMP release 

in the presence of A70B4C3 (open squares), indicating poor inhibition. Each point 

represents the mean ± SD (n = 3).  
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Figure 2.5. The effect of A12B4C50 and A83B4C63 on PNKP activity.  (A and C) 

Incubation of hairpin HPP with both PNKP and T4 pol caused an increase in the 

fluorescence signal (filled squares), indicating release of 2-ApMP from the hairpin. In the 

presence of A12B4C50 and A83B4C63, the fluorescence signal was reduced (open 

squares), indicating inhibition of PNKP phosphatase activity. (B and D) Incubation of 

hairpin HPOH to assess if T4 pol is inhibited by A12B4C50 or A83B4C63. There was no 

reduction of 2-ApMP release in the presence of A12B4C50, however, A83B4C63 caused 

a small reduction of 2-ApMP release (open squares), indicating a low level of inhibition of 

T4 pol. Each point represents the mean ± SD (n = 3). 
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Figure 2.6 shows the clear difference between N12 and a group of compounds from the 

same library showing a negative response. 

Figure 2.7A shows the fluorescence signal obtained with PNKP treated with 10 μM N12.  

A decrease in the fluorescence signal is observed in comparison to the PNKP free of 

inhibitor, which indicates a possible blocking effect of the phosphatase activity of PNKP 

by N12.  To further confirm this observation, we treated T4 pol with the same amount of 

N12 to check if the exonuclease activity of the polymerase is targeted by N12.  As shown 

in Figure 2.7B, there was no inhibitory effect on the exonuclease activity of T4 pol in the 

presence of 10 μM N12, which indicates that the reduced fluorescence signal was indeed 

due to the inhibition of PNKP only.   

Since N12 has a radically different structure to our previously identified PNKP inhibitor, 

the polysubstituted imidopiperidine A12B4C3, we tested another compound with a similar 

basic structure to N12 (6-iodo-6-methyl-3,4,5,3a,9b-pentahydrocyclopenta [1,2-c] 

quinolone-4-carboxylic acid (O7), Table 2.1), which was not in the original 200 

compounds screened.  The fluorescence assay indicates that O7 also inhibits PNKP 

phosphatase (Figure 2.7C), although it also displays a modest inhibition of the 

exonuclease activity of T4 pol (Figure 2.7D).  

2.4.3. Measurement of IC50 values 

The 2-Ap-based assay was used to determine IC50 values for the newly identified 

compounds by incubating PNKP with concentrations ranging from 0.1 to 10 µM.  Figure 

2.8 shows that the phosphatase activity of PNKP is affected significantly at concentrations  
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Figure 2.6. The effect of different small molecules from library of 200 natural 

product derivatives on PNKP activity. The initial screening of the compounds showed 

that N12 is a positive hit for PNKP phosphatase activity inhibition. Each point represents 

the mean ± SD (n = 3). Marked points were compared to control group and are statistically 

significant at (*** P ≤ 0.001). 
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Figure 2.7. The effect of N12 and O7 on PNKP activity.  (A and C) Incubation of hairpin 

HPP with both PNKP and T4 pol caused an increase in the fluorescence signal (filled 

squares), indicating release of 2-ApMP from the hairpin. In the presence of N12 and O7, 

the fluorescence signal was significantly reduced (open squares), indicating inhibition of 

PNKP phosphatase activity. (B and D) Hairpin HPOH was used to assess if N12 or O7 

inhibit T4 pol. There was a slight reduction of 2-ApMP release in the presence of N12 and 

O7 (open squares), indicating a low level of T4 pol inhibition by these compounds. Each 

point represents the mean ± SD (n = 3). 
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Figure 2.8. Dose dependent inhibition of PNKP by inhibitors.  The IC50 values were 

determined using Graphpad Prism software. Each point represents the mean ± SD (n = 

3). 
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higher than 2 µM of PNKP inhibitors.  The IC50 values of N12 and O7 were determined to 

be ~ 1.6 µM and 1.9 µM, respectively.   

2.4.4. Measurements of Kd values 

Binding constants of the inhibitors to PNKP were obtained by fluorescence spectroscopy.  

Since binding of the inhibitor to PNKP partially quenches the intrinsic protein fluorescence 

due to tryptophan residues at 340 nm following excitation at 295 nm, the binding affinity 

(Kd) can be determined by following fluorescence quenching as a function of ligand 

concentration.  Figure 2.9 shows the fluorescence intensities versus the concentrations 

of A12B4C50, A83B4C63, N12 and O7.  Nonlinear regression analysis of the binding data 

revealed unimodal binding with a Kd value of 0.1 ± 0.05 μM for A12B4C50, 0.09 ± 0.05 

μM for A83B4C63, 0.14 ± 0.02 μM for N12 and 0.1 μM ± 0.02 for O7. 

2.4.5. Mechanism of inhibition of PNKP phosphatase activity by inhibitors 

The mechanism of inhibition of PNKP phosphatase activity by the newly found inhibitors 

was determined by a Lineweaver-Burk analysis of the substrate concentration 

dependence on the reaction. We chose A83B4C63 as a representative of polysubstituted 

imidopiperidine compounds and N12 from the natural compound hits to be tested for their 

mechanism of inhibition.  

Phosphatase activity was determined using a Pi-Colorlock assay in which the substrate 

is a 20-mer single-stranded oligonucleotide bearing a terminal 3′-phosphate group. To 

determine the mode of inhibition, the assay was carried out using a fixed enzyme 

concentration while varying the concentration of the inhibitors and the substrates. A plot 

of 1/[S] versus 1/V is shown in Figure 2.10. Figure 2.10A, the observed velocity V, which  
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Figure 2.9. A plot of fluorescence intensities of titration of PNKP. (A) A12B4C50, (B) 

A83B4C63, (C) N12 and (D) O7. PNKP (0.3 µM) in 50 mM Tris HCl (pH 7.5), 100 mM 

NaCl, 5 mM MgCl2 was excited at 295 nm, and fluorescence intensity was monitored at 

340 nm. Data presented in this figure were generated by Dr. Rajam S. Mani. 
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Figure 2.10. Lineweaver-Burk analysis of the inhibition of PNKP phosphatase activity 

using varying concentrations of A83B4C63, N12 and 20-mer 3′-phosphorylated 

substrate. Each point represents the mean ± SD (n = 3).  
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is a measure of the color change, decreased as A83B4C63 concentrations were 

increased, whereas the Km (the substrate concentration at which the reaction rate is half 

of Vmax) value remained the same. This type of response is the hallmark of a non-

competitive inhibitor. This result is in accordance with what was previously observed for 

the parent compound A12B4C3 161. On the other hand, the observed velocity V as well 

as the Km values decreased as N12 concentrations were increased. This type of response 

is the hallmark of an uncompetitive inhibitor (Figure 2.10B). 

2.4.6. Specificity of inhibitors 

To determine the specificity of inhibitors for PNKP phosphatase activity, we examined a 

number of protein phosphatases such as calcineurin and PP-1c. We also broadened our 

examination to include aspartate-based ubiquitous Mg2+-dependent phosphatase (AUM), 

which like PNKP belongs to the HAD superfamily. Figure 2.11 shows the effect of 

inhibitors on the three protein phosphatases. We detected a slight decrease in the 

proteins’ phosphatase activity when incubated with 100 µM of PNKP inhibitors, which is 

higher than the effective doses we observed for PNKP inhibition. These results indicate 

that the newly found PNKP inhibitors are more specific to PNKP than PP-1c, CAN or 

AUM. 

2.4.7. The effect of PNKP phosphatase inhibitors on the kinase activity 

The effect of A83B4C63, A12B4C50, O7 and N12 on the kinase activity of PNKP was 

tested by monitoring the transfer of 32P-labeled phosphate from radiolabeled ATP to an 

oligonucleotide. As shown in Fig. 2.12A, neither A83B4C63 nor A12B4C50 inhibit the 

PNKP kinase activity, as confirmed by the successful transfer of 32P-labeled phosphate  
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Figure 2.11. Activity of PNKP inhibitors against three protein phosphatases, PP-1c, 

aspartate-based ubiquitous Mg2+- dependent phosphatase (AUM) and calcineurin (CAN). 

The protocol for this assay is described in detail in section 2.3.4. Each point represents 

the mean ± SD (n = 3). Data presented in this figure were generated by Dr. Phuwadet 

Pasarj. 
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Figure 2.12. DNA kinase assay. Inhibition of PNKP DNA kinase activity by A83B4C63, 

A12B4C50, O7 and N12 measured by the transfer of radiolabeled phosphate from [γ−32P] 

ATP as described in Materials and Methods. (A) Representative of DNA gel showing the 

band of 23P-24 (upper row) and 32P -ATP (lower row). (B) The quantified values obtained 

from DNA gels show that A83B4C63 and A12B4C50 did not affect the kinase activity. 

However, there is a modest inhibition of the kinase activity by O7 and N12. Each point 

represents the mean ± SD (n = 3). All marked points were compared to control group and 

are statistically significant at (** P ≤ 0.01) and (*** P ≤ 0.001). Data presented in this 

figure were generated by Mesfin Fanta 
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from radiolabeled ATP to the 24-mer oligonucleotide substrate compared to the control 

(DMSO). However, there was a slight decrease of the kinase activity by O7 and N12. This 

was confirmed by the lower percentage of 32P-labeled phosphate incorporated into the 

24-mer oligonucleotide compared to the control. 

2.5. Discussion  

Several methods have been previously devised to monitor the activity of PNKP 299-301, all 

of which have their own advantages in monitoring the PNKP activity, however they suffer 

from some shortcomings such as cost and complexity. Furthermore, most have focused 

on the kinase rather than the phosphatase activity of PNKP. To overcome these 

disadvantages, we have designed an assay to provide us with a rapid mix-and-read 

sensitive approach for screening a library of small molecule inhibitors, which will be used 

later to target PNKP in cells. 

The 2-Ap hairpin probes were specifically designed to screen a library of small molecule 

inhibitors for PNKP and test the inhibitory activity of the second generation of 

imidopiperidine compounds in comparison to the earlier inhibitor A12B4C3 160, 161. 

A12B4C50 and A83B4C63 proved to be more effective than A12B4C3 (Figures 2.4 and 

2.5). Our screening of a library of 200 natural compounds or derivatives of natural 

compounds led to the identification of N12 and O7. These two compounds exhibit 

stronger inhibition on PNKP phosphatase activity than the imidopiperidine compounds 

(Figure 2.7). Unfortunately, the natural compounds are not pure but rather are mixtures 

of several related compounds that need to be separated and extracted (refer to Appendix 

Fig. A5). Each component of the mixture will need to be checked for its activity to 

determine which is responsible for the inhibition of PNKP phosphatase activity. 
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Fortunately, the T4 DNA polymerase is not a significant target for these inhibitors. The 

presented assay suggests that 2-Ap hairpin probes are robust and cheap and provide a 

selective method to be used for in vitro screening of potential inhibitors of PNKP.  

A12B4C50, A83B4C63, N12 and O7 exhibit strong affinity (Kd value of 0.1 ± 0.05 μM for 

A12B4C50, 0.09 ± 0.05 μM for A83B4C63, 0.14 ± 0.02 μM for N12 and 0.1 μM ± 0.02 for 

O7) for PNKP and the IC50 values obtained were 6.7, 4.2, 1.9 and 1.6 µM, respectively in 

comparison to A12B4C3, Kd = 0.37 ± 0.03 μM, IC50 = 22 μM, (Fig. A4) (refer to Appendix). 

We have further characterized the mechanism of inhibition of PNKP by the second 

generation imidopiperidine compounds represented by A83B4C63 and the natural 

derivative compound N12, showing them to be a non-competitive and uncompetitive 

inhibitor, respectively. The mechanism of enzyme inhibition was determined by a 

Lineweaver-Burk analysis of the substrate concentration dependence on the reaction. 

The Lineweaver-Burk plot (Figure 2.10A) shows a non-competitive nature of A83B4C63, 

which matches what was previously observed for A12B4C3 161. In non-competitive 

inhibition, the binding of the inhibitor reduces enzyme activity, but does not affect the 

binding of substrate. As a result, Vmax is reduced, but Km is unaffected. On the other hand, 

N12 showed an uncompetitive inhibition behavior, because Vmax as well as the Km values 

decreased as N12 concentrations were increased (Figure 2.10B). A characteristic feature 

of uncompetitive inhibitors is that they bind only to the enzyme-substrate complex 302.  

To determine the specificity of the newly found inhibitors for PNKP phosphatase activity, 

we examined a number of phosphatases such as calcineurin and PP-1c. We also 

broadened our examination to include AUM, aspartate-based ubiquitous Mg2+-dependent 
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phosphatase, which like the PNKP phosphatase domain belongs to the HAD superfamily 

106, 303. Figure 2.11 shows that the PNKP inhibitors slightly affect calcineurin, PP-1c and 

AUM at ~100 µM concentration. This concentration is much higher than the effective 

concentrations for inhibiting PNKP, indicating that A12B4C50, A83B4C63, N12 and O7 

have a much greater affinity for PNKP than calcineurin, PP-1c and AUM. 

Finally, A83B4C63 and A12B4C50 do not inhibit the kinase activity of PNKP, but O7 and 

N12 do (Figure 2.12A). These data are not surprising, because A12B4C3 was found to 

have only a slight inhibitory effect on PNKP kinase activity 160, which is probably due to 

the proximity of the two catalytic domains of PNKP.  

In conclusion, we have identified potent inhibitors of PNKP phosphatase activity utilizing 

a newly developed screening tool, and upon further drug development, these inhibitors 

may hold clinical value against tumors and could be used in the future either as a 

monotherapeutic or in combined treatments. 
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Chapter 3: Nano-encapsulation of novel inhibitors 

of PNKP for selective sensitization to ionizing 

radiation and irinotecan and induction of synthetic 

lethality 
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Overview: 

In the previous chapter, we discussed the screening of two different libraries for small 

molecule inhibitors of PNKP phosphatase activity, in vitro using a method developed in 

our lab, which resulted in the finding of four potential inhibitors of PNKP, A12B4C50, 

A83B4C63, N12 and O7. The second step in our project is a study of the effect of PNKP 

inhibition by A12B4C50 and A83B4C63 on cell survival following exposure to radiation 

and irinotecan. We also describe the development of appropriate nano-carriers to 

dissolve the hydrophobic inhibitors A12B4C50 and A83B4C63, and the ability of free 

and encapsulated inhibitors to sensitize HCT116 cells to radiation and irinotecan.  

Finally, we investigate the ability of the encapsulated inhibitors to trigger synthetic 

lethality in PTEN-deficient HCT116 cell.  
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Abstract 

There is increasing interest in developing and applying DNA repair inhibitors in cancer 

treatment to augment the efficacy of radiation and conventional genotoxic chemotherapy. 

However, targeting the inhibitor is required to avoid reducing the repair capacity of normal 

tissue.  The aim of this study was to develop nano-delivery systems for the encapsulation 

of novel imidopiperidine-based inhibitors of the DNA 3′-phosphatase activity of 

polynucleotide kinase/phosphatase (PNKP), a DNA repair enzyme that plays a critical 

role in rejoining DNA single- and double-strand breaks. For this purpose, newly identified 

hit compounds with potent PNKP inhibitory activity, A12B4C50 and A83B4C63, were 

encapsulated in polymeric micelles of different poly(ethylene oxide)-b-poly(ɛ-

caprolactone) (PEO-b-PCL)-based structures. Our results showed efficient loading of 

A12B4C50 and A83B4C63 in PEO-b-PCLs with pendent carboxyl and benzyl carboxylate 

groups, respectively, and relatively slow release over 24 h. Both free and encapsulated 

inhibitors were able to sensitize HCT116 cells to radiation and the topoisomerase I 

poison, irinotecan. In addition, the encapsulated inhibitors were capable of inducing 

synthetic lethality in Phosphatase and tensin homolog (PTEN)-deficient cells. We also 

established the validity of the peptide GE11 as a suitable ligand for active targeted 

delivery of nano-encapsulated drugs to colorectal cancer cells overexpressing epidermal 

growth factor receptor (EGFR). Our results show the potential of nano-encapsulated 

inhibitors of PNKP as either mono or combined therapeutic agents for colorectal cancer.   
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3.1. Introduction 

DNA termini with 5′-phosphate and 3′-hydroxyl groups are a prerequisite for DNA strand 

rejoining by DNA ligases. Polynucleotide kinase/phosphatase (PNKP), which catalyzes 

the phosphorylation of DNA 5′-hydroxyl termini and removes DNA 3′-phosphate groups, 

is therefore required for the repair of strand breaks with unligatable DNA ends that can 

be generated by certain DNA-damaging agents, including reactive oxygen species, 

ionizing radiation and topoisomerase I (Top I) poisons, and by the Endonuclease VIII-like 

(NEIL1 and NEIL2) DNA glycosylases that remove oxidized bases in the base excision 

repair pathway 2, 3, 90-92, 304. As a result, reducing PNKP activity, either by genetic means 

or by chemical inhibition, renders cells more sensitive to therapeutic agents that cause 

single or double strand breaks with these incompatible termini 152, 160, 161. We previously 

identified compound A12B4C3 as an inhibitor of the PNKP 3′-phosphatase activity from 

a library of polysubstituted imidopiperidines 160, 161. Further modification of this scaffold 

structure has led to the synthesis of two more potent inhibitors of PNKP, A12B4C50 and 

A83B4C63 (Table 3.1). However, since these inhibitors have low water solubility, we 

investigated the use of polymeric micelles as solubilizers for these compounds. Polymeric 

micelles can provide the additional benefits of protecting their constituents from 

metabolism by serum factors until they are delivered to cells and have the potential to 

enhance delivery of the encapsulated compound to cancer cells over normal tissues 305-

307.  

Polymeric micelles are self-assembled amphiphilic block copolymers that are used for 

encapsulation, sustained-release and targeted drug delivery of poorly soluble drugs 231, 

308-311. In aqueous solution, polymeric micelles consist of a hydrophobic core that can 
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serve as a reservoir for encapsulation and delivery of hydrophobic compounds and a 

hydrophilic shell that can make the nano-carrier stealthy, i.e. prevent its recognition and 

early elimination by mononuclear phagocytes 231, 312. The diameter of polymeric micelles 

(20-100 nm) is a critical feature of these formulations for tumor accumulation by enhanced 

permeability and retention (EPR) effect 313, 314.   

To further enhance the selectivity for tumor cells, targeting ligands specifically interacting 

with receptors overexpressed on cancer versus normal cells, can be attached to the 

surface of polymeric micelles 315, 316. Epidermal growth factor receptor (EGFR) 

overexpression is frequently found in tumors such as colorectal, breast and lung cancer 

317-319. It is a cellular transmembrane receptor with tyrosine kinase enzymatic activity that 

plays a key role in cell proliferation, survival and differentiation 234.  A dodecapeptide, 

(YHWYGYTPQNVI), identified by phage display screening and designated as GE11, has 

been found to be a selective and efficient EGFR allosteric ligand 320-322. GE11 binds 

specifically to EGFR with a dissociation constant of ∼22 nM, and with much lower 

mitogenic activity than EGF, the natural ligand of EGFR, itself 323. 

Another strategy to selectively target tumors is the application of synthetic lethality. 

Synthetic lethality is defined as a condition where the simultaneous disruption of two 

genes or their cognate proteins, but not either gene/protein alone, leads to cell death 324, 

325. Phosphatase and tensin homolog (PTEN), which is one of the most frequently 

disrupted tumor suppressors in cancer, has been studied extensively as a synthetic lethal 

partner for several proteins including PNKP 187, 326-328.
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Here we describe the encapsulation and characterization of A12B4C50 and A83B4C63 

in polymeric micelles for the purpose of lead solubilization and tumor targeted drug 

delivery assisting accelerated development of PNKP inhibitors for cancer therapy. To 

provide a range of different core structures for efficient accommodation of hit molecules 

under study in the micellar system, a series of micelle-forming block copolymers based 

on methoxy poly(ethylene oxide)-b-poly(ɛ-caprolactone) (PEO-b-PCL), methoxy 

poly(ethylene oxide)-b-poly(α-benzyl carboxylate-ɛ-caprolactone) (PEO-b-PBCL), and 

methoxy poly (ethylene oxide)-b-poly(α-carboxyl-ɛ-caprolactone (PEO-b-PCCL) were 

used 231, 233. For A12B4C50 and A83B4C63, optimum formulations were achieved using 

PEO-b-PCCL and PEO-b-PBCL micelles, respectively. We examined the ability of the 

encapsulated inhibitors to radiosensitize and chemosensitize cancer cells or engender a 

synthetic lethal response in PTEN-deficient cells, in vitro. We have also developed GE11 

modified polymeric micelles and assessed the potential of these nano-carriers for active 

targeting of EGFR-overexpressing colorectal cancer cells.  We also evaluated the effect 

of GE11 modification of polymeric micelles in potentiating the cytotoxic effects of 

encapsulated PNKP inhibitors in EGFR-overexpressing colorectal cancer cells. 
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Table 3.1. Characteristics of the polymeric micelles under study (n = 3) determined by 

dynamic light scattering. 
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3.2. Materials and Methods 

3.2.1. Materials  

Methoxy-polyethylene oxide (PEO) (average molecular weight of 5000 g/mol), and 

palladium on charcoal were purchased from Sigma (St. Louis, MO). ɛ-Caprolactone was 

purchased from Lancaster Synthesis (Lancashire, UK). α-Benzyl carboxylate-ɛ-

caprolactone monomer was synthesized by Alberta Research Chemicals Inc. (Edmonton, 

AB). Stannous octoate was purchased from MP Biomedicals Inc. (Tuttlingen, Germany). 

GE11 peptide was kindly provided by Dr. Rania Soudy (Faculty of Pharmacy and 

Pharmaceutical Sciences, University of Alberta). Fluorescent probes, 1,1′-Dioctadecyl-

3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) and Hoechst 33342, were 

purchased from Molecular Probes (Waltham, MA, USA). Antibodies used included 

monoclonal antibodies against PNKP 329, anti-EGFR antibodies [EP38Y] (cat. # ab52894 

and ab193244, Abcam Inc., Toronto, CA), lamin B (cat. # sc-6127, Santa Cruz 

Biotechnology, Santa Cruz, CA) and actin (cat. # sc-1616, Santa Cruz Biotechnology, 

Santa Cruz, CA). 

3.2.2 Cell lines  

HCT116, HT29 and SW620 cells were purchased from the American Type Culture 

Collection (ATCC). HCT116 PNKP knock-out cells were prepared by CRISPR technology 

by Dr. Yaping Yu (Molecular Biology Services, University of Calgary). The identity of 

HCT116 cells, both in their original and modified forms, was confirmed by ATCC. The 

correct identity of HCT116 cells was last confirmed by STR testing on March 13th, 2017. 

The HCT116 PTEN knock-out variants were generously provided by Dr. Todd Waldman 
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(Georgetown University, Washington DC) 330. The presence or absence of PNKP, PTEN 

and EGFR expression was confirmed by western blot. Cell lines were cultured at 37°C in 

5% CO2 in a humidified incubator in a 1:1 mixture of Dulbecco’s modified Eagle medium 

and F12 (DMEM/F12) supplemented with 10% FBS, 50 U/mL penicillin, 50 mg/mL 

streptomycin, 2 mmol/L L-glutamine, 0.1 mmol/L nonessential amino acids, and 1 mmol/L 

sodium pyruvate. All culture supplements were purchased from Invitrogen (Burlington, 

ON, CA). 

3.2.3. Synthesis of polysubstituted imidopiperidine compounds 

Compounds A12B4C50 and A83B4C63 (Table 3.1) were prepared by Dr. Timothy Morgan 

(Department of Chemistry, University of Alberta) according to the previously reported one-

pot procedure 290. The heterodiene (1 equiv) and maleimide (1.5-2 equiv) were dissolved 

in toluene in a screw-cap reaction vial. The aldehyde (2 equiv) was added and the vial 

was sealed and heated to 85 ºC for three days. After cooling to room temperature, the 

solvent was removed under reduced pressure. The residue was purified by flash column 

chromatography (ethyl acetate/hexane solvent system) to afford yellow solids (40-70% 

yield). The compounds were further purified by semi-preparative HPLC to purities of 95-

99%. Purified compounds were characterized by NMR, IR, and mass spectrometry (refer 

to appendix Figs. A6-A7). 

3.2.4. Synthesis of block copolymers 

Block copolymers of PEO-b-PCL (degree of polymerization 20 and 30) and PEO-b-PBCL 

(degree of polymerization 30) were synthesized by ring-opening polymerization of ɛ-

caprolactone or α-benzyl carboxylate-ɛ-caprolactone, respectively, using methoxy-PEO 

(MW: 5000 g/mol) as an initiator and stannous octoate as catalyst according to a method
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described previously 331-334. Block copolymers of PEO-b-PCCL (degree of polymerization 

21) were synthesized by catalytic debenzylation of PEO-b-PBCL in the presence of 

H2 according to a method described previously 334. 

3.2.5. Synthesis and characterization of GE11−PEO-b-PBCL conjugates  

We followed a previously reported method for the preparation of GE11-PEO-b-PBCL 

conjugates 335, 336. To prepare aldehyde-PEO-b-PBCL, acetal-PEO-b-PBCL was first 

synthesized by one-pot anionic ring-opening polymerization of ethylene oxide using the 

initiator 3,3 diethoxy-1-propanol (DEP) and potassium naphthalenide solution in THF 

under argon at room temperature, followed by ε-caprolactone addition. Acetal-PEO-b-

PBCL was then added to a water/acetone mixture to form micelles, and acetone was then 

removed by evaporation under vacuum. The acetal groups on the surface of the micelles 

were converted to aldehyde by adjusting the pH of the solution to 2.0 using HCl (0.5 

mol/L). The mixture was stirred at room temperature for 2 h, after which it was neutralized 

with NaOH (0.5 mol/L) to stop the reaction. In the final step of the reaction, GE11 peptide 

was conjugated to the aldehyde-PEO-b-PBCL micelles. The peptide was added and 

stirred with the polymeric micelles at a 1:3 molar ratio (peptide: CHO-PEO-b-PBCL) at 

room temperature for 2 h. Finally, to reduce the Schiff’s base, NaBH3CN (10 equiv) was 

added to the micellar solution.  After 24 h, the micellar solution was purified by dialysis 

against water (molecular weight cut-off (MWCO), 3.5 kDa). The relative amount of un-

conjugated peptide was determined using HPLC and subtracted from the total level of 

peptide used in the reaction to estimate the level of conjugated peptide. Reversed phase 

chromatography was carried out on a Microsorb-MV 5 μm C18-100 Å column 

(4.6 mm × 250 mm, Phenomenex, Torrance, CA, USA) with 20 μL of sample injected and 

eluted using the following conditions: (1) 100% A (0.1% trifluroacetic acid aqueous 
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solution) and 0% B (acetonitrile) over 1 min; (2) linear gradient from 100% A to 60% A and 

0% B to 40% B over 21 min; (3) linear gradient from 60% A to 0% A and 40% B to 100% 

B over 25 min; (4) 0% A and 100%B over 27 min; (5) 100% A and 0%B over 31 min. 

Gradient elution was performed at a flow rate of 1 mL/min using a Varian Prostar 210 

HPLC System. Detection was performed at 214 nm using a Varian 335 detector (Varian 

Inc., Palo Alto, CA, USA).  The resulting GE11−PEO-b-PBCL conjugates were 

freeze−dried and stored at −20 °C until use.  

3.2.6. Characterization of the prepared block copolymers and polymeric micelles 

The prepared block copolymers were characterized for their average molecular weights 

by 1H NMR (600 MHz Avance III – Bruker, East Milton, ON, CA) using deuterated 

chloroform (CDCl3) as solvent and tetramethylsilane as an internal reference standard. 

Drug-loaded micelles were prepared by dissolving lead PNKP inhibitors (1 mg) and block 

copolymers (10-20 mg) in acetone. The solution was added to double distilled water (10 

mL) in a dropwise manner and stirred overnight, the organic solvent was removed under 

vacuum. The obtained micellar solution was then centrifuged at 11,600 x g for 5 min to 

remove the free un-encapsulated inhibitors. The Z-average diameter of the prepared 

micelles were estimated by dynamic light scattering (DLS) using a Malvern Zetasizer 3000 

(Malvern Instruments Ltd, Malvern, UK). An aqueous droplet (20 μL) of the micellar 

solution with a polymer concentration of 1 mg/mL was placed on a copper-coated grid. 

The polymeric micellar solution was negatively stained by 1% phosphotungstic acid 

(H3PO4 12WO3·24H2O). After 5 min, the excess fluid was removed by filter paper and the 

grid was inserted in transmission electron microscopy (TEM) (FEI Morgagni 268, North 

America NanoPort, Oregon, USA) machine for image analysis. 
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3.2.7. In vitro release of encapsulated PNKP inhibitors 

The in vitro release of encapsulated PNKP inhibitors was studied using dialysis method. 

Each dialysis bag (Spectrapor dialysis tubing, MWCO 3.5 kDa, Spectrum Laboratories, 

Rancho Dominguez, CA), containing 2 mL of the micellar formulation or free drug 

dissolved in acetone, was placed into 300 mL of distilled water maintained at 37°C in a 

shaking water bath (65 rpm, Julabo SW 22 shaking water bath, Seelbach, Germany). At 

selected time intervals, aliquots of 200 μL from the inside of the dialysis bag were 

collected. The amount of PNKP inhibitor was analyzed using a Varian Prostar 210 HPLC 

system. Reversed phase chromatography was carried out with a Microsorb-MV 5 μm C18-

100 Å column (4.6 mm × 250 mm) with 20 μL 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 0.7 mL/min at room temperature. Detection was performed at 380 and 280 nm 

for A12B4C50 and A83B4C63, respectively using a Varian 335 Photodiode Array HPLC 

detector (Varian Inc., Palo Alto, CA, USA).  

3.2.8. Cell proliferation assay 

To determine the maximum dose of each PNKP inhibitor that did not affect cell growth 

rate, we used the CellTiter 96® Non-Radioactive Cell Proliferation Assay (MTS), 

(Promega). Approximately 1 x 105 HCT116 cells were plated in triplicate in a 96-well plate 

and allowed to adhere overnight before treatment with different concentrations of the 

inhibitors as free or polymeric micellar formulation. Free inhibitor was dissolved in DMSO 

in a way to keep the final concentration of DMSO < 1%. After 72 h, 11 µL of the pre-mixed 

optimized dye solution (tetrazolium dye) was added to each well and cells were incubated 

for 4 more hours at 37°C. The absorbance recorded at 490 nm on a FLUOstar Optima® 
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plate reader (BMG Labtech Inc., Durham, NC) was used as a representation of the relative 

number of metabolically active cells in the culture. 

3.2.9. Clonogenic survival assay 

Cells were seeded in 60-mm dishes 24 hours in advance and cultured for 9 - 14 

consecutive days.  Fresh PNKP inhibitor was added to cells every 3 days to ensure 

effective inhibition of PNKP was achieved at nontoxic concentrations defined by the above 

MTS assay. Colonies were then stained with a crystal violet (Sigma, Oakville, ON, CA) 

stain containing 25% methanol for 30 min, after which the plates were washed in warm 

water and left to dry overnight. Colonies consisting of 50 cells or more were counted using 

an automated colony counter (Oxford Optronix, Abingdon, UK). 

To determine the radiation response, cells, plated at 500, 750, 1500 and 3000 cells per 

dish, were treated with 0, 2, 4, or 6 Gy γ-radiation, respectively (60Co Gammacell, AECL, 

Chalk River, ON, CA) in the absence or presence of PNKP inhibitors as free or polymeric 

micellar formulation added 24 h prior to treatment with radiation. Additionally, plated cells 

(500 per dish) were treated with 0 µM irinotecan, 1500 per dish with 2 µM irinotecan and 

3000 per dish with 3 or 4 µM irinotecan in the absence or presence of PNKP inhibitor as 

free or polymeric micellar formulation. The PNKP inhibitor, as free or encapsulated drug, 

was added 24 h prior to treatment with irinotecan. 

3.2.10. Determination of polymeric micellar uptake by different colorectal 

cancer cells  

The protocol for encapsulating DiI inside polymeric micelles for cellular uptake studies 

was described previously 337. Dil (30 µg) and the block copolymer (3 mg) were dissolved 

in acetone (0.5 mL) and then added to 3 mL of water in a dropwise manner. The acetone 
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was removed by evaporation under vacuum, and the micellar solution was then 

centrifuged at 11,600 × g to remove the un-encapsulated DiI. The level of DiI 

encapsulation efficiency was determined by measuring the its fluorescence at 550/565 

nm (excitation/emission) (using a FLUOstar Optima® plate reader (BMG Labtech Inc., 

Durham, NC). The release of DiI from micelles was evaluated in PBS buffer containing 

lipid vesicles as the receiver phase of the released Dil as described previously 338.  

To determine cellular uptake by confocal microscopy, HCT116, HT29, and SW620 cells 

(1 x 105) were cultured on a coverslip at 37°C for 24 h. The medium was removed and 

replaced with 1 mL of fresh medium containing free Dil, PEO-b-PBCL-Dil and GE11−PEO-

b-PBCL-Dil at a DiI concentration of 10 µg/mL. The cells were incubated for 3 h at 37°C. 

After incubation the medium was removed, and the cells were washed three times with 1 

mL of PBS, and then fixed with ice cold methanol for 5 min. Methanol was removed by 

washing with PBS three times. The coverslips were put on slides containing anti-EGFR 

antibody to stain the membrane for 60 min. The cells were then washed three times with 

washing buffer and incubated with Hoechst 33342 to stain the nuclei for 5 min. The fixed 

cells were imaged by confocal laser scanning microscopy (Zeiss 510 LSMNLO, Jena, 

Germany) performed using a 40× oil immersion lens. Confocal stacks were processed 

using Carl Zeiss LSM 5 Image software. 

Cellular uptake was also measured by determining the fluorescence of Dil using a well 

plate reader FLUOstar Optima (BMG Labtech Inc., Guelph 

ON, CA). HCT116, HT29 and SW620 cells were seeded into a 96-well plate (1 x 104 

cells/well) containing 100 µL of media. 24 h later, DiI loaded polymeric micelles were 

added and incubated with the cells for 3 h at 37°C. For the competition experiments, 

HCT116 cells were pre-incubated with excess free GE11 peptide (1 mg/mL) for 30 min to 
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saturate receptors and to inhibit the binding and internalization of peptide conjugated 

micelles. Following the incubation period medium was removed and cells were washed 

with PBS three times. Internalized Dil levels were assessed by fluorescence emission 

intensity at 565 nm.  

3.2.11. Statistical analysis 

Plots show an average of at least three independent biological replicates. Each 

experimental group was compared with control group using a two-tail unpaired Student’s 

t- test. The software used was GraphPad Prism5 software (La Jolla, CA, USA). A value of 

P < 0.05 was considered as statistically significant in all experiments. Error bars represent 

mean ± SD. 
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3.3. Results 

3.3.1. Polymer synthesis and micelle characterization 

The structure of PEO-b-PCL, PEO-b-PBCL, PEO-b-PCCL, acetal-PEO-b-PBCL and 

acetal-PEO-b-PCCL were confirmed by NMR, which showed all of the characteristic 

peaks for PEO, PCL, PBCL, PCCL and acetal segments in their corresponding spectra 

(refer to appendix Figs. A8-A12). 1H NMR was also used to characterize the degree of 

polymerization of the core forming block in prepared block copolymer micelles as 20, 30 

and 21 for PCL, PBCL and PCCL, respectively. Further micelle characterization was 

accomplished by studying the size distribution and polydispersity index (PDI, the 

distribution of molecular masses) of empty or DiI or PNKP inhibitor loaded micelles using 

dynamic light scattering (DLS) measurements.  The Z-average diameter of all micelles 

was < 100 nm. The highest PDI was seen for PEO-b-PCL micellar formulation of 

A83B4C63 (0.37) indicating a more dispersed size distribution of the micellar population. 

The encapsulation efficiency for all formulations was relatively high ranging between 75-

100%.  The characteristics of the developed polymeric micelles are summarized in Table 

3.1. In addition, the morphology of the micelles was investigated by TEM confirming 

formation of the spherical shape for both plain and GE11-modified micelles (Fig. 3.1). 

3.3.2. In vitro release of PNKP inhibitors from polymeric micelles  

The results of the in vitro release of A12B4C50 and A83B4C63 from PEO-b-PCCL and 

PEO-b-PBCL micelles versus PEO-b-PCL micelles are presented in Figures 3.2A and 

3.2B, respectively. Free A12B4C50 and A83B4C63 were released from the dialysis bag 

at a rapid rate, 94.8% and 59.4% within 6 h, respectively indicating the sink condition, a 

condition by which the release of drug is controlled by diffusion from regions of high 

http://www.sciencedirect.com.login.ezproxy.library.ualberta.ca/science/article/pii/S0927776515003124#tbl0005
http://www.sciencedirect.com.login.ezproxy.library.ualberta.ca/science/article/pii/S0927776515003124#tbl0005
http://www.sciencedirect.com.login.ezproxy.library.ualberta.ca/science/article/pii/S0304383512005952#f0015
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Figure 3.1. TEM of loaded polymeric micelles. (A) PEO-b-PCCL-A12B4C50 (B) PEO-

b-PBCL A83B4C63 (C) GE11-PEO-b-PCCL-A12B4C50 and (D) GE11-PEO-b-PBCL-

A83B4C63. An aqueous droplet (20 μL) of the micellar solution with a polymer 

concentration of 1 mg/mL was placed on a copper-coated grid. Then a drop of 1% solution 

of phosphotungstic acid was added to provide the negative stain.  After 5 min, the excess 

fluid was removed by filter paper and the grid was inserted in the TEM for image analysis. 
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concentration to regions of low concentration 339. At the same time point, only 44.5% of 

A12B4C50 and 30.6% of A83B4C63 was released from PEO-b-PCCL and PEO-b-PBCL 

micelles, respectively. In contrast, PEO-b-PCL micelles released 67.2% and 66.5% of 

A12B4C50 and A83B4C63, respectively, within the same time frame. These observations 

indicate that polymeric micelles with a PCCL or PBCL core are better solubilizers of the 

imidopiperidine PNKP inhibitors than polymeric micelles with a PCL core.  

3.3.3. Inhibition of cell growth by the hit PNKP inhibitors and their polymeric 

micellar formulations 

To determine the maximum concentrations of the PNKP inhibitors that could be employed 

in the subsequent clonogenic survival assays, we used the MTS assay to assess non-

specific inhibition of colorectal cancer cell growth/metabolism induced by the free and 

encapsulated PNKP inhibitors. HCT116 colorectal cancer cells were exposed to serial 

dilutions of empty polymeric micelles, free and encapsulated PNKP inhibitor for 72 h. As 

shown in Figure 3.3, free and encapsulated A12B4C50 affected cell growth at 

concentrations > 5 µM, thus limiting the usable concentration of this compound to ≤ 5 µM 

in the clonogenic survival assays. On the other hand, A83B4C63 could be used at 

concentrations < 20 µM. Furthermore, there was no toxicity associated with the empty 

PEO-b-PCCL and PEO-b-PBCL micelles. 

3.3.4. Cellular radio- and chemosensitization by PNKP inhibitors 

As shown in Figs. 3.4A, C, E and G, exposure of wild type HCT116 cells to encapsulated 

A12B4C50 and A83B4C63 significantly increased their sensitivity to radiation and 

irinotecan (P ≤ 0.05, two-tail unpaired Student’s t- test). This response was nearly 

identical to that seen with HCT116 PNKP-knock out cells treated with either radiation or 

https://www-ncbi-nlm-nih-gov.login.ezproxy.library.ualberta.ca/pmc/articles/PMC2807293/figure/F2/
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Figure 3.2. In vitro release from dialysis tubing (MWCO 3.5 kDa) for free versus 

encapsulated (A) A12B4C50 and (B) A83B4C63 in aqueous solution at 37°C.  At fixed 

time intervals, a sample of 120 µL was withdrawn from dialysis tube and was analyzed 

by HPLC to determine the amount of released drug. Each point represents the mean ± SD 

(n = 3). 
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Figure 3.3. In vitro cytotoxicity of (A) A12B4C50 and (B) A83B4C63 measured by 

MTS assay after 72 h of drug incubation at 37°C. HCT116 cells (1 x 105) were plated 

in triplicate in a 96-well plate with different concentrations of inhibitors. After 72 h, a 

tetrazolium dye solution was added to each well and cells were incubated for 4 h at 37°C. 

Absorbance was recorded at 490 nm. Each point represents the mean ± SD (n = 3). 
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irinotecan alone (without PNKP inhibitor).  However, only free A83B4C63 was able to 

sensitize HCT116 cells to either radiation or irinotecan. Free A12B4C50 failed to sensitize 

HCT116 cells to either treatment. This could be due to the poor internalization of free 

A12B4C50 in HCT116 cells, which was confirmed by fluorescence microscopy (refer to 

appendix Fig. A14). Furthermore, A12B4C50 and A83B4C63 (free or encapsulated) failed 

to further sensitize the HCT116 PNKP-knock out cells to either radiation or irinotecan 

(Figs. 3.4B, D, F and H). 

3.3.5. In vitro release of PNKP inhibitors from GE11-conjugated polymeric micelles 

Figures 3.5A & 4B show that the attachment of the EGFR ligand GE11 on the surface of 

either PEO-b-PCCL or PEO-b-PBCL did not perturb the slow release of A12B4C50 and 

A83B4C63 seen with the unmodified micelles.  

To study the influence of GE11 on cellular uptake in cells expressing different levels of 

EGFR, we encapsulated Dil dye in PEO-b-PBCL to be used as a general model for 

targeted polymeric micelles. Figure 3.5C shows that Dil dye has a slow controlled release 

from both plain and GE11-modified polymeric micelles. This further confirmed that GE11 

attachment to the surface of the micelles did not alter the release of the encapsulated 

compounds.  

3.3.6. Cellular uptake of encapsulated compounds 

To evaluate the relationship between EGFR expression and the effectiveness of GE11-

conjugated micelles, we monitored the cellular uptake of Dil by three colorectal cancer 

cell lines expressing different levels of EGFR. Western blot analysis revealed that 

HCT116 cells express relatively high levels of EGFR compared to HT29 cells, while the 

https://www-ncbi-nlm-nih-gov.login.ezproxy.library.ualberta.ca/pmc/articles/PMC2807293/figure/F2/
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Figure 3.4. Radio/chemosensitization by free and encapsulated A12B4C50 or 

A83B4C63.  Cells, treated with 4 µM A12B4C50 and 6 µM A83B4C63 24 hours in 

advance, were subjected to radiation or irinotecan and survival was assessed by 

clonogenic survival assay. (A, C, E and G) HCT116 wild-type cells were sensitized to 

radiation and irinotecan by encapsulated PNKP inhibitors. (B, D, F and H) PNKP 

inhibitors failed to sensitize HCT116 PNKP-knock out cells (HCT116PNKP-/-) to radiation 

or irinotecan. (I) Western blot showing PNKP protein levels in wild-type and PNKP-knock 

out HCT116 cells. Each point represents mean ± SD (n = 3). All marked points were 

compared to control group and are statistically significant at (* P ≤ 0.05), (** P ≤ 0.01) and 

(*** P ≤ 0.001).
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Figure 3.5. In vitro release from dialysis tubing (MWCO 3.5 kDa) of (A) A12B4C50, 

(B) A83B4C63 and (C) Dil, from GE11-conjugated polymeric micelles in comparison to 

plain micelles and free drug (reported previously in Fig. 3.2) in aqueous solution at 37°C. 

At fixed time intervals, a sample of 120 µL was withdrawn and analyzed by HPLC to 

determine the amount of released drug. Each point represents the mean ± SD (n = 3).
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EGFR signal from SW620 cells was undetectable (Fig. 3.6A), in agreement with previous 

reports 340. In line with the expression level of EGFR on HCT116, HT29 and SW620 cells, 

GE11-PEO-b-PBCL-Dil incubated with these cells, showed more intense intracellular 

fluorescence in HCT116 cells followed by HT29 and then SW620 cells following 3 h 

incubation (Fig. 3.6B). In addition, the study revealed that the Dil was mainly localized in 

the cytoplasmic compartment in all cells under study.  

To obtain quantifiable data, fluorescence intensities of Dil uptake were measured using a 

plate reader. After 3 h incubation we observed enhanced cellular uptake of GE11-PEO-

b-PBCL-Dil micelles by HCT116 cells in comparison to HT29 and SW620 cells (Fig. 3.6C). 

In addition, the cellular uptake by HCT116 cells of GE11-PEO-b-PBCL-Dil was higher 

than PEO-b-PBCL-Dil (P ≤ 0.05, two-tail unpaired Student’s t- test). These data are in 

accord with our cell imaging observations. 

To investigate the possible role of receptor mediated cell uptake of GE11-PEO-b-PBCL-

Dil, we pretreated HCT116 cells with 1 mg/mL free GE11 to compete with the conjugated 

micelles. As shown in Fig. 3.6D , the free GE11 significantly reduced the cellular uptake 

of GE11-PEO-b-PBCL-Dil by HCT116 cells. In comparison, the uptake of PEO-b-PBCL-

Dil by HCT116 cells did not change significantly following pre-treatment with free GE11. 

 

3.3.7. Cellular radio- and chemosensitization by PNKP inhibitors encapsulated in 

GE11-conjucated micelles 

The survival curves (Fig. 3.7) indicated that both GE11-PEO-b-PCCL-A12B4C50 and 

GE11-PEO-b-PBCL-A83B4C63 significantly increased the sensitivity of HCT116 cells to 

radiation and irinotecan, and this response was almost identical to that seen with plain

http://www.sciencedirect.com.login.ezproxy.library.ualberta.ca/science/article/pii/S0304383512005952#f0025
http://www.sciencedirect.com.login.ezproxy.library.ualberta.ca/science/article/pii/S0304383512005952#f0020
https://www-ncbi-nlm-nih-gov.login.ezproxy.library.ualberta.ca/pmc/articles/PMC2807293/figure/F2/
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PEO-b-PCCL-A12B4C50 and PEO-b-PBCL-A83B4C63. (P ≤ 0.05, two-tail 

unpaired Student’s t- test). 

3.3.8. Synthetic lethal targeting of PTEN-deficient cancer cells using encapsulated 

PNKP inhibitors 

To investigate whether the encapsulated PNKP 3′-phosphatase inhibitors could induce a 

synthetic lethal response in PTEN-deficient cells, we performed clonogenic survival 

assays with both HCT116 PTEN+/+ and HCT116 PTEN-/- cells. As shown in Fig. 3.8, the 

combined disruption of both PTEN (genetically) and PNKP (by encapsulated inhibitors) 

led to a lethal response with increasing dose of PNKP inhibitor (P ≤ 0.05, two-tail 

unpaired Student’s t- test). However, the disruption of PNKP (chemically by inhibitors) or 

PTEN (genetically) individually was not lethal. These findings confirm our previous 

observation that a synthetic lethal relationship exists between PTEN and PNKP.
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Figure 3.6. Cellular uptake of Dil-encapsulated polymeric micelles. (A) Western 

blotting shows different expression levels of EGFR in HCT116, HT29 and SW620 cells. 

(B) In vitro fluorescence microscopy images of Dil accumulation in HCT116, HT29 and 

SW620 cells. After 3 h incubation with free Dil, PEO-b-PBCL-Dil and GE11-PEO-b-PBCL-

Dil. Red fluorescence indicates Dil. Blue fluorescence indicates Hoechst dye. Green 

fluorescence indicates EGFR immunostaining.  Fluorescence intensity measurement of 

in vitro cell uptake of (C) PEO-b-PBCL-Dil and GE11-PEO-b-PBCL-Dil by HCT116, HT29 

and SW620 cells, and (D) free Dil by HCT116 cells, GE11-PEO-b-PBCL-Dil and PEO-b-

PBCL-Dil with (+) or without (−) pre-treatment with excess of free GE11 peptide. Each 

point represents mean ± SD (n = 3). (* P ≤ 0.05) and (** P ≤ 0.01). 
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Figure 3.7.  Radio/chemosensitization of HCT116 wild-type cells by A12B4C50 and 

A83B4C63 encapsulated in GE11-PEO-b-PCCL and GE11-PEO-b-PBCL, 

respectively.   Cells, treated with 4 µM A12B4C50 and 6 µM A83B4C63 24 hours in 

advance, were subjected to radiation or irinotecan and survival was assessed by 

clonogenic survival assay. Data of empty polymeric micelles, PEO-b-PBCL-A83B4C63 

and PEO-b-PCCL-A12B4C50 were reported previously in Fig. 3.4. Each point represents 

mean ± SD (n = 3). All marked points were compared to control group and are statistically 

significant at (* P ≤ 0.05), (** P ≤ 0.01) and (*** P ≤ 0.001). 
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Figure 3.8. Clonogenic survival assays of PTEN-deficient cells treated with 

encapsulated PNKP inhibitors. (A) Western blot confirms disruption of PTEN in 

HCT116 cells. (B & C) Cells were subjected to increasing concentrations of PNKP 

inhibitors encapsulated in polymeric micelles as well as empty polymeric micelles for 

control sets for 9-14 consecutive days.  Colonies consisting of 50 cells or more were 

counted using an automated colony counter. Each point represents mean ± SD (n = 3). 

All marked points were compared to control (HCT116 PTEN -/-, PEO-b-PBCL / PEO-b-

PCCL) group and are statistically significant at (* P ≤ 0.05), (** P ≤ 0.01) and (*** P ≤ 

0.001).
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3.4. Discussion 

Despite recent advances in radio- and chemotherapy, a large proportion of colorectal 

cancer patients do not achieve objective responses due to the existence of intrinsic and 

acquired resistance to these therapies. Identification of molecular mechanisms that 

reduce the efficacy of conventional therapy, and targeting these pathways, is essential 

for improving radiation and chemotherapy responses in cancer patients. DNA repair 

pathways play a major role in tumor resistance towards radiation and chemotherapy. 

Therefore, targeting DNA repair pathways by small molecule inhibitors should enhance 

the efficacy of traditional cancer therapies. Furthermore, tumor cells harboring specific 

genetic defects may be susceptible to the administration of DNA repair inhibitors as single 

therapeutic agents 341. PNKP, a DNA repair enzyme that possesses DNA 5′-kinase and 

3′-phosphatase activity represents a candidate target for achieving this goal.  Our 

previous studies indicated that depletion of PNKP activity by shRNA or a small molecule 

inhibitor of its phosphatase activity sensitizes cells to ionizing radiation and camptothecin 

152, 160, 161. Moreover, reduction of PNKP increases the spontaneous mutation frequency, 

indicating that it is required for the repair of endogenous DNA damage induced by reactive 

oxygen species (ROS) 152. The imidopiperidine, A12B4C3, was the first PNKP 

phosphatase inhibitor discovered in our lab 160, 161. A12B4C50 and A83B4C63 represent 

the development of second generation and more potent inhibitors of PNKP derived from 

the parent compound A12B4C3. 

In this study, we describe the encapsulation of A12B4C50 and A83B4C63 inside 

polymeric micelles. Many emerging cancer drugs suffer from nonspecific distribution, 

rapid clearance and toxicity, which hinder their further pre-clinical evaluation and 
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advancement in drug development process. Specifically, since our molecules of interest 

aim to inhibit a DNA repair enzyme, it is essential to target these carriers to tumor tissue 

and spare normal tissue from their exposure and effects. The advantages of employing 

polymeric micelles as solubilizers for hydrophobic drugs include improved water solubility, 

prolonged drug circulation in blood, prevention of rapid renal clearance of drugs from the 

body and increased drug accumulation in tumor 342. A series of block copolymers based 

on PEO-b-PCL, bearing side groups of benzyl carboxylate (PEO-b-PBCL) or free carboxyl 

(PEO-b-PCCL) on the PCL backbone were used for this study. A12B4C50 and 

A83B4C63 were efficiently loaded in PEO-b-PCCL and PEO-b-PBCL nanoparticles, 

respectively. These polymer formulations were found to be superior to the more 

commonly used PEO-b-PCL micelles because the release of the compounds was 

considerably slower from the new polymeric micelles with pendent groups on the PCL 

block; 54 and 48% drug release from polymeric micellar formulations of A12B4C50 and 

A83B4C63 within 24 h in comparison to 86 and 84% release of A12B4C50 and A83B4C63 

from PEO-b-PCL formulations.  

The newly synthesized inhibitors were tested for their ability to sensitize HCT116 cells to 

either radiation or irinotecan. While free A83B4C63 was able to sensitize HCT116 cells 

to both radiation and irinotecan, free A12B4C50 failed to sensitize HCT116 cells to either 

treatment. We investigated the internalization of A12B4C50 (4 µM) by fluorescence 

microscopy by monitoring the fluorescence of A12B4C50 (excitation wavelength 380 nm 

and emission wavelength 405 nm) (refer to appendix A13) and found that there is poor 

cellular uptake of free A12B4C50 by HCT116 cells compared to PEO-b-PCCL-A12B4C50 

and GE11-PEO-b-PCCL-A12B4C50. This could explain the poor sensitization effect of 
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free A12B4C50 compared to the encapsulated A12B4C50. Furthermore, PEO-b-PCCL- 

A12B4C50 and PEO-b-PBCL-A83B4C63 were able to effectively sensitize wild-type 

HCT116 cells to radiation and irinotecan, but importantly, failed to sensitize the HCT116 

PNKP-knockout cells. This is an indication that the new inhibitors sensitize cells primarily 

through inhibition of PNKP 3′-phosphatase activity and not an alternative, unidentified 

protein.  

Based on the above data, the PEO-b-PCCL and PEO-b-PBCL micelles are expected to 

provide A12B4C50 and A83B4C63, respectively, the capacity for so-called “passive” 

targeting of tumor by EPR effect due to a leaky vasculature and poor or absent lymphatic 

drainage, which allows particles of diameter ∼20−200 nm to preferentially enter tumor 

tissue and accumulate there 342. PEO-b-PCCL-A12B4C50 and PEO-b-PBCL-A83B4C63 

hydrodynamic diameters are within this range as shown by DLS analysis.  

To achieve active targeting of our polymeric micelles and enhance their interaction with 

cancer cells, we covalently attached GE11 peptide to the surface of PEO-b-PCCL and 

PEO-b-PBCL. GE11 has an affinity for EGFR, which is expressed at a high level by 

HCT116 cells in comparison to HT29 cells, while SW620 cells express no EGFR. Cellular 

uptake analysis showed higher cellular internalization of Dil dye encapsulated in GE11 

modified polymeric micelles by HCT116 cells in comparison to HT29 and SW620 cells. In 

contrast, free Dil and PEO-b-PBCL-Dil internalization was similar in all cells. Furthermore, 

pre-treatment of HCT116 cells with an excess of free GE11, resulted in reduced 

internalization of GE11-PEO-b-PBCL-Dil, which confirmed the involvement of receptor 

mediated endocytosis as the mechanism of polymeric micellar cell uptake. Despite higher 

uptake of GE11 modified micelles compared to plain micelles by HCT116 cells, GE11-
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PEO-b-PCCL-A12B4C50 and GE11-PEO-b-PBCL-A83B4C63 were able to sensitize 

HCT116 cells to radiation and irinotecan in a similar manner to that of the unmodified 

micelles. This is most likely due to the release of encapsulated drug from the micellar 

carrier during the incubation with the cells (9-14 days) undermining the effect of GE11 

modification. Collectively, these data indicate that GE11 is a suitable ligand to target the 

EGFR overexpressing cancer cells potentially providing PNKP inhibitors with more 

selective targeting capabilities of cancer cells for future in vivo studies.  

Since the discovery of a synthetic lethal partnership between PARP1 and BRCA1/2, 

synthetic lethality has become the most desired strategy clinically for targeting DNA repair 

inhibition 343-346.  Previously, genetic screening for possible synthetic lethal partners with 

PNKP led to the identification of two tumor suppressor proteins, SHP-1 and PTEN 187, 326.  

We have shown in this report that PEO-b-PCCL-A12B4C50 and PEO-b-PBCL-

A83B4C63 cause synthetic lethality in HCT116 PTEN-/- cells (Fig. 3.8). Interestingly, 

PEO-b-PCCL-A12B4C50 displayed a marked synthetic lethality response in the HCT116 

PTEN-/- cells at a dose coinciding with the onset of toxicity seen with the encapsulated 

compound in the wild type cells. This is probably indicative of a synthetic sickness 

response in which the additional stress arising from the A12B4C50 toxicity amplifies the 

synthetic lethality. Applying this synthetic lethality/sickness approach would allow us to 

use these PNKP inhibitors as single agents selectively targeting PTEN-deficient tumors.  

In conclusion, we have demonstrated that potent and specific nano-encapsulated PNKP 

phosphatase inhibitors could further enhance radiation and irinotecan therapy in 

colorectal cancer cells, and that PTEN-deficient tumors may be susceptible to 

encapsulated PNKP inhibitors administered as single therapeutic agents. Our results also 
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pointed to the potential of GE11 modified polymeric micelles for active targeting of PNKP 

inhibitors to colorectal cancers overexpressing EGFR. Finally, in general terms, this paper 

provided proof of concept data for a positive role of nanoparticle delivery for the 

acceleration of drug development efforts in cancer therapy.   
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Chapter 4: Identification of binding sites of small 

molecule inhibitors of polynucleotide 

kinase/phosphatase by photoaffinity labeling-mass 

spectrometry 
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Overview: 

It has previously been shown that the imidopiperidine-based inhibitors of PNKP 

phosphatase activity act as non-competitive inhibitors. In Chapter 3 we described the 

activity of two new imidopiperidine compounds. Further refinement of the 

imidopiperidine structures would benefit from more information regarding the interaction 

between the protein and inhibitors to assist with rational drug design. In an effort to 

identify the binding site of the newly found inhibitors, we discuss in this chapter the use 

of benzophenone as a photo-crosslinking moiety attached to two PNKP inhibitors, 

A12B4C50 and A12B4C3, and analyzing the conjugated PNKP-inhibitor complex using 

liquid chromatography-mass spectrometry (LC/MS/MS). Since the kinase and the 

phosphatase domains of PNKP lose activity if separated the protein has to be regarded 

as a single unit, and, therefore, we predict that the interaction site(s) of the 

imidopiperidine inhibitors with PNKP may not be confined to the phosphatase domain.   

 

 



 

119 
 

Identification of binding sites of small molecule inhibitors of polynucleotide 

kinase/phosphatase by photoaffinity labeling-mass spectrometry 
 

 

Zahra Shire1, Rajam Mani1, Timothy D R Morgan2, Dennis G Hall2 and Michael 

Weinfeld1 

 

1Department of Oncology, University of Alberta, Edmonton, AB, Canada 

2Department of Chemistry, University of Alberta, Edmonton, AB, Canada 

 

* Corresponding authors: Michael Weinfeld, PhD 

Experimental Oncology, Cross Cancer Institute 

Edmonton, AB Canada T6G 1Z2 

Tel:  +1 780 432 8438 

Fax: +1 780 432 8428 

E-mail: michael.weinfeld@albertahealthservices.ca



 

120 

 

Abstract 

Human polynucleotide kinase/phosphatase (PNKP) is a 57-kDa enzyme that 

phosphorylates DNA 5′-termini and dephosphorylates DNA 3′-termini. PNKP is involved 

in both single- and double-strand break repair. A screen of a library of imidopiperidine-

based compounds resulted in the identification of three compounds that significantly 

inhibited PNKP phosphatase activity. To investigate the protein binding sites of the PNKP 

inhibitors, we synthesized novel photoaffinity probes containing a benzophenone 

photoreactive group linked to the small molecule inhibitors.  A95B4C3 and A12B4C67 are 

the benzophenone-containing derivatives of A12B4C3, a first-generation PNKP inhibitor, 

and A95B4C50 is the benzophenone-containing derivative of A12B4C50, a potent 

second-generation PNKP inhibitor. The binding affinity (Kd) values were 0.17 ± 0.01 μM 

for A95B4C3, 0.23 ± 0.02 μM for A12B4C67 and 0.14 ± 0.01 μM for A95B4C50. The 

photoaffinity inhibitors were evaluated for their inhibitory reactivity toward PNKP using a 

2-aminopurine (2-Ap) fluorescence-based assay. The photoaffinity ligands A95B4C3 and 

A12B4C67 were found to have a similar effect on PNKP phosphatase activity in 

comparison to their parent compound A12B4C3. However, A95B4C50 was less effective 

than its parent compound A12B4C50 but showed a response similar to A12B4C3. 

Photoreaction was initiated by irradiating the mixture of PNKP and inhibitors with UV light 

(365 nm), and then the photolabelled PNKP was subjected to trypsin digestion. Control 

and modified peptide sequences were identified by liquid chromatography/mass 

spectrometry. Results showed that A95B4C50 binds in the region between a.a: 294 - 301 

and A95B4C3 between a.a: 153 - 162, these two regions are located in the phosphatase 

domain. However, A12B4C67 binds to PNKP between a.a: 379 - 383, a region that is 
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located in the kinase domain. Although it needs further optimization, this study provides 

an insight into the binding sites of PNKP inhibitors. Further investigation by computational 

analysis and site directed mutagenesis is needed to confirm these findings. 
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4.1. Introduction 

DNA single-strand breaks (SSBs) can occur during DNA base excision repair (BER) or 

can arise from DNA damage by different genotoxic agents, which include ionizing 

radiation, and topoisomerase-I (Top-I) poisons 347-350. Such damage often results in DNA 

strands with 3′-phosphate and 5′-hydroxyl termini.  Neither terminus is a substrate for 

direct repair and ligation by DNA polymerases and ligases, which require 3′-hydroxyl and 

5′-phosphate termini. Processing of DNA termini by polynucleotide kinase/phosphatase 

(PNKP), which possesses a DNA 5′-kinase and a 3′-phosphatase activity, has an 

important role in the restoration of DNA strand breaks with 5′-hydroxyl termini or 3′-

phosphate termini 64, 351-354. PNKP is a key enzyme in the repair of both SSBs and double 

strand breaks (DSBs). RNAi-mediated knockdown of PNKP sensitizes cells to a variety 

of DNA-damaging agents. Small molecule inhibitors of PNKP have been generated that 

are able to sensitize cells to ionizing radiation and the Top-I poison, camptothecin 97, 114, 

158, 159. A12B4C3, A12B4C50 and A83B4C63 are polysubstituted imidopiperidine 

compounds that effectively inhibit the phosphatase activity of  PNKP (refer to Chapter 2). 

A12B4C3 was shown to be a non-competitive inhibitor 158, 159 but its protein binding site(s), 

and that of the related inhibitors, has not been identified.  Identifying the binding site would 

enable more rational design of new inhibitors. 

One useful tool for the analysis of protein interactions is the use of a 

photoactivatable benzophenone (BP) group 355-359. BP photoprobes have been used for 

drug discovery and development, identification of drug targets, determining the affinity 

and selectivity of drugs and identification of binding sites 360. The attraction of using BP 

photoprobes can be accredited to three important features. First, BPs are chemically 
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more stable than photoactivatable azide and diazirine groups. Second, BPs can be 

activated at wavelengths >310 nm, avoiding macromolecular-damaging wavelengths. 

Third, BPs react preferentially with sterically accessible C-H bonds, even in the presence 

of water and bulk nucleophiles (Scheme 4.1). Photoaffinity labeling in combination with 

mass spectrometric techniques such as liquid chromatography/mass spectrometry 

(LC/MS), can provide information regarding ligand-protein interaction sites 361. Once a 

ligand-protein complex is identified and isolated, the binding region can be identified by 

fragmentation of the protein into peptide fragments followed by MS-based sequencing. 

Finally, a BP adduct aids identification of the amino acids involved in interaction with the 

ligand in the binding pocket 361. 

For this study, the BP was linked directly to the PNKP inhibitors A12B4C3 and A12B4C50. 

Activation of the BP group attached to the PNKP inhibitors with UV light resulted in its 

conjugation to accessible (C-H) groups in the binding pockets of PNKP. Finally, we 

determined the site of interaction of the inhibitors using liquid chromatography/tandem 

mass spectrometry (LC/MS/MS). 
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Scheme 4.1. Photochemistry of benzophenone. The reaction consists of three main 

steps: (i) excitation by UV light (>310 nm), (ii) H-abstraction, and (iii) radical combination 

to create covalent crosslinkage. 
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Scheme 4.2. Photoactivatable PNKP inhibitors used in this study. 
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4.2. Experimental procedures 

4.2.1. Materials 

Magnesium chloride was obtained from EMD Chemicals Inc. (Gibbstown, NJ, US), 

sodium chloride from ACP Chemicals Inc. (Montreal, QC, CA), ultrapure Tris from ICN 

Biomedical Inc. (Aurora, OH, US), dithiothreitol (DTT) from Gold Biotechnology (St. Louis, 

MO, US).  Urea was purchased from Fisher Scientific (Ottawa, ON, CA). Iodoacetamide, 

trifluoroacetic acid (TFA) and acetonitrile (ACN) were purchased from Sigma (Oakville, 

ON, CA). Trypsin/Lys-C Mix, Mass Spec Grade was purchased from Promega (Madison, 

WI, US). Macro Spin Columns, C18, were purchased from Harvard Apparatus (St. 

Laurent, Qu, CA). UVL-56 Handheld UV Lamp (6-watt, 365 nm) was purchased from The 

Science Company (Upland, CA, US). 

The protocol for PNKP purification was described previously 280, 288. PNKP is stored in 50 

mM Tris-HCl (pH 7.4), 100 mM NaCl, 5 mM MgCl2, and 0.5 mM DTT. T4 DNA polymerase 

was prepared as previously described 289. All chemicals were used as received without 

further purification.   

4.2.2. Methods 

All compounds were prepared by Dr. Timothy Morgan (Department of Chemistry, University 

of Alberta). 

4.2.2.1. Synthesis of components of photoactivatable PNKP inhibitors 

A95 component: 
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2‐(4‐Bromophenyl)‐2‐phenyl‐1,3‐dioxolane (S1): 4-Bromobenzophenone (8.4 mmol) 

was dissolved in benzene. p-TsOH•H2O (0.4 mmol) and ethylene glycol (42.2 mmol) were 

added and the flask was equipped with a Dean-Stark apparatus and condenser. The 

reaction mixture was heated under reflux for 48 h. After cooling to room temperature, the 

reaction was quenched with 1 M NaOH (28 mL) and the mixture was extracted with Et2O 

(x3). The combined organic extracts were washed with saturated NaCl, dried over 

MgSO4, filtered and concentrated under reduced pressure. The crude product was 

purified by flash chromatography (40% CH2Cl2/hexane) to yield S1 as a white crystalline 

solid (91%). 

 

 

4‐(2‐Phenyl‐1,3‐dioxolan‐2‐yl) benzaldehyde (S2): S1 (1.9 mmol) was dissolved in 

THF (5 mL) and cooled to –78ºC. n-BuLi [2 M/hexane] (2 mmol) was added slowly and 

the mixture was stirred for 30 min at –78ºC. DMF (2.6 mmol) was added dropwise and 

the reaction mixture was stirred for 15 min at –78ºC before being warmed to room 

temperature. The reaction was quenched by the addition of saturated NH4Cl and was 

diluted with EtOAc. The phases were separated, and the aqueous phase was extracted 

with EtOAc. The combined organic extracts were washed with saturated NaCl, dried over 

Na2SO4, filtered and concentrated under reduced pressure. The crude product (99% 

yield) was used without further purification. 
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4‐Benzoylbenzaldehyde (S3): S2 (1.9 mmol) and p-TsOH•H2O were combined in 

acetone/H2O (10 mL, 4:1) and heated under reflux for 48 h. After cooling to room 

temperature, the mixture was diluted with EtOAc and washed with saturated NaHCO3, 

H2O, and saturated NaCl, dried over Na2SO4, filtered and concentrated under reduced 

pressure. The crude product was purified by flash chromatography (20% EtOAc/hexane) 

to yield S3 as a white solid (70%). 

C50 component: 

 

1‐(4‐Nitrophenyl) piperazine (S4): Prepared according to the procedure of Hepperle et 

al. 362. 1-Bromo-4-nitrobenzene (10.2 mmol), piperazine (13.1 mmol), K2CO3 (15.6 mmol) 

and tetrabutylammonium iodide (0.1 mmol) were combined in DMSO (20 mL) and heated 

to 120ºC overnight. After cooling to room temperature, the reaction mixture was carefully 

poured into 40 mL of 1 M HCl at 0ºC. The mixture was filtered to remove precipitate and 

the filtrate was extracted with EtOAc (x3). The aqueous phase was cooled to 0ºC and 

basified with 6 M NaOH. The basic solution was extracted with CH2Cl2 (x5) and the 

combined extracts were dried over Na2SO4, filtered and concentrated under reduced 

pressure. The crude product (76% yield) was used without further purification. 



 

129 

 

 

 

tert‐Butyl-4‐(4‐nitrophenyl) piperazine‐1‐carboxylate (S5): 1-(4-Nitrophenyl) 

piperazine (S4) (7.6 mmol) was dissolved in CH2Cl2 (20 mL) and cooled to 0 ºC. 

Triethylamine (14 mmol) was added followed by the slow addition of di-tert-butyl 

dicarbonate (7.8 mmol) in CH2Cl2 (5 mL). The reaction mixture was warmed slowly to 

room temperature and stirred overnight. Water was added, and the phases were 

separated, the organic phase was washed successively with saturated solutions of 

NaHCO3 and NaCl, dried over Na2SO4, filtered and concentrated under reduced pressure. 

The crude product (72% yield) was used without further purification. 

 

 

tert‐Butyl-4‐(4‐aminophenyl) piperazine‐1‐carboxylate (S6): Compound S5 (5.5 

mmol) was dissolved in EtOH (50 mL) and 10% Pd/C (0.2 mmol) was added carefully. 

The reaction vessel was purged with N2 then purged with H2 and maintained under an 

atmosphere of H2 for 24 h at room temperature. The reaction mixture was filtered through 

a plug of celite, the plug was washed with EtOAc and the filtrate was concentrated under 

reduced pressure. The crude product (93% yield) was used without further purification. 
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tert‐Butyl-4‐[4‐(2,5‐dioxo‐2,5‐dihydro‐1H‐pyrrol‐1‐yl) phenyl]piperazine‐1‐

carboxylate (S7): Maleimide S7 was prepared using a modified version of a published 

procedure 363. Maleic anhydride (5.6 mmol) was dissolved in EtOAc (10 mL) and S6 (5.1 

mmol) in EtOAc (5 mL) was added slowly. The reaction mixture as stirred overnight at 

room temperature. Stirring was halted and the mixture was cooled to 0ºC, the precipitate 

was collected by suction filtration and transferred to an appropriately sized round bottom 

flask. NaOAc (10.3 mmol) and Ac2O were added and the mixture was heated to 100ºC 

for 5 h. After cooling to room temperature water (10 mL) and saturated NaHCO3 (15 mL) 

were added and the mixture was stirred for 1 h. The mixture was extracted with EtOAc 

(x3), the combined extracts were washed with water (x3) and saturated NaCl, dried over 

Na2SO4 filtered and concentrated under reduced pressure. The crude material was 

purified by flash chromatography (30-50% EtOAc/hexane) to yield S7 as an orange 

powder (52%). 

C67 component: 
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1‐(4‐Benzoylphenyl)‐2,5‐dihydro‐1H‐pyrrole‐2,5‐dione (S8): Maleimide S8 was 

prepared using a modified version of a previously published procedure 364. 

Aminobenzophenone (10 mmol) and maleic anhydride (10 mmol) were stirred in EtOAc 

(100 mL) for 24 h at room temperature. Solvent was removed under reduced pressure 

and AcOK (5 mmol) and Ac2O (50 mL) were added. The reaction mixture was heated to 

80 ºC overnight. The reaction was quenched with ice cold water and the mixture was 

extracted with EtOAc (x3). The combined organic extracts were washed with water and 

saturated NaCl, dried over Na2SO4, filtered and concentrated under reduced pressure. 

The crude product was purified by flash chromatography (50-100% CH2Cl2/hexane) to 

yield S8 as a white solid (62%). 

4.2.2.2. Determination of binding constants of PNKP photolabelled inhibitors 

This experiment was conducted by Dr. Rajam Mani (Department of Oncology, University 

of Alberta). Fluorescence titrations of PNKP with photoactivatable inhibitors were 

measured at 25oC using a PerkinElmer Life Sciences LS-55 spectrofluorometer with 3 

nm spectral resolution for excitation and emission as previously described 288.  PNKP 

fluorescence was excited at 295 nm, and fluorescence emission was recorded at 340 nm. 

In this experimental design, a single concentration of the receptor (PNKP) was used and 

the concentration of the inhibitor (Ligand) was varied.  Binding of the inhibitor to PNKP 

was analyzed using the equation: 

[𝐿𝑅] =
([𝑋] + [𝑅𝑡𝑜𝑡] + 𝑘𝑑) ± √([𝑋] + [𝑅𝑡𝑜𝑡] + 𝐾𝑑)2 − 4[𝑋][𝑅𝑡𝑜𝑡]

2
 

L= X – LR. 
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Where, X is the total Ligand concentration and Rtot: is the total receptor concentration 

(Same units as X).  LR refers to ligand bound to the receptor and the L is the free ligand 

concentration. Binding data were analyzed using Prism (GraphPad Software Inc., La 

Jolla, CA). This method is previously mentioned in Chapter 2. 

4.2.2.3. Fluorescence-based assay for detecting activity of photoactivatable 

inhibitors of the 3′-phophatase activity of PNKP 

The assays (100 µL total volume) were performed in Corning 3573 black, flat bottom 384-

well microplates, purchased from Corning Life Sciences (Tewksbury, MA, US), and 

prepared in 100 mM Tris (pH 7.5), 50 mM NaCl, 10 mM MgCl2, and 1mM DTT. Initially 25 

nM PNKP (2.5 µL) was preincubated with 10 µM test compound (2 µL) or DMSO vehicle 

for 5 -15 min at room temperature (100 µL total volume). Then HPP (10 µL) or HPOH (10 

µL) and 80 nM T4 DNA polymerase (4 µL) were added. For the control reactions, the 

phosphatase activity of PNKP was monitored by first treating HPP (10 µL) with 25 nM 

PNKP (2.5 µL) to convert all 3′-P to 3′-OH, then adding 80 nM T4 DNA polymerase (4 µL) 

to hydrolyse the hairpins substrates.  The above assay was previously described in 

Chapter 2. Fluorescence (320 nm excitation and 405 nm emission) of each well was read 

in a FLUOstar Optima (BMG Labtech Inc., Guelph, ON, CA).  Data were analyzed using 

Graphpad Prism software. 

4.2.2.4. Photocrosslinking of ligand-PNKP mixture 

PNKP (30 µg) was mixed with either 1.5 or 15 µL of the ligand solution (3 mM) or an 

equivalent volume of DMSO in the dark at room temperature for 15 min. The mixture was 

then placed on ice and the photoreaction was initiated by irradiating the mixture with UV 

light (365 nm) for 60 min. 
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4.2.2.5. In-solution digestion of ligand-modified PNKP 

A reduction buffer consisting of 6-8 M urea and 5 mM DTT/50 mM Tris-HCl (pH 8) was 

added to the ligand-protein mixture for 1 h at 37oC. Iodoacetamide was added to the 

mixture to a final concentration 15 mM in the dark at room temperature for 1 h. The 

concentration of urea was reduced to <1 M by adding 50 mM Tris-HCl (pH 8) before 

digestion. Trypsin/Lys-C Mix was added to the ligand-protein mixture at a 25:1 protein: 

trypsin ratio (w/w) overnight at 37oC. The digestion was terminated by adding TFA to a 

final concentration of 0.5 -1%. 

4.2.2.6. Purification of ligand-modified PNKP 

Conditioning the Macro Spin C18 column. 400 µL of 100 % acetonitrile was pipetted 

onto the column and the column was centrifuged for 5 min at 150 x g and the collecting 

tube was removed. To equilibrate the column, 150 µL of 0.1% TFA was pipetted into the 

column and centrifuged for 5 min at 150 x g. Processing the sample. 150-300 µL of 

digested sample were added to the column and placed in a new 2 mL centrifuge tube. 

The sample was centrifuged for 5 min at 150 x g. The sample was then washed with 0.1% 

TFA 2 x for 3 min at 150 x g. Eluting the sample. In a new collecting tube, 150 µL 0.1% 

TFA and 95% ACN was applied to the column to elute the peptides. This step was 

repeated twice. After collecting the purified peptide, solvent was reduced to 25-50 µL in 

a speed‐vac. 

4.2.2.7. LC-MS/MS analysis 

The resultant peptides were subjected to LC-MS/MS analysis using an Easy nanoLC II 

(Thermo Scientific) system coupled to a Waters Premier QTOF analyzer (Waters, Milford, 

MA, US). An aliquot of the sample was loaded onto an Acclaim PepMap300, C4, 100 µm 
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x 2 cm, 5 µm particle size nano trap, (Thermo Scientific, Sunnyvale, CA, US) coupled to 

an Acclaim PepMap300, C4, 75 µm × 150 mm, 5 µm particle size nano-analytical column 

Thermo Scientific, Sunnyvale, CA, US). Desalting on the peptide trap was achieved by 

flushing the trap with 25 µL of 100% eluent A (0.1% formic acid in water) at a flow rate of 

10 µL/min. Peptides were separated at a flow rate of 350 nL/min with a gradient of 1% 

eluent B (0.1% formic acid in acetonitrile) for 1 minute, 1 to 45% eluent B over 39 minutes, 

45 to 98 %B over 5 minutes, kept at 98% eluent B over 4 minutes and back to 1% eluent 

B over 1 minute. Analysis was performed using Mascot Distiller (Matrix Science, UK) and 

ProteinScape (Bruker, Bremen, Germany) software packages. Database searches were 

performed using an in-house Mascot server. 

4.3. Results 

4.3.1. Measurement of Kd values 

The binding constants of the ligands to PNKP were obtained by fluorescence 

spectroscopy.  Since binding of the ligand to PNKP partially quenches the protein Trp 

fluorescence at 340 nm following excitation at 295 nm, the binding affinity (Kd) can be 

determined by following fluorescence quenching as a function of ligand concentration.   

Figure 4.1 shows the fluorescence intensities versus the concentrations of A95B4C50, 

A95B4C3, and A12B4C67.  Nonlinear regression analysis of the binding data revealed 

unimodal binding with Kd values of 0.14 ± 0.01 μM for A95B4C50, 0.17 ± 0.01 μM for 

A95B4C3 and 0.23 ± 0.02 μM for A12B4C67. 

4.3.2. Biochemical evaluation of the photoaffinity probes 

We examined the ability of the photoactivatable PNKP inhibitors to inhibit PNKP 3′-

phosphatase activity using the 2-Ap assay described in Chapter 2.  As it is evident from 
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Figure 4.2A, the presence of 10 µM A95B4C50 slightly reduced the expected increase in 

the fluorescence signal similar to 25 µM A12B4C3 indicating that PNKP phosphatase 

activity is partially blocked by these two compounds. However, the activity of this ligand 

was found to be less than its parent derivative A12B4C50. Figure 4.2B, shows that there 

was no inhibitory effect on the exonuclease activity of T4 pol in the presence of 10 μM 

A95B4C50. Figures 4.3A and 4.4A, show that both 25 µM A95B4C3 and 25 µM 

A12B4C67, derivatives of A12B4C3, slightly reduced the expected increase in the 

fluorescence signal similar to their parent compound A12B4C3, once again, indicating 

that PNKP phosphatase activity is partially blocked by these compounds.  As shown in 

Figures 4.3B and 4.4B, there was no inhibitory effect on the exonuclease activity of T4 

pol in the presence of 25 μM A95B4C3 and A12B4C67, which indicates that the reduced 

fluorescence signal was indeed due to the inhibition of PNKP only.   
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Figure 4.1. A plot of fluorescence intensities of titration of PNKP. (A) A95B4C50, (B) 

A95B4C3 and (C) A12B4C67. PNKP (0.03 µM) in 50 mM Tris HCl (pH 7.5), 100 mM 

NaCl, 5 mM MgCl2 was excited at 295 nm, and fluorescence intensity was monitored at 

340 nm. Data presented in this figure were generated by Dr. Rajam Mani. 
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Figure 4.2. The effect of A95B4C50 on PNKP activity.  (A) Incubation of hairpin HPP 

with both PNKP and T4 pol caused an increase in the fluorescence signal (filled triangles), 

indicating release of 2-ApMP from the hairpin. Open circles represent the fluorescence 

by 200 nM 2-Ap, which was used as a control for 2-ApMP because the base and 

mononucleotide display the same fluorescence. In the presence of A95B4C50, the 

fluorescence signal was partially reduced (open squares), indicating partial inhibition of 

PNKP phosphatase activity. This response is similar to what was observed with A12B4C3 

(filled squares), however, the potency of A95B4C50 is less than its parent compound 

A12B4C50 (open triangles). (B) There was no reduction of 2-ApMP release from hairpin 

HPOH in the presence of A95B4C50 (open squares), indicating no inhibition of T4 pol. 

Each point represents the mean ± SD (n = 3).  
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Figure 4.3. The effect of A95B4C3 on PNKP. (A) Incubation of hairpin HPP with both 

PNKP and T4 pol caused an increase in the fluorescence signal (filled triangles), 

indicating release of 2-ApMP from the hairpin. In the presence of A95B4C3, the 

fluorescence signal was partially reduced (open squares), indicating partial inhibition of 

PNKP phosphatase activity. This response was similar to what was observed with 

A12B4C3, the parent compound, (filled squares). (B) There was no reduction of 2-ApMP 

release from hairpin HPOH in the presence of A95B4C3 (open squares), indicating no 

inhibition of T4 pol. Each point represents the mean ± SD (n = 3).  
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Figure 4.4. The effect of A12B4C67 on PNKP.  (A) Incubation of hairpin HPP with both 

PNKP and T4 pol caused an increase in the fluorescence signal (filled triangles), 

indicating release of 2-ApMP from the hairpin. In the presence of A12B4C67, the 

fluorescence signal was partially reduced (open squares), indicating partial inhibition of 

PNKP phosphatase activity. This response was similar to that observed with A12B4C3, 

the parent compound, (filled squares). (B) There was no reduction of 2-ApMP release 

from hairpin HPOH in the presence of A12B4C67 (open squares), indicating no inhibition 

of T4 pol. Each point represents the mean ± SD (n = 3). 
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4.3.3. Identification of the binding sites by tandem mass spectrometry 

Kinetic analysis discussed in Chapter 2 proved that imidopiperidine inhibitors act as non-

competitive inhibitors. Therefore, unlike competitive inhibitors, it is not possible to readily 

predict where the inhibitors bind. To determine the binding sites, photoreactions were 

conducted between PNKP and the three photoactivatable inhibitors A95B4C50, 

A95B4C3 and A12B4C67. We digested the complexes formed from the photoreaction 

with trypsin and analyzed the product mixtures by LC-MS/MS. Below, we discuss the 

results of reaction with each photoaffinity compound. 

4.3.3.1. A95B4C50 

A95B4C50 is a photoactivatable form of A12B4C50 (Scheme 4.2), and a more potent 

derivative of A12B4C3. The digested peptides were loaded onto the LC-MS/MS system 

and results were analyzed using ProteinScape, a proteomics and data analysis software 

package 365-367. Figure 4.5 shows that the sequence coverage obtained for treated PNKP 

with A95B4C50 was ~28% compared to 72.9% for untreated PNKP. To identify the 

modified peptides, we applied ExPASy peptide mass tool. This program computes the 

masses of the peptides generated by trypsin digestion of a protein sequence from the 

UniProt Knowledgebase or a user-entered protein sequence 368. We calculated the 

masses of the expected modified peptides by adding the mass of A95B4C50, i.e. 657 

g/mol, to the observed peptide masses of untreated PNKP extracted from LC-MS/MS. 

Finally, we matched the theoretically calculated peptide masses with the observed 

peptide masses of PNKP treated with A95B4C50.  
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Figure 4.5. Sequence coverage of PNKP in the presence or absence of A95B4C50 

determined by ProteinScape software. (A) Untreated PNKP, after digestion with 

trypsin, resulted in 72.9% sequence coverage. (B) PNKP treated with A95B4C50 resulted 

in ~28% sequence coverage after trypsin digestion.  
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If a hit was found, we further analyzed the modified peptide using ProteinProspector,  

software that helps to calculate masses resulting from peptide fragmentation, to 

determine the amino acid in the peptide sequence that has been photolabelled 369, 370.  

The fragmentations can occur either through C-terminal (y ions), N-terminal (b ions) or 

both. By conducting analysis with ProteinScape and ExPASy, we were able to find a hit. 

A95B4C50 was found to induce modification in the peptide PANWAPGR that is located 

in the region 294-301. The unmodified peptide has a mass, [M+H]+, equal to 868.4 and 

the counter modified peptide mass, [M+H]+, is 1525.4 (Table 4.1A). By using 

ProteinProspector software, we obtained the induced fragments of unmodified peptides 

and by manually adding the weight of the probe to each fragment, we were able to locate 

the modifications on two different sites. The fragment PANWA is generated from N-

terminal fragmentation and R is generated from C-terminal fragmentation (Table 4.1B). 

This observation was confirmed by the mass spectra of both unmodified peptide 

PANWAPGR (Figure 4.6A) and its modified counterpart (Figure 4.6B). The mass 

spectrum of unmodified peptide PANWAPGR confirmed the presence of the fragments 

169, 283, 329, 400, 469, 586, 700 and 771 (Table 4.1B). On the other hand, Figure 4.6B 

shows the presence of a peak corresponding to the mass of the modified PANWAPGR 

peptide, 1525.4, along with the modified fragments R, 832.35, and PANWA, 1197.35, as 

was predicted from the analysis shown in Table 4.1B. 
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Table 4.1. Induced fragments of unmodified and modified peptides after 

photoreaction with A95B4C50. (A) Hit peptide, 1525.4, was identified among the trypsin 

fragments following digestion of PNKP treated with A95B4C50. (B) Induced 

fragmentation of both untreated and treated peptide PANWAPGR. 
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Figure 4.6. Mass spectra of digested-PNKP peptide PANWAPGR. (A) Mass spectrum 

of unmodified peptide PANWAPGR shows the appearance of peaks related to sequence 

ions (b & y ions) similar to the one obtained from ProteinProspector (Table 4.1B). (B) 

Mass spectrum of modified peptide PANWAPGR + 657 shows the appearance of peaks 

related to sequence ions of modified PANWAPGR (1525.7), PANWA (1197.35) and R 

(832.35) shown in (Table 4.1B). 
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4.3.3.2. A95B4C3 

The same protocol and analysis procedures were conducted for A95B4C3, a modified 

derivative of A12B4C3. However, we observed a different binding site with this ligand. 

Figure 4.7 shows that the sequence coverage obtained for PNKP treated with A95B4C3 

was ~70.1% compared to 72.9% for untreated PNKP.  A modification was observed in 

the peptide LLVFTAAGVK located at the region 153 -162. According to ProteinScape and 

ExPASy, the unmodified peptide LLVFTAAGVK has a mass, [M+H]+, equal to 1018.6 and 

the counter modified peptide mass, [M+H]+, is 1593.2 (Table 4.2A). By using 

ProteinProspector software, we obtained the induced fragments of unmodified peptides 

and by manually adding the mass of the probe to each fragment, we were able to locate 

the modifications on the segment LLVFTA (Table 4.2B). This observation was confirmed 

by the mass spectrum of the modified peptide LLVFTAAGVK (Figure 4.8). The mass 

spectrum of unmodified peptide LLVFTAAGVK was not detected by LC-MS/MS. 

Therefore, another option to confirm the peptide sequence was by measuring the 

distances between the peaks in the mass spectrum of modified peptide, the distances 

reflect the mass of amino acids in the sequence. Figure 4.8, shows that by measuring 

distances between peaks we covered 90% of the sequence LLVFTAAGVK. In addition, 

Figure 4.8 shows the presence of peaks corresponding to the mass of the modified 

fragment LLVFTA as was predicted from the analysis shown in Table 4.2B.  
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Figure 4.7. Sequence coverage of PNKP in the presence or absence of A95B4C3 

determined by ProteinScape software. (A) Untreated PNKP, after digestion with 

trypsin, resulted in 72.9% sequence coverage. (B) PNKP treated with A95B4C3 resulted 

in 70.1% sequence coverage after trypsin digestion.  
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Table 4.2. Induced fragments of unmodified and modified peptides after 

photoreaction with A95B4C3. (A) Hit peptide, 1593.2, was identified among the trypsin-

digestion fragments of PNKP treated with A95B4C3. (B) Induced fragmentation of both 

untreated and treated peptide LLVFTAAGVK. 
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Figure 4.8. Mass spectrum of digested-PNKP peptide LLVFTAAGVK modified by 

A95B4C3. The mass spectrum of modified peptide shows the appearance of peaks 

related to the sequence ion LLVFTA (1220) as predicted by ProteinProspector (Table 

4.2B). Distance calculated between peaks confirms the presence of 90% of the peptide 

sequence. 
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4.3.3.3. A12B4C67 

Interaction of PNKP with A12B4C67, another modified derivative of A12B4C3, was also 

analyzed by the same protocol. Figure 4.9 shows that the sequence coverage obtained 

for treated PNKP with A12B4C67 was ~72.9%, similar to what was observed for untreated 

PNKP. By conducting analysis with ProteinScape and ExPASy, we were able to find a 

hit. A12B4C67 was found to induce modification in the peptide STFLK that is located in 

the region 379-383. The unmodified peptide has a mass [M+H]+ equal to 595.3 and the 

counter modified peptide mass [M+H]+ is 1234 (Table 4.3A). By using ProteinProspector 

software, we obtained the induced fragments of unmodified peptide STFLK and by 

manually adding the weight of probe to each fragment, we were able to locate the 

modifications on amino acid K (Table 4.3B). This observation was confirmed by the mass 

spectra of both unmodified peptide STFLK, Figure 4.10A, and its modified counterpart 

(Figure 4.10B). The mass spectrum of unmodified peptide STFLK, 595.3, confirmed the 

presence of the fragments 147.11, 189.08, 260.19, 407.26, 449.23 and 508.31 (Table 

4.3B). On the other hand, Figure 4.10B shows the presence of a peak corresponding to 

the mass of the modified amino acid K, 785.8, as predicted from the analysis shown in 

Table 4.3B. 
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Figure 4.9. Sequence coverage of PNKP in the presence or absence of A12B4C67 

determined by ProteinScape software. (A) Untreated PNKP, after digestion with 

trypsin, resulted in 72.9% sequence coverage. (B) PNKP treated with A12B4C67 also 

resulted in 72.9% sequence coverage after trypsin digestion.  
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Table 4.3. Induced fragments of unmodified and modified peptides after 

photoreaction with A12B4C67. (A) Hit peptide, 1234, was identified among the trypsin-

digestion fragments of PNKP treated with A12B4C67. (B) Induced fragmentation of both 

untreated and treated peptide STFLK. 
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Figure 4.10. Mass spectra of digested-PNKP peptide STFLK. (A) Mass spectrum of 

unmodified peptide STFLK shows the appearance of peaks related to sequence ions (b 

& y ions) similar to the one obtained from ProteinProspector (Table 4.3B). (B) Mass 

spectrum of the modified peptide STFLK + 638.7 shows the appearance of peaks related 

to sequence ion K (785.81) as predicted from the analysis shown in (Table 4.3B). 
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4.4. Discussion 

Characterization of small molecule-protein interaction such as target identification or 

profiling of the binding site is of high importance in drug discovery research.  

Benzophenone-based photoaffinity labeling represents a powerful tool to identify small 

molecule-protein binding sites with high specificity. Benzophenone can be activated at 

wavelengths >310 nm and can react with macromolecules through free C-H bonds 371.  

In this chapter, we discuss the attachment of the benzophenone functional group directly 

to PNKP inhibitors A12B4C3 and A12B4C50. Two of the photoaffinity ligands, A95B4C3 

and A12B4C67, are derivatives of A12B4C3, while the third ligand is a derivative of 

A12B4C50. Kinetic analysis was conducted on the photoactivatable ligands to determine 

their binding efficiency (Kd). Kd values of 0.14 ± 0.01 μM for A95B4C50, 0.17 ± 0.01 μM 

for A95B4C3 and 0.23 ± 0.02 μM for A12B4C67 were determined. All the Kd values are 

close to what was determined for their respective parent compounds A12B4C3, 0.37 ± 

0.03 μM,159 and A12B4C50, 0.09 ± 0.05 μM, (refer to Chapter 2). The photoaffinity ligands 

were also tested for their ability to inhibit the phosphatase activity of PNKP. Figures 4.2 - 

4.4, indicate that all the photoaffinity ligands exert some inhibition of the phosphatase 

activity of PNKP. A94B4C3 and A12B4C67 have similar potency to their parent 

compound A12B4C3. However, A95B4C50 showed less activity than its parent 

compound A12B4C50, but superior activity to A12B4C3. 

A95B4C3 and A12B4C67, although both are derived from A12B4C3, show distinct 

binding sites. A95B4C3 was found to interact with PNKP at the region 153 -163, where 

the peptide LLVFTAAGVK is located. This peptide is in the phosphatase domain as is 

shown in Figure 4.11. Further fragmentation of this target peptide lead to the identification 
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of the LLVFTA segment as the site where the modification occurred. On the other hand, 

A12B4C67 was found to interact at the region 379 - 383 (STFLK), which surprisingly is 

located in the kinase domain (Figure 4.11). Induced fragmentations of this peptide 

resulted in the identification of amino acid lysine (K) as the target of A12B4C67 interaction 

with this peptide (Table 4.3B).  

In an earlier investigation of the potential site of binding of A12B4C3 to PNKP using site-

directed mutagenesis, it was shown that there is an interaction between A12B4C3 and 

Trp402, which lies in the kinase domain of PNKP 159, suggesting the possibility that the 

inhibitor binds in the kinase domain without disturbing kinase activity but still inhibiting the 

phosphatase activity due to the close interaction between the two domains. However, 

without further analysis, we cannot rule out the possibility that the inhibitors can bind in 

more than one location and that in some locations the disruption to the protein is 

insufficient to cause loss of enzymatic function.  

A95B4C50 also showed a distinct binding site. Analysis indicated that the interaction 

between A95B4C50 and PNKP is in the region 294-301, where the peptide, PANWAPGR, 

is located in the phosphatase domain (Figure 4.11). Induced fragmentation of this peptide 

resulted in the identification of 2 segments, the amino acid arginine R and PANWA as the 

targets of A95B4C50 interaction with this peptide (Table 4.1B).  

Furthermore, we were able to identify only ~ 28% of PNKP sequence after incubation with 

A95B4C50. The other identified peptides, 153 - 162 and 379-383, were not or partially 

identified, respectively. Therefore, A95B4C50 could be binding to PNKP in these regions 

but we were not able to confirm it due to the low sequence coverage.  
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Although photolabeling with benzophenone is a powerful tool, conformational flexibility of 

the photoligand is still a challenge 372, 373. Benzophenone is a bulky group, and its 

attachment to PNKP inhibitors (mass >500 g/mol) can shift the binding site of the 

unlabelled inhibitor to areas of PNKP more accommodating to the photoactivatable 

ligands. Thus, nonspecific labeling is a concern.   

Therefore, it is essential to characterize the photolabelled PNKP inhibitors, A95B4C50, 

A95B4C3 and A12B4C67 by computational and docking analysis and compare it to the 

parent compounds A12B4C50 and A12B4C3. This will predict where exactly the ketone 

of the benzophenone is reacting. In addition, performing site directed mutagenesis on the 

identified target amino acids will further confirm the importance of these locations for the 

inhibitor to be bound to PNKP.  
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Figure 4.11. The structure of PNKP catalytic domains and the location of the target-

binding sites of A95B4C50 (294 - 301), A95B4C3 (153 - 162) and A12B4C67 (379 - 383), 

highlighted in magenta. Figure generated by Pymol, courtesy of Dr.  Mark Glover 

(Department of Biochemistry, University of Alberta) 
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Chapter 5: Discussion and future work 
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Overview: 

In the last chapter we recap all the data presented in the previous chapters.  We also 

summarize the three main topics discussed in this thesis: (i) the significance of 

developing small molecule inhibitors of DNA repair enzymes including PNKP, (ii) 

synthetic lethality and its role in personalized treatment, (iii) targeted delivery of small 

molecule inhibitors. We also give some suggestions for future experimental 

procedures required to optimize and complement the work described in this thesis. 

 

  



 

160 
 

5.1. Discussion 

5.1.1. The promise of targeted therapy: small molecule inhibitors 

The molecular identification and characterization of pathways in different tumors provide 

us with the knowledge to generate specific therapies that directly target proteins involved 

in the neoplastic process. Toxic chemotherapeutic agents are being replaced by a new 

generation of drugs, small molecule inhibitors that recognize specific targets in cancer 

cells. Although these small molecule inhibitors are challenging to design, they hold the 

promise of more effective therapies with significantly lower side effects. 

Protein phosphorylation regulates many cellular processes, whereas abnormal 

phosphorylation is a cause or consequence of cancer, such as abnormal proliferation, 

anti-apoptosis and angiogenesis. Therefore, small molecule inhibitors of protein kinases 

are proving to be valuable for targeted therapy 374. For example, epidermal growth factor 

receptor (EGFR), a member of ErbB receptor tyrosine kinase family, is activated by 

mutations, overexpression and autocrine ligand production. Mutations in EGFR can affect 

cell proliferation, survival, invasion, adhesion and angiogenesis 375-377. Gefitinib, an EGFR 

small molecule inhibitor, has been shown to be effective clinically in lung, breast and CRC 

378-380.  

Radiation and most conventional chemotherapy cause DNA damage. DNA damage, if 

not repaired, can lead to cell-cycle arrest or cell death 381. However, the toxicity of 

radiation and DNA-damaging drugs is impaired by the effectiveness of several DNA repair 

pathways. Therefore, DNA repair enzymes have become major targets for novel cancer 

drugs. For example, NU7441 is a potent and specific inhibitor of DNA-PKcs, which is often 

overexpressed in non-small cell lung cancer (NSCLC) and is considered to contribute to 
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radioresistance 382. NU7441 has been shown to effectively enhance the effect of ionizing 

radiation 383. Similarly, inhibitors have been sought for ataxia telangiectasia mutated 

(ATM), which acts as a sensor of DSBs and activates p53 and other components of the 

DNA damage response like BRCA1 384, 385. Screening of a small molecule inhibitor library 

led to the identification of KU-55933 as an inhibitor of ATM 386. KU-55933 was found to 

enhance radiosensitivity as well as chemosensitivity to doxorubicin and camptothecin 386, 

387. 

Polynucleotide kinase/phosphatase (PNKP) is a relatively new target in the field of DNA 

repair inhibition by small molecules. We previously observed that shRNA-mediated 

depletion of PNKP sensitizes cells to radiation and chemotherapy such as the Top I 

poison camptothecin 152. The first inhibitor of the DNA 3′-phosphatase activity of PNKP, 

A12B4C3, was shown to sensitize PC3 cells, AML cells, A549 lung carcinoma and MDA-

MB-231 breast cancer cells to γ-radiation, high LET radiation and camptothecin 160-163. 

Modifications have been made to A12B4C3 that resulted in the synthesis of A12B4C50 

and A83B4C63. These second generation imidopiperidine-based inhibitors have been 

shown to be more potent than the parent compound (refer to Chapters 2 and 3). Further 

improvements in potency will be facilitated by unambiguous identification of the binding 

pocket for this class of inhibitor and rational in silico drug design. Through the use of 

photoactivatable PNKP inhibitors, we observed several binding sites. However, these 

observations need to be confirmed by site-directed mutagenesis and computational 

analysis (refer to Chapter 4), and the key site needs to be determined. 
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Although small molecules are a great advancement in cancer therapy, there remain 

significant challenges to the treatment of cancer by small molecule inhibitors. 1) In many 

solid tumors there are many genetic mutations so inhibiting a single pathway may not 

result in a significant therapeutic effect. 2) The small molecule inhibitors may cause toxic 

side effects to normal tissues. 3) Factors such as tumor microenvironment heterogeneity 

and the increased interstitial fluid pressure of tumors make the distribution of therapeutic 

agents in tumors challenging 388. Suggestions have been proposed to meet challenges 

such as targeting the tumor microenvironment in combination with therapy regimens 

using novel delivery approaches 389-391. Novel approaches employing nanoparticles can 

aid in delivering higher dosages of anti-cancer drug to tumor tissue and provide longer 

half-life to establish a more uniform distribution of the drug in tumor tissue 392, 393.  

5.1.2. Synthetic lethality, a revolution in the era of personalized treatment 

Synthetic lethality can be used to take advantage of cancer cells’ dependence on a DNA 

repair pathway by inhibiting another unrelated pathway, which in turn causes cell death 

394. Novel small molecules in pre-clinical and clinical trials combined with individual 

aberrations in tumors are the focus of cancer treatment today, because this combination 

should only lead to tumor killing sparing normal cells from toxicity 395. Synthetic lethal 

screens, by siRNA, the CRISPR/Cas9 system or small molecules, can be used to identify 

genes or small-molecule compounds to specifically target tumour cells 396, 397. The tumor 

suppressor PTEN regulates cell migration, survival, growth and DNA damage response 

398, 399. PTEN is inactivated in several cancers including 30-50% of CRC cases 400-402. It 

has been shown that loss of PTEN protein expression is associated with treatment failure 

by cetuximab, trastuzumab and erlotinib 403-407. PTEN mutations also affect genome 
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stability 408. The C-terminus of PTEN, independent of its phosphatase activity, is important 

to stabilize the heterochromatin structure 409. PTEN deficiency causes a defect in DNA 

DSB repair by HR 410. Therefore, PTEN-deficient tumors should be considered an 

excellent target for a synthetic lethality approach to treatment. PARP has been shown to 

be a synthetic lethal partner of PTEN when cells lacking PTEN were found to be sensitive 

to the PARP inhibitor KU0058948 410.  

Similarly, it was confirmed that PNKP inhibition by the small molecule A12B4C3 in PC3 

prostate cancer cell line, naturally deficient in PTEN, and HCT116 depleted of PTEN 

cause synthetic lethality 326. In Chapter 3, we have also demonstrated that the newly 

found inhibitors A12B4C50 and A83B4C63 exhibit synthetic lethality with PTEN-deficient 

cells. The mechanism of lethality between PNKP and PTEN has not yet been determined. 

However, there is a possibility that because PTEN deficiency causes impairment to the 

HR pathway, the induced inhibition of PNKP by small molecule inhibitors disrupts both 

SSB repair as well as NHEJ, therefore causing cell death.   

Synthetic lethality will provide us with more personalized treatment for each cancer 

patient. Patients will have their cancer screened to determine major protein or gene 

deficiencies. With this information it will be possible to match synthetic lethal associations 

and assign the best personalized treatment. For example, PTEN status in mCRC is a 

valuable predictive biomarker for monoclonal antibodies targeting epidermal growth factor 

receptor in chemotherapy as summarized in Figure 5.1 411. Similarly, if a CRC patient was 

found to harbor inactive PTEN the oncologist should design a suitable treatment for the 
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patient, and potentially this treatment will include the use of PNKP inhibitors as synthetic 

lethal treatment.  

5.1.3. Targeted delivery of small molecule inhibitors 

Inhibiting the DNA repair enzyme PNKP by small molecule inhibitors is a challenging 

problem to normal tissue. We must preserve the DNA repair mechanism in normal tissue, 

therefore the use of targeted delivery of PNKP small molecule inhibitors is a priority. 

Nanoparticles, usually smaller than 100 nm, are successfully used in several areas of 

drug delivery 412. Small molecule inhibitors can be incorporated into nanoparticles to be 

targeted to specific tissues, lower the toxicity of the free drug, extend the circulation of 

drug in the blood, and increase the therapeutic index 413. A recent study used a system 

of self-assembled nanoparticles consisting of conjugates of aptide (high affinity peptide) 

bound to SN38, the active metabolite of irinotecan, to achieve high drug loading capacity, 

good solubility and effective tumor growth inhibition in a pre-clinical investigation for SN38 

delivery 414. Similarly, encapsulating the newly found PNKP inhibitors, A12B4C50 and 

A83B4C63, in PEO-b-PCCL and PEO-b-PBCL polymeric micelles, respectively, resulted 

in high efficiency loading, controlled release and effective sensitization of HCT116 cancer 

cells to radiation and irinotecan. This raises the possibility of co-encapsulation of a PNKP 

inhibitor with irinotecan or SN38 to improve targeted therapy. In addition, encapsulated 

PNKP inhibitors can cause synthetic lethality in PTEN-deficient HCT116 cells (Chapter 

3). 
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Figure 5.1. PTEN is a predictive biomarker for the outcome of monoclonal 

antibodies targeting EGFR therapy in mCRC patients. 12% of mCRC patients who did 

not respond to therapy had loss of expression of PTEN, whereas among the 15% of 

mCRC patients who were responsive all expressed PTEN. Luo and Xu. World J 

Gastroenterol. 2014 Apr 14; 20(14): 3858-3874 
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Another issue challenging the efficiency of small molecule inhibitors, is limited penetration 

into tumor tissues due to the complex tumor microenvironment, therefore, some regions 

of the tumor may receive lower concentrations of the drug or no drug at all. Targeted 

nanoparticles with tumor-penetrating peptides enhance the accumulation of poorly 

penetrating drugs or non-targeted carriers into tumors, as a result the efficacy of the drug 

is improved 415, 416. Tumor-penetrating peptides enable internalization of drugs to cancer 

cells by receptor-mediated endocytosis in comparison to the non-targeted drug, which 

enters passively through the cell membrane 416.  Tumor-internalizing RGD peptide (iRGD) 

is an example of a tumor-penetrating peptide 417. A pre-clinical study showed that iRGD-

conjugated nanoparticles were able to reduce the level of metastasis of breast cancer in 

the brain 418. GE11 peptide has a high affinity for EGFR 419, and several studies have 

confirmed the suitability of using GE11 as a targeting moiety to achieve optimum 

anticancer efficacy 420, 421. We functionalized our nanoparticles with GE11 to target EGFR 

over-expressing HCT116 cancer cells. Dye-encapsulated GE11-conjugated polymeric 

micelles showed preferential accumulation in EGFR-overexpressing HCT116 cells 

compared to minimal internalization observed in SW620 cells, which express no EGFR 

on their surface. Furthermore, uptake of the functionalized polymeric micelles in HCT116 

cells was inhibited by saturation with free GE11 peptide. Together, these data confirm 

successful internalization of GE11-conjugated polymeric micelles in HCT116 cancer cells 

through the receptor-mediated process. However, the encapsulation of drugs using 

nanoparticles also faces limitation such as the nature of the tumor microenvironment, 

slow release of some nanocarriers that may affect the drug bioavailability, the possibility 
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of efflux in MDR cells and insufficient stability in the body and fast dissociation of 

polymeric micelles could lead to premature release of encapsulated drug 422-426. 

5.2.  Future Work 

5.2.1. Optimization of lead compounds, A12B4C50 and A83B4C63  

We have demonstrated that A12B4C50 and A83B4C63 are more potent derivatives of 

A12B4C3. Nevertheless, further modifications to the chemical structure of the second-

generation inhibitors are needed to enhance the potency of the inhibitors for in vivo 

applications. A12B4C50 and A83B4C63 have molecular weights equal to 732.8 and 

564.6 g/mol, respectively. These masses violate one of the Lipinski's rule of five, i.e. a 

molecular mass of drug should preferably be less than 500 g/mol 427.   

5.2.2. Purification of N12 mixture is needed to identify the active component 

We have shown in Chapter 2 that N12 and O7 are the best inhibitors of PNKP 

phosphatase activity that we obtained from a screening of 200 natural derivative 

compounds. Unfortunately, these compounds are unstable and decompose easily to 

other compounds in DMSO (refer to Appendix, Fig. A6). Our next step will be focused on 

extracting each stable fragment by HPLC. Then, we will test the PNKP phosphatase 

inhibition activity of each collected fragment. If a hit is found among the fragments, further 

characterization of the compound by NMR and mass spectrometry will be required to 

identify the structure of the fragment. 
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5.2.3. Monitoring the interaction of small molecule inhibitors with PNKP inside 

living cells  

PNKP inhibitors do not further sensitize HCT116-PNKP KO cells to radiation and 

irinotecan, indicating that in this context these inhibitors are probably specific to PNKP-

dependent repair (refer to Chapter 3). However, testing PNKP-inhibitor interaction using 

purified PNKP does not confirm the binding of the inhibitor to PNKP in living cells. 

Therefore, it is essential to assess the specificity and efficacy of these inhibitors inside 

cells. There are several approaches we suggest applying to track the interactions of 

PNKP inhibitors inside cancer cells. One approach is Fluorescence Resonance Energy 

Transfer coupled with Fluorescence Lifetime Imaging Microscopy (FRET-FLIM). In this 

approach a fluorophore is attached to the inhibitor and PNKP is fused with a fluorescent 

protein. Once the inhibitor is close to PNKP and upon excitation, the donor fluorophore 

will transfer the energy to the acceptor fluorophore 428. Figure 5.2A shows a schematic 

illustration of the proposed approach 428. 

Another approach is covalently attaching a photoactivatable linker (e.g. azide group) and 

a biotin substituent to the inhibitors (Figure 5.2B). The modified inhibitor will then bind to 

the target inside the cell and become covalently attached upon UV activation. Following 

lysis of the cells, protein-inhibitor complex will be isolated by streptavidin affinity 

chromatography and subjected to tryptic digestion and mass spectrometry analysis to 

identify if the bound protein is PNKP and potentially other proteins 428. A similar approach 

in vitro would also allow us to identify the binding site of the inhibitor to the protein under 

conditions requiring lower concentrations of inhibitor (unlike the large  
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Figure 5.2. Schematic diagram of approaches suggested to monitor PNKP-inhibitor 

interactions inside living cells. (A) scheme represents FRET-FLIM approach. (B) 

scheme represents the affinity-based approach for covalently binding inhibitors. 

Schürmann et al. Cell Chem Biol. 2016;23(4):435-41. Re-used with permission from 

Cell Chemical Biology 
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excess used in Chapter 4) because it would enable enrichment of the modified protein for 

the analysis.  

5.2.4. Identification of the mechanism responsible of the synthetic lethality 

partnership between PTEN and PNKP  

In Chapter 3, we have shown that a synthetic lethal partnership exists between PTEN 

and encapsulated-PNKP phosphatase inhibitors. However, the mechanism responsible 

for this lethality is yet to be determined. A recent study showed the potential of synthetic 

lethality partnership between PARP1 and PTEN through inhibition of both SSBR and 

DSBR via HR pathways, respectively 429. Moreover, it was found that PTEN influences 

the HR pathway by regulating the transcription of Rad51 179, although this observation 

has been challenged 430. Therefore, we propose that the mechanism of synthetic lethality 

between PNKP and PTEN is also due to the disruption of SSBR, NHEJ and alt-NHEJ 

(due to PNKP depletion) and HR (due to loss of PTEN). However, Mereniuk et al. 

observed that ectopically expressing Rad51 in the PC3 cell line, which naturally lacks 

PTEN and Rad51, did not eliminate synthetic lethality when challenged with a PNKP 

inhibitor, while ectopically expressing wild type PTEN did prevent synthetic lethality 326. 

One possibility is that PTEN may also regulate expression of other HR proteins, so simply 

replacing Rad51 in PC3 cells may not be sufficient to restore HR. We therefore suggest 

further study of HR in PC3 cells is required. This would entail western blotting for 

expression of other HR proteins and using a combination of γ-H2AX assay and a 

homologous recombination assay kit to monitor DSBR in general and HR in particular. 

We also propose the use of a Rad51 inhibitor, i.e. RI-1, in PTEN-proficient cells in parallel 
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with a PNKP inhibitor to confirm or eliminate the idea that synthetic lethality is due to 

disruption of Rad51-mediated HR and SSBR and NHEJ. 

5.2.5. Identification of binding sites of inhibitors to PNKP 

In Chapter 4, we identified three distinct binding sites of PNKP inhibitors, A95B4C3, 

A95B4C50 and A12B4C67. Ideally, crystal structures of the PNKP-inhibitor complex 

would provide the clearest information regarding the binding site of the inhibitors and how 

they disrupt PNKP structure. Unfortunately, to date no such structures have been 

obtained (Dr. Mark Glover, personal communication, Department of Biochemistry, 

University of Alberta). 

Another possible way to confirm our photo-crosslinking observations is to apply site-

directed mutagenesis to the area of PNKP indicated by photo-crosslinking experiments. 

The mutations should be designed to prevent the binding of the inhibitor to PNKP (e.g. 

by altering critical hydrogen bonding or introducing steric factors), but still retain the 3′-

phosphatase activity of PNKP. Alternatively, mutations could be designed to mimic the 

localized disruption of the PNKP structure induced by the inhibitors. In this case the 

mutated PNKP would lose phosphatase activity. Computational docking analysis of both 

parent PNKP phosphatase inhibitors, A12B4C3 and A12B4C50, and the corresponding 

photoactivatable PNKP inhibitors, A12B4C67, A95B4C3 and A95B4C50, will be required 

to characterize potential interactions of the inhibitors at the identified binding sites. We 

must confirm that both class of inhibitors are binding in the same region, and that the 

attachment of the benzophenone group does not alter the chemistry between PNKP and 

the inhibitors. 
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5.2.6. Pre-clinical study of PNKP 3′-phosphatase inhibitors: preliminary results and 

future work 

The use of PNKP 3′-phosphatase inhibitors as a combined therapeutic or a 

monotherapeutic in HCT116 cancer cell lines has shown that they can be potentially 

effective drugs in the treatment of cancer. Therefore, we need to study the efficacy of the 

newly identified PNKP 3′-phosphatase inhibitors in xenograft tumor models.  

However, before xenografts studies are initiated, the maximum tolerable dose of PNKP 

3′-phosphatase inhibitor must be determined. For this, CD-1 mice received doses 2.5, 5, 

10, 15, 20, and 50 mg/kg of A83B4C63 free or encapsulated in PEO-b-PBCL on day 0, 

3, 6 and 9.  We monitored body weight, hematology and biochemistry of blood. There 

was no significant effect on these parameters due to drug exposure, even at the highest 

dose (data not shown).  

We then tested the efficacy of A83B4C63 in inducing synthetic lethality in HCT116-PTEN 

KO subcutaneous tumors grown in immunocompromised NIH-III mice. Once the tumors 

had been established from wild type and HCT116-PTEN KO cells, the mice were 

subjected to 10 mg/kg of free A83B4C63 or PEO-b-PBCL-A83B4C63 given IV on day 0, 

3 and 6. Our observations (Fig. 5.3) indicated significantly slower growth of the HCT116-

PTEN KO tumors in comparison to the wild type HCT116 tumors, which essentially did 

not respond to treatment with the PNKP inhibitor. Our results also confirm the suitability 

of polymeric micelles as nano-carriers of A83B4C63 compared to free drug, since it is 

worth noting that the normalized data in which tumor growth is divided by the original 

tumor volume appears to indicate no response with free A83B4C63. The general health 
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of the mice was confirmed by monitoring mice body weight (Fig. 5.4). For future work, 

optimization of the dose and time of injections is needed to obtain better results. In 

addition, the pharmacokinetic and pharmacodynamic properties of A83B4C63 need to be 

determined. It is important to determine the distribution of the drug in other tissues and 

its rate of clearance from the body. The use of nanoparticles could reduce the non-specific 

distribution and fast clearance of the free drug. Furthermore, we plan to test the efficacy 

of PNKP inhibitors as combined therapy with anticancer agents, such as ionizing radiation 

and irinotecan, to enhance the outcome of these treatments in colorectal cancer and 

reduce unfavorable effects.  

The subcutaneous model provides us with several advantages, including the ease of 

establishing the tumors and monitoring tumor growth. However, this model lacks the 

complexity of the colorectal tumor environment. Therefore, as a confirmation of our data 

with the optimized subcutaneous model, we will need to test the efficacy of A83B4C63 

using an orthotopic colorectal tumor model.  

Another area that needs to be investigated, is the active targeting of nano-carriers of 

PNKP inhibitors specifically to colorectal cancer. As mentioned earlier, the size of the 

polymeric micelles, <100 nm, will direct the nanoparticle to the site of tumor passively. 

However, the tumor microenvironment is leaky which leads to clearance of the particles 

from the tumor site. Therefore, we will test a targeting ligand on the surface of the 

nanoparticles to improve drug accumulation to tumor tissue. We propose to use GE11 

peptide to target EGFR, which is overexpressed in colorectal cancer. We will measure 
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the decrease in tumor volume and the drug concentration from tumor samples to confirm 

our theory. 

5.3. Significance  

The focus of this thesis is to overcome resistance of cancer cells to DNA-damaging 

therapies such radiation and irinotecan. PNKP 3′-phosphatase inhibitors represent an 

excellent potential supplement to both therapeutic approaches. Importantly, one of our 

aims is to advance PNKP 3′-phosphatase inhibitor into a single agent anti-cancer drug. 

This is possible due to the concept of synthetic lethality which takes advantage of 

weakness that arise in specific types of cancers. Using this approach will help assign 

personalized treatment regimens specific to the patients’ cancer. Another approach we 

explored in this thesis, and that will help us target DNA repair inhibition specifically to the 

tumor, is the use of nanoparticles to solubilize and deliver PNKP 3′-phosphatase 

inhibitors. The use of functionalized nanocarriers to deliver inhibitors to tumors will spare 

normal tissue from undesirable toxicity and increase the inhibitor’s efficacy. 
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Figure 5.3. Tumor volume curves. (A) The curve shows that the rate of growth of 

HCT116-PTEN KO grafted tumors in NIH-III mice was significantly reduced when injected 

with 10 mg/kg of PEO-b-PBCL-A83B4C63 and free A83B4C63 compared to that of 

control groups. The equation used to measure tumor volume is V = (L x W x W)/2. Days 

post injection corresponds to the day after the initial injection. (B) Represents the 

normalized data of (A) obtained by dividing the measured tumor volume by the initial 

tumor volume and multiplying by 100. (C) The curve showed that the tumor growth of 

HCT116-PTEN wt grafted in NIH-III mice was not hindered due to injection of 10 mg/kg 

of either free or PEO-b-PBCL-A83B4C63 intravenously. (D) Represents the normalized 

data of (C). Each point represents mean ± SD (n = 5). Two-tailed unpaired Student’s 

t- test was used for statistical comparison, employing GraphPad Prism5 software (La 

Jolla, CA, USA). Marked points are statistically significant at (* P ≤ 0.05) and (*** P ≤ 

0.001). This experiment was carried out in collaboration with Sams Sadat (Faculty 

of Pharmacy and Pharmaceutical Sciences, University of Alberta) 
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Figure 5.4. Mean body weight–time profile of NIH-III nude mice. The weight of mice 

was monitored after 3-day consecutive intravenous injection of 5% dextrose, free 

A83B4C63 and PEO-b-PBCL-A83B4C63 at 10 mg/kg in (A) NIH-III mice harboring 

HCT116-PTEN KO cells and (B) NIH-III mice harboring HCT116-PTEN wt cells (n = 5). 

This experiment was carried out in collaboration with Sams Sadat (Faculty of 

Pharmacy and Pharmaceutical Sciences, University of Alberta) 
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Figure A1. Time course for monitoring the activity of T4 DNA polymerase (T4 pol) by 

varying the concentration of enzyme from 0.005 to 0.2 µM. The reactions were carried 

out in 100 mM HEPES (pH 7.5), 50 mM NaCl, 10 mM MgCl2, and 1mM DTT. The 

constituents of each test assay were 5 - 100 nM T4 pol and 0.2 µM of the HPOH probe. 

The protocol of this assay is described in detail in section 2.3.1. Each data point 

(mean ± SD) is an average of three replicate measurements.  
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Figure A2. Time course for monitoring the activity of PNKP by varying the concentration 

of enzyme from 0.005 to 0.2 µM. The assays were performed in 100 mM HEPES (pH 

7.5), 50 mM NaCl, 10 mM MgCl2, and 1mM DTT.  The constituents of each test assay 

included 5 - 100 nM PNKP, 80 nM T4 pol and 0.2 µM of the HPP probe. The protocol of 

this assay is described in detail in section 2.3.1. Each data point (mean ± SD) is an 

average of three replicate measurements. 
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Figure A3.  Fluorescence Intensities of 200 nM 2-Ap (open circles) and 200 nM HPOH 

(filled circles).  Data were analyzed using Graphpad Prism software. Each data point 

(mean ± SD) is an average of three replicate measurements. 
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Figure A4. Dose dependent inhibition of PNKP by inhibitor A12B4C3.  Each data point is 

an average of three replicate measurements. IC50 value is calculated using GraphPad 

prism software and is equal to 22 µM. 
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Figure A5. Chromatogram of N12 dissolved in DMSO under storage at room 

temperature. The data indicate that this compound is not stable in DMSO and it converts 

to other compounds. 
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Figure A6. NMR Spectra of A12B4C50. Top: 1H NMR (CD3OD, 500 MHz). Bottom: 13C 

NMR (CD3OD, 125 MHz) 
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A12B4C50 

 

2‐(1‐hydroxyundecyl)‐1‐[(4‐nitrophenyl)amino]‐6‐[4‐(piperazin‐1‐yl)phenyl]‐

2H,4aH,7aH‐pyrrolo[3,4‐b]pyridine‐5,7‐dione: 1H NMR (500 MHz; CD3OD): δ 8.01 (d, 

J = 9.1, 2H), 7.15-7.13 (m, 2H), 7.07 (d, J = 9.1, 2H), 6.89-6.84 (m, 2H), 6.18-6.14 (m, 

1H), 6.07 (dt, J = 10.3, 2.1, 1H), 4.00-3.98 (m, 1H), 3.85-3.82 (m, 1H), 3.68-3.65 (m, 1H), 

3.50-3.48 (m, 1H), 3.46-3.43 (m, 4H), 3.36-3.33 (m, 4H), 1.63-1.57 (m, 2H), 1.42-1.38 (m, 

2H), 1.34-1.25 (m, 4H), 1.22-1.15 (m, 10H), 0.88 (t, J = 7.1, 3H); 13C NMR (125 MHz; 

CD3OD): δ 176.8, 174.8, 156.1, 151.4, 139.6, 129.1, 128.5, 126.9, 126.0, 120.5, 117.8, 

111.5, 71.5, 68.7, 63.9, 47.4, 44.6, 43.4, 33.0, 32.7, 30.66, 30.65, 30.62, 30.45, 30.44, 

27.2, 23.7, 19.3, 14.4; IR (microscope, cm–1): 3292.42 (br), 3050.96, 2924.75, 2853.00, 

1713.48, 1598.98, 1517,12, 1456.24, 1376.98, 1323.37; HRMS (ESI) for C34H47N6O5: 

calcd. 619.3602; found 619.3600. 
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Figure A7. NMR Spectra of A83B4C63. Top: 1H NMR (C6D6, 700 Mhz). Bottom: 13C 

NMR (CDCl3, 125 MHz) 
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A83B4C63 

 

2‐[hydroxy(2‐methoxyphenyl)methyl]‐6‐(naphthalen‐1‐ylmethyl)‐1‐[(4‐

nitrophenyl)amino]‐2H,4aH,7aH‐pyrrolo[3,4‐b]pyridine‐5,7‐dione: 1H NMR (700 

MHz; C6D6): δ 8.64 (d, J = 7.8, 1H), 7.95 (d, J = 8.2, 2H), 7.85 (d, J = 6.3, 1H), 7.60 (d, J 

= 8.1, 1H), 7.55 (d, J = 8.2, 1H), 7.45 (d, J = 0.5, 1H), 7.23 (dd, J = 9.1, 5.1, 2H), 7.00 (t, 

J = 7.4, 1H), 6.80 (s, 1H), 6.33 (d, J = 7.8, 1H), 5.64 (br s, 1H), 5.11 (ddd, J = 10.2, 4.6, 

1.9, 1H), 5.02 (br s, 1H), 4.92 (d, J = 14.3, 1H), 4.66 (dd, J = 8.1, 4.1, 1H), 3.75 (br s, 1H), 

2.95 (s, 3H), 2.71 (br s, 1H); 13C NMR (125 MHz; CDCl3): δ 174.3, 156.0, 140.1, 134.1, 

133.8, 133.5, 131.4, 130.2, 129.19, 129.17, 128.7, 127.7, 127.2, 126.7, 126.1, 125.9, 

125.2, 123.6, 121.0, 111.5, 110.5, 55.1, 50.9, 40.6, 29.7; IR (microscope, cm–1): 3523.28 

(br), 3291.61 (br), 3191.27, 3046.49, 2936.94, 2837.33, 2624.75, 2430.88, 1779.09, 

1701.45, 1593.84, 1497.17, 1477.38, 1465.04, 1437.71, 1397.43, 1375.38, 1319.38; 

HRMS (ESI): for C32H28N4O6: calcd. 563.1936; found 563.1937. 
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Figure A8. 1H NMR spectrum of PEO-b-PCL block copolymer in CDCl3 and peak 

assignments.  
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Figure A9. 1H NMR spectrum of PEO-b-PBCL block copolymer in CDCl3 and peak 

assignments.  
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Figure A10. 1H NMR spectrum of PEO-b-PCCL block copolymer in CDCl3 and peak 

assignments.  
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Figure A11. 1H NMR spectrum of act-PEO-b-PCCL block copolymer in CDCl3 and peak 

assignments.  
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Figure A12. 1H NMR spectrum of act-PEO-b-PBCL block copolymer in CDCl3 and peak 

assignments.  
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Figure A13. Live cell fluorescence microscopy images of A12B4C50 (4 µM) accumulation 

in HCT116 after 4 h incubation. (A) Control cells. (B) Free A12B4C50. (C) PEO-b-PCCL-

A12B4C50. (D) GE11-PEO-b-PBCL-A12B4C50. Bright signals indicate fluorescence of 

A12B4C50 (excitation wavelength 380 nm and emission wavelength 405 nm). 
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