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Chapter 1 

Introduction 

 

 

1.1 Complexity of human cancers 

Our current understanding of the molecular basis of cancer has been shaped by 

initial landmark studies demonstrating that cancer was caused by the deregulation of a 

few oncogenes or tumor suppressor genes (1, 2).  Identification of these genes and their 

encoded protein products has had a tremendous impact on molecular medicine, leading to 

effective targeted therapies for certain cancers.  For example, patients with chronic 

myelogenous leukemia (CML), a bone marrow derived cancer, express the fusion 

oncogene BCR-ABL that is effectively targeted by the kinase inhibitor imatinib mesylate 

(3–7).  In breast cancer, elevated levels of the membrane-bound receptor oncogene 

Her2/neu (ERBB2) predict response to the humanized monoclonal antibody therapeutic 

trastuzumab (8, 9).  The clinical effectiveness of targeted molecular therapies against 

certain types of cancer is a testament to the progress in cancer research and medicine. 
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It is becoming increasingly clear, however, that for the majority of metastatic 

cancers, a single or few genes is insufficient in predicting tumor behavior and does not 

represent all necessary and sufficient targets for molecular therapy.  Tumors are highly 

complex, dynamic, heterogeneous biological systems driven by series of genomic and 

epigenetic mutations that affect the genes controlling cell proliferation, survival, 

invasiveness and motility.  Typically, multiple primary genomic alterations are present 

within a single tumor with secondary mutations arising through genetic instability, 

enabling malignancies to develop resistance to drugs.  For example, the majority of lung 

adenocarcinomas that respond to epidermal growth factor receptor (EGFR) inhibitors 

(erlotinib and gefitinib) eventually develop resistance through selection of tumor cells 

expressing an EGFR variant containing a single amino acid mutation that confers drug 

resistance (10–12).  Pre-malignant tissue evolve in a multi-step process into tumors, each 

step highly sensitive to numerous interacting extracellular stimuli, including growth 

factors (13, 14), extracellular matrix proteases (15, 16), physiological stresses (e.g., low 

oxygen levels (17, 18)) and cytokines (19).  Many sources contribute to the tumor milieu, 

including non-tumor, stromal cells found in the local architecture (20, 21) and immune 

cells that have infiltrated the tumor microenvironment (19, 22, 23).  Thus for a typical 

malignancy, a large number of genomic, proteomic, physiological conditions, and 

supporting cell types are involved.   
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1.2 Diagnostic challenges presented by cancer 

One of the goals of cancer diagnostics is to detect and monitor biological 

elements that are representative of the interactions between the various components 

involved in a malignancy, and with the information be able to characterize the state of the 

system and/or generate network models with predictive features that would be of 

fundamental or therapeutic value (Figure 1.1).  The biological elements targeted are 

either directly involved in the malignancy (e.g. over expression of EGFR), or are 

byproducts of the process (e.g. circulating tumor DNA resulting from necrosis).    

Individually, they are referred to as biomarkers.  Currently, most FDA approved cancer 

diagnostic platforms focus on the detection of a single or few biomarkers and have been 

effective for several cancers for staging, monitoring, and prognostication (24).  This 

pauci-parameter approach, however, is being revised because of the molecular 

 

Figure 1.1  Numerous components of tumor biology must be queried for informative 
diagnostics.  Reciprocal interactions between the tumor microenvironment, tumor cell genome 
and tumor development drive the complexity of cancer, presenting challenges for multi-
parameter diagnostics.  Adapted from (36).  
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heterogeneity of cancer—the accuracy and coverage of diagnostic assays will be 

improved by adopting a multi-parameter systems approach, namely measure as many 

different biological elements as possible.  The motivation is that a collection of 

biomarkers would produce a molecular signature that would provide a higher level of 

sensitivity and specificity for staging, treatment and prognostication.         

A number of studies reported in the literature have shown that global profiling 

approaches are effective in characterizing cancer.  Differential gene expression studies 

have shown that diseased complex expression networks can be differentiated from their 

healthy counterparts and can be used to predict patient survival and response to cancer 

therapies (25−28).  Many of the proteins, genes and small molecules identified in these 

studies have spear-headed further investigations, including mechanistic studies (29) and 

the use of these targets as potential biomarkers (30−32).  Other global profiling 

approaches investigating genomic alterations (33−34) and proteomic alterations (30, 35) 

have also been reported, although for the latter, studies have been impeded by the lack of 

proteome wide capture agents and lack of technologies to capture all the proteomic 

functions concomitantly (36) (e.g. interactions involving protein-protein, protein-ligand, 

post-translational modifications).        

The adoption of a multi-parameter paradigm is compounded by the fact that most 

biological tissues collected from patients are small, making it challenging to execute 

large-scale analyses of the different classes of biological molecules (e.g. cells, genes, 

proteins, metabolites).  This has driven the miniaturization of many diagnostic assays into 

integrated biochips.  The benefits of developing biochips are severalfold.  First, 

integrated biochips are able to handle small amounts of tissue.  This is important in 
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interfacing with tumor tissue derived from skinny-needle biopsies and other minimally 

invasive diagnostic procedures.  Second, on-chip measurements can be highly parallel 

and multiplexed which is important in providing statistical certainty by repeated 

sampling.  Third, chip-based devices can be manufactured with well developed processes 

borrowed from mature engineering disciplines (e.g. semiconductor fabrication) and are 

typically compatible with a host of common instrumentation (e.g. fluorescent 

microscopy), lowering costs and increasing accessibility.   

 An example of a cancer diagnostic that has benefited from miniaturization is 

circulating tumor cell (CTC) detection.  CTCs are cells shed from primary tumors and are 

in circulation at low levels in blood.  The abundance of CTCs can be used to monitor the 

efficacy of cancer therapeutics.  Current technologies for CTC detection rely on bead-

based assays (37) but are plagued with low recoveries and low purity.  Recently, two 

chip-based, microfluidic devices have been reported which significantly increase 

recoveries and purities of CTC capture (38, 39).  The robustness of one biochip enabled 

the correlation of CTCs levels with decreased or increased tumor burden and the 

identification of mutations through genomic sequencing of CTCs collected from the 

device (40). 

1.3 DNA as an encoding element       

 The utility of DNA as a chemical material has reached into many areas of active 

research, including nanomaterials (41−43), DNA computing (44), automated machines 

(45), and molecular electronics (46).  In the arena of biological sensing involving mainly 

protein detection, technologies and platforms that have been developed include immuno-
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PCR (47), rolling circle amplification (48), proximity ligation (49), and nanoparticle-

based assays (50).  DNA-based, multiplexed assays in which multiple detection events 

are encoded and then decoded simultaenously include immunophenotyping using 

transcription (51) and self-assembled chemical libraries (52). 

 There are several reasons that makes DNA an attractive material and encoding 

element.  First, the exquisite specificity and favorable energetics of DNA base-pairing 

provides self-assembling properties, permiting complex 2-D and 3-D structures to be 

designed and predicted from linear primary sequences.  Second, analagous to its 

endogenous function, unique DNA sequences can be used to store information, scaling 

exponentially to the length N of the polymer.  Third, in its natural environment, DNA 

interfaces with a host of other biological elements which can be exploited for molecular 

level control.  For example, DNA can be specifically truncated with restriction 

endonucleases.  Fourth, the production of DNA oligonucleotides is trivial, owing in large 

part to chemical automation.  A wide variety of unnatural chemical handles (e.g. primary 

amines, thiols), readouts (e.g. fluorophores), and modified bases (e.g. locked nucleic 

acids) are available for incorporation into a primary sequence, expanding the utility and 

applications of the polymer.  Lastly, platforms to characterize DNA are robust, including 

sequencing, PCR, microarrays, and bioinformatic algorithms.  

1.4 Thesis overview  

 This thesis presents the development of chip-based, DNA-encoded technologies 

to address the current multi-parameter challenges associated with in vitro cancer 

diagnostics.  In Chapter 2, I will begin by introducing the development of an approach 
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called DNA-Encoded Antibody Libaries (DEAL) in which computationally derived, 

orthogonal ssDNA tags are conjugated to an antibody library where every antibody-

specificity is uniquely encoded with a distinct ssDNA sequence.  A library of DEAL 

conjugates is exposed to a biological sample, bind to their cognate antigen, and decoded 

spatially on a glass substrate printed with the complementary DNA sequences.  I 

demonstrate the DEAL technique for;  (1) the rapid detection of multiple proteins within 

a single microfluidic channel, and with the additional step of electroless amplification of 

gold-nanoparticle labeled secondary antibodies, establish a detection limit of 10 fM for 

the protein IL-2; (2) the multiplexed, on-chip sorting of both immortalized cell lines and 

primary immune cells; and (3) the co-detection of ssDNAs, proteins, and cell populations 

on the same platform.  By using a common assembly molecule, DEAL meets the 

diagnostic need for multi-parameter platforms able to manipulate and detect major 

subtypes of biological molecules (genes, proteins, cell membrane-bound markers).  

Moreover, this technique is fully integrable with fluidics, enabling the processing of 

small tissue samples.  Chapter 2 has been taken in part from © J. Am. Chem. Soc. 2007, 

129(7), 1959−67. 

 Chapter 3 extends and develops the concept of cell sorting with DNA tags in the 

context of an important immunological problem with clinical implications for cancer 

therapy, namely that of detecting antigen-specific T cells.  Through genetic 

recombination, T cells are capable of recognizing and engaging to cells presenting 

processed antigenic fragments, including antigens presented by cancer cells.  The ability 

of T cells to cull target populations of cells has been exploited as an experimental cancer 

therapy by infusing patients with augmented and activated T cells specific for cancer 



8 
 

associated antigens (53) with documented T cell-induced tumor regression in subsets of 

patients with metastatic cancers (54, 55). 

Despite these promising trials, T cellular immunotherapy is difficult to 

characterize fully because of technological bottlenecks that do not allow the multi-

parametric analysis of different antigen-specific T cells in small numbers.  With the goal 

of highly multiplexed T cell detection, Chapter 3 will introduce technique called "Nucleic 

Acid Cell Sorting (NACS)" in which single-stranded DNA oligomers conjugated site-

specifically to p/MHC tetramers are employed to immobilize p/MHC tetramers via 

hybridization to a complementary-printed substrate.  Fully assembled p/MHC arrays are 

used to detect and enumerate T cells captured from cellular suspensions, including 

primary human T cells collected from cancer patients.  Importantly, T cell array binding 

is optimized by utilizing cysteine-engineered streptavidin (SAC) for ssDNA-p/MHC 

tetramer production, resulting in NACS p/MHC arrays that outperform conventional 

spotted arrays assessed by performance standards such as reproducibility and 

homogeneity.  The versatility of using DNA tags is also exploited to enable selective 

detachment of T cells with restriction endonucleases.  Demonstrative experiments 

regarding NACS sensitivity, multiplexing and limit of detection are performed with cell 

lines and with T cells isolated from cancer patients.  Lastly, I show an important clinical 

application of this technology by monitoring the presence and abundance of a cancer-

specific T cell population collected from a melanoma patient receiving cellular 

immunotherapy.  Chapter 3 has been taken in part from © J. Am. Chem. Soc., 2009, in 

press.       
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Cell surface proteins constitute an important subset of the cellular proteome, as 

these proteins are frequent targeted for molecular therapy, staging and for directing 

therapies.  Chapter 4 presents current work on detecting cell membrane-bound proteins 

by amplification of encoded ssDNA tags.  In this approach, DEAL/NACS conjugates are 

synthesized with photolabile ssDNA tags.  Whereas in previous demonstrations, the 

ssDNA tags were employed as molecular tethers, in the cellular barcoding approach, the 

ssDNA tags are used as reporter molecules.  After staining a population of cells with a 

library of DEAL/NACS conjuates, the ssDNA tags are released into solution via UV 

cleavage and collected for analysis by PCR.  The quantity of each unique ssDNA tag 

directly correlates to the  presence and expression of the targeted cell surface markers.  I 

demonstrate that this concept by detecting EGFR over-expression from a low-passage 

brain cancer cell line (GBM1600) relative to EGFR null Jurkat human T cells.  In 

addition, I show that different TCR specificities can be differentiated by this technique by 

using NACS conjugates to detect the presence of a TCR specific for a melanoma-

associated cancer antigen, MART-1.  Lastly, experimental details will be presented to 

interface with second generation sequencing platforms for high throughput and 

quantitative analysis of the reporter barcodes for global cell surface-ome profiling.      
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