
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Allele-specific gene regulation in humans

Permalink
https://escholarship.org/uc/item/0r35q4pm

Author
Maynard, Nathaniel David

Publication Date
2008
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0r35q4pm
https://escholarship.org
http://www.cdlib.org/


 

 

UNIVERSITY OF CALIFORNIA, SAN DIEGO 
 
 
 

Allele-specific Gene Regulation in Humans 

 

A dissertation submitted in partial satisfaction of the requirements for the degree 

Doctor of Philosophy 

 

in 

 

Chemical Engineering 

 

by 

 

Nathaniel David Maynard 

 

 

Committee in Charge: 

 Professor Bing Ren, Chair 
 Professor Pao Chau 
 Professor Xiang-Dong Fu 
 Professor Xiaohua Huang 
 Professor Bernhard Palsson 
 Professor Jan Talbot 
 
 
 
 

2008



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

© 
Nathaniel David Maynard, 2008 

All rights reserved. 



 

iii 

 
 

 

 

 

The dissertation of Nathaniel David Maynard is approved,  

and it is acceptable in quality and form for publication on  

microfilm: 

 

_______________________________________________ 
 

_______________________________________________ 
 

_______________________________________________ 
 

_______________________________________________ 
 

_______________________________________________ 
 

_______________________________________________ 
Chair 

 

University of California, San Diego 

2008 

 

 

 

 

 



 

iv 

 

 

 

 

 

 

 

 

 

 

 

To my girls–Jane, Cate, and Anna 
In memory of Grampy, Rose, and Gram 

 

 

 

 

 

 

 

 

 

 



 

v 

TABLE OF CONTENTS 
 
 
Signature Page………………………………………………………………………...iii 
 
Dedication……………………………………………………………………………..iv 
 
Table of Contents………………………………………………………………………v 
 
List of Figures……………………………………………………………………...…vii 
 
List of Tables………………………………………………………………………...viii 
 
Acknowledgements……………………………………………………………………ix 
 
Vita…………………………………………………………………………………...xii 
 
Abstract………………………………………………………………………….......xiii 

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

1.1 The Human Genome......................................................................................... 2 
1.2 Gene Transcription ........................................................................................... 5 
1.3 Chromatin Structure and Gene Regulation........................................................ 7 
1.4 CCCTC-binding factor (CTCF) ........................................................................ 8 
1.5 Genomic Variation ........................................................................................... 9 
1.6 ChIP-chip ....................................................................................................... 11 
1.7 Allele-specific Gene Regulation ..................................................................... 13 

1.7.1 Imprinting................................................................................................ 14 
1.7.2 X-Chromosome Inactivation.................................................................... 15 
1.7.3 Random Monoallelic Expression (Allelic Exclusion) ............................... 17 

1.8 Differential Allelic Expression ....................................................................... 18 
1.9 Allele-specific Protein–DNA Interactions....................................................... 21 

Chapter 2 Digital Expression Profiling......................................................................25 
2.1 Allele-specific Expression Studies.................................................................. 27 
2.2 Current Methods for Discovering and Monitoring Allele-Specific Gene 
Expression............................................................................................................ 29 
2.3 Results............................................................................................................ 30 

2.3.1 Ratio Mix Test......................................................................................... 32 
2.3.2 RNA Digital Expression Profiling (RDEP) .............................................. 32 
2.3.3 ACTG1 and EDN1 Transcript Copy Numbers .......................................... 33 
2.3.4 RDEP Summary ...................................................................................... 34 
2.3.5 Using RDEP for Screening Allele-specific Expression............................. 35 

2.4 Discussion ...................................................................................................... 36 
2.5 Acknowledgments .......................................................................................... 37 
2.6 Material and Methods..................................................................................... 38 



 

vi 

Chapter 3 Genome-wide Mapping of Allele-specific Protein–DNA Interactions in 
Human Cells .............................................................................................................59 

3.1 Introduction.................................................................................................... 60 
3.2 Results............................................................................................................ 64 

3.2.1 Identification of Allele-specific Interactions of RNAP in the Human 
Genome............................................................................................................ 64 
3.2.2 RNAP Interacts with Promoters of Imprinted Genes in an Allele-specific 
Manner............................................................................................................. 65 
3.2.3 Validation of Identified Allele-specific RNAP Binding Sites ................... 68 
3.2.4 Correlation of RNAP Binding to Promoters and Allele-specific Gene 
Expression........................................................................................................ 69 

3.3 Discussion ...................................................................................................... 70 
3.4 Acknowledgements ........................................................................................ 72 
3.5 Material and Methods..................................................................................... 74 

Chapter 4 Conclusions ............................................................................................103 
4.1 RDEP and ADEP...........................................................................................104 
4.2 ChIP-SNP Going Forward .............................................................................105 
4.3 Future Work ..................................................................................................108 

4.3.1 CTCF ChIP-SNP in IMR90 ....................................................................108 
4.3.2 RNAP ChIP-SNP in Human Embryonic Stem Cells................................109 

4.4 Acknowledgements .......................................................................................111 
References ..............................................................................................................112 
 



 

vii 

LIST OF FIGURES 
 
 
Figure 1-1.  Building Blocks of the Human Organism. ............................................. 23 
Figure 1-2.  Experimental Scheme for ChIP-chip ..................................................... 24 
Figure 2-1.  Allele-specific Expression..................................................................... 47 
Figure 2-2.  Padlock Probes and Rolling Circle Amplification.................................. 48 
Figure 2-3.  Slide Images Before and After Streptavidin Collapse ............................ 49 
Figure 2-4. RDEP Experimental Scheme.................................................................. 50 
Figure 2-5.  ACTG1 and EDN1 3’ Targeting............................................................. 51 
Figure 2-6.  RDEP Dynamic Range Sample ............................................................. 52 
Figure 2-7.  ADEP Probe Design.............................................................................. 53 
Figure 3-1.  Outline of the Procedure for ChIP-SNP................................................. 81 
Figure 3-2.  ChIP-SNP Analysis of RNAP Binding in Human Fibroblasts................ 82 
Figure 3-3. Histogram of Fold Change of Allele-specific Enriched SNPs ................. 83 
Figure 3-4. Identification of Allelic-specific Binding of RNAP to the Genomic DNA 

in Human Fibroblasts ....................................................................................... 84 
Figure 3-5.  RNAP Allele-specific Binding at Known Imprinted Genes.................... 85 
Figure 3-6.  Validation of RNAP ChIP-SNP Results by Sequencing......................... 86 
Figure 3-7.  A Comparison of RNAP ChIP-SNP Ratios with Sequencing Ratios ...... 87 

 

 

 



 

viii 

LIST OF TABLES 
 
 

Table 2-1.  Circle Ratio Mix Results ........................................................................ 54 
Table 2-2.  EDN1 Induction Results ......................................................................... 55 
Table 2-3.  RDEP Quantification of ACTG1 and EDN1 Transcripts Levels .............. 56 
Table 2-4.  ACTG1/EDN1 Ratios from RDEP Analysis............................................ 57 
Table 2-5.  ADEP Dilution Series Results ................................................................ 58 
Table 3-1.  RNAP Allele-specific Enriched SNPs and the Nearest RefSeq Genes..... 88 
Table 3-2.  Allele-specific Bound RefSeq Genes and sno-microRNAs within +/- 5 kb 

from 466 AS-enriched SNPs............................................................................. 98 
Table 3-3.  GO Results of Human Imprinted Genes and 466 AS-enriched SNPs....... 99 
Table 3-4.  Predicted Imprinted Mouse Genes Overlapping with RNAP AS-enriched 

SNPs ...............................................................................................................100 
Table 3-5.  Allele-specific Transcription Profiling Results.......................................101 
Table 3-6.  Transcribed Genes with Heterozygous Enriched SNPs within its Promoter

........................................................................................................................102 



 

ix 

ACKNOWLEDGEMENTS 
 

I would like to my advisor Bing Ren, whose guidance made this work possible.  

Bing has always made himself available for insightful scientific discussion and 

encouragement, regardless of the demands of his busy schedule.  He continually 

encouraged collaboration with outside scientists in both academia and industry.  And 

provided the environment and resources for a great learning environment.  I would 

also like to thank my previous research mentors who contributed to my scientific 

training and encouraged me to pursue a doctoral degree. 

I would like to thank my committee members:  Professors Pao Chau, Xiang-

Dong Fu, Xiaohua Huang, Bernhard Palsson, and Jan Talbot.  Their time and insight 

has been invaluable in the completion of this dissertation.  In particular, I would like to 

thank Xiaohua for his direction, insight and encouragement of much of the work 

reported in Chapter 2.  He has been very generous with his time and resources.  I 

would also like to thank the Chemical Engineering faculty, in particular Pao and Jan, 

who have been critical sources of advice, wonderful to work for as a TA, and who 

were continually supportive of my research.  I would also like to thank the graduate 

student advisors for the program (Beverley Walton and Michelle Vavra) who were 

always very courteous and helpful. 

The work on ChIP-SNP would not have been possible without the help of Jian-

Bing Fan and Jing Chen at Illumina Inc.  Jian-Bing has been very generous in 

providing direction and resources and a pleasure to work with. 



 

x 

I am grateful for the additional assistance in analyzing ChIP-SNP data from 

Professor Zhiping Weng and her super graduate student Hualin Xi.  They have been 

wonderful collaborators and have provided unique insight into ways to analyze our 

data. 

I’d like to thank past and present members of the Ren lab.  In particular, I 

would like to thank Dr. Keith Ching for patiently teaching me the bioinformatics tools 

necessary to analyze my data.  Eugene Ke and Dr. Leah Barrera were always helpful 

in giving advice and pointing out ways to analyze my data.  Dr. Tae Kim was a great 

resource for insight and feedback.  Leonard Lee was a quick study and a great 

experimental researcher. 

I would like to thank family and friends, without whose support this 

dissertation would have not been possible.  First and foremost, I would like to thank 

my beautiful and energetic wife Jane, who at times, must have felt like a single 

mother; My beautiful daughters, Cate and Anna, who make any failed experiment 

soon forgotten.  They have been a great source of strength, love, and care.  I’d like to 

thank Mom, Dad, Jess, Jake and Hannah, who have blessed my life continually.  I 

can’t forget all my extended family out East, whose love and company I have missed 

being so far away.  Gram Maynard, whose amazing spirit and example of kindness 

and love touched everyone who knew her.  Rose McCarthy, a wonderful and inspiring 

great-grandmother until the ripe old age of 103.  Finally, Grampy McCarthy, who 

always encouraged education and said goodbye as we packed our belongings for San 

Diego knowing he wouldn’t be around at the finish. 



 

xi 

Chapter 3, in part quotes sections from:  Maynard, Nathaniel D; Chen, Jing; 

Stuart, Rhona K; Fan, Jian-Bing, and Ren, Bing.  Genome-wide mapping of allele-

specific protein-DNA interactions in human cells.  Nature Methods, DOI: 

10.1038/nmeth.1194.  I was the primary author of this publication and performed most 

of the experimental work and all of the analysis.  Jing Chen and Rhona Stuart assisted 

in part of the experimental work.  Jian-Bing Fan and Bing Ren supervised the work. 

Professor Zhiping Wang and Hualin Xi of Boston University and University of 

Massachusetts, Worchester have assisted is developing the pipeline used to analyze 

the CTCF data in Chapter 4.  Professor Jeanne Loring of The Scripps Research 

Institute was kind enough to supply the stem cells for ChIP-SNP studies laid out in 

Chapter 4. 

 

 



 

xii 

VITA 

 

EDUCATION 
 

2001  B.S.  Tufts University, Medford, MA 

2003  M.S.  University of California San Diego, La Jolla, CA 

2008  Ph.D. University of California San Diego, La Jolla, CA 

 

PUBLICATIONS AND MEETING PRESENTATIONS 

Maynard ND, Chen J, Stuart RK, Fan J-B, Ren B.  Genome-wide Mapping of Allele-

specific Protein-DNA Interactions in Human Cells.  Nature Methods 2008, 

10.1038/nmeth.1194. 

 

Genome-wide Mapping of Allele-specific Protein-DNA Interactions in Human Cells. 

Selected for presentation at Genetics Society of America, Genetic Analysis: Model 

Organisms to Human Biology Meeting (Jan 2008). 

 

Genome-wide Mapping of Allele-specific Protein-DNA Interactions in Human Cells. 

Selected for presentation at The American Society of Human Genetics 57th Annual 

Meeting (Oct 2007). 

 

 



 

xiii 

ABSTRACT OF THE DISSERTATION 

 

Allele-specific Gene Regulation in Humans 

by 

Nathaniel David Maynard 

 

Doctor of Philosophy in Chemical Engineering 

University of California, San Diego, 2008 

 

Professor Bing Ren, Chair 

 

Contained within the nucleus of each mammalian diploid cell are found two 

genomes, a maternally and a paternally inherited copy.  Recent studies have begun to 

better characterize the extent of variation between genomes increasing the previous 

estimates five-fold.  These variations are not just located in the large intergenic 

regions of the genome called gene desserts, but are often found in gene coding 

sequences and gene regulatory regions.  It is becoming increasingly clear that allelic 

resolution of genomic variation, transcript bias, and protein-DNA interactions is 

important in understanding the true cellular state of diploid cells.  To date, allele-level 
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examination has been left unstudied in large part due to a lack of large-scale 

technologies capable of resolving alleles. 

In this work, we describe the development of a novel technology, named RNA 

Digital Expression Profiling (RDEP), which allows discreet quantification of RNA 

levels by counting single molecules in a high-throughput array based format.  RDEP 

demonstrated comparable performance to quantitative-PCR when examining small 

gene changes.  Capable of accurately quantifying low abundance genes such as EDN1 

in RNA samples isolated from as few as ~2,000 cells.  We further show that we can 

modify this same methodology to allow detection of individual alleles.  We call this 

modification Allele-specific Digital Expression Profiling (ADEP) and show that we 

can accurately quantify bias between alleles as small as 5%.  This is a significant 

improvement over established high-throughput technologies, which have difficulty 

detecting differential allelic bias less than 50% (60:40).  We feel that RDEP and 

ADEP are viable high-throughput technology that allows accurate discreet 

quantification of RNA and allele transcripts. 

While a number of genes subjected to such allele-specific regulation have been 

identified, the underlying mechanisms have remained largely uncharacterized.  To this 

end, it is important to analyze transcription factor binding and chromatin structures at 

the two parental alleles of each gene.  We describe a high-throughput method for 

identification of allele-specific protein-DNA interactions throughout the genome.  

This method involves isolation of the transcription factor bound DNA via chromatin 

immunoprecipitation (ChIP) from cross-linked human cells, followed by detection 

with SNP genotyping microarrays (ChIP-SNP).  We applied this method to human 
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fetal fibroblasts (IMR90) and examined the binding of RNA polymerase complex 

(RNAP) to a collection of 317,513 SNP sequences in the human genome. Among the 

11,027 heterogeneous SNPs enriched by RNAP, 466 (4.0 %) are occupied by RNAP 

in an allele-specific manner.  Using allele-specific transcription profiling, we found 

excellent correlation between allele-specific RNAP enrichment and allele-specific 

gene expression. Our results confirmed allele-specific binding of RNAP to known 

imprinted loci and provide hundreds of candidates for novel imprinted loci.  ChIP-

SNP provides a window into understanding transcription by looking at binding of 

transcription machinery or regulators to DNA in an allele-specific manner.
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Chapter 1 

Introduction 

The Human Genome Project has provided the scientific community with a 

consensus sequence of the entire human genome by sequencing multiple individuals.  

This monumental endeavor has provided an invaluable resource for the investigation 

of human development, variation, and disease.  Recent genome-wide efforts–such as 

the International HapMap project, sub-microscopic structural variation studies, 

genome-wide association studies (GWAS), the recent sequencing of individual 

genomes, namely J. Craig Venter and James Watson–along with the announcements of 

several whole-genome sequencing projects, have begun to focus on characterizing the 

genetic variation between individuals.  The data obtained from these projects have 

provided a window into the extent of variation between individuals and allow us to 

understand the underlying genetic differences that may predispose certain individuals 

or populations to complex diseases.  In fact, the recent success of several genome-

wide association studies in identifying known genes involved in certain diseases as 

well as providing a list of additional candidate genes and pathways that could play 

roles in the disease etiology.  These results have emphasized the importance of 

understanding the extent and frequency of variation, as well as the functional 

consequences of genomic variants. 

As each human somatic cell contains essentially two genomes, one paternally 

inherited and one maternally inherited, the variation between these two genomes can 
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be quite large.  The importance of the characterization of the allelic contribution of 

each genome to the RNA and protein pools is becoming more and more evident. 

In this dissertation, we describe two technological advancements that will 

allow researchers to investigate gene regulation on the allelic level.  We describe a 

highly quantitative methodology for determining small changes in gene expression 

levels in an array-based format.  We adapt this technology to be able to detect small 

biases in allelic transcript levels.  The discrete nature of our methodology proves 

especially useful at detecting small changes in transcripts that would normally be 

undetectable by conventional methods.  In addition, we report the results of a pilot 

study that looks for the first time at allele-specific protein–DNA interactions at the 

genome-wide scale.  Together, our work should prove useful in understanding allelic 

contributions to the cellular state at both the transcript and the regulatory levels. 

1.1 The Human Genome 

The hereditary information responsible for carrying out the developmental 

processes differentiating a human from a mouse or a mouse from a fly is encoded 

within the genome of each organism.  In humans, the genome contains the instructions 

necessary to direct a single cell embryo to divide and differentiate into a 100 trillion-

cell organism of over 200 distinct cell types (Fig. 1-1). 

The biochemical backbone of the genetic code is a double helix chain of 

deoxyribonucleic acid (DNA).  The structure of DNA was first described as a double 

helix over fifty years ago by Drs. James Watson and Francis Crick1.  The double helix 

structure is critical to life, enabling the genome to be copied, read and repaired.  Four 
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nitrogen-containing bases (also called ‘letters’), adenine (A), thymine (T), guanine (G) 

and cytosine (C), make up each DNA chain, and the specific order of these nucleotide 

bases make up the genetic sequence.  Technologies now exist that allow researchers to 

both sequence and synthesize long stretches of genetic sequence, acting as powerful 

investigative tools for biological discovery.   

In humans, DNA is packaged into 22 autosomal (non-sex) chromosomes and 

two sex chromosomes, termed chromosome X and chromosome Y.  Diploid cells 

contain two copies of each autosomal chromosome, one maternal complement and one 

paternal complement.  The sex chromosomes are the exception where females contain 

two X chromosomes and males contain a maternally-inherited X chromosome and a 

paternally-inherited Y chromosome.  In total, the human chromosomes consist of 3 

billion base pairs2,3. 

Soon after the discovery of the content and structure of genomic DNA 

scientists deciphered how this four-base sequence could encode instructions for 

protein synthesis.  This ‘genetic code’ uses three-letter combinations of sequential 

bases called codons which are translated to the 20 fundamental units of proteins called 

amino acids.  The proteins that form the structures distinguishing the range of cell 

types and perform the biological and enzymatic processes of the cell are encoded 

within the genome as ‘genes’.  A gene consists of coding regions (exons) interspersed 

with non-coding regions (introns).  The coding region contains the sequence 

information, which specifies the string of amino acid that makes the protein content of 

the cell.  Sequence data obtained from clones and the human genome project have 
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revealed that there are an estimated 20,000 – 25,000 protein-coding genes representing 

only a small fraction (~1.5%) of the total length of the genome2.  

Protein synthesis is mediated by an intermediate sequence called messenger 

ribonucleic acid (mRNA), which is a transcribed copy of the genes coded for by DNA.  

RNA was suspected to act as this intermediate messenger as it was found in 

abundance in both the nucleus of the cell (with the genomic DNA) and in the 

cytoplasm where protein synthesis was known to take place.  Correlations between 

protein synthesis and cytoplasmic abundance were also observed.  The small 

biochemical differences between RNA and DNA confer very different properties to 

the molecules.  The ribose backbone of RNA makes double-stranded structures 

unstable.  Therefore, it exists primarily as a single-stranded molecule.  RNA also uses 

the unmethylated form of thymine base (uracil).  The life of mRNA begins when it is 

synthesized by RNA polymerase enzyme in the nucleus, a 5’meO cap is added along 

with a 3’ polyA tail and is then transported out of the nucleus into the cytoplasm.  The 

mRNA template is read by a large ribosomal RNA complex, which translates the base 

sequence into a string of amino acids that make up the encoded protein.   

Gene transcription directly affects a cell’s protein pool, thus defining the cell 

traits and its ability to perform its designated functions.  Understanding the processes 

instructing gene regulation are important in understanding how living cells carry out 

their tasks while detecting and responding to environmental stimuli. 
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1.2 Gene Transcription 

Control of gene transcription is central to the survival and proper functioning 

of a cell.  Cancer is a classic example of what happens when a cell deviates from its 

normal program through the enhanced transcription of oncogenes or the interrupted 

transcription of tumor suppressor genes.  The process of gene transcription is 

controlled at several stages:  initiation, transcription, mRNA processing, nuclear 

export, translation, and degradation4.  Many of the factors that control progression 

through this process are linked and disruption of any stage can be deleterious to the 

cell’s survival. 

In mammals, each of the 20,000 – 25,000 protein-coding genes is thought to be 

regulated independently.  The classic model of transcription contains an RNA 

polymerase II (RNAP) bound core promoter with an AT-rich DNA sequence (the 

TATA box) approximately 30 bp upstream of an initiator (Inr) sequence containing 

the transcription start site (TSS).  The core promoter region that binds the general 

transcription initiation machinery (defined as approximately -35 to  +35 bp from the 

TSS) is required for recruitment of the transcription apparatus to the first nucleotide 

that is copied at the 5' end of the corresponding mRNA TSS. 

TFIID binding to the TATA box, Inr sequences and/or other sites initiates the 

recruitment and assembly of a number of transcription factors, including TFIIA-H and 

RNAP.  This collection of factors is called the pre-initiation complex (PIC).  After PIC 

assembly, additional general transcription factors are recruited and transcription is 

initiated at the TSS5.  It was previously thought that the TATA box was critical for 

gene transcription, but it is now clear that TATA-driven PIC assembly is the exception 
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in eukaryotic transcription.  Supporting this idea is the observation that only a fraction 

of mammalian promoters (10–20%) contain a functional TATA boxes6,7.  Apart from 

the TATA-box and the Inr element, biochemical studies have revealed several other 

short sequence motifs within core promoters, including CpG islands, TFIIB 

recognition element (BRE), Motif Ten Element (MTE), and the Downstream Core 

Promoter Element (DPE)7-9. Recent studies suggest variable combinations of these 

short sequence motifs at core promoters are commonly associated with tissue- or 

context-specific genes,9-11 playing a critical part in the complex control of gene 

regulation.  For example, CpG islands are found at the promoters of many 

ubiquitously expressed genes involved with cell maintenance.  

Generally, promoters are thought to be inactive without transcriptional 

activation stimuli mediated through additional protein complexes called co-

activators5,12,13.  These co-activators are recruited via protein-protein interactions by 

sequence-specific factors and provide a functional bridge for the sequence-specific 

transcription factors at the proximal promoter and distal enhancers or repressors14.  

Cofactors can act directly through the mediator complex–modifying the C-terminal 

domain (CTD), a repeated heptapeptide motif at the C terminus of the largest subunit 

of RNAP–or indirectly through chromatin-remodeling factors regulating the 

recruitment and activity of the RNAP transcriptional machinery.  

Chromatin-remodeling factors work to reposition nucleosomes near TSSs, and 

a variety of enzymes work to catalyze modifications to histone tails (e.g., acetylation, 

deacetylation, phosphorylation, dephosphorylation, methylation, ubiquitylation, 
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deubiquitylation, and ADP-ribosylation).  Chromatin modification and structure, 

mainly through the control of post-translational modification of histones, also plays an 

important role in transcription initiation15,16.  

1.3 Chromatin Structure and Gene Regulation 

In eukaryotes, genomic DNA is packaged into chromosomes confined to the 

nucleus of each cell.  Each chromosome consists of a long stretch of DNA-wrapped 

proteins, referred to as chromatin.  The nucleosome, the fundamental scaffold of 

chromatin organization, consists of 146bp of genomic DNA spooled in less than two 

turns around an octamer of histone proteins.  The histone octamer consists of two 

copies of two heterodimers: histones H3/H4 and H2A/H2B17.  The wrapping of DNA 

around histones can limit the accessibility of transcription factors to the DNA 

sequence affecting gene expression18.  Varying levels of chromatin condensation not 

only suggests a role for chromatin in the packaging of eukaryotic genomes but also in 

regulating gene expression.   

Specific histone modifications correlating with either gene activity or silencing 

have been detected at regulatory regions and through the gene body19.  Likewise, 

variant histone components of the octamer, particularly H2A.Z, have been linked with 

gene activity20.  The observed chemical modifications of histone tails and histone 

variant incorporation at genes and their regulatory regions further underscores the role 

of chromatin structure in the control of gene expression.  The persistence across cell 

divisions of these chromatin modifications associated with gene activation or silencing 
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falls under the study of “epigenetic” phenomena and makes up a substantial area of 

research at the present time and in the future21,22. 

1.4 CCCTC-binding factor (CTCF) 

Several lines of evidence suggest that there is some level of domain-wide gene 

regulation in mammalian genomes.  Examples of domain-wide regulation include the 

Hox clusters23, X chromosome inactivation24, and position effect variegation (PEV)25.  

The Human Transcriptome Map, which uses expression data measured by serial 

analysis of gene expression (SAGE), revealed that the genome consists of many 

domains of highly- and weakly-expressed genes26.  Additional evidence, using an 

expression vector system with a GFP-reporter construct that was integrated at 90 

different locations, showed correlation with the activity of the domains into which 

they were inserted27.  This suggests that, in addition to sequence-specific factors, 

domain-wide information of either the epigenetic variety or nuclear localization plays 

a role in regulating gene activity. 

As shown by 3D-FISH, highly active domains have a more open chromatin 

structure than domains of weak activity27.  The regulation of chromatin structure and 

compaction is overseen by many factors typically classified as histone modifiers as 

well as boundary elements and insulators28,29.  CTCF is a DNA-binding protein 

containing 8 zinc finger domains that is known to function as a boundary element and 

works in defining the boundaries of heterochromatin and euchromatin30.  It has also 

been shown to act like an insulator preventing long-range interactions between 
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enhancers and promoters31.  Its role at the imprinted gene locus IGF2/H19 is well 

characterized32.  CTCF binds between the promoters of H19 and IGF2 and prevents 

the association of an enhancer downstream of H19 with the IGF2 promoter on the 

maternal allele.  The CTCF binding region on the paternal allele is methylated, 

preventing CTCF binding, which in turn allows enhancer-promoter interaction driving 

IGF2 expression.  CTCF plays an important role in defining chromatin structure 

domains, thus playing a major role genome regulation.  Genome-wide studies have 

shown large numbers of CTCF binding sites (>13,000) throughout the genome, 

significantly contributing to genomic organization and regulation33. 

1.5 Genomic Variation 

The Human Genome Project provided scientists with the first genome-wide 

view of the human genetic sequence2.  The main source of genetic variation was 

identified as single nucleotide polymorphisms (SNPs), which are single base 

substitutions, insertions, or deletions (indels).  Data from the Human Genome Project 

and a subsequent effort by the International HapMap Project34 have revealed the 

extent of these SNPs throughout the genome at approximately 12 million35,36.   

Improvements in genome-scanning technologies have uncovered a surprising 

amount of  'structural variation' in the human genome.  Structural variation includes 

microscopic and, more commonly, submicroscopic variants.  Before the advent of 

sequencing technology, microscopic variants 3 Mb or larger in size were the only 

detectable structural variation.  Observed variation in genetic composition was limited 
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to chromosomal aberrations, or rare changes in the number or structure of 

chromosomes.  These include aneuploidies37,38, genome rearrangements39,40, 

heteromorphisms41 and fragile sites42. 

Subsequently, smaller (< 1 kb) and more abundant alterations were observed 

using traditional Sanger DNA sequencing technology.  Variants in this size range 

include SNPs43, minisatellites44, microsatellites45,46, small insertions, deletions47, 

inversions and duplications48. 

New technologies, including genome scanning arrays49,50 and comparative 

DNA-sequence analyses51,52 have now begun to fill in the rest of the picture.  These 

technologies allow detection of submicroscopic structural variant in the 1 kb to 3 Mb 

size range.  A flurry of recent studies have identified hundreds of submicroscopic 

copy-number variants (CNVs)4,51,53 and inversions54 in the human genome.  While less 

frequent than the smaller SNPs, CNVs can encompass megabases of DNA, containing 

entire genes and/or regulatory regions49,51,54.  And while some structural variants have 

no apparent consequence, it is likely that many play significant roles in phenotypic 

variation. 

The extent of variation in the human genome is best illustrated by the recent 

sequencing of a single individual’s genome.  The recent publications of Drs. James 

Watson’s55 and Craig Venter’s56 genomes allows the clearest, most detailed picture of 

human genetic variation.  Comparison of Venter’s genome sequence with the NCBI 

human reference assembly revealed more than 4.1 million DNA variants, 

encompassing 12.3 Mb. These variants included 3,213,401 SNPs, 53,823 block 

substitutions (2–206 bp), 292,102 heterozygous indels (1–571 bp), 559,473 
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homozygous indels (1–82,711 bp), and 90 inversions, as well as numerous segmental 

duplications and copy number variation regions.  Remarkably, 1,288,319 novel 

variants were found.  Non-SNP DNA variation accounts for 22% of all events 

identified but contain 74% of the total variant base pairs.  Perhaps most surprising is 

the extent of variation found within protein-coding genes: where 44% of genes were 

heterozygous for one or more variant. 

The improved technologies used to study the human genome have revised 

estimates for DNA-sequence variation between individuals from 99.9% to 99.5%56.  

This suggests an important role for non-SNP genetic alterations in defining the diploid 

genome structure, and the examination of small segments of variation is key in gaining 

insight to phenotypic variation and disease susceptibility. Recent analysis of structural 

variation in the human genome demonstrates a significant fraction of the genome 

variation to be of this class and likely makes an important contribution to human 

diversity and disease susceptibility. 

1.6 ChIP-chip 

With the advent of methodologies allowing large-scale mapping of protein–

DNA interactions in vivo, such as chromatin immunoprecipitation with microarrays, 

otherwise known as genome-wide location analysis or ChIP-chip (Fig. 1-2)57-59, 

researchers are now capable of surveying transcription factor binding and chromatin 

properties throughout the entire genome in a single assay.  Genome-wide mapping of 

Protein–DNA interactions is now fiscally possible due to improvements in array and 

sequencing technologies.  Research groups now regularly map their favorite proteins 
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on a genome-wide level in all organisms using ChIP-chip6,33 or ChIPseq60-62. 

ChIP is the process of chemical cross-linking of protein–DNA interactions in 

cells, typically by formaldehyde treatment.  The cells are then lysed and the cell nuclei 

are isolated.  Chromatin is then sheared, typically by either sonication or 

mononuclease digestion, down to an optimal size (~500 bp – 1 kb) for later 

amplification and hybridization steps.  Protein–DNA interactions are enriched by 

chromatin immunoprecipitation (ChIP) of your protein of interest.  In humans, the 

quality and availability of an antibody for strong enrichment of DNA fragments 

associated with your studied protein is key to accurately mapping the appropriate 

protein–DNA interaction.  In some systems, such as yeast and fly, the manipulation 

of the organism’s genetic make-up allows for the “tagging” of your protein and allows 

you to use strong and specific methods for immunoprecipitation.  After ChIP, a 

reverse crosslinking step is then performed on the enriched protein–DNA fraction as 

well as an input fraction (unenriched chromatin). 

Conventional ChIP uses either Southern blot or polymerase chain reaction to 

assess the enriched DNA pool for specific fragments63.  A more powerful approach 

uses microarrays to identify the ChIP-enriched fragments.  The ChIP fraction is 

labeled (typically with Cy5) and mixed with an input sample (Cy3) and hybridized to 

a DNA microarray58,59,63.  The array is then scanned and the resulting dye ratio allows 

one to determine enrichment of the ChIP pool relative to the input sample.  ChIP-chip 

allows you to simultaneously survey the entire genome for the discovery of novel 
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binding sites in an unbiased fashion. 

An early ChIP-chip limitation was poor resolution in mapping binding sites 

due to the coverage of the genome being surveyed and the resolution of that coverage.  

Early experiments of ChIP-chip involved the tiling of PCR-amplified fragments (~1000 

bp) from known promoter regions for yeast as probes on a microarray.  High-density 

microarrays of either spotted or synthesized oligonucleotide probes less than 100 bp 

in length and tiled at a resolution of 100 bp or less have allowed for greater genome 

coverage and more accurate localization of protein-binding sites6,64. 

Genome-wide location analysis of histone proteins60,62, general transcription 

factors6, and sequence-specific transcription factors33,61 are being applied to locating 

gene regulatory regions and to helping decipher the ‘histone code’ by identifying 

specific chromatin features for different classes of regulatory regions. 

1.7 Allele-specific Gene Regulation 

The extent of genetic variation known to exist between human genomes may 

play a large role in allele-specific gene regulation.  Allele-specific expression of 

certain genes is well established.  However it was assumed, for the most part, that this 

phenomenon was limited to a handful of special classes of genes (e.g. imprinting, 

olfactory receptor genes, and dosage compensation), which I describe below.  Recent 

studies have begun to help illuminate the extent of allele-specific expression.  These 

studies have expanded the number of genes regulated in an allele-specific manner 

while defining novel classes of allele-specific regulation. 
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1.7.1 Imprinting 

One of the earliest examples of allele-specific expression is a class of genes 

that are expressed in a parent-of-origin specific manner.  This class of genes is termed 

‘imprinted’.  The first clues to parent-of-origin expression were observed from studies 

where whole haploid genomes were transplanted into mouse zygotes to construct 

embryos that contain two sets of chromosomes from one parent65.  Androgenetic 

embryos (containing two male genomes) showed poor embryonic development but 

normal placental development, while gynogenetic embryos (two female genomes) 

showed relatively normal embryonic development but poor placental growth.  At the 

time, it was surprising to see that these uniparental embryos could not develop to term.  

Concurrent experiments showed that duplications of individual maternal or paternal 

chromosomes combined with loss of the opposite parental homologue (uniparental 

diisomies) also resulted in abnormal phenotypes66.  

The imprinting mark is established in the parental gametes.  DNA methylation 

is known to be the key epigenetic mark controlling the proper functioning of most 

imprinted regions.  This mark is differentially established in eggs and sperm, but how 

the imprinted status is maintained throughout development is not completely 

understood. 

The finding that some genes behaved differently depending on parent-of-origin 

was surprising and spurred on many different theories in an attempt to explain this 

phenomena.  The theory that has gained the most traction is called the intergenomic 

conflict hypothesis or the parental conflict theory67.  Simply stated, the parental 

conflict theory suggests that imprinted genes regulate the supply of resources and 
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nutrients from the mother to the embryo.  The mother’s primary interest lies in her 

own well being while the father is most interested in the well being of the embryo 

since his genes are only passed if the offspring is healthy, regardless of the mother’s 

health.  One instance of an imprinted gene that corroborates this theory is the gene for 

insulin-like growth factor II (IGF2).  IGF2 is an important developmental growth 

factor gene that is expressed from the paternal allele, while the maternal allele is 

silenced.  This is illustrated by the fact that embryos with two paternal copies of this 

gene are larger than normal, whereas embryos with two maternal copies are smaller. 

To date, approximately 80 imprinted genes have been identified68.  Imprinted 

genes play roles in a variety of important developmental functions, including the 

regulation of placental and fetal growth, neonatal adaptations to suckling and 

metabolism, behavior, cognitive functioning, and social interactions69.  Most imprinted 

genes are paternally inherited, but there are a number of maternally imprinted genes as 

well.  The importance of the proper maintenance of imprinting is manifested by the 

development of syndromes early in life as well as certain types of cancer69. 

1.7.2 X-Chromosome Inactivation 

In mammalian female somatic cells, only one of the two X chromosomes is 

transcriptionally active70.  The other X chromosome is subject to what is called X-

inactivation where the majority of its genes silenced.  X-inactivation works to regulate 

dosage of X-linked genes in females so that genes on the sex chromosomes are 

expressed at the same level in males and females71.  There seems to be a universal 

need for dosage compensation of the sex chromosomes.  However, different organisms 
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achieve dosage compensation in different ways.  For example, the nematode worm 

Caenorhabditis elegans downregulates each X-chromosome by ~50%72, whereas the 

fruitfly Drosophila melanogaster upregulates transcription of single X chromosome in 

XY males71.   

X-chromosome inactivation has only been shown to take place in mammals 

with a placenta, including eutherians and marsupials.  Interestingly, genomic 

imprinting is also specific to placental mammals, suggesting similar evolutionary roots 

for these two classes of genes70.  While the evolutionary link is still ambiguous, 

studies have shown that X-linked genes are paternally inactivated in very early female 

embryos73,74.  Critical to this process is the expression of the paternal copy of a gene 

called X (inactive)-specific transcript (Xist). The maternal copy of Xist is repressed, 

however the molecular nature of this repression is not yet known.  Xist is transcribed 

to produce a non-coding RNA that facilitates the epigenetic silencing of the paternal X 

chromosome.  Following Xist expression, the epigenetic modification in the form of 

histone 3 lysine 27 methylation is seen on the silenced chromosome.  This mark seems 

to be temporary until the more permanent mark of histone 3 lysine 9 methylation is 

seen facilitating the formation of heterochromatin later in development.  At the 

blastocyst stage, imprinted X-chromosome inactivation is initially present in both the 

trophectoderm and inner cell mass (ICM).  As the ICM continues to differentiate to 

epiblast cells, this imprint is temporarily erased74 until random monoallelic 

transcription of Xist elicits random X-chromosome inactivation in the somatic tissues. 
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1.7.3 Random Monoallelic Expression (Allelic Exclusion) 

For most autosomal genes, both copies (or alleles) are believed to be equally 

expressed, but for certain genes cells randomly select only one allele to encode RNA 

and protein for that gene.  The process that leads to selective silencing of one of the 

two alleles in these genes is still poorly understood.  For certain specialized cells of 

the immune system and for olfactory neurons, monoallelic expression is one of the 

mechanisms ensuring that a single kind of receptor is expressed and displayed on the 

cell surface.  For example, each B cell of the lymphoid system undergoes a series of 

molecular decisions that result in the expression of a single antigen receptor on the cell 

surface75,76.  A well-characterized, complex DNA rearrangement mechanism leads to 

the expression of this single, specific antibody.  The mechanism that regulates this 

process results in the monoallelic expression of the expressed immunoglobulin gene.  

This phenomenon is called allelic exclusion, or random monoallelic expression, as 

selection of the expressed allele is seemingly random.  With this particular type of 

monoallelic expression not only is the other allele not expressed, but other genes from 

the same family are turned off or excluded. 

Similarly, T cells and certain cells expressing natural killer (NK) cell receptor 

genes use allelic exclusion to maintain each cell's specificity77. Individual neurons of 

the olfactory system express only one of a family of olfactory receptors using 

mechanisms that also result in allelic exclusion78.  Holländer et al. describe 

monoallelic expression of the mouse gene encoding interleukin-2 (IL-2), an important 

immunomodulatory cytokine expressed and secreted by most activated CD4+ T 

cells79. 
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Recent work, suggests an expansion of this class of genes.  Gimelbrant et al. 

looked at nearly 4,000 genes in clonal B lymphoblast cell lines and found that more 

than 300 genes showed random monoallelic expression in some cell clones80.  An 

extrapolation of their results suggests that upwards of 1,000 human genes could be 

regulated in a similar manner.  Interestingly, different clones show stable expression 

of either allele as well as biallelic expression of the same gene.  It is unknown whether 

a common mechanism regulates the expression of these genes or if there are a variety 

of mechanisms.  However, it does appear that when the decision is made to express 

one allele or both, this decision is maintained in a stable manner among the daughter 

cells.   The authors suggest that this may lead to functional differences among 

individuals and is likely to play a role in population-level disease susceptibility. 

It is interesting to hypothesize that this monoallelic expression can impact on 

biological function by creating three distinct cell states (maternal allele, paternal allele, 

or both alleles), especially in the case that each allele would encode for functionally 

different proteins.  

1.8 Differential Allelic Expression 

The previous examples of allele-specific expression described monoallelic 

expression.  In each of these cases, the dramatic regulation of each allele was carried 

out through epigenetic mechanisms turning one allele ‘on’ or ‘off’.  Recent studies of 

allelic expression have demonstrated widespread differential allelic expression, where 

both alleles are expressed but at slightly different rates81.   
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The examination of allele-specific differences in gene expression has the 

potential to identify cis-acting genetic variation, which results in differential 

expression between alleles.  Determination of cis-regulatory mechanisms can be made 

in population studies of sufficient statistical significance and where the haplotypic 

structure of the locus has been clearly defined in order to determine haplotype-specific 

bias or random bias where it is thought to be an epigenetic regulation. 

Several recent studies have used large-scale associations between gene 

transcript levels and genotype information to map regulatory loci in humans and other 

organisms (mouse, yeast, etc)82.  This type of analysis is called expressed quantitative 

trait locus (eQTL), or gene expression mapping.  Gene expression mapping accounts 

for the influence of both cis- and trans-acting polymorphisms.  However, the 

assignment of a locus as cis- or trans-acting can be confounded if a trans-acting 

polymorphism is located within the window assigned for cis-acting regulation.  Gene 

expression mapping has been much more successful for inbred mice and yeast where 

the genetic heterogeneity is much lower than wild-type strains83,84.  In outbred 

populations, like humans, genetic heterogeneity creates difficulties in the identification 

of cis-acting polymorphisms using gene expression data.  Direct measurement of 

allele-specific expression avoids this problem as they only measure cis-acting 

regulation.  

One of the earliest studies85 to directly measure allelic variation of multiple 

genes found that 6 of the 13 genes studied showed significant differences (ranging 

from 1.3 - 4.3 fold) in transcript levels.  Differential allelic expression of a particular 

gene was observed in only a minority of individuals sampled (3% – 30%), making it 
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unlikely that these variations were due to imprinting.  When the analysis was done on 

families of related individuals, altered expression coincided with inheritance of a 

particular haplotype.  Expression of altered allele both increased or decreased 

depending on the gene and associated haplotype. 

Large-scale surveys (hundreds to thousands of genes) looking at allele-specific 

expression varied in their findings.  The percentage of genes whose allele levels 

deviated from their expected equimolar ratio generally ranged fro 20 – 50%.  The most 

recent and comprehensive studies86,87 shows around 20% of the examined genes vary 

significantly between alleles.  Serre et al. make the interesting observation that 23 of 

56 genes, which demonstrated significant association with a HapMap SNP/haplotype, 

show linked expression of alleles.  These results suggest that around 40% of 

differential allelic expression is due to genetic differences, while the remaining 

differentially expressed alleles are most likely under epigenetic cis-regulation. 

Various methods have been developed to measure allelic transcript biases.  

Assays based on the promoter extension of PCR-amplified products with fluorescently 

labeled nucleotides enables quantification on gel electrophoresis.  These assays appear 

robust, being able to detect differences of as little as 20% between alleles.  More 

recently, Illumina’s Allele-specific Extension (ASE) technology allows simultaneous 

assessment of thousands of alleles and can detect changes as small as 50%.  In chapter 

2, we describe a technology, named Allele-specific Digital Expression Profiling 

(ADEP), which can detect allelic bias as small as 5% and has the potential to assess 

tens of thousands of alleles simultaneously. 
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1.9 Allele-specific Protein–DNA Interactions 

Differential allelic expression and gene expression mapping studies have 

provided insight into the extent of allele-specific gene expression.  A large percentage 

of the variation appears to have a genetic basis and, considering what is now known 

concerning the extent of genetic variation among humans, one might say that this is 

not that surprising.  However, functional studies are needed to better understand the 

relationship between polymorphisms, structural variants, and epigenetic factors 

governing differential allelic expression.  Important in understanding the mechanisms 

affecting allelic expression is the ability to examine transcriptional machinery at the 

allele level and look for correlations with genetic variants.  This would require the 

ability to assess allele-specific protein binding to regions of DNA in normal chromatin 

environment.   

Knight et al. developed a technology able to resolve allele-specific protein–

DNA interactions named haploChIP88.  They performed chromatin 

immunoprecipitation (ChIP) against the phosphorylated form of RNA polymerase II.  

The assay detects different allele ratios in the ChIP product through a dideoxy-

terminated primer extension reaction followed by detection using mass spectrometry.  

Knight et al. demonstrated the importance of allele-specific resolution by using 

haploChIP to examine a putative rSNP in the promoter of tumor necrosis factor alpha 

(TNF).  They showed that this SNP (rs1800629) is not correlated with transcription of 

TNF but with the upstream lymphotoxin-alpha (LTA) gene.  They showed that RNAP 

loading at TNF was equivalent for both A or G allele at rs1800629, but showed that 

this SNP is part of a haplotype block which corresponds with differential RNAP 
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loading at LTA.  HaploChIP works well for the examination of limited numbers of 

SNPs but large-scale studies looking at large numbers of SNPs is cost prohibitive.   

A more economical alternative might be found in combining ChIP with an 

array-based detection system.  Two groups recently published reports of combining 

ChIP with Affymetrix 10K array89,90.  One report looked at a number of histone 

modifications and whether these epigenetic marks are inherited in a haplotype-specific 

manner.  Using principle component analysis they showed that histone acetylation 

seems to be linked to haplotype.  However, their results are difficult to assess on a 

SNP by SNP basis and no validation is performed.  The second group showed that it is 

possible to detect RNAP enrichment of fragments overlapping the SNP probes.  

However, allele-specific enrichment was not determined and no efforts to validate 

their results were performed. 

In chapter 3, we describe the first genome-wide assessment of allele-specific 

protein–DNA interactions.  We examine RNAP binding at over over 317,000 SNPs.  

We perform direct quantitative sequencing to validate our results and examine the 

allele-specific expression of a subset of overlapping genes. 
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Figure 1-1.  Building Blocks of the Human Organism. 
Progressive magnification of the human from the organism level down to the double-
helix of the DNA.  The human body is composed of trillions of cells.  The nucleus of 
the cell contains the chromosomes; one maternal copy and one paternal copy of each 
chromosome.  These chromosomes are essentially a mixture of DNA and packaging 
proteins that organize and regulate the genetic information.  
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Figure 1-2.  Experimental Scheme for ChIP-chip 
Here is an example of the experimental procedure for RNAP ChIP-chip experiment 
with IMR90 chromatin.  Approximately 100 million cells are formaldehyde cross-
linked.  The nuclei are isolated and the chromatin is sonicated.  Immunoprecipitation 
is performed using an antibody.  The ChIP and input samples are amplified and 
labeled.  Finally, the samples are mixed and hybridized to a microarray.
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Chapter 2 

Digital Expression Profiling 

Gene transcription is one of the most tightly regulated processes in the cell. 

The expression of a given mRNA is controlled by both cis-acting factors, such as 

promoters, enhancers, splice-sites, and secondary structure, or trans-acting 

modulators, such as proteins and non-coding RNAs interacting with the cis-regulatory 

elements.  Even when all the elements are in place to initiate transcription, complete 

mRNA biogenesis and function are dependant on elongation, capping, splicing, 

polyadenylation, nuclear-cytoplasmic transport, translation, and degradation4,91.  

Interruption at any point in this process invokes a myriad of quality control 

mechanisms built into the cell and ends with the degradation of aberrant RNAs92.   

The closely regulated biogenesis of mRNA, exemplified by the complexity and 

interconnectedness of all the necessary steps for proper transcription and stability, 

suggests real functional consequences for even small perturbations in RNA levels.  

This has been demonstrated for select genes, where fold-changes of less than a factor 

of two can lead to various disease states.  One example is imprinted genes.  Imprinted 

genes are a special class of genes where one parental allele is selectively silenced, 

effectively leading to a two-fold reduction in the number of transcripts.  Loss of 

imprinting (LOI) in the gametes leads to a variety of developmental disorders, while 

later in life LOI has been linked to other diseases such as cancer93-95.  Another 

example is dosage compensation of the X-chromosome.  Dosage compensation is a 

complex silencing mechanism designed to inactivate the entire X-chromosome in 
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mammalian female diploid cells96.  Imprinting and X-chromosome inactivation 

illustrate epigenetic mechanisms to regulate small changes in expression levels.   

Genetic variation can also impact small but functionally significant changes to 

expression levels.  Polymorphisms located in regulatory regions may differentially 

affect gene expression (Fig. 2-1).  Single nucleotide polymorphisms within regulatory 

regions (rSNPs) that affect gene expression have been of particular interest because of 

large number of SNPs (>10 million) identified by the International HapMap Project 

throughout the genome36,97.  One notable example is the discovery of a single 

nucleotide polymorphism (SNP) in the promoter of oncogene MDM2 (a key negative 

regulator of p53)98.  A T-to-G transition at this SNP enhances binding of transcription 

factor Sp1, up-regulating MDM2 and leading to increased tumor susceptibility.   

Another interesting example demonstrates how a change in expression levels 

of a specific allele can lead to tumorigenesis.  Misregulation of APC is associated with 

familial adenomatous polyposis (FAP).  In some cases where diseased patients had no 

functional mutations throughout the gene and protein, reduced levels of APC protein 

were observed.  In examining allele ratios of patients with FAP, one allele was 

consistently expressed at a lower level (~50%) and showed linkage to FAP99.  When 

investigators examine LOH in neoplastic and non-neoplastic biopsies, neoplastic 

tumors showed LOH of the higher expressed allele.  This data suggests that loss of the 

“normal” allele coupled with reduced expression levels of the disease-linked allele 

reduced APC levels sufficiently to cause tumorigenesis.  Normally, loss of one allele 

would not be sufficient to cause neoplasia in the two-hit model100. 
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These examples illustrate the importance of obtaining highly quantitative 

information of allele contributions to the overall gene expression levels.  This is of 

particular importance in light of recent studies demonstrating large percentages of 

genomic variation within the human genome due to SNPs36 and copy number variation 

(CNV)52,101.  Assessing allelic contributions would be of particular importance when 

functional differences between the two alleles are known to be associated with disease.  

2.1 Allele-specific Expression Studies 

Allele-specific expression has been linked to numerous human diseases, 

including several types of cancers, heart disease, and schizophrenia95,102.  Several 

recent studies have reported that alleles of 25%–50% of non-imprinted autosomal 

human genes sampled are differentially expressed85,86,103-105.  

In an informative study, Yan et al. show that differential expression of alleles 

is inherited in a Mendelian manner85.  The authors investigate 13 genes in a panel of 

Epstein-Barr virus (EBV)-immortalized lymphoblastoid cell lines (LCLs) from 96 

individuals from the CEPH family collection.  They identify between 17 and 37 

individuals who are informative heterozygotes for a given transcribed marker single 

nucleotide polymorphism (SNP) among these genes and quantify the relative 

transcript abundance that originated from each allele by primer-extension analysis of 

RT–PCR products. They observe that allele-specific differences in expression were 

surprisingly common, occurring in six out of the 13 genes assayed, with a 1.3–4.3-fold 

difference between alleles.  However, for a given marker SNP, the number of 

heterozygous individuals who show an allele-specific effect was low, varying from 
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3%–30%.  Using a pedigree analysis of families of individuals who exhibited allele-

specific differences, the authors go on to demonstrate that differential expression is 

consistent with Mendelian inheritance. They identify three informative families and 

find that altered expression of the genes calpain-10 and PKD2 is consistently inherited 

with a single haplotype defined by at least two adjacent microsatellite markers.  The 

inherited haplotype corresponds with differential allelic expression, but no mechanism 

is described linking this haplotype with gene regulation.   

Bray et al. examine allele-specific differences in human post-mortem brain 

human tissue samples, finding a similar proportion of genes appear to show allele-

specific expression105.  They investigate brain tissue from 60 adults, and observe 

allele-specific differences of  >20% in transcript abundance in seven out of 15 genes 

screened; the magnitude of the difference between alleles was 20%–66%.  Consistent 

with the study by Yan et al., only a small fraction of individuals who are heterozygous 

for a given marker SNP show allele-specific differences.  

Neither of these studies shows evidence of mono-allelic expression, which 

could potentially indicate genomic imprinting.  However, it is possible that these 

tissue and cell line samples are comprised of a mixed population of sub-clones with 

distinct allelic expression patterns, even monoallelic expression.  While the sub-clones 

could possess very different allelic transcript ratios, the pooled samples obscure this 

data.  In fact, recent studies suggest monoallelic expression of autosomal genes is 

widespread among clonal populations, and that the expressed allele can vary within 

the same tissue80,106. 
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2.2 Current Methods for Discovering and Monitoring Allele-Specific 

Gene Expression 

Several assays have been developed so far for the measurement of allele-

specific transcripts.  These include: single nucleotide primer extension107,108, allele-

specific primer extension109, and fluorescent dideoxy terminator-based method85.  All 

rely on the same principle of primer extension via incorporation of the correct 

nucleotide at the SNP site, followed by separation of varied length and mass 

oligonucleotides, using either a gel-based method or MALDI-TOF.  Another 

technique, called Hot-stop PCR, amplifies a region around a polymorphic site by PCR.  

For the final round of PCR, a radiolabeled primer is used.  Restriction digestion of the 

polymorphic site allows you to distinguish between alleles when fragments are run out 

on a gel110.  

These methods work well for screening a handful of genes, but are not easily 

scaled for high-throughput application due to problems with multiplexing or the 

prohibitive cost of scaling-up.  Recently, array-based technologies have been 

developed or adapted for allele-specific recognition.  One group used a genotyping 

system, the Affymetrix huSNP chip, to interrogate expressed allele levels104.  While 

this technology allows for high-throughput screening, it relies solely on differential 

hybridization.  Further work remains to establish the robustness of this approach.  

Another technology, cDNA-mediated annealing, selection, extension, and ligation 

(DASL), has the ability to detect SNPs in a high-throughput array-based format and 

has shown results comparable to quantitative RT-PCR (Q-PCR)111.   
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Here we show the development of a flexible nucleic acid detection technology, 

RNA Digital Expression Profiling (RDEP), which can be used for the discrete 

detection of genomic DNA or RNA with high sensitivity and accuracy.  We show the 

discrete quantification of a low abundance transcript, starting with RNA from the 

equivalent of ~2,000 cells.  In addition, we demonstrate a modified version of this 

technology, ADEP, which is capable of reliably quantifying allelic ratio bias as small 

as 5%. This new technology compares favorably with the accuracy of low-throughput 

technologies, but maintains the multiplexing capability of high-throughput array-based 

platforms.  

2.3 Results 

RNA Digital Expression Profiling (RDEP) is an adaptation of two powerful 

technologies: padlock probes112 and rolling circle amplification (RCA)113.   Padlock 

probes are linear oligonucleotides, where two ends encode recognition sequences that 

can be covalently joined by ligation when they hybridize to immediately adjacent 

target sequences, creating a circularized oligonucleotide sequence (Fig. 2-2a).  The 

oligonucleotide probe is usually between 80–120 bp in length and consists of two 

recognition sequences at the 5’ and 3’ ends, joined by a linker region.  Within the 

linker are sequences to code a primer binding region and a labeling probe binding 

region. The dual recognition sequences at the probe ends are physically constrained to 

interact locally.  A padlock probe hybridizes much more quickly than two independent 

probes because the second recognition sequence hybridizes instantaneously after the 

first.  As a result, probe-genomic complexes form at probe concentrations that do not 
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favor nonspecific cross-interaction between probes.  DNA ligase joins only perfectly 

hybridized DNA.  An error requires both a nonspecific hybridization and mis-ligation 

to occur.  Similar assays using padlock probes for genotyping have sampled upwards 

of 10,000 SNPs within a single tube, demonstrating the multiplexing capacity of 

padlock probes114.  

Padlock probes can be combined with a technique called rolling circle 

amplification (RCA) to take advantage of the accuracy of padlock probes and the 

sensitivity of RCA.  RCA is driven by DNA polymerase, which replicates circularized 

oligonucleotide probes under isothermal conditions (Fig. 2-2b).  Using a single 

primer, RCA generates hundreds of linked tandem copies of the covalently closed 

circle in a few minutes.  The sample and unligated probe can be digested with 

exonuclease treatment and the remaining circle oligonucleotide, used as a template, 

literally rolls while the amplification product is synthesized.   

RDEP uses primer-spotted microarrays (glass slides) during the amplification 

step, covalently binding the DNA product to the array at the site of synthesis.  

Labeling of the extension product can be done in a variety of ways.  In our hands, we 

found the addition of a fluorescent dye labeled oligonucleotide probe, which 

hybridized to a specific sequence encoded within the linker in the amplification 

product, to be the most reproducible and to give the best signal-to-noise ratio (Fig. 2-

3a).  The polymerase product is collapsed to a small ball of fluorescent nucleic acid 

using a biotin-streptavidin linkage (Fig. 2-3b).  Usually, biotin-labeled nucleotides are 

incorporated into the extension product or the dye-labeled secondary probe contains 

biotin.  In our hands, a secondary probe with an attached fluorescent molecule and 
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biotin molecule worked more consistently and gave stronger fluorescent signal.  One 

point source indicates the successful recognition of a single piece of nucleic acid.  The 

labeled and collapsed amplification products are then imaged at 600X using standard 

fluorescent microscopy techniques.  This allows for discreet quantification of mRNA 

transcript levels (Fig. 2-4). 

2.3.1 Ratio Mix Test 

In order to test the feasibility of creating an RCA-based microarray, we used a 

test system consisting of two circles.  One circle encoded a nucleic acid sequence 

within the linker region for a Cy3 labeled oligonucleotide probe, while the second 

circle probe encoded a sequence for FITC.  These two circles were mixed at three 

different ratios (1:1, 4:1, and 9:1) and analyzed using an RCA-array.  The results 

showed that the two circles could be reliably and accurately distinguished (Table 2-1). 

2.3.2 RNA Digital Expression Profiling (RDEP) 

Next, we tested the platform using RNA.  RNA was extracted from the cell 

line HT29-APC, a colon cancer derived cell line that has been engineered for the 

induction of APC.  A single-stranded cDNA copy was made using oligo(dT) primer.  

Direct sampling of the mRNA is not ideal because mRNA molecules tend to have 

stable secondary structure, which reduces the efficiency of circle probe hybridization 

and could incorporate biases.  In addition, the ligation of DNA using RNA as a 

template, although possible, is not as efficient as using DNA as a template115.  The 

single-stranded cDNA is used as a template for probe hybridization and ligation.  The 

remaining steps of the protocol remain as described above.   
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Previous work within the laboratory showed EDN1 to be a low abundance 

transcript in this cell line and that ZnCl treatment repressed expression further116.  We 

used RDEP and quantitative RT-PCR to examine the transcript levels for EDN1 and 

ACTG1 before and after ZnCl treatment.  When normalized to ACTG1 levels, RDEP 

detected a reduction in EDN1 transcript levels by 60%, as compared to 50% with Q-

PCR (Table 2-2).   

2.3.3 ACTG1 and EDN1 Transcript Copy Numbers  

When comparing ACTG1 levels relative to EDN1 before treatment, Q-PCR 

shows an ACTG1:EDN1 ratio of 1000:1.  In order to compare ACTG1 and EDN1 

levels, we designed a single color system using three different probes for each gene, 

targeting the 3’ exon and the untranslated regions (UTR).  Overall, we found that the 

ACTG1 probes produced higher counts than the EDN1.  However, the different probes 

for the same gene demonstrated a large amount of variation (Tables 2-3 and 2-4).  A 

heterogeneous transcript population for ACTG1 was observed due to a splice variant 

from the 355bp to the 506bp of the 3’ exon and partially explains low counts for probe 

actg1_428 (Fig. 2-5).  Likewise, a SNP is located near the site of ligation for 

actg1_120, which may account for the seemingly low count number.  However, we 

did not verify if this SNP is heterozygous in HT29.  

The range of mRNA abundance levels in biological systems approaches 6 

orders of magnitude.  Current microarray technologies have closer to 3 orders of 

magnitude.  Using the standard RDEP protocol, the linear dynamic range of RDEP is 

around 2 fold (Fig. 2-6).  At the lower range of expression, where regulatory 
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molecules are usually expressed, RDEP performs well.  High abundance transcripts, 

like ACTG1, produced a density of amplification products that, due to the diffraction 

limit of light, could not be effectively resolved using standard RDEP protocol.  It is 

possible that using different algorithms for counting spots could account for the full 6 

orders of magnitude of transcript levels in a single readout.  In an attempt to improve 

our analysis method, collaboration with professor Yingnian Wu at the University of 

California Los Angeles was formed.  In the meantime, an immediate workaround 

would be to perform serial dilutions to increase the dynamic range.  However, this 

would require the use of multiple arrays.  A more attractive alternative may be to scan 

at different intensities, artificially altering the counts exceeding the threshold cutoff.  

Long term, the solution might be found in better algorithms to estimate counts at 

higher concentrations.  

2.3.4 RDEP Summary 

RDEP has shown to be very sensitive and accurate when comparing control 

and sample transcript abundance with the same probe.  Difficulty arises when trying to 

accurately quantify relative transcript abundance of different genes using multiple 

probes at high concentrations.  This shortcoming may be due to a combination of 

several factors.  Variation in probe design and quality could affect the efficiencies of 

each step: ligation, hybridization, amplification, or labeling.   Preliminary results have 

demonstrated the importance of careful selection of probes.  Additional controls 

quantifying slide quality, probe activity, and reduction of spot-to-spot variation will 

improve the results obtained from RDEP.  
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We have been able to make changes to the protocol to improve the quality and 

reproducibility of the results (see 2.6 Materials and Methods).  Spot morphology has 

improved, from probe density being significantly higher at the edges (donut-shaped) to 

being fairly uniform throughout.  Dust is one of the main obstacles to single molecule 

detection to high magnification fluorescent microscopy (and thus RDEP).  Changes in 

the handling, storage, and printing of the slides have decreased the amount of dust on 

the slides.  Additional modifications to the RCA protocol have also reduced the 

exposure of the slides to the air (i.e. dust) as well as eliminated unnecessary steps, 

saving time and increasing signal quality.  Continued improvements to the accuracy 

and reproducibility of RDEP could certainly be obtained with more experimentation 

and engineering in a controlled environment. 

2.3.5 Using RDEP for Screening Allele-specific Expression 

Having established the use of RCA-arrays for RDEP, we looked to incorporate 

the functionality of padlock probes to screen alleles.  The adaptation of RDEP to allele 

digital expression profiling is a simple alteration in probe design.  The probes are 

designed so that the 3’ terminal nucleotide corresponds to the SNP of interest  

(Fig. 2-7).  If the probe is a perfect match, then ligation can occur and the probe can be 

circularized.  A mismatch at this site will prevent ligation of the probe.  The 

circularized probe can then be amplified when hybridized to the array.   

We mixed oligonucleotide targets to test the ability of ADEP to distinguish 

between SNPs.  A series of dilutions (1:1, 1.05:1, 1.1:1, 1.2:1, 1.5:1, and 2:1) were 

mixed and incubated with the circle SNP probes.  We found ADEP was able to 
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accurately quantify changes as small as 5% (Table 2-5).  In fact, we saw that the 

smaller the difference in ratio the more accurately ADEP distinguishes the mixture 

bias.  In addition, we saw similar results when using probes (unicircles), where the 

SNP base is not contained within the probe but lies adjacent to the 3’ end.  The 

unicircles are identical except for the 20 bp sequences within the linker region used to 

distinguish between reaction tubes.  The reaction is carried out in two separate tubes, 

one containing dATP and dTTP, and the other with dGTP and dCTP.  A single-base 

extension is performed with DNA polymerase and the 3’ extended product is then 

ligated to the adjacent 5’ end of the unicircle probes.  After exonuclease digestion the 

circles are mixed and hybridized to an ADEP array.       

2.4 Discussion 

RDEP and ADEP technologies contain many attractive attributes.  The discreet 

nature of the assay allows for the reliable detection of very small changes between 

transcript levels.  This property is extended in ADEP, allowing the accurate 

quantification of allelic biases.  The linked primers of padlock probes allow one to 

multiplex thousands of reactions in a single tube.  The ability to multiplex this reaction 

is important in keeping costs low by saving valuable time and reagents.  This 

flexibility of the technology allows for the incorporation of new SNPs at low cost. 

We have shown that RDEP is a viable alternative to technologies like SAGE, 

Q-PCR, and second-generation sequencing technologies for the detection of small 

differences in transcript levels between samples.  Further development of RDEP and 

ADEP is better suited for an industrial setting where different aspects can be more 
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rigorously controlled (e.g. dust, oligonucleotide probe quality, and array quality).  In 

the future, this technology could also be combined with chromatin 

immunoprecipitation (ChIP) in order to detect specific protein–DNA interactions.  

This would be particularly useful in studying small changes in binding efficiencies of 

DNA binding proteins to SNPs.  We anticipate the combination of ChIP with RDEP 

will allow for discrete quantitative detection of protein–DNA binding in an allele-

specific manner. 
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2.6 Material and Methods 

phenylene 1,4-diisothiocyanate (PDITC) slide making 

PDITC slides were prepared using Gold Seal® micro slides (Cat# 3011).  The 

slides were rinsed extensively with de-ionized water.  The slides then received an acid 

treatment (2N nitric acid) for one hour.  Following the acid treatment, slides were 

rinsed again with de-ionized water.  The slides were rinsed briefly with methanol or 

acetone, and then dried on the bench.  When dry, the slides were soaked in 1% 

GAPTS solution (1% 3-aminopropyltriethoxysilane (Fisher Cat# AC33660-0010), 

95% acetone and H2O) for 30 minutes.  The slides were washed three times with 

acetone for 5 minutes and cured 110°C for about 15–30 minutes (or at lower 

temperature for a longer time, i.e. 80°C for 2 hours).  A 2% PDITC solution (4 g 

PDITC (Pierce Chemical Company, Cat# 80370), 180 ml anhydrous DMF and 20 ml 

anhydrous pyridine) was poured into the staining jar containing the slides.  Several 

layers of parafilm were used to seal the containers.  Slides were soaked on a rocking 

platform for 1 hour.  After PDITC treatment, the solution was drained from the slides 

and washed 1X with absolute methanol and 2X with acetone for 5 minutes each.  The 

slides were air dried and stored in a vacuum chamber for use later. 

 

Printing RCA arrays 

A microarrayer (Cartesian Technologies, PixSys PA series) was used to print 

the 5’ amine modified circle primers on the PDITC slides.  Humidity should be 50%–

55% RH during printing.  Also, less carry-over between spots was seen when the 
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water used to clean the pins (ArrayIt Microarray Technology, Cat# CMP3) during the 

run was warmed to 50°C.  Printing solutions were prepared by adding 4 µl of 300 mM 

sodium phosphate, pH 8.5 to 4 µl of 60 µM oligonucleotide in 256-well plates.  

Solutions were mixed then spun down in centrifuge (Eppendorf Centrifuge 5804, A-2-

DWP swing buckets). Following printing, the slides were removed immediately and 

incubated in salt chamber at 37°C for 2 hours.  The slides were blocked for 15 minutes 

using pre-warmed blocking solution (0.1M Tris, 50 mM ethanolamine, pH 9.0, 50°C).  

Note: Use at least 10 ml of blocking solution per slide.  The slides were rinsed twice 

with water and washed using 4X SSC / 0.1% SDS for 30 minutes.  Rinsed again with 

water and spun at 2,000 rpm to dry.  Slides were either stored in a vacuum chamber or 

used immediately. 

 

Circle Ratio Ligation 

Circle-1 (5’ - 

/Phos/TAAACTGCCTCAGTCAAGCTTTCTTGCATGGTCACACGTCGTTCTAGT

ACGTTCTAGTACGCTTTTCCACTCTTAGCCATAATG – 3’) and Circle-2 (5’ - 

/Phos/TAAACTGCCTCAGTCAAGCTTTCTTGCATGGTCTCTAGCCTTACTACA

CTAAGCTAGTACGCTTTTCCACTCTTAGCCATAATG – 3’) were circularized 

using 24 bp guide oligonucleotides (Circle-1 Guide, 5’ – 

TGAGGCAGTTTACATTATGGCTAA – 3’; Circle-2 Guide, 5’ – 

TGAGGCAGTTTACATTATGGCTAA – 3’).  10 µl of 20 µM linear circle 

oligonucleotide mixed with 10.5 µl of 20 µM guide sequence in 1X T4 DNA ligase 

reaction buffer (50 mM Tris-HCl, 10 mM MgCl2, 10 mM DTT, 1 mM ATP, 25 µg/ml 
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BSA at pH 7.5 @ 25ºC) in a total volume of 200 µl.  The solution was heated to 65ºC 

for 2 minutes then cooled at room temp for 20 minutes.  2 µl of 10 mg/ml BSA and 

3.5 µl of 400 U/µl of T4 DNA ligase (NEB Cat# M0202S) are added to the room 

temperature solution.  The solution was incubated at 37ºC for 2 hours followed by heat 

inactivation at 90ºC for 2 minutes.  For Exonuclease (Exo) digestion, 6.2 µl of glycine 

buffer (1M, pH 9.5) was added to the ligation solution followed by 1 µl of 1 M DTT, 

10 µl of 10 U/µl exonuclease I (NEB Cat# M0293S) and 1 µl of 200 U/µl of 

Exonuclease III (NEB Cat# M0293S).  The Exo mixture was incubated at 37ºC for 90 

minutes.  Following Exo incubation the circles were purified with two phenol / 

chloroform extractions, 1 chloroform extraction and ethanol precipitation.  Circles 

were re-dissolved in 20 µl of TE buffer (5 mM TrisCl, 0.1 mM EDTA, pH 8.0). 

Three circle mixtures were made at ratios of circle-1:circle-2 of 1:1, 4:1, and 

9:1.  Each solution contained 0.1 nM circle mixture, 6X SSPE and 0.1% Triton X-100.  

50 µl of the circle mixture solution was hybridized to RCA primer arrays at 40ºC for 

40 minutes.  The hybridization was done in a custom-designed closed chamber, 

allowing injection of fluids using a pipet through small ports.  This design allowed for 

the buffer exchange while minimizing slide exposure to air.  RCA arrays were printed 

with 5’ amine modified oligonucleotides specific to unique 20 bp sequences within the 

linker regions the circle probes.  In addition, Cy3 labeled poly dT probes were printed 

to assist in locating the primer spots.  Hybridization buffer was removed and slides 

were washed 3X by injecting 200 µl of 2X SSC-T (2X SSC, 0.1% Triton X-100) at 42 

ºC, followed by 2 times with 1X RCA buffer (20 mM Tris-HCl pH 8.8, 10 mM KCl, 

10 mM (NH4)2SO4, 2 mM MgSO4 and 0.1% Triton X-100 at 42 ºC).  Following the 
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washes, 50 µl of RCA polymerase solution (RCA buffer, 200 µM dNTP mix, 200 

µg/ml BSA, 4 µM SSB (USB Cat# 70032Y) and 64 U rBst Polymerase large fragment 

(NEB Cat# M0275S)) was added and amplification was performed at 42ºC for 10 

minutes and 55ºC for 30 minutes.  Buffer was exchanged 5X using room temperature 

2X SSC-T.  Secondary probe mixture (0.1 µM probe-1, 5’ - 

/Cy3/ACACGTCGTTCTAGTACGTT/Biotin/ – 3’, 0.1 µM probe-2, 5’ - 

/FITCdT/CTAGCCTTACTACACTAAG/Biotin/ - 3’, 2 µg/ml totally degraded 

herring sperm DNA, 4X SSC, 0.1% Triton X-100) was hybridized for 40 minutes at 

40ºC.  Slide chambers were again washed 5X with 2X SCC-T before collapse solution 

(30 nM streptavidin (NEB Cat# N7021S), 0.5% BSA, 2X SSC and 0.05% Triton X-

100) was incubated at 37ºC for 20 minutes.  Final washes included four washes of 2X 

SSC-T buffer warmed to 37ºC and one wash using 1X SSC buffer.  Any remaining 

buffer was removed from the wells using a pipet.   Chambers were opened and 

immediately mounted (without drying) using Pro-long antifade. 

 

EDN1 Induction 

HT29-APC cell line was grown to near confluence in two T-175 flasks.   They 

were washed with 25 ml of 1X PBS.  One flask was treated for 20 hours with 25 ml of 

100 µM ZnCl2 in McCoy’s 5A Media + 10% FBS.  A control flask received a fresh 

supply of McCoy’s 5A Media + 10% FBS at the same time.  Total RNA was extracted 

using TRIzol® reagent (Invitrogen Cat# 15596-026), according to manufactures 

specifications.  First-strand cDNA synthesis was performed using Superscript III 

reverse transcriptase (Invitrogen Cat# 18080-093).  Briefly, 10 ng of total RNA was 
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primed with oligo(dT)17 to make first-strand cDNA.  2 ul of RNase A (Qiagen Cat# 

19101) and 2 ul of RNase H (NEB Cat# M02097S) were used to degrade the 

remaining RNA.  QIAquick PCR Purification Kit (Qiagen Cat# 28104) was used to 

remove degraded RNA and enzymes. 50 µl of purified eluant was mixed with 114.5 µl 

dH2O, 20ul of 10X ligase buffer, 5 µl of 2 µM ACTG1 probe and 5 ul of 2 uM EDN1 

probe.  The mixture was heated to 80ºC for 5 minutes and then cooled to room 

temperature.  After reaching room temperature, 2 µl of 10 mg/ml BSA, 5 µl of rBst, 

and 3.5 µl of 400 U/µl T4 DNA ligase were added and mixed well.  Ligation was 

performed overnight at 37ºC.  Exo digestion and circle purification were done as 

described in the ratio mixture protocol, except after ethanol precipitation the ligated 

circle mixture was re-dissolved in 30 µl of dH2O.  The 30 µl circle solution was mixed 

with 15 µl of 20X SSPE and 5 µl of 1% Triton X-100 and hybridized for 16 hours at 

42ºC to the RCA-array.  The rest of the protocol is described in the circle ratio 

protocol above. 

 

ACTG1 and EDN1 3’ Targeting 

Total RNA was harvested from HT29-APC cells as described in the EDN1 

induction protocol.  All aspects of the protocol remain identical with the exception of 

the probe design.  Three probes were designed for the 3’ exon and UTR of ACTG1 and 

EDN1.  All probes were HPLC purified.  All circles contain sequence for labeling with 

5’ - /Cy3/ACACGTCGTTCTAGTACGTT/Biotin/.  Circle probes for ACTG1 were 

ACTG1_52_Flex13 (5’ - 

/Phos/CCAGCAGATGTGGATTAGCAACTCGAATAACAGCATCTCGACACGTC
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GTTCTAGTACGTTCTGGCCTCACTGTCCACCTT – 3’), ACTG1_428_Flex4 (5’ - 

/Phos/GAAGACAAGTCTGTCGCTTGATTGGCATAACGTATTGCGCACACGTC

GTTCTAGTACGTTAAGGTAAGAACGTGCTTGTG – 3’) and ACTG1_120_Flex5 

(5’ - 

/Phos/TCTAAACGGACTCAGCAGATCAGGACTGAAGATCGAGTACACACGT

CGTTCTAGTACGTTCATCGTCCACCGCAAATGCT – 3’).  The corresponding 

array probes are Flex13 (5’ - /5amino-

carbon6/TTTTTTTTTTTTTTTTTTTTCGAGATGCTGTTATTCGAGT – 3’), Flex4 

(5’ - /5amino-

carbon6/TTTTTTTTTTTTTTTTTTTTGCGCAATACGTTATGCCAAT – 3’) and 

Flex5 (5’ - /5amino-

carbon6/TTTTTTTTTTTTTTTTTTTTGTACTCGATCTTCAGTCCTG – 3’). Circle 

probes for EDN1 were EDN1_58_Flex1 (5’ - 

/Phos/ATGTGACCCACAACCGAGCAGATTCACACTGACCCATGTAACACGTC

GTTCTAGTACGTTCAAGCCCTCCAGAGAGCGTT – 3’), EDN1_346_Flex2 (5’ - 

/Phos/ACAGTCACATTCGAATTCGGTAAATAGATTGGAGACGCGCACACGTC

GTTCTAGTACGTTGGACCTCTCAGCAGAAACAC – 3’) and EDN1_126_Flex10 

(5’ - 

/Phos/AGAGCCCTGTGGCCGACTCTGACGCTGAATCCTATTGACAACACGTC

GTTCTAGTACGTTTGAAGCCATAGCCTCCACGG – 3’).  The corresponding 

array probes are Flex1 (5’ - /5amino-

carbon6/TTTTTTTTTTTTTTTTTTTTTACATGGGTCAGTGTGAATC – 3’), Flex2 

(5’ - /5amino-carbon6/TTTTTTTTTTTTTTTTTTTTGCGCGTCTCCAATCTATTTA 
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– 3’) and Flex10 (5’ - /5amino-

carbon6/TTTTTTTTTTTTTTTTTTTTTGTCAATAGGATTCAGCGTC – 3’). 

 

ADEP 

ADEP probes for a PKD2 SNP (C/T) were ordered where the reference probe 

(5’ – 

TATTAAAAGTTCATACATTAGGGCAATGTTTATCCACAGAACACGTCGTTC

TAGTACGTTTAATAAAAAAGAGGTTTTGG – 3’) coded for Cy3 and the minor 

allele probe (5’ – 

TATTAAAAGTTCATACATTAGGGCAATGTTTATCCACAGATCTAGCCTTAC

TACACTAAGTAATAAAAAAGAGGTTTTGA – 3’) coded for Cy5 labeled probe.  

The primer sequence was common between the two (5’ – 

TTTTTTTTTTTTTTTTTTTTTCTGTGGATAAACATTGCCC – 3’). 

T4 Polynucleotide kinase (NEB, Cat# M0201S) was used to phosphorylate the 

5’ ends of the PKD2 SNP probes.  The kinase reaction mixture (3 µM each circle 

probe, 70 mM Tris-HCl, 10 mM MgCl2, 5 mM DTT, and 20 U kinase) of 100 µl was 

incubated for 30 minutes at 37°C.  Phosphorylation was followed by 

phenol/chloroform extraction and ethanol precipitation.  Precipitate was re-dissolved 

in 50 µl of dH2O. 

The phosphorylated SNP probes were incubated with SNP reference 

oligonucleotide (5’ – 

TAATGTATGAACTTTTAATACCAAAACCTCTTTTTTATTA – 3’) and SNP 

minor allele oligonucleotide (5’ - 
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TAATGTATGAACTTTTAATATCAAAACCTCTTTTTTATTA -3’), mixed at 

various ratios (1:1, 1.05:1, 1.1:1, 1.2:1, 1.5:1, 2:1).  The SNP probes were ligated 

using taq DNA ligase (NEB Cat# M0208S).  The ligation mixture (2 µM 

phosphorylated SNP probes, 2 µM guide oligonucleotide mixture, 1X taq DNA ligase 

buffer, 1 µl taq DNA ligase) was heated to 90°C for 10 minutes, followed by a 4-hour 

incubation at 45°C.  Following ligation, Exo digestion, purification, and RCA was 

performed as described above.   

 
Imaging  

Images were acquired using a 60X oil objective (Nikon Cat# MRD01601) with 

a CCD camera (Hamamastu ORCA-ER C4742-95) mounted on a Nikon Eclipse TE-

300 inverted microscope.   Fluorescent spots were counted by finding objects using a 

simple threshold cutoff based on image properties.  We used Metamorph (MDS, Inc) 

analysis software to determine the appropriate threshold values.  A 500 X 500 pixel 

block was selected from the middle of the imaged probe spot.  This block was used to 

normalize the count area, as array spot morphology varied significantly between spots 

using our arrayer.  In addition, the center of the spots showed more consistent and 

uniform probe density across spots, avoiding potential bias due to intra-spot 

concentration gradients, especially near the perimeter.  The threshold value was 

determined using the average pixel value plus three standard deviations.  Two or more 

adjacent pixels exceeding the threshold value are considered an “object” and counted 

to determine circle concentration.   
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A spatial filter using an iterative Laplacian of Gaussian (LoG) filter was also 

developed in collaboration with professor Yingnian Wu at the University of 

California, Los Angeles.  This filter was not used for any of the above results but did 

show promise for future application of RDEP.  The LoG filter leverages predicted spot 

morphology to help filter spot patterns that do not resemble true counts (i.e. dust and 

other forms of contamination).  In limited use, the LoG filter does appear to more 

accurately resolve counts at higher circle densities. 
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Figure 2-1.  Allele-specific Expression 
Epigenetic modifications or polymorphisms in the regulatory regions, depicted here as 
either a red or blue square, can affect the rates of transcription between alleles and the 
allelic contribution to the protein pool.  Green ovals represents sequence-specific 
transcription factor whose binding is differentially affected.  Yellow ovals represent 
RNA polymerase II (RNAP).  Red and black lines and rounded rectangles represent 
allelic contributions to the mRNA and protein pools for the transcribed gene. 
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Figure 2-2.  Padlock Probes and Rolling Circle Amplification 
(a) Two recognition sequences located at the 3’ and 5’ ends of the circle probe are 
connected by a linker sequence.  The circle probe ends are brought into juxtaposition 
through hybridization to a single-stranded DNA or RNA.  DNA Ligase covalently 
joins the ends of the probe, making a circularized piece of DNA.  (b) The circularized 
oligonucleotide is then used as a template to make a continuous tandem repeat of 
single-stranded DNA. 
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Figure 2-3.  Slide Images Before and After Streptavidin Collapse 
(a) Image of RCA product labeled with Cy3 secondary probe before 
biotin/streptavidin.  (b) Image of collapsed RCA product after biotin/streptavidin 
collapse.  (c) Histogram of the lengths of the uncollapsed amplification product 
attached to the array surface. 
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Figure 2-4. RDEP Experimental Scheme 
(i.) A linear circle probe mixture is incubated with the treated and untreated samples in 
different tubes.  Hybridization of the linear circles to their target sequences allows 
ligation of the circle probes.  The unligated probe and the sample are removed via 
exonuclease digestion.  The samples are extracted and precipitated before being mixed 
together.  (ii.) Circularized oligonucleotide probes are hybridized to the arrayed 
primers.  (iii.) A mixture of dNTPs and DNA polymerase is added and rolling circle 
amplification creates long tandem repeats of the circularized probe attached to the 
glass slide.  (iv.) Fluorescent dye and biotin, labeled secondary probes, are hybridized 
to the tandem repeat.  (v.) The labeled amplification products are collapsed using a 
biotin/streptavidin system, creating a point source.  (vi.) The slide is imaged using 
standard fluorescent microscopy techniques and the number of point sources is 
counted. 
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Figure 2-5.  ACTG1 and EDN1 3’ Targeting 
(a) RDEP images for ACTG1 and EDN1 probes.  Red blocks mark counts.  (b) Shows 
PCR product gel of 3’ exon for ACTG1. Primers for PCR amplicons loaded in lanes 1, 
3, and 4 span the spliced region in ACTG1 3’ UTR, yielding two bands.  Primers for 
the PCR amplicon loaded in lane 2 are contained within the 3’ UTR spliced fragment 
and yield a single band around 120 bp in length.  Results confirm a slice variant in the 
3’ UTR of ACTG1 consistent with GenBank transcripts.
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Figure 2-6.  RDEP Dynamic Range Sample 
Images from 3 different circle-probe concentration hybridizations.  Images were 
cropped so you can see the perimeter of each spot against the background. 
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Figure 2-7.  ADEP Probe Design 
80-mer ADEP probes contain 5’ phosphate (blue circle), a common 20 bp sequence 
for array hybridization (yellow), secondary probe target sequence which encodes for 
Cy5 (red) for the minor allele SNP probe, and Cy3 (green) for the reference SNP 
probe.  The 3’ nucleotide is specific for either the reference SNP or the minor SNP. 
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Table 2-1.  Circle Ratio Mix Results 
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Table 2-2.  EDN1 Induction Results 
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Table 2-3.  RDEP Quantification of ACTG1 and EDN1 Transcripts Levels 
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Table 2-4.  ACTG1/EDN1 Ratios from RDEP Analysis 
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Table 2-5.  ADEP Dilution Series Results 
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Chapter 3 

Genome-wide Mapping of Allele-specific Protein–DNA 

Interactions in Human Cells 

Allele-specific gene expression has been implicated in animal development 

and various human diseases.  While a number of genes subjected to such regulation 

have been identified, the underlying mechanisms have remained largely 

uncharacterized.  To this end, it is important to analyze transcription factor binding 

and chromatin structures at the two parental alleles of each gene. Here, we describe a 

high-throughput method for identification of allele-specific protein–DNA interactions 

throughout the genome.  This method involves isolation of the transcription factor-

bound DNA via chromatin immunoprecipitation (ChIP) from cross-linked human 

cells, followed by detection with SNP genotyping microarrays (ChIP-SNP).  We 

applied this method to human fetal fibroblasts (IMR90) and examined the binding of 

RNA polymerase complex to a collection of 317,513 SNP sequences in the human 

genome. Among the 11,027 heterogeneous SNPs enriched by RNAP, 466 (4.0 %) are 

occupied by RNAP in an allele-specific manner.  Using allele-specific transcription 

profiling, we found excellent correlation between allele-specific RNAP enrichment 

and allele-specific gene expression. Our results confirmed allele-specific binding of 

RNAP to known imprinted loci and provide hundreds of candidates for novel 

imprinted loci.  The methodology described here provides a window into 
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understanding transcription by looking at binding of transcription machinery or 

regulators to DNA in an allele-specific manner. 

3.1 Introduction 

The somatic cells of mammals typically contain two copies of every gene, a 

maternal allele and a paternal allele.  It is believed that most genes are transcribed 

equivalently from both alleles.  However, several classes of genes are known to be 

expressed from a single allele in specific tissues during animal development.  One 

class of genes is subject to a process known as imprinting, in which one of the two 

parental alleles is selectively silenced68.  Currently, upwards of eighty mammalian 

genes are known to be imprinted117. Many of them play key roles in embryonic 

development and cellular proliferation69,118.  Pathological loss of imprinting of these 

genes have been linked to cancers119 and other human diseases120.  Imprinting involves 

differential methylation of the parental alleles at imprinting control regions (ICR).  

How the imprints are established at the specific parental allele during gametogenesis, 

how they are maintained during animal development, and how they lead to allele-

specific gene expression remains to be determined121,122. 

Dosage compensation regulates another class of genes in an allele-specific 

manner in order to equalize the transcription of sex chromosome genes in males and 

females96.  In mammals, dosage compensation involves the global inactivation of one 

of the two X chromosomes in female cells.  During early embryonic development, the 

paternal X chromosome is selectively silenced due to imprinting; but in blastomeres, 

the imprints on the X chromosomes are erased and both X chromosomes become 
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active.  Subsequently, one of the two X chromosomes is randomly selected for 

inactivation.  This process requires the selective expression of a non-coding RNA 

gene, XIST, from the chromosome destined to be silenced.  Upon expression, XIST 

RNA coats the entire X chromosome DNA, compacting these regions to a 

heterochromatin structure that silences gene expression.  The molecular mechanism 

underlying the selection, establishment, and maintenance of X chromosome 

inactivation is still not completely understood.  Furthermore, recent studies have 

revealed that a small fraction of the X chromosome genes can completely or partially 

escape the X inactivation process, challenging current models123.  

A number of non-imprinted genes on the autosomes are also transcribed in an 

allele-specific manner.  For example, the olfactory receptor genes are known to be 

monoallelically expressed in olfactory neurons124,125.  A number of other genes, such 

as the immunoglobulin heavy chain and light chain genes126, the T cell receptor 

genes,76 and the protocadherin genes127, are also transcribed in specific cell types in 

such a manner.   The process that leads to selective silencing of one of the two alleles 

in these genes is still poorly understood.    

In addition, it has been shown that polymorphisms within transcriptional 

regulatory sequences of the two parental alleles can lead to unequal expression of the 

two copies of some genes97.  This unequal transcription may affect predisposition, 

development, and progression of disease.  In one notable example, investigators found 

a SNP located in the promoter of a key oncogene MDM2.  This SNP is located in the 

binding site of the transcription factor SP1, increasing binding affinity and expression 

of the oncogene98 and eventually leading to an increased risk of cancer.  Many recent 
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studies have identified a large number of genes showing small but significant and 

heritable variations in allelic expression85,86. 

Currently, our understanding of the mechanisms of allele-specific expression is 

incomplete.  Generally, allele-specific expression studies rely on heterozygous SNPs 

within mature mRNA, or in some cases, heteronuclear RNA to detect allele bias.  

SNPs used in these studies are not thought to be functional variants but markers to 

distinguish between parental genomes.  Transcript-based studies alone are insufficient 

to resolve the mechanisms regulating these genes and causing allele-specific 

expression.  

As with any transcriptional process, the study of allele-specific gene 

expression will require the analysis of the interactions among specific regulatory 

sequences, the transcriptional regulators, and chromatin structures.  However, 

distinguishing between two parental alleles represents an additional layer of 

complexity.  One technology, haplotype-specific chromatin immunoprecipitation 

(haploChIP), was designed to detect allele-specific RNAP-DNA interactions at gene 

promoters. HaploChIP combines chromatin immunoprecipitation of a DNA-binding 

protein, followed by mass spectrometry of allele-specific ligation product.  The 

researchers demonstrated that RNAP loading, detected via mass spectrometry, at 

imprinted gene SNRPN correlated with allelic expression88.  Unfortunately, genome-

wide application of haploChIP is currently hindered by cost and throughput of the 

technology.  Recently, two groups have combined ChIP with Affymetrix 10K SNP 

arrays to assess allele-specific chromatin modification89,128.  Kadota et al. use principle 

component analysis to evaluate variation of chromatin states across pedigrees and 
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found that chromatin state clustered by family.  The primary objective of McCann et 

al. was to evaluate the arrays as an alternative to tiling arrays and have difficulty 

assessing allele-specific interactions.  Neither study performs any kind of validation of 

the assay itself.  

ChIP-chip is a high throughput technology for mapping genome-wide 

localization of transcription factors and chromatin modification marks in eukaryotic 

cells57.  In this method, the transcription factor-bound DNA is isolated from cells 

treated with the crosslinking agent formaldehyde and detected with the use of DNA 

microarray technologies. ChIP-chip and similar variations have been used to 

understand transcription by looking at protein–DNA interactions, including 

transcription factor binding, general transcription machinery, histone variants and 

modifications, and DNA insulators6,33,129,130. 

Here, we modify ChIP-chip and combine it with the SNP microarrays for 

large-scale analysis of transcription factor binding to the two parental alleles in human 

cells.  Our results demonstrate the ability to use chromatin-based experiments to 

understand the landscape of protein–DNA interactions in an allele-specific manner.  

Using this new method, called ChIP-SNP, we investigate allele-specific RNAP 

binding in the human genome.  We concurrently measured ChIP enrichment of RNAP 

at 317,513 SNPs distributed across the entire genome.  We used conventional methods 

to demonstrate that the method is sensitive and specific.  We demonstrated that over 

4% RNAP enriched SNPs in human fibroblast are in an allele-specific manner and 

could lead to allele-specific transcription.  Several imprinted genes are revealed by this 

method, illustrating the utility of this approach for discovery of new imprinted genes.  
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3.2 Results 

3.2.1 Identification of Allele-specific Interactions of RNAP in the Human 

Genome 

An outline of ChIP-SNP methodology is described below (Fig. 3-1a).  As a 

brief overview, we performed chromatin immunoprecipitation of RNAP on 

crosslinked sonicated IMR90 chromatin. Biological triplicates of the ChIP-enriched 

sample, as well as a corresponding input sample, were amplified.  Each sample was 

hybridized to Illumina’s HumanHap300 Genotyping BeadChip genotyping array.  

These arrays are based on Illumina’s Infinium II (Single Base Extension, SBE) 

technology.  SBE uses probe-covered beads (Fig. 3-1b).  Each bead contains hundreds 

of thousands of copies of a single SNP specific probe whose sequence lies adjacent to 

the queried SNP.  After hybridization of the target sample with the beads, a 

polymerase extends the corresponding differentially labeled nucleotide.  Slides are 

then washed and scanned on Illumina’s BeadArray Reader131.  

We used the following three criteria to identify allele-specific interactions 

between RNAP and the genomic sequences represented by the SNP arrays.  First, the 

SNP must be heterozygous.  Analysis of allele-specific enriched SNPs was only 

performed on SNPs that were deemed heterozygous, as homozygous SNPs are 

uninformative for this study.  SNP heterozygosity for IMR90 was determined using an 

intact genomic DNA sample. 119,821 (37.7%) of the 317,513 SNPs sampled were 

designated heterozygous.  Second, the SNP must be enriched in ChIP sample relative 

to input sample.  To eliminate SNPs spanning unenriched regions whose inclusion 
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would complicate and confound the analysis, we required IP enrichment relative to 

input signal.  We used Significance Analysis of Microarrays (SAM)132 to help 

determine relative enrichment.  SAM computes a statistic di for each SNP i, 

comparing the relationship between the input values and the ChIP values.  A 

permutation of the data is done to determine significance (T-statistic) of the ChIP 

samples relative to the input samples, and to determine the false discovery rate.  SNP 

relative enrichment was evaluated using the combined channel intensities (Ri = 

channel Ai + channel Bi) after median normalization between all arrays. 11,028 (False 

Discovery Rate = 11.28%) of the 119K heterozygous SNPs show IP enrichment (Fig. 

3-2a).  Third, the allele ratio in ChIP sample must deviate significantly towards one 

allele relative to input sample.  We used SAM to compare the channel intensity ratio 

for each SNP (Ratioi = log2 (channel Ai / channel Bi)) to determine bias within ChIP 

samples relative to the input samples (Fig. 3-2b).  466 SNPs (False Discovery Rate = 

12.85%) show allele-specific enrichment (Table 3-1), with an average fold-change of 

3.98 9 (Fig. 3-3).  

3.2.2 RNAP Interacts with Promoters of Imprinted Genes in an Allele-

specific Manner 

Special regulation of imprinted genes suggests that control of these genes is 

particularly important.  In agreement with this notion, mis-regulation of imprinted 

genes has been linked to many severe developmental disorders, including 

neurodevelopmental and neurobehavioral disorders, diabetes, and cancer93,94.  

Identifying and understanding the regulation of imprinted genes is important in 
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prevention and treatment of related physiological outcomes.  To date, a total of 83 

transcription units are reported to be imprinted in mammals: 41 in humans and 72 in 

mice, of which 29 are shared133.  A number of studies have tried to predict the number 

of imprinted genes.  Estimates from these studies vary drastically, ranging from 25 to 

2,100 genes133-135. 

Here we show 466 SNPs that are allele-specific enriched by RNAP in human 

fibroblasts.  These SNPs correspond to 239 unique RefSeq annotated genes within a 

+/-5kb window from the allele-specific enriched SNPs, as well as 16 microRNAs and 

2 snoRNAs (Table 3-2).  Gene ontolology (GO) analysis of RNAP allele-specific 

bound RefSeq genes shows enrichment of several GO terms also enriched with known 

imprinted genes, including development, regulation of physiological process, and 

regulation of biological process (Table 3-3).  As expected, a number of imprinted 

genes are found among the allele-specific RNAP enriched SNPs, including SNPRN, 

KCNQ1, PLAGL1, HYMAI, MEG3, and an adjacent microRNA cluster shown to be 

imprinted in mice and sheep (Fig. 3-4)136.  The majority of the microRNAs (14 of 16) 

and one of the snoRNAs map to this microRNA cluster at the MEG3 loci.  In mice and 

sheep several microRNAs and snoRNAs in this cluster are known to be maternally 

expressed, and it has been shown that five microRNAs expressed as a single transcript 

regulate paternally expressed Rtl1 through RNAi mediated degradation137,138.  The 

imprinting status of the orthologous microRNA cluster in humans is unknown.  Our 

results provide evidence that this microRNA cluster is monoallelicly expressed, 

implicating a similar regulation scheme in humans. 
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A study by Leudi et al. uses DNA sequence characteristics associated with 

known imprinted murine genes to predict 600 additional imprinted genes, 371 of 

which are with known human orthologues139. A comparison of our allele-specific 

RNAP bound genes with the predicted orthologues reveals 12 overlapping genes 

(Table 3-4).  The top predicted gene neuronal growth factor-beta (NGF) is among the 

239 genes found in our study, showing allele-specific RNAP loading. Mouse Ngfb is 

shown to have very similar sequence as human NGF140.  NGF is an important protein 

involved in brain development, encoding a secreted protein that has nerve growth 

stimulating activity and regulates the differentiation of sympathetic and certain 

sensory neurons.  Understanding mechanisms regulating NGF transcription is 

important, as mis-regulation and mutations in this gene have been associated with 

hereditary sensory and autonomic neuropathy, type 5 (HSAN5) as well as allergic 

rhinitis. 

ZNF331 is another gene that shows allele-specific binding.  A recent paper 

examining allele-specific expression researchers showed that ZNF331 is consistently 

expressed from the paternal allele141. 

In summary, our data confirm the allelic-specific binding of RNAP to many 

known imprinted genes and provide experimental evidence for a number of predicted 

imprinted genes, suggesting that there are likely many more unknown imprinted genes 

in humans. 
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3.2.3 Validation of Identified Allele-specific RNAP Binding Sites 

To validate the above ChIP-SNP results, we PCR amplified selected regions of 

the genome from the RNAP ChIP DNA and verified the imbalance of two parental 

alleles in the PCR products by conventional DNA sequencing method (Fig. 3-5a).  We 

designed primers for 22 of the 466 (see 3.5 Materials and Methods section for 

description of SNP selection) SNPs that were called allele-specifically enriched by 

RNAP.  PCR and sequencing were performed for all three biological replicates.  

Fifteen fragments were successfully amplified and sequenced from each replicate.  

Thirteen (87%) showed allelic bias in the IP samples as compared to the inputs.  

Significant variation was judged by 3 standard deviations (SD = 0.23) from the 

average input value (average = 1.06) for all the samples, requiring an average allele 

ratio greater than 1.76 (Fig. 3-5b).  Two negative controls were also sequenced and 

both SNP ratios fell below the cutoff for allele-specific binding.  Additionally, we 

examined 8 SNPs across a 250-Kbp window around the known imprinted MEG3 

region.  Of the 7 SNPs that tested positive by allele-specific sequencing, 6 were 

correctly identified by ChIP-SNP, indicating a sensitivity of 86%.  In addition, we 

found a strong correlation (R2 = 0.73) between the channel intensity ratios of the 

ChIPs from the array results and the peak ratios from the sequencing validation data 

(Fig. 3-6).  Based on the above analyses, we conclude that the ChIP-SNP experiments 

yielded highly specific information regarding allele-specific interactions for the 

transcription factor RNAP in the human genome.  
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3.2.4 Correlation of RNAP Binding to Promoters and Allele-specific Gene 

Expression 

In a complementary study, we used RNA to examine correlation of allele-

specific bound RNAP genes with allele-specific gene expression.  2,584 SNPs 

covering 829 genes were sampled across two different arrays using Illumina’s Allele-

specific Expression (ASE) technology.  Among the 829 genes, there were 274 unique 

genes with a heterozygous SNP probe.  A total of 159 (58%) of these genes were 

called present (i.e. expressed), of which 14 (8.8%) are allele-specifically expressed (P-

value ≤ 0.05, Table 3-5).   

To examine if this expression analysis correlated with our RNAP binding data, 

we looked at RNAP enrichment at gene promoter(s) SNPs.  Of the 159 genes detected 

in the expression study, 37 had heterozygous SNPs on the 317K genotyping array 

within their promoters, as defined by +/-2.5kb from the transcription start site (TSS).  

59% (22 of 37) of these genes have an enriched SNP within the promoter. 

Among the 22 enriched heterozygous promoter SNPs, 20 showed a 

concordance between the status of allele-specific expression and RNAP binding as 

detected by ChIP-SNP (Table 3-6).  ILK showed allele-specific RNAP enrichment at 

the promoter, but transcripts from both alleles were expressed.  However, ILK’s 

promoter overlaps the promoter and transcript for KIAA0409, which may confound the 

analysis.  Notably, though both alleles of the PCNA promoter were bound by RNAP, 

only one allele was transcribed.  This observation is biologically plausible, where one 

PCNA allele may be unable to elongate or is ‘stalled’142,143.  However, the analysis of 

PCNA is complicated by the fact that PCNA has two known isoforms (NM_182649, 
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NM_002592), as well as 2 psuedogenes located on chromosome X and chromosome 

4.  Both isoforms include the SNP-containing exon sampled in the RNA dataset, 

making it unlikely that this discrepancy between datasets is due to splice variation, but 

status of SNP variation and expression is unknown at pseudogenes.  Allele-specific 

RNA stability must also be considered a source of differential allelic bias. 

3.3 Discussion 

Here we demonstrate that the combination of ChIP and SNP genotyping arrays 

can accurately distinguish protein binding between alleles. Using ChIP-SNP, we 

examined the interaction between RNAP and 317,513 SNPs distributed throughout 

human fibroblast IMR90 genome.  We found 119,821 heterozygous SNPs and 

revealed 466 allelic interactions, corresponding to 239 RefSeq genes.  Among these 

allelic interactions we detect five known imprinted genes, a microRNA cluster located 

adjacent to MEG3, and show experimental evidence at 12 genes predicted to be 

imprinted.  Strikingly, 8 of the 12 genes appear to play roles in neuronal development.  

This fact agrees with the known link of parent-of-origin effects on several brain 

function-related diseases and behavioral traits144,145.  Among these 12 overlapping 

genes, glial cell derived neurotrophic factor isoform (GDNF) is an interesting 

candidate locus for allele-specific regulation and possibly imprinting.  GDNF is 

located in 5p13, a chromosomal band linked with Cornelia de Lange syndrome146, and 

overexpression has been linked with Hirschsprung disease147. Hirschsprung and 

Cornelia de Lange syndrome have both shown parent-of-origin effects in linkage 

studies. It is likely this list contains additional novel imprinted genes, which will 
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require follow-up studies to confirm their imprinting status and determine the 

mechanisms of regulation.   

Our observation that 4% of enriched SNPs demonstrate RNAP allelic bias 

correlates well with studies done by other groups examining allele-specific expression 

and suggests that we are detecting imprinted genes as well as allelic binding variation 

governed by different mechanisms86,103.  These include SNPs within regulatory 

regions (rSNPs) as well as epigenetic variation independent of imprinting.  In the case 

of rSNPs, allele-specific RNAP binding may be indicative of binding variation of 

other transcription factors required for RNAP loading.  These sequence-specific 

transcription factors could also be used in ChIP-SNP to allow direct identification of 

rSNPs in vivo.  In this case, SNP probes may detect functional differences of protein 

binding directly or via linkage disequilibrium of the assayed SNP and the functional 

SNP located within a proximal binding site.  Common variants affecting protein–DNA 

interactions, especially ones that play a role in gene expression, are important to 

identify and catalogue as rSNPs alone or in combination may be linked to disease 

susceptibility and progression.  It is unlikely that copy number variation, including 

duplications and deletions, play a role in the interpretation of our results, as SNPs that 

showed allele ratios less than 0.35 and greater than 0.65 were eliminated from our 

analysis. 

We demonstrate a high degree of specificity of the method, showing a false 

discovery rate of around 13%, as estimated by SAM and confirmed by our 

experimental validation by sequencing.  The strong correlation between the channel 



72 

 

intensity ratios of the ChIPs from the array results and the sequencing peaks 

demonstrate the reliability of this technology.    

Our allele-specific expression study demonstrates that binding of RNAP in an 

allele-specific manner has real functional consequences on allelic transcription.  

Overall we see a high concordance (91%) between allele-specific transcripts and 

RNAP binding within the gene promoter.  The RNA study and the sequencing 

validation demonstrate ChIP-SNP is both sensitive and specific.    

In this study, we use genotyping arrays querying over 317K SNPs.  In IMR90, 

this corresponds to approximately 119K heterozygous SNPs, giving an average 

distance of around 30kb between informative SNPs.  The new generation SNP arrays 

allow analysis of upwards of 1 million SNPs simultaneously, for an average of 9kb 

between informative heterozygous SNPs.  As genotyping arrays continue to increase 

SNP coverage, this will allow for improved resolution and richer data. 

In summary, ChIP-SNP provides a flexible high-throughput methodology to 

investigate allele-specific protein–DNA interactions.  Applying this method to 

additional transcription factors, histone variants, histone modifications, insulators, and 

DNA methylation will provide further insights into the mechanisms governing allele-

specific regulation and expression in mammalian cells. 
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3.5 Material and Methods 

ChIP-SNP Sample Preparation  

Chromatin immunoprecipitation of RNA Polymerase II (RNAP) was 

performed as previously described148.  In summary, approximately 100 million IMR90 

cells were grown for each IP sample.  IMR90 cell line was obtained and grown under 

recommended conditions from Coriell Institute for Medical Research 

(http://ccr.coriell.org/).  Cells were formaldehyde crosslinked for 20 minutes 

(crosslinking buffer, 5 M NaCl, 0.5 M EDTA, 0.5 M EGTA, 1 M Hepes pH 8.0, and 

37% formaldehyde), lysed (Lysis Buffer 1:  50 mM Hepes KOH pH 7.5, 140 mM 

NaCl, 1 mM EDTA, 10% Glycerol, 0.5% NP-40, 0.25% Triton X-100, and 0.5X 

Protease inhibitor (Roche Complete, Cat # 1697498).  Lysis Buffer 2:  200 mM NaCl, 

1 mM EDTA, pH 8, 0.5 mM EGTA, and 10 mM Tris, pH 8.  Lysis Buffer 3:  1 mM 

EDTA, pH 8, 0.5 M EGTA, and 10 mM Tris, pH 8) and the chromatin extracted.  Cell 

suspension was sonicated using a microtip attached to a Branson Sonifier 450.  

Sonication was done at power level 5 with constant power for a total of 10 pulses (30 

seconds pulse followed 1 minute on ice for cooling).  After sonication, samples were 

spun at 4 K rpm for 15 minutes (Beckman Avanti J-20 centrifuge).  Sonicated 

chromatin fragment sizes averaged around 500–2000 bp in length.  10 µg of the 

hypophosphorylated CTD form of RNAPII (Covance, 8W16G) and 100 µl of 6.7 X 

108 beads/ml of sheep anti-mouse IgG paramagnetic beads (Invitrogen, Cat # 

112.02D) were incubated overnight at 4˚C in 900 µl of PBS+BSA buffer (1X PBS and 

5 mg/ml BSA).  After washing beads 3X with 1 ml of PBS+BSA, 2 mg of chromatin 
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was added and incubated overnight at 4˚C in 1.3 ml incubation buffer (1% Triton X-

100, 0.10% Deoxycytocholate, 1X protease inhibitor (Roche complete), and 1X TE).  

Beads were washed 8X with RIPA buffer (50 mM Hepes, pH 8, 1 mM EDTA, 1% 

NP-40, 0.7% DOC, 0.5 M LiCl, and 1X protease inhibitor).  One final wash of 1X TE 

was done before chromatin was then reverse cross-linked in elution buffer (10 mM 

Tris, pH 8, 1 mM EDTA, and 1% SDS) overnight at 65˚C.  Following reverse cross-

linking, samples were treated with Proteinase K (1X TE, 0.2 mg/ml, glycogen (Roche, 

Cat # 901393), and 1 mg/ml proteinase K) at 37˚C for 2 hours.  Samples were 

extracted 2X with phenol, 1X with chloroform/isoamyl alcohol and precipitated in 

ethanol with the addition of 200 mM NaCl.  Pellets were resuspended in 30 µl of TE 

containing 10 µg of RNaseA and incubated for 2 hours at 37˚C.  Samples were 

purified with QIAquick PCR purification tubes.  After purification, samples were then 

blunted with T4 DNA Polymerase (NEB Cat # M0203S) for 20 minutes at 12˚C (1X 

NEB Buffer 2, 0.05 mg/ml BSA, 100 nM dNTPs, 0.006 U T4 DNA Polymerase, and 

dH2O).  Samples were purified with phenol/chloroform/isoamyl (25:24:1) and ethanol 

precipitated.  Pellets were resuspended in dH2O and T4 DNA Ligase (NEB, Cat # 

M0202S) was used to ligate linkers to the blunted ends (1X Ligase Buffer 

(Invitrogen), 2 mM annealed linkers, 4 U Ligase, and dH2O).  Samples were ethanol 

precipitated as described above and resuspended in 25µl of dH2O.  Ligation mediated 

PCR (LM-PCR) was performed using taq polymerase (Qiagen Cat # 1005476) and pfu 

Turbo taq (Stratagene, Cat # 600250-52) at a 10:1 ratio.  Samples were incubated at 

55˚C for 2 minutes, 72˚C for 5 minutes, 95˚C for 2 minutes, and cycled 23 times 

through 95˚C for 1 minutes, 60˚C for 1 minute and 72˚C for 2 minutes, followed by 
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one last incubation of 72˚C for 5 minutes.  Amplified LM-PCR product was cleaned 

up using QIAquick PCR Purification kit and quantified by UV spectrometry. 

5 µg of IMR90 genomic DNA was isolated using Qiagen’s QIAamp DNA 

Mini Kit (Cat # 51304) according to manufacturer’s instructions. 

   

ChIP-SNP Hybridization and Scanning 

5 µg of LM-PCR product for each ChIP replicate, input replicate, and genomic 

DNA were further amplified using the whole genome amplification approach 

described149.  Amplified product was then hybridized to HumanHap300 Genotyping 

BeadChips.  This array contains probes for over 317,000 SNPs, selected throughout 

the entire genome.  The BeadChips use a single probe for each SNP.  Each probe is 75 

bp long (25 bp are used for decoding the bead), with 50 bp designed adjacent to the 

SNP.  Primers are extended with polymerase and a labeled nucleotide mix.  

Nucleotides were then stained by repeated application of LTM (staining reagent) and 

ATM (anti-staining reagent).  Slides are then washed, coated, and scanned on the 

Illumina BeadArray Reader131.   

 

ChIP-SNP Data Analysis 

SNP genotypes of IMR90 were determined using genomic DNA.  Array 

Normalization was performed as described previously150.  An additional normalization 

step, where individual SNPs were adjusted for probe specific biases based on previous 

probe performance, was used to make the heterozygous SNP determination150.  SNP 
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probes with normalized theta values between 0.35 and 0.65 were called heterozygous 

and used for analysis of chIP results. 

The combined channel intensity (Ri = Channel Ai + Channel Bi) for each 

heterozygous SNP i was used to determine relative enrichment of ChIP relative to 

input replicates.  Significance was evaluated using statistical package Significance 

Analysis of Microarrays (SAM)132.  Arrays were median normalized and a Wilcoxen 

T-test was used to compare Ri values between input samples and ChIP samples for 

each SNP.  Enrichment was judged by a ∆ ≥ 0.65 (False Discovery Rate = 11.28%).   

Allele-specific binding was then determined for the enriched SNPs.  SAM was 

used again, but this time Log2 (Channel Ai / Channel Bi) was used to assess significant 

allele bias of the ChIP samples from the input samples for each SNP.  Median 

normalization was applied between arrays, and a threshold value of ∆ ≥ 30 (False 

Discovery Rate = 12.85%) was used to evaluate significance. 

 

Gene Ontology Analysis 

Gene Ontology analysis was done using DAVID Bioinformatics Resource 

2007, National Institute of Allergy and Infectious Diseases (NIAID), NIH 

(http://david.abcc.ncifcrf.gov/home.jsp)151.  We compared the top 20 GO terms 

returned for our RNAP AS-bound genes and genes known to be imprinted in humans.  

Imprinted gene list was adapted from http://www.geneimprint.com/site/genes-by-

species, where status was either imprinted or provisional.   

   

Sequencing Validation 
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We selected a total of 22 SNPs from the allele-specifically enriched list for 

validation and determination of false discovery rate.  The SNPs were evenly 

distributed among each class of SNP bias (channel A or channel B shifted).  PCR 

primers were designed at least 80 bp from the SNP and selected using Primer3152.  

Product sizes ranged from 150–450 bp.  50 ng of LM-PCR product from the three 

ChIP and three input samples were used as templates.  PCR was performed using taq 

DNA polymerase (Qiagen, Cat # 201207), with the addition of PfuTurbo® DNA 

Polymerase (Stratagene, Cat # 600250) in a 1:10 unit ratio with taq DNA polymerase.  

PCR was cycled 38 times annealing at 55˚C for 1 minute, extending at 72˚C for 1.5 

minutes, and denaturing at 95˚C for 1 minute.  Samples were cleaned up using 

QIAquick PCR Purification kit.  Sample concentration and purity was determined by 

UV spectrometry.  PCR products were run on 1% agarose gel to verify PCR product 

length and specific amplification of target sequence.  Among the 22 SNPs selected, 15 

yielded PCR products suitable for sequencing (rs2276877, rs6520412, rs1444410, 

rs4556981, rs4531631, rs11870439, rs896609, rs917219, rs231358, rs13254653, 

rs7785609, rs2403366, rs3812042, rs1899689, rs2411128).  Also, included in the 

sequencing analysis were 2 enriched SNPs that did not show AS binding (rs4407643, 

rs4939148) and 8 SNPs distributed throughout a 250 kb window from MEG3 through 

the adjacent stretch of non-coding RNAs (rs4378559, rs3783355, rs2295388, 

rs3825569, rs2180386, rs8015875, rs3809403, rs8004825). 

Samples were sequenced on an ABI 3730 sequencer using BigDye® 

Terminator reagents.  SNP ratio of sequencing results was determined using 

PeakPicker software (http://genomequebec.mcgill.ca/EST-HapMap/)153.   SNP ratio 
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for input samples followed a standard normal distribution around the median.  Allelic 

imbalance in the ChIP samples was judged by greater than three standard deviations 

(0.23) from the median (1.06) of the combined input samples. 

 

Allele-Specific Expression Analysis 

Total RNA was extracted from IMR90 cells using RNeasy Protect Mini Kit 

(Qiagen, Cat # 74124), according to manufacturer’s protocol.  We analyzed allele-

specific expression imbalance using Illumina’s Allele-Specific Expression (ASE) 

assay154.  ASE uses a modified version of the GoldenGate® assay, where the RNA is 

first converted to biotinylated cDNA.  Samples are then hybridized with a mixture of 

allele-specific oligonucleotide probes (ASOs) and locus-specific oligonucleotide 

probes (LSOs).  An allele-specific primer-extension (ASPE) step is used to extend the 

correctly matched ASO (at the 3' end) to the 5' end of the LSO primer.  The probes are 

then ligated to form one single probe template.  Universal primers are used to PCR 

amplify the probe templates.  Universal primers for the ASO probes are dye-labeled 

depending on the SNP base.   The amplified and labeled probe product is then 

hybridized to Sentrix® arrays to determine allele ratios.  We used two arrays, sampling 

a combined total 2,584 SNPs targeting a total of 829 genes.  Sentrix® arrays were 

imaged using BeadArray Reader Scanner.  Two replicates of each array were 

performed for both IMR90 genomic DNA and total RNA.  

Genomic DNA was used to determine heterozygous SNPs.  In order to avoid 

misclassification of a homozygous SNP as heterozygous, we required a strict log2 

channel intensity ratio of less than or equal to one for both replicates.   
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RNA results were normalized using the R package limma155.  Median 

normalization was applied within arrays and quantile normalization between arrays.  

SNPs designated as heterozygous from the genomic DNA data were then assessed for 

“absent” or “present” using the normalized intensity values from the RNA results.  

After normalization, each channel was modeled as bimodal normal distribution with 

the lesser mode assumed to model the random distribution of noise from “absent” 

genes.  SNPs with channel intensity value below two standard deviations above noise 

in both replicates were assumed “absent” and discarded from analysis. 

A standard normal distribution assumption was applied to all heterozygous and 

“present” SNPs.  Significant allele-specific expression was called based on P-value ≤ 

0.05.  
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Figure 3-1.  Outline of the Procedure for ChIP-SNP 
(a) IMR90 cells are formaldehyde crosslinked and sonicated.  Chromatin 
Immunoprecipitation is performed using antibody against the hypophosphorylated 
form of RNAP (red triangle).  SNPs are indicated by red and green bars within the 
DNA fragments.  Input and ChIP samples are hybridized to separate 317K SNP 
genotyping arrays.  (b) Single base extension (SBE) is performed using biotin and 
DNP-labeled ddNTPs.  Nucleotides were then stained by repeated application of 
staining reagents and anti-staining reagents. 
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Figure 3-2.  ChIP-SNP Analysis of RNAP Binding in Human Fibroblasts 
Outline of the data analysis procedure with sample data for International HapMap 
Project SNP rs2281476.  R = channel A + Channel B, where channel A and channel B 
are the channel intensity values from the arrays for SNP rs2281476.  The pie charts 
display average allelic fraction. 
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Figure 3-3. Histogram of Fold Change of Allele-specific Enriched SNPs 
A histogram of the ratio of the intensity values for the enriched allele (AE) over the 
depleted allele (AD) of the ChIP samples relative to the input samples for all 466 
allele-specific RNAP enriched SNPs. 
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Figure 3-4. Identification of Allelic-specific Binding of RNAP to the Genomic 
DNA in Human Fibroblasts 
(a) SAM analysis was used to determine relative enrichment of SNPs.  Ri (channel Ai 
+ channel Bi) values from ChIP samples were compared to input samples.  Red 
indicates enrichment of SNP R values for ChIP samples relative to input samples 
(dashed lines where ∆ = 0.65).  (b) SAM analysis was used to compare SNP bias.  
Channel intensity ratios log2 (channel Ai / channel Bi, ∆ = 0.30) were compared 
between input samples and ChIP samples.  Red and green dots indicate SNPs whose 
channel intensity ratio deviate significantly from expected ratio. 
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Figure 3-5.  RNAP Allele-specific Binding at Known Imprinted Genes 
ChIP-SNP results at known imprinted genes.  In each panel, the top track displays 
genome location.  The next three tracks display the SNP location for heterozygous 
SNPs, RNAP-ChIP enrichment, and allele-specific bias of ChIP product, respectively.  
The bottom track displays University of California Santa Cruz (UCSC) Genome 
Browser Known Genes.  The arrow indicates position and direction of transcription 
start sites. 
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Figure 3-6.  Validation of RNAP ChIP-SNP Results by Sequencing 
PCR fragments containing the SNPs of interest were amplified and sequenced by 
conventional DNA sequencing method.  (a) An example of sequencing results for SNP 
rs4556981 for input and ChIP samples.  Amplitude of SNP peaks for input samples 
are of equal magnitude as compared to ChIP sample peaks, which are enriched for 
dCTP.  (b) SNP ratios in input and ChIP DNA for 25 SNPs, corresponding to 15 
ChIP-SNP allele-specific SNPs, 2 enriched but not allele-specific SNPs, and 8 SNPs 
throughout MEG3 and the adjacent microRNA cluster.  Dashed line indicates allele 
bias cutoff (1.76).  The inset shows the same information with a different scale. 
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Figure 3-7.  A Comparison of RNAP ChIP-SNP Ratios with Sequencing Ratios 
A scatter plot compares the peak ratios from sequencing and the corresponding ChIP-
SNP results from the HumanHap300 Genotyping BeadChip array results for the allele-
specifically enriched SNPs shown in Fig. 3-5b.  i = International HapMap Project 
SNP identification number and j = sample number. 
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Table 3-1.  RNAP Allele-specific Enriched SNPs and the Nearest RefSeq Genes 

SNP rsID 
Score 

(d) 
Numerator 

(r) 
Denominator 

(s+s0) 
Fold 

Change 
q-

value(%) RefSeq ID Gene Name 
distance 
to TSS 

rs10898847 3.6016 2.4009 0.6666 5.1840 12.8501 NM_003824 FADD 3346 
rs4245054 3.5196 2.4538 0.6972 5.5080 12.8501 NM_001005195 OR8B12 122756 
rs1693904 3.5140 2.6801 0.7627 6.5436 12.8501 NM_152406 FLJ36748 -20904 
rs10761768 3.4066 2.1227 0.6231 4.4078 12.8501 NM_001001330 REEP3 86993 
rs6578882 3.3130 1.8715 0.5649 3.6651 12.8501 NM_003621 PPFIBP2 -64339 
rs9964798 3.2549 2.1070 0.6473 4.3829 12.8501 NM_153211 C18orf17 -14586 
rs5756069 3.1931 1.7229 0.5396 3.2956 12.8501 NM_145640 APOL3 108166 
rs4422977 3.1716 2.7654 0.8719 7.3933 12.8501 NM_152376 UBXD3 -100486 
rs6548001 3.0327 1.6355 0.5393 3.1172 12.8501       

rs2566980 2.9830 3.0242 1.0138 9.2977 12.8501 NM_017577 GRAMD1C -2341 
rs1391516 2.9415 2.9964 1.0186 9.1139 12.8501 NM_022807 SNRPN -38290 
rs12139487 2.9403 1.7206 0.5852 3.3021 12.8501 NM_001014765 FBXO44 -2387 
rs2043478 2.8248 2.3164 0.8200 4.8809 12.8501 NM_004598 SPOCK1 336525 
rs2073484 2.8229 2.0429 0.7237 4.2784 12.8501 NM_015935 KIAA0859 63163 
rs4679028 2.7930 1.4542 0.5206 2.7400 12.8501 NM_004256 SLC22A13 -19962 
rs6732952 2.7870 2.1645 0.7766 4.3542 12.8501       

rs10897526 2.7827 1.6128 0.5796 3.0492 12.8501 NM_004579 MAP4K2 10815 
rs10777783 2.7196 1.8924 0.6958 3.6963 12.8501 NM_002595 PCTK2 95586 
rs11619462 2.7164 1.9714 0.7257 3.9700 12.8501       

rs5927606 2.6276 2.0902 0.7955 4.0452 12.8501 NM_203391 GK -87115 
rs7042098 2.6152 2.3322 0.8918 5.5269 12.8501 NM_152570 LRRN6C 893849 
rs1816412 2.6066 2.3885 0.9163 5.6437 12.8501 NM_138286 ZNF681 -116557 
rs1364075 2.5576 2.5840 1.0103 6.7564 12.8501       

rs7811753 2.5395 1.5872 0.6250 3.0381 12.8501 NM_153631 HOXA3 5800 
rs2381644 2.5126 2.2542 0.8971 5.1257 12.8501 NM_033428 C9orf123 232824 
rs11165947 2.4969 1.7986 0.7203 3.4897 12.8501 NM_173567 ABHD7 22834 
rs10085723 2.4843 1.5072 0.6067 2.8740 12.8501 NM_004956 ETV1 -107976 
rs9403701 2.4749 2.2692 0.9169 5.3830 12.8501 NM_005670 EPM2A 297798 
rs13277184 2.4476 2.2961 0.9381 5.5400 12.8501 NM_004374 COX6C -11057 
rs1922230 2.4466 2.3815 0.9734 5.7280 12.8501       

rs9888818 2.4232 1.9276 0.7955 4.0156 12.8501 NM_000336 SCNN1B 13879 
rs6520412 2.4114 1.9252 0.7984 3.9092 12.8501 NM_014008 CCDC22 -4127 
rs182195 2.4036 1.6469 0.6852 3.1389 12.8501 NM_000452 SLC10A2 14368 
rs10520252 2.4002 3.0158 1.2565 10.9295 12.8501 NM_017423 GALNT7 18995 
rs4792311 2.3994 3.2268 1.3448 13.1713 12.8501 NM_018127 ELAC2 6315 
rs12388241 2.3760 2.3669 0.9962 5.8323 12.8501 NM_178175 LHFPL1 167324 
rs8009242 2.3656 1.5949 0.6742 3.0838 12.8501 NM_182851 CCNB1IP1 -1567 
rs2361106 2.3447 1.6550 0.7058 3.2121 12.8501 NM_153186 ANKRD15 49651 
rs2160732 2.2941 1.5897 0.6929 3.0916 12.8501 NM_000834 GRIN2B 151726 
rs4271799 2.2856 1.4524 0.6355 2.7683 12.8501       

rs7556449 -2.7127 -2.0477 0.7549 0.2472 12.8501 NM_017582 UBE2Q1 25234 
rs2137821 -2.6449 -2.0353 0.7695 0.2487 12.8501       

rs4740203 -2.6057 -1.3855 0.5317 0.3838 12.8501 NM_007313 ABL1 -47541 
rs2007363 -2.5953 -1.6051 0.6185 0.3317 12.8501 NM_000361 THBD 5006 
rs2351765 -2.5826 -1.7028 0.6594 0.3102 12.8501       

rs474953 -2.5465 -2.4550 0.9641 0.2045 12.8501 NM_017755 NSUN2 76570 
rs2276877 -2.5239 -1.4558 0.5768 0.3665 12.8501 NM_001313 CRMP1 38972 
rs12692550 -2.5121 -2.3549 0.9374 0.2135 12.8501 NM_013450 BAZ2B 53718 
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SNP rsID 
Score 

(d) 
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(r) 
Denominator 

(s+s0) 
Fold 

Change 
q-

value(%) RefSeq ID Gene Name 
distance 
to TSS 

rs713835 -2.5105 -1.4352 0.5717 0.3715 12.8501 NM_002305 LGALS1 6962 
rs7787781 2.2594 1.7559 0.7772 3.4514 12.8501 NM_012301 MAGI2 1013103 
rs3825569 2.2590 1.7406 0.7705 3.4544 12.8501 NM_001004332 FLJ41170 121346 
rs753302 3.6409 1.9639 0.5394 3.8992 12.8501 NM_006037 HDAC4 208506 
rs7224239 -2.9780 -2.1070 0.7075 0.2384 12.8501 NM_020914 C17orf27 -41451 
rs1444410 4.1363 3.1540 0.7625 9.0446 12.8501 NM_006164 NFE2L2 184595 
rs903282 2.2301 1.4007 0.6281 2.6507 12.8501 NM_021252 RAB18 -117000 
rs1892592 -3.0816 -1.6529 0.5364 0.3180 12.8501 NM_032476 MRPS6 -121023 
rs7106631 2.2106 1.7637 0.7978 3.4431 12.8501 NM_012309 SHANK2 102043 
rs8015875 2.1982 1.8731 0.8521 3.9352 12.8501 NM_001004332 FLJ41170 -61644 
rs1741318 -2.3693 -1.9535 0.8245 0.2704 12.8501 NM_175842 SMOX -28151 
rs2295388 -3.2596 -2.8668 0.8795 0.1440 12.8501 NM_003836 DLK1 -116507 
rs4803143 -3.3233 -2.9325 0.8824 0.1441 12.8501 NM_018555 ZNF331 -21397 
rs772262 2.1815 1.5970 0.7321 3.1325 12.8501 NM_005811 GDF11 -26668 
rs10107110 2.1812 1.9994 0.9166 4.3671 12.8501 NM_021020 LZTS1 -25244 
rs12862669 2.1811 1.7639 0.8088 3.5923 12.8501 NM_001654 ARAF 12187 
rs7035592 2.1738 1.3209 0.6077 2.5014 12.8501 NM_020641 C9orf11 63108 
rs10192622 -2.3449 -2.0083 0.8565 0.2608 12.8501       

rs1609772 -2.3424 -1.4681 0.6268 0.3635 12.8501       

rs4427989 -2.3398 -1.6022 0.6847 0.3367 12.8501 NM_000210 ITGA6 113879 
rs5951588 2.1666 1.8286 0.8440 3.6900 12.8501 NM_152577 ZNF645 -114765 
rs5945282 -3.6472 -2.8911 0.7927 0.1425 12.8501 NM_014221 MTCP1 17244 
rs4378559 -3.7816 -2.7613 0.7302 0.1528 12.8501 NM_003836 DLK1 -109043 
rs17196143 2.1401 1.4367 0.6714 2.7532 12.8501 NM_002182 IL1RAP -6408 
rs4872434 2.1354 2.2190 1.0392 5.3809 12.8501 NM_004331 BNIP3L -47919 
rs3916955 2.1341 2.8641 1.3421 10.0616 12.8501       

rs1333619 2.1333 1.7383 0.8149 3.5213 12.8501 NM_175747 OLIG3 83396 
rs4749462 -2.2948 -1.4779 0.6440 0.3579 12.8501 NM_021738 SVIL 53419 
rs752873 2.1292 1.8636 0.8753 3.8386 12.8501 NM_022807 SNRPN -33045 
rs9283781 2.1271 1.6089 0.7564 3.1756 12.8501       

rs10508823 2.1244 1.4394 0.6776 2.7632 12.8501       

rs2128958 -2.2794 -2.1615 0.9483 0.2475 12.8501 NM_152636 METT5D1 -33003 
rs4261956 2.1049 1.9224 0.9133 4.1125 12.8501 NM_003759 SLC4A4 -137048 
rs12991650 2.0934 2.1084 1.0072 4.9407 12.8501       

rs876295 2.0852 1.6864 0.8087 3.4290 12.8501 NM_024329 EFHD2 39257 
rs10508518 -2.2373 -1.9525 0.8727 0.2741 12.8501 NM_001081 CUBN 130317 
rs2071236 2.0777 1.1283 0.5431 2.1903 12.8501 NM_002310 LIFR -264 
rs10515372 2.0640 1.8246 0.8840 3.8622 12.8501 NM_001962 EFNA5 379695 
rs194487 2.0616 2.1303 1.0333 5.0114 12.8501 NM_001332 CTNND2 651843 
rs824080 2.0590 2.8605 1.3892 11.1523 12.8501 NM_004441 EPHB1 -663678 
rs1778549 2.0575 1.3386 0.6506 2.5709 12.8501 NM_032752 ZNF496 18429 
rs12711924 2.0542 1.4483 0.7050 2.7868 12.8501 NM_182915 STEAP3 -30788 
rs749214 -2.2012 -1.5549 0.7064 0.3440 12.8501 NM_030806 C1orf21 -180022 
rs13050861 -2.1897 -2.1744 0.9930 0.2508 12.8501 NM_138992 BACE2 53919 
rs4556981 2.0342 1.5824 0.7779 2.8804 12.8501 NM_138996 CNTNAP5 -121685 
rs942351 -2.1866 -2.0050 0.9170 0.2749 12.8501       

rs219761 2.0257 1.9571 0.9662 4.2736 12.8501 NM_144492 CLDN14 12978 
rs4531631 -2.1759 -1.5132 0.6954 0.3607 12.8501 NM_033012 TNFSF11 10663 
rs2232105 -2.1744 -1.7506 0.8051 0.3037 12.8501 NM_032014 MRPS24 -7916 
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rs3812940 -2.1679 -2.1302 0.9826 0.2538 12.8501 NM_181077 GOLGA8A -88678 
rs8060595 2.0129 2.1619 1.0741 5.1388 12.8501 NM_002968 SALL1 101516 
rs12463169 2.0071 1.0482 0.5222 2.0661 12.8501 NM_018467 MDS032 4498 
rs10507495 2.0062 1.4368 0.7162 2.7865 12.8501 NM_001009814 KIAA0564 240824 
rs2830390 2.0016 1.6211 0.8099 3.2288 12.8501 NM_052954 CYYR1 -115030 
rs2054348 2.0004 1.3642 0.6819 2.5133 12.8501 NM_024607 PPP1R3B -182710 
rs7646260 1.9974 1.9928 0.9977 4.2195 12.8501       

rs6773719 1.9970 2.4157 1.2096 6.7083 12.8501       

rs1329682 -2.1465 -1.8079 0.8423 0.2985 12.8501       

rs7844935 -2.1344 -2.4142 1.1311 0.2314 12.8501 NM_173538 CNBD1 -365876 
rs10819389 1.9788 1.2149 0.6140 2.3456 12.8501 NM_173551 ANKS6 -70957 
rs2001569 -2.1269 -2.0324 0.9556 0.2655 12.8501 NM_012082 ZFPM2 20569 
rs372125 -2.1130 -2.0002 0.9466 0.2742 12.8501       

rs2297141 -2.1129 -1.2303 0.5823 0.4234 12.8501 NM_001554 CYR61 -465 
rs1875088 1.9597 1.3870 0.7078 2.5453 12.8501 NM_152672 OSTalpha -12090 
rs2415621 1.9553 1.9825 1.0139 4.4753 12.8501       

rs7816281 1.9512 1.9619 1.0055 4.3985 12.8501 NM_152417 TMEM68 -10841 
rs12445475 1.9492 2.0449 1.0491 4.9028 12.8501 NM_000833 GRIN2A 566087 
rs2194193 1.9413 1.6534 0.8517 3.3582 12.8501       

rs4142190 1.9357 1.8125 0.9364 3.8737 12.8501 NM_138569 C6orf142 16725 
rs966180 -2.0869 -1.3504 0.6471 0.3994 12.8501       

rs10937247 1.9334 1.2899 0.6672 2.4832 12.8501       

rs7079873 1.9330 1.1757 0.6082 2.2788 12.8501 NM_213606 SLC16A12 -50690 
rs4792750 1.9325 1.5187 0.7859 3.0233 12.8501 NM_152350 C17orf45 -16653 
rs10977327 -2.0818 -1.2818 0.6157 0.4132 12.8501 NM_130391 PTPRD 152812 
rs1344110 -2.0708 -1.3771 0.6650 0.3880 12.8501 NM_004339 PTTG1IP 21089 
rs1885990 -2.0704 -2.0813 1.0052 0.2728 12.8501 NM_152912 MTIF3 -15791 
rs1000174 1.9117 1.2481 0.6529 2.4114 12.8501 NM_002582 PARN 252811 
rs10883547 1.9050 1.9099 1.0026 4.2317 12.8501 NM_018121 C10orf6 45097 
rs1608575 1.9022 2.9929 1.5734 14.9290 12.8501       

rs1549250 1.8994 1.5417 0.8117 3.0806 12.8501 NM_199231 GDNF 14372 
rs1400825 1.8963 1.1894 0.6272 2.2979 12.8501 NM_178123 SESTD1 -146642 
rs12906707 1.8931 1.5475 0.8174 3.0281 12.8501 NM_022807 SNRPN -38429 
rs4937609 1.8921 1.7038 0.9004 3.4798 12.8501       

rs3736807 -2.0421 -1.0079 0.4936 0.4969 12.8501 NM_001017963 HSP90AA1 53248 
rs6541094 -2.0410 -1.1902 0.5831 0.4413 12.8501 NM_002631 PGD -7990 
rs2104718 -2.0385 -2.6638 1.3068 0.2242 12.8501 NM_021728 OTX2 -48190 
rs4148486 -2.0375 -1.1499 0.5644 0.4504 12.8501 NM_005845 ABCC4 110533 
rs7148089 1.8805 1.2447 0.6619 2.3990 12.8501 NM_001003805 ATP5S -23681 
rs6012200 1.8804 1.3265 0.7055 2.5542 12.8501 NM_005386 NNAT 81733 
rs13264830 1.8781 1.3124 0.6988 2.4850 12.8501 NM_032483 PPAPDC1B -14458 
rs9297040 1.8756 1.1190 0.5966 2.1759 12.8501 NM_016255 FAM8A1 16750 
rs10823120 1.8756 1.0445 0.5569 2.0691 12.8501 NM_012238 SIRT1 -75656 
rs767460 -2.0239 -1.4739 0.7283 0.3559 12.8501 NM_175607 CNTN4 -599541 
rs10074260 1.8690 1.4250 0.7625 2.6708 12.8501 NM_153354 MGC33214 87725 
rs1064875 1.8687 1.4992 0.8023 2.8014 12.8501 NM_022468 MMP25 -5528 
rs2123463 1.8668 1.2205 0.6538 2.3584 12.8501 NM_172365 C14orf50 5110 
rs1380158 1.8561 1.6914 0.9113 3.4726 12.8501 NM_133477 SYNPO2 -122625 
rs7313293 -2.0005 -1.9121 0.9558 0.2977 12.8501 NM_138575 PGAM5 -25418 



91 
 

 
Table 3-1, Continued 

 

SNP rsID 
Score 

(d) 
Numerator 

(r) 
Denominator 

(s+s0) 
Fold 

Change 
q-

value(%) RefSeq ID Gene Name 
distance 
to TSS 

rs11870439 1.8452 1.4241 0.7718 2.8129 12.8501 NM_022463 NXN 49220 
rs5936518 -1.9946 -2.0766 1.0411 0.2606 12.8501 NM_001002254 DGAT2L4 142226 
rs883470 -1.9934 -1.8710 0.9386 0.3001 12.8501 NM_003410 ZFX -125401 
rs6972943 -1.9923 -1.9123 0.9599 0.3017 12.8501 NM_012449 STEAP1 239375 
rs479605 1.8341 1.8284 0.9969 3.7246 12.8501 NM_144669 GLT1D1 -169268 
rs501306 1.8340 2.2153 1.2079 5.3526 12.8501 NM_052867 VGCNL1 98778 
rs16825445 -1.9845 -1.8956 0.9552 0.3030 12.8501       

rs2246675 -1.9834 -1.3594 0.6854 0.3878 12.8501 NM_018841 GNG12 8162 
rs2770043 1.8290 1.1869 0.6490 2.3172 12.8501 NM_014059 RGC32 -47699 
rs810087 1.8250 1.0830 0.5934 2.0990 12.8501 NM_181054 HIF1A 140359 
rs2903015 1.8242 2.5160 1.3792 8.8966 12.8501 NM_003763 STX16 60932 
rs634681 -1.9750 -1.5973 0.8088 0.3378 12.8501 NM_004778 GPR44 1783 
rs10226236 1.8214 2.3549 1.2929 7.1723 12.8501 NM_033427 CTTNBP2 63717 
rs1458332 1.8179 1.2604 0.6933 2.4182 12.8501 NM_016093 RPL26L1 -4255 
rs8126788 1.8130 1.4635 0.8072 2.9326 12.8501       

rs16835705 1.8040 2.2271 1.2345 6.3950 12.8501 NM_021186 ZP4 145024 
rs37825 1.8038 2.5511 1.4143 9.1944 12.8501 NM_152457 ZNF597 5914 
rs12455863 1.8015 4.3064 2.3904 69.3597 12.8501 NM_020783 SYT4 -194891 
rs4897728 1.7991 1.2967 0.7208 2.5315 12.8501       

rs742408 1.7948 1.4862 0.8281 2.9628 12.8501 NM_001287 CLCN7 25635 
rs10487611 1.7942 1.6521 0.9208 3.3693 12.8501 NM_000905 NPY -107741 
rs4768085 1.7929 1.3066 0.7288 2.5538 12.8501 NM_001025356 TMEM16F -45162 
rs10271686 1.7896 1.5166 0.8475 3.0041 12.8501 NM_207283 AAA1 -8597 
rs4866362 -1.9388 -1.3578 0.7003 0.3991 12.8501 NM_030955 ADAMTS12 202004 
rs1943860 1.7848 1.4014 0.7852 2.7203 12.8501       

rs2838753 1.7800 1.0132 0.5692 2.0278 12.8501 NM_015834 ADARB1 52567 
rs1466447 1.7789 1.1438 0.6430 2.2047 12.8501 NM_024552 LASS4 -29394 
rs1847118 1.7776 1.6076 0.9044 3.3147 12.8501 NM_019027 FLJ20273 26965 
rs6904348 1.7773 1.2398 0.6976 2.4085 12.8501 NM_017774 CDKAL1 -555866 
rs2962799 1.7721 2.0299 1.1455 4.9815 12.8501 NM_004932 CDH6 -105459 
rs1228262 1.7713 1.9200 1.0840 4.2718 12.8501 NM_025113 C13orf18 72799 
rs2279339 -1.9193 -1.0756 0.5604 0.4736 12.8501 NM_003201 TFAM 177 
rs27076 1.7606 1.9002 1.0793 4.4332 12.8501 NM_139168 SFRS12 3758 
rs4911156 1.7603 1.0400 0.5908 2.0640 12.8501 NM_178581 HM13 -31578 
rs11075447 1.7532 1.6413 0.9362 3.3523 12.8501 NM_001796 CDH8 67080 
rs10850031 1.7530 2.9247 1.6684 14.2699 12.8501 NM_173813 C12orf51 -59506 
rs7916403 1.7498 1.5967 0.9125 3.3363 12.8501 NM_019860 HTR7 57763 
rs896609 -1.9036 -1.5202 0.7986 0.3686 12.8501 NM_002252 KCNS3 -280225 
rs1866074 1.7451 1.0195 0.5842 2.0398 12.8501 NM_003211 TDG -14826 
rs169774 -1.8921 -2.2487 1.1885 0.2582 12.8501 NM_018340 FLJ11151 272098 
rs1822958 1.7374 1.4572 0.8387 2.8742 12.8501       

rs718202 1.7352 1.3515 0.7788 2.6624 12.8501 NM_005597 NFIC -8130 
rs6509366 1.7279 1.3729 0.7945 2.7156 12.8501 NM_014959 CARD8 9345 
rs6037513 -1.8825 -1.6050 0.8526 0.3533 12.8501 NM_032034 SLC4A11 -4852 
rs138521 -1.8819 -1.1789 0.6264 0.4396 12.8501 NM_015124 DIP 16410 
rs825289 1.7251 1.4315 0.8298 2.8147 12.8501 NM_004438 EPHA4 -116788 
rs2281476 -1.8780 -2.9494 1.5705 0.2206 12.8501 NM_006718 PLAGL1 585 
rs2304426 1.7221 1.3927 0.8088 2.7469 12.8501 NM_175630 DNMT3A -36683 
rs1978512 -1.8740 -1.1721 0.6255 0.4478 12.8501       
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rs917219 1.7147 3.3168 1.9343 21.8687 12.8501 NM_019029 CPVL 210810 
rs798343 1.7128 1.9467 1.1366 4.5885 12.8501 NM_012301 MAGI2 1158649 
rs2241025 -1.8641 -1.5288 0.8201 0.3533 12.8501 NM_015509 NECAP1 -10089 
rs162330 1.7052 0.8840 0.5184 1.8471 12.8501 NM_000104 CYP1B1 -16204 
rs10491739 -1.8592 -1.5042 0.8091 0.3705 12.8501 NM_203403 C9orf150 -72815 
rs1029657 1.6996 1.2214 0.7186 2.3532 12.8501 NM_001303 COX10 115861 
rs1432821 1.6983 1.8622 1.0965 4.1009 12.8501 NM_015238 WWC1 155506 
rs753002 1.6983 1.4816 0.8724 3.0053 12.8501 NM_130385 MRVI1 -23708 
rs1478049 1.6972 2.3953 1.4113 7.3766 12.8501       

rs2071122 1.6919 1.7207 1.0170 3.7939 12.8501 NM_014370 STK23 -5398 
rs1152324 -1.8469 -1.3657 0.7395 0.4019 12.8501 NM_024657 MORC4 -65016 
rs363039 -1.8460 -1.7437 0.9446 0.3216 12.8501 NM_130811 SNAP25 -21020 
rs6999335 1.6853 1.2102 0.7181 2.3712 12.8501 NM_001037234 TMEM75 -231615 
rs1950038 1.6836 2.5945 1.5411 10.5740 12.8501       

rs4943731 -1.8402 -2.0799 1.1302 0.2871 12.8501       

rs881686 1.6810 0.9363 0.5570 1.9182 12.8501 NM_147127 EVC2 -11870 
rs785702 1.6761 0.9156 0.5463 1.8909 12.8501 NM_000943 PPIC -79708 
rs2076537 -1.8311 -1.1554 0.6310 0.4511 12.8501 NM_006781 C6orf10 22021 
rs6750860 -1.8295 -2.0751 1.1342 0.2846 12.8501 NM_015025 MYT1L 472610 
rs7317940 -1.8276 -1.2616 0.6903 0.4208 12.8501 NM_144777 SCEL 88640 
rs851006 1.6658 1.6611 0.9972 3.3105 12.8501 NM_002754 MAPK13 33076 
rs9788079 1.6642 1.7193 1.0331 3.7677 12.8501 NM_002864 PZP -123081 
rs6013809 -1.8214 -1.0251 0.5628 0.4934 12.8501 NM_003657 BCAS1 241094 
rs6997965 1.6635 1.6539 0.9942 3.4955 12.8501 NM_024940 DOCK5 -108317 
rs744970 1.6615 2.3130 1.3920 7.1334 12.8501 NM_006403 NEDD9 -10959 
rs3731920 -1.8190 -1.1189 0.6151 0.4607 12.8501 NM_002191 INHA 2908 
rs7642017 1.6605 2.7791 1.6736 13.7166 12.8501 NM_002012 FHIT 189723 

rs3763881 1.6599 1.2233 0.7370 2.3259 12.8501 NM_001003819 
TRIM6-
TRIM34 -9014 

rs1568120 1.6597 2.8291 1.7045 15.1921 12.8501 NM_030923 
DKFZP566N0
34 69680 

rs7531643 1.6584 1.2650 0.7628 2.3899 12.8501 NM_003672 CDC14A -51775 
rs6540394 -1.8158 -0.9887 0.5445 0.5058 12.8501 NM_002025 AFF2 -140979 
rs178012 -1.8144 -1.1425 0.6297 0.4522 12.8501       

rs7532151 1.6538 1.1667 0.7054 2.2783 12.8501 NM_001514 GTF2B -31690 
rs2588333 1.6519 1.7628 1.0672 3.9579 12.8501 NM_002247 KCNMA1 858625 
rs7116459 -1.8065 -0.9601 0.5315 0.5155 12.8501 NM_015213 RAB6IP1 10973 
rs1014736 1.6480 2.1484 1.3036 5.6760 12.8501       

rs12590361 1.6450 1.1140 0.6772 2.2112 12.8501 NM_145725 TRAF3 41098 
rs2835261 1.6433 0.9686 0.5894 1.9475 12.8501 NM_001757 CBR1 14377 
rs6537307 1.6427 2.8906 1.7596 16.7500 12.8501 NM_022475 HHIP -34691 
rs1519155 1.6426 1.1264 0.6857 2.1918 12.8501 NM_020844 KIAA1456 10112 
rs7379278 -1.7997 -1.2287 0.6827 0.4295 12.8501 NM_022762 FLJ22318 -4788 
rs4712708 1.6377 2.0632 1.2598 5.3412 12.8501 NM_138574 HDGFL1 -139809 
rs13069822 1.6317 1.2364 0.7577 2.2501 12.8501 NM_153264 FLJ35880 169846 
rs4685160 1.6309 0.9062 0.5556 1.8715 12.8501 NM_003043 SLC6A6 -32392 
rs713664 -1.7899 -1.2309 0.6877 0.4354 12.8501 NM_001008496 PIWIL3 -57214 
rs612571 1.6306 2.2646 1.3888 7.3784 12.8501 NM_007015 LECT1 -52188 
rs6799780 1.6288 1.3170 0.8086 2.5172 12.8501 NM_178339 C3orf35 29948 
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rs3124089 1.6269 1.5600 0.9589 3.3226 12.8501 NM_016002 SCCPDH 68743 
rs2301721 1.6262 0.9140 0.5620 1.8898 12.8501 NM_006896 HOXA7 183 
rs5754814 1.6247 2.6949 1.6588 11.4956 12.8501 NM_004737 LARGE -130859 
rs2042600 1.6218 2.2050 1.3596 6.5515 12.8501 NM_182964 NAV2 -17788 
rs2830036 1.6192 1.2547 0.7749 2.4420 12.8501 NM_201414 APP 107607 
rs1385956 -1.7785 -1.3623 0.7660 0.4035 12.8501 NM_021815 SLC5A7 -114248 
rs3007005 1.6168 1.7114 1.0585 3.6891 12.8501 NM_020190 OLFML3 -70236 
rs539713 -1.7767 -1.2615 0.7100 0.4249 12.8501 NM_005559 LAMA1 100491 
rs335643 -1.7753 -1.4503 0.8169 0.3880 12.8501 NM_018268 WDR41 70262 
rs11901504 1.6145 1.1057 0.6848 2.1510 12.8501 NM_194250 C2orf10 -322518 
rs2318406 1.6142 1.2752 0.7900 2.5522 12.8501       

rs7036626 1.6140 1.2044 0.7462 2.3006 12.8501 NM_153045 C9orf91 -12353 
rs831864 -1.7716 -1.2901 0.7282 0.4229 12.8501 NM_000885 ITGA4 57667 
rs2535319 1.6081 1.8530 1.1524 4.3909 12.8501 NM_003897 IER3 -2155 
rs3786777 -1.7676 -1.2318 0.6969 0.4191 12.8501 NM_003009 SEPW1 -4322 
rs7911391 1.5998 1.6059 1.0038 3.4835 12.8501       

rs6818392 1.5970 1.2080 0.7564 2.4034 12.8501       

rs231358 -1.7553 -1.8424 1.0497 0.3253 12.8501 NM_018722 KCNQ1DN 188779 
rs7311560 1.5931 1.1293 0.7088 2.2416 12.8501 NM_024685 BBS10 137289 
rs2835263 1.5925 1.1159 0.7007 2.2124 12.8501 NM_001757 CBR1 12039 
rs1463747 1.5906 2.1553 1.3550 6.3624 12.8501 NM_000827 GRIA1 -43199 
rs1719465 1.5886 2.2028 1.3867 6.8757 12.8501 NM_152460 C17orf77 4665 
rs1432723 -1.7494 -2.8459 1.6267 0.2132 12.8501       

rs7673205 1.5864 0.9621 0.6064 1.9663 12.8501 NM_021973 HAND2 14191 
rs6095130 -1.7439 -2.9470 1.6899 0.2201 12.8501 NM_020820 PREX1 360192 
rs6929649 1.5800 1.6872 1.0679 3.7567 12.8501 NM_001624 AIM1 -21459 
rs3791692 1.5789 2.3625 1.4963 8.8277 12.8501 NM_005235 ERBB4 1138689 
rs7672044 1.5774 1.5078 0.9559 3.1157 12.8501       

rs4705874 -1.7366 -1.2484 0.7189 0.4244 12.8501 NM_014423 AFF4 18336 
rs2171302 -1.7328 -1.0897 0.6289 0.4750 12.8501 NM_001008490 KLF6 12163 
rs2289766 -1.7322 -1.5703 0.9065 0.3659 12.8501 NM_024591 CHMP6 99870 
rs484332 1.5671 1.6024 1.0225 3.4043 12.8501 NM_015009 PDZRN3 -163015 
rs2663342 1.5654 1.2531 0.8005 2.4444 12.8501 NM_013337 TIMM22 -10938 
rs10454863 -1.7217 -1.3925 0.8088 0.4038 12.8501 NM_153013 FLJ30596 3957 
rs2700169 -1.7214 -1.3992 0.8129 0.3905 12.8501 NM_144982 PSRC2 42549 
rs7024495 1.5567 1.7487 1.1233 4.1861 12.8501 NM_014286 FREQ -32340 
rs2166519 -1.7201 -1.5589 0.9063 0.3677 12.8501 NM_194285 SPTY2D1 5627 
rs567386 1.5564 0.8689 0.5583 1.8341 12.8501 NM_017670 OTUB1 -18116 
rs4668077 1.5551 1.1863 0.7628 2.3193 12.8501 NM_203463 LASS6 -127014 
rs459894 1.5541 0.8994 0.5787 1.8558 12.8501 NM_005003 NDUFAB1 6151 
rs11648508 -1.7166 -1.4944 0.8706 0.3865 12.8501 NM_002428 MMP15 -4232 
rs4565713 1.5508 1.0893 0.7024 2.1858 12.8501 NM_002506 NGFB 11358 
rs3752689 1.5508 1.0987 0.7085 2.1723 12.8501 NM_003690 PRKRA 3251 
rs11673289 -1.7147 -1.3021 0.7594 0.4082 12.8501 NM_016270 KLF2 -23355 
rs7140553 1.5499 2.4263 1.5655 9.8698 12.8501 NM_013231 FLRT2 -194102 
rs1323261 1.5498 1.1767 0.7592 2.3520 12.8501 NM_153186 ANKRD15 22716 
rs2242383 1.5496 1.7470 1.1274 4.0252 12.8501 NM_203394 E2F7 20740 
rs1516038 1.5482 1.5196 0.9816 2.9772 12.8501       

rs2180386 1.5474 1.8363 1.1867 4.6562 12.8501 NM_001004332 FLJ41170 106379 
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rs12456513 1.5474 2.6888 1.7376 11.3411 12.8501       

rs3884657 1.5454 2.2757 1.4726 7.9795 12.8501 NM_182511 CBLN2 108805 
rs1498249 1.5401 2.7452 1.7824 13.7953 12.8501       

rs11893826 1.5400 0.9350 0.6071 1.9294 12.8501 NM_021097 SLC8A1 92797 
rs7150379 1.5391 1.4584 0.9476 2.8685 12.8501 NM_153648 SLC24A4 52320 
rs2332886 -1.7029 -1.3223 0.7765 0.4080 12.8501 NM_012074 DPF3 308790 
rs1457780 1.5369 2.7293 1.7758 14.0544 12.8501 NM_004519 KCNQ3 198032 
rs1451763 -1.7018 -1.0396 0.6109 0.4824 12.8501 NM_002268 KPNA4 20927 
rs3827415 1.5368 0.9722 0.6326 1.9821 12.8501 NM_014467 SRPX2 -4992 
rs6059016 1.5361 1.5550 1.0123 3.3326 12.8501 NM_025227 BPIL1 -4811 
rs1020608 -1.7008 -1.9777 1.1628 0.2921 12.8501       

rs6466573 1.5356 1.2537 0.8164 2.4910 12.8501 NM_152829 TES -85980 
rs1545474 1.5340 1.6931 1.1037 3.9147 12.8501 NM_017432 PTOV1 9829 
rs2072824 -1.6988 -1.2186 0.7173 0.4339 12.8501 NM_183040 DTNBP1 155161 
rs3783355 -1.6940 -1.2867 0.7595 0.4293 12.8501 NM_003836 DLK1 -115706 
rs11783343 1.5244 1.2794 0.8393 2.6108 12.8501 NM_004318 ASPH -46019 
rs625174 1.5229 1.5139 0.9941 3.1365 12.8501 NM_020180 BRUNOL4 242274 
rs4998686 1.5227 1.1928 0.7834 2.3937 12.8501 NM_006096 NDRG1 -77201 
rs138517 -1.6847 -1.2954 0.7689 0.3978 12.8501 NM_015124 DIP 16145 
rs575698 1.5170 0.8207 0.5410 1.7719 12.8501 NM_032427 MAML2 40392 
rs1534376 1.5167 2.0907 1.3785 5.8341 12.8501       

rs734560 1.5162 1.1387 0.7510 2.1498 12.8501 NM_145169 SFT2D1 -134003 
rs13254653 -1.6824 -1.3607 0.8088 0.4054 12.8501 NM_145690 YWHAZ 36576 
rs3733413 1.5125 0.8632 0.5707 1.8294 12.8501 NM_005245 FAT 15449 
rs6887452 1.5123 1.0032 0.6633 2.0463 12.8501 NM_014443 IL17B -24929 
rs2121661 1.5116 1.1511 0.7615 2.2922 12.8501 NM_152392 AHSA2 -156838 
rs10506029 1.5107 1.8779 1.2431 4.8758 12.8501 NM_018318 CCDC91 -63103 
rs10430741 1.5065 1.3298 0.8827 2.6337 12.8501 NM_000274 OAT 22345 
rs4902119 1.5043 2.6575 1.7666 13.4077 12.8501 NM_031914 SYT16 -248128 
rs2986957 1.5035 1.9948 1.3268 5.8221 12.8501 NM_003174 SVIL -61115 
rs7406843 -1.6692 -1.3241 0.7933 0.4213 12.8501 NM_020954 KIAA1618 15601 
rs7543711 1.5018 1.0204 0.6795 2.0712 12.8501 NM_015215 CAMTA1 -533815 
rs989595 1.5006 1.0908 0.7269 2.1889 12.8501 NM_004398 DDX10 -459511 
rs10465759 1.4962 0.9687 0.6475 1.9712 12.8501 NM_144988 ALG14 47222 
rs2139282 1.4941 0.9452 0.6326 1.9242 12.8501       

rs3111632 -1.6620 -2.7711 1.6673 0.2407 12.8501 NM_198828 LOC375449 161312 
rs11211079 1.4913 1.2274 0.8230 2.4366 12.8501 NM_000374 UROD -91518 
rs986376 -1.6579 -1.2207 0.7363 0.4458 12.8501 NM_004267 CHST2 -178520 
rs365178 1.4868 2.5017 1.6826 10.4235 12.8501 NM_005493 RANBP9 -39751 
rs1023180 1.4854 0.8817 0.5935 1.8601 12.8501 NM_001012993 C9orf152 45738 
rs4352688 1.4853 1.1333 0.7630 2.2900 12.8501 NM_173515 CNKSR3 27103 
rs5769010 1.4852 0.9055 0.6096 1.8652 12.8501 NM_015124 DIP 29823 
rs8068689 1.4847 1.4402 0.9701 3.0446 12.8501 NM_052916 RNF157 -3231 
rs3744516 -1.6516 -1.3496 0.8172 0.3937 12.8501 NM_001094 ACCN1 117825 
rs2514732 -1.6509 -1.2440 0.7535 0.4371 12.8501 NM_000127 EXT1 -55957 
rs4961497 1.4731 0.8260 0.5607 1.7640 12.8501 NM_017637 BNC2 -69466 
rs10511427 1.4714 3.1345 2.1302 31.6932 12.8501 NM_181872 DMRT2 -154798 
rs7879153 -1.6407 -1.5163 0.9242 0.3846 12.8501       

rs9511097 1.4703 1.2859 0.8746 2.6500 12.8501 NM_153023 SPATA13 -3065 
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rs1052015 1.4701 1.0001 0.6803 2.0335 12.8501 NM_003505 FZD1 -3949 
rs2858023 -1.6389 -1.9594 1.1955 0.3375 12.8501 NM_002337 LRPAP1 29582 
rs3942589 1.4686 1.1147 0.7591 2.2501 12.8501 NM_006304 SHFM1 5000 
rs4908760 1.4680 1.2738 0.8677 2.5958 12.8501 NM_012102 RERE 351382 
rs4234621 1.4672 1.3306 0.9069 2.6446 12.8501 NM_178335 CCDC50 -160763 
rs7785609 1.4651 1.5822 1.0799 3.4968 12.8501 NM_030636 KIAA1706 49817 
rs10857274 -1.6347 -1.1671 0.7140 0.4585 12.8501 NM_002669 PLRG1 164097 
rs1150996 -1.6320 -1.0296 0.6308 0.4903 12.8501 NM_018169 C12orf35 43475 
rs9381891 1.4586 1.7426 1.1947 4.2124 12.8501 NM_172238 TFAP2D -14246 
rs917479 1.4578 1.1224 0.7699 2.2686 12.8501 NM_007310 COMT -23136 
rs1261411 1.4576 1.8855 1.2936 5.0141 12.8501 NM_003713 PPAP2B 27518 
rs9288463 1.4574 1.0657 0.7312 2.1718 12.8501 NM_016260 IKZF2 86385 
rs12199332 1.4571 0.9274 0.6365 1.9157 12.8501 NM_175863 ARID1B -44642 
rs915357 -1.6266 -1.9568 1.2030 0.3203 12.8501 NM_172211 CSF1 -1977 
rs914842 -1.6254 -1.3440 0.8269 0.4042 12.8501 NM_005047 PSMD5 -13765 
rs17409602 1.4537 1.3102 0.9013 2.6724 12.8501 NM_014413 EIF2AK1 -18074 
rs3784751 1.4537 1.3444 0.9248 2.8147 12.8501 NM_005928 MFGE8 2748 
rs948360 1.4520 1.0394 0.7158 2.1116 12.8501 NM_004292 RIN1 -2725 
rs594276 1.4490 1.3150 0.9076 2.7108 12.8501 NM_020443 NAV1 -37393 
rs2671278 1.4488 1.9424 1.3407 5.6490 12.8501       

rs1678374 -1.6191 -1.4686 0.9071 0.3916 12.8501 NM_005845 ABCC4 110616 
rs4830621 1.4475 1.7039 1.1772 4.0628 12.8501 NM_205849 FAM9B -176024 
rs2059217 1.4472 1.1250 0.7774 2.2771 12.8501 NM_052870 SNAG1 -98323 
rs6565259 1.4454 1.9094 1.3210 5.4548 12.8501 NM_173201 ATP2A1 -8985 
rs2403366 -1.6155 -2.4735 1.5312 0.3048 12.8501       

rs4837264 1.4436 0.9476 0.6564 1.9641 12.8501 NM_002540 ODF2 16536 
rs3740763 1.4430 2.4515 1.6988 10.7254 12.8501 NM_000260 MYO7A -34311 
rs597889 1.4413 1.1637 0.8074 2.3868 12.8501 NM_012238 SIRT1 -80007 
rs243523 -1.6114 -1.0733 0.6661 0.4860 12.8501 NM_003592 CUL1 -23552 
rs2290362 -1.6104 -1.0326 0.6412 0.4925 12.8501 NM_033140 CALD1 21056 
rs4467935 1.4376 1.6916 1.1767 4.1857 12.8501 NM_138716 MSR1 177060 
rs1650817 1.4361 2.0581 1.4331 6.4623 12.8501 NM_006165 NFRKB -10620 
rs10937640 1.4360 1.0483 0.7300 2.1382 12.8501 NM_005750 C4orf6 143661 
rs2288283 1.4354 1.4076 0.9806 2.9661 12.8501 NM_015324 KIAA0409 2097 
rs3814600 1.4324 0.9726 0.6790 1.9704 12.8501 NM_014889 PITRM1 -66351 
rs8192431 1.4322 1.1579 0.8085 2.3473 12.8501 NM_001012642 GRAMD2 -2226 
rs4880592 -1.6032 -1.3587 0.8475 0.3889 12.8501 NM_014889 PITRM1 41422 
rs970548 1.4300 2.8641 2.0028 20.7631 12.8501 NM_001002265 8-Mar 77077 
rs1571631 -1.6020 -1.0614 0.6625 0.4872 12.8501 NM_001455 FOXO3A 31967 
rs7863546 1.4288 1.3268 0.9286 2.7969 12.8501 NM_021619 PRDM12 65834 
rs155514 1.4277 1.9455 1.3627 5.7103 12.8501       

rs10138768 -1.6007 -1.3044 0.8149 0.4281 12.8501 NM_024071 ZFYVE21 -8383 
rs13061652 1.4256 1.0151 0.7120 2.0590 12.8501       

rs13335756 -1.5988 -1.8616 1.1644 0.3322 12.8501 NM_019065 EFCBP2 -14070 
rs2727675 1.4251 1.3364 0.9377 2.8047 12.8501 NM_014365 HSPB8 -68235 
rs10885450 -1.5947 -1.0108 0.6339 0.5042 12.8501 NM_004132 HABP2 132331 
rs2123465 -1.5946 -1.0354 0.6493 0.4806 12.8501 NM_018151 RIF1 -53691 
rs11090852 -1.5937 -1.6854 1.0575 0.3500 12.8501       

rs262500 -1.5933 -1.7031 1.0689 0.3394 12.8501 NM_005917 MDH1 -39886 
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rs2086175 1.4191 1.5556 1.0962 3.4073 12.8501 NM_021103 TMSB10 -7403 
rs3812042 -1.5928 -0.9509 0.5970 0.5123 12.8501 NM_001737 C9 -6252 

rs6723837 1.4182 1.5521 1.0944 3.4532 12.8501 NM_004389 CTNNA2 
-

1167192 
rs7988301 -1.5905 -1.3357 0.8398 0.4134 12.8501 NM_001265 CDX2 -20532 
rs11611806 1.4151 1.0022 0.7082 2.0570 12.8501 NM_020841 OSBPL8 43642 
rs10503114 1.4149 1.0923 0.7720 2.1781 12.8501 NM_032160 C18orf4 214383 
rs7809332 1.4141 1.5945 1.1276 3.3657 12.8501 NM_018697 LANCL2 139779 
rs390962 1.4140 1.5167 1.0726 3.3571 12.8501       

rs1354054 1.4135 0.9743 0.6893 1.9395 12.8501 NM_032153 ZIC4 66040 
rs4741745 1.4125 1.6833 1.1917 3.9680 12.8501 NM_003383 VLDLR 3071 
rs165815 -1.5864 -1.1902 0.7503 0.4299 12.8501 NM_007310 COMT -9404 
rs283718 1.4088 1.0922 0.7753 2.2198 12.8501       

rs7844565 -1.5826 -2.0214 1.2773 0.3484 12.8501 NM_152888 COL22A1 239494 
rs7851932 1.4076 0.9406 0.6682 1.9644 12.8501 NM_001163 APBA1 28618 
rs3128342 -1.5821 -1.1579 0.7319 0.4633 12.8501 NM_014188 SSU72 23428 
rs872081 -1.5817 -1.6957 1.0721 0.3465 12.8501       

rs4255644 1.4065 2.0132 1.4314 6.1820 12.8501 NM_017817 RAB20 124498 
rs549601 1.4055 1.0041 0.7144 2.0660 12.8501       

rs3733418 1.4026 1.0923 0.7787 2.2499 12.8501 NM_153027 FLJ31659 -236 
rs738532 1.4025 1.8523 1.3207 5.2291 12.8501 NM_017436 A4GALT -55391 
rs8622 1.4015 0.8728 0.6228 1.8516 12.8501 NM_139279 MCFD2 56943 
rs1555906 1.4009 1.2923 0.9225 2.6941 12.8501 NM_001498 GCLC 19122 
rs4016652 1.4003 1.6151 1.1534 3.7248 12.8501 NM_002295 RPSA -12834 
rs13202898 1.3998 1.2513 0.8939 2.5811 12.8501 NM_014892 RBM16 -156504 
rs10083154 -1.5748 -1.3010 0.8261 0.3936 12.8501 NM_001478 B4GALNT1 6052 
rs7705523 1.3983 1.6959 1.2128 3.9543 12.8501       

rs274645 -1.5736 -1.8726 1.1900 0.3407 12.8501 NM_006999 POLS -71591 
rs2835810 1.3966 1.9931 1.4271 5.7762 12.8501 NM_001396 DYRK1A -140177 
rs8101643 -1.5721 -1.0901 0.6934 0.4714 12.8501 NM_133473 ZNF431 -59366 
rs7000324 1.3958 1.3483 0.9660 2.8200 12.8501 NM_001359 DECR1 -22334 
rs6702559 1.3954 1.3268 0.9509 2.8253 12.8501 NM_182972 IRF2BP2 -61724 
rs17794012 1.3937 1.2181 0.8740 2.4367 12.8501 NM_004807 HS6ST1 36528 
rs9373252 -1.5697 -1.8417 1.1732 0.3537 12.8501       

rs2546286 1.3935 0.9060 0.6502 1.8710 12.8501       

rs10521264 1.3917 2.5916 1.8622 10.8052 12.8501 NM_006041 HS3ST3B1 98631 
rs8028182 1.3909 2.0307 1.4600 6.0477 12.8501 NM_015477 SIN3A 25257 
rs12735195 1.3893 1.3286 0.9562 2.7421 12.8501 NM_017709 FAM46C -96036 
rs9988960 1.3876 1.0858 0.7825 2.2349 12.8501 NM_020782 KLHDC5 -39164 
rs10089142 -1.5638 -1.9148 1.2244 0.3290 12.8501 NM_003867 FGF17 8488 
rs1006943 1.3868 0.9493 0.6845 1.9672 12.8501       

rs3766178 1.3850 1.5237 1.1001 3.4283 12.8501 NM_018188 ATAD3A -30626 
rs6982935 1.3845 1.8213 1.3155 4.6436 12.8501 NM_015364 LY96 -55411 
rs4388509 1.3842 1.0536 0.7612 2.1084 12.8501 NM_000700 ANXA1 -26619 
rs2362979 1.3841 1.1623 0.8397 2.3403 12.8501 NM_153013 FLJ30596 -20307 
rs3094974 1.3802 1.4145 1.0249 2.9941 12.8501       

rs7027092 1.3787 1.4812 1.0744 3.1994 12.8501 NM_145006 SUSD3 8281 
rs726145 1.3780 0.9055 0.6572 1.8620 12.8501 NM_198995 C18orf34 -167225 
rs3749952 1.3772 1.0242 0.7436 2.0915 12.8501 NM_021246 LY6G6D -25 
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Table 3-1, Continued 

 

SNP rsID 
Score 

(d) 
Numerator 

(r) 
Denominator 

(s+s0) 
Fold 

Change 
q-

value(%) RefSeq ID Gene Name 
distance 
to TSS 

rs10863128 1.3767 2.0794 1.5104 7.2214 12.8501 NM_006183 NTS -97716 
rs11211328 1.3761 0.7284 0.5293 1.6604 12.8501 NM_145279 MOBKL2C 140 
rs12404124 1.3760 1.0082 0.7327 2.0685 12.8501 NM_021737 CLCN6 -7576 
rs3764537 1.3753 1.4238 1.0352 3.0626 12.8501 NM_178523 ZNF616 24126 
rs2334915 1.3747 1.0559 0.7681 2.1524 12.8501 NM_002506 NGFB -119823 
rs1899689 1.3746 2.4161 1.7577 11.4307 12.8501 NM_005763 AASS -190473 
rs11749965 1.3741 1.3257 0.9648 2.7693 12.8501 NM_023038 ADAM19 5354 
rs2837967 1.3736 1.8622 1.3557 5.4685 12.8501 NM_182832 PLAC4 -19798 
rs1293700 1.3734 2.3577 1.7167 10.7213 12.8501 NM_018555 ZNF331 -121676 
rs1108906 1.3733 2.9079 2.1175 24.3130 12.8501       

rs4693608 1.3724 0.8496 0.6191 1.8050 12.8501 NM_015697 COQ2 -35290 
rs6741642 1.3715 1.1130 0.8115 2.2858 12.8501 NM_144949 SOCS5 -8560 
rs6132536 1.3681 1.0652 0.7786 2.1896 12.8501 NM_021784 FOXA2 -88799 
rs2377445 1.3672 1.0495 0.7676 2.1321 12.8501 NM_032411 ECRG4 21411 
rs1108472 1.3654 1.2631 0.9250 2.6845 12.8501 NM_005308 GRK5 12846 
rs5753843 1.3651 1.2893 0.9445 2.6429 12.8501 NM_003405 YWHAH -44820 
rs1110423 1.3645 1.6784 1.2301 4.0965 12.8501 NM_019891 ERO1LB 66576 
rs7159986 1.3644 0.8508 0.6236 1.8180 12.8501 NM_012074 DPF3 198694 
rs10134399 1.3637 1.6293 1.1948 4.0071 12.8501 NM_005552 KNS2 12106 
rs2956310 1.3624 1.2631 0.9271 2.6731 12.8501       

rs4979264 1.3619 1.3637 1.0014 2.9676 12.8501 NM_004235 KLF4 -214459 
rs3767248 1.3586 1.1515 0.8475 2.3512 12.8501 NM_003760 EIF4G3 161022 
rs4531042 1.3583 2.0790 1.5305 7.2151 12.8501 NM_014729 TOX -56921 
rs7253540 1.3572 0.8501 0.6264 1.8142 12.8501 NM_016263 FZR1 -16535 
rs1947240 1.3558 1.8426 1.3590 5.4289 12.8501       

rs3777466 1.3522 1.0486 0.7755 2.1569 12.8501 NM_001431 EPB41L2 116096 
rs2238044 1.3517 1.1100 0.8212 2.2061 12.8501 NM_000719 CACNA1C -123268 
rs6672415 1.3514 0.9850 0.7289 2.0221 12.8501 NM_005819 STX6 110898 
rs2411128 1.3511 1.7695 1.3097 4.3435 12.8501 NM_006640 9-Sep -257535 
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Table 3-2.  Allele-specific Bound RefSeq Genes and sno-microRNAs within +/- 5 
kb from 466 AS-enriched SNPs 
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Table 3-3.  GO Results of Human Imprinted Genes and 466 AS-enriched SNPs 
Human Imprinted Genes Top 20 GO Results 
Category  Term  Count  %  P-Value  
GOTERM_BP_ALL  development   12 7.5 2.00E-03 
GOTERM_BP_ALL  regulation of progression through cell cycle  6 3.8 4.00E-03 
GOTERM_BP_ALL  regulation of cell cycle  6 3.8 4.00E-03 
GOTERM_BP_ALL  organ development  6 3.8 7.00E-03 
GOTERM_BP_ALL  imprinting  2 1.3 9.10E-03 
GOTERM_BP_ALL  regulation of biological process  16 10.1 1.40E-02 
GOTERM_BP_ALL  regulation of physiological process  15 9.4 1.60E-02 
GOTERM_BP_ALL  regulation of enzyme activity  4 2.5 1.90E-02 
GOTERM_BP_ALL  nervous system development  5 3.1 2.30E-02 
GOTERM_BP_ALL  cell cycle  6 3.8 2.30E-02 
GOTERM_BP_ALL  system development  5 3.1 2.30E-02 
GOTERM_BP_ALL  skeletal development  3 1.9 3.90E-02 
GOTERM_MF_ALL  nucleic acid binding  13 8.2 3.90E-02 
GOTERM_BP_ALL  insulin receptor signaling pathway  2 1.3 4.20E-02 
GOTERM_MF_ALL  molecular function unknown  5 3.1 4.40E-02 

GOTERM_BP_ALL  
nucleobase, nucleoside, nucleotide and 
nucleic acid metabolism  14 8.8 4.70E-02 

GOTERM_BP_ALL  
G-protein signaling, adenylate cyclase 
activating pathway  2 1.3 4.90E-02 

GOTERM_BP_ALL  
negative regulation of progression through 
cell cycle  3 1.9 5.00E-02 

GOTERM_BP_ALL  regulation of transcription, DNA-dependent  10 6.3 5.10E-02 
GOTERM_MF_ALL  Zinc ion binding  9 5.7 5.30E-02 
 
466 AS-Bound RNAP SNPs Top 20 GO Results 

Category  Term  Count  %  P-Value 
GOTERM_MF_ALL  binding  164 65.30 3.80E-06 
GOTERM_MF_ALL  protein binding  83 33.10 4.20E-06 
GOTERM_BP_ALL  cellular process  183 72.90 2.00E-05 
GOTERM_BP_ALL  establishment of localization  64 25.50 2.10E-05 
GOTERM_BP_ALL  localization  64 25.50 2.50E-05 
GOTERM_BP_ALL  cellular physiological process  163 64.90 2.80E-05 
GOTERM_BP_ALL  development  42 16.70 2.20E-04 
GOTERM_MF_ALL  metal ion binding  64 25.50 5.20E-04 
GOTERM_MF_ALL  ion binding  64 25.50 5.20E-04 
GOTERM_MF_ALL  cation binding  60 23.90 7.90E-04 
GOTERM_BP_ALL  cell adhesion  20 8.00 1.00E-03 
GOTERM_CC_ALL  plasma membrane  38 15.10 1.00E-03 
GOTERM_BP_ALL  transport  54 21.50 1.30E-03 
GOTERM_MF_ALL  calcium ion binding  22 8.80 1.80E-03 
GOTERM_BP_ALL  ion transport  21 8.40 3.10E-03 
GOTERM_MF_ALL  ion transporter activity  19 7.60 7.20E-03 
GOTERM_BP_ALL  regulation of physiological process  59 23.50 1.10E-02 
GOTERM_BP_ALL  regulation of biological process  63 25.10 1.20E-02 
GOTERM_BP_ALL  cell differentiation  14 5.60 1.30E-02 
GOTERM_MF_ALL  ion channel activity  11 4.40 1.40E-02 
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Table 3-4.  Predicted Imprinted Mouse Genes Overlapping with RNAP AS-
enriched SNPs 
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Table 3-5.  Allele-specific Transcription Profiling Results 
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Table 3-6.  Transcribed Genes with Heterozygous Enriched SNPs within its 
Promoter 
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Chapter 4 

Conclusions 

It is becoming increasingly clear that allelic resolution of genomic variation, 

RNA, and protein-DNA interactions is important in understanding the true cellular 

state of diploid cells.  Often allele-level examination has been left unstudied, in large 

part, due to a lack of high-throughput technologies capable of resolving allelic 

contributions.  In this dissertation, I describe the development of two high-throughput 

technologies, ADEP and ChIP-SNP, which use single nucleotide polymorphisms 

(SNPs) to give allele-specific resolution. 

Allele-specific Digital Expression Profiling (ADEP) counts single molecules in 

a high-throughput array-based format, allowing discreet quantification of bias between 

alleles as small as 5%.  This is a significant improvement over established allele-

specific high-throughput technologies, which have difficulty detecting allelic bias 

below 50% (60:40). 

In chapter 3, I described a high-throughput method for identification of allele-

specific protein-DNA interactions throughout the genome.  This method involves 

isolation of the transcription factor bound DNA via chromatin immunoprecipitation 

(ChIP) from cross-linked human cells, followed by detection with SNP genotyping 

microarrays (ChIP-SNP).  I applied this method to human fetal fibroblasts (IMR90) 

and examined the binding of RNA polymerase complex (RNAP) to a collection of 

317,513 SNP sequences in the human genome.  My results confirmed allele-specific 
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binding of RNAP to known imprinted loci and provide hundreds of candidates for 

novel imprinted loci. 

In this final chapter, I discuss continuing issues in the experimental design, 

data analysis, and the future outlook of these technologies.  Also, I outline some of the 

relevant biological questions where the application of RDEP or ChIP-SNP may be 

informative. 

4.1 RDEP and ADEP 

The technological strength of RDEP and ADEP lies in their ability to detect 

very small changes in transcript levels.  I have laid out some examples of why this 

ability to detect small changes would be important in Chapter 2.  One additional area 

of application, which is of particular interest in Bing Ren’s laboratory, is the linkage 

of small changes in gene expression with the number of predicted enhancers nearby.  

Heintzman et al. have aimed to map enhancers using histone modifications, 

specifically histone 3 lysine 4 monomethylation (H3K4me)156.  Follow-up studies in 

the laboratory have found a correlation between the number of putative enhancers and 

the expression levels of the genes within CTCF bounded regions.  In most cases, the 

effect of predicted enhancer regions on gene expression within these CTCF “blocks” 

is subtle.  This observation suggests that small changes in the cumulative transcripts 

levels are tightly regulated and therefore biologically meaningful and highly 

quantitative assays are important for accurately assessing enhancer influence on gene 

transcript levels. 
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We have shown that the technology underlying digital expression profiling is a 

flexible nucleic acid detection technique.  In the future, we are interested in adapting  

RDEP and/or ADEP for use with ChIP-chip.  This would allow for more quantitative 

analysis of the factors binding and driving these small changes in expression, and 

would likely reduce the amount of starting material necessary for ChIP-chip. 

Finally, there are a couple of aspects of digital expression profiling technology 

that make it more suitable for development within industry.  First, a dust free 

environment is preferable, in order to avoid high levels of background fluorescence.  

Second, the protocol is fairly time-consuming, requiring multiple enzymatic reactions 

on the surface of a microarray.  The protocol would benefit from an automated system 

using a customized fluidics chamber that controlled temperature and the flow of 

reaction buffers and washes.  Third, despite the declining costs for traditional 

oligonucleotide synthesis, the start-up costs for the oligonucleotide material necessary 

for large-scale multiplexing is still relatively expensive.  However, the amount of 

material needed, per probe, per reaction, is minimal and thousands of reactions could 

be performed from the initial synthesis. 

4.2 ChIP-SNP Going Forward 

I would like to highlight a few questions that are relevant to ChIP-SNP.  As 

with all two-dye microarray experiments, we have observed some level of dye bias 

during the analysis of the ChIP-SNP datasets.  The bias persists after Illumina’s 

standard normalization methodology.  However, the bias is reproducible and can be 

corrected by performing quantile normalization on the Illumina normalized values. 
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Of particular interest is normalization between input arrays and ChIP sample 

arrays.  Amplification and normalization of the input samples remains straightforward 

due to what should be relatively equivalent amounts of amplified input target for each 

SNP bead probe.  However, the normalization of ChIP samples, which should only 

have large amounts of target product for SNP probes with proximal binding sites (a 

relatively small fraction), may not be as straightforward.  Closer examination of 

different normalization techniques at known binding sites will be important in the 

accurate analysis of ChIP enriched SNP probes. 

Currently, ChIP-SNP uses two separate amplification steps: there is an initial 

ligation mediated PCR (LM-PCR) step where the ChIP and input products are 

amplified to around 5µg, and a second proprietary whole-genome amplification 

performed by Illumina Inc. before hybridization.  The final amplification yields 

sample amounts on the order of hundred of micrograms.  One must be careful to 

eliminate the potential for over-amplification of ChIP samples for two reasons.  First, 

over-amplification could result in a reduced signal/noise ratio for the ChIP enriched 

protein-bound regions due to non-specific over-amplification of unbound regions.  

Second, amplification has the potential to add bias on the allelic level as well. 

Simplification of this two-step amplification scheme could reduce potential for any 

amplification dependent bias.  In addition, there are several methods for whole 

genome amplification that are currently available and are being explored within the 

laboratory as possible replacements for LM-PCR.  

An attractive application of ChIP-SNP would be the in vivo characterization of 

regulatory SNPs (rSNPs) and their effect on transcription factor binding affinity.  
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Ideally, the rSNP should be sampled directly with the genotyping array.  However, it 

should be possible to get accurate protein binding information from immediately 

adjacent SNPs, maybe up to a few hundred bases away. 

As next-generation sequencing becomes cheaper and widely accessible, 

ChIPseq must be considered as a potential alternative for ChIP-SNP.  One advantage 

of using sequencing based technologies is that unlike with genotyping arrays, a priori 

knowledge of SNPs is not necessary.  Currently, there are over 13 million catalogued 

SNPs in the International HapMap repository, including low penetrance SNPs.  These 

low penetrance SNPs are usually excluded from the current 1 million SNP genotyping 

arrays due to their infrequent utility.  In addition, SNP genotyping arrays do not allow 

for the detection of de novo mutations, which could be important in some cases. 

Theoretically, any SNP in the ChIP enriched fragments could be analyzed with 

sufficient read lengths.  With this is mind, sequencing technologies with longer read 

lengths (i.e. 454) may have an advantage over shorter read length technologies (e.g. 

Solexa and ABI Solid), which tend to sample just the end(s).  In order to statistically 

assign allelic bias using sequence information you need sufficient reads, or sequencing 

depth.  To date, one published report made an effort (using Solexa sequencing) to 

characterize allelic bias of ChIPseq samples in mice.  Sequencing depth limited their 

analysis to only a handful of imprinted regions62.  Sequencing depth remains an issue 

for assessing allele contributions, especially for high abundance proteins like histone 

modification or general transcription machinery.   

Another factor is the additional cost of next-generation sequencing technology 

(~$3,000/sample) compared with the genotyping arrays (~$500/sample).  Due to the 
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more expensive reagents necessary for sequencing, it is unlikely that sequencing will 

ever become cheaper than genotyping arrays.  However, it is possible that as the costs 

of sequencing continue to decline, it may become the standard for assessing allelic 

bias of ChIP products. 

4.3 Future Work 

I would like to address two areas of interest for ChIP-SNP application. 

 (1) Allele-specific CTCF binding. 

 (2) Allele-specific binding in human embryonic stem cells. 

4.3.1 CTCF ChIP-SNP in IMR90 

Due to the importance of CTCF in regulating gene expression and its known 

role in several imprinted regions, we are currently examining allele-specific binding 

throughout the genome using ChIP-SNP.  We selected the same cell line used for our 

RNAP study, namely the human lung fibroblast IMR90. 

In vertebrates, insulator elements affect gene expression by defining 

boundaries between heterochromatin and euchromatin and by restricting 

transcriptional enhancers to activate the appropriate target promoters.  The proper 

functioning of insulator elements requires association with the sequence-specific 

CCCTC-binding factor (CTCF).  Recent efforts, using ChIP-chip and ChIPseq 

technologies have mapped >13,000 CTCF binding sites throughout the genome.  

Despite reports showing the differential binding of CTCF between maternal and 
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paternal alleles is critical for the proper regulation of imprinted regions, no large scale 

efforts have been made to examine allele-specific CTCF binding. 

We used ChIP-SNP to examine allele-specific binding of CTCF in primary 

human fibroblasts.  We find 93 ‘high-confidence’ instances of allele-specific CTCF 

binding at known CTCF binding sites.  We also find 613 instances of allele-specific 

CTCF binding at locations that are previously unmapped CTCF binding sites, which 

we qualify as ‘low-confidence’ allele-specific binding.  We are unsure why these 

‘low-confidence’ binding sites remain unmapped with ChIP-chip and ChIPseq, but 

suspect it may be that ChIP enrichment of a single allele is insufficient to meet the 

threshold for enrichment.  The possibility that a number of these are false positives 

cannot be excluded at this time.  We are working on validating these two classes of 

allele-specific binding. 

4.3.2 RNAP ChIP-SNP in Human Embryonic Stem Cells 

The characterization of stem cell lines is important in understanding their 

unique regenerative properties and their therapeutic potential.  Large collaborations 

have worked to characterize the tens of human embryonic stem (hES) cell lines that 

have been derived for research purposes157.  Some common techniques to assess stem 

cells used in these studies are:  karyotyping, surface-antigen phenotypes, and gene 

expression analysis.  Through such efforts, genetic and epigenetic variations between 

different cell lines, including aneupleudies, have been discovered.  In fact, variation 

has been found within the same cell line passaged in different laboratories.  The 

sources of variation are thought to include the different techniques used to derive stem 
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cells lines and as well as their subsequent culturing which can vary from laboratory-to-

laboratory. 

As hES cells are derived from early embryos at a time when epigenetic 

reprogramming is occurring, it is unknown if the epigenetic state is stable?  Thus, the 

status of imprinted genes and X chromosome inactivation is largely unknown and 

seems to vary from cell line to cell line.  What critical marks are necessary for 

maintaining correct imprinting status through the reprogramming process?  How does 

this effect stem cell utility as a therapeutic agent later on?  In an attempt to answer 

these questions, studies have looked at the status of imprinted genes in hES cells.  To 

date, results have been inconclusive; showing varied imprinting status in different cell 

lines.  Is this dependant on when and how the cells are isolated or cell culture 

conditions?  What is the epigenetic status at imprinted regions for each of these cell 

lines?  These are all questions ChIP-SNP could be useful in addressing. 

We have begun to look at RNA Polymerase II (RNAP) binding using ChIP-

SNP in human embryonic stem cell lines, H9 and HUES7.  To help determine 

imprinting status and locate putative imprinted regions in these lines, we are beginning 

to look genome-wide with Illumina® Human1M BeadChips for instances of allele-

specific binding of RNAP. 

It is becoming increasingly clear that allelic resolution of genomic variation, 

transcript bias, and protein-DNA interactions is important in understanding the true 

cellular state of diploid cells.  We believe the technologies discussed here (e.g. ADEP 

and ChIP-SNP) will be instrumental in detecting and understanding allele-specific 

protein-DNA interactions involved with allelic gene regulation. 
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