1duasnueln Joyny vVd-HIN 1duasnueln Joyny vd-HIN

yduasnuey Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Hum Mutat. 2010 September ; 31(9): 1080-1088. doi:10.1002/humu.21322.

A custom 148 gene-based resequencing chip and the SNP
Explorer software: new tools to study antibody deficiency

Hong-Ying Wang?, Vivek Gopalan?, Ivona Aksentijevich3, Meredith Yeager4®, Chi Adrian
Mal, Yasmin Ali Mohamoud?, Mariam Quinones?, Casey Matthews#>, Joseph Boland4>,
Julie E. Niemela®, Troy R Torgerson’, Silvia Giliani8, Gulbu Uzel®, Jordan S. Orangel9,
Ralph Shapirol?, Luigi Notarangelo2, Hans D. Ochs?, Thomas Fleisher®, Daniel Kastner3,
Stephen J. Chanock®, and Ashish Jainl"

1 Laboratory of Host Defenses, National Institute of Allergy and Infectious Diseases (NIAID),
National Institutes of Health (NIH), Bethesda, Maryland, USA

2 Bioinformatics & Computational Bioscience Branch, NIAID, NIH, Bethesda, Maryland, USA

3 National Institute of Arthritis and Musculoskeletal and Skin Diseases (NIAMS), NIH, Bethesda,
Maryland, USA

4 Core Genotyping Facility, SAIC-Frederick, Inc., NCI-Frederick, Frederick, MD 21702

5 Division of Cancer Epidemiology and Genetics, National Cancer Institute (NCI), NIH, Bethesda,
Maryland 20892, USA

6 Department of Laboratory Medicine, Warren Grant Magnuson Clinical Center (CC), NIH,
Bethesda, Maryland, USA

7 Department of Pediatrics, University of Washington School of Medicine and Children’s Hospital,
Seattle, WA, USA

8 Department of Pediatrics and Angelo Nocivelli Institute for Molecular Medicine, University of
Brescia, Brescia, Italy

® Immunopathogenesis Section, NIAID, NIH, Bethesda, Maryland, USA

10 Division of Immunology, Children's Hospital of Philadelphia, Department of Pediatrics,
University of Pennsylvania School of Medicine, Philadelphia, PA, USA

11 Midwest Immunology Clinic, Plymouth, MN, USA

12 Children's Hospital Boston, Department of Medicine, Karp Research Lab, Boston, MA

Abstract

Hyper-1gM syndrome and Common Variable Immunodeficiency are heterogeneous disorders
characterized by predisposition to serious infection and impaired or absent neutralizing antibody
responses. While a number of single gene defects have been associated with these immune
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deficiency disorders, the genetic basis of many cases is not known. To facilitate mutation
screening in patients with these syndromes, we have developed a custom 300-kb resequencing
array, the Hyper-lgM/CVID chip, which interrogates 1576 coding exons and intron-exon junction
regions from 148 genes implicated in B cell development and immunoglobulin isotype switching.
Genomic DNAs extracted from patients were hybridized to the array using a high-throughput
protocol for target sequence amplification, pooling, and hybridization. A web-based application,
SNP Explorer, was developed to directly analyze and visualize the single nucleotide
polymorphism annotation and for quality filtering. Several mutations in known disease-
susceptibility genes such as CD40LG, TNFRSF13B, IKBKG, AICDA, as well as rare nucleotide
changes in other genes such as TRAF31P2 were identified in patient DNA samples and validated
by direct sequencing. We conclude that the Hyper-IgM/CVID chip combined with SNP Explorer
may provide a cost-effective tool for high-throughput discovery of novel mutations among
hundreds of disease-relevant genes in patients with inherited antibody deficiency.
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Introduction

Hyper-IgM syndrome is a rare primary immune deficiency disorder that is characterized by
low or absent serum IgG, IgA, or IgE antibodies and predisposition to recurrent infection in
infancy and early adulthood [Conley, et al., 2009]. Most Hyper-IgM patients have single-
gene defects in genes that are involved in the CD40-CD40LG signaling pathways, such as
CD40LG (MIM# 300386) [Allen, et al., 1993; Aruffo, et al., 1993], CD40 (MIM# 109535)
[Ferrari, et al., 2001], AICDA (MIM# 605257) [Revy, et al., 2000], UNG (MIM# 191525)
[Imai, et al., 2003b], and IKBKG (NEMO; MIM# 300248) [Jain, et al., 2001]. However,
additional disease susceptibility genes responsible for this disorder await identification
[Imai, et al., 2003a].

In contrast, common variable immunodeficiency (CVID; MIM #240500) is a relatively
prevalent disease (1:25,000) that is usually diagnosed in youth or adulthood [Conley, et al.,
2009]. CVID patients usually present with recurrent infections in mucosal tissues as
consequence of marked hypogammaglobulinemia. Mutations in T cell co-stimulators such as
ICOS (MIM# 604558) [Grimbacher, et al., 2003], or B-cell receptors such as CD19 (MIM#
107265) [van Zelm, et al., 2006], TNFRSF13C (BAFFR; MIM# 606269) [Warnatz, et al.,
2009], and TNFRSF13B (TACI; MIM# 604907) [Castigli, et al., 2005; Salzer, et al., 2005]
were found to be associated with CVID; however, the genetic basis of the majority of CVID
cases remains unknown.

Due to large genetic diversity and sporadic occurrence, direct mutation detection among a
number of candidate genes in clinically relevant gene sets and pathways is necessary to
pinpoint exact genetic defects for each Hyper-lgM/CVID patient. A common approach is to
re-sequence all candidate genes through traditional Sanger sequencing. However, despite
technological improvements the Sanger dideoxy sequencing remains laborious and costly
even for sequencing a limited number of genes [Pettersson, et al., 2009]. Although next-
generation sequencing technology may allow large-scale de novo sequencing due to its
capability of performing millions of parallel sequencing in one single run [Bentley, et al.,
2009], at the present time it requires substantial computational resources for sequence
analysis, and is therefore not a cost-effective way for mutation screening in a clinical setting.
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Compared with the two sequencing technologies described above, a resequencing array is
able to detect sequence variations in multiple genes simultaneously with high accuracy and
reproducibility, provided the reference sequence is available and tiled on the chip [Hacia,
1999]. Since data generated by a resequencing array do not require post-sequencing
assembly, post-array data analysis is relatively straightforward. So far, resequencing arrays
have been evaluated as diagnostics tools in many complex genetic diseases such as
amyotrophic lateral sclerosis (MIM# 105400) [Takahashi, et al., 2008], severe combined
immunodeficiency (SCID; MIM# 602450) [Lebet, et al., 2008], and hypertrophic
cardiomyopathy [Fokstuen, et al., 2008]. However, most of these studies were limited to a
simultaneous test of 30 genes or fewer. Cost-effective high-throughput protocols for
resequencing assays or user-friendly tools for resequencing and SNP (single nucleotide
polymorphism) data analysis are currently lacking, and their absence prevents the
widespread use of this technology for mutation screening in the diploid genome.

Based on the 300-kb array platform, we developed a custom DNA resequencing array called
the Hyper-IgM/CVID chip, which covers 148 genes implicated in T cell - B cell interaction,
NF-«xB activation, class-switch initiation, DNA repair, somatic hypermutation (SHM), or
gene set enrichment analysis from previous microarray studies in NEMO-deficient Hyper-
IgM patients [Jain, et al., 2004]. To facilitate mutation detection in a robust and high-
throughout manner, we developed a resequencing array assay protocol and a new web-based
data analysis tool — SNP Explorer.

Materials and Methods

Patient DNA sample preparation

Patients with Hyper-1gM or CVID were enrolled in NIAID IRB-approved protocol 006-
1-0049 with informed consent. Genomic DNA was extracted from patient blood using the
QlAamp DNA Blood Midi Kit (Qiagen, Valencia, CA). All patient DNA samples were first
screened for mutations in known disease-susceptibility genes including IKBKG, CD40LG,
and TNFRSF13B, at their original DNA collection sites. Thirty-four patient samples from
unrelated families with no detectable mutation in these genes were used in the resequencing
chip study. Seven DNA samples from healthy volunteers were also assayed on the chip to
evaluate array performance.

Hyper-IgM/CVID chip design

A 49-format Affymetrix resequencing array platform was used to construct the Hyper-IgM/
CVID chip (Table 1, full gene list in Supp. Table S1). The CustomSeq® Resequencing
Array Design Guide (www.affymetrix.com/support/) was strictly followed. In brief, the
“sequence file” was prepared by downloading FASTA format reference sequences (genome
assembly: NCBI36/hg18) containing only coding exons and 18 bp of flanking sequences on
either side of the exons from the UCSC genome browser (http://genome.ucsc.edu). All
repeats and cross-hybridized sequences were identified by either the RepeatMasker program
(www.repeatmasker.org) or BLAST search between the reference sequences and PCR
amplicons. An “instruction file” was then compiled with exclusion of any repeat sequence
and cross-hybridizing sequence larger than 9 bp. The final design of the Hyper-lgM/CVID
chip interrogates 1576 coding exons and 6 bp of intron-exon splicing sites from 148 genes
and is capable of sequencing 262,703 bases in double-strands (Supp. Table S1). The Hyper-
IgM/CVID chip is manufactured by Affymetrix (Santa Clara, CA).

Target DNA amplification, quantitation, pooling, and fragmentation

All primers were designed using Primer3 (http://frodo.wi.mit.edu/primer3/) with the Tm
generally set at 60°C and length at 25 nt. Two PCR conditions (for detail see Supp. Table
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S2) were adopted to produce approximately 800 amplicons ranging from 198 bp to 5 kb with
LA Taqg polymerase (Takara Bio, Madison, WI) on either a Veriti 96-well Thermocycler or
GeneAmp 9700 (Applied Biosystems, CA). Multiplex PCR involving two primer pairs were
also arranged between amplicons with size < 3 kb and with similar GC content, size, and
amplification efficiency. Approximately 10-20 ug of genomic DNA is required to amplify
all target exons in six 96-well plates with a 7-pl reaction volume. All primer sequences
along with amplicon sizes and PCR conditions are included in Supp. Table S3.

The complete schematic workflow of target sequence amplification, DNA pooling,
fragmentation, labeling, and hybridization is shown in Fig. 1. In detail, for high-throughput
DNA amplification, all primer pairs were pre-aliquoted by a Biomek FX robot (Beckman
Coulter, Inc., Brea, CA) into PCR plates. The PCR amplification efficiency of each
amplicon was tested for at least three different genomic DNA samples and determined by
electrophoresing 0.5 ul of each PCR product in a 1-2% agarose gel. Any amplicon showing
weak amplification was identified and re-amplified in supplemental primer plates with an
increased amount of the template DNA. Thus, for all weak amplicons PCR amplification
was conducted in both supplemental primer plates and along with the original set of primer
plates; The PCR success rate of each DNA sample was assessed by analyzing 0.5 ul of 25%
of all amplicons from each PCR plate on agarose gels. Plates with < 90% PCR success rate
were re-amplified with an increased amount of the template DNA. After PCR, the entire
volume of each PCR plate was pooled into one tube.

PCR products from each plate were purified using the QlAquick PCR purification kit
(Qiagen) and quantitated by a NanoDrop spectrophotometer (NanoDrop Technologies,
Wilmington, DE). Equal molar amounts of DNA from each pool were combined based on
total base pairs amplified per PCR plate and subjected to DNA fragmentation using DNase |
(Roche, Indianapolis, IN). The fragmentation reaction was conducted at 37°C for 15 minutes
with 0.08 U DNase | per ug DNA and inactivated at 95°C for 10 minutes. The efficacy of
fragmentation was checked on a 2% agarose gel. Under-fragmented DNAs (>100 bp) were
retrieved from the fragmented mix using YM-100 column (Millipore, Billerica, MA) and a
second round of fragmentation was conducted. The properly fragmented DNASs were then
labeled with Terminal Transferase from the GeneChip Resequencing Assay Kit
(Affymetrix) following the GeneChip® CustomSeq® Resequencing Array Protocol
(www.affymetrix.com/support/).

Resequencing chip hybridization and initial data analysis

Chip hybridization, washing, staining, and scanning were carried out following the
GeneChip® CustomSeq® Resequencing Array Protocol using GeneChip® Fluidics Station
450 and the GeneChip® Scanner 3000 (Affymetrix). The Affymetrix GCOS 1.4 and GSEQ
4.0 software were used for image and initial sequence analysis with default settings under
diploid mode except for quality score threshold, which was set at 0. Chip data from all DNA
samples were analyzed in a batch mode as a requirement of the resequencing array
ABACUS algorithm to produce reliable base calls. After that, the SNP sequences of each
DNA sample and base call assignment plus quality score value at each base position for all
samples were downloaded from the GSEQ for later SNP quality filtering and annotation.

SNP Explorer program design

This web-based visualization and analysis system was developed for post-GSEQ
resequencing data annotation and SNP data quality filtering
(http://exon.niaid.nih.gov/SNPexplorer.html). Several Perl scripts were written to handle
each task (Fig. 2a) using BioPerl and BioGraphics libraries. In detail, all coding sequences
(CDS) and intron/exon junction regions of the 148 genes, as well as known SNPs present in
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these regions, were obtained from the NCBI36/hg18 version of the human genome and
dbSNP annotations (build 130) in the UCSC genome database; The raw SNP sequence data
or raw sequence data with quality score downloaded from Affymetrix GSEQ software were
automatically aligned to the reference sequences based on the instruction file prepared
during the chip design phase and the header information provided for each SNP base;
Unmatched bases (except no call or “n” call) were identified as SNPs and displayed in the
SNP Explorer graphic interface together with cDNA position number, protein position
number, and amino acid substitution information. Nucleotide numbering throughout this
manuscript reflects cONA numbering with +1 corresponding to the A of the ATG translation
initiation codon in the reference sequence, according to the guidelines of the Human
Genome Variation Society (www.hgvs.org/mutnomen). The initiation codon is codon 1.

Additional SNP filters with pre-loaded quality control parameters based on GeneChip®
CustomSeq® Resequencing Array Base Calling Algorithm Version 2.0
(www.affymetrix.com/support/) were run at the same time to remove poor quality SNPs
resulting from PCR failure, cross-hybridization, or SNP footprint effects. In addition, all
novel SNP calls occurring in more than 12 samples (=30%) were removed to decrease the
false-positive rate. A simple search interface has been provided to select unfiltered or
filtered SNPs from all samples or partial samples. The selected SNP data are displayed in
both graphic presentation and table view (Fig. 2b). The SNP data can be exported into an
Excel file or as a GenBank format file for further analysis.

Dideoxy sequencing analysis

Selected DNA samples that harbor non-synonymous nucleotide changes in certain exons
identified by the chip were subjected to validation by direct sequencing. Each exon was
amplified from the same DNA sample, purified using the QIAquick PCR purification Kit,
and sequenced through a contract facility at SAIC (Frederick, MD). The sequence trace files
and their NCBI reference sequences were uploaded into Sequencher (V4.7, Gene Codes
Corp, Ann Arbor, MI) for alignment. All trace profiles at the base positions of suspected
SNP calls were visually inspected.

SNP effect analysis

Results

For all validated non-synonymous variant calls identified in patient samples, the predicted
SNP functional effects were calculated through an online program, Polyphen
(http://genetics.bwh.harvard.edu/pph/). In addition, for any variant call occurring in multiple
patient samples, the allele frequency was calculated by dividing the number of mutant
alleles by the total number of alleles in all patient samples and compared to the allele
frequency in a European population obtained from NCBI dbSNP build 131. The estimated
odds ratio, confidence interval, and P-value were also calculated through an online tool,
JavaStat (http://statpages.org/ctab2x2.html).

Improvement of assay throughput and reduction of assay cost by multiplex PCR and
multiple PCR and fragmentation steps

Enrichment of target sequences from genomic DNA is a necessary but time-limiting factor
for a large-scale resequencing project. A widely accepted method is to amplify target
sequences by PCR using specific primer pairs. However, highly variable amplification
efficiency due to sequence secondary structure, primer design, or template quality limits this
enrichment method and requires normalization of each amplicon before sequence detection.
Previous protocols for amplicon normalization require quantitation by a reliable dSDNA
quantitation assay and subsequent pooling of a desired volume of each amplicon by a
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programmable robot. This step has proved to be time-consuming and potentially inaccurate
due to the presence of non-specific and primer-dimer bands in any PCR reaction.

To reduce the number of PCR reactions and associated cost of reagents and primers, we
developed both short-range and long-range PCR conditions to amplify 1576 coding exons in
148 genes. Since some of our DNA samples had limited quantity, to further reduce reagent
cost and template DNA usage, multiplex PCR reactions involving two more primer pairs
were set up for certain amplicons with similar amplification efficiency (Supp. Table S3 and
Supp. Figure S1).

To eliminate the target amplicon normalization process and thereby reduce the overall labor
time of the resequencing chip assay, all weak amplicons identified during the initial QC
process were amplified twice in all samples to increase their percentage in the final target
DNA pool. Generally, up to 99% of target sequences were amplified in sufficient quantity
with this two-round PCR amplification scheme. Additional quantitation and normalization
of individual amplicons prior to array hybridization was not needed.

On the other hand, properly fragmented DNA is required for high-quality array
hybridization as under- or over-fragmented DNA may lead to weak or non-specific
hybridization signal. To ensure equal cutting of DNA fragments of different sizes while
avoiding over-fragmentation, a two-round DNA fragmentation strategy each operating at
sub-optimal conditions was employed. Under-fragmented DNA was separated after the first-
round of fragmentation and went through the second-round of DNA fragmentation reaction.
To sum up, with this improved amplification, fragmentation and hybridization protocol (Fig.
1), we achieved a base call rate > 99% for most of our DNA samples (Supp. Table S4).

Development of SNP Explorer tool and resequencing data analysis

To efficiently retrieve good quality SNPs from the large amount of resequencing array data
and to provide annotated information for each identified SNP, we developed the SNP
Explorer web application to perform all the post-GSEQ analysis.

Unlike other sequence alignment and annotation tools such as Sequencher and Lasagene,
SNP Explorer is specifically designed to handle the noisy sequence data produced by the
Affymetrix gene chips, which may contain too many “n” calls that prevent proper alignment
with reference sequences, and directly compares the SNP calls with known SNPs present in
the dbSNP database. The SNP Explorer includes implementation of a series of data quality
filters based on the GeneChip® CustomSeq® Resequencing Array Base Calling Algorithm
V2.0 (www.affymetrix.com/support/). In addition, we found that many novel SNP calls
were identified in multiple DNA samples but most of these could not be confirmed. This
probably indicates regions of poor hybridization or non-specific hybridization, or system
errors resulting from the chip fabrication. We therefore implemented another filter in the
SNP Explorer to remove novel SNP calls occurring in more than 30% of all test DNA
samples. After filtering, >90% bad-quality SNP calls resulting from PCR failure, cross-
hybridization, SNP footprint effects, or system errors, were automatically filtered out (Supp.
Table S4), allowing us to retrieve reliable SNP calls for dideoxy sequencing confirmation or
other downstream analysis. In summary, the SNP Explorer processes raw Affymetrix
resequencing data and provides general users with a simple graphic interface to visualize
SNP results before or after filtering and in one or more samples (Fig 2b).

Analysis of Hyper-lgM/CVID chip resequencing data from 41 DNA samples through GSEQ
and SNP Explorer resulted in the identification of an average of 300 sequence changes per
sample after data filtering (Supp. Table S4). This accounts for one SNP call per 900 bp, of
which 58% were novel SNP calls thus a higher sensitivity of novel SNP discovery is
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achieved. Due to resource and time constraints, we initially selected 272 variant calls (SNP
calls or “n” calls) identified mainly in patient DNA samples for dideoxy sequencing
validation. We focused on novel non-synonymous nucleotide changes with significant
amino acid substitutions, e.g., charged to non-charged or oppositely charged. In addition, if a
SNP call was validated in one sample, other samples with no call at the same base position
were also sequenced to avoid potentially missed SNP calls by the ABACUS algorithm
[Lebet, et al., 2008]. By this validation strategy, the false-negative variant rate was reduced
to 6.4% within the validated PCR amplicons (excluding “n” calls) (Table 2). This result was
comparable to other similar reports regarding the performance of resequencing array
[Kothiyal, et al., 2010]. Upon further examination of these false-negative SNP calls, we
found that about two-thirds were low-quality reference calls (Quality Score < 3) and about
89% of them matched known dbSNPs. On the other hand, about 51% of variant calls were
confirmed to be false positive. Interestingly, 92.8% of known dbSNPs identified by the
resequencing chips were confirmed to be true; in contrast, only 10.9% of novel SNP calls
were correct (Table 2). This indicates that for any novel variant call identified by the
resequencing array, validation by an independent technology is essential. The higher false-
positive rate of a resequencing chip assay is likely due to DNA sample quality, hybridization
noises, or data analysis related issues.

Identification of disease-susceptibility genes and disease-associated SNPs by
resequencing chip assays

Based on dideoxy sequencing results prior to resequencing chip assays, all of the samples
tested on the Hyper-IgM/CVID chip were considered negative for mutations in known
disease-susceptibility genes including IKBKG, CD40LG, and TNFRSF13B. However, we
still identified several causative mutations and disease-associated SNPs that involved these
three genes in seven patients (Table 3), suggesting a significant rate of mis-diagnosis by
routine sequencing tests. Interestingly, we found that three of these seven patients
demonstrated a combination of rare nucleotide changes occurring in two known disease-
susceptibility genes, e.g., [c.62C>G, p.P21R] in TNFRSF13C and [c.655G>A, p.G217R] in
CDA40LG. Although possessing one of these variants was not confirmed to be the causative
mutation of Hyper-IgM or CVID [Lee, et al., 2005;Losi, et al., 2005], it is still possible that
the presence of concurrent mutations in both genes may eventually block the activation of B
cell class-switch recombination pathways, a hypothesis that awaits future experimental
confirmation. Other mutations or disease-associated SNPs in known disease-susceptibility
genes such as AICDA and TNFRSF13C were identified in six other patients and
subsequently confirmed by dideoxy sequencing (Table 3). In addition, we found that one
patient’s DNA sample consistently failed hybridization for the AICDA gene, which was later
found to be due to a large genomic deletion disrupting the whole AICDA gene (data not
shown). In total, we identified disease-causative or contributory variants for antibody
deficiency in 41% (14/34) of patients.

To identify additional disease-associated sequence variants, we evaluated the allele
frequencies of validated SNP calls identified only in the patient group but not in the seven
healthy controls, and compared them to the frequencies of an European population reported
in dbSNP, since most of our patients are Caucasians. We found that the allele frequencies of
two SNPs (rs33980500:G>A, p.D19N; rs13190932:C>T, p.R83W) of the TRAF3IP2 gene
(MIM# 607043) were very low (< 0.1) in the reported European population, but were
significantly increased in our patient group with estimated odds ratio >2 (Table 4).
TRAF3IP2 has been shown to be a negative regulator of CD40LG and TNFSF13B (BAFF;
MIM# 603969) mediated signaling pathways [Qian, et al., 2004] but a key positive regulator
in IL-17 signaling pathways [Liu, et al., 2009]. The amino acid changes (D19N and R83W)
are both located in the N-terminal part of TRAF3IP2 protein. Although this region was not
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shown to bind to IKK comple, it is required for TRAF3IP2-induced NF-«B activation
[Mauro, et al., 2003] and therefore mutation in this region could affect the activity of
TRAR3IP2. Future large-scale screening of these potential disease-associated SNPs in a
larger cohort of patients with antibody deficiency, combined with functional studies, may
reveal the disease mechanism for certain types of Hyper-lgM/CVID.
Discussion

To date, we have successfully applied the Hyper-IgM/CVID chip to screen 34 patients and
seven healthy donors. A total of 10,651,393 bp from 41 DNA samples was sequenced during
the course of this study with a mean nucleotide call rate of 99%. As a first step toward our
goal of discovering novel mutations, we have developed a high-throughput microarray-
resequencing assay through the stages of array design, assay development, and effective data
analysis by GSEQ and SNP Explorer.

The new resequencing assay protocol is more robust and of higher throughput than the
standard resequencing array protocol but still retains sufficient sensitivity and specificity for
99% of target sequences. Generally, the complete assay of 148 genes for one patient sample
from PCR amplification to data reporting takes only 3 to 4 days. Several DNA samples
could be processed together depending on the number of available PCR instruments, which
further reduces assay cost. Although there is a one-time mask fee of ~ $35,000 required by
the manufacturer to design a new resequencing chip, once the photolithographic mask for
the chip is made, any subsequent chip order costs ~ $300 to $500 depending on the order
quantity. We calculate that < $1000 ($300 chip + $400 reagent costs) is sufficient to conduct
one resequencing assay in 3.5 days, whereas dideoxy sequencing requires at least 30 plates
to sequence 1576 exons in 2x coverage, which may easily add up to > $5,000 per patient
(based on the current sequencing price of at least $150 per plate and $500 for PCR reagents
and clean-up per sample). Therefore the resequencing chip assay represents a cost reduction
of at least 4 to 5-fold, even including the cost of final sequencing confirmation.

Since the current PCR protocols did not eliminate the sequencing bias associated with
primer design such as rare mutations within the primer region and variable amplification
efficiencies for different templates, improvement of the sequence enrichment protocol may
increase the robustness and accuracy of resequencing assays. Several groups [Albert, et al.,
2007; Bau, et al., 2009; Okou, et al., 2007] reported a universal sequence enrichment
method involving sequence-capture microarray in which thousands of array-fixed sequence-
specific probes were used to retrieve targets from a pool of fragmented genomic DNA. The
retained target sequences were then amplified by universal PCR and detected on either gene
chip [Okou, et al., 2007] or next-generation sequencing platforms [Albert, et al., 2007; Bau,
et al., 2009]. We are currently evaluating several sequence capture technologies and may
incorporate one of these into our next resequencing assay system.

Compared with data generation by chip hybridization, data interpretation without an
appropriate annotation tool could be very time consuming. The development of SNP
Explorer dramatically reduced the data analysis time previously associated with
resequencing chip assays. Since the structure of the SNP Explorer is flexible and open, other
data filters for the resequencing assay could be easily built in once a better data analysis
algorithm for the resequencing assay has been developed. In addition, although the SNP
Explorer was initially designed for the Hyper-IgM/CVID chip study, it can be quickly
modified for other resequencing array platforms or even next-generation sequencing
platforms. In fact, the integration of next-generation data into the SNP Explorer is currently
underway in our laboratory. Upon completion, the SNP Explorer will undoubtedly facilitate
sequence analysis in any large-scale mutation screening studies.
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Besides identification of several known causative mutations in known disease-susceptibility
genes, we have also validated rare nucleotide changes in other genes not previously
associated with Hyper-IgM/CVID in some patients (data not shown). We are currently
evaluating the pathogenic significance of these sequence variants in other studies. Thus, our
findings indicate that resequencing chip assays can be used efficiently to identify both
known and novel mutations in a large number of candidate genes.

Nevertheless, the recent rapid advancement of next-generation sequencing technology poses
a significant challenge to resequencing applications on an array platform. To take advantage
of this technology trend, we have conducted a test run of mutation screening by the 454-
platform using five amplified DNA products that were previously screened by the Hyper-
IgM/CVID chip. The final results were not encouraging due to the following factors: 1)
more sophisticated target sequence enrichment and normalization protocols beyond the ones
practiced in this paper are required for effective pyrosequencing as unbalanced target
representation and sequencing bias toward 3’ end were found for many target regions; 2) the
average sequence coverage was 10x, therefore fewer reliable SNP calls were identified since
coverage above 20x is required [Bentley, et al., 2009]; 3) there is a lack of user-friendly
tools for mapping and SNP identification, therefore the vast amount of sequencing data
generated per run requires significant further bioinformatics analysis; 4) the cost of one
sequencing run in a Roche/454 Instrument ($9K per run) was much higher than that of the
resequencing chip. Further reduction in the cost of target amplification and sequencing
chemistries, as well as improvements in data analysis tools are necessary for next-generation
resequencing to become widely adopted for molecular diagnosis.

Taken together, our data show that mutation screening by resequencing microarray
technology is an important tool for the molecular delineation of B cell immune deficiency.
As mentioned, the basic defect inherent in these disorders is an inability to generate
neutralizing antibody responses that predisposes the host to infection. However, as is the
case with other monogenetic disorders, there is significant clinical variability among siblings
and other affected family members with a defined gene defect, thus clearly other genetic loci
must be involved. The Hyper-IgM chip, combined with the SNP Explorer program, may
offer a cost-effective mutation-screening tool to identify additional genetic modifiers that
contribute to disease severity. In addition, our Hyper-lgM/CVID chip contains a significant
number of genes involved in the activation of NF-kB pathways. Some mutations in these
genes may result in a gain of function or loss of function that actively regulates cancer
development and progression. For example, gain-of function mutation in REL [Pfeifer, et al.,
2007] and loss of function in TRAF3 [Keats, et al., 2007], which result in increased
transcription of NF-«xB targeted genes, are associated with chronic lymphocytic leukemia
and myeloma, respectively. Thus the tools we have created could also be useful in the
molecular delineation of B cell malignancies or other related diseases. We expect that
evaluation of resequencing assays with Hyper-lgM/CVID chip and the SNP Explorer tool
for such applications will be conducted in the near future.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The Schematic Workflow of Target Sequence Amplification, Pooling, and Hybridization for
the Resequencing Chip Assay. Note that a two-round amplification strategy was applied for

all weak PCR products and two-round fragmentation steps were applied to target sequences

with variable amplicon lengths to improve fragmentation efficiency and uniformity.

Hum Mutat. Author manuscript; available in PMC 2011 September 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Wang et al.

Page 14

Segments of 148 Re-Sequencing Results
Candidate Genes From Patient Samples

Seript 1
Map Segments & Re-Sequencing
Results to UCSC Genome.

UCSC Human
jenon atabasq
(Mapped with

SNPdb data)

Seript 3
Web Application

Affymetrix-Recommended
Post-GSEQ Filters
Y

Identify Novel SNPs and
Evaluate Quality of
Re-Sequencing Array Results

Fig 2a

Sorting Options
lect the data to be
ically displayed

ical
list of all
genes in the
analysis.

Clickona
gene (o vies
the SNPs

within it and
among all of | £
the samples

Fig 2b.

Figure 2.
Overview of the Web-Based Tool, SNP Explorer for Resequencing Array Data Analysis. (a)
The data process workflow of SNP Explorer. (b) Graphic presentation of SNP Explorer.

Hum Mutat. Author manuscript; available in PMC 2011 September 1.



Page 15

Wang et al.

NIH-PA Author Manuscript

8vT [elo L

918 ‘2113d ‘2OLYD ‘THVIS Le s1Y10

9ETASANL ‘6TAD “OETASYANL ‘TdXO4 ‘0,AD MN1G ‘SXVd 6 wawdolanap |[99-g
V6,00 ‘TdEX ‘VHSIN ‘€T4SANL ‘GETASH-NL ‘SODI €T Aoustanyapounuiwi

NEN ‘ONN ‘YadIv ‘vav ‘vd24dx ‘910vad ‘'0vad €e lredal VNQ/WHS ‘UoNMS-Sse[D

TMZdVIN ‘TAD ‘€708 'OMaMI ‘TaXMHN V13 99 Remyyed g3-4N

sauan) anneyuasaiday

Sau99) JO JaquinN

skemyred

diyd AINAD/INBI-18dAH uo sauas) ajepipue JO UOIEIIISSe|D

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Hum Mutat. Author manuscript; available in PMC 2011 September 1.



Page 16

Wang et al.

‘sabueyo pioe
oulwe snowAuouAs-uou 0} peaj asayl Jo Auel “uonepifen Buiouanbas Axoapip 03 pa1oalgns atam sAesse diyo Buiouanbasas Ag dnoub juarred ayy ur Ajurew paiiuapl (S||ed ou 10 dNS) S|[ed JUBLIBA PalIs|as

%8€"9 9yl aAIyeBau-as|e) Juelle A
%Ly’ TS alel aAnIsod-as|ey JueLieA
6 orT €T cle |e101
T %06°0T TET 97 yA4" SdNS 8.1el 10 |sAON
8 %08°¢6 6 9TT 1A SANSQP umou yaren

(aseq 9oUBIBya4 SB P3|[D) SIIBD dNS PSSSIN - 9%SI[8D dNS PWAUOD  PaWAJU0d-1ON S|[eD  PaWU0D S|[eD dNS  S|[eD paleplfeA [exol  Aiobe1e) |[eDd ueliep

S|[eD JueLeA pajepl|en-AX0apId Ul SANS [9AON Uy UMOUY JO uonnqLisia
¢?olqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Hum Mutat. Author manuscript; available in PMC 2011 September 1.



Page 17

Wang et al.

"DETASYANL Ul ueLeA [4Tzd d '9<D29°2] paureiuod osfe . Yum sajdwes

“(Juy-gps|Basiigp/Bao°sABy mmmy/:diy) sesegereq uoieIniA 214199ds snoo ayy Ul Juasaid ase a1ay pariodal
suoIeINW ||V "99Uanbas a2Us1a)a4 dY1 Ul UOPOI UOKE.IIUI UoKRISUR) 91V a4 JO v ay) 01 Buipuodsariod T+ yum Burisquinu N 108148 Bulisquinu apnosjonN ‘(ydd/nps:preatey ymasaonaush/:dny) usydAjod wolj paureiqo aam 19a448 dNS palolpald pue 8109s usydAjod syl

T :SINS PareIdosse-aseasip 10 suoleINW aAlresned Yim syuaijed e1o |
8106Az019)8H ‘dNS [200z “|e 18 ‘192]eS] QIND T BuiBewrep Ajqissod 8T o0zdd 1<0852 _
_ o (2'26v2T0 NN '1OV1) 9ETASHANL
8106AzoI818Y ‘UOHERINA [S00z “|e 18 ‘18Z]eS] QIND T Buibewep Ajqeqoid 1.6€ ZTylGSpest  dy0TO'd  O<10T€D
8 ubiueg 9/€T dtedd 9<0790 _
[S00z “Ie 19 107] AQIND (2576250 NN "Hd44vd) OETASHANL
$8106Az04818y punodwod :+ :s8106Az04818Y BIE ||’ {dNS +C Buibewep Ajqeqold 2802 99/9G/T9S1  ABSTHd 1<0G/79
a[ewsay ul 8)0BAzoIs18Y ‘UoNEINIA [8002 “[e 18 ‘Nes] WBI-1edAH T ubiueg 280'T NETTaQd  Vv<9D/EED (€°6€9200 N ‘OINEN) OMEMI
Buibewep Ajqeqoid G8T'C 35219d  W<OpLE0 _
s9106Az04818Y punodwod ‘uoneinin [G00z “Ie 10 ‘007] INBI-1odAH T (T'T99020 WN) YA2IV
Buibewep Ajqeqoid T9€€ ozITdd  1<OpEeo
$0106AZ01319Y 318 OM} 'dNS [s00z “[e 10 '9971] NBI-40dAH *€ ublueg o't H6T29d V<9659 _
(2720000 NN) ©107A0
uoneInw ays buioids [c00z “1e 18 ‘9971] INBI-19dAH T V<OT+91€0
10 uoIeId0SSY sa|dwes 19933 dNS 81023 abueyd abueyd (basjay ‘awen)
0N aseasig 10 JaquinN paloIpaid uaydAjod ardns u1s104d EJILETRIAIN] |0qWIAS BUsD

diys QIND/NBI-18dAH Ag sejdwes WNQ 1uslied Ul palyusp| SUOIEINIA IO SANS Pa1RI0SS\/-8sessid Palos|es
€ 9lgel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Hum Mutat. Author manuscript; available in PMC 2011 September 1.


http://genetics.bwh.harvard.edu/pph/
http://www.hgvs.org/dblist/glsdb.html

Page 18

Wang et al.

“(Jwy gxzaela/bio-sabiedyels//:dny) j001 sutjuo ue ybnoayy parenajed

819M BN[eA-d PUB ‘[eAISIUI 9UBPIJUOD ‘O11Rl SPPO 8y L “(/ydd/npa*paeAtey ymg sonausby/:dny) usydAjod Woly paurelqo a1am 198448 dNS ParoIpald pue 8100s usydAjod 8y “sajdwies Juaied |[e ui sa|s|[e Jo
Jaquuinu 101 8y} Aq a|3]1e JueINW 40 Jagquinu ay) BuipiAlp Ag parejnojes sem dnoB juaired ur Aouanbaly 81811V "TET PIING NSAP 19N WOy paurelqo aiam uoneindod ueadoin3 ui saiousnbaly afa|[e JUeLeA

8000 €08'G 0} /ST'T Woyy 4 %Y'1Z %S'6 Buibewep Ajqissod v19°T NeTad Zdledvdl  V<9:005086€€54
€000 GS'PT 01 6/€'T WOJY S6v'Y %EET %E'E BuiBewep Ajqeqoid 15T MegYd Zdledvdl  1<D:Ze606TETSI
hmﬂ% uonejndod
anjen-d  [eAdslu] d0USPIJU0D 04G6  OlleY SPPO dlewnnsy ul .mmhu_ adoan3 109143 dNS pa1Ipald  9409S uaydAlod  8bueyd uislodd  |oqWIAS BusD al dNS
: ul "bauH a9
EIE\ :

NIH-PA Author Manuscript

siuaired AQIAD/WDOI-18dAH ul Aouanbai ajo||v pasealou] YUAA SANS UMOUS]
v 9algel

NIH-PA Author Manuscript NIH-PA Author Manuscript

Hum Mutat. Author manuscript; available in PMC 2011 September 1.


http://genetics.bwh.harvard.edu/pph/
http://statpages.org/ctab2x2.html

