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Abstract. Loss of heterozygosity (LOH) has been shown to be a promising biomarker of cancer risk in patients with premalignant
conditions. In this study we describe analytical validation in clinical biopsy samples of a SNP-based pyrosequencing panel
targeting regions of LOH on chromosomes 17p and 9p including TP53 and CDKN2A tumor suppressor genes. Assays were tested
for analytic specificity, sensitivity, efficiency, and reproducibility. Accuracy was evaluated by comparing SNP-based LOH results
to those obtained by previously well-studied short tandem repeat polymorphisms (STRs) in DNA derived from different tissue
sources including fresh-frozen endoscopic biopsies, samples from surgical resections, and formalin-fixed paraffin-embedded
sections. A 17p/9p LOH panel comprised of 43 SNPs was designed to amplify with universal assay conditions in a two-step PCR
and sequence-by-synthesis reaction that can be completed in two hours and 10 minutes. The methods presented can be a model
for developing a SNP-based LOH approach targeted to any chromosomal region of interest for other premalignant conditions
and this panel could be incorporated as part of a biomarker for cancer risk prediction, early detection, or as entry criteria for
randomized trials.
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1. Introduction plastic, mucus-secreting tissue may in fact be a ben-
eficial adaptation to chronic acid reflux in many per-
sons [10,20,34,35,54]. Patients with BE have a 12- to
30-fold increased relative risk of developing esophageal
adenocarcinoma (EA) [18], yet the overall probability
that a patient with Barrett’s esophagus will progress to
cancer is around 0.7% per year [53]. EA is increas-
ing in incidence and has become an epidemic in West-
ern countries; however, most patients with BE die of
unrelated causes [2,30]. The current standard of care
for patients with BE is endoscopic surveillance, and
surgical intervention by esophagectomy is frequently
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Loss of heterozygosity (LOH) assessed with short
tandem repeat (STR) polymorphisms has been shown
to stratify patients with the premalignant condition Bar-
rett’s esophagus (BE) into low and high risk for pro-
gressing to esophageal adenocarcinoma (EA) [16]. BE
is a premalignant condition in which the normal lining
of the esophagus is replaced by a metaplastic columnar
lining [55]. Most cases of BE are benign and this neo-
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mentation of reproducible biomarker assays to stratify
patients at high risk for future development of cancer
that can be implemented in a clinical setting is needed.
Progress has been made in developing a panel of
mechanistic-based somatic genetic markers that iden-
tify patients with BE who are at the highest risk of
progression to adenocarcinoma [40-42]. In a 10-year
prospective cohort study most consistent with an EDRN
phase four study design [50], a biomarker panel, tar-
geting measures of chromosome instability (LOH and
ploidy abnormalities), improved prediction of EA in
persons with BE [16]. Patients with at least three
biomarker abnormalities, including 9p LOH, 17p LOH,
and DNA content of tetraploidy or aneuploidy had a
six year cumulative incidence of EA of 79.1%, as com-
pared to 0% in patients with no biomarker panel abnor-
malities. This is one of the largest longitudinal stud-
ies of premalignant disease to evaluate somatic genet-
ic abnormalities as predictors of progression to cancer,
and its results are consistent with earlier independent
studies of 17p LOH and aneuploidy in BE [11,52].
The 10 year prospective cohort study of patients
with Barrett’s esophagus began in 1995 using STR
loci for LOH detection [16]. Following the roadmap
put forth by The National Cancer Institute Transla-
tional Research Working Group (http://www.cancer.
gov/aboutnci/trwg), steps to move from discovery re-
search into a clinical application to reduce cancer in-
cidence, morbidity, and mortality require translating a
biomarker from a research assay into a platform adapt-
ed for clinical compatibility. In the present study,
we sought a technology that could assess measures
of chromosomal instability and 1) be compatible with
high-throughput technologies, 2) amplify fragmented
DNA using standard assay conditions for all polymor-
phisms, 3) have streamlined assays with minimal sam-
ple handling to reduce sample contamination, and 4)
be robust using low amounts of DNA. Current state-of-
the art technologies using single nucleotide polymor-
phisms (SNPs) are amenable to more robust and high-
throughput methods, and SNPs are present in higher
densities than STRs throughout the genome, includ-
ing intragenic loci. In addition, SNP assays can be
designed to amplify small regions surrounding a SNP,
making these polymorphisms more robust for use with
formalin-fixed, paraffin-embedded (FFPE) or degrad-
ed DNA. We selected pyrosequencing because it can
assess LOH, mutation, and methylation, it has been
shown to be quantitative and reproducible, and already
has regulatory approval for some indications [1,23,36].
In this study we developed a technically-robust panel

of SNP loci to replace the STR loci used for LOH on
chromosomes 9p and 17p in our 10-year longitudinal
study in order to overcome some of the challenges en-
countered in translating STR biomarker assays to the
clinic. We then compared LOH as assessed by the SNP
panel to LOH detection by STRs in all sample types.

2. Results
2.1. SNP selection

Chromosomal regions were selected to match the
location of 12 STRs on chromosomes 9p and 17p
as reported in a prospective cohort study of CD-
KN2A/ARF (9p21) and TP53 (17p13.1) tumor suppres-
sor genes [16]. Initial tests of pyrosequencing were cre-
ated for nine SNPs in collaboration with Biotage (Up-
psala, Sweden). Subsequently, defined criteria were
used to select and test an additional 34 SNPs as shown
in Fig. 1 and these 34 SNPs were subject to the exten-
sive additional testing to ensure all 43 SNPs were of
the highest quality. Details of the final 43 SNP assays
are provided in Supplemental Table S1.

2.2. Soecificity of genotype

Genotype specificity was defined as the ability to
accurately detect only a single, unique polymorphism.
We determined specificity in three ways: 1) Each SNP
assay sequence was required to align to a single genom-
ic region using an in-silico tool (BLAT: BLAST-Like
Alignment Tool) [21] during the primer design. 2) A
single, pure amplicon was required to be detected in
wet-lab tests of 5ul PCR product run on 2.5% agarose
gels. 3) During genotyping, a set of non-polymorphic
nucleotides within the sequenced region near each SNP
was used as internal controls by the Biotage software
to calibrate the sequence flanking the SNP and to deter-
mine whether the genotype will pass or fail (Fig. 2A).
Using the two nucleotides sequenced at the end of
each run, we determined the relative luminescence unit
(RLU) ratio of these control nucleotides in each sample
in order to determine if the assays designed amplify the
sequence specifically. In theory, this ratio should be
constant regardless of the SNP genotype being assayed
or the input DNA used. The RLU concordance in the
control nucleotides in 32,768 passing sequences across
all assays and input DNAs in this study had an aver-
age R? value of 0.988 (range 0.9736 to 0.9975, in all
passing assays, see example Fig. 2B).
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Number of SNPs
after selection

Selection Step Result after Selection

1) SNP location, polymorphism 1148 SNPs Within —10Kb of STRs and genes, no
type, heterozygosity rate insertions/deletions/extended homopolymers,
l reported heterozygosity rates >0.15.
2) PSQ Assay Software 442 SNPs 14-123 SNPs per STR or gene
3) Highest scoring assays for 264 SNPs PSQ score 82-100
each locus l
4)  Assay specificity using BLAT 163 SNPs 7-21 SNPs per STR or gene
for unique genomic sequence
5)  Analytic validation and 43 SNPs Tested up to 10 SNPs per STR and 11

cohort heterozygosity SNPs per gene

Fig. 1. Steps in SNP selection for SNP-based CDKN2A/TP53 LOH panel. SNP selection process for pyrosequencing-based LOH panel. Step 1)
SNPs were selected from www.ensembl.org (release versions 36 to 38) to be 4= 10 Kb from the current chromosomal location of the 12 STRs,
TP53, and CDKN2A as reported in the NCBI SNP database, http://www.ncbi.nlm.nih.gov/projects/SNP/. SNPs with extended homopolymeric
regions were excluded. Homopolymers are defined as having multiple nucleotides flanking the SNP that are the same nucleotide as the one of the
bases in the SNP itself. SNPs with reported heterozygosity rates below 0.15 in Caucasian populations were excluded, and SNPs with unknown
heterozygosity rates were further evaluated. Step 2. The flanking DNA sequence for each polymorphism was entered into the PSQ Assay Design
Software (version 1.0.6) from Biotage (Uppsala, Sweden) to determine SNPs that make optimal pyrosequencing assays using a stringent Allele
Quantification setting. The software ranks each assay on a scale of 0 to 100, with 100 being most optimal. Step 3. To limit the number of assays
required for analytic testing, only the highest scoring SNP assays were used (range 82—-100). Step 4. To determine assay specificity, the resultant
DNA sequences surrounding each SNP generated by the PSQ software were entered into BLAT (Blast-like analysis tool) software to BLAST
(Basic Local Alignment Search Tool) against the genome (http://genome.ucsc.edu/cgi-bin/hgBlat?command=start) starting with the sequence of
the forward primer and ending with the reverse primer. Step 5. 163 SNPs were available for analytic testing and 70 were tested to obtain 34
SNPs. These were combined with the nine SNPs created by Biotage, resulting in the final panel of 43 SNPs.

Table 1
Comparison of sample type and genotype pass rate

2.3. Efficiency of assay

Once each SNP assay was determined to be specif- Sample type #Samples  Genotypes  Pass rate
Constitutive control 155 16118 94%

ic to a unique polymorphism, we evaluated the assay Endoscopic biopsies 279 12556 3%
efficiency as measured by the genotype pass rate in FEPE 16 2076 67%
the following ways: 1) PCR reactions at different an- Surgical resections 138 943 79%
nealing temperatures, 2) Different input DNA sources,
and 3) Comparison of SNP assay efficiency to the gold
standard STR efficiency on sub-optimal FFPE DNA.
The efficiency of this protocol at the optimal PCR
annealing temperature of 57°C was compared to PCR
reactions at annealing temperatures of 54 °C and 60°C.
All SNPs tested for the panel were selected to amplify

In contrast, the pass rates at sub-optimal temperatures
of 54°C and 60°C were 192/272 (71%) and 179/272
(66%0), respectively.

For all 43 SNPs, we assessed assay efficiency us-
ing 618 DNA samples from four sources with differ-

optimally using the same reagent concentrations and
PCR reaction conditions such that the entire SNP panel
could be run simultaneously using a 96-well plate in
a single thermocycler at 57°C annealing temperature.
Eight constitutive control gastric DNAs were amplified
using 34 SNP assays for a total of 272 genotypes at
each PCR annealing temperature. 248 out of 272 (91%)
genotypes passed at the optimal temperature of 57°C.

ent input DNA concentrations including 1) constitu-
tive control DNA from fresh-frozen gastric biopsies, 2)
DNA from fresh-frozen endoscopic biopsies from BE,
3) DNA from FFPE BE biopsies, and (4) DNA from
surgical resections. Overall genotype efficiency varied
between sample processing methods (Table 1). Surgi-
cal resection samples were genotyped during template
preparation optimization and pass rates of these sam-
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Supplemental Table S1
Detailed information about the SNP assays
CHR STR AssayID  SNPID Basepair Position Distance to nearest STR' Dispensation Order  PSQ Score Reported Het Rate”

9 D9S935 and D9GATA62F03 ASY114 rs16922779 5,190,127 inside STR GACATCGAT 100 0.458

9 D9S935 and D9GATA62F03 ASY136 rs10491650 5,193,054 inside STR ATCTGATCA 95 0.467

9 D9S925 ASY270 rs10810945 18,278,212 inside STR CGATCTGCA 95 0.483

9 D9S925 ASY170° rs10963557 18,279,897 inside STR GACATGTAT 92 unk

9  D9s925 ASY131 rs7862129 18,280,410 inside STR GCTATCAGT 97 unk

9 D9s925 ASY117 rs10738506 18,280,419 inside STR GATCAGTGA 100 0.300

9  D9S925 ASY247° rs13285950 18,281,228 inside STR CTGACGACT 83 unk

9 CDKN2a ASY484% rs1134871 21,852,897 104,854 bp upstream GTAGTCACT 64 unk

9 CDKN2a ASY233° rs2518719 21,960,427 intragenic GTCATGCAC 91 0.233

9 CDKN2a ASY486% rs2811708 21,963,422 intragenic CAGACTGAG 93 0.666

9 CDKN2a ASY235° rs4074785 21,971,583 intragenic CGACTGCTA 91 unk

9 CDKN2a ASY238° rs3731217 21,974,661 intragenic CGTCAGTGA 90 0.233

9 CDKN2a ASY236° rs3731211 21,976,847 intragenic GATGATCGA 91 0.367

9  CDKN2a ASY245° rs10757262 21,977,874 intragenic GATGACAGT 90 0.200

9  CDKN2a ASY479° rs2811711 21,983,964 intragenic ATCAGTACT 100 unk

9 CDKN2a ASY232 rs3218012 21,988,660 4,170 bp downstream GATCTAGAT 96 0.417

9 CDKN2a ASY493* rs1063192 21,993,367 8,877 downstream GCTCGATAT 95 0.534

9 D9S1121 ASY264° rs7867884 25,391,353 inside STR GACTGCATG 88 unk

9 D9S1121 ASY142 rs10757533 25,393,652 inside STR GCTGTCTAG 98 unk

9 D9s1121 ASY120° rs10812234 25,393,950 inside STR ATCAGTCTG 100 unk

9 D9S1118 ASY122 rs4879542 31,911,530 inside STR GCATAGCAC 100 0.500

9 D9S1118 ASY138° rs10970600 31,911,724 inside STR TGAGCTGTA 95 unk

9 D9S1118 ASY125 rs16917529 31,914,600 inside STR AGTCAGTAG 100 0.208

17  D17S1298 ASY100 rs8080482 3,611,865 1,434 upstream GCATCTGCT 100 unk

17  D17S1298 ASY158 rs2737139 3,613,611 68 downstream TCGTCAGTG 98 0.233

17  D1751298 ASY101¢ rs966004 3,616,376 3,077 downstream GATGCTCTC 100 0.273

17  D1751298 ASY203° rs6502743 3,617,632 4,089 downstream CTGACTGTG 91 0.292

17 D1781537 ASY103 rs2106233 5,841,753 1,694 upstream GTATCGACA 100 0.208

17  D17S1537 ASY282° rs11654718 5,842,766 681 upstream ACTCGTATG 91 0.500

17  D1781537 ASY167 rs9907608 5,844,015 377 downstream CTGTCTGAG 96 unk

17  TP53VNTR and TP53Di ASY480° rs2270341 7,421,271 91,192 upstream GTAGTACTG 96 0.433

17 TP53VNTR and TP53Di ASY481° rs858526 7,440,107 72,356 upstream CTGCGAGTA 83 0.417

17  TP53VNTR and TP53Di ASY477° rs858521 7,470,872 41,591 upstream TGCGATAGC 98 0.417

17 TP53VNTR and TP53Di ASY220° rs12951053 7,518,132 intragenic AGTGCATAC 100 0.167

17 TP53VNTR and TP53Di ASY222 rs2909430 7,519,370 intragenic AGTCAGTAG 100 0.226

17 TP53VNTR and TP53Di ASY482% rs2287499 7,532,893 1,252 downstream ACGCTAGCT 90 0.183

17 TP53VNTR and TP53Di ASY478° rs2270517 7,691,572 159,931 downstream ATCAGCTCT 100 0.345

17 D17S786 ASY107 rs726680 8,752,394 111 upstream CAGTGATAC 100 0.316

17  D178974 ASY110 rs12601954 10,458,827 609 upstream AGTCAGTGA 100 unk

17 D17S974 ASY191¢ rs8079868 10,461,425 1,786 downstream TGCTAGCGA 91 0.273

17 D17S1303 ASY209° rs2692343 10,801,344 1,001 downstream GTAGTGCTA 91 0.417

17  D17S1303 ASY210° rs9907650 10,801,868 1,525 downstream GTAGCAGAG 90 unk

17 D17S1303 ASY281 rs2247382 10,801,962 1,619 downstream GACATCTGA 82 0.400

Experimental Het Rate” Ampli Seq (Sequence Analyzed) Forward Reverse SeqL
0.355 ACA[T/CJAATGAAGTGATTATTTCAGCATACA B°-CCCAATGCCTTTGTTGTATGCT GGAGACAACTGGGGATCTTTCAA TTTGACTCTTACACCAGG
0.352 T/CIGGAATTCAGCATCAGAAATTGTTCT B-TCATGGGTATCTCCATTAGAACAA TGTGCAGAAAATATCAACTTCTTC CAATTTCTGTCACTTGCTA
0.344 GAA[T/C]GCATACACTGGAAATTAAGACAGTT GAAGCTGCTGGCCAGTATAAA AGACATTGACCTGGGATTTCTC CAGTATAAACAGACCAACGA
0.140 [AICITTGTATTTIGTTTTCATGTTGTTTTC B-TCAAGACAGGCTGGAACTTTCA CACTAGCTGGTTACCTTTGCAAT GGTTACCTTTGCAATC
0.204 CTA[T/CIGGTGAACTCACATTGGCTCAGCACA B-CAAAGCAGTGAGAAGGGACAGT CATTCTTTGGTGTCCATGTGAT TTGGTGTCCATGTGAT
0.457 A[T/CIGTGATCTATGGTGAACTCACATTGG B-TGTGCTGAGCCAATGTGAGTTC ATTAGCTTTGTGGGGCCAGGA CACATTCTTTGGTGTCC
0.161 ‘AAAATGAAGCTTGATACCC GGGCTCAGAATTAAATGAGACTTA B-GGGTATCAAGCTTCATTTTAGTTC AAATAAATGATACTAAATCC
0.290 [ATIATTCACTGTAGAAAAA B-TTGAATCTTTCTGTGTCTTCAC ACCAGAAACAGTGTTTTCAAGAA ACAACTTTACTATTTGATTA
0.228 T[T/CICTGCACAACTCAACTAATCTGACCC B-TGGAAAACTCTACCGCATAAAGC CTGTTTCCTCATTTGCATACCA TCTCGATCTCGGCTC
0.344 AGA[A/C]GGGAGAAGA B-GGATTCTAAGCCAACATCATTTCC GGGAGTTTGGCTTTGTAGTCCTA TTTTGACAATTTTTAATGG
0.207 GGA[T/CITCTAATTTCCTTACATTATTGCTTT B-TCCATGCATCCCTTTAATTTAGA TTTCAGGGTAACAAAGTAGGTGG GGTGGTAGAACTAGGACAG
0.256 [GITIAGTGAAAACCGAATACATTATTATT AACCAGTGTTAAACCTATCAGTGA B-TACGCATGTGCTGTTAGAGTTCT AACCTCCACTCCCAG
0.355 ATG[A/ITITGGACATTTAACAATTAGATGTTCA B-TCTCACCCAATTTAAAGAAACAGC GCATGGAGTAAAATTCAAAGTGTC AAAATTCAAAGTGTCCG
0.247 A[AITITACAAGTGGCCCATTGGGACACAAT B-TCCCAATGGGCCACTTGTA TGCTGTGGGTCCCAGAAATCT AAACACTTGAAGGAGATACT
0.255 T/ICIGGTACTGCG AAGGGAGGTCCAGGTTCAA B-GTGGAGGCTTCCCCATTC AAGGGAGGTCCAGGTTCAA
0.465 AAA[T/CJAGAAAATTATTTACCCCTGTTAAAA CCCTGCCTATGGAATGAATTT B-GGCCTAAAAACCTGAGTTAATTGA GAATGAATTTGCTGATCTA
0.452 T/ICITGATATTAAGGG GCTAGTTGCATTATACTGGGTCAT B-TGGGATCCACAATAACATTTTCTT GAATCTTTCCTAATGACAAC
0.489 A[T/CITCCCATGAATAACACCCCTTGGTTA B-TCAGTTTAACCAAGGGGTGTTATT CTGTTGAAGCCTGTTTAACTCCT TTTTTATATAAACATGGAGT
0.483 CTGIT/CIAGTCACTTTTAAACCACCTGAGTAA B-TAGCTTTTTCAGTTGCCAAGAATA TGGATCAGACAACTCCTTTTTCTA AAATACTTGTCATTTGCTTC
0.478 T/CIGTCTGGCTGACCTGCCCAACGGAAA TGTGAAAGAAGATGGGACTTAGTG B-CCTGGCCAAAGAATGTCTTATACT CACCCATCTCCTTATTATC
0.544 C[A/TIGCACACATAGAGAAGCAGAATGAAG TGTAGCGCCTCTGTTTTCTACTTT AACCAGGCAATGTACAATCATCT GGCAATGTACAATCATCT
0.183 G/AICTTTGTAACCTGAGAAATGGCCAGA B-GCTAGGTGCTCAGACCCTTGTGAT CATGCAGTGTTCCTTGCCATTAG AAAGTAGAACACCAGAGACA
0.322 G[T/CIGGTAGTTGACGGACTTTTTGACCCT B-GGGTTAGAGAGAGGGTCAAAAAGT AGCTGCCATACTTGTGCAATAAT TTGGTTCACATGGAAG
0.402 CA[T/CIGCTGTTCCCGAGGCTGAGTCTAGCG B-ACTCAGCCTCGGGAACAGC CTAGCCCTCGTGGTTGACCC AGACCAGTTCTGACTGC
0.226 AGGATGAAAACAGAATGA TGGCAACCAAAAGACCTACATTC B-CGGCAGTCCTCTGAGTCATTCT GCTTCCTCTCTTATAAATGG
0.304 A/TICTTTCTCCGACTCTGATTCTCCTGC B-GGAGGCAGGAGAATCAGAGTC GGCCTGCAGCATAGCAAG GCATAGCAAGCTTCACA
0.297 [GITIGCCTTGTTGATGGTAATAGCCTCCT GTGCCTGACTCTCCAAATTATTTC B-CAGGAGGCTATTACCATCAACAAG CCTTCCATCATCGTCC
0.283 TA[T/CJACAAAGCATAGGTTTACTCATTCTG AGGGGAGGAAACAGTATCAGGT B-CCCTTTCTTCTCCCAGAATGAGTA GGTCCATAATCTTGCACT
0.386 C[T/CIGTATTGGAAGTGGATCTTGTAGCCC AGGCTCAACTGAGGGCTACAA AGCTGCCTCTGTGAGTGAGTC CCTCTGTGAGTGAGTCCA
0.301 TG[T/C]JGAGAAGGTGATAGAGGACGCTGGTG AAAGGTGAGTTTGAACCCCAAAAT B-AAAGTCACTCAGGCAAGAAGCA CCAAAATGTTGAAAGAAA
0.576 [AITIATACTGGATTCTTGAGCCT B-CCTTCCCTAGCCACACCTAA GAGGGCAGTCTTGCTTGAATAG GTGCCAGGGGAACCA
0.564 TGCI[G/AITAACTTAAATAAGGAA B-CGGACTCCAGAGTGGTTCTAGC CAGGCACACGACCCTTTG AGGCACACGACCCTT
0.447 [GICIAATAGCTATTTTTT CCAGCCGGTGTCATTTTC B-CCTTGACCTGTTGTGGAGAGAA CCCCTTCAGCTCAAA
0.141 G/TJCCATACTACTACCCATCCACCTCTC B-GAGTGGGAGCAGTAAGGAGATTC ACTTGCCACCCTGCACAC CACCTCTTACCGATTTCT
0.269 GIT/CIGTAAGCACCTCCTGCAACCCACTAG B-GACGCCAACTCTCTCTAGCTCG GAAAGTCAGGGCACAAGTGAACAG CAGCAAAGAAACAAACAT
0.135 CC[G/CITAGCTCCTGGGACACAG CAAACTCTGTTTCCAGGGGAGTG B-ATCCTGTGGCTGGCTCAGCT AACTGGGTCCCCCTC
0.426 T/CIGCTTCTACACTTGCA ATGGGTGGAGCTTGTCTTGAGG B-GCCGGGCTGCAAGTGTAGA CAATGCTCCTACCACC
0.355 AAATGGAAAGTCTGGAT ACCACCTCTGGAGTGCATAACA B-ACCCTCCTCTTTTGCTACACG CCTCTGGAGTGCATAAC
0.247 GG[T/CIGTGGGAGCTCCTTTTCCTCACCACT GCCTTCTGGTGGTCATTTCC B-CCTAAAGCCCCAGTGCTGA CCTGGGTTTAAAAGGACT
0.247 GGC[T/CITGCGGGGAGTTGGTTCCAGCCAGTG AGGGGCTTCACAGGGAGA B-GTCACTGGCTGGAACCAACTC TCACAGGGAGAATAAGG
0.441 TA[GTITCTAGTTACGTGTCAGATAAGTCTC B-GGGGTTTTGATAGGATTTGGA GCCCTTAATGGAAACACTGAAT TGGAAACACTGAATAGATG
0.118 TA[G/A]GAGGAGAGAATCAAGAAGATAATGA B-CGTAGATTCTTCCCTGATCTCATT AACAATACTGTTTGGGGCTACAC AAGAATAGGGGCTATCTC
0.441 ACA[T/CIGAAACAATACTGTTTGGGGCTACAC B-ATATCATTATGTGTAGCCCCAAAC AAGAAAGATCCATACAATTTGGTA ATAAATTAGTGCTTTGAAAT

?Reported heterozygous genotype frequency from www.ensembl.org, version 41
o N
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° SNP assay designed in-house by Biotage

° Homopolymer assay

© Biotinylated primer

' Basepair distance is calculated from the beginning (upstream) or end of the the STR (downstream)
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Fig. 2. (A) Pyrograms showing all three genotypes of the SNP (yellow). The RLU ratio at positions 8 and 9 does not change for different
genotypes. (B) Scatter plot of peak heights at Positions 8 and 9. (A) Pyrograms from constitutive control DNAs showing peak intensity of each
nucleotide sequenced for ASY167 for homozygote T/T, homozygote C/C, and heterozygote T/C. Positions 8 and 9 of the sequence are used as
non-polymorphic internal sequence controls for each sample and can be used as a measure of specificity across all samples. (B) Concordance
of the peak intensity ratio of control positions 8 and 9 for 790 genotypes of ASY167. (Colours are visible in the online version of the article at
www.iospress.nl.)

ples reflect some variation in pyrosequencing reaction from fixed tissue, we sought to directly compare the
conditions.
Given the lower genotyping efficiency of the DNA amplifying DNA extracted from fixed tissue. We am-

genotyping success rate of STRs relative to SNPs when



148

Table 2

H.D. Kissdl et al. / Trandlation of an STR-based biomarker into a clinically compatible SNP-based platform

Pass rate of STRs and SNPs in FFPE samples

STR locus Passing STR results/Total samples ~ SNPs within STR region ~ Passing SNP results/Total samples
D9S935 34/46(74%) ASY114 20/46 (43%)
ASY136 38/46 (83%)
DI9GATAG62F03 34/46 (74%) ASY114 20/46 (43%)
ASY136 38/46 (83%)
D9S925 26/40 (65%) ASY117 27/46 (59%)
ASY131 30/46 (65%)
ASY170 40/46 (87%)
ASY247 32/46 (70%)
ASY270 26/46 (57%)
D9S1121 15/27 (56%) ASY120 35/46 (76%)
ASY142 31/46 (67%)
ASY264 31/46 (67%)
D9S1118 15/23 (65%) ASY122 37/46 (80%)
ASY125 38/46 (83%)
ASY138 36/46 (78%)
CDKN2A (No matching STRs) ASY232 27146 (59%)
ASY233 28/46 (61%)
ASY235 40/46 (87%)
ASY236 36/46 (78%)
ASY238 33/46 (72%)
ASY245 35/46 (76%)
ASY479 43/46 (93%)
ASY484 39/46 (85%)
ASY486 37/46 (80%)
ASY493 33/46 (72%)

Average pass rate 68%

plified 46 FFPE endoscopic biopsy samples from 23
patients using five chromosome 9p STRs (D9S935,
D9GATA62F03, D9S925, D9S1121, and D9S1118)
and all 23 SNPs for chromosome 9. The number of
STRs run per DNA varied from two to five, depending
on quantity of DNA available per sample. For this set
of FFPE samples, the average pass rate was 68% for
STRs and 73% for SNPs (Table 2).

2.4. Reproducibility of genotype

We determined the genotype reproducibility among
multiple PCR and sequencing runs. For any given
SNP, pyrosequencing generates a signal for each allele.
In a single DNA sample, the SNP allele frequency in
that population of cells is quantified by the fraction of
one allele over the sum of both alleles {A/(A + B)}.
We tested reproducibility by comparing the variance of
SNP allele frequency in each sample, across multiple
PCR annealing temperatures and across different PCR
reactions and pyrosequencing reactions run on multiple
days.

For 34 SNP assays, we combined the results gen-
erated from the eight patients run in the temperature
experiment described above and evaluated the coeffi-
cient of variation (CV%) of the allele fraction for each

73%

passing genotype (AA, AB, BB). The mean CV% for
each SNP among genotypes A/A was 1.6% (95% CI
= 0-4.4%), A/B was 3.4% (95% CI = 0-8.1%), and
B/B was 0.9% (95% CI = 0-2.5%). Thus, for any
given genotype, the variance of allele fraction is very
small, even with large variability in amplification con-
ditions. Among the three annealing temperatures eval-
uated there was a total of 619 passing genotypes, and
614/619 (99%) of these genotypes matched across the
different temperatures.

At the target annealing temperature of 57°C, we
sought to test the genotype reproducibility among both
independent PCR and pyrosequencing reactions on
multiple days. Using a larger sample panel of con-
stitutive control gastric DNAs from 93 patients with
BE, each DNA was subject to two different locus-
specific PCR reactions and both PCR products were
sequenced on the pyrosequencing instrument on two
different days, resulting in four genotypes per DNA.
A minimum variation of allele frequency of no more
than 5% from the expected genotype allele frequency
is recommended for an assay be considered efficient
and reproducible (Biotage, personal communication).
Homozygous genotypes should theoretically have an
allele frequency between 0 to 5%, or 95 to 100%, for
the first SNP allele sequenced, and heterozygous geno-
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types should fall between 45 to 55%. Figure 3A shows
a typical pattern of genotypes using the allele frequen-
cy of the first SNP allele sequenced in each assay. A
subset of tested SNP loci (3 of 34) showed a shift from
near 50% allele frequency for homozygous genotypes
(Fig. 3B), or a shift away from 0% or 100% for het-
erozygous genotypes (Fig. 3C), but these genotypes
were highly reproducible among all samples within that
SNP assay. For each SNP, we calculated the average
passing allele frequency for up to 372 genotypes (93
DNAs X 4 replicates). For one of the 34 SNP loci,
only 70% of passing genotypes fell within 5% of the
mean allele frequency. All the remaining 33 SNPs had
tight genotype distributions: Per SNP, the percentage
of passing genotypes that fell within 5% of the mean al-
lele frequency ranged from 88-100%, with the average
being 95% of samples falling within 5% of their mean
allele frequency. This genotype reproducibility is con-
sistent across the entire dynamic range of RLU inten-
sity for both homozygous and heterozygous genotypes
(Fig. 3D)

2.5. Sendgitivity of assay

SNP assays that are efficient and reproducible must
also be sensitive to low input DNA amounts, varying
DNA quality, and mixtures of cells. LOH is a somat-
ic genetic abnormality characterized by clonal hetero-
geneity. Thus a sensitive, quantitative genotype is re-
quired for accurate LOH assessment. To evaluate assay
sensitivity, we performed two types of experiments: di-
lution experiments using both fresh-frozen and FFPE
tissue, and experiments in which constitutive DNA is
mixed with samples with known LOH from the same
individual.

Samples were amplified using a subset of six SNPs;
the three most robust and the three least robust as-
says, as defined by our temperature and genotype re-
producibility experiments described above. Two fresh/
frozen constitutive controls from two separate patients
were used, with concentrations ranging from 1 ng to
0.002 ng (~143 cells to 0.3 cell equivalents, assuming
7pgDNA/cell). Each of the six SNPs was run in tripli-
cate on the two constitutive control samples (6 SNPs x
3 replicates x 2 DNAS) and then repeated in a separate
experiment. Replicate reactions were compared to de-
termine the frequency of allelic drop-off and percentage
of genotypes that gave passing pyrosequencing results.
The percentage of passing fresh/frozen samples ranged
from 98% for 1 ng to 61% for 0.002 ng (Table 3). In
a separate experiment using eight FFPE samples, the

pass rates ranged from 96% for 1 ng input DNA to
77% for 0.06 ng (< 9 cells) using the same six SNPs.
These genotypes were accurate down to 0.015 ng in-
put DNA. Below this level, a single heterozygous sam-
ple had allelic drop-off. Homozygous samples showed
no genotype mismatches among replicates across the
entire range of input DNA concentrations.

Six patients previously identified to have aneuploid
populations with known LOH on chromosome 9p or
17p were evaluated for informativity in three SNP as-
says. One patient was informative for SNP IDs 477
and 478, and two other patients were informative for
one SNP each. In these three patients, aneuploid pop-
ulations were flow-purified and DNA was extracted.
Aneuploid DNA was quantitated and mixed with con-
stitutive control DNA from the same individual prior
to PCR in increments of increasing amounts of con-
stitutive control DNA at 0%, 10%, 25%, 50%, 75%,
90%, and 100%. Mixing was based on absolute DNA
amount and did not adjust for copy number changes in
the aneuploid. The two SNPs were evaluated in each
of the constitutive control and mixed samples in dupli-
cate, using ~6 ng DNA per reaction. Allele frequen-
cies were highly reproducible along the entire range of
allele mixtures (R2 = 0.98) for all 27 duplicates. Fig-
ure 4 shows example pyrograms generated from one of
the SNPs in one patient.

2.6. Accuracy of SNP-based LOH

Accuracy is defined as the agreement of a genotype
to the “true” genotype. Our panel is built to deter-
mine LOH, thus we compared the accuracy of SNP-
based LOH using this panel, relative to the gold stan-
dard STR-based LOH. Using the distributions of allele
fractions from constitutive samples for each assay as a
reference, a probability model was used to define dis-
tinct genotypes (see methods). This model classifies
LOH calls in biopsy samples into categories of LOH
yes, LOH no, and LOH intermediate. It is desirable
to have an LOH yes/no call for a clinical application;
therefore, for LOH call comparisons between SNPs and
STRs, we were conservative and binned all LOH calls
into LOH yes and LOH no, with any LOH intermediate
calls classified as LOH no. 1379/1513 (91%) informa-
tive STR LOH results matched the LOH result of an
corresponding informative SNP. These by-SNP results
were derived from 274 samples from 100 patients (see
methods) that had at least one informative SNP and a
physically associated corresponding informative STR,
resulting in 1-25 STR:SNP comparisons per sample
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A

Fig. 3. Example of genotype reproducibility between independent PCR and pyrosequencing reaction genotypes. Allele frequency (y-axis) was
determined by the pyrosequencing software. For each DNA sample, four data points are plotted one after the other, representing replicate PCR
reactions which were both sequenced on two different days, shown in order of sample ID. (A) near 50% allelic ratio for heterozygotes, (B) shifted
allelic ratio for homozygotes, (C) shifted allelic ratio for heterozygotes, and (D) distinct genotype clusters across homozygous and heterozygous
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Table 3
SNP genotyping pass rate with decreasing input DNA from fresh-frozen and fixed tissue

DNA amount 1ng 05ng 025ng 0.125ng 0.06ng 0.03ng 0.015ng 0.008ng 0.004ng 0.002ng
Percent passing 98% 97% 96% 88% 81% 2% 61% 61% 61% 61%
Fresh/Frozen DNA n=72 n=72 n=72 n=72 n=72 n=72 n=236 n =236 n =236 n =236
Percent passing FFPE 96% 92% 90% 81% 7% N/A N/A N/A N/A N/A
DNA n=48 n=48 n =48 n =48 n =48
Sample Replicate #1 Sample Replicate #2 Sample Replicate #1 Sample Replicate #2
G: 47.5% | | G: 44.6% - B G: 20.7% - - G: 19.5%
C: 52.5% C: 55.4% B _ C:79.3% C: 80.5%
100% normal N B B

- B B ~ 0% aneuploid - B d 25:75

G:47.8% _ G: 45.2% G:144% | G: 8.6%

C: 52.2% C: 54.8% h - C: 85.6% C:914% -

1 - N T 10:90
P 90:10 B
T t———t+—+— + T T t t t j—

G: 43.8% G: 40.7% B B G: 2.5% B ) G: 4.0%
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Fig. 4. Example of pyrograms from mixing experiment. Pyrosequencing pyrograms of constitutive control and flow-purified aneuploid DNA was
quantitated and mixed at 0, 10, 25, 50, 75, 90, and 100% aneuploid. The first pyrogram shows that the results are very similar to the theoretical
peak heights for a normal G/C heterozygote and the flanking sequence, as depicted in the final bar graph. Mixtures were PCR amplified for
pyrosequencing at an informative SNP (replicate #1 and #2). LOH in the aneuploid resulted in loss of the “G™ allele. (Colours are visible in the

online version of the article at www.iospress.nl.)

(average = 5.5) and yielding a total of 1513 informa-
tive STR:SNP comparisons. For each informative STR
locus (1-6 informative STRs per sample, average 2.5),
1-8 SNPs were informative (average 2.2), resulting in
a total of 696 by-STR locus comparisons. 643/696
(92%) comparisons between an STR and at least one
informative associated SNP gave the same LOH call in
these 274 samples.

To achieve a by-chromosome LOH call, we used
225 fresh-frozen endoscopic biopsy samples from 84
patients (see methods). For chromosome 9p, 197/225
samples were evaluated for five STRs and 13 SNPs, ex-
cluding CDKNZ2A intragenic SNPs which do not have
an associated STR. Regardless of physical location on
the arm, STR and SNP LOH results agreed by chro-
mosome arm in 175/197 (89%) of samples. For chro-
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Table 4
STR:SNP comparison of by-chromosome LOH calls
Sample type # Samples with ~ # SNPs Average #STRs Average Samples in agreement
LOH results for informative informative by whole chromosome
STRs & SNPs SNPs/sample STRs/sample arm
Endoscopic biopsies
Chromosome 9p 197 132 35 5 2.7 89%
Chromosome 17p 221 20 4.9 6 31 87%
29 SNPs intragenic to CDKN2A were not included because there were no intragenic STRs evaluated.
60 é
50 1 5 B
® ] O Patient #1 LOH no
2 40 & = o Patient #2 LOH no
g 30 © O Patient #1 Intermediate
‘g o [m} © Patient #2 Intermediate
£ 20 O Patient #1 LOH yes
o § ¢ Patient #2 LOH yes
10 %
0 T T T T 1
0 20 40 60 80 100

Fraction of Aneuploid Population

Fig. 5. Percent allele and LOH calls for constitutive control:aneuploid mixtures in two patients. Scatter plot of the mixing experiment using a
constitutive control and paired aneuploid DNA for two different patients for one assay with LOH calls based on the statistical algorithm. The
squares are patient #1 and the diamonds are patient #2. The blue is LOH no, the green is LOH Intermediate, and the red is LOH yes. (Colours

are visible in the online version of the article at www.iospress.nl.)

mosome 17p, 221/225 samples were evaluated for six
STRs and 20 SNPs. STR and SNP LOH results agreed
by chromosome arm in 193/221 (87%) of samples (Ta-
ble 4). By-patient, chromosome 17 (20 SNPs) had at
least one informative SNP in 99% of patients (83/84)
and chromosome 9 (13 SNPs) was informative for 88%
of patients (74/84). When CDKN2A SNPs (10 SNPs)
were included in the informativity calculation, chro-
mosome 9 SNPs (23 SNPs) were informative for 82/84
patients (98%). Only one patient had no SNP infor-
mativity for either chromosome; however, this patient
had a degraded constitutive control that provided poor
results.

2.6.1. SNP-based LOH in experimentally mixed cell
population

We sought to determine the accuracy of pyrose-
quencing assays to detect LOH in mixed cell popu-
lations using biological samples. Patients and SNPs
were selected to be constitutively heterozygous such
that any deviation from the heterozygous range in the
experimental mixtures mimics LOH in a mixed cell
population. We used the probability model to deter-
mine LOH in the experimentally mixed constitutive

control:aneuploid populations described above and did
not exclude intermediate LOH calls for this sample set.
Each mixture was treated as a sample and we used the
LOH algorithm to determine LOH for each sample (see
statistical methods). Figure 5 shows two DNA samples
genotyped in duplicate for SNP ID 478, with the re-
sults of the LOH algorithm binning. The automated al-
gorithm called LOH at levels consistent with expected
theoretical mixtures, with LOH being detected in the
presence of 75-80% DNA from aneuploid cells.

2.6.2. SNP-based LOH within the CDKN2A locus
The previous STR panel did not include an STR
within the CDKN2A/ARF locus, which precluded an
accurate assessment of small, intragenic deletions with-
in the CDKN2A/ARF locus using STRs. Therefore,
in the 225 fresh/frozen endoscopic biopsy samples, we
compared the CDKNZ2A intragenic SNP LOH calls to
LOH calls in SNPs flanking that locus, and to LOH
calls made by chromosome 9p STRs. 135 samples had
at least one SNP with LOH on chromosome 9p. 31 of
135 events (23%) showed LOH only in SNPs intragenic
to the CDKN2A locus, indicating that these were small
LOH or deletion events not involving large regions of
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chromosome 9p. Of these 31 localized events detected
by SNPs, only 12 (39%) were also detected by STRs
flanking CDKN2A, indicating that the STR panel like-
ly underestimates the frequency of deletion at the CD-
KN2A locus on chromosome 9p. 10 out of 135 samples
(7%) with LOH detected in both SNPs and STRs flank-
ing CDKN2A along chromosome 9p did not snow any
LOH or allelic imbalance in intragenic SNPs, possibly
due to homozygous deletion. Thus, gene-specific SNP-
based LOH alone may not accurately reflect the com-
plex chromosomal instability that is captured by using
polymorphisms along the length of the chromosome.

3. Discussion

A main goal of cancer prevention and early detection
research is to translate promising biomarkers identified
in discovery and early translational research into clin-
ical assays that will be a benefit to patients. Several
prospective studies have provided evidence that a chro-
mosomal instability biomarker panel including 17p and
9p LOH and DNA content abnormalities can identi-
fy patients with BE at the highest risk of progression
to EA [11,16,40-42,52]. In addition, cytology stud-
ies in BE and EA using FISH probes to assess copy
number changes and digital DNA ploidy analysis have
reported a high sensitivity to identify dysplasia and
EA from normal squamous esophagus and have shown
promise as biomarkers of progression [14,45,46]. Clin-
ical applications of cancer risk stratification biomarkers
could greatly facilitate the transformation from treat-
ing established disease to a future based on the NIH
three “p”s, prediction, prevention and personalized
medicine. This manuscript characterizes the analyt-
ic performance of a SNP-based platform compared to
the validated STR-based LOH biomarker. The single-
platform SNP-based LOH panel provides a frame-
work for moving along the translational continuum
(http://www.cancer.gov/trwg/TRWG-definition-and-
TR-continuum) toward late translation including cre-
ation of mutually beneficial industry partnerships, and
device development. In addition, this single-platform
LOH device may be further developed for multi-center
studies or to assess entry criteria for randomized cancer
prevention trials.

LOH is a common somatic genetic abnormality in
solid tumors and many precancerous conditions [8,9,
15,17,22,27,28,33] The TP53 and CDKN2A/ARF loci
are two of the most common targets for inactivation in
human cancers associated with LOH [32,43,47,48]. In

additionto 17p and 9p LOH in BE, several longitudinal
studies have reported that detection of selected LOH in
premalignant tissues can identify patients at increased
risk for future progression to cancer, providing a win-
dow for early detection and prevention. For example,
several longitudinal studies of oral leukoplakia have re-
ported that selected LOH involving 3p, 4q, 8p, 9p, 11q,
and 17p can predict progression to cancer [24,29,44].
The majority of these studies have been based on STR
microsatellite repeats that are not amenable to emerg-
ing high-throughputtechnologies. The approaches pre-
sented in this manuscript may be applied to any target-
ed chromosomal region and thus transforms a research
assay into a clinical platform.

Most biomarker studies of LOH have been generat-
ed by amplification of STRs. However, the majority
of biorepositories contain only formalin-fixed paraffin-
embedded samples, which are not ideal for PCR am-
plification using STR loci. In addition, STRs have
been shown to be problematic with low levels of input
DNA [12] or degraded DNA [19]. Sample preparation
for STR analysis is a multi-step process with differ-
ential amplification efficiencies, multiple sample ma-
nipulations, and multiple PCR reactions. The SNP-
based protocol developed in this manuscript recom-
mends 0.5 ng DNA (roughly 70 cells) per SNP assay.
We have determined that the pyrosequencing technol-
ogy provides accurate genotypes when using far less
input DNA and amplification efficiency with SNPs has
improved compared to STRs across samples derived
from a variety of sources, such as DNA from fresh-
frozen, FFPE, and surgical resection specimens. No al-
lelic drop-off was detected down to as low as 0.015 ng
input DNA with different types of input constitutive
control DNA (fresh/frozen or FFPE). For DNA from
fresh/frozen tissue, the percent passing genotypes re-
mained high down to 0.03 ng (4-5 cell equivalents)
(Table 3). Experimental variables inherent in PCR may
affect pass rates, but even with reduced pass rates, the
genotypes produced are robust, with 99% of genotypes
matching across different PCR annealing temperatures
and only minor variation in allele ratios of < 3.4% CV.
Pyrosequencing provides an internal sequence control
to gauge the quality of the sequence across different
SNP assays. Each individual SNP assay has built-in
quality controls to ensure the accuracy of the genotype.
Pyrosequencing is user-friendly, quickly mastered, and
does not require extensive technician training. In addi-
tion, the pyrosequencing instrument is FDA-approved
as a class 1 clinical device.

Pyrosequencing has been used to demonstrate the
ability to translate a research-based biomarker into a
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clinically compatible SNP-based assay for patient use.
Other alternatives to pyrosequencing could include
mass spectrometry, Tagman-based allelic discrimina-
tion, whole genome SNP arrays, and micro-bead flow-
cytometry. Considerations for alternative technologies
include flexibility to modify the SNPs being assayed
in each protocol, expense and expertise required for
devices, and cost. High-throughput whole genome
SNP-based array genotyping technologies such as Il-
lumina and Affymetrix genotype indiscriminately, pro-
viding results for non-targeted areas of the genome,
which poses the problem of obtaining genetic infor-
mation unrelated to the clinical condition being ad-
dressed. Extensive genotyping of SNPs on constitu-
tive DNA may reveal information about susceptibility
to diseases, of which a patient would not have provided
consent to be evaluated. In addition, high density SNPs
in somatic samples likely will identify sub-diagnostic
events which could lead to over-diagnosis by clinicians.
Micro-bead flow-cytometry (Luminex xMap) has been
shown to be comparable to pyrosequencing [7].

Pyrosequencing is a flexible, robust, quantitative
SNP-based platform for genotyping. However, it re-
quires informative (heterozygous) SNPs to give LOH
results. It has been reported that high-density SNP
platforms have been used for LOH without the use of
a paired constitutive control [3,31]. However, control-
ling for constitutive copy number variations and de-
tecting small, somatic genetic events requires a paired,
constitutive control. Copy number alterations includ-
ing copy gain are important alterations in BE and may
require a platform which interrogates more SNPs to ac-
curately detect the significant regions of chromosome
instability that are predictive of progression or have a
high sensitivity and specificity to detect current EA [25,
46] While it is possible to derive absolute copy number
at specific loci using pyrosequencing, this technique
relies on a diploid genome and determination of copy
number is problematic in the setting of chromosomal
instability [38,49]. This LOH panel was designed to
detect the relative copy number of alleles. SNPs were
selected to be both intragenic to CDKNZ2A and at loci
along chromosome 9p and this panel identifies both lo-
calized and chromosome arm LOH events, from which
homozygous deletion data can be derived. It has been
shown that localized homozygous deletions spanning
CDKN2A/ARF and other loci are common in BE [39],
but the importance of these events as biomarkers of
future EA risk is unknown [31].

The LOH panel is intended to be applied to endo-
scopic clinical samples with results available for pa-

tient care management. This panel is designed such
that all SNPs for control and biopsy samples from a
single individual can be evaluated simultaneously on a
single reaction plate. This universal-plate design also
reduces the possibility of cross-patient contamination
by allowing LOH assays for single individual to be run
on one reaction plate. We have shown that this SNP-
based LOH platform replicates previous STR-based
LOH biomarkers of cancer risk. The approach used to
design and test this SNP panel demonstrates translation
from a research-based assay to a clinically compatible
platform. The SNP panel can be incorporated as part
of cancer risk stratification in multi-center validation
studies or to assess entry criteria for intervention studies
and clinical trials.

4. Materialsand methods
4.1. Samples

155 constitutive control DNA samples extracted
from normal gastric biopsies (taken below the di-
aphragm, approximately 45 cm from the teeth) from
128 patients enrolled in the Seattle Barrett’s cohort was
used for assay development and optimization and to
serve as a paired reference for LOH detection in BE
tissue. DNA was derived from different tissue sources
including fresh-frozen endoscopic biopsies (n = 225),
surgical resection samples (n = 138), EDTA isolat-
ed BE epithelium (n = 54) [9] and microdissected
BE epithelium from formalin-fixed paraffin-embedded
(FFPE) endoscopic biopsy sections (n = 46). DNA
from fresh frozen biopsies was extracted using either
standard phenol/chloroform or the Puregene DNA Iso-
lation Kit (Gentra Systems, Inc. Minneapolis, MN).
DNA from FFPE sections was extracted using the Frank
method [13]. The Seattle Barrett’s Esophagus Study
was approved by the Human Subjects Division of the
University of Washington in 1983 and renewed annual-
ly thereafter with reciprocity from the IRB of the Fred
Hutchinson Cancer Research Center (FHCRC) from
1993t0 2001. Since 2001, the study has been approved
annually by the IRB of the FHCRC with reciprocity
from the Human Subjects Division of the University of
Washington. These experiments were undertaken with
the understanding and written consent of each subject,
and the study conforms with The Code of Ethics of the
World Medical Association (Declaration of Helsinki),
printed in the British Medical Journal (18 July 1964).
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4.2. S\NP PCR

The SNP PCR reactions were all performed on ge-
nomic DNA from fresh/frozen and FFPE samples with
varying input amounts ranging from 0.002 ng up to 6 ng
per reaction, depending on the particular experimen-
tal variable being tested. PCR conditions consisted of
10X PCR Buffer with no MgCl, (Applied Biosystems),
25 mM MgCl; (final 1.5 mM) (Applied Biosystems),
10 mM dNTPs (Roche), 1.25 U Amplitag Gold (Ap-
plied Biosystems, cat#N808-0243), and 10 uM of both
forward and reverse primers, for a final volume of 25ul.
Thermocycling conditions were 94°C for 15 min, fol-
lowed by 95°C for 15 s, 57°C for 30 s, and 72°C for
15 s, for 45 cycles, and a final extension step at 72°C
for 5 minutes. All SNP assays were completed under
the same thermocycling conditions. For mixing exper-
iments, constitutive control DNA derived from fundic
samples was combined in increasing increments with
flow-cytometrically purified aneuploid DNA from the
same patient [16,37]. Six test samples from six patients
were created by mixing together one constitutive con-
trol gastric and one aneuploid sample from the same
patient in 0, 10, 25, 50, 75, 90, and 100% constitutive
control to aneuploid ratios. 6 ng of each mixture was
used per SNP reaction.

4.3. Amplification of STR polymor phisms

Fresh samples were amplified with Primer Extension
Preamplification (PEP) according to an established pro-
tocol [4]. In mixing experiments, samples were am-
plified using three STRs on chromosome 9 (D9S1121,
D9S925, D9S935) and four STRs on chromosome 17
(D17S1537, D17S786, D17S974, TP53VNTR). For
comparisons between SNPs and STRs, we used the
same STRs for LOH assessment as in the previously
described 10-year prospective study of BE [16]. Fixed
samples were amplified from genomic DNA without
preamplification. For standard genotyping, a mini-
mum of 50 relative fluorescent units (RFU) was re-
quired for defining a peak by the manufacturer (Ap-
plied Biosystems Genotyper v3.7). To accurately call
LOH in a mixed cell population, STR genotypes for
non-informative samples with only one allele were de-
fined as passing if the peak was > 50 RFU. For infor-
mative samples with two alleles, passing was defined as
both alleles being above > 50 RFU and for informative
samples with LOH, at least one allele must be > 125
RFU.

4.4. Template preparation for pyroseguencing

Either the forward or reverse PCR primer was bi-
otinylated on the 5° end to select a single-stranded tem-
plate for pyrosequencing. 10ul of the PCR product was
combined with 2ul of Streptavidin-Sepharose High Per-
formance beads (GE HealthCare, Uppsala), 38ul Bind-
ing Buffer (Biotage), and 30ul molecular-grade water
for a total of 80ul, and then shaken for 10 minutes
on a shaker plate at 1400rpm. The Streptavidin beads
bind to the biotinylated primer to ensure single-stranded
DNA. The biotinylated PCR product was captured on
the probes of the Vacuum Prep Tool (VPT) (Biotage)
and remained on the VPT during the subsequent clean-
ing steps. The samples were washed in 70% EtOH and
0.2 M NaOH for 5 seconds each, and then neutralized
with Washing Buffer (Biotage) for 10 seconds. The
vacuum pressure was released and the VPT was placed
into a 12ul volume of 10 uM sequencing primer and
Annealing Buffer (Biotage) in a PSQ HS 96-well plate
(Biotage). Liquid retention allowed the ssDNA to be
released from the VPT probes. The template was an-
nealed to the primer by heating the plate at 80° for 2
minutes on a heat block with a top iron.

4.5. Pyroseguencing

Sequencing primers were developed using the PSQ
Assay Design Software (version 1.0.6) (Biotage). Py-
rosequencing was completed on the PSQ HS96A ma-
chine at room temperature, according to manufacturer’s
protocol. Pyrosequencing controls consisted of a No
Template Control, which lacked any DNA template and
was treated as a regular sample. This control revealed
any primer heteroduplexing that occurred between the
primers (since a free hydroxyl group on the 3 prime-end
can cause background peaks) and it also proved that
the PCR reagents were not contaminated with extrane-
ous DNA. Two water blanks were also run, including
one water blank that was carried through both the PCR
and the sequencing reaction, and one only through the
sequencing reaction. In order to validate the assays,
each time a new assay was initially tested, a Sequenc-
ing Primer Control (SPC) and a Template Only Con-
trol (TOC) were run. The SPC checks to see if there
was any duplexing with the sequencing primer because
the hydroxyl group may cause background noise. The
TOC tests whether or not the biotinylated ssDNA self-
primes. Passing genotypes were defined by exclud-
ing scores of “Failed” in either the Genotype or Allele
Quantification analysis setting using the Pyrosequenc-
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ing Analysis software (PSQ HS96A version 1.2, Bio-
tage) and having at least one nucleotide in the SNP with
a peak height > 50 relative luminescence unit (RLU),
which is more stringent than previously published min-
imum criteria of 20 RLU [36] or 30 RLU [51].

4.6. Satistical methods

4.6.1. Heterozygosity estimation and deter mination of
number of SNPs

In order to ensure that the heterozygosity rate calcu-
lation was accurately assessed in our samples, we de-
termined informativity in constitutive DNA of 93 pa-
tients for all 43 SNPs based on probability models de-
scribed previously [26]. The mean het rate of the final
selected SNPs in this study is 0.331; therefore 12 or
more SNPs in a given detection region would ensure
with 0.99 probability that there would be at least one
or more informative SNPs.

4.6.2. LOH measurement with STR and SNP

Out of the 463 samples from all sample types that
were genotyped, 404 samples had at least one infor-
mative STR and had genotypes for up to 43 SNPs.
330/404 samples had at least one informative STR and
at least one informative SNP on the same chromosome
arm. In these 330 samples, we compared the LOH
results (yes/no, see below) between the STRs and the
SNPs in two ways; regional by-SNP LOH and by-STR
locus LOH. First, since each STR can be associated
with multiple SNPs, we compared the regional by-SNP
LOH results between a specific informative STR, and
each single informative SNP associated with that STR.
274/330 samples had at least one informative SNP that
matched the corresponding informative STR. Second,
by-STR locus LOH includes data from one or more
SNPs (up to 10 SNPs per STR) which correlate to the
chromosomal location at + 1,500 basepairs from each
of the STRs previously evaluated as part of a biomarker
panel. For each informative locus if there is LOH for an
STR and LOH in any one of the corresponding SNPs,
the LOH results were counted as in agreement.

For each chromosome arm, only 225 fresh-frozen
endoscopy samples had the full set of 11 STRs and
34 SNPs (CDKN2A SNPs were not included in the
analysis as they did not have a complimentary STR).
We compared all STR LOH calls relative to all SNP
LOH calls on the same chromosome arm. The LOH
calls agreed if any one informative STR and any one
informative SNP had LOH, or if none had LOH. On
chromosome 9p, 197 out of 225 samples had at least

one informative STR and at least one informative SNP.
On chromosome 17p, 221 out of 225 samples had at
least one informative STR and one informative SNP.

For the STR-based LOH experiments, multiple con-
stitutive control samples from different human sub-
jects were genotyped at each locus and the ratio of
the peak signals of two alleles was calculated. Our
data showed that the distribution of allele ratios (log-
transformed) of each locus (from different human sub-
jects) satisfied normal distribution well. Therefore, for
a given locus (7) it had a locus-specific normal distri-
bution of allele peak ratio values with mean (m ;) and
standard deviation (s;) which was measured from dif-
ferent constitutive control samples. To evaluate the
LOH of somatic tissue at a specific locus i for a giv-
en patient, the ratio (r;) of two signal peak values
was calculated and log transformed. The p-value of
the sample that is normal (LOH no) is estimated as
pn=PZ>071)=1-0 (”;—;’”),where@ is
the cumulative distribution function of normal. The p-
value for LOH is estimated by 1 —p,,. Because multiple
loci were evaluated in the study, the p-values were ad-
justed [5] for multiple comparison with false discovery
rate to be < 1%. For SNP-based assay data, a SNP has
two types of normal distributions, homozygous allele
ratio and heterozygous allele ratio. These were calcu-
lated similar to the method above for STRs with slightly
different methods for p-value calculation. For a given
somatic sample, two p-values were calculated based on
two normal distributions as above: homozygous SNP
value distribution and heterozygous SNP value distri-
bution. The sample p-value p, = argmax(Phret, Prom )
where ppe; and ppo.n are the p-value calculated from
the two distributions (homozygous and heterozygous).
The p-values were also adjusted for multiple compar-
isons with the method described above. An informative
sample could be classified as LOH yes or LOH no when
ps > 0.01; occasionally, if p; < 0.01, the sample was
classified as LOH intermediate (partial LOH or allelic
imbalance).
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