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ABSTRACT 

Xiyuan Yao 

STUDIES ON THE MOLECULAR MECHANISM AND TARGETED DELIVERY 

OF PLATINUM−ACRIDINE ANTICANCER AGENTS 

 

Dissertation under the direction of Ulrich Bierbach, Ph.D., Professor of Chemistry  

Platinum−acridines (PAs) were developed as a class of DNA-targeted hybrid anticancer 

agents to treat chemoresistant cancers that do not respond to conventional chemotherapies.  

The three projects in this dissertation were designed to address the following questions: 1. 

Are PAs chemically compatible with targeted delivery as payloads in bioconjugates?  2. 

Can chemical biology tools be developed to detect covalent adducts formed by PAs in 

potential target genes in genomic DNA?  3. How do variations in the molecular makeup of 

cancer cells affect the spectrum of activity of PAs?  Project 1: A combination of strain-

promoted click chemistry and maleimide Michael addition chemistry was used to attach 

azide-modified PAs to a protein carrier.  The structure and functionality of the payload was 

validated in human serum albumin (HSA) using ESI-TOF MS of intact bioconjugate, 

MS/MS of tryptic digests, 2-D HSQC heteronuclear NMR spectroscopy, and confocal 

microscopy.  The results suggest that the technique may have broad utility for targeted 

delivery of highly cytotoxic PAs.  Project 2: An azide-functionalized PA derivative (APA) 

was also used to develop a chemical biology tool that allows the biotinylation, affinity 

capture, and chemically retrieval of platinum-damaged sequences in genomic DNA.  Using 

this Adduct Detection after Post-Labeling Technique (ADAPT) in combination with 

quantitative PCR (qPCR) it was possible to identify PA adducts in ribosomal DNA (rDNA).  
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These findings suggest that rDNA in the cell’s nucleolus may play an important role in the 

mechanism of PA-mediated cell death.  Project 3: Using NCI-60 cancer screening data in 

conjunction with Pearson correlation analysis (COMPARE), human multidrug and toxin 

extrusion protein 1 (hMATE1, SLC47A1) was identified as the dominant predictor of 

chemosensitivity of cancer cells to PAs (p < 10-5).  The crucial role of hMATE1 was 

validated in A549 lung cancer cells, which express high levels of the membrane transporter, 

using transporter inhibition assays, transient gene knockdown by RNAi, and cell viability 

screening.  HCT-116 colon cancer cells, in which hMATE1 is epigenetically repressed, can 

be sensitized by priming the cells with epigenetic drugs.  These results suggest that 

hMATE1 may have applications as a pan-cancer molecular marker to identify tumors that 

are likely to respond to PAs.   
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CHAPTER I 

INTRODUCTION 
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1.1. The role of cancer chemotherapy and targeted therapy in the age of precision 

medicine 

The classical chemotherapeutic agents comprise a broad spectrum of drugs, such as DNA-

directed intercalators, strand breakers, antimetabolites, and alkylating/metalating agents, 

which have historically been used to treat a wide range of solid tumors and hematological 

malignancies1.  Perhaps the major drawback of these “cytotoxics” is that they often affect 

both cancerous and vulnerable healthy cells.  The chemical promiscuity and lack of 

selectivity encountered with cytotoxics during the course of cancer therapy leads to a 

narrow therapeutic window and therapy failure when tumors acquire multifactorial 

resistance to treatment2.  The human genome project, which culminated in the first 

sequencing of the human genome in 20033, together with the rise of high-throughput 

“omics” techniques, provided scientists with information on the genetic differences 

between tumor cells and normal cells.  Since then, advancements in cancer genomics, 

epigenomics, transcriptomics, proteomics, and metabolomics have resulted in a new era of 

molecularly targeted anticancer therapies and precision oncology4, 5.   

One promise of precision medicines is that they may provide therapeutic strategies 

that have the potential to act on cancer cells with high specificity by selectively disrupting 

signaling pathways associated with mutated and/or aberrantly expressed proteins that are 

essential for cancer cell survival and tumor growth6 (see Figure 1.1).  This strategy has also 

been termed molecularly targeted therapy.  The small-molecule kinase inhibitor imatinib* 

(Gleevec), approved by the FDA in 2001, which is used to target the oncogenic protein 

product of BCR-ABL fusion gene expressed only in chronic myeloid leukemia (CML), is 

 
* For the chemical structures of selected oncology drugs referred to in this chapter, see APPENDIX M.  



3 
 

an example of this strategy7.  Gleevec demonstrated complete responses in more than 90% 

of patients diagnosed with CML6.  Similarly, epidermal growth factor receptor (EGFR) 

mutations and anaplastic lymphoma receptor tyrosine kinase (ALK) rearrangements allows 

the personalized therapy with targeted kinase inhibitors such as gefitinib and crizotinib, 

respectively8.  To gain insight into the molecular makeup of an individual patient’s cancer 

and identify (or rule out) therapy options, oncologists utilize diagnostic methods before 

these treatments are administered to patients.  This approach, known as companion 

diagnostics (CDx), is used to screen for mutation status or expression level of these 

druggable cancer drivers with methods such as immunohistochemistry (IHC), fluorescent 

in situ hybridization (FISH), and reverse transcription polymerase chain reaction (RT-

PCR)9. As of 2020, 40 CDx have been approved by the US FDA (FDA.gov). 

 

Figure 1. 1. Pathway-based targeted therapies.  Picture inspired by Dugger, et al6.  Tumor 

cells acquired from patient biopsies enable investigations into tumor biomarkers using tools 



4 
 

such as companion diagnostics, next-generation sequencing, gene expression profiling, and 

proteomics.  These studies identify key pathways that sensitize or cause resistance of 

tumors to cancer drugs.  The pathways can then be screened by pharmaceutical companies 

against compound libraries to design personalized cancer treatments.  

 

Despite the early successes of targeted anticancer therapy, several limitations of 

this approach remain: (i) secondary mutations (e.g., in kinase enzymes) frequently occur 

that result in the emergence of acquired drug resistance in patients, similar to the situation 

observed with cytotoxic regimens.  This can often be attributed to active-site mutations in 

the targeted protein or compensatory signaling by other components of the same or related 

pathways6. (ii) Oncogenic driver mutations may only exist in a small fraction of tumors 

and only a limited population of patients would benefit from targeted therapy.   For instance, 

the mutation frequency of EGFR kinase in non-small-cell lung cancer (NSCLC) in certain 

ethnic groups can be as low as 12%10.  On the other hand, other ubiquitous aggressive 

drivers, such as KRAS, are difficult to target, and the development of therapeutics directed 

at this oncoprotein is in its infancy11.  Generally, genomic information on cancer driving 

gene alterations is a key component of an oncologist’s decision making, but understanding 

the transcriptome, proteome, and metabolome9 of a tumor is equally important to bridge 

the gap between genotypic effect and the cancer phenotype.   

In addition to assisting oncologists in selecting the appropriate targeted therapy for 

a specific tumor, CDx can also be used to identify markers and processes that potentially 

confer resistance to anticancer therapies, including cytotoxic platinum-based drugs, which 

are a mainstay among the most widely used anticancer chemotherapeutics worldwide12.  
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For instance, the protein ERCC1, a component of the nucleotide excision repair (NER) 

machinery, is one of the most widely studied biomarkers and clinical predictors of cisplatin 

(Figure 1.2) resistance13.  High ERCC1 levels are associated with increased removal of 

platinum−DNA adducts and result in increased resistance to cisplatin and a poor clinical 

outcome.  Higher levels of ERCC1 mRNA are found in patients with resistant cancer, while 

lower levels are found in patients who are sensitive to platinum-based chemotherapy.  

However, ERCC1-tailored chemotherapy failed to prove its utility in two randomized 

trials14.  Even in the case of testicular germ cell tumors (TGCT), which exhibit exquisite 

sensitivity to platinum chemotherapy due to a virtually absent DNA repair machinery, 10% 

of tumors are inherently platinum resistant15.  This surprising observation prompted 

researchers to study the heterogeneity of testicular cancer and investigate the driver 

mutations status in this subgroup of patients.  Loveday et al. undertook a whole exome 

sequencing and copy number analysis in 40 tumors from 26 cases with platinum-resistant 

TGCT along with an analysis of published genomic data15.  They discovered seven 

molecular hallmarks indicating that platinum resistance in TGCT cannot be explained with 

a single molecular entity but requires multiple mutational processes.  These results 

demonstrate that cancer is a highly heterogenous disease, and ongoing international 

collaborations such as DepMap16 are devoted to uncovering gene abnormalities in hundreds 

of cancer cell lines using functional genomics, including screening methods based on 

CRISPR and shRNA gene silencing.  These initiatives continue to uncover relationships 

between molecular makeup of a tumor and resistance to chemotherapeutics and determine 

with high precision which patient might benefit from cytotoxic drugs in combination with 

targeted therapy or immunotherapy6. 
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Finally, it should be mentioned that several targeted applications of cytotoxic drugs 

have already received FDA approval or are undergoing clinical trials.  These include, for 

instance, cytotoxic payloads (including DNA-targeted drugs) as a component of antibody–

drug conjugates17, biomarker development7, and DNA intercalators directed at G-

quadruplexes in promoter sequences of oncogenes18 and the genes encoding ribosomal 

RNA (rDNA)19.   

Antibody-drug conjugates (ADCs) target cancer-specific antigens expressed on the 

surface of cancer cells with high selectivity and affinity20.  Over 50 different known 

antigens have been selected as ADC targets, such as ERBB2 (HER-2), CD19, CD33, CD22, 

and MSLN (mesothelin)21.  Cytotoxic agents that show subnanomolar-to-picomolar half 

maximal inhibitory concentrations (IC50 values) in cancer cell lines are typically used as 

warheads in ADC payloads22.  Two main classes of cytotoxics in ADCs are microtubule-

disrupting agents and DNA-damaging agents17.   Highly cytotoxic doxorubicin (DOX) and, 

more recently, SN-38, the active metabolite of the topoisomerase 1 poison irinotecan, have 

also shown success as ADC payloads23.  The SN-38-derived conjugate, sactituzumab 

goritecan (IMMU-132), which targets tumor-associated Trop-2 antigen24, was granted 

breakthrough therapy status in 2016 by the FDA for treating NSCLC and triple-negative 

breast cancer and is currently undergoing phase I and II clinical trials (clinicaltrials.gov).  

The discovery of new cancer genes provides the opportunity to develop novel biological 

markers as potential targets.  Success stories of targeting therapies towards molecular 

alterations include the development of tyrosine kinase inhibitors with tumors harboring 

translocated BCR-ABL, mutated EGFR and BRAF7.  More widely expressed molecular 

markers also enhance the impact of traditional cytotoxics in precision oncology.  
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Transcriptome analysis reveals a strong positive correlation between Schlafen family 

member 11 (SLFN11, a DNA/RNA helicase) expression and the sensitivity of tumor cells 

to DNA-damaging agents including topoisomerase I and II inhibitors, alkylating agents, 

and DNA synthesis inhibitors7, 25.  Additional examples of emerging candidate markers as 

actionable targets include methylguanine methyltransferase (MGMT) (temozolomide), 

genetic inactivation of DNA repair genes with poly-ADP ribose polymerase (PARP 

inhibitors), and MUS81 DNA repair endonuclease (cladribine)7.   

Targeting G-quadruplex (“G4”) DNAs, unique secondary DNA structures with 

intermittent runs of guanines, for cancer treatment is also very promising.  Ligands that 

interfere with the interconversion between this noncanonical secondary DNA structure and 

double-stranded DNA has been demonstrated to disrupt gene expression and inhibit cell 

proliferation26.  G-quadruplex-forming sequences are found in telomeric DNA and many 

transcriptional regulatory regions of important oncogenes, including c-MYC, c-KIT, c-ABL, 

and BCL-227, 28.  Induction of stabilization of G-quadruplexes by G4 binders in, or near, a 

promoter region can block the transcription of a specific gene29, 30.  The pre-rRNA gene 

(rDNA) also contains G-rich regions in multiple (>15) sequences that show a high 

propensity to fold into G-quadruplexes19.  The binding of G4 binders with these 

noncanonical DNA secondary structures in transcriptionally active rDNA in the nucleolus 

has been shown to mediate RNA polymerase I (Pol I) inhibition and induce apoptosis18.  

CX-3543 (quarfloxin), an extended planar aromatic molecule that selectively accumulates 

in the nucleolus, disrupts the interaction of rDNA G4 structures with the protein nucleolin, 

thereby inhibiting Pol I transcription and triggering cell death19.  Recently, both CD-3543 

and related compound CD-5461 have been found to induce DNA damage that can only be 
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repaired by BRCA1/2-mediated homologous recombination (HR) and DNA-PK-mediated 

non-homologous end joining (NHEJ)31.  CX-5461 is now in advanced phase I clinical trials 

in patients with BRCA1/2 deficient tumors.   

 

1.2. Platinum−acridines (PA) as a novel oncology drug with a unique mechanism of 

action  

The overall success of cisplatin inspired the development of new generations of 

platinum-based drugs with improved activity/efficacy, better tolerability, and lack of cross-

resistance with the clinically used drugs.  This approach is driven by the rationale that a 

new DNA binding mode different from the intrastrand cross-links32 formed by cisplatin 

would be recognized differently by the tumor cell’s DNA repair machinery and potentially 

lead to alternative cell death signaling. Among these new platinum complexes, 

platinum−acridine (PA) derivatives represent a distinct class of monofunctional-

intercalative DNA-targeted hybrid anticancer agents, illustrated by the general structure in 

Figure 1.2.  PAs are potent inhibitors of DNA synthesis32 and RNA polymerase II mediated 

transcription33.  PAs also cause stalled replication forks, which leads to lethal DNA double-

strand breaks (DSB) during replication34.  After years of extensive structure−activity 

relationship (SAR) studies, supported by mechanistic investigations in cells and cell-free 

systems, several derivatives were identified that possess promising activity (based on low-

nanomolar IC50 values) in many types of cancer35. The most active analogs continue to 

serve as lead compounds in preclinical studies, including the mechanistic work presented 

in this dissertation.   
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Figure 1. 2. Cisplatin, cis-diamminedichloridoplatinum(II) (CDDP) (left), and general 

structure of platinum–acridine derivatives (right). X = S, NH; Y = NH, Me, Et, 

polymethylene linker; R1-R3 = side chains containing variable functional groups; m = 1 (or 

2 when acridine moiety is protonated). 

 

In a dynamic process that involved several years of SAR and mechanistic studies 

on PAs, many discoveries have been made that have not only guided the preclinical 

development of these hybrid agents but have also dramatically changed our understanding 

of their potential roles in cancer chemotherapy.  The prototypical hybrid agent, PT-

ACRAMTU, in which thiourea was used to attach the platinum center to the acridine 

moiety through sulfur (X = S, Y = NH, Figure 1.2), showed enhanced cell kill in non-small-

cell lung cancer (NSCLC) compared to cisplatin36.  This compound showed an altered 

nucleobase selectivity compared to clinical platinum drugs and it formed monofunctional–

intercalative adducts in DNA sequence contexts not targeted by cisplatin.  This included 

unusual adducts with adenine (A) (vs guanine (G), the classical target) in the major and 

minor groove of DNA37, 38.  Later observations indicated that adenine in the G-quadruplex 

structure (“G4”) formed by the telomeric repeat (TTAGGG)n is highly susceptible to 
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platination by this agent, and binding to A-N7 (> 50% of total adducts) is kinetically 

favored over adduct formation with G-N739.  These observations informed new strategies 

of how PAs might be used for chemotherapeutic intervention, namely by blocking minor-

groove binding transcription factors (TATA boxes) and by targeting the telomeres to 

disrupt the limitless proliferation of cancer cells40. 

Another phase in the structural optimization of PAs began when the thiourea group 

in PT-ACRAMTU was preplaced with an amidine group (X = NH, Y = CH2, Figure 1.2), 

in an attempt to improve the chemical stability of the hybrid agent.  The first compounds 

in this series showed ten-fold enhanced activity in NSCLC, accelerated DNA binding, and 

a different DNA binding selectivity compared to PT-ACRAMTU41, 42.  Computational 

studies indicated that a distinct hydrogen-bond donor–acceptor interaction between the 

amidine-NH group and G-O6 was most likely responsible for the high G affinity and 

selectivity of these new derivatives, which resulted in ApG*, TpG*, and CpG* damage 

sites (asterisks indicate the platinated nucleobase).32  These results cast doubt on the 

biological relevance of A adducts as mediators of efficient cancer cell death and suggested 

that the rapid formation of G adducts was the key to the therapeutic success of the PAs.   

The fact that PAs perform best in cisplatin-resistant, DNA repair-proficient NSCLC 

led us to hypothesize that the monofunctional–intercalative adducts would be less 

susceptible to removal by nucleotide excision repair (NER) than the cross-links formed by 

conventional platinum drugs.  This was based on the observation that the former adducts 

do not induce major structural distortions in DNA and, unlike cisplatin adducts, are not 

recognized by DNA damage-sensing proteins33, 43.  However, this hypothesis was 

challenged in a follow-up study using DNA repair synthesis assays in cell-free extracts 
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(CFE), which demonstrated that PA–DNA adducts were actually repaired significantly 

faster than the DNA cross-links formed by cisplatin44.  On the other hand, earlier work 

demonstrated that PAs accumulate in NSCLC cells at a 60–100-fold faster rate and at 

significantly higher levels in chromatin than cisplatin45.  This critical feature, in addition 

to the high frequency of DSBs, may overwhelm the DNA repair machinery in NSCLC and 

allow PAs to maintain their high activity in this type of cancer.  PAs exist as 2+ charged, 

hydrophilic cations comprising a positively charged platinum(II) moiety and a protonated 

9-aminoacridine chromophore (pKa = 9–10),46 which does not permit passive diffusion 

across the plasma membrane.  Thus, an important question remained if the rapid uptake of 

PAs may be facilitated by an active, transporter-mediated mechanism and whether such a 

mechanism may be tissue or cell line specific.  The experiments described in Chapter 4 of 

this dissertation provide a definitive answer to this long-standing question.    

 In 2012, Ding et al. developed a post-labeling strategy based on bioorthogonal click 

chemistry for detecting azide-modified PAs in subcellular and subnuclear structures47.  

These experiments revealed a significant accumulation of PA (based on acridine-related 

fluorescence in confocal microscopy images) in the nucleolar regions of NCI-H460 lung 

cancer cells.  Interestingly, the fluorescence intensity in the nucleoli, the sites of RNA 

polymerase I (Pol I)-mediated pre-ribosomal RNA (pre-rRNA) transcription48, was 

approximately 50% higher compared to the signal in the surrounding chromatin (Figure 

1.3).49, 50  Obviously, this enhanced nucleolar accumulation may render the pre-rRNA 

genes (rDNA) more vulnerable to PAs than the nuclear chromatin.  Since PAs have strong 

binding preference for G-N7, sequences such as the highly G-rich (73%)51 regions of the 

47S pre-rRNA gene and its G-quadruplex-forming sequences might be particularly 
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vulnerable to PAs.  This would be an important outcome, since it is known that cancer cells 

are addicted to ribosome biogenesis to maintain their rapid growth and proliferation, which 

makes this process an attractive anticancer target50, 52.  Unfortunately, microscopic images 

do not provide information on whether the fluorescence signal in the nucleoli arises from 

DNA adducts or non-DNA bound drug, a problem tackled in Chapter 3 of this dissertation.   

 

 

 

Figure 1. 3. Intracellular distribution of clickable azide-modified platinum−acridine (PA). 

a) structure of the azide-modified PA.  b) Green fluorescence signal from PA in an NCI-

H460 cell in interphase co-stained with nuclear dye (Hoechst 33342, blue channel); ‘no’ 

stands for nucleolus.  Image adapted from Pickard et al.50. 

  

Last but not least, the above post-labeling techniques have been combined with 

other bioconjugation chemistries in PAs, such as Michael addition reactions, NHS ester 

coupling, and amide coupling35, 49, 53.  These modular reactions, which were initially used 

as chemical biology tools, can also be used for designing linkers, which would allow the 

a b 
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highly cytotoxic PAs to be turned into payloads for targeted delivery by protein carriers, 

such as ADCs17.  Targeted delivery may help minimize the unfavorable intrinsic systemic 

toxicity and improve the pharmacokinetic properties of PAs and provide target-specific, 

receptor-mediated endocytotic pathways that promote selective uptake into tumor tissue.  

Chapter 2 summarizes the results of a chemical feasibility study performed toward this 

goal.   

This dissertation will address several of the above unanswered questions about the 

cellular mechanism of PAs and explore possibilities of turning these compounds into safer 

personalized anticancer agents.  The remaining sections of the Introduction will provide 

some background on selected chemical biology, cell-based, and bioinformatics techniques 

used in this doctoral research.  
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1.3. Introduction to selected cellular and bioinformatics techniques used in this 

doctoral research  

1.3.1. Genome wide mapping of small molecule–chromatin interactions 

Discovering novel therapeutic entities and their mechanism of action remain challenging 

tasks54.  Small molecules, including approved and experimental therapeutics, can act at the 

genome level by targeting the DNA and protein components of chromatin55.  Therefore, 

understanding the functional genomic sites of action of small molecules that target the 

genome (or epigenome) may help medicinal chemists interpret complex drug responses 

and discover new therapeutic targets.  Recent advances in high-throughput sequencing 

strategies, such as chromatin immunoprecipitation followed by massively parallel DNA 

sequencing (ChIP-seq) have been widely used to identify the binding sites of a single DNA-

binding protein or the locations of modified histones56.  It can also provide an indirect 

readout of the chromatin states in response to a small molecule treatment.  This approach 

later informed the development of a novel technique called chemical affinity capture and 

massively parallel DNA sequencing (Chem-seq), which enables the identification of small-

molecule target sites directly throughout the genome55.  In this section, basic principles of 

these two classic technologies will be discussed followed by several classical examples of 

small molecule-based genomic target screening.  Advantages and disadvantages of the two 

technologies will be discussed.  
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1.3.1.1. Background  

ChIP-seq is a technique for genome-wide profiling of DNA-binding proteins, histone 

modifications, or nucleosomes57.  In general, the DNA-binding protein is cross-linked to 

DNA by treating cells with fixing reagent such as formaldehyde and then the chromatin is 

fragmented by sonication or endonuclease into smaller sizes.  Then a highly specific 

antibody against the protein of interest is used to immunoprecipitate the DNA–protein 

complex.  Finally, the cross-links are reversed and the recovered DNA is analyzed by the 

process of quantitative Polymerase Chain Reaction (qPCR) or sequencing57.  Through this 

analysis, the sequences can be identified and matched with the specific gene or region 

where the protein was located.  ChIP-seq provides insights into drug-induced chromatin 

changes at unprecedented genome-wide resolution55.  Pitfalls of this method include 

antibody cross-reactivity, high background noise, and poor target enrichment55.  

 Chem-seq, which was first described by Lars Anders et al.58, can be used to identify 

the sites bound by small chemical molecules throughout the human genome.  Instead of 

using antibody, a small molecule-based affinity reagent, such as biotinylated derivatives of 

the molecule of interest, can be used to isolate DNA targets, which are subsequently 

analyzed by sequencing55 (Figure 1.4).  Chem-seq can be carried out both in vitro and in 

vivo and can be used in conjunction with ChIP-seq to discover novel molecular 

mechanisms58.  However, the bulky biotinylated derivatives used for affinity enrichment 

may exhibit low activity as a result of weaker or altered target binding, reduced cellular 

uptake or unfavorable metabolic instability55.  Different types of chemical probes and 

strategies were designed depending on the DNA structures of interest and chromatin 

organization.  This includes the recognition of specific DNA sequences and secondary 
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structures (e.g., G-quadruplexes) as well as DNA sequences bound (and protected) by 

proteins and enzymes.   

 

Figure 1. 4. Comparison of ChIP-seq and Chem-seq.  Created with BioRender 

(BioRender.com). 

 

1.3.1.2. Sequence-specific DNA-targeting agents 

Synthetic polyamides containing N-methylimidazole and N-methylpyrrole amino acids 

show a strong affinity and specificity for DNA comparable to naturally existing DNA-

binding proteins59.  Dervan and coworkers reported an extended polyamide targeted to a 
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specific region of the transcription factor TFIIIA binding sites in the DNA minor groove, 

which interferes with 5S rRNA gene expression in Xenopus kidney cells60.  This type of 

structure was later incorporated into a hairpin polyamide–biotin conjugate to selectively 

pull down targeted DNA sequences61 (Figure 1.5).  Coupled with massively parallel 

sequencing, the method demonstrates the power of high-throughput methods to aid the 

rational design of sequence-specific minor groove binding molecules62.   

 

Figure 1. 5. Oligo-pyrrole–imidazole-based polyamide chemical probe used in Erwin et 

al61 studies.  A. Example of a minor groove-binding hairpin polyamide ligand. B. Chemical 

probe design for hairpin polyamide containing a psoralen DNA photo cross-linking moiety 

(orange) and a biotin tag (red) for affinity capture.   
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Genome wide maps of regions targeted by polyamides in human cells were 

generated by an approach termed cross-linking of small molecules for isolation of 

chromatin (COSMIC) by Erwin et al61, 63.  Their probes consist of a DNA-targeting 

polyamide, a photo-crosslinker (psoralen), and an affinity handle (biotin) for subsequent 

removal of non-covalently bound DNA sequences61.  The enriched DNA fragments can be 

analyzed by either qPCR or by next-generation sequencing.  The method is able to detect  

interaction between polyamide and DNA with minimal off-target effects63.  Similarly, a 

biotinylated DNA sequence-specific, highly cytotoxic alkylating agent, seco-CBI, was also 

studied for its chromatin binding properties using massively parallel sequencing64.  

 

1.3.1.3. Structure-specific DNA-targeting agents 

Guanine-rich DNA sequences can fold into four stranded, noncanonical secondary 

structures called G-quadruplexes (G4s)29.  Recent evidence suggests their involvement in 

key genome functions such as transcription, replication, genome stability, and epigenetic 

regulation29.  Balasubramanian et al. developed pyridostatin (PDS), which has high 

selectivity for G4s65.  To study its chromatin interactions, a biotin-tagged version of PDS 

was designed as an affinity reagent to selectively isolate targets from human genomic DNA 

in vitro66 and to confirm the molecule’s specificity for telomere G4 containing sequences 

by qPCR.  Unfortunately, in this case, the pre-installed biotin tag appears to alter the G4 

binding capability of the PDS moiety.  In an improved assay, the same group also used 

post-treatment with azide-modified fluorophores via copper catalyzed azide-alkyne 

cycloaddition to detect G4s in human cells65.  These results showed overlapping genomic 

binding domains of the PDS derivatives and the human G4-unwinding helicase PIF1 and 
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confirmed the existence of G4 structures in human cells65.  In conjunction with ChIP-seq 

analysis using an antibody-enriched DNA damage marker, phosphorylated histone protein 

H2AX (H2AX), they revealed that PDS reduced the expression of the proto-oncogene 

SRC, which validated the SRC as a direct target of this drug.   

Furthermore, G4 structures in genomes were also analyzed for their ability to stall 

DNA polymerase29.  This was achieved by a dual sequencing approach.  The first read 

enables accurate sequencing and alignment of DNA fragments.  The original template is 

then re-sequenced using different G4-stablizing conditions (e.g., in the presence of PDS or 

divalent cations).  Induction of G-quadruplexes stalls DNA synthesis by DNA polymerase 

and results a loss of  sequence information, which can be used as a footprinting strategy to 

precisely define the location of G4 structures67.     

 

1.3.1.4. Chromatin-associated proteins as drug targets  

Gene expression is often regulated by proteins that recognize histone post translational 

modifications (PTMs).  Small molecules that bind to these proteins may interfere with gene 

expression and result in a desired therapeutic effect55.  For instance, the bromodomain 

inhibitor JQ1 interferes with the binding of the BET (bromodomain and extra-terminal) 

proteins (BRD2, BRD3, and BRD4)58.  JQ1 disrupts critical protein–protein interactions 

and results in growth inhibition in MM1.S myeloma cells and other tumor cells58.  Young 

et al. investigated the genome-wide binding of the bromodomain inhibitor JQ1 to the BET 

proteins.  The chromatin complex was captured by a biotinylated version of JQ1 in live 

cells, which lead to the identification of the genomic location of the drug based on ChIP-

seq reads for BRD2, BRD3 and BRD458.  The authors demonstrated that 99% of the BRD4 
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binding sites were co-occupied by JQ1, with relatively weaker correlations observed for 

the other BRD protein members.  Because of the poor membrane permeation of 

biotinylated JQ1, the procedure was also performed with cell-free extracts from MM1.S 

cells.  Both assays showed essentially the same result, which confirmed that the genomic 

sites bound by biotinylated JQ1 coalesce with the sites occupied by BRD2, BRD3 and 

BRD458.   

In another example, Chem-seq was used to investigate the binding sites of the 

molecule SD70, which is an inhibitor of dihydrotestosterone.  Deep sequencing revealed 

the colocalization of biotin derivatives of SD70 with androgen receptor (AR) on regulatory 

enhancers, which inhibits the androgen-dependent proliferation of prostate cancer cells54.   

 

1.3.2. Role of platinum-based DNA damage 

Cisplatin, the first-metal based anticancer drug, is one of the most commonly used 

platinum-based chemotherapeutics68.  Overwhelming evidence exists that its 

pharmacological mechanism of action involves the formation of DNA adducts, which 

trigger various signal-transduction pathways involved in DNA-damage recognition (DDR) 

and repair, cell cycle arrest, and programmed cell death/apoptosis69.  Conceivably, 

mutations in the genes encoding the key proteins in these pathways may trigger resistance 

to cisplatin, which may result in cancer cell survival, tumor resistance, and a poor cancer 

prognosis70.  Genomics and bioinformatics tools have been used to unravel major 

differences in the cellular responses triggered by platinum-based drugs despite their overall 

structural similarities.  For instance, Bruno et al. demonstrated that oxaliplatin, a cisplatin 
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derivative, may not kill cells by triggering a DNA-damage response, but instead, leads to 

cell death by inducing a form of DDR-independent ribosome biogenesis stress.  The 

authors conclude that oxaliplatin-modified rRNA, mRNA and/or ribosomal proteins may 

potentially contribute to the cell kill71.  This surprising outcome argues that in addition to 

conventional structure-based drug design, high-throughput omics technologies should be 

used to profile the molecular mechanism of platinum-based chemotherapies and validate 

or invalidate DNA as their cellular target. 

 

1.3.2.1. Detection of platinum damage in genomic DNA by immunoprecipitation 

After cisplatin has undergone aquation in the cells, the activated aqua form of this drug 

binds to the N7 position of purine bases, which results in GpG and ApG 1,2-intrastrand 

cross-links, GpNpG 1,3-intrastrand cross-links, as well as small amounts of GG interstrand 

cross-links and monofunctional adducts12.  Powell et al. first designed and applied a 

microarray-based method to detect genomic DNA damage: 3D-DIP-ChIP (DNA Damage 

Detection by DNA Immunoprecipitation on microarray chips)72.  DNA damaged by 

genotoxic cisplatin or oxaliplatin was affinity-captured by monoclonal antibodies raised 

against platinum-induced guanine adducts and immunoprecipitated.  The sequence context 

of the damage was then analyzed and compared with that of cyclobutane pyrimidine dimers 

(CPDs) caused by UV radiation.  Their analysis confirmed that lesions formed at the 

expected dipurine and dipyrimidine sites, respectively.  These results also showed that the 

DNA damage induced by these two methods increased the level of histone H3 acetylation, 

which is known to be important for the response to, and repair of, DNA damage in 

chromatin.  This method eliminated the need for formaldehyde fixation used in ChIP-seq, 
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but required the removal of platinum adducts with sodium cyanide (NaCN) prior to PCR 

amplification as platinum adducts can inhibit DNA polymerases73. 

Cisplatin-induced DNA damage is recognized by many proteins, such as 

transcription factor IIH (TFIIH)74 involved in the NER or high mobility group (HMG) box 

protein HMGB175 during regulation of transcription, replication, recombination, and 

chromatin remodeling.  Consequently, these proteins have also been exploited to pull down 

platinum-damaged genomic DNA.  Hu et al. developed two methods, Damage-seq and 

Excision Repair Sequencing (XR-seq) to study the cisplatin DNA damage at single-

nucleotide resolution74.  XR-seq enriches the excised fragment during NER using a TFIIH 

antibody, whereas Damage-seq utilizes an anti-Pt antibody to isolate a truncated 

amplification product.  The pull-down of cisplatin-damaged DNA can be achieved with a 

commercially available anti-cisplatin antibody.  This antibody can enrich signals mostly 

from GG lesions formed by cisplatin and carboplatin, but shows little immunoreactivity 

for AG adducts75.  The high-throughput sequencing results demonstrated that the overall 

distribution of damage sites across the genome is primarily driven by the repair efficiency 

of specific adducts.  This work was extended to high-sensitivity-Damage-seq (HS-

Damage-seq), which depletes undamaged DNA fragments from the extract prior to high-

throughput sequencing.  The authors conclude that DNA repair is affected by chromatin 

state, transcription status, and transcription factor binding.  These methods have also been 

used to detect platinum-DNA damage in mouse organs76 and for mapping the NER sites in 

mice treated with cisplatin77.     

Finally, Shu et al.  designed a method called cisplatin-seq for detecting cisplatin-

DNA adducts at the genome level at single base resolution75.  After incubation with 50 M 
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cisplatin, both 1,2-GG and 1,2-AG adducts were enriched by a HMGB1 protein, which has 

been expressed, purified, and validated by dot blot analysis.  Their experiments indicated, 

surprisingly, that mitochondrial DNA is a preferred target of cisplatin, and in nuclear DNA, 

cisplatin-DNA adducts are enriched within promoters and regions harboring transcription 

termination sites.  The authors also concluded that although the density of GG dinucleotide 

sequences determines the initial crosslinking of cisplatin, chromatin-binding proteins also 

contribute to the damage pattern.  

Collectively, the above methods rely on the use of antibodies (if available) to 

recognize the damage sites or specific proteins to indirectly enrich the platinated sequences.  

DNA adducts cannot be directly isolated unless the platinum adduct is modified with an 

affinity tag that allows some form of chemical retrieval and affinity purification.  This 

strategy requires bioorthogonal chemistry, such as click chemistry and/or biotinylation, 

which allows direct pulldown of damaged DNA or after post-treatment steps during sample 

preparations.  
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1.3.2.2. Functionalized platinum agents for cellular applications 

Click chemistry is a robust, versatile and high-yield reaction first introduced in 2001 by K. 

Barry Sharpless and coworkers78.  It allows two molecular modules, one containing an 

aliphatic or aromatic azide group (R-N3), the other an alkyne moiety, to efficiently and 

rapidly generate compound libraries or perform bioorthogonal reactions in a complicated 

biological matrix.  The 1,3-dipolar [3+2] azide–alkyne cycloaddition reaction can be either 

copper-catalyzed (CuAAC) or promoted by strained ring systems (SPAAC)79.  The small 

size, biological inertness, and overall neutral charge of the azide group have made it also a 

promising bioorthogonal tool in platinum-based agents for chemical biology studies and in 

drug design80.  

Kitteringham et al.81 have designed azide-modified carboplatin derivatives and 

modified them with a boron-dipyrromethene fluorophore (BODIPY) dye using the SPAAC 

reaction.  Fluorescence images acquired in both cisplatin-sensitive and cisplatin-resistant 

cell lines indicated that these conjugates are efficiently internalized and dispersed 

throughout the cytoplasm81.  While the conjugate was nontoxic, attachment of the bulky 

dye inevitably compromised the parent drug’s anticancer activity81.  Alternatively, the 

cellular distribution of platinum drugs has also been studied by incubating with a clickable 

compound followed by post-treatment with fluorescence molecules using CuAAC and 

SPAAC click chemistry82.  However, the requirement for copper at concentrations that are 

toxic to mammalian cells makes CuAAC unsuitable for chemical labeling in live cells82.  

Therefore, since the original report on copper-free click chemistry for dynamic in vivo 

imaging, SPAAC has become choice for live tracking platinum drugs.  Since the pioneering 

work by the Bierbach lab on the use of azide–alkyne click chemistry in cellular studies of 
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platinum-based agents, a growing number of clickable platinum compounds have been 

reported (Table 1.1).  

 

Table 1. 1. Clickable platinum based chemical probes.   

Structure Notes References 

 

First post-labeling 

strategy used in 

detecting DNA damage 

sites in subcellular and 

subnuclear structures in 

NCI-H460  

47, 83 

 

Picazoplatin, used for 

fluorescent labeling of 

RNA, ribosomal RNA 

and tRNA in 

Saccharomyces 

cerevisiae  

84, 85 

 

Fluorescent labeling of 

DNA and ribosome in 

Saccharomyces 

cerevisiae 

86 

 

Cellular imaging, 

comparison of azide or 

alkyne functionalization 

strategy in HeLa cells 

87, 88 

 

Visualize DNA-Pt with 

high resolution in U2OS 

cells 

89 
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Drugs have been tagged with fluorophores to provide insight into their cellular 

uptake, distribution, and intracellular transformation.  However, the drug–dye conjugates 

may not faithfully mimic the physicochemical properties of the parent drug.   The conjugate 

may show altered membrane permeability and organelle selectivity depending on its 

molecular weight, partition coefficient (logP), amphiphilic character, and pKa value.  To 

solve this problem, Ding et al. pioneered the use of a post-labeling strategy for detecting 

DNA-targeted platinum–acridines (PAs) in subcellular and subnuclear structures47.   

Briefly, lung cancer cells were treated with an azide-functionalized PA derivative.  After 

fixing with formalin, the permeabilized cells were incubated with Alexa Fluor 488-alkyne 

dye in the presence of a copper catalyst.  Confocal microscopy showed a high fluorescence 

intensity within the nuclei, with the highest intensity observed in the cells’ nucleoli during 

interphase, inspiring the experiments described in Chapter 3 (see also Figure 1.3), and in 

the condensed chromatin during mitosis47.  In a follow-up study, the copper-based post-

labeling technique was compared with a “pre-labeled” PA derivative in which the azide 

group had been reacted with a dibenzocyclooctyne (DIBO)-modified Alexa Fluor 488 dye 

(Figure 1.6)83.  Although the fluorescence from the dye-modified PA derivative was 

detected in the same subcellular regions, the signal was weaker than that observed after 

post-labeling.   Furthermore, the relative fluorescence intensity in chromatin vs. cytosol 

was significantly lower than that observed with copper-mediated post-labeling.  These 

observations suggest that the bulky DIBO–Alexa Fluor label interferes with the cellular 

accumulation of the conjugate and its reaction with DNA in chromatin. 
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Figure 1. 6. Structure of Alexa Fluor 488 dye-modified PA.  

 

The above post-labeling approach inspired DeRose et al. to use copper-based click 

chemistry for the detection of platinum-modified rRNA in S. cerevisiae using an azide-

functionalized derivative of the experimental drug picoplatin (“picazoplatin”, Table 1.1)84.  

Notably, the presence of a 2´-OH group in ribonucleotides renders RNA prone to 

degradation in the presence of copper ions, and trace amounts of acetonitrile were 

necessary to reduce the reactivity of free Cu(I) during the sample preparations.  

Furthermore, copper-free post-labeling was used for in-gel visualization of Pt-modified 

rRNA extracted from picazoplatin treated S. cerevisiae85.  A comparison between an azide 

and an alkyne-functionalized cisplatin derivative developed for post-labeling in HeLa 

cancer cells revealed that the azide derivative resulted in a much more pronounced 

fluorescence signal87.  The authors suggested that the alkyne containing compounds may 
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undergo Pt-catalyzed hydration or hydroamination across the triple bond, which might 

explain the relatively weaker cellular fluorescence.  In summary, post-labeling have been 

used for cellular tracking of platinum drugs associated with various targets, such as Pt–

DNA, Pt–RNA, and Pt–protein adducts86, 88-90.  While useful for certain applications, these 

methods have limitations because they require either a  cytotoxic Cu(I) catalyst or bulky, 

poorly permeable strained cyclooctynes during the post-labeling step80.    
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1.3.3. Target discovery using screening and pharmaco-omics tools 

1.3.3.1. NCI-60 screening and COMPARE analysis 

The US National Cancer Institute’s (NCI) 60 human tumor cell line anticancer drug screen 

(NCI-60) was introduced in the 1980s as a drug discovery tool91.  Although its primary 

purpose is to identify compounds with growth-inhibitory cytostatic and cytotoxic effects 

in particular tumor types, it was early realized that the patterns of relative drug sensitivity 

and resistance (spectrum of activity) can often predict mechanisms of drug action.  The 

program accepts samples submitted worldwide and has a capacity of screening up to 3,000 

small molecules per year (https://dtp.cancer.gov/discovery_development/nci-60/).  The 

panel of 60 cell lines spans a broad spectrum of tumor types representing 9 different tissues: 

blood (leukemia), colon, lung, central nervous system (CNS), kidney, skin (melanoma), 

ovaries, breast, and prostate.  The activity of a test compound is determined at 5 

concentrations (e. g., 10-4–10-8 M) in duplicate experiments.  The resulting data can be 

presented as dose–response curves.  Figure 1.7 shows the dose-response for dasatinib (NSC 

732517), which was assayed in a subpanel of 9 melanoma cells lines, from which three end 

points can be estimated92.  GI50, the concentration in mol/L (plotted as logGI50) causing 

50% growth inhibition, TGI (equivalent to GI100), where growth is completely inhibited 

relative to the initial cell count, and LC50, the concentration at which the initial count of 

viable cells has been reduced by 50%.  
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Figure 1. 7. Dose-response graphs for the kinase inhibitor dasatinib (NSC 732517) assayed 

in the NCI-60 melanoma subpanel.  Data acquired from PUBLIC COMPARE 

(https://dtp.cancer.gov/databases_tools/compare.htm)  

 

Mean graphs are also commonly used to emphasize the relative effects of test 

compounds on human tumor cell lines and can be generated for logGI50, logTGI, or 

logLC50 values.  Figure 1.8 shows the mean graph plots for GI50 values determined for two 

EGFR kinase inhibitors, gefitinib (NSC 715055) and lapatinib (NSC 745750).  The positive 

and negative values are plotted along a vertical line that represents the mean response of 

all the cell lines in the panel to the test agent.  Positive values projected to the right of the 

vertical line means cell line is more sensitive and negative values projected to the left 

means cell line is less sensitive (https://dtp.cancer.gov/discovery_development/nci-

60/methodology.htm).  More importantly, by comparing compounds in the mean graph, 

the pattern of cell line sensitivity and resistance can reflect the similarity of drug actions.  

In Figure 1.8, both gefitinib and lapatinib, as inhibitors of tyrosine kinase EGFR, giving 

https://dtp.cancer.gov/databases_tools/compare.htm
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similar mean graph patterns.  The degree of similarity can be quantitated using the 

COMPARE algorithm and expressed with Pearson correlation coefficients (PCC).  PCC 

measures linear correlation between two variables with a value between +1 and -1.  1 is 

total positive linear correlation, 0 is no linear correlation, and -1 is total negative linear 

correlation.  As shown in Table 1.2, COMPARE analysis summarized the compounds in 

the database according to their drug response profile and ranked them by PCC.  The more 

positively correlated to input compound, gefitinib, indicates the similar mechanism of 

actions.  

Another important feature of COMPARE is that it allows analysis of correlations 

between NCI-60 compound activity and omics data for the 60 cell lines, such as gene 

expression based on mRNA levels, which are available in NCI’s CellMiner databases 

(https://discover.nci.nih.gov/cellminercdb/).  In addition to transcript levels determined on 

multiple microarray platforms, CellMiner also provides access to gene mutation status, 

gene copy number alterations, and epigenetic silencing of genes based on promoter DNA 

methylation93, which will be used in Chapter 4 to shed light on the mechanism of one of 

our most potent platinum–acridine agents.  Table 1.3 provides an example of selected 

mRNA expression data (top 5 genes) that are positively or negatively correlated with 

gefitinib activity in NCI-60 cell lines.  These results provide clues about the underlying 

molecular mechanism and the cellular target of anticancer drugs.  

https://discover.nci.nih.gov/cellminercdb/
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Figure 1. 8. Mean graph plots of GI50 values (expressed as logGI50) for gefitinib (NSC 

715055, left) and lapatinib (NSC 745750, right) (https://nci60.cancer.gov/publiccompare/). 

https://nci60.cancer.gov/publiccompare/


33 
 

Table 1. 2. Significant correlations (similarities) between kinase inhibitors.  

NSC number Name Mechanism of action Correlation  

715055 Gefitinib EGFR 1  

745750 Lapatinib EGFR, ERBB2 0.802  

761910 Ibrutinib 
 

0.693  

718781 Erlotinib EGFR 0.67  

750691 Afatinib EGFR 0.674  

760766 Vandetanib PDGFR|EGFR,VEGFR 0.665  

765694 Bosutinib STAT|BCR-ABL|SRC 0.486  

 

Table 1. 3. Significant correlations between gefitinib activity (NCI-60) and gene 

expression in cancer cell lines. 

ID Location Correlation Annotation 

UGT2B7 4q13 0.608 metabolic process; cellular glucuronidation 

UGT2B28 4q13.2 0.567 xenobiotic metabolic process; metabolic process 

KCNJ16 17q24.3 0.555 ion transport; potassium ion transport 

CHST9 18q11.2 0.543 Proteoglycan biosynthetic process 

HNF1B 17q12 0.534 regulation of Wnt receptor signaling pathway 

    

H2AFV 7p13 -0.465 Nucleosome assembly 

CDC25C 5q31 -0.474 DDR (DNA replication) 

HDAC3 5q31 -0.487 Apoptosis 

RPL15 3p24.2 -0.522 translation; mRNA metabolic process 

CAMLG 5q23 -0.556 epidermal growth factor receptor signaling 

pathway; receptor recycling 
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1.3.3.2. Gene set overlap analysis using hypergeometric distribution 

The traditional strategies for gene expression analysis discussed above have focused on 

identifying individual genes that exhibit significant correlations between two data sets of 

interest.  However, they fail to identify global biological functions that are defined by 

entire networks of genes94.  Gene set overlap analysis (a simplified version of gene set 

enrichment analysis, GSEA)94, is a powerful analysis tool for investigating collections of 

genes that share common features (gene sets), such as biological processes and cellular 

components.  These features are often defined using gene ontology (GO) annotations95.  

The method is often used to analyze microarray data from transcriptomics studies to 

determine whether certain members of an unranked collection of genes A randomly appear 

in a gene collection B (see Figure 1.9), or if they are collectively shared (enriched) between 

the two, in which case the genes are correlated with a specific GO function or phenotype.   

 

Figure 1. 9. Example of gene set overlap: Genes in list A are negatively correlated with 

the anticancer activity of the drug doxorubicin in breast cancer cells in NCI-60.  Genes in 

lists B and C define the GO gene sets ‘Multidrug resistance’ and ‘DNA repair’.  Therefore, 

the genes in overlap may define a specific mechanism that confers resistance to 

doxorubicin in breast cancer.    
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Gene set overlap and enrichment analysis is a powerful tool in discovering new 

therapeutic targets and possible mechanisms for small molecules.  As previously discussed, 

COMPARE can be used to analyze the gene expression in cell lines used in NCI-60 screen, 

which may result in positive or negative correlations with a specific compound’s activity.  

The gene list of interest can then be used as input in a search against known gene sets to 

determine if any genes exist in the databases that are overrepresented (or, statistically 

significantly enriched) in the experiment-derived input.  Overlapped genes can be ranked 

using P-values, which, along with false discovery rate (FDR)-based post-tests, are 

calculated by hypergeometric distribution analysis.  The lower the P-value, the more 

significant the overlap between the two sets of genes.  Gene sets are available through 

several online sources.  One of the major databases, the Molecular Signatures Databases 

(MSigDB), contains 25724 gene sets that are divided into 8 major collections and sub-

collections.  As an example, one of the major collections used in Chapter 4 is the gene 

ontology (GO) collection (C5), which encompasses more than 10000 gene sets derived 

from GO annotations.  Figure 1.10 demonstrates how bioinformatics tools can be 

incorporated into the process of compound testing and lead identification to identify and 

exploit biologically significant targets or pathways.   
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Figure 1. 10. Flow chart for drug discovery leading to personalized cancer treatment 

 

1.3.3.3. Target validation, loss-of-function, functional genomics, and RNAi  

To study the potential role of a gene or its gene product (protein, enzyme) discovered 

during correlation analyses, functional genomics can be utilized.  This is an important step 

in testing specific hypotheses and validating specific targets as statistical correlations do 

not necessarily indicate a causal relationship.  Many high-throughput techniques have been 

developed, such as mRNA microarrays, RNA-seq, affinity purification, and mass 

spectrometry to study gene expression and the resulting proteome4.  Additionally, gene 

function can also be investigated by using loss-of-function techniques.  RNA interference 

(RNAi) screening and, more recently, RNA-guided CRISPR (clustered regularly 

interspaced short palindromic repeats)-associated Cas9 nuclease have become commonly 
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used tools for unbiased and phenotypic screening96.  Both strategies are powerful tools to 

modulate the gene expression and generate loss-of-function cell models, which then can be 

subjected to probe the cell response to libraries of drugs.  In Chapter 4, RNAi technique is 

one of the main strategies to study the role of a membrane transporter protein in the cellular 

uptake of PA.  

 

 

Figure 1. 11. Picture illustrates important features in a siRNA molecule includes two base 

pair overhangs, seed region and mRNA cleavage site.  Created with BioRender.com.  

 

RNA interference (RNAi) technology has been extensively used over the past 

decade in mammalian cell culture and in vivo studies96.  RNAi is a natural cellular defense 

mechanism that protect host cells against viruses and genetic instability as first identified 

by Craig Mello and Andrew Fire in 199897.  The RNAi pathway is initiated by small RNAs, 

including small interfering RNAs (siRNAs).  The siRNAs are first generated from a 

double-stranded RNA (dsRNA) precursor by the Dicer enzyme complex and incorporated 

into Argonaute 2 (AGO2) and the RNAi-induced silencing complex (RISC).  Subsequently, 

AGO2 cleaves the passenger (sense) strand (see Figure 1.11) so that active RISC 
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containing the guide (antisense) strand is produced.  The RISC complex then binds the 

complementary mRNA of the target gene in the cytoplasm.  The binding of the siRNA to 

the target mRNA site results in mRNA degradation or translational inhibition based on the 

sequence complementarity98.  Several RNAi reagents have been developed, including long 

double-stranded RNA (dsRNA)99, synthetic siRNA98, short-hairpin RNA (shRNA)100 and 

shRNAs embedded in microRNA (miRNA) precursors (shRNAmirs)101.  RNAi reagents 

can be delivered by liposomal transfection (for siRNAs and dsRNAs), or by viral 

transduction such as lentivirus containing shRNA.  Although this technique suffers from 

drawbacks such as nuclease degradations98 and off-target binding, it allows efficient 

transient knockdown, which make this technique a useful screening tool for high 

throughput target screening.  

 

1.4. Goals of the doctoral research 

Platinum−acridines (PAs) possess significant anticancer properties in multiple cancers of 

varying genetic backgrounds, and they stand out as mechanistically unique metal-based 

drugs compared to many other chemotherapeutic agents.  PAs have evolved into an 

expandable drug development platform that holds considerable promise of addressing 

pressing medical needs in certain types of cancer such as overcoming tumor resistance 

observed with conventional chemotherapies.  As PAs are being further developed at the 

preclinical stage several questions related to the pharmacology and cellular mechanism of 

these agents will have to be addressed.   
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PAs kill cancer cells at nanomolar concentrations, but previous lessons learned 

from in vivo studies in mouse xenograft studies suggest that it is necessary to improve their 

drug-like properties102.  The goal of the proof-of-concept study presented in Chapter 2 

was to generate human serum albumin (HSA)–PA conjugates to explore whether PAs can 

be stably incorporated into payloads for protein carrier-mediated delivery into cancer cells.  

In addition to a full structural characterization of the payloads and bioconjugates by high-

resolution structural and analytical methods, the functionality of the new entities was 

validated in cancer cells.  

The experiments described in Chapter 3 capitalized on the bioorthogonal 

chemistry developed for PAs, in conjunction with affinity purification and qPCR 

amplification, to gain a deeper understanding of the cellular DNA damage of the hybrid 

agents.  To achieve this, a novel chemical biology tool, termed Adduct Detection after Post-

Labeling Technique (‘ADAPT’), was developed and validated in model systems and live 

cells.    The study provides evidence for the previously inferred, but hitherto unproven, 

targeting of rDNA and confirms the overall DNA damage pattern of PAs.  The study forms 

the basis of future applications to study the DNA damage genome-wide using next 

generation sequencing.  

Last but not least, the impetus of the study presented in Chapter 4, was to provide 

an answer to the long-standing question of what controls their spectrum of activity.  This 

was achieved by a combination of compound screening, bioinformatics analysis, and 

experimental target validation in cancer cells.  In the process, it was discovered that an 

epigenetically regulated plasma membrane transporter, multidrug and toxin extrusion 

protein 1 (MATE1/SLC47A1), dominates the chemosensitivity of cancer cells to PAs.   The 
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discovery of this unprecedented mechanism provides new opportunities for biomarker-

driven, personalized treatment of resistant cancers with PAs. 
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CHAPTER II 

CYSTEINE-DIRECTED BIOCONJUGATION OF A PLATINUM(II)−ACRIDINE 

ANTICANCER AGENT 

 

 

 

 

 

 

 

 

 

 

 

 

 

The content in this chapter was published in Inorganic Chemistry in 2019.  The manuscript, 

including figures, schemes, and tables, was drafted by Xiyuan Yao and Dr. U. Bierbach 

and edited by Dr. U. Bierbach before submission to the journal.  To maintain a consistent 

presentation throughout this dissertation, changes in both format and content have been 

made.  The experiments described were performed by Xiyuan Yao.  Dr. C. Tracy provided 

assistance with the MS/MS characterization.  Reprinted (adapted) with permission from 

Yao, X., Tracy, C. M., & Bierbach, U. (2018). Cysteine-Directed Bioconjugation of a 

Platinum (II)–Acridine Anticancer Agent. Inorganic Chemistry, 58(1), 43-46. DOI: 

10.1021/acs.inorgchem.8b02717   
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2.1. Introduction and Design Rationale 

Several drug-delivery strategies are currently being pursued to target cytotoxic 

chemotherapy to diseased tissue. These span a wide range from passive delivery of a 

nanoencapsulated cargo to the tumor site to single-molecule payloads delivered by 

receptor-targeted molecules103-105. (“Payload” refers to a cytotoxic molecule that has been 

covalently modified with a linker, through which it can be directly attached to a carrier.) 

Human serum albumin (HSA), which serves as a long-circulating delivery vehicle that 

accumulates passively in tumor tissue, has improved the safety of many diagnostics and 

therapeutics106, 107. Similarly, antibody–drug conjugates (ADCs), which target cancer-

specific antigens with high selectivity and affinity, are often the only clinically viable 

delivery platform for highly cytotoxic tubulin inhibitors, DNA minor groove-alkylating 

agents, and DNA double-strand break inducers105. 

Platinum–acridine (PA) hybrid agents derived from the Markush structure 

presented in Scheme 2.1 are among the most cytotoxic platinum-containing anticancer 

drugs reported to date. Several analogues have shown single-digit nanomolar IC50 values 

in several cell lines representing chemoresistant cancers, which renders them up to a 1000-

fold more cytotoxic than current clinical platinum chemotherapies32, 35, 41, 49.  Like many 

potent small-molecule cytotoxic agents, PAs show unfavorable pharmacokinetic 

properties, and their high potency leads to dose-limiting systemic toxicity41, 108.  Thus, one 

goal in the preclinical development of these agents is to improve their druglike properties 

by delivering them selectively to tumor tissue. 

The goal of this study was to assess whether cysteine-directed maleimide addition 

chemistry allows the bioconjugation of PAs with carrier proteins.  The challenge with 
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attaching PAs and other platinum(II)-based drugs containing labile chlorido ligands [e.g., 

cis-diamminedichloridoplatinum(II), cisplatin] to proteins using this conventional linker 

chemistry is the high affinity of the divalent metal for sulfur-containing amino acid 

residues109, 110.  Here we demonstrate using recombinant HSA (rHSA) harboring a single 

free cysteine residue (C34)111, in combination with a model payload containing a 

chemically robust, noncleavable linker, that it is possible to selectively and stably 

conjugate a reactive, electrophilic PA via one of its nonleaving groups to a 66-kDa carrier 

protein. This was achieved by a combination of strain-promoted “click” chemistry and 

cysteine-specific Michael addition chemistry112. 

 

2.2. Results 

2.2.1. Design, synthesis and characterization of maleimide-modified platinum–

acridine payloads 

To assess the feasibility of the proposed chemical approach, we constructed a model 

payload from a PA derivative using chemistry previously developed for bioorthogonal 

post-labeling applications in cancer cells.  The strategy involved the installation of a 

terminal azide group at R´ via amide coupling, giving derivative 2.147, and subsequent 

extension of the side chain with azadibenzocyclooctyne–maleimide linkers using highly 

efficient copper-free azide−alkyne cycloaddition chemistry (Scheme 2.1).  Both a simple 

module [dibenzocyclooctyne (DBCO)–maleimide] and a more hydrophilic extended 

poly(ethylene glycol) (PEG) spacer (DBCO–PEG4–maleimide) were introduced to 

generate payloads 2.2 and 2.3, respectively [Scheme 2.1; see the Experimental Section for 

details of the synthesis and characterization]. 
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Scheme 2. 1. Synthesis of maleimide-modified platinum−acridine model payloadsa 

 

aReagents and conditions: DBCO-maleimide (for 2.2) DBCO-PEG4-maleimide (for 2.3), 

DMF, rt, 16 h. 

 

A critical factor that determines the stability and biological activity of platinum-

based pharmaceuticals is the reactivity of the leaving groups.  Prior to the assembly of the 

payloads, we assessed the stability of compound 2.1 in buffers relevant to the preparation 

of the bioconjugates and their proposed application.  Compound 2.1 is resistant to aquation 

and stable over a wide pH range in media containing physiological chloride (APPENDIX 

B. LC-MS SPECTROSCOPY).  The extended conjugates 2.2 and 2.3 contain a 

platinum(II) center and a maleimide group, which are both electrophilic moieties and 

reactive with cysteine−thiol.  Binding of the metal with cysteine would be undesired 

because it would lead to irreversible sequestration of the cytotoxic compound by the carrier 
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protein110.  The reaction of compound 2.1 with glutathione (GSH) at neutral pH resulted in 

the substitution of the chloro leaving group by the nucleophilic cysteine sulfur, yielding 

mononuclear and thiolato-bridged adducts, a reactivity pattern previously observed in 

platinum−acridine agents and clinical platinum drugs (APPENDIX Figure B.7)109.  By 

contrast, when payloads 2.2 and 2.3 were incubated with GSH under the same conditions, 

selective and rapid (the reaction is complete in less than 1 h at 25 °C) Michael addition at 

the maleimide group was observed (APPENDIX B.8).  These results suggest that platinum 

in 2.2 and 2.3 does not compete with cysteine−maleimide addition, which is highly desired 

for the proposed application.   

To test the proposed bioconjugation chemistry, we chose gel-purified, 

pharmaceutical-grade rHSA as a carrier protein and model for other serum proteins 

amenable to maleimide−thiol Michael addition.  This includes immunoglobulin G-type 

(IgG) antibodies after the selective reduction of an interchain disulfide to free thiol 

groups113.  Ellman’s test performed on rHSA treated with 2.2 and 2.3 confirmed that 85−

90% of the free C34 present in the sample was modified with a payload after incubation 

for 3 h at room temperature.  Unmodified rHSA and the size-exclusion-chromatography-

purified conjugates rHSA-2.2 and rHSA-2.3 were also characterized by electrospray 

ionization time-of-flight mass spectrometry (ESI-ToF-MS).  The deconvoluted intact-

protein masses obtained are in agreement with maleimide addition to C34 in both cases 

(Table 2.1).  Circular dichroism spectra recorded for rHSA and rHSA-2.3 suggest that 

maleimide addition occurs without perturbation of protein conformation (see Figure 

2.1)114. 
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Figure 2. 1. Reaction of recombinant human serum albumin (rHSA, 10 M) with payload 

2.3 in PBS (pH 7.4, room temperature, 0.05% DMF) monitored by circular dichroism (CD) 

spectroscopy. (The reaction was performed under conditions that result in complete 

conversion to Michael adduct according to ESI-ToF within 3 h.)  The wavelength range 

was limited by traces of strongly absorbing DMF, the solvent in which 2.3 was generated.  

Virtually no change in molar ellipticity is observed for the 222-nm band relative to the 

unmodified protein, which suggests minimal structural perturbation of the protein’s 

secondary structure after modification of cysteine-34 in the IA domain with payload 2.3.      
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Table 2. 1. Summary of mass spectrometry data for payloads and rHSA conjugates  

Molecule Mass, calcd Mass, exptla 

2.2 1149.4 1150.5 

2.3 1396.5 1397.7 

rHSA 66440 66442.3 

rHSA-2.2 67591.7 67592.0 

rHSA-2.3 67838.8 67838.8 

aMost abundant masses of isotope distribution in LC-ESI-MS (ion trap) for the [M]+ ions 

of 2.2 and 2.3 and deconvoluted masses in ESI-ToF-MS spectra for the rHSA conjugates, 

respectively.  

 

 

2.2.2. Structure characterization by HSQC  

Using the 15N-labeled payload 2.3´ (generated from the corresponding isotopically labeled 

PA derivative, 2.1´) in conjunction with 2D 1H− 15N heteronuclear single quantum 

coherence (HSQC) NMR spectroscopy, we confirmed the regioselectivity of the 

bioconjugation reaction.  This spectroscopic tool takes advantage of the fact that the 15N 

chemical shifts of the [15N]-ethane-1,2-diamine ([15N]-en) nonleaving group are highly 

sensitive to changes in the platinum coordination sphere115.  Two distinct cross peaks are 

observed in the HSQC NMR spectrum of rHSA-2.3´ at δ(15N) -32.05 and -27.22, as 

expected for [15N]-en coordination trans to the chlorine and nitrogen donors (Figure 2.1).  

This result firmly rules out the possibility of substitution of the chlorido ligand by the thiol 
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group of C34, despite the fact that it is significantly more acidic (pKa ≈  7)116 and 

nucleophilic than the cysteine in GSH (Figure 2.2).  This undesired reactivity would have 

resulted in a pronounced deshielding of the 15N nucleus trans to sulfur and a downfield 

shift of the corresponding cross peak in the 15N dimensions, as demonstrated for the GSH 

adducts formed by compound 2.1´ (Figure 2.3).  2D HSQC NMR spectra recorded over 1 

week were unchanged, suggesting that rHSA-2.3´ is stable in physiological chloride-

supplemented media, which suppresses aquation and random secondary reactions of 

platinum with amino acid residues.  

 

Figure 2. 2. 2D 1H-15N HSQC NMR spectrum of rHSA-2.3´ in phosphate-buffered saline 

(pH 7.4; 90% H2O/10% D2O) (left) and scheme highlighting the selectivity of the 

bioconjugation reaction (right).  
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Figure 2. 3. 2-D 1H-15N HSQC spectrum for the reaction of 2.1´ with glutathione (GSH, 1 

eq) in PBS (pH 7.4; 90% H2O/10% D2O, 24 h, room temperature). 
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2.2.3. Structure identification by tryptic digestion assay 

To further corroborate the structural integrity of the payload in rHSA-2.3 and the site 

specificity of the maleimide conjugation, tryptic digests of the bioconjugate were analyzed 

by liquid chromatography ̶ high resolution mass spectrometry (LC-HRMS) and tandem 

MS.  To avoid the exchange of chloride ligand with nucleophiles present in the mixture, 

proteolytic digestion of rHSA-2.3 was performed for a short period of time and without 

prior reduction of the 17 disulfide bonds of the protein with 1,4-dithiothreitol or 

tris(tricarboxyethyl)-phosphine because the monochloridoplatinum(II) moiety in 2.1 

readily reacts with these agents (APPENDIX Figure B.9).  Likewise, exposure of the digest 

to ammonium bicarbonate had to be minimized because of the inherent instability of 

platinum(II) in this buffer (APPENDIX Figure B.6)117.  [We recently reported a similar 

bottom-up proteomics approach that allowed the mapping of platinum(II)-cysteine 

modifications in a tyrosine kinase enzyme118.]   

Proteolytic digestion of rHSA and rHSA-2.3 generates a 21-amino acid fragment, 

ALVLIAFAQYLQQCPFEDHVK (residues 21-41, where the single free cysteine, C34, is 

highlighted in bold), which is located within the N-terminal domain (IA) of the protein119.  

Tandem mass spectra (MS/MS) spectra recorded of this sequence generated from rHSA-

2.3 (Figure 2.3A) unequivocally demonstrate that payload 2.3 is covalently attached to C34 

through the maleimide group.  Treatment of rHSA-2.3 with thiourea (tu), which readily 

replaces the chloride leaving group in PAs without reversing the Pt-N and Pt-S bonds, and 

MS/MS analysis of the fragments after tryptic digestion of the modified protein further 

confirm the presence of a chemically robust, intact payload (Figure 2.3B).  The 

identification of fragments based on b ions and y ions are shown in Appendix Table D.1–
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D.16.  The precursor ions for the 21-mer fragments of rHSA and model peptide with or 

without modification are summarized in Table 2.2.   

 

 

Figure 2. 4. Tandem mass spectra (MS/MS) of the 21-amino-acid peptide fragment (A21 

through K41) identified in tryptic digests of rHSA-2.3 with selected b and y fragments 

labeled.  The insets show fragmentation patterns for ions containing modified C34. (A) 

Peptide modified with intact payload 2.3; (B) peptide modified with payload 2.3 after 

incubation with thiourea.  For a complete list of b and y ions as well as precursor ions, see 

the Appendix D (Tables D.1–D.17).    

 

  

A

B
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Table 2. 2. Summary of precursor ions for 21-mer fragments of modified rHSA 

Protein/Peptide Assignment Observed Mass (m/z) 

Unmodified rHSA  [M + H]⁺ 2433.26699 
 

[M + 4H]⁴⁺-H₂O-NH₃ 600.31208 
 

[M + 4H]⁴⁺-NH₃ 604.81472 
 

[M + 4H]⁴⁺-H₂O 604.56872 
 

[M + 4H]⁴⁺ 609.07136 

rHSA-2.3 [M + H]⁺ 3831.81562 
 

[M + 5H]⁵⁺-H₂O-NH₃ 760.15886 
 

[M + 5H]⁵⁺-NH₃ 763.76097 
 

[M + 5H]⁵⁺-H₂O 763.56417 
 

[M + 5H]⁵⁺ 767.16628 

rHSA-2.3 + tu  [M + H]⁺ 3870.82739 
 

[M + 6H]⁶⁺-H₂O-NH₃ 640.14106 
 

[M + 6H]⁶⁺-NH₃ 643.14282 
 

[M + 6H]⁶⁺-H₂O 642.97882 
 

[M + 6H]⁶⁺ 645.98058 

Unmodified model peptide  [M + H]⁺ 2433.26162 
 

[M + 4H]⁴⁺-H₂O-NH₃ 600.31208 
 

[M + 4H]⁴⁺-NH₃ 604.81472 
 

[M + 4H]⁴⁺-H₂O 604.56872 
 

[M + 4H]⁴⁺ 609.07136 

Model peptide modified with 2.3 [M + H]⁺ 3829.78651 
 

[M + 5H]⁵⁺-H₂O-NH₃ 759.75852 
 

[M + 5H]⁵⁺-NH₃ 763.36063 
 

[M + 5H]⁵⁺-H₂O 763.16383 
 

[M + 5H]⁵⁺ 766.76594 
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2.2.4. Confocal imaging study  

Finally, we took advantage of the fluorescent properties of the 9-aminoacridine 

chromophore to study the uptake of rHSA-2.3 and compound 2.1 into SK-MEL-2 

melanoma cells.  The cell line was chosen because it expresses relatively low levels of 

cation transporters (CellMiner Analysis Tool, NCI; https://discover.nci.nih.gov/cellminer), 

which are involved in delivering cationic platinum drugs across the cell membrane (see 

also the study reported in Chapter 4)119.  The goal was to assess if an HSA-mediated 

endocytic pathway might exist for PAs and if this pathway would have an advantage over 

ion-transporter-mediated uptake.  Confocal microscopy images of SK-MEL-2 cells treated 

with rHSA-2.3 for 4 h show bright blue fluorescence associated with the cell membrane 

and distinct cytoplasmic vesicles, some of which colocalize with fluorescently stained 

acidified lysosomes (Figure 2.4A and Figure 2.5A).  Under the same conditions, compound 

2.1 produces a significantly weaker pancellular fluorescence (Figure 2.4B and Figure 

2.5B).  These observations are in agreement with more efficient internalization of PAs 

when attached to rHSA by endocytic vesicular transport120. 
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Figure 2. 5. (A) Confocal microscopy colocalization image captured of a representative 

fixed SK-MEL-2 melanoma cell treated with rHSA-2.3 (20 M, 4 h). Fluorescence 

associated with the stained lysosomes (Lysotracker Red) and the acridine fluorophore in 

rHSA-2.3 was recorded in the red and blue channels, respectively. Arrows indicate areas 

of colocalized acidified lysosomes and rHSA-2.3 (a) and membrane-associated rHSA-2.3 

(b). For additional views of cells treated with compound 2.1 and rHSA-2.3, see the ESI.  

(B) Integrated fluorescence intensities (± S.D.; n > 30; * p < 0.05, Welch’s t-test) in the 

blue channel of cells treated with rHSA-2.3 or compound 2.1. 

 

* 



55 
 

 

 

Figure 2. 6. Panels of representative confocal microscopy images of SK-MEL-2 melanoma 

cells treated with rHSA-2.3 (A) and compound 2.1 (B).  See the discussion in the main text 

and experimental section for details.  
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2.3. Discussion 

In this work, we have generated and structurally characterized the first bioconjugate of a 

cytotoxic platinum(II)-based agent containing a reactive chloride leaving group.  Current 

HSA-based delivery platforms for cisplatin-type agents in (pre)clinical development are 

based on inert platinum(IV) prodrug payloads to reduce the reactivity of platinum with 

nucleophilic amino acid residues and enhance the metal stability in circulation12, 121-123.  

The release of an active platinum(II) drug (cisplatin or oxaliplatin) from these systems is 

achieved by intracellular reductive elimination of axial leaving groups, which also serve as 

attachment points for cysteine-targeted maleimide-modified linkers.  Our system 

demonstrates that the payload stability can also be achieved for platinum(II) if cysteine is 

modified site-specifically by maleimide conjugation and by introducing suitable spacers 

that prevent secondary reactions of the metal with other nucleophilic protein residues.  In 

this regard, the DBCO-maleimide linker modules introduced in payloads 2.2 and 2.3 appear 

to promote the necessary selectivity and stability.  The high selectivity of the 

bioconjugation reaction can be attributed to the fact that chloride substitution in platinum-

acridines by cysteine sulfur proceeds significantly slower (t1/2 ≈ 180 min at 25 °C, pH 

7.2108) than the Michael addition.  On the other hand, the acridine chromophore renders the 

hybrid agents sterically more hindered and inherently less reactive with C34 than the 

clinical platinum drugs, which may contribute to the observed stability and selectivity.  

This contrasts the promiscuous reactivity of cisplatin with serum albumin, which leads to 

nonspecific adducts with solvent-accessible methionine, histidine, and cysteine (C34) 

residues124, 125. 



57 
 

In this proof-of-concept study, we have incorporated a noncleavable linker into the 

payloads to facilitate characterization of the conjugates under conditions that might lead to 

linker cleavage, such as collision-induced dissociation in MS/MS experiments.  

Preliminary results from confocal fluorescence microscopy studies (Figure 2.4 and the 

Figure 2.5) indicate that rHSA-2.3 readily enters cancer cells and is sequestered into 

endosomal-lysosomal compartments.  The release of the cytotoxic PA warhead from the 

model conjugate would require complete lysosomal degradation of the protein and 

hydrolysis of the linker amide group.  To address this drawback, ADC linker technology 

will have to be adopted, which will allow stimuli-responsive or enzyme-triggered release 

of the cytotoxic warhead in cancer cells126.  The use of platinum-compatible cleavable 

linkers35, 49, 53 instead of the noncleavable surrogate in payloads 2.2 and 2.3 will allow 

controlled release of the PA.  This will be achieved by replacing the COOH-modified PA 

(in 2.1) with highly cytotoxic OH-containing (at R and L2 in the Markush structure, 

Scheme 2.1) derivatives, which are amenable to incorporation into cleavable ester and self-

immolative linkers35, 49.  The high potency at low-nanomolar inhibitory concentrations 

observed in several NCI-60 cancer models32, 35, 41, 49 rivals that of other DNA-targeted ADC 

warheads, such as the topoisomerase poison SN-38127.  Their unique spectrum of activity 

and their synthetic versatility and chemical robustness make PAs attractive candidates for 

delivery as antigen-targeted drug conjugates. 

 

 

  



58 
 

2.4. Experimental Section 

2.4.1. Materials and general procedures  

Compound 2.1 and the precursor complex [PtCl2(
15N-en)] were synthesized according to 

published procedures49, 128.  DBCO-PEG4-maleimide and DBCO-maleimide were 

purchased from Click Chemistry Tools (Scottsdale, AZ, USA).  Human serum albumin 

(recombinant, expressed in S. cerevisiae, endotoxin free, ≥99%) was purchased from 

Sigma Aldrich.  Buffers were prepared from biochemical-grade chemicals with MilliPore 

water.  The synthetic model peptide (ALVLIAFAQYLQQCPFEDHVK, desalted) was 

purchased from Biomatik (Cambridge, ON, Canada).  Sequencing-grade modified trypsin 

(V5113) was from Promega (Madison, WI).  All other reagents were obtained from 

commercial sources and used as supplied.  1H NMR spectra were recorded on Bruker 300 

MHz instruments.  Chemical shifts () are reported as parts per million (ppm) relative to 

internal standard tetramethylsilane (TMS). 1H NMR data is reported in the conventional 

form including chemical shift (, ppm), multiplicity (s = singlet, d = doublet, t = triplet, q 

= quartet, p = quintet, m = multiplet, br = broad), coupling constants (Hz), and signal 

integrations.  NMR spectra were processed and analyzed using the MNova software 

package (version 12.0.3., Mestrelab, Escondido, CA).  Routine LC-MS analyses were 

performed on an Agilent 1100 LC/MSD ion trap mass spectrometer equipped with an 

electrospray source using an Agilent ZORBAX SB-C18 analytical column (5 m, 4.6 × 

150 mm, PN 883975-902), or on a Bruker Amazon-SL LC-MS system using the same 

column and conditions.  HPLC grade solvents were used for all HPLC and mass 

spectrometry experiments. ESI-ToF data were provided by 
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the Proteomics and Metabolomics Core in the Comprehensive Cancer Center of Wake 

Forest School of Medicine.  Data were collected on an Agilent 6120 MSD-TOF system. 

 

2.4.2. Synthesis of [PtCl(en)(C21H27N8O)](NO3)2 (2.1´) 

[PtCl2(
15N-en)] (216 mg, 0.56 mmol) was converted to its nitrate salt with AgNO3 (91 mg, 

0.54 mmol) in 500 L of anhydrous DMF.  After the mixture was stirred in the dark for 1 

h, precipitated AgCl was removed by syringe filtration.  The acridine precursor, (3-((2-

(acridin-9-ylamino)ethyl)amino)-N-(2-azidoethyl)propenamide)49 (213 mg, 0.56 mmol), 

was dissolved in 700 L of anhydrous DMF.  Both solutions were cooled to -20 °C, 

combined, thoroughly mixed, and stored for 7 days at 4 °C in the dark.  Complete 

conversion to the desired platinum–acridine hybrid was confirmed by LC-ESI-MS. The 

reaction mixture containing the mononitrate salt of the target complex was then added into 

300 mL of vigorously stirred diethyl ether, and the precipitate was recovered by membrane 

filtration and dried in a vacuum overnight.  The crude product was redissolved in methanol, 

which contained 1 equiv of aqueous 1 M HNO3, and the dinitrate salt was precipitated in 

300 mL of anhydrous diethyl ether.  The product was further purified by recrystallization 

from hot ethanol to give 142 mg of 2.1´ (dinitrate salt) in form of a yellow microcrystalline 

solid.  Yield: 30%.  Analytical purity: 94% by LC-ESI-MS.  1H NMR (300 MHz, DMF-

d7)  13.89 (s, 1H), 9.86 (s, 1H), 8.70 (d, J = 8.7 Hz, 2H), 8.38 (s, 1H), 8.06 (d, J = 11.1 

Hz, 8H), 7.66 (td, J = 6.9, 3.4 Hz, 2H), 6.54 (s, 1H), 5.80 (d, 1J(1H-15N) = 75.2 Hz, 2H), 

5.50 (d, 1J(1H-15N) = 75.8 Hz, 2H), 4.51 (s, 2H), 4.11 (s, 2H), 3.82 (d, J = 6.9 Hz, 2H), 

3.59–3.27 (m, 11H), 3.13 (d, J = 7.7 Hz, 1H), 2.93 (p, J = 1.9 Hz, 4H), 2.85–2.44 (m, 14H), 
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1.36 (t, J = 7.4 Hz, 3H). MS (ESI, positive-ion mode): m/z calcd for C25H37N8
15N2OClPt+, 

725.24; found, 725.3.  

 

2.4.3. Payload preparation and stability 

Compounds 2.1 (or 2.1´) were converted to the corresponding payloads (2.2, 2.3, 2.3´) with 

the appropriate DBCO derivative using copper-free click chemistry.  Stock solutions of 

compound 2.1/2.1´, DBCO-maleimide, and DBCO-PEG4-maleimide (40 mM) were 

prepared in anhydrous DMF.  To generate 20 mM stock solutions of the payloads, equal 

volumes of compound 2.1/2.1´ and the DBCO reagent were combined and allowed to react 

at room temperature for 24 h in the dark. The reaction was monitored and complete 

conversion at a 1:1 stoichiometry confirmed by LC-ESI-MS (reverse-phase C18, gradient 

used: mobile phase A: H2O, B: methanol. 0–5 mins, 5% B; 5–20 mins, increasing from 5% 

B to 95% B; 20–30 mins, 95% B; positive-ion mode MS. Flow rate: 0.400 mL/min).  (Note: 

if an excess of one of the 2 reactants remains in solution after 24 h, an additional amount 

of the limiting reagent can be conveniently titrated to the mixture to achieve complete, 

stoichiometric conversion.)  The reactivity of compound 2.1/2.1´ and payloads was tested 

under various conditions prior to conjugation reactions with HSA.  Compound 2.1´ was 

incubated at 37 °C in the dark for 16 h in 10 mM Tris/0.9% NaCl (pH 7.00), saline (0.9% 

NaCl, pH 5.54), 1 phosphate-buffered saline (PBS, pH 7.4), and 50 mM ammonium 

bicarbonate (ABC, pH 8.0).  The same gradient method was used as described above.  

Compound 2.1´ (3 mM) was further incubated with glutathione (GSH) in 1 PBS buffer 

for 24 h at room temperature.  The reaction was monitored by both LC-MS and 1H-15N 

HSQC NMR.  Compound 2.3 (100 M) was reacted with GSH (100 M) in 1 PBS buffer 
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for 1 h at room temperature.  Compound 2.1 (2 mM) was incubated with 15-fold molar 

excess of dithiothreitol (DTT) and tris(2-carboxyethyl)phosphine (TCEP) in Tris/NaCl for 

2 h at 37 °C  in the dark.  All reaction mixtures were analyzed by LC-ESI-MS.  

 

2.4.4. Generation of bioconjugates with recombinant human serum albumin (rHSA) 

Conjugation reactions with rHSA and payloads (2.2, 2.3, 2.3´) can be performed in various 

buffers.  The optimal reaction buffer was 10 mM Tris-HCl (pH 7.00) supplemented with 

0.9% NaCl (the high chloride concentration suppresses loss of the chlorido ligand and 

reaction of platinum with Tris base nitrogen). In a typical incubation procedure, 100 L of 

HSA solution (100 mg/mL, 1.5 mM) and 9 L of payloads (20 mM) in DMF (1:1.2 molar 

ratio) were combined followed by dilution to a total volume of 500 L using the appropriate 

buffer.  Reaction mixtures were incubated for 3 h at room temperature in the dark.  The 

maximum achievable level of C34 modification was assessed spectrophotometrically at 

412 nm using Ellman’s reagent, 5,5´-dithiobis-2-nitrobenzoic acid (DTNB, BioReagent, 

Sigma-Aldrich).  Because the acridine moiety in the payloads also absorbs at this 

wavelength, standard curves had to be constructed for both free rHSA and the payloads at 

concentrations of 4.5, 10.5, 15, 19.5, 25.5, and 30 M.  After reaction of rHSA with 1.2 

equiv of payload, Ellman’s reagent was added at a final concentration of 0.1 mM, and 

absorbances were recorded after 5 min on an Agilent 8453 UV-visible spectrophotometer.  

The percent unreacted HSA was calculated from the appropriate standard curves.  Samples 

were purified and desalted by size-exclusion chromatography (SEC) on Sephadex-G25 
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(GE Healthcare Bio-Sciences, Pittsburgh, PA) or Bio-Gel P-6 (Bio-Rad, Hercules, CA) 

spin columns and stored in solution or as a lyophilized powder at -20 °C.   

 

2.4.5. ESI-ToF analysis 

All solvents and reagents for sample preparation and analysis were LC-MS or cell-culture 

grade.  Protein samples were desalted by gel filtration on Bio-Gel P-6 (Bio-Rad, Hercules, 

CA) columns equilibrated with 50 mM ammonium bicarbonate buffer and 0.1% formic 

acid, respectively, prior to analysis.  Intact-protein positive-ion electrospray ionization 

time-of-flight mass spectrometry (ESI-ToF-MS) data for payloads 2.2 and 2.3 were 

acquired on an Agilent 6120 MSD-ToF system using the following conditions: capillary 

voltage, 3500 V; nebulizer gas pressure, 30 psi; drying gas flow, 5 L/min; fragmentor 

voltage, 200 V; skimmer voltage, 65 V; gas temperature, 325 °C. Samples were infused 

directly into the source with a syringe pump.  Average mass spectra were recorded and 

deconvoluted using the Agilent MassHunter Workstation software (version B.02.00). 

 

2.4.6. 2D-HSQC experiments 

For the 2-D NMR experiments, solutions of rHSA-2.3´ and 2.3´ (3 mM) were prepared in 

PBS buffer (10 mM phosphate, 0.9% NaCl; pH 6.7–6.8, 90% H2O/10% D2O).  Spectra 

were acquired at 300 K on a Bruker Avance III HD 600 MHz spectrometer running 

TopSpin 3.5.6. software with a QCI quadruple-resonance (H-C/P/N) cryoprobe.  Phase-

sensitive, gradient-enhanced (ge)-2D-[1H-15N] HSQC spectra (Bruker pulse sequence: 

hsqcetf3gp) were acquired with solvent suppression by the 3-9-19 WATERGATE method 
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(Bruker pulse sequence: p3919gp).  Data sets were acquired with 1024 complex data points 

in t2 (
1H, spectral width: 8417.5 Hz), 128 data points in t1 (

15N, spectral width: 12165.5 

Hz), and 256 transients with a recycle delay of 1 s.  A 90° phase-shifted sine squared 

apodization function was applied to the time-domain data, which was zero-filled to a final 

matrix of 1024  512 data points prior to Fourier transformation. 1H and 15N chemical shifts 

were referenced to internal 3-(trimethylsilyl)propane-1-sulfonic acid (DSS) and external 

15NH4Cl standards, respectively.  All spectra were processed and plotted with MNova 

(version 12.0.3).  

 

2.4.7. MS/MS analysis of tryptic digests  

In a typical experiment, 10 L of rHSA (105 mg/mL, 1.58 mM) was mixed with 8.3 L of 

payload 2.3 (1.9 mM).  The mixture was then diluted with 200 L of Tris buffer (10 mM 

Tris, pH 7.00, 0.9% NaCl) and incubated at room temperature for 3 h in the dark.  

Incubations of the resulting conjugates with thiourea (10 mM) were performed for an 

additional 2 h at 37 °C.  A small aliquot of 10-15 L of incubation solution was then 

transferred into a Vivacon 500 centrifugal concentrator tube (30,000 MWCO Hydrosart 

filter, VN01H22, Sartorius).  The sample was diluted 200 L of urea (UA) buffer (8 M 

urea in 0.1 M Tris-HCl, pH 7.0) and centrifuged for 15 min at 13000 × g.  The protein 

retained on the membrane was then washed/centrifuged with 100 L of UA buffer and 100 

L of 50 mM Tris buffer using the same centrifuge settings.  Trypsin was added to the 

Vivacon tube containing concentrated protein at a trypsin-to-protein ratio of 1:20 in 50 L 

of ABC buffer (50 mM ammonium bicarbonate solution; adjusted with HCl to pH 7.0 to 
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minimize “warhead” decomposition).  After incubation for 2 h at 37 ˚C, the digested 

samples were centrifuged to collect the peptide fragments.  After protonation with 1% 

formic acid, samples were ready for MS analysis.  The peptide fragments were separated 

on an ACCELA 1250 Pump LC system equipped with column (Hypersil GOLD aQ 100 × 

1 mm, particle size 1.9 m) at a flow rate of 100 L/min.  The gradient method used for 

this experiment was: A: H2O, 0.1% formic acid; B: acetonitrile, 0.1% formic acid; 0–50 

min, 5%–95% B; 50–59 min, 95% B; 59–60 min, 95%–5% B; 60–70 min, 5% B.  Blank 

samples were injected between sample batches.  For each task, a volume of 5 L was 

injected and an LTQ ORBITRAP XL system was used for MS/MS analysis.  The spray 

voltage was 4 kV, and the temperature of the heated capillary was 275 °C.  Prior to analysis 

of the digests the 21-mer synthetic target peptide ALVLIAFAQYLQQCPFEDHVK 

modified with payload 2.3 was analyzed to identify the maleimide adduct and acquire 

appropriate tune files.  A data-dependent acquisition mode was used to select the top 10 

most intense precursors from each scan. These peptide ions were fragmented by collision-

induced dissociation (CID).  Data were acquired using the XCalibur software (version 2.1) 

with a full-scan resolution of 30,000 and the normal LTQ XL MS/MS scan resolution.  

Protein identification was performed using Proteome Discoverer 1.3 (Thermo Scientific). 

The HSA protein sequence was downloaded in FASTA format from UniProt 

(http://www.uniprot.org/).  Masses representing the maleimide adduct (m/z 1396, 1398) 

and the payload “quenched” with thiourea (m/z 1435, 1436, 1437) were included as 

possible modifications when searching for the platinum-containing peptides.  All data files 

were searched against the downloaded database using the following parameters: maximum 

http://www.uniprot.org/
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missed cleavage sites: 2; precursor mass tolerance: 10 ppm, fragment mass tolerance: 0.8 

Da; target false discovery rate (FDR); strict: 0.01; relaxed: 0.05.  

 

2.4.8. CD spectroscopy 

CD spectra of rHSA-2 (10 M, PBS, pH 7.4) were recorded in 1-mm quartz cuvettes at 

25 °C on an AVIV Model 215 Circular Dichroism Spectrometer equipped with a 

thermoelectrically controlled cell holder in the 190-550 nm range with 1 nm resolution and 

an averaging time of 2 s. Each spectrum was baseline corrected using a blank spectrum and 

smoothed using the LOESS function in Sigma Plot 13.0 (Systat Software Inc., San Jose, 

CA).   

 

2.4.9. Cell culture maintenance and sample preparation 

The human melanoma cell line, SK-MEL-2 (ATCC HTB-68), was obtained from the Cell 

and Viral Vector Laboratory of the Comprehensive Cancer Center at Wake Forest School 

of Medicine and was cultured in DMEM / F12 (1:1) media containing L-glutamine and 15 

mM HEPES supplemented with 10% fetal bovine serum (FBS), 10% penstrep (penicillin 

+ streptomycin), and 10% L-glutamine.  Cells were incubated at a constant temperature at 

37 °C in a humidified atmosphere containing 5% CO2 and were passaged every 2 to 3 days 

to maintain logarithmic growth.  For confocal microscopy experiments, SK-MEL-2 cells 

were seeded into poly-D-lysine-coated glass bottom dishes (MatTek Corporation, Ashland, 

MD) at a density of 105 cells/mL in 2 mL of medium per dish.  Cells were allowed to attach 

overnight before they were treated with compound 2.1 (20 M) and rHSA-2.3 (20 M) for 
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4 h.  After treatment, media was removed, and cells were rinsed with pre-warmed PBS (2×) 

followed by staining with 65 nM LysoTracker dye in 2 mL of pre-warmed Hank’s 

Balanced Salt Solution (HBSS) for 1 h at 37 °C.  Cells were subsequently fixed with 4% 

formaldehyde and stored in PBS buffer at 5 °C until imaging. 

 

2.4.10. Confocal microscopy 

Images were collected using a Zeiss LSM880 Confocal Microscope (Jena, Germany) using 

a Plan-Apochromat 63×/1.4 NA oil objective lens.  The fluorescence of acridine (blue) and 

LysoTracker Red DND-99 was excited/collected at 405 nm/477 nm and 561 nm/591 nm, 

respectively.  To allow comparative fluorescence intensity analysis, excitation power, 

pinhole settings, PMT gain, and offset values across and within imaging sessions for each 

respective channel were not changed.  The intensity of acridine-related fluorescence in 

treated cells was measured by drawing a region of interest (ROI) around each cell using 

the spline tool.  A total of 30-40 cells from 2 independent experiments were analyzed in 

this manner.  The data was analyzed with a two-tailed t-test for unequal variances and 

sample size (Welch’s t-test) in Excel 2016.  Zen software 2.5 (blue edition, Carl Zeiss 

Microscopy GmbH, 2018) was used for image processing.   Panels were assembled and 

annotated without any additional manipulation of images in Adobe Photoshop CC, version 

2017.1.1.  
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CHAPTER III 

DEVELOPMENT OF ADDUCT DETECTION AFTER POST-LABELING 

TECHNIQUE (“ADAPT”) TO STUDY THE DNA DAMAGE CAUSED BY 

PLATINUM−ACRIDINE AGENTS 
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3.1. Introduction and Design Rationale 

Since the first FDA-approved use of a platinum-based compound (cisplatin) for cancer 

chemotherapy in 197870, thousands of metallodrugs have been designed with the goal to 

identify novel entities that show activity in cisplatin-resistant tumors, better cancer cell 

selectivity, and reduced systemic toxicity.  According to an early design principle 

articulated by Farrell, platinum-based drugs that damage genomic DNA differently than 

cisplatin may result in a different activity profile complementary to that of the clinical 

drug129.  Platinum−acridine (PA) hybrid agents, represented by our most potent lead, 

compound 3.1 (Figure 3.1), show a unique anticancer spectrum of activity and kill cancer 

cells at low-nanomolar concentrations, unlike cisplatin, which requires up to three orders 

of magnitude higher doses in the micromolar range130.  Previous studies in mammalian 

cells and chemical genomics screening in yeast revealed that DNA is the target of these 

agents131.  The most active derivatives are inhibitors of DNA synthesis and inducers of 

DNA double-strand breaks, stall RNA polymerase II-mediated transcription, and quench 

ribosome biogenesis33, 83.   

Inductively coupled plasma mass spectrometry (ICP-MS) analysis of DNA 

extracted from cancer cells treated with PAs45 suggest that the above effects are caused by 

direct interactions of the hybrid agents with nuclear chromatin.  Likewise, recent 

fluorescent imaging assays using click chemistry-enabled probes showed a distinct 

localization of hybrid agent to the nuclei of NCI-H460 cells in interphase47.  Within the 

nuclei, the concentration of PA in the nucleoli was 50% higher than in the surrounding 

chromatin (see also Chapter 1, Figure 1.3)47.  Enlarged nucleoli, known as nucleolar 

hypertrophy132, are a diagnostic hallmark of cancer cells and their addiction to ribosome 
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biogenesis.  In lung cancer cells treated with PAs, a distinct time-dependent shrinkage of 

the nucleoli and a concomitant quenching of pre-rRNA synthesis is observed44, 130.  

Traditional chemotherapeutic drugs may also inhibit rRNA synthesis at different levels52.  

For instance, cisplatin does not appear to target the rDNA genes in the nucleolus directly, 

but it depletes certain transcription factors such as upstream binding factor, TATA binding 

protein, which slows their transcription133.  By contrast, the high level of PA accumulation 

in the nucleolus might render rDNA a direct target of these agents, and the formation of 

PA–rDNA adducts in these genes may explain the above observations.  Another hint that 

PAs may induce DNA damage in the nucleolus came from immunocytochemical staining 

of nuclei of lung cancer cells treated with PA using anti--H2AX antibody44: DNA double 

strand breaks were detected in the regions surrounding the nucleoli (nucleolar caps), which 

are the sites of rDNA repair48, 134 (see also Discussion).   

Chromatin immunoprecipitation in conjunction with DNA sequencing (better 

known as ChIP-seq) is a commonly used method to analyze the binding sites of DNA 

associated proteins56.  Antibodies against proteins such as transcription factor IIH 

(TFIIH)74 involved in NER, or high-mobility-group box protein HMGB1,75 have been 

successfully used in detecting the specific DNA damage induced by cisplatin (see Chapter 

I, section 1.3.2.1).  To use this method, knowledge of an antibody against a protein that is 

known to associate with the damage site is necessary.  Antibodies designed to recognize 

cisplatin damage can enrich signals mostly from GG lesions and show little 

immunoreactivity with other types of adducts, such as AG adducts75.  By comparison, 

chemical variations of DNA immunoprecipitation assays such as Chem-seq58, 65, typically 

use probes modified with affinity tags, such as photo-crosslinking moieties and/or biotin54, 
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61 to directly detect the genome damage.  However, such extensive modifications may 

affect the cellar uptake, organelle specificity, and target interactions of the probe (or drug 

molecule) being studied.  Furthermore, the biotin moiety itself is prone to undesired 

nonspecific sequestration by endogenous biotin-binding proteins135.   

The overall abundance (tandem repeats), base content, and active transcriptional 

status of rDNA makes it an ideal target for PAs.  Based on the binding selectivity 

previously observed in native DNA, PAs preferentially form DNA adducts with guanine-

N7 at 5´-CG, 5´-AG, and 5´-TG sites41, 45.  Approximately 400 copies of the guanine-rich 

47S pre-rRNA gene exist within the nucleolar organizer regions (NORs) of 5 acrocentric 

chromosomes (13, 14, 15, 21, and 26)136, which are transcribed in the nucleoli by RNA 

polymerase I (Pol I) during the S phase of the cell cycle51.  Additionally, a large portion of 

rDNA, including actively transcribed and transcriptionally inactive sequences, exist in a 

loosely packaged137 state, and thus should be highly accessible and vulnerable to 

electrophilic PAs.   

In this study, a terminal azide-functionalized derivative of compound 3.1, APA 

(Figure 3.1.A), is used to detect Pt-DNA adducts by bioorthogonal reactions and chemical 

affinity capture.  We introduced a new assay based on biotin post-labeling of covalent, 

azide-containing DNA adducts of APA, which we termed Adduct Detection After Post-

Labeling Technique (ADAPT) (Figure 3.1.B).  The bioorthogonal chemistry of DNA 

adduct labeling was validated by bottom-up digestion of APA-modified native DNA in 

conjunction with MS/MS fragmentation analysis and the pull-down was tested and 

optimized with plasmid DNAs and oligonucleotides.  Finally, the technique was tested in 
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APA-modified DNA of target genes isolated from treated cancer cells using quantitative 

PCR (qPCR). 
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3.2. Results 

3.2.1. Design and synthesis of APA and introduction of the ADAPT concept 

The azide-functionalized PA derivative, APA, was synthesized according to a previously  

procedures49 with minor changes, characterized by NMR spectroscopy (Appendix A, 

Figure A.2), and analyzed for purity by LC-MS (Appendix B, Figure B.10).  APA was 

derived from compound 3.1 by replacing the methyl group (R) on the amidine nitrogen 

with a N-(2-azidoethyl)propionamide group (Figure 3.1A).  This modification has 

previously been demonstrated to be “well-tolerated” and to not interfere with the DNA 

binding of the parent PA.  The synthetic strategy used in this study is summarized in 

Scheme 3.1.  Compound 3.5 was generated by nucleophilic aromatic substitution with 3.3 

and 3.4, and the terminal carboxylic acid group was further extended with 2-

azidoethylamine via carbonyldiimidazole (CDI) mediated amide coupling reaction to 

afford acridine precursor 3.8.  The desired PA hybrid agent was then generated by addition 

to the free secondary amine in 3.8 across the CN triple bond in platinum-nitrile complex 

3.949, which is a classical example of a metal-catalyzed amidination reaction.  The 

compound was recovered and purified in its fully protonated form as the water soluble 

dinitrate salt (APA).   

APA was tested in cell proliferation assays where it showed only a slightly reduced 

growth inhibition activity in the A549 cell line relative to the unmodified prototype (49 ± 

8 nM vs. 29 ± 3 nM138 for compound 3.1) (APPENDIX Figure E.1).  Additionally, a similar 

level of DNA damage45 (adduct frequency) of 5 adducts per 10,000 DNA base pairs, 

equivalent to a drug-to-base pair ratio of 0.0005 or drug-to-nucleotide ratio of 0.00025, 

was observed when A549 cells were incubated with 10 M APA for 6 hours (ICP-MS).       
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Figure 3. 1. Azide-functionalized platinum–acridine allows affinity capture of genomic 

DNA. A. Chemical structures of compound 3.1, APA, and biotin tag; nitrate counter ions 

not shown. B. Workflow of ADAPT.  Step a: cancer cells are treated with drug, and the 

genomic DNA is extracted, purified, and sheared into small fragments.  Step b: post-

labeling of Pt-containing fragments with DBCO-PEG4-BIOTIN.  Step c: Capture on 

streptavidin-coated magnetic beads and removal of unplatinated DNA.  Step d: Release of 

target DNA sequences from the beads and Pt removal from the DNA.  Step e: Enriched 

target analysis by quantitative PCR (qPCR). 
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Scheme 3. 1. Synthesis of APAa  

 

aReagents and conditions: a. POCl3, reflux, 1 h; b. Phenol, NaOH, 120 °C, 2 h; c. Methanol, 

70 °C, 2 h; d. Methanol, Boc2O, r.t., 4 h; e. CDI, 2-azidoethanamine, DMF, 40-50 °C, 6 h; 

f. 1:1 DCM and TFA, then quench with 1 M NaOH, 3 h; g. 1. Anion exchange, 1 eq. AgNO3; 

2. 3.8, -10 to 5 °C, 48 h, DMF; 3. 1 M HNO3, methanol. 

 

The ADAPT strategy is shown in Figure 3.1B.  Briefly, cancer cells are treated with 

APA (see Figure 3.1A).  Chromatin is extracted from the cells and purified to remove 

protein and RNA, resulting in a fraction of Pt-modified and unmodified DNA that is 

subjected to sonication to produce 100−500 base pair long fragments.  DBCO-PEG4-

BIOTIN (Figure 3.1A) is then introduced to post-label the Pt-modified DNA fragments 
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with a biotin tag via strain-promoted click chemistry (Step b) (Figure 3.1B).  Biotin-labeled 

Pt-DNA is then affinity purified using streptavidin-coated magnetic beads (Step c).  After 

removal of unbound DNA and unlabeled DNA associated with the beads (enrichment step), 

the modified DNA is released from the beads by incubation with sodium cyanide, which 

reverses Pt-DNA bonds (Step d).  The enriched, affinity-purified DNA is subjected to a 

clean-up step using a PCR purification kit to remove excess sodium cyanide and cleaved 

platinum complexes.  Desalted DNA is then analyzed by quantitative PCR (qPCR) to detect 

and quantify potential target sequences. 

 

3.2.2. Structure identification of modified nucleotides with tandem mass spectrometry  

To assess the chemical feasibility of ADAPT in double-stranded DNA, the two key 

reactions—monofunctional adduct formation and the labeling of adducts using click 

chemistry—were studied at high resolution in native DNA in a model system (Figure 3.2).  

This assay also provided information on the sequence selectivity of APA after subjecting 

the platinated DNA sequences to nucleolytic digestion and tandem mass spectrometry 

analysis.  After reaction of calf thymus (CT) DNA with APA, the samples were digested 

with DNase I and nuclease P1 enzymes.  The resulting fragments were dephosphorylated 

with shrimp alkaline phosphatase to afford a mixture of Pt-modified and unmodified 

oligodeoxyribonucleotides and nucleosides.  In another experiment, adducts were 

biotinylated with DBCO-PEG4-BIOTIN prior to endonucleolytic digestion of the DNA. 

These mixtures were subsequently desalted and separated by HPLC using gradient eluent 

systems (see experimental section) and analyzed by positive-ion and negative-ion mode in-
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line electrospray mass spectrometry (ES-MS).  Target ions were then analyzed by positive-

ion mode CID MS/MS fragmentation to confirm adduct structure and sequence.  

 

 

Figure 3. 2. Assay design for adduct post-labeling and detection in calf thymus DNA.  
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Figure 3. 3. Analysis of enzymatic digests: CT DNA was treated with APA and digested 

into mixtures of Pt-modified and unmodified (oligo)deoxyribonucleotides, which were 

separated by analytical HPLC before (top traces) and after post-labeling with DBCO-

PEG4-BIOTIN (bottom traces).   Fractions a, b, and c were then further analyzed by 

positive-ion electrospray mass spectrometry (ESMS) combined with fragmentation of 

selected ions by collision induced dissociation (CID) (MS/MS) (see below).  Red traces 

are total ion chromatograms; green traces are UV chromatograms acquired at an acridine-
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specific wavelength of 413 nm; blue traces are UV chromatograms acquired at a 

wavelength of 254 nm.  The asterisk denotes an unidentified product. 

  

The HPLC traces acquired for the digested samples are presented in Figure 3.3.  

The chromatograms recorded at a wavelength of 254 nm can be used to identify the 

digested oligonucleotides, while the chromatograms recorded at 413 nm allow the 

detection of the acridine chromophore that exists in APA-modified nucleos(t)ides before 

and after biotinylation.  The DNA samples were successfully digested down to the four 

native 2´-deoxyribonucleosides and three platinated fragments, G* (Pt-modified 2´-

deoxyguanosine), 5´-TpG*-3´, and 5´-GpTpG*-3´ (asterisks indicate the Pt adducts) with 

a retention times of 10 min (peak a), 12.3 min (peak b), and 14.5 min (peak c) (Figure 3.3).  

A similar digestion pattern is observed after treatment of the DNA with the DBCO-PEG4-

BIOTIN tag (bottom three traces in Figure 3.3) but peaks were shifted to longer retention 

times of 21 min (peaks a´/a´´), 22.7 min (peaks b´/b´´), and 24 min (peaks c´/c´´), 

respectively.  This observation is in agreement with the fragments’ increase in 

hydrophobicity due to the added DBCO-biotin fragment.  Importantly, the click reaction 

between the terminal azide moiety in APA and DBCO results in two regioisomers, which 

explains the peak splitting observed for each fragment (labeled ´ and ´´).  These digestion 

patterns confirm the observations from previous studies, which showed the PAs 

preferentially form adducts with guanine-N7 at 5´-CpG, 5´-ApG, and 5´-TpG sites41, 45.  

The fragment 5´-TpG*-3´ showed the highest abundance and its presence suggests that 

modification of the 3´-G effectively shields the phosphodiester linkage from 

endonucleolytic cleavage.  This effect appears to extend beyond the neighboring 
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phosphodiester bond which leads to a small fraction of undigested trinucleotide.  The 

completely digested form, G*, is the only modified nucleoside observed in this study and 

most likely results from efficient digestion of sequences containing 5´-CpG* adducts45.      
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Figure 3. 4. MS/MS fragmentation of APA-modified nucleotides corresponding to HPLC 

fractions a (A), b (B), and c (C) in Figure 3.3.  
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Figure 3. 5. MS/MS fragmentation of APA-modified nucleotides corresponding to HPLC 

fractions a´/a´´ (A), b´/b´´ (B), and c´/c´´(C) in Figure 3.3.   

B 

A 

C 
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Scheme 3. 2. Examples of commonly observed fragmentations in 

oligodeoxyribonucleotides.  

 

 

 

APA-modified sequences and biotinylated sequences were confirmed with 

selective fragmentation by CID in positive ion mode.  Depurination is commonly observed 

in electrophilic adducts modified oligodeoxyribonucleotides139.  The w-type nucleotide 

fragments140, which provide information on the sequence specificity of adduct formation, 

as shown in Scheme 3.2, were detected for the dinucleotide and trinucleotide sequences.  

The identified fragmentations of APA-modified nucleotides and biotinylated nucleotides 

are shown in Figure 3.4 (A−C) and Figure 3.5 (A−C), respectively.  Platinum-containing 

fragments were observed as singly and multiply charged species based on m/z values with 

z = 1+, 2+, or 3+ (summarized in APPENDIX F Table F.1 and Scheme F.1).  Overall, the 

digestion study validates the proposed ADAPT steps at atomic resolution and confirms the 

propensity of PAs to form adducts in alternating 5´-pyrimidine/purine-3´ sequence contexts 

with  5´-TG-3´ being a high affinity site. 
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3.2.3. Methodology validation and optimization in native DNA  

In addition to the post-labeling chemistry (biotinylation) studied in the previous section, 

the suitability of ADAPT for detecting genomic DNA damaged by PAs depends on affinity 

pull-down and purification using streptavidin beads.  Initially, the feasibility of this step 

was tested using linearized pUC19 and pBR322 plasmid DNA (Figure 3.6A).  pBR322 

was modified with APA at a drug-to-nucleotide ratio of 0.005 and combined with an equal 

amount of untreated pUC19 to generate a mixture of Pt-modified and unmodified DNA.  

After the mixture was treated with DBCO-PEG4-BIOTIN samples were subjected to bead 

purification, and the affinity captured DNA was released from the beads and characterized, 

along with the collected flow through from the washing steps, by agarose gel 

electrophoresis (see Figure 3.1B for a summary of the steps).  The recovery of plasmid was 

calculated from the intensities of the ethidium-stained bands containing affinity-purified 

DNA vs. a control that had not undergone bead purifications.  We observed that 

approximately 8% of pBR322 could be recovered while no pUC19 plasmid was visible in 

the same lane (Figure 3.6B).  This experiment demonstrates that ADAPT is able to 

selectively retrieve DNA modified with APA at a ratio of approximately 20 adducts per 

2686-base-pair plasmid.  The relatively low recovery of APA-modified pBR322 could be 

due to suboptimal incubation and washing conditions.  It is possible that the beads provide 

insufficient surface area and reaction sites for multiple large plasmid molecules and instead 

are saturated by a few affinity-captured and non-specifically bound unmodified plasmid.   

Therefore, additional experiments were performed to optimize assay conditions and test 

smaller DNA fragments that better mimic sheared genomic DNA.  
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Figure 3. 6. ADAPT validation in cell free system.  A. Assay in plasmid DNA: a, linearized 

forms of two plasmids are generated; b, only pBR322 is incubated with APA and post-

labeled with DBCO-PEG4-BIOTIN (2 steps); c, linearized pUC19 and pBR322 are 

combined; d,e, pBR322 is affinity captured on beads (red spheres) while unlabeled pUC19 

is removed by washing; f, affinity-captured pBR322 is recovered from the beads by 

treatment with sodium cyanide and detected/quantified by gel electrophoresis.   B. Agarose 

gel for affinity purification of plasmid DNA.  Recovered pBR322 (8%) is highlighted.  C. 

Agarose gel for affinity purification of a DNA ladder.  The cumulative recovery of all 

fragments (lane 4 vs. lane 1) is 11%.  Recoveries were estimated from band intensities 

using Image J software.  The exact quantification of fragment recovery was not possible 

because of uncertainties in the ethidium staining efficiency of individual fragments.   
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Next, we performed ADAPT in pBR322 that was enzymatically digested with three 

different restriction endonucleases (EcoRI, BamHI, and Pstl) prior to treatment with APA 

to yield sequences of 375 bp to 4361 bp in length.  Doubling the amount of streptavidin-

coated beads resulted in only a modest enhancement of the band intensity for the longest 

sequence, indicating an increase in recovery from 10% to 13.5% (See APPENDIX Figure 

G.1).  To check for a potentially inefficient Pt–DNA bond reversal in the last step of the 

assay, the beads recovered from the same sample were treated with 50 mM sodium cyanide 

for an additional 16 hours.  The gel confirmed that no affinity-captured DNA remained on 

the beads and that not incomplete recovery, but limited capture caused the low yield 

(APPENDIX Figure G.2).  In fact, the Pt-DNA bond can be efficiently reversed by a 

relatively low concentration of sodium cyanide (3 mM).  Finally, attempts to improve the 

recovery by enhancing the biotinylation step with up to a 10-fold excess of DBCO-PEG4-

BIOTIN failed.  On the contrary, no DNA could be affinity-captured under these conditions 

(APPENDIX Figure G.3).  This undesired effect can be explained by the excess biotin in 

solution, which quickly saturates and irreversibly blocks the streptavidin binding sites on 

the beads, preventing the biotinylated Pt-modified DNA from binding.  

 Finally, to investigate ADAPT in double-stranded DNA mimicking sheared 

genomic DNA, a commercially available DNA ladder containing fragments (of unknown 

sequence and base composition) with sizes varying from 100–2000 bp was modified with 

APA at a drug-to-base pair ratio of 0.02, post-labeled with DBCO-PEG4-BIOTIN, and 

analyzed on agarose gels after affinity purification (Figure 3.6C).  The results show that 

the overall retrieval based on band intensities from all different sizes of fragments is 

approximately 11% of the non-affinity purified control lane.  Recovery of sequences as 



86 
 

short as 200 bp can be achieved, based on a visual inspection of the gel.  In general, the 

recoveries here exceeded those observed with the (digested) plasmid DNA:  we observed 

15% recovery for the 2000 bp, 20% for the 1500 bp, and 18% for the 600 bp fragment.  

Relatively faint bands are observed for the shorter fragments, which may be due to 

inefficient staining of the DNA with ethidium bromide.  This effect can also be observed 

for the 100–600 bp fragments in the control lane.   
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3.2.4. Validation of ADAPT in DNA extracted from cancer cells treated with APA 

The cell death caused by PAs has been proposed to involve permanent adducts in genomic 

DNA, and while these compounds may not show long-range sequence or gene specificity, 

we proposed that they target specific subnuclear regions, such as DNA processed in the 

nucleolus.  To detect potential rDNA damage by APA, a robust and sensitive technique is 

required to capture and enrich the Pt−rDNA adducts.  We have used a series of optimization 

assays to demonstrate in cell free systems that ADAPT can be used to selectively enrich 

random-sequence DNA containing biotinylated covalent Pt adducts.  This section will 

exploit ADAPT to enrich the damage in DNA from cultured cancer cells and amplify the 

signals by quantitative PCR (qPCR).  To achieve this, we used the percentage of input 

method (see Eqs. 3.1 and 3.2 in experimental section) to calculate the enrichment of APA-

modified, biotinylated (+DBCO) DNA vs. a sample of APA-modified, unbiotinylated 

(−DBCO, negative control) DNA that was amplified by the same primers.  By comparing 

relative enrichments achieved with different primers, it should be possible to determine if 

APA shows a binding preference for specific DNA sequences. 
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Figure 3. 7. Quantitative PCR (qPCR) reveals rDNA as APA target.  A. Map of human 

rDNA tandem repeats and locations of sequences screened with different primer sets. B. 

Pre-screening for potential genomic targets in rDNA, GAPDH, mtDNA, and KRAS.  

ADAPT-qPCR was used to enrich DNA from APA-treated A549 cells and compared with 

samples without post-labeling step (negative control, nonspecific binding to beads).  qPCR 

results were calculated using percentage of input method.  C. Comparison of target 

enrichment for two selected primer sets.  Data shown are from three biological independent 

experiments (n = 3) each performed with three technical replicates; mean ± s.d.; **, p < 

0.01 and *, p < 0.05, n.s. stands for ‘not significant’, p > 0.05; two-way ANOVA with 

Tukey post-hoc test. 

 

We first identified our preferred primer pairs (generally producing amplified DNA 

of less than 150 bp) that can be used to amplify specific regions in rDNA (NCBI accession 

A 

C 

B 
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no. U13369; see Figure 3.7A and APPENDIX H Table H.1), as well as other genes across 

the human genome (APPENDIX H Table H.1).  The rDNA primers were used to screen 

the 13.3 kb 47S pre-rRNA gene, including the promoter regions (prom and ctcf), low-

affinity Pol I binding region (gap), ribosomal DNA with putative G-quadruplex forming 

sequences (rg4), and the noncoding intergeneric spacer (igs) region.  For comparison, we 

also included PCR primers for the housekeeping gene GAPDH (NCBI, NG_007073.2), the 

oncogene KRAS (NCBI, NG_007524), and mitochondrial genomic DNA (mtDNA, NCBI 

NC_012920.1).   

Details of the cell treatments and extraction of genomic DNA is presented in the 

Experimental Section.  After reversal of the APA–DNA adducts, the purified genomic 

DNA was amplified with the designed primer sets.  Figure 3.7B shows the results of a pre-

screening experiment in which three of the six rDNA primers, gap, coding, and ctcf gave 

the highest enrichment.  Significant enrichment over non-post-labeled control groups is 

also observed for the primer set used to monitor APA-induced damage in mtDNA, but not 

for primers used to amplify the GAPDH and KRAS sequences.  Based on these results, gap, 

which showed the highest enrichment among all rDNA primers, was selected and 

compared with GAPDH primers in three additional, biologically independent assays.  

Figure 3.7C confirms that gap-amplified DNA was significantly enriched over the negative 

control pulldown by approximately 2.6-fold and relative to GAPDH, for which enrichment 

proved to be not significant.  The relative higher enrichments observed for all primers 

compared to negative controls (black circles) in Figure 3.7B is due to the high number of 

amplification cycles resulting in higher calculated drug/input values.  The lower level of 

enrichment observed in Figure 3.7C is most likely caused by a more efficient template 
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amplification due to altered experimental conditions.  These results suggest that APA 

produces significantly more damage in rDNA than in the GAPDH gene and provides 

evidence that PAs induce permanent adducts in the former type of DNA.   

 

3.3. Discussion 

In this chapter ADAPT was developed based on a PA hybrid anticancer agent that 

was turned into an azide-functionalized chemical probe, APA.  The method allows 

chemical retrieval of genomic DNA sequences extracted from cells by taking advantage of 

a post-labeling step to modify the platinated DNA through strain promoted cycloaddition 

click chemistry with DBCO-PEG4-BIOTIN.  It circumvents many drawbacks encountered 

with a ‘built-in’ biotin moiety, such as altered cellular distribution, uptake, and target 

interactions55, 135.  This is also consistent with previous work in which a “pre-labeled” PA 

derivative (see Chapter 1, Figure 1.6)83 showed a relatively weak fluorescence intensity in 

chromatin due to the bulky DIBO–Alexa Fluor label, which interferes with the cellular 

accumulation of the conjugate and its reaction with DNA in chromatin.   

The post-labeling step in ADAPT itself showed a high conversion yield as 

demonstrated in calf thymus DNA (see Section 3.2.2 and Figure 3.3) with no unreacted 

APA-modified nucleotides detected in the mixture.  Thus, the click reaction between the 

azide group in DNA-APA adducts and bulky DBCO does not appear to be limiting factor 

in this assay.  The identified three types of platinated fragments G*, 5´-TpG*-3´, and 5´-

GpTpG*-3´ agreed with previous observations where showed PA preferentially form 

adducts with guanine (G)-N7 at 5´-CG, 5´-AG, and 5´-TG sites41.  These experiments 
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demonstrated the effectiveness of ADAPT to detect and retrieve APA adducts in varying 

sequence contexts.   

The optimized APAPT generally allows an estimated 15%–20% recovery of 

sequences with fragment sizes of 600–2000 bp, based on the semi-quantitative staining of 

bands on agarose gels.  The recovery of affinity-captured Pt-modified DNA depends on 

many factors such as the size of the DNA fragment, the ratio of Pt adducts per DNA 

sequence, the post-labeling incubation time, and the properties of the specific streptavidin 

beads used.  Potential future approaches for quantifying pull-down recovery based on the 

concentration of molecule directly before and after beads purification may involve the use 

of radioisotope-labeled or fluorescently labeled DNA.   

As previously discussed, rDNA, which contains guanine-rich sequences, maybe a 

major cellular and, potentially therapeutic, target of PAs.  The above qPCR analysis of 

pulled down rDNA sequences supports this supposition.  Furthermore, the amplification 

results also reflect the physical accessibility of specific DNA sequences.  It is known that 

factors such as transcriptional status and chromatin state affects the binding efficiency of 

chemical probes74, 75.  Thus, the higher enrichment of sequences amplified with primer sets 

gap, coding, and ctcf compared to other rDNA primers might indicate a higher binding 

affinity of APA due to a more accessible DNA.  Alternatively, the trends in enrichment 

could be simply due to differences in the binding affinity of APA for amplicons of different 

G content.  To explore this possibility, we quantified potential binding sites, including 5´-

CG, 5´-AG, and 5´-TG, in the target sequences amplified using the gap (high) and GAPDH 

(low) primers.  There are 20 putative binding sites within the former 103-bp rDNA 

fragment (19%) and 18 within the 95-bp fragment of GAPDH (19%), suggesting that the 
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differences in enrichment are not related to base content.  Furthermore, one could argue 

that DNA copy number (~350 for rDNA vs. 2 for GAPDH) may also affect the 

amplification efficiency, however, the normalizing method by which relative enrichment 

was calculated rules out this possibility.   

Finally, a high level of enrichment was also observed for mtDNA, which is 

surprising since accumulation of PAs in the cells’ mitochondria has been firmly ruled out 

based on co-staining/colocalization images collected in confocal microscopy studies47, 141.  

mtDNA is known to be released into the cytoplasm as a consequence of mitochondrial 

oxidative stress and during BCL2-mediated, pre-apoptotic signaling142.  Thus, APA may 

form adducts in mtDNA outside the mitochondria, and these adducts are most likely not 

the cause of cell death.   

The distinct enrichment pattern observed for APA among different studied genomic 

regions supports the hypothesis that rDNA sequences are indeed damaged to a higher 

degree by APA than genomic DNA that exists outside nucleolus, and rDNA appears to be 

a direct target of PAs.  As previously discussed, the -H2AX antibody accumulation within 

the nucleolar caps upon treatment with PA is consistent with the formation DNA double-

strand breaks as a possible form of rDNA damage.  Considering the fact that rDNA in the 

nucleolus is not efficiently repaired by the nucleotide excision repair machinery143, the 

remedy of rDNA damage would be critically important to maintain genomic stability and 

cell fitness136.  Therefore, the formation of cytotoxic PA–rDNA adducts and their 

downstream effects on ribosome biogenesis might be a therapeutically useful mechanism 

to overcome drug resistance in DNA repair-proficient cancers.  Future studies on the 

genome-wide DNA damage by PA should be pursued with next generation sequencing to 
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generate a more comprehensive and unbiased map of the genomic targets of these hybrid 

agents.   
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3.4. Conclusion 

In summary, the current study a method was developed to detect the genomic damage 

caused by PAs.  ADAPT in conjunction with qPCR analysis in A549 cancer cells provides 

evidence that the genes encoding pre-rRNA (rDNA), which are transcribed in the cell’s 

nucleolus, are a potential hotspot of PA–DNA damage and anticancer target.    

 

3.5.  Experimental Section  

3.5.1. Materials and methods 

Plasmids pUC19 (SD0061) and pBR322 (SD0041), restriction enzymes FastDigest EcoRI 

(FD0274), FastDigest Pstl (FD0614), and FastDigest BamHI (FD0054), and DNase I 

(EN0521) were purchased from Thermo Fisher (Waltham, MA, USA).  Dynabeads M-280 

Streptavidin (11205D) and Dynabeads MyOne Streptavidin T1 (65601) were obtained 

from Invitrogen (Carlsbad, CA, USA).  Deoxyribonucleic acid sodium salt from calf 

thymus (D1501) was purchased from Sigma Aldrich (St. Louis, MO, USA), Shrimp 

Alkaline Phosphatase (78390) was purchased from Affymetrix (Santa Clara, CA, USA), 

and Nuclease P1 (N7000) was purchased from USBiological (Salem, MA, USA).  Float-

A-Lyzer G2 100–500 Da dialysis devices were from Spectra-Por (Sigma Aldrich, St. Louis, 

MO, USA).  All other biochemical grade reagents and synthetic precursors were purchased 

from common vendors and used as supplied.  

1H NMR spectra of APA were recorded on a Bruker Ascend 400 MHz NMR 

instrument and are summarized in the conventional form including chemical shifts ( ppm), 

multiplicities (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad), 
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coupling constants (Hz), and integral intensities. NMR spectra were processed and 

analyzed with MNova (version 12.0.3, Mestrelab Research, Escondido, CA).  

In-line LC-ESI-MS analysis of compound identity and purity was performed on a 

Bruker Amazon-SL ion trap mass spectrometer equipped with an atmospheric pressure 

electrospray ionization (ESI) source and an in-line Shimadzu UFLC detector.  Eluent 

nebulization was achieved with a N2 pressure of 44 psi, and solvent evaporation was 

assisted by a flow of N2 drying gas (250 °C).  Mass spectra were recorded in positive-ion 

mode (+ve) with a capillary voltage of 4.5 kV over a mass-to-charge scan range of 150–

2000 m/z.  Target compound purity was determined in methanol containing 0.1% formic 

acid and separation of the diluted samples on a 4.6 mm × 150 mm reverse-phase Agilent 

ZORBAX SB-C18 (5 μm) analytical column at 25 °C using the following solvent system: 

solvent A, Optima water/ 0.1% formic acid, and solvent B, methanol/ 0.1% formic acid, at 

a flow rate of 0.4 mL/min and a gradient of 5% B for 5 min, 5% B–95% B over 15 min, 

95% B for 10 min followed by 95% B−5%B over 5 min.  Elution profiles were recorded at 

an acridine-specific wavelength at 413 nm.  High resolution mass spectrometry data was 

obtained on a Thermo Orbitrap LTQ XL instrument equipped with Accela UPLC and 

autosampler.  The spray voltage was 4 kV, and the temperature of the heated capillary was 

300 °C.  The sheath gas flow rate was 31 and aux gas flow rate was 13.  

 

3.5.2. Preparation of APA 

Compounds 3.2–3.9 were synthesized according to previously published procedures.49  

Platinum complex 3.9 (136 mg, 0.357 mmol) was converted to its nitrite salt by reaction 

with AgNO3 (58 mg, 0.34 mmol) in 0.5 mL of anhydrous DMF.  AgCl was removed by 
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syringe filtration and the filtrate was cooled to -20 °C.  Acridine precursor 3.8 (135 mg, 

0.357 mmol) was dissolved in 0.5 mL of anhydrous DMF and added to the filtrate, and the 

mixture was stirred at 4 °C for 24 hours.  After treatment with activated carbon, the reaction 

mixture was precipitated in 300 mL of vigorously stirred diethyl ether.  The product was 

collected by membrane filtration and dried in a vacuum overnight.  The solid was dissolved 

in anhydrous methanol containing 1 equivalent of 1M HNO3, stirred at room temperature 

for 30 min, and the resulting dinitrate salt was precipitated with anhydrous diethyl ether.  

The product was further purified by recrystallization from hot ethanol to give 246 mg of 

APA as a yellow microcrystalline solid (Yield: 88%).  1H NMR (400 MHz, DMF-d7) δ 

13.89 (s, 1H), 9.88 (s, 1H), 8.70 (d, J = 8.7 Hz, 2H), 8.35 (t, J = 5.6 Hz, 1H), 8.12 – 7.94 

(m, 3H), 7.65 (ddd, J = 8.3, 6.5, 1.4 Hz, 2H), 6.51 (s, 1H), 5.42 (s, 2H), 5.02 (s, 2H), 4.51 

(s, 2H), 4.12 (t, J = 7.3 Hz, 3H), 3.83 (t, J = 6.7 Hz, 2H), 3.49 (s, 6H), 3.48 – 3.32 (m, 4H), 

2.60 (t, J = 6.7 Hz, 2H), 1.82 (d, J = 6.6 Hz, 3H).  MS (ESI, positive-ion mode): m/z for 

C25H36ClN10OPt ([M]+), calculated, 722.24043; found, 722.23944 (1.37 ppm).  

C25H37ClN10OPt ([M]2+), calculated, 362.12394; found, 362.12355 (1.08 ppm).  

 

3.5.3. General cell culture maintenance  

The human cancer cell line A549 (lung adenocarcinoma, doubling time 21 h) was obtained 

from the American Type Culture Collection (ATCC) (Manassas, VA, USA) and was 

cultured in DMEM/F12 media (Thermo Fisher, 11330-032) supplemented with 10% FBS 

(Thermo Fisher, A3160601) and 10% penstrep (Thermo Fisher, 15070-063). Cells were 

incubated at a constant temperature at 37 °C in a humidified atmosphere containing 5% 

CO2 and subcultured every 2–3 days to maintain cells in logarithmic growth. All 
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experiments used cells with passage numbers of less than 20.  Cells were tested periodically 

for mycoplasma infections by fluorescence microscopy using Hoechst 33258 DNA 

staining.  

 

3.5.4. Cell proliferation assay 

Cell proliferation assays were conducted using a CellTiter 96 kit as described previously130.  

A549 cells were harvested and seeded in 96 well plates at a density of 5000 cells/well and 

allowed to attach overnight in the incubator prior to treatment with serially diluted APA 

for 72 hours.   To assess cell viability, 20 L of a mixture of MTS/PMS solution was added 

into each well incubation continued for 1 hour.  Conversion of MTS to formazan was 

quantified by absorbance measurements at 490 nm using a plate reader (Synergy HTX, 

BioTek, Winooski, VT, USA).  The viability of cells was calculated as a percentage of 

treated/untreated control.  Three individual experiments were performed for each drug 

concentration in triplicate wells.  IC50 values were calculated from nonlinear curve fits of 

the log[drug] vs. response data in GraphPad Prism (La Jolla, CA) and are reported as the 

mean ± standard deviation (SD).  

 

3.5.5. Quantification of APA–DNA adducts by ICP-MS 

700,000 A549 cells in 2.5 mL of DMEM/F12 media, supplemented with 10% FBS, and 

10% penstrep, were seeded into T-25 flasks and allowed to attach overnight.  Cells were 

then treated with 10 M APA for 6 hours.  Medium was aspirated, and cells were washed 

3 times with fresh media.  Trypsin was added to detach cells, and 3 mL of fresh medium 
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was added to each flask to collect the cell suspensions, which were pelleted by 

centrifugation at 250 × g for 5 minutes.  After the supernatant was aspirated, pellets were 

washed with 3 mL of PBS solution twice and centrifuged again at 250 × g for 3 minutes. 

Genomic DNA was extracted and purified using the AllPrep DNA/RNA Mini Kit (Thermo 

Fisher, 80204) following the manufacturer’s protocol.  The yield and purity of DNA 

harvested from each experiment was determined using a NanodropTM 2000/2000c 

Spectrophotometer (average of two readings with 1 L per run).  The extracted DNA had 

an A260/A280 ratio of ~ 1.8.  The concentration of DNA recovered from triplicate samples 

was 17 g/L, while ICP-MS indicated an average of 50 ppt Pt in each sample.  From these 

values, a drug-to-base pair ratio of approximately 0.0005 was calculated.  

 

3.5.6. Uptake of APA studied by confocal fluorescence microscopy 

Briefly, cells were seeded into 35-mm poly-D-lysine-coated glass bottom dishes (MatTek 

Corporation, Ashland, MA, USA) at a density of 105 cells/mL in 2 mL of medium per dish. 

Cells were allowed to attached overnight prior to treatment with 10 M APA for 4 hours.  

Medium was removed and dishes were washed 3 times with 1 mL of pre-warmed PBS 

buffer.  Cells were then fixed with 4% formaldehyde in PBS (Thermo Fisher) for 15 

minutes at room temperature and washed an additional 3 times with PBS before imaging.  

The fluorescence of acridine was excited with a 405-nm laser (15 mW, 4.4%) and the 

emission signal was collected at 405−481 nm.   

Images were collected on an LSM 880 Confocal Microscope (Carl Zeiss 

Microscopy) using a 63/1.4 NA Plan-Apochromatic objective.  To allow comparative 
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fluorescence intensity analysis, excitation power, pinhole settings, PMT gain, and offset 

values across and within imaging sessions for each respective channel were not changed.  

Zen software 2.5 (blue edition, Carl Zeiss Microscopy GmbH, 2018) was used for image 

processing.  Panels were assembled and annotated without any additional enhancements of 

images, unless explicitly stated, in Adobe Photoshop CC, version 2017.1.1.  

 

3.5.7. Enzymatic digestion and MS analysis of platinum-modified DNA  

Calf thymus (CT) DNA was treated with APA at a drug-to-base pair ratio of 0.05 in 10 

mM Tris buffer at 37 °C overnight.  A fraction of the sample was removed and further 

treated with 1 equivalent of DBCO-PEG4-Biotin at room temperature for 24 h.  Enzymatic 

digestions were performed with 100 L of the platinum-modified DNAs and involved the 

following steps (total incubation times at 37 °C): (i) + 10 L 50 mM MnCl2 + 10 units 

DNase I (2 h); (ii) + 6.5 units of DNase I (2 h); (iii) + 4 units nuclease P1 (2 h); (iv) + 1 

unit nuclease P1 (16 h); (v) + 10 L of 10 alkaline phosphatase buffer (200 mM Tris-HCl, 

pH 8.0 and 100 mM MgCl2) + 5 units alkaline phosphatase; (vi) + 3 units alkaline 

phosphatase.  The mixtures were heated at 65 °C for 15 minutes to denature the enzymes, 

centrifuged at 13 000 rpm for 5 minutes, and the supernatants was collected.  The digested 

samples were desalted against water overnight at 4 °C using Float-A-Lyzer disposable 

dialysis tubes with a 100-500 Da molecular mass cutoff.  Samples were finally lyophilized 

and redissolved in 80 L of 0.1% formic acid in HPLC grade water for LC-MS analysis.  

Both ESI-MS and ESI-MS/MS analysis of samples were performed on a Bruker 

Amazon-SL ion trap mass spectrometer equipped with an atmospheric pressure 
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electrospray ionization (ESI) source and an in-line Shimadzu UFLC detector.  Eluent 

nebulization was achieved with a N2 pressure of 44 psi, and solvent evaporation was 

assisted by a flow of N2 drying gas (250 °C). Mass spectra were recorded in positive-ion 

mode (+ve) with a capillary voltage of 3 kV over a mass-to-charge scan range of 150–2000 

m/z.  Precursor ions were first determined prior to MS/MS analysis in methanol containing 

0.1% formic acid and separation of the diluted samples on a 4.6 mm × 150 mm reverse-

phase Agilent ZORBAX SB-C18 (5 μm) analytical column at 25 °C using the following 

solvent system: solvent A, optima water/ 0.1% formic acid, solvent B, acetonitrile/ 0.1% 

formic acid at a flow rate of 0.75 mL/min; 5% B to 27% B over 22 min, 27% B to 95% B 

from 22 min to 25 min; maintain at 95% B from 25 min to 32 min, and 95% B to 5% B 

from 32 min to 40 min.  Elution of APA-modified and post-biotinylated APA-modified 

DNA fragments was monitored at 254 nm and 413 nm.  The Compass Data Analysis 

software suite (Bruker Daltonics, Billerica, MA) was used for peak integration.   

 

3.5.8. ADAPT optimization in cell free systems  

pUC19 DNA (2686 bp) and pBR322 DNA (4361 bp) were linearized by treatment with 

EcoRI according to manufacturer’s protocol.  Then, 10 g of linearized pBR322 were 

treated with APA at a drug-to-nucleotide ratio of 0.005 for 24 hours at 37 °C in FastDigest 

buffer provided with the enzyme.  After completion of the reaction, 10 g of linearized 

pUC19 were added, and the sample was thoroughly mixed and supplemented with 1 

equivalent (based on APA) of DBCO-PEG4-Biotin.  This mixture was stored at room 

temperature for 24 hours.  M-280 dynabeads were added at a ratio of 10 mg dsDNA per 1 

mg of the beads.  Reactions were gently agitated on a tube rotator (VWR) for 1 hour, and 
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the beads were separated from the supernatant using a Dyna-Mag-Spin magnet (Invitrogen) 

and washed 3 times with B&W buffer (5 mM Tris-HCl, 0.5 mM EDTA, 1 M NaCl, pH 

7.5).  To retrieve the purified DNA, the beads were resuspended in 100 L of 3 mM 

aqueous NaCN solution and rotated at 37 °C for 24 h.  The supernatant was collected, 

lyophilized, and redissolved in Millipore water for downstream applications.  Assays 

performed with pBR322 after digestion with EcoRI, BamHI, and Pstl, and affinity capture 

of APA-modified DNA ladder were performed in an analogous manner.  DNA was 

analyzed by electrophoresis on 1−1.5% agarose gels (70 V, room temperature, running 

time 2.5 hours, TAE buffer, pH 8.3).  Gels were pre-stained with ethidium bromide (1 

g/mL).  Each lane contained approximately 100 ng DNA.  Gels were visualized using an 

Amersham Imager 600 (GE Healthcare), and band intensities were integrated using Image 

J (version 1.52a, National Institutes of Health, Bethesda, MD).  

 

3.5.9. Isolation of APA-modified DNA from A549 lung cancer cells  

A549 cells at 90% confluency were harvested from three T-75 culture flasks, which had 

been subcultured at least three times.  One day prior to treatment with APA, 4 × 106 cells 

in 8 mL of DMEM/F12 media (supplemented with penstrep, and FBS) were plated in each 

of four 10-cm cell culture dishes and allowed to attach overnight at 37 °C in a humidified 

atmosphere of 5% CO2.  On the day of treatment, culture media was replaced with fresh 

media and APA (10 mM stock solution in DMF) was added to afford a final drug 

concentration of 10 M.  Cells were then returned to the incubator for 6 hours.  The APA-

containing media was removed from each dish, and the cells were washed twice with 2 mL 
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of warm PBS.  Cells were detached with 2 mL of warm trypsin solution and transferred 

into 15-mL conical tubes after addition of 6 mL of medium to quench the trypsin.  The 

cells suspensions were centrifuged for 5 min at 250 × g at 4 °C and the supernatant aspirated.  

Cell pellets can be flash-frozen in liquid nitrogen and stored at -80 °C for later analysis. 

Genomic DNA was extracted from the pellets and purified using the AllPrep DNA/RNA 

Mini Kit (Thermo Fisher, 80204) following the manufacturer’s protocol.  The yield and 

purity of DNA harvested from each experiment was determined using a NanodropTM 

2000/2000c Spectrophotometer (average of two readings with 1 L per run).  The 

recovered DNA showed an A260/A280 ratio of ~1.8.  

 

3.5.10. Preparation of post-labeled genomic DNA for qPCR 

Genomic DNA samples were sheared at 4 °C for 5 minutes using a Sonicator Q800R 

(QSonica, Newtown, CT) (15 sec on / 15 sec off cycles at 20% amplitude) to the desired  

fragment range of 100–1000 bp, which was confirmed by electrophoresis on 1.2% agarose 

gels.  The DNA was then aliquoted at 10 µg in 100 µL of autoclaved water into sample 

tubes.  Prior to post-labeling, 2 µL of each sample were removed and set aside as input 

control for qPCR.  The APA-modified genomic DNA samples were then either treated with 

DBCO-PEG4-Biotin to generate biotinylated DNA or left untreated to serve as 

unbiotinylated negative controls.  The amount of DBCO-PEG4-Biotin required to label all 

APA–DNA adducts in each sample was estimated from the adduct frequency determined 

by ICP-MS (drug-to- base pair ratio of 0.0005, equivalent to 0.775 pmol of label per µg of 

DNA, see Section 3.5.5).  Accordingly, samples were treated with 1.1 equivalent of DBCO-

PEG4-Biotin and incubated at room temperature for 16 hours. 
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Prior to affinity purification, Dynabeads MyOne Streptavidin T1 (65601) were pre-

washed for 5 minutes once with 1000 µL of 1 Binding and Washing (BW)/Tween buffer 

and twice with 1000 µL of 1 BW buffer.  Then T1 beads were resuspended in 2 BW 

buffer equivalent to twice the original suspended bead volume.  [BW buffer (2) contained 

10 mM Tris-HCl (pH 7.5,) 1 mM EDTA, 2M NaCl; BW/Tween buffer (2) contained 10 

mM Tris-HCl (pH 7.5,) 1 mM EDTA, 2M NaCl, 0.1% Tween 20].  50 µL of the beads was 

added to 100 L of the sheared DNA, and the mixture was incubated at room temperature 

for 30 min with continuous agitation by rotation.  The beads were washed three times for 

7 minutes with 500 µL of 1 BW/Tween buffer and twice with 500 µL of 1 BW buffer.  

To reverse the Pt-DNA bond and release the affinity-purified DNA from the beads, 100 L 

of 3 mM sodium cyanide solution was added to the mixture and incubation was continued 

for another 16 hours at 37 °C.  Exactly the same procedure was performed for each 

biotinylated and unbiotinylated sample.  All DNA samples were finally purified using a 

Qiaquick PCR Purification Kit (28104) prior to qPCR analysis.  

 

3.5.11. Quantitative PCR 

Quantitative PCR was performed on a QuantStudio 3 Real-Time PCR System 

(ThermoFisher).  PCR reaction mixtures (10 L) contained SYBR Select Master Mix 

(Applied Biosystems), 200 nM of each primer, diluted input, diluted template DNA, and 

autoclaved water depending on the specific experiment.  Three technical replicates were 

run for each sample.  PCR reactions consisted of one cycle at 50 °C for 2 min and 95 °C 
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for 2 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min, and a final melting 

curve analysis at 60 °C to 95 °C for 15 s, 95 °C to 60 °C for 1 min, and 95 °C for 1 s.  

 

Percentage of input method used in analysis144:  

    adjusted input = average Ct – log2 50  (Eq 3.1) 

    % input = 100  2(adjusted input – Ct)  (Eq. 3.2) 

 

3.5.12. Statistical analysis 

Statistical significance of experimental results for two-sample group comparisons was 

determined with a two-tailed Student t-test.  One-way ANOVA with a Tukey test and 95% 

confidence intervals was used for comparisons of three or more sample groups with one 

independent variable (GraphPad Prism 8, GraphPad Software, San Diego, CA, USA).  
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CHAPTER IV 

A MEMBRANE TRANSPORTER DETERMINES THE CHEMOSENSITIVITY 

OF CANCER CELLS TO A POTENT PLATINUM−ACRIDINE HYBRID 

ANTICANCER AGENT 
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4.1. Introduction 

Aggressive, metastatic tumors, such as non-small-cell lung cancer (NSCLC), require 

innovative treatment options that result in a longer-lasting response and reduced mortality 

rates145, with multifactorial tumor resistance remaining the most common cause of 

therapeutic failure and disease progression146, 147.  Classical chemotherapy, most notably 

platinum-based regimens, continues to be a standard of care for NSCLC and other 

advanced solid tumors despite the promise of the newer molecularly targeted therapies and 

immuno-oncology (IO) drugs148.  Therapies targeted at tumor angiogenesis and growth 

signaling (monoclonal antibodies, tyrosine kinase inhibitors) usually show a rapid onset of 

resistance and often provide only a modest improvement when administered in 

combination with cytotoxic agents149, 150  Likewise, IO drugs introduced in NSCLC patients 

show the most relevant improvements in overall survival (OS) when administered as 

IO/chemotherapy combination regimens151.  Given these limitations, there is a continued 

interest in new pipelines of mechanistically unique agents and synergistic treatment 

strategies, which includes novel pharmacophores that overcome the drawbacks of current 

platinum drugs and other chemotherapies.    

Since the FDA approval of cisplatin (Figure 4.1a), chemically unique approaches 

have been pursued to improve the efficacy and safety of platinum-based chemotherapy12.  

The design of several of the newer-generation nonclassical metallodrugs is based on the 

premise that tumor resistance can be overcome at the DNA level as a consequence of the 

agents’ unique DNA binding modes and DNA damage response (DDR) patterns129, 152.  

This reasoning has redefined the landscape of platinum anticancer drug discovery and 

resulted in promising new clinical and preclinical candidates153.  One type of compound in 
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preclinical development are platinum–acridine agents (PAs), represented by compound 3.1 

(Figure 4.1b, referred to as compound 1 in figures), the most potent derivative identified 

in this class of cytotoxics32, 35, 154.  PAs bind to DNA by a mechanism that involves 

intercalation and platination of nucleobase nitrogen43, 155, causing a more severe form of 

DNA damage than the cross-links observed for cisplatin.  On a per-adduct basis, the hybrid 

agents are more potent inhibitors of DNA synthesis than cisplatin156.  PAs induce 

replication fork arrest and a high level of DNA double-strand breaks requiring specialized 

DNA repair modules44. The hybrid agents are also more efficient inhibitors of RNA 

polymerase II (Pol II)33 and have been demonstrated to target the cell’s nucleoli, the sites 

of ribosomal DNA (rDNA) transcription47, 83.  These mechanisms most likely contribute to 

the high cytotoxicity of PAs, particularly in NSCLC cell lines, which respond to low-

nanomolar concentrations of these agents35, 41, 156.  The results from mechanistic studies in 

cell-free systems, human cancer cells, and chemical genomic fitness profiling in S. 

cerevisiae131 are consistent with nuclear DNA as the principal target of these agents, which 

suggests that PAs overcome chemoresistance to cisplatin at the DNA level.  Most 

compellingly, PAs maintain up to 1000-fold higher activity35 than cisplatin in notoriously 

DNA repair-proficient NSCLC, even though the hybrid adducts are repaired more rapidly 

than the classical cross-links in these cells (see also Chapter 1 for a summary of mechanistic 

features of PAs)44.   

In this chapter, we report the results of a study that combined activity screening, 

gene expression correlation analysis, and functional target validation performed on 

compound 3.1. We not only demonstrate a complete lack of similarity of the compound’s 

antitumor profile with that of the classical platinum drugs, but also discovered its most 



108 
 

critical cellular target. We were able to validate human multidrug and toxin extrusion 

protein hMATE1 (SLC47A1) as the single most predictive marker of chemosensitivity to 

PAs and demonstrate the potential utility of this epigenetically activatable transporter as a 

target for personalized cancer treatment.         
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4.2. Results 

4.2.1. Compound 3.1 shows high potency and a unique activity profile among DNA-

targeted anticancer agents.  

We took advantage of the 60-cell line screen maintained by the Developmental 

Therapeutics Program (DTP) of the US National Cancer Institute (NCI-60) in combination 

with the COMPARE analysis tools157 to study the biological activity of compound 3.1 and 

to assess if mechanistic similarities exist with clinically relevant oncology drugs.  

Compound 3.1 was screened twice in a library of 59 cell lines from nine different tissues 

of origin.  The 10 cell lines most sensitive to compound 3.1 (50% growth inhibition 

endpoint: logGI50 < -7.75, which corresponds to GI50 < 18 nM) were NCI-H460, NCI-

H226, NCI-H522, and A549 (all NSCLC), SF-295 (glioblastoma), SN12C (renal cell 

carcinoma), SK-MEL-5 and UACC-62 (both melanoma), DU-145 (prostate), and T-47D 

(triple-negative breast cancer), representing cancer models from six different tissues of 

origin and of varying oncogene and tumor suppressor status (APPENDIX Table I.1).  In 

six of these cell lines (incl. 3 NSCLC), compound 3.1 resulted in 50% growth inhibition at 

single-digit nanomolar concentrations (logGI50 < -8) (APPENDIX Table I.1).  Compound 

3.1 showed approximately two orders of magnitude higher activity across the entire 

spectrum of cell lines than cisplatin, which results in an average growth inhibition similar 

to that achieved by doxorubicin and topotecan, two oncology drugs also acting through 

DNA damage-mediated mechanisms (Figure 4.1b). While the two topoisomerase poisons 

kill cancer cells at similar inhibitory concentrations as compound 3.1, they do not show the 

cell line-specific cytotoxic enhancement of our hybrid agent, which is most notable in 

NSCLC.  Of the four agents in comparison, compound 3.1 shows the widest range of 
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activity from low-nanomolar to micromolar GI50 values with a more than 2000-fold 

difference between the most sensitive and the most resistant cell lines (logGI50 > 3.3, 

Figure I.1).   

We then used the COMPARE algorithm in conjunction with Pearson correlation 

analysis158 to search the NCI database for test compounds that resulted in NCI-60 activity 

patterns similar to that of compound 3.1.  The results suggest that the mechanism of 

compound 3.1 is unique among DNA-targeted cytotoxic drugs and other classes of cancer 

chemotherapeutics (R < 0.5) (Table 4.1).  Of the approved oncology drugs tested in NCI-

60, transcription inhibitors and topoisomerase poisons revealed the highest similarity with 

compound 3.1.  Importantly, cisplatin and oxaliplatin were among the drugs that showed 

the lowest level of correlation.  These results suggest that our hybrid molecule and the 

traditional platinum-based drugs may not share any relevant mechanistic features except 

their proven ability to form adducts with nuclear DNA.  This raises the question as to what 

causes the high potency of compound 3.1 and whether its activity profile might be 

associated with specific molecular targets or gene expression patterns in cancer cells.  
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Figure 4. 1. Platinum–acridine agent 3.1 shows a unique activity profile that correlates 

with hMATE1 (SLC47A1) expression levels in NCI-60 cell lines. a) Structures of cisplatin 

and hybrid agent 3.1.  b) Comparative summary of NCI-60 screening results for cisplatin 

(CDDP), doxorubicin (DOX), topotecan (TOP), and compound 3.1 based on average 

growth inhibition (GI50 end point, average of 2 assays) for cell lines of different tissues of 

origin. Asterisks indicate that compound 3.1 showed cell growth inhibition at log(GI50) < 

–8 in one or multiple cell lines. A comparison of cell line-specific activity can be found in 

APPENDIX Figure I.1.  c) Growth inhibition by compound 3.1 and SLC47A1 expression 

are highly correlated in NCI-60 (mean centered profiles).  Left panel: relative sensitivity 

and resistance to compound 3.1 at 50% growth inhibition (GI50).  Right panel: relative 

transcript intensities (z-scores) for SLC47A1 (z-scores for the cell line MDA-MB-468 were 

not available).  Cell lines are color-coded by tissue of origin.  d) Correlation of SLC47A1 

expression with chemosensitivity in NCI-60 (Pearson correlation analysis) for positively 

correlated SLC transporters. A summary of all significantly correlated SLC genes and their 

(putative) mechanisms of action can be found in APPENDIX Table I.3.  
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Table 4.  1. COMPARE analysis of chemosensitivity profiles for compound 3.1 and 

selected anticancer drugs. 

aAbbreviations: Pt, platinating agent; XL, cross-linker; IC, intercalator; Alk, alkylating 

agent. SC, strand cutter. Asterisks indicate drugs for which no five-dose NCI-60 data were 

available in the concentration range −8 < log[drug] < −4 (used for screening compound 

3.1).  In these cases, correlations were based on analysis of alternative concentration ranges 

for test compounds.  

  

Test compound DNA damage  Mechanism Pearson’s R  

Compound 3.1 Pt–ICa hybrid Inhibitor of DNA synthesis and 

transcription 

1 

Mitomycin C Alk, XL Inhibitor of rRNA synthesis 0.499* 

Doxorubicin IC Topo II poison, oxidative stress 0.449 

Topotecan IC Topo I poison 0.344 

Actinomycin D IC Transcription inhibitor 0.286 

Bleomycin SC O2-dependent DNA double-strand breaks 0.221* 

Erlotinib N/A Protein kinase inhibitor 0.187 

Gemcitabine N/A Inhibitor of DNA synthesis 0.18 

Rapamycin N/A Inhibitor of mTOR growth signaling 0.123 

Paclitaxel 

(Taxol) 

N/A Microtubule-targeted mitotic inhibitor 0.123* 

Cisplatin Pt, XL Transcription inhibitor 0.116 

Vinblastine  N/A Microtubule-targeted mitotic inhibitor 0.099* 

Oxaliplatin Pt, XL Inhibitor of replication and transcription, 

non-DNA damage mediated mechanisms 

0.015 
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4.2.2. The chemosensitivity of cancer cells, regardless of tissue of origin, to compound 

3.1 is highly positively correlated with hMATE1 (SLC47A1) expression.   

To gain insight into the factors driving the unique activity profile of compound 3.1, a 

comparative analysis of cell growth inhibition data and global gene expression in NCI-60 

cell lines was performed based on gene transcript (mRNA) levels, which are available as 

part of the COMPARE tools159, 160. COMPARE analysis yielded 806 unique genes 

correlated positively, and 849 genes correlated negatively (p < 0.05) with the growth 

inhibition of compound 3.1 (GI50 endpoint) across the entire range of cell lines 

(APPENDIX Table I.2).  The by far strongest positive correlation (R = 0.69, p < 10-5) was 

observed with the gene SLC47A1, which encodes a member of the solute carrier (SLC) 

family of proteins: human multidrug and toxin extrusion protein 1, hMATE1.  hMATE1, 

a 13-helix transmembrane protein161, shows high expression levels in normal liver and 

renal tissue (APPENDIX Figure I.2), where it serves as a proton-coupled antiporter162.  Its 

primary function is the ATP-independent efflux of organic cations across apical 

membranes into the bile and urine, which renders hMATE1 an essential modulator of drug 

response, drug toxicity, and drug–drug interactions163.  Aberrantly high expression of 

hMATE1 is often also observed in cancer tissue (APPENDIX Figure I.2).    

 The above analysis is consistent with a mechanism by which MATE promotes the 

uptake of compound 3.1 into cancer cells rather than acting as an efflux pump (its normal 

function), which would cause a more resistant phenotype and would have resulted in a 

negative correlation.  A comparison of the NCI-60 screening results for compound 3.1 with 

the SLC47A1 expression profile (Figure 4.1c) supports the findings of the COMPARE 

analysis and illustrates the extent to which the transport protein dominates chemosensitivity. 
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With a few exceptions, cell lines showing high levels of SLC47A1 transcript are generally 

exquisitely sensitive to compound 3.1, while the opposite is true for cell lines expressing 

low levels (Figure 4.1c).  Compound 3.1 performs poorly relative to other DNA-targeted 

drugs (e. g., doxorubicin and topotecan, APPENDIX Figure I.1) across all leukemia cell 

lines, which invariably show low SLC47A1 expression.  In cell lines representing solid 

tumors, considerable cell line-dependent variability exists.  For instance, in the two prostate 

cancer cell lines tested, PC-3 (GI50 ≈ 5 M, low SLC47A1 expression) and DU-145 (GI50 

< 10 nM, high SLC47A1 expression), compound 3.1 shows a more than 500-fold difference 

in growth inhibition, which is not observed for any other oncology drug in NCI-60. 

Likewise, the renal carcinoma cell line, SN12C, which shows the highest level of SLC47A1 

expression of all NCI-60 cell lines, most likely due to a gene copy number amplification164 

(APPENDIX Figure I.3), was also the most sensitive to compound 3.1.   

 SLC47A1 is not the only solute carrier gene whose expression showed a positive 

correlation with growth inhibition in NCI-60, but only SLC47A1 correlated at such a high 

level (p < 10-5 vs. p < 0.01 for all other SLC genes; see Figure 3.1d and APPENDIX Table 

I.3), suggesting a specific and dominant role of this transporter in the mechanism of 

compound 3.1.  When calculating overlaps between the > 800 genes that were positively 

correlated with the activity of compound 3.1 and gene ontology (GO) gene sets deposited 

in the Molecular Signatures Database (MSigDB94), GO terms such as plasma membrane 

function and components, and intracellular transport ranked highest (APPENDIX Table 

I.4).  This is in stark contrast to doxorubicin and topotecan, which showed the greatest 

overlap with GO sets annotated chromatin, DNA damage recognition and repair, and 

chromosome organization (data not shown), as would be expected for a genotoxic agent131.  
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These observations underpin the notion that, contrary to our expectation, the 

chemosensitivity of cancer cells to compound 3.1 is not controlled at the genome level, but 

by the transportome.  

 

4.2.3. Pyrimethamine, a selective hMATE1 inhibitor, effectively blocks the cellular 

accumulation of compound 3.1 and quenches its cytotoxicity in A549 cells.   

To validate hMATE1 protein as a mediator of chemosensitivity, we first performed a 

transporter inhibition assay in A549 human lung adenocarcinoma cells.  A549 expresses 

high levels of hMATE1 (SLC47A1) (The Human Genome Database; see APPENDIX 

Figure I.2), which we confirmed by Western blot analysis (APPENDIX Figure J.1).  

Unsurprisingly, the cell line proved to be highly sensitive to compound 3.1 in the NCI-60 

screen (GI50 < 10 nM) and in previous colorimetric cell proliferation assays (IC50
 = 3.9 

nM)35.  In this assay, prior to treatment with compound 3.1, cultured A549 cells were pre-

treated with the antimalarial drug pyrimethamine (PM, Figure 4.2a), a potent and selective 

inhibitor of hMATE1 (reported Ki values: 77–93 nM165).  Since the assay required co-

incubation of compound 3.1 and PM, we first confirmed that no undesired reactivity exists 

between the two agents.  When A549 cells were pre-treated with PM, followed by a 4-hour 

exposure to compound 3.1, confocal microscopy images showed a reduction of 

intracellular acridine fluorescence by 60% relative to cells not treated with PM (Figure 

4.2b,c).  These results suggest that hMATE1-mediated transport across the plasma 

membrane is directly involved in the cellular uptake of compound 3.1.   
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Because the microscopy experiments were performed at relatively high 

concentrations of compound 3.1 and PM (10 M), contributions from non-specific 

transport by other membrane proteins cannot be ruled out under these conditions166.  To 

overcome this drawback, we took advantage of the parts-per-trillion-level limit of detection 

of inductively coupled plasma mass spectrometry (ICP-MS) and also quantified uptake of 

compound 3.1 from cellular platinum levels under therapeutically more relevant conditions.  

When cells were pre-incubated with 100 nM PM to avoid non-specific inhibition of other 

organic cation transporters and subsequently treated with 100 nM compound 3.1, 

corresponding to the compound’s IC90 value in A549, a decrease of uptake by 85% was 

observed (Figure 4.2d).  Together, these findings corroborate that compound 3.1 is 

selectively transported across the plasma membrane by hMATE1.   

To determine if blocking hMATE1 by PM had an effect on the cytotoxicity of 

compound 3.1 in A549 cells, we performed a colorimetric cell proliferation assay (Figure 

4.2e).  Exposure to 100 nM compound 3.1 for 72 hours causes severe cell death with less 

than 10% of the cells surviving treatment.  When A549 cells were pre-treated with PM at 

concentrations that did not compromise cell viability, a pronounced cytoprotective effect 

was observed.  PM at a concentration of 10 nM was able to significantly (p < 0.01) increase 

the population of viable cells to 20%, while 100 nM inhibitor resulted in 90% survival (p 

< 0.0001) of cells treated with compound 3.1.  The level of protection achieved at the latter 

concentration of PM correlates well with the reduced platinum levels determined by ICP-

MS (Figure 4.2d), providing additional support for the notion that hMATE1-mediated 

transport is the key to compound 3.1’s high potency. 
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Figure 4. 2. Pyrimethamine (PM) protects A549 lung adenocarcinoma cells from the 

cytotoxic effects of compound 3.1 (referred to as compound 1 in figures) by blocking its 

cellular uptake. a) PM, a high-affinity, selective inhibitor of hMATE1.  b) Confocal 

fluorescence microscopy images of A549 cells treated for 4 hours with 10 M compound 

3.1 with or without PM. Scale bars: 20 m. Acridine fluorescence in the blue channel is 

displayed in cyan. c) Mean fluorescence intensities in the acridine channel (arbitrary units) 

of  > 100 selected A549 cells (treated according to the conditions in panel (b) determined 

in 6 images from 2 independent experiments; P < 0.0001, mean ± S.D., two-tailed t-test 

with unequal variance. d) Accumulation of compound 3.1 (100 nM, 4 hours) in A549 cells 

in the absence and presence of PM (100 nM) determined by inductively coupled mass 

spectrometry, ICP-MS); P < 0.01, data are the mean of three independent experiments ± 

S.E.M, two-tailed t-test. e) Cytoprotective effect of PM-mediated inhibition of uptake of 

pyrimethamine (PM)
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compound 3.1 into A549 cells monitored by a cell proliferation assay.  Data are the mean 

of two experiments performed in sextuplicate (n = 12) ± S.E.M; ***, p < 0.001, one-way 

ANOVA with post hoc test (Bonferroni) with 95% confidence intervals.      

 

4.2.4. Gene knockdown by RNA interference (RNAi) further validates the role of 

hMATE1 protein in the mechanism of compound 3.1.   

Ultimate evidence for a direct role of hMATE1 transporter in promoting the cellular 

accumulation and cytotoxicity of compound 3.1 came from gene knockdown experiments 

using RNA interference (RNAi).  Such an assay is complicated by the non-trivial task of 

combining transient gene silencing with a long-term cell proliferation assay.  Using 

transfection of appropriate siRNAs, we were able to generate a A549 model in which 

hMATE1 was transiently reduced by 40–50 % relative to scrambled control, which is 

consistent with reported knockdown efficiencies achieved for the SLC47A1 gene in this 

cells line using RNAi167.  Knockdown was confirmed by Western blot analysis and 

immunofluorescence intensity evaluation of transfected cells (Figure 4.3a,b).  The cellular 

uptake of compound 3.1 was studied under the same conditions as in the transporter 

inhibition assay using PM. In hMATE1 knockdown cells, accumulation of platinum was 

significantly (p = 0.0091) reduced by 50% relative to control cells transfected with a 

scrambled RNA sequence (Figure 4.3c).  We then designed a 96-well plate assay that 

allowed us to assess the performance of compound 3.1 in A549 cells after hMATE1 

knockdown (Figure 4.3d).  After 24 hours of continuous treatment, the dose- and time-

dependent cytotoxicity of compound 3.1 was reduced in A549 cells at concentrations of 

100 nM and 1 M by 12% and 35%, respectively.  At the higher concentration, the level 
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of protection persists after 48 hours of treatment, which resulted in a 36% higher survival 

of hMATE1-silenced cells compared to mock-treated cells.  These results unequivocally 

confirm that hMATE1 protein plays a direct role in the mechanism of compound 3.1 by 

mediating its cellular uptake, which ultimately controls the chemosensitivity of the lung 

cancer cell line. 

 

 

Figure 4. 3. Transient knockdown of the membrane transporter hMATE1 (SLC47A1) 

attenuates uptake and cytotoxicity of compound 3.1 (referred to as compound 1 in figures). 

a) Western blot analysis of hMATE1 and GAPDH (loading control) protein levels in A549 

cells reverse-transfected with scrambled RNA sequence (“mock”) (left) or hMATE1 

siRNA (right) (one 72-hour transfection at 2.5 nM siRNA). b) Immunofluorescence 

staining of fixed, permeabilized A549 cells 72 hours after siRNA knockdown or mock 

treatment.  Scale bars: 20 m. c) Uptake of compound 3.1 into A549 cells after siRNA or 

mock transfection determined by ICP-MS.  Accumulated platinum (ng/106 cells) is shown 

as the mean ± S.E.M. of three independent experiments.  The assay was performed several 

times under slightly varied conditions with similar results (see APPENDIX Figure K.1); p 
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< 0.01, **).  d) Effect of hMATE1 knockdown on the cytotoxicity of compound 3.1 in 

A549 cells assessed by a cell proliferation assay (MTS).  Data are the mean ± S.E.M of 

two independent experiments performed in triplicate (n = 6; the results were significant at 

p < 0.05 (*) and p < 0.001 (***), respectively; two-tailed t-test). For additional data and 

replicates, see APPENDIX Figures J.2 and K.1. 

 

Table 4.  2. Summary of significant (p < 0.05) correlations identified between CPI 

methylation status and expression levels of the SLC47A1 gene in 963 cancer cell linesa of 

different tissues of origin and cell types 

Cell Line Origin Pearson’s R P value 

Multiple Myeloma –0.55 0.028 

Colon –0.33 0.025 

Esophagus/Stomach –0.41 7.6  10-4 

Liver –0.56 0.02 

Lung 

 NSCLC 

   Lung Adenocarcinoma 

–0.32 

–0.43 

–0.47 

8.2  10-6 

1.1  10-5 

4.7  10-4 

Ovaries –0.32 0.032 

Pancreas –0.47 8.1  10-3 

Epithelial –0.16 4.4  10-3 

Epithelial–Mesenchymal  –0.43 2.7  10-7 

Mesenchymal –0.23 1.3  10-5 
a GDSC database (CellMinerCDB, version 1.1, discover.nci.nih.gov/cellminercdb).   
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4.2.5. Transcriptomics and gene set overlap analysis suggest that hMATE1 expression 

is epigenetically regulated in many types of cancer. 

Pattern comparisons in NCI CellMiner reveal that significant correlations exist between 

SLC47A1 transcript levels and DNA methylation status (CpG islands, CGI) of the gene (p 

< 0.001), as well as correlations involving epigenetic repressors of gene expression, such 

as DNA methyltransferase I (DNMT1) and the histone methyltransferase, enhancer of zeste 

homolog 2 (EZH2) (APPENDIX Tables I.5 and I.6).  Thus, in addition to DNA copy 

number amplifications (APPENDIX Figure I.3, Table I.5), epigenetic alterations appear to 

dominate hMATE1 expression in cancer tissue.  This was also confirmed in an extended 

set of 963 cell lines in the Genomics of Drug Sensitivity in Cancer database (GDSC, Sanger 

Institute)168 for which SLC47A1 expression is strongly negatively correlated with CGI 

methylation (Pearson’s R = -0.32, p = 4.9  10-25) (Figure 4.4, Table 4.2).  Recent studies 

of HCT-116 colorectal cancer cells (see below) and normal human liver tissue, in which 

hMATE1 expression is attenuated epigenetically by promoter hypermethylation169, support 

the results of the correlation analyses. 
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Figure 4. 4. Correlation between CPI methylation status and expression levels of the 

SLC47A1 gene in 963 cancer cell lines of the GDSC database (CellMinerCDB, version 1.1, 

discover.nci.nih.gov/cellminercdb). The data point for the colorectal cancer cell line HCT-

116, which was used in epigenetic sensitization studies, is highlighted. 

 

HCT-116 
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In NCI-60 cell lines, more than 400 genes (CellMiner) were identified whose 

methylation status is negatively correlated with SLC47A1 transcript levels, including 

SLC47A1 itself (APPENDIX Tables I.3 and I.6).  When we performed a gene set overlap 

analysis on this a priori defined gene set94 with gene sets in the Molecular Signatures 

Database (GSEA, MSigDB, gsea-msigdb.org), the highest correlation was observed with 

genes epigenetically silenced in embryonic stem cells (APPENDIX Table I.7)170.  Silencing 

of the latter genes involves EZH2-mediated histone protein H3 trimethylation at lysine 27 

(H3K27me3) by the polycomb repressive complex 2 (PRC2) and downstream promoter 

CGI hypermethylation.  These observations provide additional clues about hMATE1 

regulation at the epigenome level, which led us to hypothesize that epigenetic drugs 

reversing repression of hMATE1 might lead to an increase in cellular uptake of compound 

3.1 and sensitize resistant cancer cells to this agent. 
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4.2.6. Treatment of HCT-116 colon cancer cells with epigenetic drugs activates 

hMATE1 expression and enhances the cellular uptake and cytotoxicity of compound 

3.1.  

To test if cancer cells can be sensitized to compound 3.1 by priming with epigenetic drugs, 

we chose the colon cancer cell line HCT-116.  HCT-116 cells show low hMATE1 

expression caused by repressive modifications in its SLC47A1 promoter region (see Figure 

4.4) and proved to be relatively resistant to compound 3.1 in NCI-60 (Figure 4.1c, 

APPENDIX Figure I.1).  

We first pre-screened several epigenetic drugs in cultured HCT-116 cells in a multi-

well plate format for their ability to increase the uptake of compound 3.1 using fluorescence 

microscopy (Figure 4.5a, see caption for conditions).  Cells were treated with four 

epigenetic drugs that are currently being studied in advanced phase clinical trials: EPZ-

6438 (tazemetostat, a potent inhibitor of EZH2)171, EED226 (an allosteric inhibitor of the 

PRC2)172, 173, decitabine (a DNA methyltransferase I, DNMT1, inhibitor)174, and valproic 

acid (a histone deacetylase, HDAC, inhibitor)175, as well as combinations of these drugs 

(Figure 4.5b).  Epigenetic drugs have previously been demonstrated to enhance the 

expression of epigenetically silenced genes in HCT-116176, including the SLC47A1 gene177, 

178. EPZ-6438 and EED226, alone or in combination, resulted in enhanced uptake of 

compound 3.1, based on the observation of increased acridine-associated, blue 

fluorescence in the confocal microscopy images, without causing changes in cell 

morphology and viability (APPENDIX Figure C.2).  These compounds were then tested 

again at escalating doses (2.5–20 M) (Figure 4.5a).  A combination of EPZ-6438 and 

EED226 (“E/E”) resulted in the most pronounced increase in uptake of compound 3.1 in a 
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dose-dependent manner (Figure 4.5c).  In cells pre-treated with 5 M EPZ-6438/EED226,  

a fraction of compound 3.1 was found to be localized to the plasma membrane, which 

confirms that the hybrid agent targets the epigenetically upregulated membrane transporter 

(Appendix Figure C.1).  Additionally, images of representative cells stained with hMATE1 

antibody showed a higher level of immunofluorescence compared to the no-treatment 

control, which was considered preliminary evidence of increased hMATE1 expression 

(Figure 4.5d).   

We then used a cell proliferation assay to determine if pre-exposing HCT-116 cells 

to non-toxic concentrations of EPZ-6438 and EED226 sensitized them to compound 3.1.  

At higher concentrations, the epigenetic drugs alone also caused significant changes in the 

cells’ growth characteristics and significant cell death.  Because of this limitation, the 

experiments were only performed with 2.5 M and 5 M E/E.  When cells were treated 

with 10 M compound 3.1, pre-exposure to E/E resulted in a pronounced decrease in cell 

viability that was dependent on the dose of epigenetic drug.  At 5.0 M E/E, the maximum 

enhancement in cell growth inhibition relative to unsensitized control was 45% (Figure 

4.5e).  Under these ad hoc conditions, Western blot analysis of lysates from HCT-116 cells 

show a 20% and 70% increase in hMATE1 levels relative to control at the lower and the 

higher concentration, respectively (Figure 4.5f).  This observation in conjunction with the 

microscopy results (Figure 4.5c,d) strongly suggests that hMATE1 protein is the mediator 

of the chemosensitizing effect.  The results of this proof-of-concept experiment 

demonstrate the feasibility of sensitizing cancer cells to compound 3.1 using nontoxic 

concentrations of epigenetic drugs.   
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Figure 4. 5. Epigenetic, PRC2-targeted drugs sensitize HCT-116 colon cancer cells to 

compound 3.1 (referred to as compound 1 in figures).  a) Schematic layout of drug 

screening assay.  A darker cyan color indicates higher levels of drug accumulation based 

on fluorescence intensity.  Wells labeled ‘C’ are no-treatment controls (DMSO) and 

crossed-out wells indicate tested concentrations of drug affect cell viability.  b) Structures 

of epigenetic drugs used in this assay.  c) Microscopy images of HCT-116 cells exposed to 

10 µM compound 3.1 for 4 hours after pretreatment with varying concentrations of EPZ-

6438 and EED226 (“E/E”) for 72 hours.  Scale bars: 20 m.  d) Immunofluorescence 

staining of cells from the control and 10 M treatment groups Scale bars: 20 m.  e) 

Viability of HCT-116 cells pre-treated with epigenetic drugs determined using cell 

proliferation assays (MTS).  Data are presented as the mean ± S.E.M. for an assay 

performed with triplicate wells (**, p < 0.01; ***, p < 0.001; one-way ANOVA and post-

test (Bonferroni) with 95% confidence intervals.).  For replicates of this assay, see 
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APPENDIX Figure E.2.  f) Expression levels of hMATE1 and GAPDH (loading control) 

in HCT-116 cells determined by Western blot analysis under the same conditions as 

described in panel (e). 

 

At physiological pH, compound 3.1 and its derivatives exist as 2+ charged, 

hydrophilic cations comprising a positively charged platinum(II) moiety and a protonated 

9-aminoacridine chromophore (pKa = 9–10)46.  In earlier work, we have demonstrated that 

the most potent PAs accumulate in NSCLC cells at a 60–100-fold faster rate than cisplatin45, 

which is consistent with the efficient, SLC transporter-mediated uptake mechanism 

established in this study.  Compound 3.1 is the first chemotherapeutic agent for which 

bioinformatics and high-throughput screening tools have identified an overexpressed 

transport protein as a target that confers a high level of chemosensitivity to cancer cells.  

Compound 3.1 has emerged from a pipeline of PAs that were designed based on 

the guiding principle that rapid formation of unique DNA adducts would overcome tumor 

resistance to DNA-targeted drugs, including platinum-based pharmaceuticals.  While DNA 

damage indisputably is the ultimate cause of cancer cell death produced by the hybrid agent, 

its low-nanomolar activity critically depends on a transport protein, which is an 

unprecedented feature among anticancer drugs in the NCI-60 database.  hMATE1 controls 

the pattern of activity with a high level of predictability.  Cancer cells overexpressing the 

membrane transporter are highly sensitive to compound 3.1 regardless of genetic 

background and phenotypic abnormalities179, 180.  This is an important observation since 

efficient transmembrane transport that leads to high intracellular drug concentrations has 
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the potential to overcome common resistance mechanisms such as DNA repair181 or 

multidrug resistance-mediated drug efflux182.  

hMATE1 expression is high in most NSCLC cell lines (Figure 4.1c), which 

explains why the advantage of platinum–acridines over cisplatin and other cytotoxic agents 

was first noted in this aggressive form of cancer32.  Membrane transporters that help drugs 

accumulate in diseased tissue may ultimately result in a more favorable therapeutic window 

for systemic treatment183.  Compound 3.1 has already demonstrated efficacy in xenograft 

models of A549 in mice when administered intravenously, both directly and as liposomal 

formulation102.  Using a non-optimized dosing schedule, the agent was able to reduce tumor 

growth by 65% with less than 20% weight loss in test animals, which was reversible, 

without causing other signs of systemic toxicity.  It is possible that hMATE1-enhanced 

uptake into tumors contributes to the efficacy of compound 3.1 in vivo. 

A few cases have been reported of membrane transporters typically involved in 

drug elimination that may also enhance drug uptake into tumor tissue.  Organic cation 

transporters (hOCT, SLC22A) are an example of such a dual pharmacokinetic role184.  

hOCTs have been shown to enhance the cytotoxicity and efficacy of platinum-containing 

drugs183, 185.  For instance, in colorectal cancer tissue, high levels of hOCT assist in the 

cellular uptake of oxaliplatin, which has provided a rationale for the drug’s therapeutic use 

in this form of cancer186.  hMATE1 protein, which mediates efflux of substrate from 

polarized epithelial cells in excretory organs, may play a similar role by transporting 

substrates across the plasma membrane into cells162.  This has recently been demonstrated 

for the clinical kinase inhibitor imatinib (Gleevec) in chronic myeloid leukemia (CML) 

cells, which enhances the drug’s potency in this hematological cancer187.  Importantly, in 
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the same study hMATE1 expression levels have been validated as a predictor of 

interindividual differences in imatinib response and clinical outcome in CML patients187.  

These findings corroborate the critical role SLC transporters may play in mediating 

delivery of pharmacologically relevant levels of drug to diseased tissue188. 

 Finally, we provide proof-of-concept data to demonstrate that colorectal cancer 

cells treated with epigenetic drugs can be sensitized to compound 3.1 and that the enhanced 

cytotoxicity is caused by hMATE1-mediated drug accumulation.  A growing number of 

clinical and preclinical studies support the utility of co-administering cytotoxic drugs with 

epigenetic drugs (see also clinicaltrials.gov).  Liu et al.189 recently demonstrated that renal 

cell carcinoma (RCC) cells can be sensitized to oxaliplatin by pre-treatment with the 

hypomethylating agent decitabine, which promotes hOCT2 expression and oxaliplatin 

accumulation.  Another compelling case of epigenetic sensitization has been reported by 

Gardner et al.190 for the Schlafen-11 protein (SLFN11), a putative RNA/DNA helicase that 

acts as a sensor of replicative stress and tumor suppressor191.  In patient-derived small-cell 

lung cancer (SCLC) tissue, Schlafen-11, which sensitizes cancer cells to topoisomerase I 

poisons, was epigenetically silenced190.  Treatment with epigenetic drugs restores 

Schlafen-11 levels, which reverses resistance in SCLC and re-sensitizes cells to the drug 

topotecan190.  There also appears to be an epigenetic component to hMATE1 (SLC47A1) 

expression in SCLC192 (sclccelllines.cancer.gov).  Since topotecan is a substrate of 

hMATE1193, the  reported level of sensitization to the topoisomerase I poison in SCLC cell 

lines after treatment with EPZ-643851 may also reflect higher drug accumulation due to 

increased levels of hMATE1.  Using compound 3.1 as a cytotoxic component in similar 

combination regimens to treat SCLC and other cancers not responding optimally to our 
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hybrid agent (e.g., leukemias, colorectal cancer, ovarian cancer, see Figure 4.1), would be 

an attractive opportunity. 

 

4.3. Discussion 

The current study sheds light on the unique mechanism of action of a potent hybrid 

anticancer agent, which is structurally and functionally distinct from cytotoxic 

chemotherapies in clinical use.  These findings also underscore the importance of SLC 

transporters in mediating levels of clinically relevant drug activity irrespective of specific 

intracellular targets188.  Compound 3.1 has emerged from a pipeline of PAs that were 

designed based on the guiding principle that rapid formation of unique DNA adducts would 

overcome tumor resistance to DNA-targeted drugs, including platinum-based 

pharmaceuticals.  While DNA damage indisputably is the ultimate cause of cancer cell 

death produced by the hybrid agent, its low-nanomolar activity critically depends on a 

transport protein, which is an unprecedented feature among anticancer drugs in the NCI-

60 database.  Cancer cells overexpressing hMATE1 protein appear to be highly sensitive 

to compound 3.1 regardless of genetic background and phenotypic abnormalities179, 180.  

The membrane transporter controls the pattern of sensitivity with a high level of 

predictability reminiscent of targeted anticancer therapies92.  This unexpected feature may 

translate into new treatment modalities that specifically (i) overcome resistance observed 

with current cytotoxic drugs, (ii) exploit hMATE1 as a biomarker for personalized therapy, 

(iii) take advantage of efficient uptake to achieve clinically useful efficacy, and (iv) 

sensitize cancers to the hybrid agents by priming cancer tissue with epigenetic drugs.    
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 At physiological pH, compound 3.1 and its derivatives exist as 2+ charged, 

hydrophilic cations comprising a positively charged platinum(II) moiety and a protonated 

9-aminoacridine chromophore (pKa = 9–10)46.  In earlier work, we have demonstrated that 

the most potent platinum-acridines accumulate in NSCLC cells at a 60–100-fold faster rate 

than cisplatin45, which is consistent with efficient, transporter-mediated uptake.  The 

current study confirms this supposition and provides the mechanistic basis of this critical 

step in the mechanism of PAs.  High intracellular drug concentrations achieved by efficient 

transmembrane transport has the potential to outcompete common resistance mechanisms 

such as DNA repair181 and P-glycoprotein 1 (multi-drug resistance protein 1, MDR1, 

ABCB1)-promoted drug efflux182.  ABCB1 is the gene most negatively correlated with drug 

activity for doxorubicin (R = -0.65, NCI-60/COMPARE), which has been validated at the 

protein level194, but it ranks low in the corresponding gene set for compound 3.1 

(APPENDIX Table I.2).  Comparatively fewer examples exist of membrane transporters 

typically involved in drug elimination that may also enhance drug uptake into tumor tissue.  

Organic cation transporter 2 (hOCT2, SLC22A2) is an example of such a dual 

pharmacokinetic role184.  The major function of basolateral hOCT2-mediated cellular 

uptake, in concert with apical hMATE1-mediated cellular efflux, is the renal excretion of 

xenobiotics, including the (cationic) metabolites of platinum drugs195.  Disruption of this 

pathway may cause kidney and liver toxicity163, 196.  On the other hand, hOCTs have also 

been shown to enhance the cytotoxicity and efficacy of platinum-containing drugs183, 185.  

hOCT proteins, which are overexpressed in colorectal cancer tissue, assist in the cellular 

uptake of oxaliplatin, which has provided a rationale for the drug’s therapeutic use in this 

form of cancer186.  It is noteworthy to mention that NCI-60/COMPARE analyses do not 
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show any correlations between expression levels of SLC22A2 gene and oxaliplatin activity.  

This suggests that hOCT2 may not have the same level of predictive utility for global 

chemosensitivity to oxaliplatin as hMATE1 has for compound 3.1.  hMATE1 protein, 

which mediates efflux of substrate from polarized epithelial cells in excretory organs, also 

transports substrates across the plasma membrane in the opposite direction162.  Recently, a 

unique case of sensitization by this membrane transporter has been reported.  hMATE1 

promotes accumulation of the clinical kinase inhibitor imatinib (Gleevec) in CML cells, 

which enhances the drug’s potency in this hematological cancer187.  In the same study, 

hMATE1 expression levels have been validated as a predictor of interindividual differences 

in imatinib response and outcome in CML patients187.   

Compound 3.1 is the first chemotherapeutic agent for which bioinformatics and 

high-throughput screening tools have predicted an overexpressed transport protein as a 

target that confers a high level of chemosensitivity to cancer cells.  hMATE1 expression is 

high in most NSCLC cell lines (Figure 4.1c), which explains why the advantage of 

platinum–acridines over cisplatin and other cytotoxic agents was first noted in this 

aggressive type of cancer36.  The relevance of a potential dual pharmacokinetic role of 

hMATE1 in the uptake and extrusion of compound 3.1 remains to be investigated.  

Membrane transporters that mediate rapid uptake into tumors while also promoting 

efficient renal clearance may reduce side effects, such as nephrotoxicity, a common 

limitation of clinical platinum drugs197, and ultimately result in a more favorable 

therapeutic window for systemic treatment183.  Compound 3.1 has already demonstrated 

efficacy in A549 xenograft models in mice when administered intravenously, both directly 

and as liposomal formulation198.  Using a non-optimized dosing schedule, the agent was 
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able to reduce tumor growth by up to 65% with less than 20% weight loss in test animals, 

which was reversible, and without other signs of systemic toxicity.  These results indicate 

that the cytotoxicity of compound 3.1 in vitro in this hMATE1 expressing cancer also 

translates into promising efficacy in vivo.     

 Finally, we provide preliminary proof-of-concept data to demonstrate that 

colorectal cancer cells treated with epigenetic drugs can be sensitized to the cytotoxic 

effects of compound 3.1 and that the effect is caused by enhanced hMATE1 mediated drug 

accumulation.  A growing body of evidence supports the clinical utility of co-administering 

cytotoxic drugs with epigenetic drugs199, several of which have entered clinical trials as 

single treatments and combination therapies (see also clinicaltrials.gov).  Liu et al.189 

demonstrated that RCC cells can be sensitized to oxaliplatin by pre-treatment with the 

hypomethylating agent decitabine, which promotes hOCT2 expression and oxaliplatin 

accumulation.  While decitabine in the above study was itself quite cytotoxic and directly 

contributed to the synergistic RCC cell kill, we were able to achieve sensitization with 

nontoxic concentrations of the PRC2-directed inhibitors EPZ-6438 and EED226.  A 

compelling case of translatable epigenetic sensitization of a chemoresistant cancer has 

recently been reported by Gardner et al.190 for the Schlafen-11 protein (SLFN11), a putative 

RNA/DNA helicase that acts as a sensor of replicative stress and tumor suppressor191.  In 

patient-derived SCLC tissue, Schlafen-11, which sensitizes cancer cells to topoisomerase 

I poisons, was epigenetically silenced190.  SLFN11 is the gene most positively correlated 

with GI50 values for topotecan and irinotecan (R = 0.69) based on NCI-60/COMPARE 

analysis, which suggests it plays a similar dominant role in sensitizing cancer cells to 

topoisomerase I poisons as SLC47A1 does in sensitizing cancer cells to compound 3.1.  The 
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study demonstrates that treatment with epigenetic drugs restores Schlafen-11 levels, which 

reverses acquired resistance in SCLC and re-sensitizes cells to the drug topotecan190.  There 

also appears to be an epigenetic component to hMATE1 (SLC47A1) expression in SCLC192 

(sclccelllines.cancer.gov).  Since topotecan is a substrate of hMATE1193, the reported level 

of sensitization to the topoisomerase I poison in SCLC cell lines after treatment with the 

EZH2 inhibitor EPZ-6438 may also reflect higher drug accumulation due to increased 

levels of hMATE1.  Using compound 3.1 as a cytotoxic component in similar combination 

regimens to treat this highly aggressive form of lung cancer200 and other major forms of 

the disease currently not responding optimally to this compound (e.g., leukemias, ovarian 

cancer), would be an attractive opportunity.  

 

4.4. Conclusion 

In this study we demonstrated that the mechanistic differences between a PA hybrid agent 

and classical platinum drugs extend far beyond the DNA damage and the cellular response 

they cause.  These differences render compound 3.1 a truly unique cytotoxic agent and 

provide a strong rationale for its clinical development, especially as a component of 

personalized combination regimens.  Compound 3.1 may be a valuable personalized 

treatment option for hMATE1 expressing tumors that are inherently insensitive to current 

chemotherapies or as second-line therapy in tumors that have acquired resistance to 

conventional regimens.  Using hMATE1 as a pan-cancer biomarker to identify tumors that 

are likely to respond to this agent has emerged as a unique opportunity.  The 

chemosensitizing properties of hMATE1 in combination with its epigenetic regulation may 

present a new strategy for tackling intractable tumors with platinum–acridines and other 
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oncology drugs targeting this membrane transporter.  Recent reports of hMATE1 

expression in pulmonary epithelial cells201, skin202, and the blood–brain barrier203, 204 

amplify the promise of introducing compound 3.1 for specific applications in targeted 

cancer treatment. 

 

4.5. Experimental Section 

4.5.1. Compound screening 

Compound 3.1 was tested by the NCI Developmental Therapeutics Program in a panel of 

59 cancer cell lines in a one-dose screen at 10 M test compound and in five-dose screens 

over a concentration range of 10– 4 to 10– 8 M.  Five-dose screens were performed in 

duplicate.  Reported GI50 values and the chemosensitivity profiles (mean graph) are means 

of the two experiments.  All correlation analyses were based on GI50 assay endpoints91.   

 

4.5.2. Correlation and gene set overlap analysis  

Comparative analysis of NCI-60 activity profiles based on GI50 end points was performed 

with the COMPARE analysis tools157 (dtp.cancer.gov/private-compare) versions 

20190306 and 20190828.  Both the Standard Agents and Marketed Drugs databases were 

searched using GI50 values as the endpoint and the following parameters: min. Pearson 

correlation coefficient, R = 0.0; min. number of common cell lines in seed and target vector, 

55 or 56; min. standard deviation for seed and target vector, 0.05; number of results, 2000.  

Correlations between GI50 values and gene expression patterns based on transcript levels 

(z-scores) from 5 different microarray platforms were analyzed in a similar manner for a 
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total of 58 cell lines with a minimum correlation of R = ± 0.30 (for N = 58, R = ± 0.259 is 

statistically significant at p < 0.05).  The CellMiner tool205-207 was used to compare the 

gene expression, DNA copy number alteration, and DNA methylation status for SLC47A1 

across NCI-60 cell lines (database version 2.2, https://discover.nci.nih.gov.cellminer; 

human genome version HG19, number of genes: 25683).  Correlation analysis of SLC47A1 

transcript levels (average log2 intensities) and DNA methylation (scores 0–1 for 

completely unmethylated to completely methylated gene promoters) was done with 

CellMinerCDB48 (version 1.1; discover.nci.nih.gov/cellminercdb), which implements the 

GDSC (Sanger Institute) cell line set and databases.  Correlations between ad-hoc defined 

gene sets and the MSigDB gene sets encompassing a total of 38055 genes were calculated 

using hypergeometric distribution analysis with a false discovery rate q-value < 0.05 (gsea-

msigdb.org)94. 

 

4.5.3. Drugs, reagents, siRNA, and antibodies 

Compound 3.1 was synthesized according to a published procedure13 (analytical purity > 

97% for NCI-60 and all cell-based assays).  All biological assays were performed with 

appropriately (serially) diluted 10 mM stock solutions of compound 3.1 in 

dimethylformamide (DMF).  DMF controls were included in all experiments to confirm 

that the solvent had no effect on cell viability and other assay parameters.  The epigenetic 

drugs, EED226 (HY-101117), tazemetostat (EPZ-6438) (HY-13803), valproic acid (HY-

10585) and decitabine (HY-A0004) were purchased from MedChemExpress (Monmouth 

Junction, NJ, USA). Pyrimethamine (46706), phenazine methosulfate (PMS, P9625), and 

bovine serum albumin solution (BSA, A8412) were purchased from Sigma Aldrich (St. 

https://discover.nci.nih.gov.cellminer/
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Louis, MO, USA).  MTS reagent was purchased from Promega (G1112) (Madison, WI, 

USA).  RIPA buffer (89901), protease inhibitor mix (87785), and BCA Protein Assay Kit 

(23227) were purchased from Thermo Fisher (Waltham, MA, USA).  Lipofectamine 

transfection reagent, RNAiMAX, was purchased from Invitrogen (13778100) (Carlsbad, 

CA, USA). Opti-Mem reduced serum media was purchased from Gibco (31985062) 

(Gaithersburg, MD, USA). 

The hMATE1 (SLC47A1)-specific pre-designed siRNA and scrambled RNA 

controls were purchased from Thermo Fisher (Life Sciences Solutions, Carlsbad, CA, 

USA): (I) Silencer siRNA, ID: 140539; sense: 5´-CCGAGACAUCAUUAAUCUGtt-3´, 

antisense: 5´-CAGAUUAAUGAUGUCUCGGtc-3´; (II) Silencer Select siRNA1, ID: 

s30533; sense: 5´-CAAACUUGAUUUCCCAGUAtt-3´, antisense: 5´-

UACUGGGAAAUCAAGUUUGcc-3´; (III) Silencer Select siRNA2, ID: s30534; sense: 

5´-GAUCGUAACUGGAGUUGCAtt-3´, antisense: 5´- 

UGCAACUCCAGUUACGAUCtg-3´;  (IV) Scrambled siRNA control: Silencer Negative 

Control #3 siRNA (AM4615); (V) Silencer Select Negative Control #1 siRNA (4390843). 

Antibodies were purchased from the following suppliers and used at the indicated 

dilutions: anti-MATE1 (SLC47A1) antibody (Abcam, ab104016, immunoblotting, 1:1,000), 

anti-GAPDH antibody (Bethyl, A300-639A-M, immunoblotting, 1:1,000), goat-anti-rabbit 

IgG-HRP secondary antibody (Thermo Fisher, G-21234, immunoblotting, 1:10,000), anti-

hMATE1 (SLC47A1) antibody (Thermo Fisher, PA5-25272, immunofluorescence, 1:300), 

goat-anti-Rabbit IgG Alexa Fluor-635 secondary antibody (Invitrogen, A-31576, 

immunofluorescence, 1:400). 
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4.5.4. LC-MS analysis 

The chemical compatibility of pyrimethamine and compound 3.1 was tested in PBS-

buffered solution at 37 °C for 72 hours. Prior to LC-MS analysis, buffer salts were removed 

using Pierce C18 spin columns (Thermo Fisher, Cat. No. 89870) and samples were 

redissolved in HPLC grade solvent. LC-MS profiles were analyzed on a Bruker Amazon-

SL LC-MS system equipped with an electrospray source using an Agilent ZORBAX SB-

C18 analytical column (5 mm, 4.6 × 150 mm, PN 883975-902).  Unlike the sulfur-

containing hMATE1 inhibitors cimetidine and famotidine208, pyrimethamine did not 

undergo undesired ligand substitution chemistry with compound 3.1 (data not shown).  

 

4.5.5. General cell culture maintenance 

The human cell lines, A549 (lung adenocarcinoma, doubling time 21 h) and HCT-116 

(colorectal carcinoma, doubling time 17 hours) were obtained from the American Type 

Culture Collection (ATCC) (Manassas, VA, USA).  A549 cells were cultured in 

DMEM/F12K media (Thermo Fisher, 11330-032) supplemented with 10% FBS (Thermo 

Fisher, A3160601) and 10% penstrep (Thermo Fisher, 15070-063), unless stated otherwise.  

HCT-116 cells were cultured in RPMI 1640 (Gibco, A10491-01) with the same additives 

as above.  Cells were incubated at a constant temperature at 37 °C in a humidified 

atmosphere containing 5% CO2 and subcultured every 2–3 days to maintain cells in 

logarithmic growth. All experiments used cells with passage numbers of less than 20. Cells 

were tested periodically for mycoplasma infections using Hoechst 33258 DNA staining.   
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4.5.6. Uptake of compound 3.1 studied by confocal fluorescence microscopy 

Images were collected on a LSM 880 Confocal Microscope (Carl Zeiss Microscopy) using 

a 63/1.4 NA Plan-Apochromatic objective.  To allow comparative fluorescence intensity 

analysis, excitation power, pinhole settings, PMT gain, and offset values across and within 

imaging sessions for each respective channel were not changed.  Zen software 2.5 (blue 

edition, Carl Zeiss Microscopy GmbH, 2018) was used for image processing.  Panels were 

assembled and annotated without any additional enhancements of images, unless explicitly 

stated, in Adobe Photoshop CC, version 2017.1.1. 

For transporter inhibition assays, cells were seeded into 35-mm poly-D-lysine-

coated glass bottom dishes (MatTek Corporation, Ashland, MA, USA) at a density of 105 

cells/mL in 2 mL of medium per dish.  Cells were allowed to attached overnight prior to 

pre-treatment with 10 M pyrimethamine or vehicle for 20 minutes and subsequent 

treatment with 10 M compound 3.1 for 4 hours.  Medium was removed and dishes were 

washed 3 times with 1 mL of pre-warmed PBS buffer.  Cells were then fixed with 4% 

formaldehyde in PBS (Thermo Fisher) for 15 minutes at room temperature and washed an 

additional 3 times with PBS before imaging.  The fluorescence of acridine was excited with 

a 405 nm (15 mW) laser at 4.4% and collected between 405-481 nm.  The intensity of 

acridine-related fluorescence in treated cells was estimated by drawing a region of interest 

(ROI) around each cell, with the bright-field images assisting in identifying the cell 

perimeter.  Signal intensities are averages from all pixels in the ROI minus the background 

fluorescence.  A total of more than 100 individual cells across 4 views of 2 independent 

experiments were analyzed in this fashion.  Automated quantification of fluorescence 
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intensities was also performed using CellProfiler 3.0 with similar results (data not 

shown)209. 

For RNAi knockdown of hMATE1 (SLC47A1) in imaging assays, A549 cells were 

harvested from T-75 cell culture flasks and seeded on a 6-well plate at a density of 150,000 

cells per well.  Silencer Select siRNA1, Silencer Select siRNA2, and scrambled siRNA 

(Silencer Select Negative Control #1) were thoroughly mixed with RNAiMAX in Opti-

Mem media according to manufacturer’s protocol and added to each well.  Cells transfected 

at a final siRNA concentration of 20 nM for 48 hours at 37 °C were detached with trypsin 

and subcultured at a 1:2 ratio into 35 mm MatTek plates and allowed to attach overnight.  

Cell culture medium was replaced and supplemented with 10 M compound 3.1, and 

dishes were incubated for 4 hours at 37 °C.  Cells were fixed with 4% formaldehyde, 

permeabilized with 0.5% Triton X-100, washed with PBS, incubated with 7.5% BSA) for 

30 minutes at room temperature, and incubated with appropriately diluted primary antibody 

in 1% BSA for 1 hour at room temperature.  After the cells were washed with PBS, they 

were incubated with the secondary antibody (Goat-anti-Rabbit IgG Alexa Fluor-635), 

diluted in 1% BSA (1:400 anti-rabbit) for 1 hour at 37 °C. After three PBS washes, samples 

were imaged immediately or stored in PBS at 4 °C for further testing. 

For sensitization assays, HCT-116 cells were harvested from T-75 flasks and 

seeded on 24-well plate with glass-like polymer bottom (P24-1.5P, Cellvis, Sunnyvale, CA) 

with 25,000 cells per well and allowed to attached overnight.  Single drugs or drug 

combinations were tested in this assay at final concentrations of 2.5 M EED226, 2.5 M 

EPZ-6438, 500 M valproic acid, and 10 M decitabine (see assay layout 1, AL1, in the 

Supplementary Information).  Cells were incubated at 37 °C for 72 hours.  Each well was 
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replaced with fresh medium supplemented with 10 M compound 3.1, and incubation was 

continued for 4 additional hours.  Each well was washed with 3 times with warm PBS, 

before cells were fixed with 0.5 mL of 4% formaldehyde at room temperature for 15 

minutes.  After 3 PBS washes, plates were immediately imaged or stored at 4 °C until 

analyzed.  Subsequent incubations of HCT-116 cells at escalating doses of EED226 and 

EPZ-6438 were performed analogously (see L.2 in the APPENDIX). Representative 

conditions that were screened for expression levels of hMATE1 were determined by 

immunofluorescence with anti-hMATE1 antibody as described in RNAi knockdown 

experiments.  

 

4.5.7. Uptake of compound 3.1 studied by ICP-MS 

Protocols for the quantification of intracellular platinum–acridines by ICP-MS have been 

described previously46.  Briefly, cells collected from the transporter inhibition and 

hMATE1 knockdown assays (see below) were pelleted and homogenized by microwave-

assisted digestion (ETHOS UP Milestone, Sorisole, Italy) in a mixture of dilute, trace-

metal grade HCl and HNO3.  Standard curves appropriate for quantification of platinum in 

specified uptake assays were generated using concentrations of 0 ppt, 20 ppt, 50 ppt, 100 

ppt, 200 ppt, and 500 ppt of a diluted Pt standard (High-Purity Standards, Charleston, SC, 

USA).  An 8800 Triple Quadrupole ICP-MS spectrometer (Agilent, Tokyo, Japan) 

equipped with a SPS 4 automatic sampler, a Scott-type double pass spray chamber operated 

at 2°C, and a Micromist concentric nebulizer was used for analysis.  Helium gas (99.999% 

purity, Airgas, Colfax, NC, USA) was used in the collision/reaction cell to minimize 

potential spectral interferences while monitoring the isotope 195Pt.  
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For transporter inhibition assays, 700,000 A549 cells in 2.5 mL of F12K media 

(ATCC 30-2004), supplemented with 10% FBS, and 10% penstrep, and 10% L-glutamine 

(Thermo Fisher, 25030-081), were seeded into T-25 flasks and allowed to attach overnight.  

Cells pre-treated with 100 nM pyrimethamine for 25 minutes and untreated cells were then 

dosed with 100 nM compound 3.1 for 3 hours.  After treatment, medium was aspirated, 

and cells were washed 3 times with fresh media. Trypsin was added to detach cells, and 3 

mL of fresh media were added to each flask to collect the cell suspensions, which were 

pelleted by centrifugation at 250  g for 3 minutes.  After the supernatant was aspirated, 

pellets were washed with 3 mL of PBS solution twice and centrifuged again at 250  g for 

3 minutes.  Pellets were stored at -80 °C until analyzed by ICP-MS.  The assay was 

performed in triplicate for each treatment group.  

For uptake studies after hMATE1 (SLC47A1) knockdown, A549 cells were 

reverse-transfected with Silencer Select siRNA1 or Silencer Select Negative Control #1 

scrambled RNA for 48 hours using the RNAiMAX system in Opti-Mem media.  Media 

was replaced with fresh antibiotics-free DMEM/F12K medium and incubation was 

continued for an additional 24 hours.  Cells were then incubated with 100 nM compound 

3.1 at 37 °C for 4 hours, and cell pellets were prepared as described above.  The assay was 

performed in triplicate for each treatment group.  Microwave digestions and ICP-MS 

analysis for Pt were performed as described above.  
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4.5.8. Cell proliferation assays 

The cytotoxicity studies were carried out on nonpyrogenic polystyrene 96-well cell culture 

plates (Corning Inc., Corning, NY, USA) according to a standard protocol35 using the 

colorimetric Celltiter 96 AQueous Non-Radioactive Cell Proliferation Assay (Promega, 

Madison, WI, USA).  Relative cell viability was determined from the viability of treated 

and untreated (control) cells.  IC50 values were calculated from sigmoidal curve fits of 

log[compound 3.1] vs. response in GraphPad Prism 7 (GraphPad Software, San Diego, CA, 

USA).  For the number of replicates and level of significance in each assay, see figure 

captions in the Results section and information in specific sections below. 

In pyrimethamine competition assays, A549 cells were seeded at a density of 5000 

cells per well and allowed to attach for 24 hours. Cells were then pre-treated with 10 or 

100 nM pyrimethamine for 20 minutes and subsequently incubated with 100 nM compound 

3.1 or DMF-containing media (control) for 72 hours.  No-treatment controls were also 

included.  Assays were run in duplicate with 6 replicates per plate.  Cell viability was 

assessed as described above. 

Cell viability in RNAi knockdown assays was assessed by transfecting A549 cells 

on 96-well plates using a reverse transfection protocol. Briefly, Silencer siRNA, scrambled 

RNA (Silencer Negative Control #3 siRNA), and lipofectamine (RNAiMAX) were diluted 

with Opti-Mem prior to mixing in each well to generate a final siRNA concentration of 10 

nM.  Mixtures were incubated for 20 minutes at room temperature.  Cells were then seeded 

into new wells in DMEM/F12 medium without antibiotics at a density of 5000 cells/well, 

incubated in the presence of transfection reagent for 24 hours at 37 °C in 5% CO2, and 

finally treated with compound 3.1 at fixed concentrations of 100 nM or 1 M (or DMF-
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containing media in control groups) for an additional 24 or 48 hours.  Cell viability after 

48 and 72 hours was assessed as described above.  

In HCT-116 sensitization experiments, cells were seeded at a low density of 1100 

cells/well in 100 L of media and allowed to attach overnight.  Medium in each well was 

replaced with fresh medium containing a combination of EED226 and EPZ-6438 to 

generate final concentrations of 2.5 and 5 M of each drug.  Medium supplemented with 

epigenetic drugs was replaced every 24 hours and finally removed after 72 hours to begin 

treatment with compound 3.1 at concentrations of 1 M and 10 M for an additional 72 

hours. Cell viability after 72 hours was assessed as described above.  

 

4.5.9. Immunoblotting 

Cells were lysed in RIPA buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% 

sodium deoxycholate, 0.1% SDS) according to the manufacturer’s protocol.  RIPA buffer 

was supplemented with protease inhibitors.  Plated cells were washed twice with ice-cold 

PBS buffer and then lysed with cold RIPA buffer for 30 min on ice with occasional swirling.  

Lysed cells were collected with a cell scraper and transferred into a 15 mL microcentrifuge 

tube. Cell lysates were then sonicated using a Branson Digital Sonifier 450 (settings: 10% 

pulse, 1 second on/1 second off, for 20 seconds) and centrifuged at 14,000 × g for 15 

minutes at 4 °C. Total protein concentrations were quantified using a BCA Protein Assay 

Kit.  

Protein samples were denatured by incubation in a sample buffer (Thermo Fisher, 

39001) supplemented with DTT (50 mM) at 46 °C for 30 min.  Equal amounts of total 
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protein were loaded per lane and separated by SDS-polyacrylamide electrophoresis in 4-

15% Mini-PROTEAN TGX Precast Protein Gels (Bio-rad, 456-1083) in Tris-glycine SDS 

buffer (Fisher, BP13414) (30 min at 50 V and 30 min at 120 V). The proteins were wet-

transferred to nitrocellulose membranes (Advansta, San Jose, CA, USA, L-08002-010) (2 

hours at 100 V) (transfer buffer: 25 mM Tris-base, 190 mM glycine, 20% methanol. 

adjusted to pH 8.3). Membranes were then (i) blocked in TBST buffer (20 mM Tris, 150 

mM NaCl and 0.05% Tween 20, adjusted to pH 7.6, 5% non-fat milk) at room temperature 

for 1 hour, (ii) incubated with primary anti-MATE1 antibody or GAPDH antibody in TBST 

buffer (2% non-fat milk) at 4 °C overnight, (iii) washed 4 times for 5 minutes with TBST 

buffer and incubated with goat-anti-rabbit IgG-HRP secondary antibody in TBST buffer 

(2% non-fat milk) at room temperature for 1 hour, (iv) washed with TBST 4 times for 5 

minutes, and (v) finally incubated with SuperSignal West Pico PLUS Chemiluminescent 

Substrate (Thermo, 34580) at room temperature for 5 minutes. The protein bands were 

visualized alongside prestained protein ladder (PageRuler, Thermo Fisher) using an 

Amersham Imager 600 (GE Healthcare).  Band intensities were integrated using Image J 

(version 1.52a, National Institutes of Health, Bethesda, MD).   

To generate sufficient cell-free extract for Western blot analysis accompanying 

knockdown experiments, A549 cells were seeded at a density of 150,000 cells per well on 

6-well plates, and transfections were performed with an optimized siRNA concentration of 

2.5 nM.  Likewise, to quantify hMATE1 (SLC47A1) in epigenetic sensitization assays, 

100,000 HCT-116 cells were seeded into 60-mm dishes and treated with a 2.5 M or 5 M 

mixture of EPZ-6438 and EED226.  Cell lysates were generated in both cases as described 

above. 
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4.5.10. Statistical analysis 

Statistical significance of experimental results for two-sample group comparisons was 

determined with a two-tailed Student t-test.  One-way ANOVA with a Bonferroni test and 

95% confidence intervals was used for comparisons of three or more sample groups with 

one independent variable (GraphPad Prism 7, GraphPad Software, San Diego, CA, USA). 
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CHAPTER V 

SUMMARY AND OUTLOOK 
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5. Summary and Outlook  

Inspired by the urgent need for new generations of cytotoxic oncology drugs, 

platinum−acridines (PAs) were initially designed to overcome the drawbacks of cisplatin 

and its derivatives, which are still widely used to treat solid tumors worldwide68.  Although 

PAs and cisplatin share one common feature—the ability to form adducts with the purine 

bases of DNA—PAs show a distinctly different mechanism at the cellular level32, 130.  

During extensive structure–activity relationship (SAR) studies, several types of PAs were 

found to be highly active at low-nanomolar concentrations in historically difficult to tackle 

solid tumors49.  In A549 xenografts, a model of highly aggressive non-small-cell lung 

cancer (NSCLC), PAs showed significant reduction of tumor growth102.  These 

observations are promising because new chemical entities that are able to achieve this by 

a unique mechanism of action may provide novel therapeutic strategies.  In order for PAs 

to be considered for further clinical development, their mechanism of action must be fully 

understood, and their drug-like properties must be improved.  Recent advances in chemical 

biology and pharmacogenomics techniques now allow us to study the mechanism of 

anticancer drugs in great detail.  Widely utilized bioorthogonal coupling and click 

chemistries provide us with tools to perform mechanistic studies with structurally 

minimally altered drug surrogates.  Furthermore, drug screening against libraries of cancer 

cell lines provides a large body of information that may be used in combination with 

bioinformatic tools and statistical analysis to profile drug activity and mechanism in unique 

ways.  In this dissertation three high-priority questions related to the pharmacology and 

mechanism of action of PAs were addressed.   
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Bioconjugates: making PAs safer: Antibody–drug conjugates17 play a major role 

in targeted therapy due to their high selectivity and affinity in binding with specific 

antigens that are expressed on cancer cells, hence they are now being used as a delivery 

platform for highly cytotoxic agents via the circulatory system.  PAs can potentially be 

exploited as warheads in ADC payloads because they are several orders of magnitude more 

active than other platinum-based agents.  On the other hand, protein carrier can also 

dramatically improve the pharmacokinetics and reduce toxic side effects compared to the 

systemically administered parent drug.  This would be a useful application as safety 

concerns remain with the direct systemic delivery of PAs102.  However, a potential 

challenge with extending this delivery concept to PAs is the chemical reactivity of the 

electrophilic metal.  The chemically labile chlorido ligand in PAs is prone to attack by 

many nucleophiles under physiological conditions, such as cysteine and histidine154.  

Introducing a protein carrier without compromising the structure and potency of the drug 

molecule is a critical requirement.  In Chapter II, a proof of concept study was performed 

to assess the feasibility of delivering PAs using recombinant human serum albumin (rHSA) 

as a model protein.   A PA was redesigned to allow introduction of a DBCO-PEG4-

maleimide linker through strain-promoted click chemistry.   The maleimide moiety was 

chosen to selectively modify the only free (reduced) cysteine residue 34 (C34) in HSA 

through Michael addition chemistry.  The payload (2.1) and its maleimide linker-modified 

analogs 2.2 and 2.3 were first treated with glutathione to test the relative reactivities of the 

Pt and maleimide groups with biological thiols.  Importantly, platinum did not compete 

with the cysteine–maleimide addition reaction, which is essential to keep the payload 

structure intact.  The payload compounds were further conjugated with rHSA and purified 
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by size exclusion column.  Deconvoluted mass spectra were obtained for rHSA-2.2 and 

rHSA-2.3 with ESI-ToF-MS which demonstrated that the intact protein was successfully 

modified with the payloads through maleimide addition to C34.  Furthermore, the intact 

coordination sphere around platinum in the bioconjugate was confirmed by HSQC NMR 

spectroscopy based on 15N chemical shifts.  To confirm the exact binding site, a tryptic 

digest of the conjugate was subjected to analysis by LC-HRMS and tandem MS.  

Importantly, a 21-amino acid fragment was identified in which the sulfhydryl group of C34 

through the maleimide group.  The rHSA conjugate showed successful internalization into 

SK-MEL-2 cells and accumulated in cytoplasmic vesicles at significantly higher levels 

than the parent drug (compound 2.1).   

DNA adducts: finding a needle in a haystack: Evidence from previous mechanistic 

studies strongly argued that nuclear DNA is the principal target of PAs and that the damage, 

if not repaired, will lead to lethal DNA double-strand breaks during replication44.  Recent 

fluorescence imaging47 as well as chemogenomic screening131 suggested that PA adducts 

in the ribosomal DNA (rDNA) transcribed by RNA pol I in the nucleolus may play a role 

in the cell kill mechanism.  In Chapter III a new strategy was developed, coined ADAPT 

for Adduct Detection After Post-Labeling Technique, to shed light on the damage inflicted 

by PAs on genomic DNA.  One of the most active PA derivatives was modified with a 

structurally minimally invasive azide linker to turn the drug into a chemical probe.  This 

design allows the detection of the DNA adducts with a biotinylating agent, DBCO-PEG4-

BIOTIN, through strain promoted click chemistry.  Biotinylated DNA can be affinity 

captured on streptavidin-coated beads and enriched for downstream analysis.  This 

technique would provide direct evidence for the formation of covalent, permanent adduct 
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by PA within genomic target sequences.  Chapter III first validated the DNA binding mode 

of APA and the post-labeling step in model sequences at atomic resolution after 

endonuclease digestion of the modified DNA.  LC-MS coupled with tandem MS identified 

three critical Pt-modified and biotinylated DNA fragments, G*, 5´-TpG*-3´ and 5´-

GpTpG*-3´, and confirmed the successful chemical labeling through bioorthogonal 

chemistry with the newly designed probe under physiological condition.  The affinity 

capture step was validated and optimized in a series assays using full-length, linearized 

plasmid DNA, restriction enzyme-digested plasmid, and short duplexes of a DNA ladder. 

We then applied ADAPT, coupled with quantitative PCR analysis, to screen the entire 43 

kb rDNA repeat as well as other regions of genomic DNA using selected gene-specific 

primer sets.  The PCR results support our hypothesis that ribosomal DNA is particularly 

prone to PA damage.   

A membrane transporter dominates the biological profile of PAs.  COMPARE 

analysis of the cytotoxicity profile of a most active PA derivative in the NCI-60 screen and 

microarray gene expression data for the cell lines reveals a high positive correlation 

between drug response and expression levels of the SLC47A1 gene.  This is an unexpected 

observation since the protein encoded by SLC47A1, multi-drug and toxin extrusion protein 

1, MATE1, is a plasma membrane-bound transporter known for the cellular export and 

renal clearance of toxins161, 162.  The experiments described in Chapter IV were able to 

validate MATE1’s role in the cellular uptake of PA derivative 3.1 and as a predictor of 

pan-cancer chemosensitivity.  The data also suggest that SLC47A1/MATE1 may serve as 

a biomarker and actionable target for personalized treatment with PAs. Transporter 

inhibition assays and transient SLC47A1/MATE1 knockdown by RNA interference (RNAi)  
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independently validated the role of the membrane transporter, which was confirmed by 

several analytical techniques and cell-based assays, including ICP-MS, fluorescence 

imaging/immunocytochemistry, Western blot analysis, and cell proliferation assays. 

Biomarker SLC47A1: actionable target for epigenetic priming? The unique of 

role of MATE1 in facilitating PA uptake, and the observation that expression of this gene 

is epigenetically silenced in many cancers, prompted us to explore if epigenetic drugs can 

sensitize naturally more resistant cancers to PAs.  Using HCT116 colorectal cancer cells, 

in which MATE1 is epigenetically repressed, and the above range of techniques, we 

demonstrated that the polycomb repressive complex-2 (PCR2)-targeted epigenetic drugs 

tazemetostat and EED226 sensitize the cells to compound 3.1 by reversing MATE1 

repression.  We concluded that this unprecedented mechanism may have applications as a 

personalized biomarker-driven combination treatment to combat multidrug resistance in 

stem-like cancers.    

Outlook: Each of the three studies reported in this dissertation has provided 

groundbreaking insight into the molecular mechanism and cellular pharmacology of PAs 

and inspired new directions for future research.  

The proof-of-concept study on bioconjugation with HSA proved that a PA can be 

incorporated into protein carriers through a non-cleavable linker.  Efficient release of drug 

from ADCs is accomplished with enzymatically cleavable or chemical stimulus-sensitive 

linkers126.  Thus, future studies will explore the use of such entities in analogous conjugates 

of PAs.  Additionally, since Pt(II)-based warhead may be too reactive for applications that 

require enhanced circulatory stability (such as ADCs), it may be beneficial to introduce the 

oxidized, Pt(IV)-containing inert prodrugs of PAs as payloads.  Because Pt(IV) prodrugs210 
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undergo reductive elimination of two trans ligands in the reducing environment of cancer 

cells, attaching the linker to one of these axial positions provides a unique mechanism of 

cytotoxic warhead release.  These studies are currently underway.  

Thus far, ADAPT−qPCR proved to be useful for confirming PA−DNA damage for 

which circumstantial evidence already existed.  Future work should design an ADAPT-seq 

method, which takes advantage of next-generation sequencing to study the damage caused 

by PAs genome-wide and in a less biased fashion.  Using ADAPT-seq, one might be able 

to collect and analyze enriched samples and profile global DNA damage by PAs under 

various conditions, in the presence or absence of certain stimuli, different cell states, 

different cell lines, tissues, animal models, clinical biopsies, etc.  This might uncover many 

unknown cellular targets and inform new therapeutic strategies.  Furthermore, the current 

ADAPT was designed to affinity-capture genomic Pt−DNA adducts.  If the Pt−DNA 

adducts are bound by proteins, it should be possible to pull-down the protein−Pt−DNA 

complexes with ChIP−ADAPT−seq or ADAPT−ChIP−seq, depending on the proposed 

binding mode.  Combining ADAPT with immunoprecipitation may provide insight into 

the processing and repair DNA damaged by PAs.  

The discovery of SLC47A1/MATE1 expression as the dominating factor 

controlling cancer cell sensitivity to PAs has inspired novel approaches for PA-based 

therapy.  The synergistic effect observed between epigenetic drugs and PAs should be 

further studied in additional cancer models (including cancer stem cells).  It should also be 

confirmed using genomics techniques (RNAi, CRISPR-Cas9) that PRC2 is the actual 

mediator of SLC47A1 repression and its inhibition a direct cause of the chemosensitization 

observed with epigenetic drugs.  Once completely validated, the concept should be tested 
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in animal models.  Exploiting SLC47A1/MATE1 as a biomarker to identify patients that 

might benefit from treatment with PAs or a combination of PAs and ‘epi’ drugs is an 

intriguing opportunity.  Finally, future studies will use structural biology and biophysical 

tools to gain insight into the factors that control the selective transport of PA by MATE1.    

In this context, a recent study138 demonstrates that two enantiomeric forms of a chiral PA 

show distinctly different levels of cellular accumulation, which suggests that specific 

binding interactions between the drug and the transporter must exist.  A better 

understanding of what causes this chiral discrimination and knowledge of the molecular 

mechanism of MATE1 transport will be helpful in designing more effective PAs.   
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APPENDIX 

APPENDIX A. NMR SPECTROSCOPY 

 

 

Figure A.1. 1H NMR spectrum (300 MHz, DMF-d7) of compound 2.1´.  The asterisk 

indicates residual solvent (EtOH). 

  

 



189 
 

 

 

Figure A.2. 1H-NMR spectrum of APA. 
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APPENDIX B. LC-MS SPECTROSCOPY 

 

 

Figure B.1. LC-ESI-MS analysis of compound 2.1´. 
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Figure B.2. LC-ESI-MS analysis of compound 2.2. 
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Figure B.3. LC-ESI-MS analysis of compound 2.3. 
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Figure B.4. LC-ESI-MS analysis of compound 2.3´. 
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Figure B.5. Stability of compound 2.1´ in saline (pH 5.5, A) and 10 mM Tris buffer/0.9% 

NaCl (pH 7.0, B) confirmed by LC-MS after incubation for 16 h at 37 °C.   
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Figure B.6. Stability of compound 2.1 in 50 mM ammonium bicarbonate (pH 8.0) 

monitored by LC-MS for 16 h.  Note that only a trace of the intact chlorido form of 2.1 

(fraction 3) is detected after 16 h of continuous incubation in this buffer along with 

decomposition products resulting from substitution of the chloro leaving group.  When 

used as a volatile MS-compatible buffer system, the pH was adjusted to 7.0 to improve the 

stability of platinum under the respective assay conditions. 
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Figure B.7. (A) Reaction of compound 2.1´ with glutathione (GSH, 1 eq) in PBS (pH 7.4, 

24 h, room temperature) monitored by LC-MS. (B) Structural assignment of major product 

fractions (1 and 3) and m/z values for molecular ions identified in MS spectra.  Fraction 2 



197 
 

(minor) indicates release of amidine-linked acridine from platinum by the sulfur donor.  To 

facilitate interpretation of the 2-D HSQC NMR data in Figure S7, reactions were performed 

with the 15N-labeled compound 2.1´ instead of compound 2.1. 
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B 

 

Figure B.8. (A) Clean conversion of compound 2.3 (fraction 2, m/z [M]+ = 1397.7) with 

glutathione (GSH, 1 eq) to the maleimide adduct (fraction 1) in PBS (pH 7.4, 1 h, room 

temperature) monitored by LC-MS. (B) Structure of the maleimide adduct with assignment 

of m/z values for the molecular ion identified in MS spectra. 
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Figure B.9.  Instability of the monochlorido Pt(II) moiety in 2.1 in the presence of reducing 

agents TCEP (A) and DTT (B) confirmed by LC-MS (10 mM Tris, 0.9% NaCl, pH 7.0, 2 

h, 37 °C ).  Major reaction products are shown as insets and relevant ions (m/z) are 

highlighted. 
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Figure B.10. LC-MS analysis of APA.  
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APPENDIX C. CONFOCAL IMAGING  

 

 

 

 

Figure C.1. Confocal microscopy image of HCT-116 cells growing in monolayer.  Cells 

were primed with 5 M EPZ-6438/EED226 (1:1) for 72 h before treatment with 

compound 3.1.  Blue fluorescence associated with compound 3.1 is localized to 

cytoplasmic vesicles and the plasma membrane.   
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Figure C.2. Pre-screening of HCT-116 colon cancer cells for the effects of epigenetic 

drugs on cell viability and accumulation of compound 3.1.  Cells were treated with single 

drugs or combinations of up to four epigenetic drugs at 2.5 M for 72 hours.  Cells were 

then fixed and imaged in the bright-field and blue fluorescence channels.  (A) Bright-field 

images show intact monolayers of viable cells after incubation with EPZ-6438 and 

EED226 similar to DMSO-treated cells (control) but show changes in morphology and cell 

death after treatment with valproic acid and decitabine (only selected images of single 

treatments are shown).  (B) Treatment at 2.5 M EPZ-6438 and EED226, or a combination 

of the two drugs, for 72 hours leads to enhanced cellular accumulation of compound 3.1, 

based on increased acridine-associated blue fluorescence localized to regions previously 

identified as vesicular structures (see the main text).  Scale bars in (A) and (B) are 20 m. 
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APPENDIX D. TABLES FOR ION SERIES FOR RHSA DIGESTION STUDY 

 

Table D.1. Ion series for 21-amino acid peptide from rHSA modified with payload 2.3 (b 

ions) 

 

 

 

 

 

 

 

 

 

#1 Seq. b⁺ b²⁺ b³⁺ b⁴⁺ b⁵⁺ 

1 A 72.04440 36.52584 24.68632 18.76656 15.21470 

2 L 185.12847 93.06787 62.38101 47.03757 37.83151 

3 V 284.19689 142.60208 95.40381 71.80468 57.64520 

4 L 397.28096 199.14412 133.09850 100.07570 80.26201 

5 I 510.36503 255.68615 170.79319 128.34671 102.87883 

6 A 581.40215 291.20471 194.47223 146.10599 117.08625 

7 F 728.47057 364.73892 243.49504 182.87310 146.49993 

8 A 799.50769 400.25748 267.17408 200.63238 160.70736 

9 Q 927.56627 464.28677 309.86027 232.64702 186.31907 

10 Y 1090.62959 545.81843 364.21471 273.41285 218.93174 

11 L 1203.71366 602.36047 401.90940 301.68387 241.54855 

12 Q 1331.77224 666.38976 444.59560 333.69852 267.16027 

13 Q 1459.83082 730.41905 487.28179 365.71316 292.77198 

14 C-3 (1398) 2961.37871 1481.19299 987.79775 741.10013 593.08156 

15 P 3058.43148 1529.71938 1020.14868 765.36333 612.49212 

16 F 3205.49990 1603.25359 1069.17148 802.13043 641.90580 

17 E 3334.54250 1667.77489 1112.18568 834.39108 667.71432 

18 D 3449.56945 1725.28836 1150.52800 863.14782 690.71971 

19 H 3586.62836 1793.81782 1196.21430 897.41255 718.13149 

20 V 3685.69678 1843.35203 1229.23711 922.17965 737.94518 

21 K           
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Table D.2. Ion series for 21-amino acid peptide from rHSA modified with payload 2.3 (y 

ions) 

#2 Seq. y⁺ y²⁺ y³⁺ y⁴⁺ y⁵⁺ 

21 A           

20 L 3760.76519 1880.88623 1254.25991 940.94676 752.95886 

19 V 3647.68112 1824.34420 1216.56522 912.67574 730.34205 

18 L 3548.61270 1774.80999 1183.54242 887.90863 710.52836 

17 I 3435.52863 1718.26795 1145.84773 859.63762 687.91155 

16 A 3322.44456 1661.72592 1108.15304 831.36660 665.29473 

15 F 3251.40744 1626.20736 1084.47400 813.60732 651.08731 

14 A 3104.33902 1552.67315 1035.45119 776.84021 621.67363 

13 Q 3033.30190 1517.15459 1011.77215 759.08093 607.46620 

12 Y 2905.24332 1453.12530 969.08596 727.06629 581.85449 

11 L 2742.18000 1371.59364 914.73152 686.30046 549.24182 

10 Q 2629.09593 1315.05160 877.03683 658.02944 526.62501 

9 Q 2501.03735 1251.02231 834.35063 626.01480 501.01329 

8 C-3 (1398) 2372.97877 1186.99302 791.66444 594.00015 475.40158 

7 P 871.43088 436.21908 291.14848 218.61318 175.09200 

6 F 774.37811 387.69269 258.79755 194.34999 155.68144 

5 E 627.30969 314.15848 209.77475 157.58288 126.26776 

4 D 498.26709 249.63718 166.76055 125.32223 100.45924 

3 H 383.24014 192.12371 128.41823 96.56549 77.45385 

2 V 246.18123 123.59425 82.73193 62.30077 50.04207 

1 K 147.11281 74.06004 49.70912 37.53366 30.22838 
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Table D.3. Neutral losses for 21-amino acid peptide from rHSA modified with payload 2.3 

(b ions) 

#1 Seq. b-H₂O⁺ b-H₂O²⁺ b-H₂O³⁺ b-H₂O⁴⁺ b-H₂O⁵⁺ 

1 A           

2 L           

3 V           

4 L           

5 I           

6 A           

7 F           

8 A           

9 Q           

10 Y           

11 L           

12 Q           

13 Q           

14 C-3 (1398)           

15 P           

16 F           

17 E 3316.53193 1658.76960 1106.18216 829.88844 664.11221 

18 D 3431.55888 1716.28308 1144.52448 858.64518 687.11760 

19 H 3568.61779 1784.81253 1190.21078 892.90991 714.52938 

20 V 3667.68621 1834.34674 1223.23359 917.67701 734.34306 

21 K           

#1 Seq. b-NH₃⁺ b-NH₃²⁺ b-NH₃³⁺ b-NH₃⁴⁺ b-NH₃⁵⁺ 

1 A           

2 L           

3 V           

4 L           

5 I           

6 A           

7 F           

8 A           

9 Q 910.53972 455.77350 304.18476 228.39039 182.91376 

10 Y 1073.60304 537.30516 358.53920 269.15622 215.52643 

11 L 1186.68711 593.84719 396.23389 297.42723 238.14324 

12 Q 1314.74569 657.87648 438.92008 329.44188 263.75496 

13 Q 1442.80427 721.90577 481.60627 361.45652 289.36667 

14 C-3 (1398) 2944.35216 1472.67972 982.12224 736.84350 589.67625 

15 P 3041.40493 1521.20610 1014.47316 761.10669 609.08681 

16 F 3188.47335 1594.74031 1063.49597 797.87379 638.50049 

17 E 3317.51595 1659.26161 1106.51017 830.13444 664.30901 

18 D 3432.54290 1716.77509 1144.85248 858.89118 687.31440 

19 H 3569.60181 1785.30454 1190.53879 893.15591 714.72618 

20 V 3668.67023 1834.83875 1223.56159 917.92301 734.53987 

21 K           
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Table D.4. Neutral losses for 21-amino acid peptide from rHSA modified with payload 2.3 

(y ions) 

#2 Seq. y-H₂O⁺ y-H₂O²⁺ y-H₂O³⁺ y-H₂O⁴⁺ y-H₂O⁵⁺ 

21 A           

20 L 3742.75463 1871.88095 1248.25639 936.44411 749.35675 

19 V 3629.67056 1815.33892 1210.56170 908.17310 726.73993 

18 L 3530.60214 1765.80471 1177.53890 883.40599 706.92625 

17 I 3417.51807 1709.26267 1139.84421 855.13497 684.30943 

16 A 3304.43400 1652.72064 1102.14952 826.86396 661.69262 

15 F 3233.39688 1617.20208 1078.47048 809.10468 647.48520 

14 A 3086.32846 1543.66787 1029.44767 772.33757 618.07151 

13 Q 3015.29134 1508.14931 1005.76863 754.57829 603.86409 

12 Y 2887.23276 1444.12002 963.08244 722.56365 578.25237 

11 L 2724.16944 1362.58836 908.72800 681.79782 545.63971 

10 Q 2611.08537 1306.04632 871.03331 653.52680 523.02289 

9 Q 2483.02679 1242.01703 828.34711 621.51215 497.41118 

8 C-3 (1398) 2354.96821 1177.98774 785.66092 589.49751 471.79946 

7 P 853.42032 427.21380 285.14496 214.11054 171.48988 

6 F 756.36755 378.68741 252.79403 189.84734 152.07933 

5 E 609.29913 305.15320 203.77123 153.08024 122.66565 

4 D 480.25653 240.63190 160.75703 120.81959 96.85713 

3 H           

2 V           

1 K           

#2 Seq. y-NH₃⁺ y-NH₃²⁺ y-NH₃³⁺ y-NH₃⁴⁺ y-NH₃⁵⁺ 

21 A           

20 L 3743.73864 1872.37296 1248.58440 936.69012 749.55355 

19 V 3630.65457 1815.83092 1210.88971 908.41910 726.93674 

18 L 3531.58615 1766.29671 1177.86690 883.65200 707.12305 

17 I 3418.50208 1709.75468 1140.17221 855.38098 684.50624 

16 A 3305.41801 1653.21264 1102.47752 827.10996 661.88942 

15 F 3234.38089 1617.69408 1078.79848 809.35068 647.68200 

14 A 3087.31247 1544.15987 1029.77568 772.58358 618.26832 

13 Q 3016.27535 1508.64131 1006.09664 754.82430 604.06089 

12 Y 2888.21677 1444.61202 963.41044 722.80965 578.44918 

11 L 2725.15345 1363.08036 909.05600 682.04382 545.83651 

10 Q 2612.06938 1306.53833 871.36131 653.77280 523.21970 

9 Q 2484.01080 1242.50904 828.67512 621.75816 497.60798 

8 C-3 (1398) 2355.95222 1178.47975 785.98893 589.74351 471.99627 

7 P 854.40433 427.70580 285.47296 214.35654 171.68669 

6 F 757.35156 379.17942 253.12204 190.09335 152.27613 

5 E 610.28314 305.64521 204.09923 153.32624 122.86245 

4 D 481.24054 241.12391 161.08503 121.06559 97.05393 

3 H 366.21359 183.61043 122.74272 92.30886 74.04854 

2 V 229.15468 115.08098 77.05641 58.04413 46.63676 

1 K 130.08626 65.54677 44.03361 33.27702 26.82307 
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Table D.5. Ion series for 21-amino acid peptide from rHSA modified with payload 2.3 

quenched with thiourea (tu) (b ions) 

#1 Seq. b⁺ b²⁺ b³⁺ b⁴⁺ b⁵⁺ b⁶⁺ 

1 A 72.04440 36.52584 24.68632 18.76656 15.21470 12.84680 

2 L 185.12847 93.06787 62.38101 47.03757 37.83151 31.69414 

3 V 284.19689 142.60208 95.40381 71.80468 57.64520 48.20554 

4 L 397.28096 199.14412 133.09850 100.07570 80.26201 67.05289 

5 I 510.36503 255.68615 170.79319 128.34671 102.87883 85.90023 

6 A 581.40215 291.20471 194.47223 146.10599 117.08625 97.73975 

7 F 728.47057 364.73892 243.49504 182.87310 146.49993 122.25116 

8 A 799.50769 400.25748 267.17408 200.63238 160.70736 134.09068 

9 Q 927.56627 464.28677 309.86027 232.64702 186.31907 155.43377 

10 Y 1090.62959 545.81843 364.21471 273.41285 218.93174 182.61099 

11 L 1203.71366 602.36047 401.90940 301.68387 241.54855 201.45834 

12 Q 1331.77224 666.38976 444.59560 333.69852 267.16027 222.80144 

13 Q 1459.83082 730.41905 487.28179 365.71316 292.77198 244.14453 

14 C-3+tu (1437) 3000.42351 1500.71539 1000.81269 750.86133 600.89052 500.90998 

15 P 3097.47628 1549.24178 1033.16361 775.12453 620.30108 517.08544 

16 F 3244.54470 1622.77599 1082.18642 811.89163 649.71476 541.59685 

17 E 3373.58730 1687.29729 1125.20062 844.15228 675.52328 563.10395 

18 D 3488.61425 1744.81076 1163.54293 872.90902 698.52867 582.27510 

19 H 3625.67316 1813.34022 1209.22924 907.17375 725.94045 605.11826 

20 V 3724.74158 1862.87443 1242.25204 931.94085 745.75414 621.62966 

21 K             
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Table D.6. Ion series for 21-amino acid peptide from rHSA modified with payload 2.3 

quenched with thiourea (tu) (y ions) 

#2 Seq. y⁺ y²⁺ y³⁺ y⁴⁺ y⁵⁺ y⁶⁺ 

21 A             

20 L 3799.80999 1900.40863 1267.27485 950.70796 760.76782 634.14106 

19 V 3686.72592 1843.86660 1229.58016 922.43694 738.15101 615.29372 

18 L 3587.65750 1794.33239 1196.55735 897.66983 718.33732 598.78231 

17 I 3474.57343 1737.79035 1158.86266 869.39882 695.72051 579.93497 

16 A 3361.48936 1681.24832 1121.16797 841.12780 673.10369 561.08762 

15 F 3290.45224 1645.72976 1097.48893 823.36852 658.89627 549.24810 

14 A 3143.38382 1572.19555 1048.46612 786.60141 629.48259 524.73670 

13 Q 3072.34670 1536.67699 1024.78708 768.84213 615.27516 512.89718 

12 Y 2944.28812 1472.64770 982.10089 736.82749 589.66345 491.55408 

11 L 2781.22480 1391.11604 927.74645 696.06166 557.05078 464.37686 

10 Q 2668.14073 1334.57400 890.05176 667.79064 534.43397 445.52952 

9 Q 2540.08215 1270.54471 847.36557 635.77600 508.82225 424.18642 

8 C-3+tu (1437) 2412.02357 1206.51542 804.67937 603.76135 483.21054 402.84333 

7 P 871.43088 436.21908 291.14848 218.61318 175.09200 146.07788 

6 F 774.37811 387.69269 258.79755 194.34999 155.68144 129.90242 

5 E 627.30969 314.15848 209.77475 157.58288 126.26776 105.39101 

4 D 498.26709 249.63718 166.76055 125.32223 100.45924 83.88391 

3 H 383.24014 192.12371 128.41823 96.56549 77.45385 64.71275 

2 V 246.18123 123.59425 82.73193 62.30077 50.04207 41.86960 

1 K 147.11281 74.06004 49.70912 37.53366 30.22838 25.35820 
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Table D.7. Neutral losses for 21-amino acid peptide from rHSA modified with payload 2.3 

quenched with thiourea (tu) (b ions) 

#1 Seq. b-H₂O⁺ b-H₂O²⁺ b-H₂O³⁺ b-H₂O⁴⁺ b-H₂O⁵⁺ b-H₂O⁶⁺ 

1 A             

2 L             

3 V             

4 L             

5 I             

6 A             

7 F             

8 A             

9 Q             

10 Y             

11 L             

12 Q             

13 Q             

14 C-3+tu (1437)             

15 P             

16 F             

17 E 3355.57673 1678.29200 1119.19710 839.64964 671.92117 560.10219 

18 D 3470.60368 1735.80548 1157.53941 868.40638 694.92656 579.27334 

19 H 3607.66259 1804.33493 1203.22572 902.67111 722.33834 602.11650 

20 V 3706.73101 1853.86914 1236.24852 927.43821 742.15202 618.62790 

21 K             

#1 Seq. b-NH₃⁺ b-NH₃²⁺ b-NH₃³⁺ b-NH₃⁴⁺ b-NH₃⁵⁺ b-NH₃⁶⁺ 

1 A             

2 L             

3 V             

4 L             

5 I             

6 A             

7 F             

8 A             

9 Q 910.53972 455.77350 304.18476 228.39039 182.91376 152.59602 

10 Y 1073.60304 537.30516 358.53920 269.15622 215.52643 179.77324 

11 L 1186.68711 593.84719 396.23389 297.42723 238.14324 198.62058 

12 Q 1314.74569 657.87648 438.92008 329.44188 263.75496 219.96368 

13 Q 1442.80427 721.90577 481.60627 361.45652 289.36667 241.30678 

14 C-3+tu (1437) 2983.39696 1492.20212 995.13717 746.60470 597.48521 498.07222 

15 P 3080.44973 1540.72850 1027.48809 770.86789 616.89577 514.24769 

16 F 3227.51815 1614.26271 1076.51090 807.63499 646.30945 538.75909 

17 E 3356.56075 1678.78401 1119.52510 839.89564 672.11797 560.26619 

18 D 3471.58770 1736.29749 1157.86742 868.65238 695.12336 579.43735 

19 H 3608.64661 1804.82694 1203.55372 902.91711 722.53514 602.28050 

20 V 3707.71503 1854.36115 1236.57653 927.68421 742.34883 618.79190 

21 K             
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Table D.8. Neutral losses for 21-amino acid peptide from rHSA modified with payload 2.3 

quenched with thiourea (tu) (y ions) 

#2 Seq. y-H₂O⁺ y-H₂O²⁺ y-H₂O³⁺ y-H₂O⁴⁺ y-H₂O⁵⁺ y-H₂O⁶⁺ 

21 A             

20 L 3781.79943 1891.40335 1261.27133 946.20531 757.16571 631.13930 

19 V 3668.71536 1834.86132 1223.57664 917.93430 734.54889 612.29196 

18 L 3569.64694 1785.32711 1190.55383 893.16719 714.73521 595.78055 

17 I 3456.56287 1728.78507 1152.85914 864.89617 692.11839 576.93321 

16 A 3343.47880 1672.24304 1115.16445 836.62516 669.50158 558.08586 

15 F 3272.44168 1636.72448 1091.48541 818.86588 655.29416 546.24634 

14 A 3125.37326 1563.19027 1042.46260 782.09877 625.88047 521.73494 

13 Q 3054.33614 1527.67171 1018.78356 764.33949 611.67305 509.89542 

12 Y 2926.27756 1463.64242 976.09737 732.32485 586.06133 488.55232 

11 L 2763.21424 1382.11076 921.74293 691.55902 553.44867 461.37510 

10 Q 2650.13017 1325.56872 884.04824 663.28800 530.83185 442.52776 

9 Q 2522.07159 1261.53943 841.36205 631.27335 505.22014 421.18466 

8 C-3+tu (1437) 2394.01301 1197.51014 798.67585 599.25871 479.60842 399.84156 

7 P 853.42032 427.21380 285.14496 214.11054 171.48988 143.07612 

6 F 756.36755 378.68741 252.79403 189.84734 152.07933 126.90065 

5 E 609.29913 305.15320 203.77123 153.08024 122.66565 102.38925 

4 D 480.25653 240.63190 160.75703 120.81959 96.85713 80.88215 

3 H             

2 V             

1 K             

#2 Seq. y-NH₃⁺ y-NH₃²⁺ y-NH₃³⁺ y-NH₃⁴⁺ y-NH₃⁵⁺ y-NH₃⁶⁺ 

21 A             

20 L 3782.78344 1891.89536 1261.59933 946.45132 757.36251 631.30330 

19 V 3669.69937 1835.35332 1223.90464 918.18030 734.74570 612.45596 

18 L 3570.63095 1785.81911 1190.88184 893.41320 714.93201 595.94456 

17 I 3457.54688 1729.27708 1153.18715 865.14218 692.31520 577.09721 

16 A 3344.46281 1672.73504 1115.49246 836.87116 669.69838 558.24987 

15 F 3273.42569 1637.21648 1091.81342 819.11188 655.49096 546.41035 

14 A 3126.35727 1563.68227 1042.79061 782.34478 626.07728 521.89894 

13 Q 3055.32015 1528.16371 1019.11157 764.58550 611.86985 510.05942 

12 Y 2927.26157 1464.13442 976.42538 732.57085 586.25814 488.71633 

11 L 2764.19825 1382.60276 922.07094 691.80502 553.64547 461.53911 

10 Q 2651.11418 1326.06073 884.37625 663.53400 531.02866 442.69176 

9 Q 2523.05560 1262.03144 841.69005 631.51936 505.41694 421.34866 

8 C-3+tu (1437) 2394.99702 1198.00215 799.00386 599.50471 479.80523 400.00557 

7 P 854.40433 427.70580 285.47296 214.35654 171.68669 143.24012 

6 F 757.35156 379.17942 253.12204 190.09335 152.27613 127.06466 

5 E 610.28314 305.64521 204.09923 153.32624 122.86245 102.55325 

4 D 481.24054 241.12391 161.08503 121.06559 97.05393 81.04615 

3 H 366.21359 183.61043 122.74272 92.30886 74.04854 61.87500 

2 V 229.15468 115.08098 77.05641 58.04413 46.63676 39.03184 

1 K 130.08626 65.54677 44.03361 33.27702 26.82307 22.52044 
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Table D.9. Ion series for 21-amino acid peptide from unmodified, trypsin-digested HSA 

(b ions) 

 

 

 

 

 

 

 

 

 

 

 

 

 

#1 Seq. b⁺ b²⁺ b³⁺ b⁴⁺ 

1 A 72.04440 36.52584 24.68632 18.76656 

2 L 185.12847 93.06787 62.38101 47.03757 

3 V 284.19689 142.60208 95.40381 71.80468 

4 L 397.28096 199.14412 133.09850 100.07570 

5 I 510.36503 255.68615 170.79319 128.34671 

6 A 581.40215 291.20471 194.47223 146.10599 

7 F 728.47057 364.73892 243.49504 182.87310 

8 A 799.50769 400.25748 267.17408 200.63238 

9 Q 927.56627 464.28677 309.86027 232.64702 

10 Y 1090.62959 545.81843 364.21471 273.41285 

11 L 1203.71366 602.36047 401.90940 301.68387 

12 Q 1331.77224 666.38976 444.59560 333.69852 

13 Q 1459.83082 730.41905 487.28179 365.71316 

14 C 1562.84001 781.92364 521.61819 391.46546 

15 P 1659.89278 830.45003 553.96911 415.72865 

16 F 1806.96120 903.98424 602.99192 452.49576 

17 E 1936.00380 968.50554 646.00612 484.75641 

18 D 2051.03075 1026.01901 684.34843 513.51314 

19 H 2188.08966 1094.54847 730.03474 547.77787 

20 V 2287.15808 1144.08268 763.05754 572.54498 

21 K         
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Table D.10. Ion series for 21-amino acid peptide from unmodified, trypsin-digested HSA 

(y ions) 

#2 Seq. y⁺ y²⁺ y³⁺ y⁴⁺ 

21 A         

20 L 2362.22649 1181.61688 788.08035 591.31208 

19 V 2249.14242 1125.07485 750.38566 563.04106 

18 L 2150.07400 1075.54064 717.36285 538.27396 

17 I 2036.98993 1018.99860 679.66816 510.00294 

16 A 1923.90586 962.45657 641.97347 481.73192 

15 F 1852.86874 926.93801 618.29443 463.97264 

14 A 1705.80032 853.40380 569.27162 427.20554 

13 Q 1634.76320 817.88524 545.59258 409.44626 

12 Y 1506.70462 753.85595 502.90639 377.43161 

11 L 1343.64130 672.32429 448.55195 336.66578 

10 Q 1230.55723 615.78225 410.85726 308.39477 

9 Q 1102.49865 551.75296 368.17107 276.38012 

8 C 974.44007 487.72367 325.48487 244.36548 

7 P 871.43088 436.21908 291.14848 218.61318 

6 F 774.37811 387.69269 258.79755 194.34999 

5 E 627.30969 314.15848 209.77475 157.58288 

4 D 498.26709 249.63718 166.76055 125.32223 

3 H 383.24014 192.12371 128.41823 96.56549 

2 V 246.18123 123.59425 82.73193 62.30077 

1 K 147.11281 74.06004 49.70912 37.53366 
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Table D.11. Neutral losses for 21-amino acid peptide from unmodified, trypsin-digested 

HSA (b ions) 

#1 Seq. b-H₂O⁺ b-H₂O²⁺ b-H₂O³⁺ b-H₂O⁴⁺ 

1 A         

2 L         

3 V         

4 L         

5 I         

6 A         

7 F         

8 A         

9 Q         

10 Y         

11 L         

12 Q         

13 Q         

14 C         

15 P         

16 F         

17 E 1917.99323 959.50025 640.00260 480.25377 

18 D 2033.02018 1017.01373 678.34491 509.01050 

19 H 2170.07909 1085.54318 724.03122 543.27523 

20 V 2269.14751 1135.07739 757.05402 568.04234 

21 K         

#1 Seq. b-NH₃⁺ b-NH₃²⁺ b-NH₃³⁺ b-NH₃⁴⁺ 

1 A         

2 L         

3 V         

4 L         

5 I         

6 A         

7 F         

8 A         

9 Q 910.53972 455.77350 304.18476 228.39039 

10 Y 1073.60304 537.30516 358.53920 269.15622 

11 L 1186.68711 593.84719 396.23389 297.42723 

12 Q 1314.74569 657.87648 438.92008 329.44188 

13 Q 1442.80427 721.90577 481.60627 361.45652 

14 C 1545.81346 773.41037 515.94267 387.20882 

15 P 1642.86623 821.93675 548.29359 411.47201 

16 F 1789.93465 895.47096 597.31640 448.23912 

17 E 1918.97725 959.99226 640.33060 480.49977 

18 D 2034.00420 1017.50574 678.67292 509.25651 

19 H 2171.06311 1086.03519 724.35922 543.52123 

20 V 2270.13153 1135.56940 757.38203 568.28834 

21 K         
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Table D.12. Neutral losses for 21-amino acid peptide from unmodified, trypsin-digested 

HSA (y ions) 

#2 Seq. y-H₂O⁺ y-H₂O²⁺ y-H₂O³⁺ y-H₂O⁴⁺ 

21 A         

20 L 2344.21593 1172.61160 782.07683 586.80944 

19 V 2231.13186 1116.06957 744.38214 558.53842 

18 L 2132.06344 1066.53536 711.35933 533.77132 

17 I 2018.97937 1009.99332 673.66464 505.50030 

16 A 1905.89530 953.45129 635.96995 477.22928 

15 F 1834.85818 917.93273 612.29091 459.47000 

14 A 1687.78976 844.39852 563.26810 422.70290 

13 Q 1616.75264 808.87996 539.58906 404.94362 

12 Y 1488.69406 744.85067 496.90287 372.92897 

11 L 1325.63074 663.31901 442.54843 332.16314 

10 Q 1212.54667 606.77697 404.85374 303.89212 

9 Q 1084.48809 542.74768 362.16755 271.87748 

8 C 956.42951 478.71839 319.48135 239.86283 

7 P 853.42032 427.21380 285.14496 214.11054 

6 F 756.36755 378.68741 252.79403 189.84734 

5 E 609.29913 305.15320 203.77123 153.08024 

4 D 480.25653 240.63190 160.75703 120.81959 

3 H         

2 V         

1 K         

#2 Seq. y-NH₃⁺ y-NH₃²⁺ y-NH₃³⁺ y-NH₃⁴⁺ 

21 A         

20 L 2345.19994 1173.10361 782.40483 587.05544 

19 V 2232.11587 1116.56157 744.71014 558.78443 

18 L 2133.04745 1067.02736 711.68734 534.01732 

17 I 2019.96338 1010.48533 673.99265 505.74630 

16 A 1906.87931 953.94329 636.29796 477.47529 

15 F 1835.84219 918.42473 612.61892 459.71601 

14 A 1688.77377 844.89052 563.59611 422.94890 

13 Q 1617.73665 809.37196 539.91707 405.18962 

12 Y 1489.67807 745.34267 497.23088 373.17498 

11 L 1326.61475 663.81101 442.87644 332.40915 

10 Q 1213.53068 607.26898 405.18175 304.13813 

9 Q 1085.47210 543.23969 362.49555 272.12348 

8 C 957.41352 479.21040 319.80936 240.10884 

7 P 854.40433 427.70580 285.47296 214.35654 

6 F 757.35156 379.17942 253.12204 190.09335 

5 E 610.28314 305.64521 204.09923 153.32624 

4 D 481.24054 241.12391 161.08503 121.06559 

3 H 366.21359 183.61043 122.74272 92.30886 

2 V 229.15468 115.08098 77.05641 58.04413 

1 K 130.08626 65.54677 44.03361 33.27702 
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Table D.13. Ion series for synthetic model peptide (21mer) modified with compound 2.3 

(1396) (b ions) 

#1 Seq. b⁺ b²⁺ b³⁺ b⁴⁺ b⁵⁺ 

1 A 72.04440 36.52584 24.68632 18.76656 15.21470 

2 L 185.12847 93.06787 62.38101 47.03757 37.83151 

3 V 284.19689 142.60208 95.40381 71.80468 57.64520 

4 L 397.28096 199.14412 133.09850 100.07570 80.26201 

5 I 510.36503 255.68615 170.79319 128.34671 102.87883 

6 A 581.40215 291.20471 194.47223 146.10599 117.08625 

7 F 728.47057 364.73892 243.49504 182.87310 146.49993 

8 A 799.50769 400.25748 267.17408 200.63238 160.70736 

9 Q 927.56627 464.28677 309.86027 232.64702 186.31907 

10 Y 1090.62959 545.81843 364.21471 273.41285 218.93174 

11 L 1203.71366 602.36047 401.90940 301.68387 241.54855 

12 Q 1331.77224 666.38976 444.59560 333.69852 267.16027 

13 Q 1459.83082 730.41905 487.28179 365.71316 292.77198 

14 C-3 (1396) 2959.37701 1480.19214 987.13052 740.59971 592.68122 

15 P 3056.42978 1528.71853 1019.48144 764.86290 612.09178 

16 F 3203.49820 1602.25274 1068.50425 801.63001 641.50546 

17 E 3332.54080 1666.77404 1111.51845 833.89066 667.31398 

18 D 3447.56775 1724.28751 1149.86077 862.64739 690.31937 

19 H 3584.62666 1792.81697 1195.54707 896.91212 717.73115 

20 V 3683.69508 1842.35118 1228.56988 921.67923 737.54484 

21 K           
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Table D.14. Ion series for synthetic model peptide (21mer) modified with compound 2.3 

(1396) (y ions) 

#2 Seq. y⁺ y²⁺ y³⁺ y⁴⁺ y⁵⁺ 

21 A           

20 L 3758.76349 1879.88538 1253.59268 940.44633 752.55852 

19 V 3645.67942 1823.34335 1215.89799 912.17531 729.94171 

18 L 3546.61100 1773.80914 1182.87518 887.40821 710.12802 

17 I 3433.52693 1717.26710 1145.18049 859.13719 687.51121 

16 A 3320.44286 1660.72507 1107.48580 830.86617 664.89439 

15 F 3249.40574 1625.20651 1083.80676 813.10689 650.68697 

14 A 3102.33732 1551.67230 1034.78396 776.33979 621.27329 

13 Q 3031.30020 1516.15374 1011.10492 758.58051 607.06586 

12 Y 2903.24162 1452.12445 968.41872 726.56586 581.45415 

11 L 2740.17830 1370.59279 914.06428 685.80003 548.84148 

10 Q 2627.09423 1314.05075 876.36959 657.52902 526.22467 

9 Q 2499.03565 1250.02146 833.68340 625.51437 500.61295 

8 C-3 (1396) 2370.97707 1185.99217 790.99721 593.49973 475.00124 

7 P 871.43088 436.21908 291.14848 218.61318 175.09200 

6 F 774.37811 387.69269 258.79755 194.34999 155.68144 

5 E 627.30969 314.15848 209.77475 157.58288 126.26776 

4 D 498.26709 249.63718 166.76055 125.32223 100.45924 

3 H 383.24014 192.12371 128.41823 96.56549 77.45385 

2 V 246.18123 123.59425 82.73193 62.30077 50.04207 

1 K 147.11281 74.06004 49.70912 37.53366 30.22838 

 

 

  



217 
 

Table D.15. Neutral losses for synthetic model peptide (21mer) modified with compound 

2.3 (1396) (b ions)  

#1 Seq. b-H₂O⁺ b-H₂O²⁺ b-H₂O³⁺ b-H₂O⁴⁺ b-H₂O⁵⁺ 

1 A           

2 L           

3 V           

4 L           

5 I           

6 A           

7 F           

8 A           

9 Q           

10 Y           

11 L           

12 Q           

13 Q           

14 C-3 (1396)           

15 P           

16 F           

17 E 3314.53023 1657.76875 1105.51493 829.38802 663.71187 

18 D 3429.55718 1715.28223 1143.85725 858.14475 686.71726 

19 H 3566.61609 1783.81168 1189.54355 892.40948 714.12904 

20 V 3665.68451 1833.34589 1222.56636 917.17659 733.94272 

21 K           

#1 Seq. b-NH₃⁺ b-NH₃²⁺ b-NH₃³⁺ b-NH₃⁴⁺ b-NH₃⁵⁺ 

1 A           

2 L           

3 V           

4 L           

5 I           

6 A           

7 F           

8 A           

9 Q 910.53972 455.77350 304.18476 228.39039 182.91376 

10 Y 1073.60304 537.30516 358.53920 269.15622 215.52643 

11 L 1186.68711 593.84719 396.23389 297.42723 238.14324 

12 Q 1314.74569 657.87648 438.92008 329.44188 263.75496 

13 Q 1442.80427 721.90577 481.60627 361.45652 289.36667 

14 C-3 (1396) 2942.35046 1471.67887 981.45500 736.34307 589.27591 

15 P 3039.40323 1520.20525 1013.80593 760.60626 608.68647 

16 F 3186.47165 1593.73946 1062.82873 797.37337 638.10015 

17 E 3315.51425 1658.26076 1105.84293 829.63402 663.90867 

18 D 3430.54120 1715.77424 1144.18525 858.39076 686.91406 

19 H 3567.60011 1784.30369 1189.87155 892.65548 714.32584 

20 V 3666.66853 1833.83790 1222.89436 917.42259 734.13953 

21 K           
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Table D.16a. Neutral losses for synthetic model peptide (21mer) modified with compound 

2.3 (1396) (y ions) 

 

 

 

 

 

 

 

 

 

 

 

 

 

#2 Seq. y-H₂O⁺ y-H₂O²⁺ y-H₂O³⁺ y-H₂O⁴⁺ y-H₂O⁵⁺ 

21 A           

20 L 3740.75293 1870.88010 1247.58916 935.94369 748.95641 

19 V 3627.66886 1814.33807 1209.89447 907.67267 726.33959 

18 L 3528.60044 1764.80386 1176.87166 882.90557 706.52591 

17 I 3415.51637 1708.26182 1139.17697 854.63455 683.90909 

16 A 3302.43230 1651.71979 1101.48228 826.36353 661.29228 

15 F 3231.39518 1616.20123 1077.80324 808.60425 647.08486 

14 A 3084.32676 1542.66702 1028.78044 771.83715 617.67117 

13 Q 3013.28964 1507.14846 1005.10140 754.07787 603.46375 

12 Y 2885.23106 1443.11917 962.41520 722.06322 577.85203 

11 L 2722.16774 1361.58751 908.06076 681.29739 545.23937 

10 Q 2609.08367 1305.04547 870.36607 653.02637 522.62255 

9 Q 2481.02509 1241.01618 827.67988 621.01173 497.01084 

8 C-3 (1396) 2352.96651 1176.98689 784.99369 588.99708 471.39912 

7 P 853.42032 427.21380 285.14496 214.11054 171.48988 

6 F 756.36755 378.68741 252.79403 189.84734 152.07933 

5 E 609.29913 305.15320 203.77123 153.08024 122.66565 

4 D 480.25653 240.63190 160.75703 120.81959 96.85713 

3 H           

2 V           

1 K           
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Table D.16b. Neutral losses for synthetic model peptide (21mer) modified with compound 

2.3 (1396) (y ions) 

 

 

 

 

  

#2 Seq. y-NH₃⁺ y-NH₃²⁺ y-NH₃³⁺ y-NH₃⁴⁺ y-NH₃⁵⁺ 

21 A           

20 L 3741.73694 1871.37211 1247.91717 936.18969 749.15321 

19 V 3628.65287 1814.83007 1210.22248 907.91868 726.53640 

18 L 3529.58445 1765.29586 1177.19967 883.15157 706.72271 

17 I 3416.50038 1708.75383 1139.50498 854.88055 684.10590 

16 A 3303.41631 1652.21179 1101.81029 826.60954 661.48908 

15 F 3232.37919 1616.69323 1078.13125 808.85026 647.28166 

14 A 3085.31077 1543.15902 1029.10844 772.08315 617.86798 

13 Q 3014.27365 1507.64046 1005.42940 754.32387 603.66055 

12 Y 2886.21507 1443.61117 962.74321 722.30923 578.04884 

11 L 2723.15175 1362.07951 908.38877 681.54340 545.43617 

10 Q 2610.06768 1305.53748 870.69408 653.27238 522.81936 

9 Q 2482.00910 1241.50819 828.00789 621.25773 497.20764 

8 C-3 (1396) 2353.95052 1177.47890 785.32169 589.24309 471.59593 

7 P 854.40433 427.70580 285.47296 214.35654 171.68669 

6 F 757.35156 379.17942 253.12204 190.09335 152.27613 

5 E 610.28314 305.64521 204.09923 153.32624 122.86245 

4 D 481.24054 241.12391 161.08503 121.06559 97.05393 

3 H 366.21359 183.61043 122.74272 92.30886 74.04854 

2 V 229.15468 115.08098 77.05641 58.04413 46.63676 

1 K 130.08626 65.54677 44.03361 33.27702 26.82307 
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APPENDIX E. CELL PROLIFERATION ASSAY 
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Figure E.1. Drug-response curve for cell proliferation assay in A549 cells treated with 

APA.  Error bars indicate ± standard deviations (SD) from three technical replicates.    
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Figure E.2. Cell proliferation assay for HCT-116 cells pre-exposed to 2.5 µM or 5 µM E/E 

for 72 hours and subsequently treated with 1 µM or 10 µM compound 3.1 for another 72 

hours.  A pronounced decrease in cell viability was observed at higher doses of epigenetic 

drugs.  The data is presented as the mean ± S.E.M. for an assay performed in sextuplicate 

(**, p < 0.01; ***, p < 0.001; two-tailed t-test).  This is a duplicated experiment from 

Figure 4.5e.   
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APPENDIX F. FRAGMENTATION IDENTIFICATION BY MS/MS 

Table F.1. Fragments observed for compound modified oligonucleotides and post-labeled 

oligonucleotides. Values labeled in black are observed for total ion chromatogram and 

values labeled in red are observed for MS/MS chromatogram.  

Ions Retention time  Identified Fragment assignment 

G*  9.9-10.4 477.583 (2+) (G*) 953.488 (1+) (G*) 419.088 (2+) 

(depurine) 378.142 (1+) (Fragment 1)  

418.877 (2+) (depurine) 378.142 (1+) (Fragment 1) 

534.995 (1+) (Fragment 2) 577.037 (1+) (Fragment 3)  

TpG* 12.1-13.0 428.110 (3+) (TpG* Na) 641.711 (2+) (TpG* Na)  

837.21 (1+) (depurine) (419.06) (2+) (depurine) 517.02 

(2+) (pG*) (w fragment) 566.58 (2+) (depyrimidine) 

378.10 (fragment 1 or 3+ of depyrimidine)  

GpTpG*  14.4.-15.3 529.750 (3+) (GpTpG*) 794.358 (2+) (GpTpG*)  

718.477 (2+) (5´ end depurine) 419.180 (2+) (3´ end 

depurine) 1337 (1+) (pTpG*) (w fragment)  

Biotinylated G*  20.9-21.7 568.360 (3+) (biotinylated G*) 852.326 (2+) 

(biotinylated G*)  

529.755 (3+) (depurine biotinylated G*) 793.897 (2+) 

(depurine biotinylated G*) 718.828 (Fragment 4) 584 

(Fragment 5) 1127.619 (Fragment 6) 

Biotinylated TpG*  22.2-23.1 678.134 (3+) (biotinylated TpG*) 1017.039 (2+) +) 

(biotinylated TpG*)  

1127.605 (1+) (Fragment 6) 1168.636 (Fragment 5) 

595.03 (3+) (pG*) (w fragment) 892.174 (2+) (pG*) 

718.523 (2+) (Fragment 4) 794.397 (2+) (biotinylated 

G*) 941.29 (2+) (depyrimidine)  

Biotinylated 

GpTpG* 

23.6-24.6 779.432 (3+) (biotinylated GpTpG*) 584.970 (4+) 

(biotinylated GpTpG*)  

1044.168 (2+) (biotinylated pTpG*) (w fragment) 

892.094 (2+) (biotinylated pG*) (w fragment) 718.325 

(2+) (Fragment 4) 1093.315 (2+) (5´ end depurine) 

793.795 (2+) (3´ end depurine) 1168.634 (1+) 

(Fragment 5) 1127.604 (1+) (Fragment 6) 

CC 2.4-2.8 455.091 (CC), 227.801 (C) 

TT 3.0-3.2 483.157 (TT), 241.880 (T) 

A 3.8-4.4 251.919 (A) 

GG 4.7-5.2 535.053 (GG) 1069.176 (GGGG) 267.898 (G) 
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Scheme F.1. Common fragments formed in MS/MS analysis of APA-modified CT DNA.  
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APPENDIX G. GEL ELECTROPHORESIS  

 

 

 

Figure G.1. ADAPT optimization: Method optimization with agarose gel analysis of 

restriction enzyme-digested pBR322 (375 bp to 4361 bp in length).  Doubling the amount 

of streptavidin-coated beads results in only a modest improvement in labeled DNA 

recovery from 10% (lane 2) to 13.5% (lane 4).  Recovery was calculated based on band 

intensity using Image J software.   
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Figure G.2. ADAPT: Method optimization with digested pBR322 with extra amount of 

NaCN.  Addition of NaCN to the sample recovered from the assay in Figure G.1 shows 

that no affinity-captured DNA remained on the beads, and insufficient reversal of the Pt-

DNA bond can be ruled out as a source of the modest recovery. 
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Figure G.3. ADAPT: Method optimization with digested pBR322 with adjusted DBCO-

PEG4-BIOTIN.  Large excess of the biotinylation reagent in the mixture blocks available 

streptavidin sites and completely quenches the affinity capture of Pt-modified DNA.  

 

 

 

 

 

 



227 
 

APPENDIX H. PRIMERS FOR PCR 

Table H.1. Primers used for quantitative PCR assay in ADAPT assays in A549 cells. 

Primers Sequence (5´ – 3´) 

Prom Forward  GATCCTTTCTGGCGAGTCC 

Prom Reverse GGAGCCGGAAGCATTTTC 

Rg4 Forward GGTCGTGTGTGGGTTGACTT 

Rg4 Reverse GCGGTACGAGGAAACACCT 

GAP Forward CGACGACCCATTCGAACGTCT 

GAP Reverse CTCTCCGGAATCGAACCCTGA 

Coding Forward GCTAAATACCGGCACGAGAC 

Coding Reverse TTCACGCCCTCTTGAACTCT 

Igs Forward GTGTGCCTCCGTCTTCTCTC 

Igs Reverse GTCAAGGGGCTATGCCATC 

Ctcf Forward GCTTCTCGACTCACGGTTTC 

Ctcf Reverse GGAGCTCTGCCTAGCTCACA 

GAPDH Forward ATCAAGAAGGTGGTGAAGCAG 

GAPDH Reverse TCGCTGTTGAAGTCAGAGGAG 

MtDNA Forward GCAGCCGCTATTAAAGGTTCG 

MtDNA Reverse TATCATTTACGGGGGAAGGCG  

Kras Forward GTACGCCCGTCTGAAGAAGA 

Kras Reverse GAGCACACCGATGAGTTCGG 
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APPENDIX I. NCI-60 RESULTS AND COMPARE ANALYSIS  

 

Table I.1. Ten NCI-60 cell lines most sensitive to compound 3.1 and their genetic 

backgrounds 

 

 

 

 

 

 

 

 

 

 

 

 

■Homozygous mutation/deletion  ■ Heterozygous mutation/deletion 

 

 

 

 

  

 Mutated Cancer Genes 

Tissue Cell Line log10GI50 CDKN2A TP53 PTEN RB1 PIK3CA KRAS BRAF 

Lung NCI-H460 < -8.00 ■    ■ ■  

 NCI-H226 < -8.00 ■       

 NCI-H522 -7.92  ■      

 A549 < -8.00 ■     ■  

CNS SF-295 -7.88 ■ ■ ■     

Renal SN12C < -8.00  ■      

Skin SK-MEL-5 -7.75 ■      ■ 

 UACC-62 < -8.00 ■  ■    ■ 

Prostate DU-145 < -8.00 ■ ■  ■    

Breast T-47D -7.83  ■   ■   
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Figure I.1. Comparison of NCI-60 chemosensitivity profiles (averages of at least 2 assays) 

for cisplatin (CDDP, NSC 119875), doxorubicin (DOX, NSC 123127), topotecan (TOP, 

NSC 609699), and compound 3.1 (NSC not disclosed). 
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Table I.2. Results of NCI COMPARE analysis: positive and negative correlations between 

chemosensitivity (NCI-60, logGI50) and microarray gene expression data (z-scores) (Top 

25 genes out of 806 positively and 849 negatively correlated genes) (red, p < 0.00001, 

*****; green, p < 0.0001, ****; p < 0.001, ***) 

Positive Correlation Negative Correlation 

Pearson's R Gene Symbol Pearson's R Gene Symbol 

0.692 SLC47A1 -0.525 ZNF330 

0.541 CCDC104 -0.52 CCT8 

0.535 FAM120AOS -0.511 MYSM1 

0.533 CCDC113 -0.504 TMEM222 

0.531 LOC100268168 -0.501 CIDEB 

0.527 DOLK -0.489 MRPL41 

0.522 NQO1 -0.485 RQCD1 

0.519 POLDIP2 -0.477 ADCY10P1 

0.513 ARL8A -0.477 DUSP7 

0.509 PHLPP2 -0.476 WRAP73 

0.508 MOCS2 -0.475 GK2 

0.499 LOC100287590 -0.474 NDST1 

0.497 DOCK1 -0.474 SMU1 

0.495 AKAP10 -0.473 PEX5 

0.495 TNPO1 -0.47 DR1 

0.489 LOC728431 -0.47 FOXJ3 

0.487 ULK1 -0.47 RFX3 

0.486 ZNF652 -0.469 LARS 

0.484 TMTC3 -0.468 WASF2 

0.478 CLIP1 -0.466 SYNPO2 

0.476 TENC1 -0.462 SYNCRIP 

0.476 KIAA1841 -0.461 SMIM8 

0.476 C5AR1 -0.453 ZNF451 

0.475 SQSTM1 -0.451 MAP3K19 

0.474 TMEM218 -0.449 RBM15 
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Table I.3. NCI-60/COMPARE analysis: Summary of SLC genes whose mRNA expression 

is positively or negatively correlated with chemosensitivity to compound 3.1 (logGI50)  

Gene Pearson's Ra Function P valueb 

SLC11A2 0.328 H+-coupled Cu and M2+ symporter * 

SLC12A4 0.352 K+/Cl- coupled transporter ** 

SLC16A1 0.327 lactate/pyruvate transporter * 

SLC16A4 0.358 monocarboxylic acid transporter ** 

SLC17A9 -0.366 ATP/mononucleotide vesicular uptake ** 

SLC22A17 0.374 multi-specific cation transporter (brain) ** 

SLC22A5 0.38 carnitine transporter ** 

SLC22A7 -0.397 multi-specific anion transporter ** 

SLC24A2 -0.427 Ca2+/cation antiporter *** 

SLC25A32 -0.318 mitochondrial folate transporter * 

SLC26A8 -0.36 anion transporter ** 

SLC27A7 -0.352 fatty acid transporter ** 

SLC2A9 -0.374 uric acid transporter GLUT9 ** 

SLC30A1 0.371 cation transporter ** 

SLC30A5 0.404 Zn2+ transporter ** 

SLC35E3 0.419 putative transporter ** 

SLC35F6 0.353 carbohydrate/H+ symporter ** 

SLC38A7 0.362 Na+ coupled amino acid transporter ** 

SLC39A8 0.381 Zn2+ and Cd2+ transporter ** 

SLC3A2 0.392 amino acid transporter ** 

SLC41A3 -0.318 cation transporter * 

SLC43A3 -0.415 putative transporter ** 

SLC47A1 0.692 H+-coupled organic cation antiporter ***** 

SLC48A1 0.38 heme transporter ** 

SLC51B 0.393 bile acid transporter ** 

SLC6A19 -0.38 Na+ dependent neutral amino acid transporter ** 

SLC6A2 0.371 Na+/neurotransmitter symporter ** 

SLC7A11 0.328 anionic amino acid transporter * 

SLC8A1 0.364 Na+/Ca2+ exchanger ** 

SLCO4A1 -0.328 organic anion transporter * 
a N = 58. b * P < 0.05; ** P < 0.01; *** P < 0.001; ***** P < 0.00001. 
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Figure I.2. Expression of hMATE1 (SLC47A1) in normal human tissue (A) and in cancer 

cells (B); The Human Protein Atlas, version 19.1, 12/2019, www.proteinatlas.org. 
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Figure I.3. SLC47A1 gene copy numbers (left) and transcript levels (right) in NCI-60 (NCI 

CellMiner analysis tool, database version 2.2) 
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Table I.4. Summary of top 10 overlapsa between gene ontology (GO) gene sets of the 

molecular signatures database (MSigDB)b and the input gene setc derived from NCI-60 

COMPARE correlation between activity of compound 3.1 (GI50) and gene transcript levels 

for SLC47A1  

 MSigDB 

Gene Set  

Kd Description ke k/K p-valuef FDR q-

value 

1 GO_INT

RACELL

ULAR_T

RANSPO

RT  

1825 The directed movement of 

substances within a cell. 

[GOC:ai] 

101 0.056 2.07 e-19 2.07 e-15 

2 GO_CEL

LULAR_

MACRO

MOLEC

ULE_LO

CALIZA

TION  

1897 Any process in which a 

macromolecule is 

transported to, and/or 

maintained in, a specific 

location at the level of a cell. 

Localization at the cellular 

level encompasses 

movement within the cell, 

from within the cell to the 

cell surface, or from one 

location to another at the 

surface of a cell. [GOC:mah] 

102 0.054 1.01 e-18 5.02 e-15 

3 GO_CEL

L_PROJ

ECTION

_PART  

1440 Any constituent part of a cell 

projection, a prolongation or 

process extending from a 

cell, e.g. a flagellum or axon. 

[GOC:jl] 

85 0.059 4.35 e-18 1.45 e-14 

4 GO_WH

OLE_ME

MBRAN

E  

1653 Any lipid bilayer that 

completely encloses some 

structure, and all the proteins 

embedded in it or attached to 

it. Examples include the 

plasma membrane and most 

organelle membranes. 

[GOC:dos] 

91 0.055 2.14 e-17 5.34 e-14 

5 GO_INT

RACELL

ULAR_P

ROTEIN

_TRANS

PORT  

1164 The directed movement of 

proteins in a cell, including 

the movement of proteins 

between specific 

compartments or structures 

within a cell, such as 

organelles of a eukaryotic 

cell. [GOC:mah] 

73 0.063 4.97 e-17 9.93 e-14 

6 GO_PRO

TEOLYS

IS  

1762 The hydrolysis of proteins 

into smaller polypeptides 

and/or amino acids by 

cleavage of their peptide 

bonds. [GOC:bf, GOC:mah] 

93 0.053 1.3 e-16 2.16 e-13 

https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_INTRACELLULAR_TRANSPORT
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_INTRACELLULAR_TRANSPORT
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_INTRACELLULAR_TRANSPORT
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_INTRACELLULAR_TRANSPORT
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_INTRACELLULAR_TRANSPORT
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_CELLULAR_MACROMOLECULE_LOCALIZATION
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_CELLULAR_MACROMOLECULE_LOCALIZATION
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_CELLULAR_MACROMOLECULE_LOCALIZATION
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_CELLULAR_MACROMOLECULE_LOCALIZATION
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_CELLULAR_MACROMOLECULE_LOCALIZATION
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_CELLULAR_MACROMOLECULE_LOCALIZATION
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_CELLULAR_MACROMOLECULE_LOCALIZATION
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_CELL_PROJECTION_PART
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_CELL_PROJECTION_PART
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_CELL_PROJECTION_PART
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_CELL_PROJECTION_PART
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_WHOLE_MEMBRANE
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_WHOLE_MEMBRANE
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_WHOLE_MEMBRANE
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_WHOLE_MEMBRANE
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_INTRACELLULAR_PROTEIN_TRANSPORT
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_INTRACELLULAR_PROTEIN_TRANSPORT
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_INTRACELLULAR_PROTEIN_TRANSPORT
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_INTRACELLULAR_PROTEIN_TRANSPORT
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_INTRACELLULAR_PROTEIN_TRANSPORT
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_INTRACELLULAR_PROTEIN_TRANSPORT
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_PROTEOLYSIS
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_PROTEOLYSIS
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_PROTEOLYSIS
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7 GO_NEU

RON_PA

RT  

1715 Any constituent part of a 

neuron, the basic cellular unit 

of nervous tissue. A typical 

neuron consists of a cell body 

(often called the soma), an 

axon, and dendrites. Their 

purpose is to receive, 

conduct, and transmit 

impulses in the nervous 

system. [GOC:pr, 

http://en.wikipedia.org/wiki/

Neuron] 

91 0.053 2.07 e-16 2.95 e-13 

8 GO_CEL

L_PROJ

ECTION

_ORGA

NIZATI

ON  

1512 A process that is carried out 

at the cellular level which 

results in the assembly, 

arrangement of constituent 

parts, or disassembly of a 

prolongation or process 

extending from a cell, e.g. a 

flagellum or axon. [GOC:jl, 

GOC:mah, 

http://www.cogsci.princeton.

edu/~wn/] 

84 0.056 2.43 e-16 3.04 e-13 

9 GO_RIB

ONUCL

EOTIDE

_BINDIN

G  

1891 Interacting selectively and 

non-covalently with a 

ribonucleotide, any 

compound consisting of a 

ribonucleoside that is 

esterified with 

(ortho)phosphate or an 

oligophosphate at any 

hydroxyl group on the ribose 

moiety. [GOC:mah] 

95 0.050 1.29 e-15 1.43 e-12 

1

0 

GO_MIC

ROTUB

ULE_BA

SED_PR

OCESS  

734 Any cellular process that 

depends upon or alters the 

microtubule cytoskeleton, 

that part of the cytoskeleton 

comprising microtubules and 

their associated proteins. 

[GOC:mah] 

53 0.072 4.34 e-15 4.34 e-12 

a Number of genes in comparison (n): 785, number of genes in universe (N): 38055.  b 

MSigDB database v6.2, updated July 2018; GSEA/MSigDB website v6.3, released 

01/2018 by the Broad Institute Inc. c See Table S2.  Number of positively correlated genes: 

806, P < 0.05. d Number of genes in gene set. e Number of genes in overlap. f For 

hypergeometric distribution.  

https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_NEURON_PART
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_NEURON_PART
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_NEURON_PART
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_CELL_PROJECTION_ORGANIZATION
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_CELL_PROJECTION_ORGANIZATION
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_CELL_PROJECTION_ORGANIZATION
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_CELL_PROJECTION_ORGANIZATION
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_CELL_PROJECTION_ORGANIZATION
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_CELL_PROJECTION_ORGANIZATION
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_RIBONUCLEOTIDE_BINDING
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_RIBONUCLEOTIDE_BINDING
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_RIBONUCLEOTIDE_BINDING
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_RIBONUCLEOTIDE_BINDING
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_RIBONUCLEOTIDE_BINDING
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_MICROTUBULE_BASED_PROCESS
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_MICROTUBULE_BASED_PROCESS
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_MICROTUBULE_BASED_PROCESS
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_MICROTUBULE_BASED_PROCESS
https://www.gsea-msigdb.org/gsea/msigdb/geneset_page.jsp?geneSetName=GO_MICROTUBULE_BASED_PROCESS
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Table I.5. Genes in CellMiner for which DNA methylation is negatively correlated with 

SLC47A1 expression; Used as gene input in gene set overlap analysis.  

DNA Methylation 

Correlations P-value Gene symbol 

-0.331 0.009863 WT1 

-0.331 0.009857 NPY5R 

-0.331 0.009837 TMEM155 

-0.331 0.009822 SLC7A2 

-0.331 0.009821 IL9R 

-0.331 0.009779 MYH1 

-0.331 0.009736 HMX2 

-0.331 0.009718 ELOVL2 

-0.332 0.009645 FOLH1 

-0.335 0.009577 CACNG4 

-0.332 0.009537 GABRA4 

-0.332 0.009508 IL9R 

-0.332 0.009487 CNTN1 

-0.332 0.009466 PCDHGC3 

-0.332 0.009445 SVEP1 

-0.333 0.00943 SLC6A11 

-0.333 0.009429 IL9R 

-0.333 0.009429 TTC28 

-0.333 0.009338 IL9R 

-0.333 0.009305 TMEM196 

-0.333 0.009287 RIPPLY2 

-0.333 0.009283 ST8SIA1 

-0.333 0.009252 SUSD5 

-0.333 0.009243 EPB41L3 

-0.334 0.009214 ZNF169 

-0.334 0.009204 SYT1 
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-0.334 0.0092 KIF5C 

-0.334 0.009195 IL9R 

-0.334 0.009114 TFAP2A 

-0.334 0.00911 WHSC1 

-0.334 0.009095 PHOX2A 

-0.334 0.009055 EPGN 

-0.334 0.009054 SMOC2 

-0.335 0.00899 SMG8 

-0.335 0.008976 GABRA5 

-0.335 0.008962 DBX1 

-0.335 0.008961 OPN1SW 

-0.335 0.008889 ALK 

-0.335 0.008885 LYPD5 

-0.335 0.00885 MATK 

-0.335 0.008847 PCSK2 

-0.335 0.008829 ZNF717 

-0.335 0.008815 TLE1 

-0.336 0.008777 NEUROD2 

-0.336 0.008735 SLC9A4 

-0.336 0.008729 ZBTB16 

-0.336 0.008708 COL21A1 

-0.336 0.008636 TOX2 

-0.336 0.008634 HECW1 

-0.336 0.008578 AGTR1 

-0.336 0.008571 ZNF727 

-0.337 0.008563 CD34 

-0.337 0.008542 SLC15A1 

-0.337 0.008535 PSD 

-0.337 0.008486 AMER3 
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-0.337 0.008486 ETNPPL 

-0.337 0.008403 ACTL6B 

-0.337 0.0084 COL19A1 

-0.337 0.008388 SLC24A4 

-0.338 0.00833 MCM7 

-0.338 0.008316 LHFPL4 

-0.338 0.008277 ADCY1 

-0.338 0.008256 ZNF341 

-0.338 0.008203 DRD5 

-0.338 0.00819 CAMKV 

-0.339 0.008106 SLC8A3 

-0.339 0.008104 CHODL 

-0.339 0.008097 PAX1 

-0.339 0.008094 FLT3 

-0.339 0.008085 MAPT 

-0.339 0.008084 SLC30A3 

-0.339 0.008077 WBSCR17 

-0.339 0.008065 RNU6-2 

-0.34 0.007938 RELN 

-0.34 0.00791 SH3BP5 

-0.34 0.007905 MYH2 

-0.34 0.007861 ZSCAN18 

-0.34 0.007819 GSX1 

-0.34 0.007785 KCND2 

-0.341 0.007737 CHFR 

-0.341 0.007721 RNU6-2 

-0.341 0.007715 MYH11 

-0.341 0.007697 RUNX1T1 

-0.341 0.007686 RNU6-2 
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-0.341 0.007617 NMBR 

-0.341 0.007582 TP63 

-0.342 0.007568 HTR2B 

-0.342 0.007552 FAM155A 

-0.342 0.007522 KCNT2 

-0.342 0.007501 MIR124-1 

-0.342 0.007428 SYNDIG1 

-0.342 0.007402 ZFPM2 

-0.343 0.007387 MIR7-3HG 

-0.343 0.007362 NRG1 

-0.343 0.007347 DOK6 

-0.343 0.007298 PSD 

-0.343 0.007296 VAT1L 

-0.343 0.007269 DSCR4 

-0.343 0.007235 DRD2 

-0.343 0.00722 TMEM132D 

-0.344 0.007148 REEP1 

-0.344 0.00714 CXCL12 

-0.344 0.007118 CCDC67 

-0.344 0.007103 LINC00261 

-0.344 0.007078 ANXA8L2 

-0.344 0.007078 PTPN20 

-0.344 0.007074 MDGA2 

-0.345 0.00703 IL9R 

-0.345 0.007017 HUNK 

-0.345 0.006896 PGM5 

-0.348 0.006837 PSMC2 

-0.346 0.006784 DCLK1 

-0.346 0.006781 SPTBN4 
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-0.346 0.006753 ADAMTS8 

-0.346 0.006736 HTR1A 

-0.346 0.006732 FRMPD4 

-0.346 0.006729 LOC283856 

-0.346 0.006722 ABCF1 

-0.346 0.006709 EDNRB 

-0.347 0.006673 UBE2L3 

-0.347 0.006671 CBLN2 

-0.347 0.006658 GPR22 

-0.347 0.006657 CA4 

-0.347 0.006655 HTR4 

-0.347 0.006638 C12orf56 

-0.347 0.00663 RYR1 

-0.347 0.006621 HS3ST2 

-0.347 0.006573 PRDM16 

-0.347 0.006541 SCNN1G 

-0.348 0.006509 GNAO1 

-0.348 0.006497 INHBB 

-0.348 0.006485 BHLHE22 

-0.348 0.006435 NXPH1 

-0.348 0.006433 CACNA2D3 

-0.348 0.006374 PTPRN 

-0.348 0.006361 EGR4 

-0.349 0.00632 GDF6 

-0.349 0.006298 KCNJ4 

-0.349 0.006283 KCNK2 

-0.349 0.00627 PAK7 

-0.349 0.006217 MTMR7 

-0.35 0.00618 SH3GL3 
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-0.35 0.006163 PTCHD1 

-0.35 0.006141 WNT1 

-0.35 0.006136 EFCC1 

-0.35 0.006136 TMEM132E 

-0.35 0.006132 ZNF415 

-0.35 0.006088 DSCR8 

-0.351 0.006009 SLIT3 

-0.351 0.005999 NTF3 

-0.351 0.005998 IL9R 

-0.351 0.005987 SFRP4 

-0.351 0.005951 RNU6-2 

-0.351 0.005923 SYT14 

-0.351 0.005892 LRFN2 

-0.352 0.005888 GHR 

-0.352 0.005888 PLXNC1 

-0.352 0.005877 HCN4 

-0.352 0.005864 MMP24 

-0.352 0.005814 KCNC3 

-0.352 0.005805 ZNF385D 

-0.353 0.005739 TMEM150C 

-0.353 0.005688 IGDCC3 

-0.353 0.005623 CNGA3 

-0.353 0.005611 RBM11 

-0.353 0.005601 NTRK3 

-0.354 0.005518 ZNF542P 

-0.354 0.005486 PPP3R2 

-0.354 0.005467 SDK2 

-0.354 0.005463 CYP4F22 

-0.355 0.005411 LOC654342 
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-0.355 0.005386 TMEM215 

-0.355 0.005373 SHISA6 

-0.355 0.005356 KCNQ1 

-0.355 0.005351 OR4F3 

-0.355 0.00533 ZFP82 

-0.356 0.005282 RNU6-2 

-0.356 0.005272 IL9R 

-0.356 0.005264 LRRC4B 

-0.356 0.005255 RGS6 

-0.356 0.005247 NKAIN3 

-0.357 0.005172 ST8SIA5 

-0.357 0.005152 OR4F16 

-0.357 0.005119 TMEM108 

-0.357 0.005117 ADAMTS2 

-0.357 0.005087 ERBB4 

-0.357 0.005079 NPFFR2 

-0.357 0.005077 SNTG2 

-0.357 0.005075 NLGN4X 

-0.357 0.005054 PGR 

-0.358 0.005036 NKAIN4 

-0.358 0.005013 NALCN 

-0.358 0.004936 LRP5L 

-0.359 0.004904 SLC6A15 

-0.359 0.004865 IL9R 

-0.359 0.004833 VSTM2B 

-0.36 0.004776 MYOCD 

-0.36 0.004769 GRIK3 

-0.36 0.00476 NTSR1 

-0.36 0.004739 SHISA7 
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-0.36 0.004718 OR4F3 

-0.36 0.004669 ZFP28 

-0.361 0.004656 ZMAT5 

-0.361 0.004645 C1orf115 

-0.361 0.004623 CADM2 

-0.361 0.004566 HMGCLL1 

-0.362 0.004529 UNCX 

-0.362 0.004473 KCNG1 

-0.362 0.004437 SRRM4 

-0.362 0.004431 PPP2R2C 

-0.363 0.004416 SLC18A2 

-0.363 0.004373 OR4F3 

-0.363 0.004343 OR4F16 

-0.363 0.004338 KIRREL3 

-0.364 0.00427 ONECUT3 

-0.364 0.004249 GPR12 

-0.364 0.004197 CUX2 

-0.364 0.004194 SLC35F3 

-0.365 0.004187 C7orf62 

-0.365 0.004161 IL9R 

-0.365 0.004094 FGF4 

-0.366 0.004065 FOXB1 

-0.366 0.00402 EPHA8 

-0.367 0.003942 TDRP 

-0.367 0.003919 SORCS2 

-0.367 0.003909 NELL1 

-0.367 0.0039 FBXO39 

-0.367 0.003895 LAMA1 

-0.367 0.003893 OR4F3 
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-0.367 0.003876 C17orf102 

-0.368 0.003789 CKB 

-0.369 0.003732 BARX1 

-0.369 0.003715 TIMP3 

-0.369 0.003704 FAM218A 

-0.369 0.003667 CRISPLD1 

-0.37 0.003643 RAI2 

-0.37 0.003605 NEUROD4 

-0.37 0.003602 JAKMIP1 

-0.371 0.003497 AMPH 

-0.371 0.003493 TBX18 

-0.371 0.003487 WNT3A 

-0.371 0.003479 KLK7 

-0.371 0.003478 CHGB 

-0.371 0.003475 KCNH7 

-0.371 0.003473 NETO1 

-0.372 0.003456 RSPO3 

-0.372 0.003444 SSTR2 

-0.372 0.003417 CDH22 

-0.373 0.003374 ZNF793 

-0.373 0.003358 OR4F3 

-0.373 0.003297 SHROOM2 

-0.374 0.003282 SMPD3 

-0.374 0.003276 GFRA2 

-0.374 0.003254 CFAP65 

-0.374 0.003249 NEUROG1 

-0.374 0.003228 HRH3 

-0.374 0.003211 GABRA2 

-0.375 0.003197 CLIC2 
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-0.375 0.003184 CALB1 

-0.375 0.003122 PTENP1 

-0.376 0.003057 ASPG 

-0.376 0.003041 TINCR 

-0.376 0.003038 BAIAP3 

-0.377 0.002992 KCNH5 

-0.377 0.002969 LOC100190940 

-0.377 0.002963 RPL7A 

-0.378 0.002938 STXBP5L 

-0.378 0.002912 EPHA5 

-0.378 0.002911 NGF 

-0.378 0.002887 ANKRD20A11P 

-0.379 0.002863 ZNF570 

-0.379 0.002805 XKR4 

-0.379 0.002792 GRIA2 

-0.38 0.002775 TRIM37 

-0.38 0.002754 OR4F3 

-0.38 0.002743 NPR3 

-0.38 0.002722 MIR1253 

-0.38 0.00272 LOC440040 

-0.381 0.002702 COL5A1 

-0.381 0.002697 PCDH7 

-0.381 0.002677 KCNC1 

-0.381 0.002674 OR4F16 

-0.381 0.002668 OR4F16 

-0.381 0.002661 ARHGDIG 

-0.381 0.002636 TMEM178A 

-0.382 0.00263 KCNK15 

-0.382 0.002615 POU4F2 
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-0.382 0.002586 LRRC3B 

-0.382 0.002585 ST8SIA2 

-0.382 0.002572 COX6B2 

-0.382 0.002567 OR4F3 

-0.383 0.002552 WNT7A 

-0.383 0.002541 ANOS1 

-0.383 0.002533 PLD5 

-0.383 0.002515 CAMK2B 

-0.384 0.002458 GPR83 

-0.384 0.002444 IL9R 

-0.384 0.002424 GPR149 

-0.385 0.002417 CDH8 

-0.386 0.00235 ALS2CR11 

-0.387 0.002273 ADHFE1 

-0.387 0.002264 CRMP1 

-0.387 0.002249 ADGRG2 

-0.387 0.002246 NMNAT2 

-0.387 0.002229 AVPR1A 

-0.388 0.002221 KCNJ6 

-0.388 0.002182 PXDN 

-0.389 0.002157 SLC6A1 

-0.389 0.002146 VGLL2 

-0.389 0.002136 FSTL4 

-0.389 0.002115 DGKK 

-0.39 0.002095 OR4F16 

-0.39 0.002087 HS3ST4 

-0.39 0.002048 ADCY5 

-0.39 0.00204 SCRT1 

-0.39 0.002039 CACNB2 
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-0.391 0.002026 TUB 

-0.391 0.00202 OR4F3 

-0.391 0.002011 SLC35F1 

-0.392 0.001969 FLT4 

-0.392 0.001949 CELF4 

-0.392 0.001933 ZNF229 

-0.393 0.001903 CTNND2 

-0.393 0.001889 KHDRBS2 

-0.394 0.001861 OR4F16 

-0.394 0.001853 ZNF135 

-0.394 0.001826 FAM171A2 

-0.395 0.001796 WNK3 

-0.395 0.001769 CHRNA3 

-0.396 0.001758 ITGA9 

-0.396 0.001758 SLITRK3 

-0.396 0.001751 CYP26B1 

-0.396 0.001743 PDE4C 

-0.396 0.001739 ELAVL3 

-0.396 0.001722 NPY2R 

-0.396 0.001719 SLC6A3 

-0.396 0.001716 SCTR 

-0.397 0.00169 RFX6 

-0.397 0.001684 ZNF471 

-0.397 0.001678 IL9R 

-0.397 0.001676 IGLON5 

-0.397 0.001662 RNU6-2 

-0.398 0.001651 FGF3 

-0.398 0.001651 IL9R 

-0.398 0.001649 LOC441052 
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-0.398 0.001626 FAM95A 

-0.398 0.00162 CRHR2 

-0.398 0.001616 KCNA7 

-0.399 0.001604 DLK1 

-0.399 0.001603 MLNR 

-0.399 0.001603 CACNG3 

-0.399 0.001602 IGF2BP1 

-0.399 0.001571 RNU6-2 

-0.4 0.00155 SLC1A2 

-0.4 0.001545 SGCZ 

-0.4 0.001525 TRPA1 

-0.401 0.001505 OPCML 

-0.401 0.00149 HTR1E 

-0.401 0.001489 KIF26A 

-0.401 0.001486 DSCAM 

-0.402 0.001448 TACR3 

-0.402 0.001446 NDRG4 

-0.402 0.001441 JPH3 

-0.402 0.001436 SNCAIP 

-0.403 0.001417 ASCL1 

-0.403 0.001404 NPTX2 

-0.405 0.001335 SKOR1 

-0.405 0.001328 SFRP1 

-0.407 0.001252 BHLHE23 

-0.407 0.001233 RAX 

-0.408 0.001198 CHRNA4 

-0.408 0.001197 RNU6-2 

-0.409 0.001184 SYT10 

-0.409 0.001181 CHAT 
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-0.411 0.001122 GALNT13 

-0.412 0.00107 RNU6-2 

-0.413 0.001045 BMP3 

-0.413 0.001024 TM6SF1 

-0.414 0.000997 OR4F3 

-0.414 0.000997 KCNK12 

-0.415 0.000978 GLRA3 

-0.415 0.000971 TRIM71 

-0.415 0.000969 ITGA8 

-0.416 0.000955 SLC47A1 

-0.417 0.000918 DLX5 

-0.418 0.000884 FAM19A4 

-0.42 0.000849 GALR1 

-0.42 0.000844 CHGA 

-0.42 0.000837 COLEC12 

-0.421 0.000821 CHST8 

-0.421 0.000816 KCNK9 

-0.421 0.000808 SORCS3 

-0.421 0.000804 ROBO3 

-0.422 0.000793 SLC9A3 

-0.422 0.000781 FBN2 

-0.423 0.000765 NPAS4 

-0.423 0.000759 DBX2 

-0.423 0.000758 KDR 

-0.424 0.000725 RNU6-2 

-0.426 0.000698 PENK 

-0.426 0.000693 HS6ST3 

-0.426 0.000685 ANKRD34C 

-0.426 0.000681 NXPH2 
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-0.428 0.000649 ZFR2 

-0.429 0.000627 IL9R 

-0.43 0.000615 UTF1 

-0.43 0.000611 NKX2-4 

-0.431 0.000581 ANKRD30BL 

-0.432 0.000562 RNF212 

-0.432 0.00056 OR4F3 

-0.433 0.000556 IL9R 

-0.433 0.000549 RNU6-2 

-0.433 0.000541 MIR9-3HG 

-0.434 0.000529 HTR1B 

-0.435 0.000511 NPTX1 

-0.437 0.000488 OPRK1 

-0.437 0.000479 LRP3 

-0.437 0.000479 C1QL2 

-0.437 0.000476 OR4F16 

-0.438 0.000468 TPTE 

-0.439 0.000443 CLVS2 

-0.44 0.000433 MMD2 

-0.44 0.000432 PRMT8 

-0.453 0.000279 MIR663AHG 

-0.456 0.000251 OR4F3 

-0.458 0.000233 GABBR2 

-0.46 0.000219 SNAP91 

-0.461 0.00021 OR4F3 

-0.461 0.000209 EYA4 

-0.464 0.000191 P2RX2 

-0.464 0.000185 MYOD1 

-0.466 0.000175 GPR6 
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-0.471 0.000147 ADRA1D 

-0.478 0.000114 RNU6-2 

-0.478 0.000114 OR4F3 

-0.478 0.000111 SERTM1 

-0.48 0.000103 SLC32A1 

-0.481 0.000102 TNFSF11 

-0.481 0.000101 MIR124-3 

-0.481 0.000099 FAM150A 

-0.488 0.000076 CPLX2 

-0.494 0.000059 IL9R 

-0.499 0.00005 NR0B1 

-0.503 0.000042 DPP10 

-0.509 0.000033 MIR129-2 

-0.51 0.000031 IGF2 

-0.511 0.000031 SPHKAP 

-0.513 0.000028 TRPC6 

-0.513 0.000028 ADCYAP1 

-0.517 0.000023 NCAN 

-0.525 0.000017 IGF2 

-0.534 0.000011 RYR2 
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Table I.6. Summary of correlations between chemosensitivity, MATE-1 (SLC47A1) 

expression, and epigenetic factors for compound 3.1. 

Data in Comparison Pearson’s R P value 

NCI-60, logGI50 SLC47A1 transcript level 0.692a < .00001 (*****)a 

NCI-60, logGI50 DNMT1 transcript level -0.378a 0.0034 (**)a 

SLC47A1 transcript level SLC47A1 CGI methylation -0.416b < 0.001 (***)b 

SLC47A1 transcript level SLC47A1 gene copy 

number 

0.398b < 0.001 (***)b 

SLC47A1 transcript level EZH2 transcript level -0.289b 0.025 (*)b 

SLC47A1 CGI methylation DNMT1 transcript level 0.311b 0.015 (*)b 

EZH2 transcript level DNMT1 transcript level 0.479b < 0.001 (***)b 
a NCI COMPARE analysis, n = 58. b NCI CellMiner analysis tool, database version 2.2, n 

= 60. 
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Table I.7. Summary of top 10 overlapsa between all gene sets of the molecular signatures 

database (MSigDB)b and the input gene setc of hypermethylated genes negatively 

correlated with SLC47A1 expression. 

 MSigDB Gene Set  Kd Description ke k/K p-

valu

ef 

FDR q-

value 

1 BENPORATH_ES_

WITH_H3K27ME3 

1118 Set 'H3K27 bound': 

genes possessing the 

trimethylated H3K27 

(H3K27me3) mark in 

their promoters in 

human embryonic 

stem cells, as 

identified by ChIP on 

chip. 

115 0.1029 1.21 

e-92 

2.15 e-88 

2 BENPORATH_EE

D_TARGETS 

1062 Set 'Eed targets': 

genes identified by 

ChIP on chip as 

targets of the 

Polycomb protein 

EED [GeneID=8726] 

in human embryonic 

stem cells. 

111 0.1045 5.70 

e-90 

5.08 e-86 

3 MIKKELSEN_ME

F_HCP_WITH_H3

K27ME3 

590 Genes with high-

CpG-density 

promoters (HCP) 

bearing histone H3 

trimethylation mark 

at K27 (H3K27me3) 

in MEF cells 

(embryonic 

fibroblast). 

91 0.1542 1.23 

e-88 

7.28 e-85 

4 BENPORATH_SU

Z12_TARGETS 

1038 Set 'Suz12 targets': 

genes identified by 

ChIP on chip as 

targets of the 

Polycomb protein 

SUZ12 

[GeneID=23512] in 

human embryonic 

stem cells. 

108 0.104 3.62 

e-87 

1.61 e-83 

5 BENPORATH_PR

C2_TARGETS 

652 Set 'PRC2 targets': 

Polycomb 

Repression Complex 

2 (PRC) targets; 

identified by ChIP on 

chip on human 

embryonic stem cells 

as genes that: posess 

75 0.115 7.73 

e-63 

2.75 e-59 



254 
 

the trimethylated 

H3K27 mark in their 

promoters and are 

bound by SUZ12 

[GeneID=23512] and 

EED [GeneID=8726] 

Polycomb proteins. 

6 MEISSNER_BRAI

N_HCP_WITH_H3

K4ME3_AND_H3

K27ME3 

1069 Genes with high-

CpG-density 

promoters (HCP) 

bearing histone H3 

dimethylation at K4 

(H3K4me2) and 

trimethylation at K27 

(H3K27me3) in 

brain. 

89 0.0833 1.21 

e-62 

3.60 e-59 

7 GO_INTRINSIC_C

OMPONENT_OF_

PLASMA_MEMB

RANE 

1649 The component of the 

plasma membrane 

consisting of the gene 

products and protein 

complexes having 

either part of their 

peptide sequence 

embedded in the 

hydrophobic region 

of the membrane or 

some other 

covalently attached 

group such as a GPI 

anchor that is 

similarly embedded 

in the membrane. 

104 0.0631 7.53 

e-62 

1.92 e-58 

8 MEISSNER_NPC_

HCP_WITH_H3K4

ME2_AND_H3K27

ME3 

349 Genes with high-

CpG-density 

promoters (HCP) 

bearing histone H3 

dimethylation mark 

at K4 (H3K4me2) 

and trimethylation 

mark at K27 

(H3K27me3) in 

neural precursor cells 

(NPC). 

60 0.1719 7.26 

e-61 

1.62 e-57 

9 MIKKELSEN_NP

C_HCP_WITH_H3

K27ME3 

341 Genes with high-

CpG-density 

promoters (HCP) 

bearing histone H3 

trimethylation mark 

at K27 (H3K27me3) 

58 0.1701 1.54 

e-58 

3.04 e-55 
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in neural progenitor 

cells (NPC). 

10 MIKKELSEN_MC

V6_HCP_WITH_H

3K27ME3 

435 Genes with high-

CpG-density 

promoters (HCP) 

bearing the tri-

methylation mark at 

H3K27 (H3K27me3) 

in MCV6 cells 

(embryonic 

fibroblasts trapped in 

a differentiated state). 

60 0.1379 6.82 

e-55 

1.21 e-51 

a Number of genes in comparison (n): 402, number of genes in universe (N): 38055.  b 

MSigDB database v6.2, updated July 2018; GSEA/MSigDB website v6.3, released 

01/2018 by the Broad Institute Inc. c See Table S5.  Number of negatively correlated genes: 

452, P < 0.05. d Number of genes in gene set. e Number of genes in overlap. f For 

hypergeometric distribution. 
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APPENDIX J. WESTERN BLOT 

 

Figure J.1. Western blot analysis of A549 cell lysate for hMATE1 expression. The blot 

shows a band consistent with the 63-kDa full-length, 586-amino acid protein (The Human 

Protein Atlas, version 19.1, 12/2019, www.proteinatlas.org).  
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Figure J.2. (A) Western blot for optimized RNAi conditions. The full-length protein (63 

kDa) and the 34-kDa splice variant are observed. Transfection with 2.5 nM of both siRNA1 

and siRNA2 provided the best knockdown efficiency relative to scrambled control and 

empty vector (lipofectamine).  The GAPDH loading control is also shown.  The gel image 

(30 sec. exposure) was contrast enhanced but otherwise not altered. (B) Rabbit–anti-human 

hMATE1 antibodies used in this study and aligned amino-acid sequences of the 63-kDa 

full-length protein and the 34-kDa splice variant (NCBI). Specific antibodies/epitopes: 

underlined: Thermo Fisher PA5-25272 and AVIVA OAAB02770 (residues 492-519, based 

on full length protein); bold: Abcam, ab104016 (residues 500-530, based on full length 

protein).  

 

 

 

 

 
34 kDa: 10         20         30         40         50 

MCPGLPRPMS RSSFQLFLQP FFICYKLNIC STRLSSSPMA RSPGNVCVPP  

        60         70         80         90        100 

TGWSLECLQD WASFLRLAIP SMLMLCMEWW AYEVGSFLSG ILGMVELGAQ  

       110        120        130        140        150 

SIVYELAIIV YMVPAGFSVA ASVRVGNALG AGDMEQARKS STVSLLITVL  

       160        170        180        190        200 

FAVAFSVLLL SCKDHVGYIF TTDRDIINLV AQVVPIYAVS HLFEALACTS  

       210        220        230        240        250 

GGVLRGSGNQ KVGAIVNTIG YYVVGLPIGI ALMFATTLGV MGCPENLEGI  

       260        270        280        290        300 

LTNDVGKTGE PQSDQQMRQE EPLPEHPQDG AKLSRKQLVL RRGLLLLGVF  

       310  

LILLVGILVR FYVRIQ 

63k Da: 10         20         30         40         50 

MEAPEEPAPV RGGPEATLEV RGSRCLRLSA FREELRALLV LAGPAFLVQL  

        60         70         80         90        100 

MVFLISFISS VFCGHLGKLE LDAVTLAIAV INVTGVSVGF GLSSACDTLI  

       110        120        130        140        150 

SQTYGSQNLK HVGVILQRSA LVLLLCCFPC WALFLNTQHI LLLFRQDPDV  

       160        170        180        190        200 

SRLTQTYVTI FIPALPATFL YMLQVKYLLN QGIVLPQIVT GVAANLVNAL  

       210        220        230        240        250 

ANYLFLHQLH LGVIGSALAN LISQYTLALL LFLYILGKKL HQATWGGWSL  

       260        270        280        290        300 

ECLQDWASFL RLAIPSMLML CMEWWAYEVG SFLSGILGMV ELGAQSIVYE  

       310        320        330        340        350 

LAIIVYMVPA GFSVAASVRV GNALGAGDME QARKSSTVSL LITVLFAVAF  

       360        370        380        390        400 

SVLLLSCKDH VGYIFTTDRD IINLVAQVVP IYAVSHLFEA LACTSGGVLR  

       410        420        430        440        450 

GSGNQKVGAI VNTIGYYVVG LPIGIALMFA TTLGVMGLWS GIIICTVFQA  

       460        470        480        490        500 

VCFLGFIIQL NWKKACQQAQ VHANLKVNNV PRSGNSALPQ DPLHPGCPEN  

       510        520        530        540        550 

LEGILTNDVG KTGEPQSDQQ MRQEEPLPEH PQDGAKLSRK QLVLRRGLLL  

       560        570 

LGVFLILLVG ILVRFYVRIQ 

A 

B 
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Figure J.3. Western blot analysis of hMATE1 protein in HCT-116 cell lysates pre-

treated with a combination of EPZ-6438 and EED226 (E/E).  Bands for GAPDH (36 

kDa), full-length hMATE1 (63 kDa), and a splice variant of hMATE1 containing the 

antibody epitope (34 kDa) are labeled.   
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APPENDIX K. ICP-MS 

 

 

 

Figure K.1. Results for two additional drug uptake experiments after hMATE1 (SLC47A1) 

knockdown, quantified by ICP-MS, showing reduction in uptake of compound 3.1 by 39% 

(p < 0.01) and 32% (p < 0.01), respectively. 
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APPENDIX L. ASSAY LAYOUT 

 

L.1 Uptake of compound 3.1 into HCT-116 cells after sensitization with epigenetic drugsa 

monitored by confocal fluorescence microscopy (pre-screening). 

a VA, valproic acid; DEC, decitabine; EPZ, EPZ-6438; EED, EED226. 

 

L.2 Uptake of compound 3.1 into HCT-116 cells after sensitization with EPZ-6438, 

EED226, and a combination of both drugs at escalating doses monitored by confocal 

fluorescence microscopy. 

 

Green: EPZ-6438, Blue: EED226, Red: EPZ-6438 + EED226 (“E/E”), 1:1 

 

L.3 Cell proliferation assay for A549 cells after hMATE1 (SLC47A1) knockdown. 

 

Control VA VA EPZ VA  VA EED EPZ VAL DEC EPZ 

Control VA EPZ EPZ VA EPZ EED DEC EPZ DEC VAL EED 

Control EED EED EPZ EED VA EED EED DEC EPZ 

Control DEC DEC EPZ DEC VA DEC EED DEC  

Control 2.5 M 5 M 10 M 20 M  50 M 

Control 2.5 M 5 M 10 M 20 M  50 M 

Control 2.5 M 5 M 10 M 20 M  50 M 
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Assembly: Add 20 mL Opti-Mem into wells B2-5, C2-6, and D2-5.  Add 23.2 mL of Opti-

Mem into wells B6, C6, D6. Then add siRNA to B2-3, C2-3, and D2-3.  Add scrambled 

RNA to B4-5, C4-5, and D4-5. Add diluted lipofectamine (siRNA:lipo 6:1) to B2-5, C2-5, 

and D2-5.  Transfer cells to B2-5, C2-5, and D2-5 at a density of 5000 cells/well.  Add 

same amount of medium into well B6-D6 as blank control.  Add PBS into the outermost 

wells to prevent evaporation of transfection reactions. B2, C2, and D2 are siRNA + 

compound 3.1; B3, C3, and D3 are siRNA only; B4, C4, and D4 are scrambled RNA + 

compound 3.1; B5, C5, and D5 are scrambled RNA only; B6, C6, and D6 are blanks.  

 

 

L.4 Cell proliferation assay for HCT-116 cells after exposure to epigenetic drugs. 

 

Assembly: Add EED-226 and EPZ-6438 (“E/E”) to the cells in wells B5-G5, B7-G7, and 

B9-G9 to produce a final concentration of 2.5 M, and to wells B6-G6, B8-G8, and B10-

G10 to a final concentration of 5 M.  Incubate for a total of 72 hours and replace medium 

with fresh epi-drug(s) every 24 hours.  Replace epi-drug after 72 hours with compound 3.1 

at a final concentration of 1 M in wells B3-G3, B7-G7, and B8-G8, and 10 M in wells 

B4-G4, B9-G9, and B10-G10.  Yellow columns: 2.5 M E/E; Blue columns: 5 M E/E.  

Column 2 is a no-treatment control, columns 3 and 4 are no-sensitization controls. 
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APPENDIX M. STRUCTURES OF ONCOLOGY DRUGS 

 

Scheme M.1. Structures of oncology drugs discussed in Chapter 1.  

 

 

 

  



263 
 

SCHOLASTIC VITA 

Xiyuan Yao 

Born: March 28, 1992 

Tianjin, China 

 

Education 

 

2015-Present  

Wake Forest University, Winston-Salem, NC, USA 

Ph.D. candidate in Chemistry 

 

2010-2014 

Tianjin Medical University, Tianjin, China 

Bachelor of Science in Pharmaceutical Sciences  

 

HONORS AND AWARDS 

 

2020 

Outstanding Senior Graduate Student Award 

Department of Chemistry 

Wake Forest University  

 

PUBLICATIONS  

 

Yao, X., Bierbach, U., Adduct Detection after Post-Labeling Technique (ADAPT) 

Provides Insight into the DNA Damage Caused by Platinum–Acridine Anticancer Agents 

in Intact Cells.  In preparation.   



264 
 

Yao, X., Watkins, N.H., Brown-Harding, H., Bierbach, U., A membrane transporter 

determines the spectrum of activity of a potent platinum–acridine hybrid anticancer agent. 

Scientific Reports, 10(1), 15201 (2020).  

Zhang, S., Yao, X., Watkins, N., Rose, P., Caruso, S. and Day, C., Bierbach, U., 

Discovery of a chiral DNA‐targeted platinum–acridine agent with potent enantioselective 

anticancer activity. Angewandte Chemie International Edition, 59(49), 21965-21970 

(2020). 

Rose, P. K., Watkins, N. H., Yao, X., Zhang, S., Mancera-Ortiz, I. Y., Sloop, J. T., ... & 

Bierbach, U., Effect of the nonleaving groups on the cellular uptake and cytotoxicity of 

platinum-acridine anticancer agents. Inorganica Chimica Acta, 492(24), 150-155 (2019).  

Yao, X., Tracy, C. M., & Bierbach, U., Cysteine-directed bioconjugation of a platinum 

(II)–acridine anticancer agent. Inorganic Chemistry, 58(1), 43-46 (2019).  

Fahrenholtz, C.D., Ding, S., Bernish, B.W., Wright, M.L., Zheng, Y., Yang, M., Yao, X., 

Donati, G.L., Gross, M.D., Bierbach, U. and Singh, R., Design and cellular studies of a 

carbon nanotube-based delivery system for a hybrid platinum−acridine anticancer 

agent. Journal of Inorganic Biochemistry, 165, 170-180 (2016).  

 

PATENT APPLICATIONS 

 

Bierbach, U., Yao, X., Zhang, S., Watkins, N. H., Mancera-Ortiz, Y. I. Platinum−acridine 

compounds and methods of treating cancers. Provisional patent application, in preparation. 

Bierbach, U., Yao, X., Wang, H. Payload and linker designs for platinum−acridine 

anticancer agents and methods thereof. (WO2019046278) PCT/US2018/048309. 

 

PRESENTATIONS 

 

Yao, X., Tracy, C. M., & Bierbach, U. Design of payloads for targeted delivery of 

platinum−acridine anticancer agents. 70th Southeastern Regional Meeting of American 

Chemical Society, Augusta, GA, Oct. 31 – Nov. 3, 2018 (Oral presentation). 

Yao, X., Wright, M., Yang, M., Lee, J., Furdui, C., & Bierbach, U. Design, synthesis and 

characterization of multifunctional platinum-[benz] acridine agents. 253rd American 

Chemical Society National Meeting, San Francisco, CA, April 2-5, 2017 (Poster 

presentation). 

 

  



265 
 

JOURNAL COPYRIGHT PERMISSIONS 

Chapter 2 of this dissertation has appeared in print in the ACS journal Inorganic Chemistry, 

which belongs to the publisher American Chemical Society.  Permission to use in this 

dissertation is granted in both print and electronic formats, and translations.  The published 

article can be found at: https://pubs.acs.org/doi/10.1021/acs.inorgchem.8b02717  

Chapter 3 of this dissertation has not yet appeared in any journal, and therefore, no 

permissions are required.  

Chapter 4 of this dissertation has appeared in print in the journal, Scientific Reports, which 

belongs to the publisher Springer Nature.  This article is licensed under a Creative 

Commons Attribution 4.0 International License, which permits unrestricted use, 

distribution, and reproduction in any medium, provided the original work is properly cited.  

Therefore, the permission to include this paper in this dissertation is granted.  The 

published article can be found at: https://www.nature.com/articles/s41598-020-72099-z  

 

https://pubs.acs.org/doi/10.1021/acs.inorgchem.8b02717
https://www.nature.com/articles/s41598-020-72099-z

