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Abstract

Physiologic allele-specific expression (ASE) in germline tissues occurs during random X-

chromosome inactivation1 and in genomic imprinting,2 wherein the two alleles of a gene in a

heterozygous individual are not expressed equally. Recent studies have confirmed the existence of

ASE in apparently non-imprinted autosomal genes;3–14 however, the extent of ASE in the human

genome is unknown. We explored ASE in lymphoblastoid cell lines of 145 individuals using an

oligonucleotide array based assay. ASE of autosomal genes was found to be a very common

phenomenon in ∼20% of heterozygotes at 78% of SNPs at 84% of the genes examined.

Comparison of 100 affected individuals from familial pancreatic cancer kindreds and 45 controls

revealed three types of changes in the germline: (a) loss of ASE, (b) gain of ASE, and, (c) rare

instances of “extreme” (near monoallelic) ASE. The latter changes identified heterozygous

deleterious mutations in a subset of these genes. Consequently, an ASE assay efficiently identifies

candidate disease genes with altered germline expression properties as compared to controls, and

provides insights into mechanisms that confer an inherited disease risk for pancreatic cancer.
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Introduction

Transcription is under exquisite genetic control and many of the processes that control this

phenomenon are now known.15 It has been demonstrated that the absolute transcript levels

of many genes vary across individuals in numerous species.4–14,16–19 These variations in

transcript levels can result from a number of heritable inter-individual DNA sequence

differences, such as single nucleotide polymorphism(s) (SNPs) or copy number variation

(CNV)16 affecting cis- and transacting elements.20 The impact of these genotypic

differences on transcription can range from minimal to profound, with the potential to

modulate the corresponding phenotype. Gene expression as assessed by current techniques

represents the compendium of transcripts produced by both parental alleles. However, the

absolute transcript level fails to account for potential imbalances in relative allelic

contribution. This perspective is particularly important for familial cancers, where an

individual inherits a germline mutation on one parental allele, followed by a somatic

mutation of the second allele in the tumor cells.21 In these individuals, the transcript pool for

the abrogated gene is expected to be contributed predominantly or exclusively from the wild

type allele in germline tissues, such as in lymphocytes. Irrespective of the underlying

molecular mechanism for allele specific expression (ASE), the ready availability of SNPs

within gene transcripts (cSNPs) can be used as convenient “tags” for assessing relative

allelic contribution, and identifying instances of profound imbalance that might suggest an

underlying genomic abnormality. This “forward genetics” approach is particularly valuable

for the many cancers that have a high mortality rate, rendering many of the standard genetic

paradigms difficult, if not impossible, to execute. Broadly, this approach could be extended

to any disease with a genetic component.

We conducted a large-scale study to examine the extent of ASE in the germline of controls

and patients with familial pancreatic cancer, a cancer with an extremely high mortality

rate,22 to test this paradigm. We focused analysis on 2,117 exonic SNPs in 663 genes

involved in a variety of cellular processes that likely contribute to tumorigenesis, including

regulation of the cell cycle, cell signaling and apoptosis and genes involved in xenobiotic

metabolism (Suppl. Table 1). Of these, 23 were known imprinted genes and 16 were X-

linked genes, both of which are expected to display different types of ASE and can serve as

different positive controls for our assay (Suppl. Table 2). To quantify the differential allelic

expression of SNPs we used the Illumina GoldenGate® assay followed by hybridization to

universal bead arrays,23,24 the same technology used for large-scale SNP genotyping23 and

gene expression profiling,25 except that genomic DNA (gDNA) and cDNA (from mRNA)

were independently assessed and then compared to each other.24 This platform provides a

precise measure of ASE as compared to other conventional gene expression profiling

platforms since self-normalized allelic ratios, as compared to absolute intensities, can be

assessed. We collected and analyzed the genotypes and ASE values from lymphoblastoid

cell lines (LCLs) of 100 familial pancreatic cancer patients ascertained through the National
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Family Pancreatic Tumor Registry (NFPTR)26 maintained at the Johns Hopkins University

School of Medicine. Among the patients studied, 97 of them are Caucasians, two African-

American and one Hispanic. These pancreatic cancer patients come from 98 families. For

controls, we used germline samples of 45 individuals from 16 CEPH (Centre d’Etude du

Polymorphisme Humain) reference families (Suppl. Table 3).

Results

Detecting ASE in the human genome

To analyze the allele expression data we focused attention on the subset of 413 SNPs in 250

genes that had minor allele frequency (MAF) > 0.1 and were highly informative (Suppl. Fig.

1). To identify ASE in heterozygote germline samples, we used a computational method

based on locus-specific linear regression models. Briefly, the distribution of the log2 dye-

intensity ratios for the two SNP alleles were used to predict the ratio and expected range for

heterozygotes based on the observed distributions for each homozygote, at the same locus.

Observed log2 dye-intensity ratios for each heterozygote at each SNP were then tested to

assess whether they fall in (no ASE) or outside (ASE) these boundaries; these boundaries

were calculated based on twice the standard deviation from the mean to account for the

relatedness of the CEPH individuals (Fig. 1A). The degree of ASE, for each individual

heterozygote, was estimated by the ASE score (θ) that measured the deviation of the

observed log2 dye-intensity ratio from the expected boundaries for each heterozygote. As

defined (see Methods), θ ≥ 1 corresponds to allele specific expression ratios of 2-fold or

greater but does not provide information on which allele at a SNP shows greater or lesser

expression since allele designations were arbitrary.

Assessing germline ASE in imprinted and X-linked genes

We first tested this approach using 12 positive control genes. SNPs within known imprinted

genes are expected to show extreme ASE as exemplified by the gene SNRPN (rs705) (Fig.

1B); overall, 307 of 336 (91%) heterozygotes at 10 SNPs in 6 imprinted genes (MEST,

PEG10 and SNRPN: paternally imprinted; ATP10A, CPA4 and KCNQ1: maternally

imprinted) were detected as displaying ASE. The mean ASE score for these imprinting cases

is θ = 3.1 corresponding to an average 8.6-fold difference between the expression of the two

alleles (Table 1). Heterozygote females for X-linked genes should also demonstrate an

element of ASE based on the gene assayed.1 The blood cell lineage is known to arise from

8–16 precursor cells which are known to undergo random, independent X-inactivation, and,

thus, chance can create an observable skew and ASE.27 As expected, we detect ASE as

exemplified by the gene BIRC4 (rs9856) (Fig. 1C); overall, 202 of 277 (73%) heterozygotes

at 11 SNPs in 6 X-linked genes (BIRC4, BTK, GUCY2F, MECP2, IRAK1 and FHL1) were

detected as displaying ASE. The average ASE score for the X-linked cases is similarly 3.4

corresponding to an average 10.9-fold expression difference between the two alleles (Table

1). The larger threshold and the greater ASE variability for X-linked, as compared to

imprinted, genes is expected since, early in development, imprinting is imposed uniformly

on all cells whereas X inactivation occurs independently in each precursor cell. Thus, at

least for classically imprinted genes, ASE can be efficiently detected using the Illumina

BeadArray™ technology with a low (9%) false negative rate. This technology, and our
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analysis method, also leads to a low (10%) false positive rate as detailed in the studies of

Serre et al.28 Consequently, the reliability of ASE detected in our study is high and accurate.

ASE rate in the human genome

To estimate the background ASE rate in the human genome we focused on all 17,237

heterozygotes of 45,683 genotypes at 392 SNPs in 238 autosomal nonimprinted genes in the

45 CEPH and 100 NFPTR samples. We observed that ASE is widespread since 19.6%

(3,372/17,237) of heterozygotes at 78% (306/392) of SNPs at 84% (200/238) of genes

demonstrated ASE in the germline. The population shows a wide distribution in the

magnitude of ASE with an average θ of 0.65 (1.6-fold difference); moreover, 3.6% of

heterozygotes show an extreme ASE with expression differences 4-fold or greater (Fig. 2).

This demonstrates that germline ASE, as assessed using LCLs, is a persistent and

widespread feature of the human genome and could be a potent mechanism for phenotypic

variation in the population.

Since ASE is widespread, we queried whether germline samples from CEPH and NFPTR

individuals differ in any manner with respect to ASE. We first examined the distribution of

the fraction of SNPs displaying ASE in the CEPH and NFPTR individuals and these appear

identical. Our results show that, 1,062 of 5,363 or 19.8% of heterozygotes at 225 SNPs in

157 genes showed ASE (average θ = 1.56) in the 45 CEPH samples, whereas 2,310 of

11,874 or 19.5% of heterozygotes at 292 SNPs in 198 genes showed ASE (average θ = 1.46)

in the 100 NFPTR samples. Consequently, germline ASE is widespread and of equal

magnitude in both the control and pancreatic cancer samples. If there are ASE differences in

the germline between pancreatic cancer patients and CEPH controls, then they are not

apparent at this level. However, as shown in Figure 3, the NFPTR samples, as compared to

the CEPH samples, show a definite skew towards the lower end implying that many genes

show reduced ASE in pancreatic cancer.

Comparing germline samples from cancer and control patients, however, we find highly

significant differences in the behavior of individual SNPs and genes. A total of 211 SNPs

demonstrated ASE in both CEPH and NFPTR samples (3,047/9,868 (31%) heterozygotes,

average θ = 1.52: Suppl. Table 4); 14 SNPs exhibited ASE exclusively in one or more

CEPH samples (19/176 (11%) heterozygotes, average θ = 1.47: Suppl. Table 5); 81 SNPs

exhibited ASE exclusively in one or more NFPTR samples (306/2,261 (14%) heterozygotes,

average θ = 1.38: Suppl. Table 6); and, 86 SNPs did not display ASE in either sample set

(Suppl. Table 7) (Fig. 4). Although it is not unexpected that ASE rates will vary depending

on whether SNPs demonstrating ASE are discovered in either CEPH or NFPTR or both or

neither, the differences are greater than expected by chance after correction for the NFPTR

and CEPH sample size difference. Thus, for the 14 SNPs displaying ASE only in CEPH the

probability of not finding any in 350 NFPTR heterozygotes at the expected rate is

1.9×10−17; similarly, for the 81 SNPs displaying ASE only in NFPTR the probability of not

finding any at the expected rate in 855 CEPH heterozygotes is 1.0×10−52 (Table 2). In turn,

the 211 SNPs displaying ASE in both CEPH and NFPTR do so at the near identical rates of

33% and 30%, respectively (Table 2).
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These data strongly suggest that there are four classes of SNPs to consider. The most

frequent class of SNPs includes those that show ASE in both germline CEPH and NFPTR

samples at a high rate (∼30%); these are likely to result from polymorphisms in sequences

regulating gene expression. The second class consists of SNPs that do not demonstrate ASE.

Two remaining classes of SNPs are those with discordant ASE in the germline of control

and cancer samples. These are the most intriguing since they likely represent SNPs in genes

that are either silenced or have lost silencing in the germline of pancreatic cancer patients

and they represent 95 of the 392 (24%) SNPs we investigated. These genes are particular

candidates for an inherited predisposition to pancreatic tumorigenesis, since the probability

of both false positives and false negatives is ∼10%.

Extreme ASE in pancreatic cancer genome

However, the most interesting genes may be the ones that showed “extreme” ASE. Genetic

changes that profoundly elevate the expression of oncogenes or reduce the expression of

tumor suppressor genes result in tumor development.3 We hypothesize that an “expression

threshold” may be required for oncogenesis and that only “extreme” ASE patterns may be

significant in affected individuals. Genes that exhibit ASE patterns with scores θ ≥ 2

exclusively in individuals with familial pancreatic cancer were selected as pancreatic cancer

candidate genes. We observed that “extreme” ASE is more common in the pancreatic cancer

germline since 390/625 heterozygotes (62.4%) that demonstrated this pattern are NFPTR

samples (Fig. 2). Moreover, affected individuals are at the higher end of the ASE spectrum

as 88 NFPTR heterozygotes demonstrated “extreme” ASE exclusively in 52 genes (58

marked SNP transcripts) (Table 3). The fraction of NFPTR individuals exhibiting such

variation ranged from 2% to 33% (median = 5%) with allelic expression differences ranging

from 4.2 to 55.3-fold. Table 3 lists the 52 candidate genes. These include known pancreatic

cancer-related genes (e.g., BRCA2, FANCA, FANCD2, and PTCH1)29–31 and novel

candidate genes (e.g., BARD1, CDH1, NBN).

Validating candidate genes

We experimentally validated two candidate genes to demonstrate that the ASE array results

were reliable. The type I E-cadherin gene CDH1, based on two NFPTR individuals, showed

ASE for the SNP rs1801552 (Fig. 5A). DNA sequencing for one patient (NFPTR19) verified

the existence of ASE for CDH1, showing a heterozygote at the gDNA level (Fig. 5A) and

homozygote at the cDNA level (Fig. 5A). Germline mutations of the type I E-cadherin have

been shown to be responsible for increased risk in familial gastric cancer.32,33 This patient,

however, has reported no gastric cancer either in self or kindred; instead the family is

notable for 6 pancreatic cancers (the proband, both parents and three of his siblings). A

similar analysis demonstrated that CARD15 (also known as NOD2) also harbors monoallelic

expression in a NFPTR kindred. Mutations of this gene are associated with susceptibility to

Crohn’s disease.34,35 In our study, two CARD15 SNPs (rs2066842 and rs2066843) in patient

NFPTR22 displayed significant preferential expression of allele C (Fig. 5B). DNA

sequencing of this individual’s CARD15 gene showed a heterozygote at the gDNA level but

a homozygote at the cDNA level, indicating monoallelic expression for this gene (Fig. 5B).
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To assess whether ASE cases represent disease mutations or not we next selected an extreme

ASE profile at BRCA2. We identified one patient (NFPTR6) where a heterozygous BRCA2

SNP (rs144848) showed preferential expression of allele C (Fig. 5C) suggesting that this

individual carried a germline BRCA2 mutation. Germline DNA was sequenced from this

patient using an independent culture of the implicated LCL and the chromatogram in Figure

4B shows a heterozygous 2041InsA mutation in the BRCA2 gene resulting in a truncating

mutation with nonsense-mediated decay (Fig. 5C). Inherited BRCA2 gene mutations are

known to significantly increase the risk of pancreatic cancer and ∼17% of patients with

familial pancreatic cancer harbor germline mutations in this gene.22,26,36,37 This

independent validation confirms the utility of using ASE profiling methods to discover

genes responsible for familial pancreatic cancer.

Discussion

Our study reveals three important genetic and genomic lessons. First, ASE is quite

widespread in the human genome. However, the magnitude of the inter-allelic expression

difference is small since 96.4% of θ scores are less than two and correspond to a four-fold or

smaller expression difference. Nevertheless, since so many common polymorphisms are

associated with inter-allelic differences in transcript levels, and any individual is likely to

harbor multiple SNPs or CNVs at the genes affecting a given trait, most genetic effects on a

phenotype are likely polygenic. Second, there are SNPs that show significantly different

ASE patterns between control and pancreatic cancer germlines. That is, over and above

uncommon instances of “extreme” ASE (see below), the pancreatic cancer germline is

unique in removing the ASE effect at some genes and enhancing the effect at yet others.

While the underlying bases for these differences are likely to be multifactorial, epigenetic

alterations such as allele-specific promoter methylation should be considered as a distinct

possibility. Such alterations in promoter methylation could lead to both loss (LOI) and gain

(GOI) of imprinting.38 These changes could be inherited over a few generations and provide

evidence of complex multifactorial inheritance. Thus, differences in the germline

“epigenome” of familial pancreatic cancer and control patients need to be validated as one

of the potential causes for the observed distinctions in the pattern of ASE. Third, “extreme”

ASE patterns are more common in the germline of familial pancreatic cancer patients, and

affected individuals are at the higher end of the ASE spectrum. As we demonstrate, some of

these changes are mutations in candidate pancreatic cancer genes and so an ASE screen can

selectively enrich for such genes. With the advent of rapid sequencing technology, DNA

sequencing of these genes in a large set of patients is warranted and likely fruitful.

One could argue that these polygenic differences we identified between pancreatic cancer

and CEPH germlines are simply an artifact of the in vitro propagation of lymphoblastoid

cells. However, we emphasize that most of the cell lines were cultured by one individual

(CK) under identical laboratory and media conditions. Furthermore, ASE in the germline

appears to be stable over time, as the validation assays for confirming the extreme ASE of

CDH1, CARD15 and BRCA2 (Fig. 5) were performed several months and cell passages

subsequent to the original array experiment. Thus, although further study of different and

more relevant tissues is warranted the present results to speak to a biological difference.
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The genetics of cancer, including familial cancer, remains an unsolved problem in that its

etiology is still largely unknown. This is particularly so for pancreatic cancer. For one,

familial pancreatic cancer could be very heterogeneous and our NFPTR patients may each

have a highly penetrant mutation in a different gene. Alternatively, familial pancreatic

cancer could be due to the multifactorial pattern of ASE at a large number of specific genes.

Both possibilities are suggested by the greater compendium of SNPs that that demonstrate

ASE (including “extreme” ASE) in one, to at most a few, NFPTR individuals (Fig. 3). An

unbiased large-scale ASE analysis of germline samples in familial pancreatic cancer patients

would help elucidate polymorphisms, and genes thereof, that might be involved in

conferring an inherited predisposition to pancreatic cancer. Indeed, technologies that can use

common exonic SNPs to interrogate the expression of each allele of a gene in a quantitative

manner, such as in this study, are highly desirable and may provide a useful mechanistic test

of complex inheritance.

Materials and Methods

Cell lines

Lymphoblastoid cell lines (LCLs) were used as a source of germline DNA and RNA

(cDNA), and unless otherwise specified, the term “germline” refers to LCLs as the source of

nucleic acid material. LCLs were established and sampled from 100 individuals from the

National Familial Pancreatic Tumor Registry (NFPTR) at the Johns Hopkins University

School of Medicine.2 This study was reviewed and approved by the institutional review

board of The Johns Hopkins Medical Institutions (JHMI); written informed consent for

genetic studies was obtained from all study participants. As controls, LCLs of 45 individuals

from the Centre d’Etude du Polymorphisme Humain (CEPH) reference collection were

selected for genotyping and allele-specific gene expression profiling. These individuals were

sampled from 16 CEPH families; thirteen of these were trios. The families used were 1340,

1341, 1344, 1345, 1346, 1349, 1350, 1362, 1375, 1413, 1416, 1418, 1420, 1421, 1423 and

1424; further details of each cell line used are provided in Supplementary Table 3.

Illumina allele-specific expression (ASE) assay

We selected 2,117 exonic SNPs in 663 genes for assessing ASE. The genes were selected

for their potential involvement in cancer and included those regulating the cell cycle, cell

signaling and apoptosis; the detailed list of all genes and specific SNPs tested is given in

Supplementary Table 1. Three oligonucleotides for each SNP were designed, synthesized

and pooled, as required for the GoldenGate assay23,24 except that care was taken to design

the oligos for the coding DNA strand. The experimental protocols were similar to those used

for high-throughput SNP genotyping23 and gene expression profiling25 except that DNA and

RNA were independently tested on different arrays and compared to each other. RNA was

converted into biotinylated cDNA25 while gDNA was treated according to the GoldenGate

SNP genotyping protocol. Biotinylated DNA (corresponding to gDNA or cDNA) was

immobilized on paramagnetic beads and pooled SNP-specific assay oligonucleotides were

annealed to the DNA. Hybridized oligonucleotides were then extended and ligated to

generate amplifiable DNA templates. Subsequently, we performed PCR using universal

fluorescently-labeled primers. Finally, single-stranded PCR products were hybridized to a
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Sentrix® Array Matrix,23 and the arrays were imaged using the BeadArray Reader.39 96

samples (DNA or RNA) were analyzed simultaneously on each Sentrix Array for all 2,117

SNPs. All experiments were carried out in duplicate. The raw data was deposited in the

Gene Expression Omnibus (www.ncbi.nlm.nih.gov/projects/geo/) under accession number

GSE8054 and GSE8055. As an added measure of data reproducibility using the Bead Array

platform, we performed two sets of paired “dye swap” experiments. In one set of

experiments, we labeled the “A” allele in germline DNA with Cy5 and the “B” allele with

Cy3, and “swapped” the dyes (“A” allele - Cy3, “B” allele - Cy5) for the matching

experiment. We then determined the correlation between Cy5 and Cy3 channel intensities

for the “A” allele, and similarly for the “B” allele, from the two experiments. In the second

set, we correlated Cy5 versus Cy3 intensities for “A” and “B” alleles from the corresponding

germline cDNA samples. The correlation coefficients (r2) for the four independent dye-swap

analyses were excellent (0.966 and 0.968 for the DNA dye swaps and 0.949 and 0.968 for

the cDNA dye swaps, respectively) (data not shown). These experiments confirmed that the

Bead Array platform is reproducible in terms of channel intensities for the two alleles.

Two-stage filtering algorithm

We performed a two-stage filtering algorithm to estimate the expression level of each SNP-

specific transcript on the arrays. In the first stage, we estimated the background signal for

each SNP allele by averaging the signal intensity from all homozygotes for that allele. Next,

we used this background as a threshold to assess whether each SNP transcript in each

individual is ‘expressed’ or ‘unexpressed’. In the second stage, for each expressed SNP, we

eliminated data from all uninformative SNPs defined as those with less than three

heterozygotes or with no homozygotes.

ASE detection algorithm

We constructed a locus-specific SNP linear regression model to determine the extent of

allele-specific gene expression for heterozygotes based on the work of Serre et al.28 Let

DAA, DAB and DBB and, correspondingly, RAA, RAB and RBB, denote the log2 ratio of the

fluorescent dye signals for AA, AB and BB individuals (genotypes) at the DNA and RNA

levels. Next, for each SNP, we computed the mean (μ) and mean deviation (δ) for each of

the homozygote clusters at the DNA and RNA levels, and estimated the maximum and

minimum range of variation for each of the homozygote clusters as μ ± 2d. If one of the

homozygote clusters (e.g., AA) contained less than four individuals we assigned the

maximum and minimum range of variation equal to those of the alternative allele (e.g., BB).

To estimate the “expected” range of expression variation for heterozygotes, based on the

assumption of equal expression of each allele, we used the predicted midpoints of the

maximum and minimum ranges of variation of the AA and BB homozygotes. Heterozygous

individuals are expected to have their allele expression ratio fall within these expected

borders and demonstrate no ASE; ASE is inferred whenever this allele expression ratio falls

outside the expected range. Figure 1a graphically describes our procedure.
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ASE Score (θ)

We scored each heterozygote individual (j) for each informative SNP (i) to obtain an ASE

score (θ) using the ratio of the SNP transcript expression levels as shown in (Fig. 1a). Let d

represents the distance of the j-th individual’s deviate from the heterozygous cluster mean

and r the distance from the expected borders, the score θ is computed as:

where RAB,j is the expression value of the j-th individual, max(RAB) and min(RAB) are the

maximum and minimum expected ranges for the heterozygote cluster, and RAB the mean

RNA expression of the heterozygous cluster. Thus, ASE is inferred when θ > 1 (2-fold or

greater difference). For this study, we defined “extreme ASE” as θ ≥ 2 corresponding to at

least a 4-fold difference in expression between the two alleles. These thresholds are,

admittedly, arbitrary and determine the sensitivity and specificity of our ASE detection

algorithm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Allele-specific expression (ASE) detection. (A) Locus-specific ASE detection regression

model: Red and blue crosses represent AA and BB homozygotes, respectively; green crosses

are heterozygotes. Light blue lines represent the estimated linear models of the expected

heterozygote ranges for that particular SNP. Heterozygotes outside the lines represent ASE.

Computation of the ASE score (θ): The pink cross represents the j-th heterozygous

individual with RNA expression ratio RAB,j; max(RAB) and min(RAB) are the maximum and

minimum “expected” ranges for the heterozygote cluster, and RAB the mean of the
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heterozygous cluster. θ is computed as the relative distance of the j-th individual deviate

from the heterozygous cluster (d) as compared to the expected borders (r) (See Methods).

(B) Data on the rs705 SNP at the imprinted gene SNRPN (positive control) in 64 CEPH and

NFPTR samples. (C) Data on the rs9856 SNP at the X-linked gene BIRC4 (positive control)

in 35 CEPH and NFPTR female samples. The colors are as in (A).
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Figure 2.
The distribution of ASE in human samples. The ASE score (θ) distribution for all

heterozygous individuals tested, CEPH and NFPTR, is shown. The mean score for 17,237

heterozygotes is 0.65 with 3.6% (625/17,237) showing “extreme” ASE (θ ≥ 2).
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Figure 3.
Global ASE distribution in control and pancreatic cancer samples. A genomic ASE genome

index may be estimated as the fraction of heterozygotes displaying ASE (Y-axis represents

the percentage of SNPs normalized within control and pancreatic cancer samples). The

global distribution of this genomic index is not statistically significant (p < 0.15) between

CEPH and NFPTR samples, although there is a trend towards lower ASE levels in the

pancreatic cancer germline.

Tan et al. Page 15

Cancer Biol Ther. Author manuscript; available in PMC 2014 July 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4.
The extent of ASE in human samples. A total of 413 SNPs in 250 genes were tested for ASE

with distributions in control (CEPH) and familial pancreatic cancer (NFPTR) samples as

shown. Also indicated are the distributions of 10 SNPs in 6 known imprinted and 11 SNPs

in 6 X-linked genes tested; the results on all other genes are shown separately. The yes/no/?

categories refer to heterozygotes showing ASE, heterozygotes not showing ASE or the

absence of heterozygotes, respectively. #ATP10A (rs3816800) had no CEPH

heterozygote. $GUCY2F (rs494589) had no CEPH heterozygote. ‡Ten genes with ASE in

NFPTR had no CEPH heterozygotes in our sample. These genes, and their SNPs, are: CCR5

(rs1800023), EPHA1 (rs10952549), EPHA7 (rs7349683), FGFR2 (rs1801043), MAPK4

(rs3288), MMP1 (rs5854), MMP10 (rs470168), RIPK4 (rs3746893), SLC22A2 (rs3127594)

and TEK (rs639225). ‡CDH17 (SNP rs9417) had no NFPTR heterozygote. *Seven genes

with no ASE in NFPTR had no CEPH heterozygotes in our sample. These genes, and their

SNPs, are: AGTR1 (rs5182), CSF1R (rs216123), MMP8 (rs1940475), NAT2 (rs1208,

rs1799929, rs1799930), ROS1 (rs529038), THBS1 (rs2228263) and TNFSF8 (rs3181368).
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Figure 5.
Three genes displaying “extreme” ASE patterns in pancreatic cancer. (A) CDH1 shows ASE

in NFPTR19 and NFPTR2 (rs1801552). DNA sequencing verifies that NFPTR19 is a

heterozygote (CT) at the gDNA level but monoallelic (T) at the cDNA level (blue arrow).

(B) CARD15 (rs2066842, rs2066842) shows ASE in two individuals (NFPTR22, NFPTR96)

with NFPTR22 displaying ASE at both SNPs. DNA sequencing confirms that this latter

individual is heterozygous (CT) at the gDNA level but monoallelic (C) at the cDNA level

(blue arrow). (C) BRCA2 (rs144848) shows ASE in one individual (NFPTR6) likely arising
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from a deleterious 2041insA mutation (right panel). Confirmation of the BRCA2 deleterious

mutation was performed at Myriad Genetics, Salt Lake City, UT.
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