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Abstract/Synopsis

Recent technological advances in Next Generation Sequencing (NGS) methods have substantially
reduced cost and operational complexity leading to the production of bench top sequencers and
commercial software solutions for implementation in small research and clinical laboratories. This
chapter summarizes requirements and hurdles to the successful implementation of these systems
including 1) calibration, validation and optimization of the instrumentation, experimental
paradigm and primary readout, 2) secure transfer, storage and secondary processing of the data, 3)
implementation of software tools for targeted analysis, and 4) training of research and clinical
personnel to evaluate data fidelity and interpret the molecular significance of the genomic output.
In light of the commercial and technological impetus to bring NGS technology into the clinical
domain, it is critical that novel tests incorporate rigid protocols with built-in calibration standards
and that data transfer and processing occur under exacting security measures for interpretation by
clinicians with specialized training in molecular diagnostics.
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1. Introduction

The development of massively parallel sequencing, also known as Next Generation
Sequencing (NGS), has provided both basic and clinical scientists with the opportunity to
carry out whole genome sequencing in a manner previously restricted to genome centers
performing large scale sequencing projects or developing novel sequencing technologies.
NGS methods have largely replaced its predecessor, Sanger dideoxynucleotide capillary
sequencing, for research purposes based on greater throughput, faster readout, decreased
cost per nucleotide base identification and ease of use. Massively parallel paired-end
sequencing (MPS) allows for the unprecedented global assessment of interchromosomal
rearrangements while simultaneously interrogating single nucleotide substitutions (also
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called single nucleotide variants or SNVs), copy number variants (CNV), insertions/
deletions (indels) and other structural variations (1). Discovery of novel SNVs using Next
Generation Sequencing today still requires validation via Sanger methods since the trade off
in generating so many parallel short templates using the polymerase chain reaction (PCR)
during library construction and DNA polymerase during MPS is loss of accuracy. NGS
platforms have approximately 10 fold higher error rates (1 in 1,000 bases at 20X coverage)
versus Sanger sequencing (1 in 10,000 bases) (1-3). While variant call accuracy matching
Sanger sequencing has been predicted at 20 fold read depth per base for NGS platforms,
empirical studies indicate that average read depths exceeding 100X and potentially as high
as 1000X are required for use of these platforms as an independent discovery tool of novel
targets even under ideal conditions (1-3).

Next Generation platforms differ from each other predominantly in their methods of clonal
amplification of short DNA fragments (50 to 400 bases) as a genomic library template and
how these fragment libraries are subsequently sequenced through repetitive cycles to
provide a nucleotide readout (2-4). The dominant NGS whole genome platforms are the
Life Technologies SOLID (Life Technologies Inc., Grand Island, NY), Roche 454 (Roche
Diagnostics Inc., Indianapolis, IN) and lllumina systems (Illumina Inc., San Diego, CA).
The SOLID and 454 systems rely on emulsion PCR to densely decorate beads (SOLID: 1
micron; 454: 28 microns) with monoclonal DNA templates followed by ligation sequencing
or pyrosequencing, respectively, to provide a base readout. The Illumina system utilizes
bridge PCR to amplify templates in discrete monoclonal clusters attached to the surface of a
flow cell followed by reverse termination sequencing to define individual base
incorporation. These platforms vary in performance characteristics and cost and each offers
advantages for different sequencing applications such as de novo assembly versus the
mapping of structural variants; but they perform comparably at saturating sequencing
coverage (2-4).

The instruments, dedicated servers and computational tools required to perform whole
genome sequencing using NGS methodology have become progressively more affordable
and available through continual technological refinements since completion of the Human
Genome Project. The cost of instrumentation for DNA library preparation and sequencing of
whole genomes along with the computational power for data processing, transfer, storage
and analysis now fall within the price range of academic institutional core facilities ($600K
to $1M). Smaller, less expensive instruments capable of whole exome and targeted
resequencing have recently been developed for “research use only” (RUQ) applications in
individual research labs and are being avidly marketed to clinical labs (<$200K). The cost of
sequencing “per base” has plummeted from the estimated 2.7 billion dollar cumulative price
tag of the first genome draft sequence published in 2001 to commercial sequencing costs of
$5,000 for an entire genome in 2010 (2-5). At the same time, the scope of sequencing has
expanded from delineation of the prototypical whole human genome to characterization of
the personal genome for individualized medicine (5, 6). In particular, genomic sequencing is
expected to make a preeminent contribution to diagnosis and treatment of cancer since
tumors derive from somatic DNA lesions that occur sporadically in tissues or through de
novo germ line changes. Carefully designed NGS studies allow characterization of multiple
modalities of genomic structural alterations in cancer while providing sufficiently deep
coverage to identify single base mutations in heterogeneous specimens (7). Translation of
these discoveries into the clinical domain could subsidize a new generation of diagnostic
tests. For example, important challenges regarding cancer diagnostics that can be effectively
addressed using whole genome sequencing are 1) identification of DNA biomarker regions
for early diagnosis of various tumor classes, 2) delineation of genomic changes underlying
the mechanisms of tumorigenesis, and 3) pretreatment specification of personal genomic
alterations to validate tumor susceptibility to targeted molecular therapies.
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2. Bench Top Instrumentation

Technical refinements in emulsion PCR methods, smaller flow cell size, faster microfluidics
and reduced imaging time have improved NGS speed and throughput while enabling
production of bench top size sequencing instruments. The Roche 454 GS Junior, the
Illumina MiSeq and the Life Technologies lon Torrent PGM provide throughput capabilities
and cost efficiencies that support utilization of these bench top instruments in a small
research laboratory environment or within a clinical diagnostic laboratory (8). Aspects of
Third Generation sequencing methodology are incorporated into the lon Torrent Personal
Genome Machine (Life Technologies, Inc.), which interrogates single nucleotides as they
are sequentially incorporated via DNA polymerase into a parallel strand complementary to
the library template. The lon Torrent PGM utilizes a complementary metal oxide
semiconductor (CMOS) chip with individual wells that function as pH sensitive pixels to
directly detect the release of a hydrogen ion upon nucleotide incorporation. This approach
eliminates the need for chemilluminescent dyes, charged-coupled device (ccd) cameras,
serial image acquisition and a motorized stage resulting in a faster throughput than other
platforms but with shorter read lengths (8).

It is important to note that the reduction in size, cost and complexity of bench top sequencers
has made them more accessible but has not improved the technical performance of their
underlying NGS methodology. The Roche bench top system still relies on pyrosequencing
and the Illumina and lon Torrent systems perform sequencing by synthesis, thus error rates
associated with those methodologies applied to short DNA fragments remain the same. The
significant challenge of creating optimal template to bead or template to flow cell
stoichiometry remains a critical determinant of successful sequencing in these platforms and
is a major hurdle for users of these instruments. Bench top sequencers provide the extent and
depth of coverage in a single run to create a comprehensive alignment map of a bacterial
genome but require multiple runs to sequence the human exome with sufficient integrity to
identify novel structural variants. However, they can readily perform high-resolution,
targeted sequencing of small human genomic regions of interest in domains known to be
associated with diseases such as cancer. Consequently, they may prove useful for discovery
research when coupled with established methods to selectively elucidate specific genomic
target regions ranging from a few hundred bases to 500 Kb utilizing primer driven
amplification, hybridization based capture or restriction digest isolation (Agilent, Inc.,
Carlsbad, CA; Roche Nimblegen, Inc., Madison, WI; Life Technologies, Inc.) (9).

The falling cost of genomic sequencing has driven rapid growth of NGS utilization in RUO
applications involving the sequencing of DNA from fresh-frozen and formalin-fixed paraffin
embedded (FFPE) specimens. While there are peculiarities specific to FFPE preparations,
studies have revealed critical common sources of errors involved with implementation of
whole genome sequencing platforms, which should be considered in the use of bench top
versions of these instruments. However, the short reads and depth of coverage associated
with NGS systems yield high fidelity single base interrogation of FFPE samples compared
to microarray and PCR assays. Extrinsic or pre-analytic variables that can affect sequence
accuracy and integrity at the level of sample acquisition and processing include specimen
cellular heterogeneity, DNA extraction method, reagent batch effects, protocol drift,
nucleotide or barcode cross contamination, personnel training and study site. Many of these
factors can be balanced by randomizing the order of sample processing, procuring large
reagent lots, altering the position of DNA samples within plates and including inter-batch
positive and negative sequencing controls. The sequencing platforms and instrumentation
are themselves an intrinsic source of variability affecting technical reproducibility, accuracy,
error rates and the specificity and sensitivity to detect genomic structural changes down to
the level of mutant alleles. The performance of NGS methods and instruments should be
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routinely validated against a laboratory DNA standard such as a Hap Map cell line without
somatic variants and a tumor cell line with stable, structural changes and mutations. An
average depth of sequence coverage = 50X is adequate for validation of these homogeneous
samples. However, for clinical samples in which tumor cells are contained within an
admixture of heterogeneous cells (stroma, infiltrating immune cells, capillary endothelial
cells, etc.) a much deeper coverage (100X to 1,000X) is generally required. Despite precise
error control and calibration standards, concern persists as to whether NGS platforms
independently provide the confidence levels required for using previously uncharacterized
novel individual variant calls in clinical samples for patient diagnostic applications.

The value that NGS technology could bring to clinical laboratory diagnostic services is
accentuated by several recent genetic developments. First, Next Generation genomic
sequencing was critical to the characterization of genetic disorders over the past decade with
nearly 3,000 single gene Mendelian disorders identified by the year 2011 (10). Second,
increased numbers of small molecule targeted cancer therapies have been introduced over
the past decade that require a sequence based companion diagnostic test, e.g., the drug,
PLX-4032, targets papillary thyroid cancers and metastatic malignant melanoma that feature
the V600E mutation of the BRAF gene (11). As the number of these therapeutic products
increases, the demand for sequencing solid tumors and hematologic malignancies will
commensurately increase. Third, multi-gene cancer biomarker panels have emerged that
provide diagnostic information in demand by both patients and physicians. For example,
OncotypeDX, PAM50 and Mammaprint® are separate gene expression assays that supply
information on the risk of breast cancer recurrence and help inform therapy choices through
evaluation of 21, 50 and 70 genes, respectively (12,13). The role of the clinical diagnostic
lab in generating genomic information associated with these developments is not clear.
However, it is certain that increased demand for detailed patient genomic information for
diagnosis and treatment cannot be met by scaling up traditional Sanger sequencing,
pyrosequencing or PCR methods while NGS can acutely meet the challenge.

In order for bench top sequencing platforms to be effective in hospital clinical laboratories
for diagnostic purposes, they must provide rapid sample throughput and turnaround times
(minutes to hours), have very low technical error rates (e.g. 0.001 to 0.0001), employ
standardized protocols including positive and negative technical controls, and obtain
reimbursement within current acceptable guidelines (hundreds to thousands of dollars). The
turnaround time marketed for bench top sequencing instruments attempts to satisfy these
clinical lab requirements, particularly with the use of DNA bar-coding adapters that allow
multiple samples to be evaluated simultaneously. The significant labor and costs of
capturing, amplifying and preparing templates for targeted sequencing and the time and
resources required to perform the data analysis are currently within the timeframe and price-
point for clinical labs using the fastest bench top NGS systems. Protocols for NGS are
marketed as semi-automated and easy to use. In our experience, commercial sequencing
protocols are still undergoing routine revision, lack important QA/QC checkpoints, and are
subject to version “drift”. Furthermore, the highest acuity for identification of critical
genomic alterations in tumor samples is by direct comparison to DNA obtained from a
“normal” sample, preferably blood. The addition of a matched “normal” reference doubles
the cost, required reagents and work effort. Consequently, the development, validation, and
accreditation of sequencing tests to supplant current accredited “stand-alone” assays are
unlikely. A more probable scenario for clinical laboratory sequencing is implementation of
new diagnostic tests revealed through NGS on whole genome platforms but translated into
targeted assays for bench top instruments. These tests will evaluate larger genomic domains
at high resolution to provide the physician with knowledge that is currently unattainable
through Sanger sequencing or gPCR, e.g., the presence of “unexpected” sequence structural
abnormalities, somatic base pair and indels, balanced and unbalanced somatic
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rearrangements, and gene copy number information including homozygous and
heterozygous deletions associated with specific diseases.

3. Enterprise Sequencing

The advent of massively parallel sequencing has enabled an intense effort at the “enterprise”
level to characterize various normal and tumor genomes by drawing on the infrastructure
and expertise developed during the Human Genome Project. Multiple large-scale sequencing
projects are underway in an effort to accumulate genomic data from cancer patients in
centralized databases and concurrently develop analytic tools for interrogating these data.
Examples in cancer genomics include The Cancer Genome Atlas (NCI and NHGRI), the
Cancer Genome Project (Wellcome Trust Sanger Institute) and the International Cancer
Genome Consortium (Ontario Institute for Cancer Research) (14, 15). Individual institutions
such as the Genome Institute at Washington University (Saint Louis, MO) have developed
independent programs such as the Pediatric Cancer Genome Project building on expertise
developed during the Human Genome Project. Commercial targeted and whole genome
services are also rapidly proliferating both as service providers and as data repositories
(Table 1). These programs will no doubt continue to multiply under the assumption that
accumulation of DNA sequence along with detailed clinical data will achieve a critical mass
when the appropriate analysis of a comprehensive sequence repository will answer pertinent
scientific and clinical questions, e.g., identification of driver mutations as therapeutic targets
and predicting patient response to therapy.

4. NGS Data Analysis

Most commercial NGS platforms generate light (fluorescence) as the underlying raw signal
output when the genomic template is interrogated with serial images accumulating until they
are converted to a base readout. Once the base coding is obtained for the templates, it
requires a computationally intensive process to map these sequence fragments in register
with an established reference sequence as opposed to the complex task of de novo assembly.
The present standard is the latest build of the human genome provided by the Genome
Reference Consortium (15).

A typical supercomputing DNA alignment solution utilizes multiple parallel processing
nodes to assemble different genomic components of the data. These data are subsequently
aggregated by the head node to provide final, mapped genomic sequence. The computer
processing time required for mapping depends on the extent of the mapped genome
(genome, exome or target region) and the redundancy of coverage. A single base of the
human haploid genome occupies roughly 2.5 bytes in the FASTQ format. Mapping the 3.1
Gb whole human genome at 30X coverage generates 2.5 x 3.1 x 30X or ~ 230 GB of raw
base calls requiring hours of parallel processing. The alignment process is complicated by
the fact that the fragment data comprises inherently self-similar FASTQ text lines. It is
currently possible to implement NGS technology in a medium sized facility (e.g., an
academic medical center) as computer capabilities have increased in speed and decreased in
cost. A potential schematic of the NGS workflow is shown in Figure 1.

The goal of clinical NGS for cancer diagnostics is the identification of pertinent point
mutations and larger structural variations such as translocations, rearrangements, inversions,
deletions and amplifications in tumour samples compared to the normal genome. At present
an array of free and commercially available software are available for NGS data analysis.
The workflow includes three major steps.
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Step 1: Alignment and Assembly

There are multiple free mapping software tools available including MAQ (16), BWA (17),
Bowtie (18), SOAP (19), ZOOM (20), SHRiMP (21) and Novoalign (22). lllumina and
SOL.ID provide their own alignment software as well. Commercial, third party software
vendors such as CLC Genomics also provide mapping programs. Disadvantages of free,
open source software are the lack of documentation and a reliance on Unix and its command
line environment. However, open source software based on the Burrows-Wheeler
transformation (BWT) algorithm remains significantly faster than commercial solutions for
mapping and alignment. Software based on the BWT algorithm can map a human genome in
hours instead of days required by other software tools such as MAQ (16) and Novoalign
(22). Commercial vendors provide access to proprietary mapping algorithms but at a
substantial cost for mid-level academic institutions. Software for de novo assembly of
cancer genomes is a powerful tool for detection of unique rearrangements and chromosomal
breakpoints in a tumor sample albeit by a slower method than mapping against the reference
genome. These include Velvet (23, 24), EULER-SR (25), EDENA (26), QSR (27), and
AbYSS (28).

Step 2: Variant detection

Once alignment is completed, downstream bioinformatics analysis is performed to detect
structural genomic alterations relevant to the clinical diagnosis.

1. Single nucleotide polymorphisms (SNPs) and point mutations — Molecular
diagnostic assays for cancer have focused on discovery of mutations in tumor-
related genes or small panels of these genes. For example, certain mutations in the
epidermal growth factor receptor (EGFR) gene are associated with favorable
responses in lung cancers treated with gefitinib compared to lung cancers with wild
type EGFR (29). An impediment to finding these somatic mutations in cancer is
specimen cellular heterogeneity. Recent studies indicate that there is a 5%
probability of detecting a mutation in 25% of tumor cells sequenced at 30- to 40-
fold coverage (30). Laser capture microdissection to obtain DNA from a population
highly enriched for cancer cells can reduce the cellular variability of the specimen.
There is a variety of software tools for detection of single nucleotide variants based
on different statistical models of base calling including SNVmix (31), VarScan (32)
and SomaticSniper (33). Open source tools such as SAMtools (34), use Bayesian
detection to identify somatic SNP variants.

2. Structural changes in the cancer genome — Cancer genomes are highly unstable
including diverse chromosomal abnormalities such as large genomic insertions and
deletions. While karyotyping is the standard method to identify chromosomal
abnormalities, it cannot identify structural abnormalities smaller than ~5
megabases. SNP and oligonucleotide microarrays have revolutionized the field of
cytogenetics providing high resolution (~1Kb) to identify copy number variants and
copy neutral loss of heterozygosity. NGS technologies also identify structural
variations in the genome, although typical alignment tools cannot identify more
than a few nucleotide mismatches. Specialized software for analyzing indels from
paired-end reads such as Pindel (35) identify structural variants by defining the
flanking regions of the read data while the GATK indel genotyper (36) employs
heuristic cut offs for indel calling. Nevertheless, delineation of large amplifications
and deletions in cancer chromosomes remains a formidable challenge. Algorithms
to identify large variations include the circular binary segmentation algorithm of
arrays (37) and the SegSeq algorithm which uses a merging procedure to join
localized SNP changes with whole chromosome changes to compare tumor to
normal samples (38). Several programs are available to identify large scale
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structural variations in the genome, such as BreakDancer (39). While NGS
technology has revealed variations in lung cancer, melanomas and breast cancer at
the single nucleotide level (40-43), significant hurdles remain to address changes at
the chromosomal level.

Step 3: Beyond genome sequencing

NGS platforms offer the versatility to perform transcriptomic profiling, chromatin
immunoprecipitation, small RNA sequencing and epigenomics studies. Transcriptomics via
NGS can probe alternate splicing, the process by which multiple RNA isoforms arise from a
single gene. These isoforms contribute to cell type specificity and may play a role in
specification of cancerous cells. Identification of novel splicing variants is important for
understanding biological specificity in the context of normal and abnormal cellular function.
Software tools such as TOPHAT (44) facilitate de novo discovery of splicing variants.

RNA discovery—The role of small RNAs (18-35 bp) in the regulation of gene expression
and translation of mMRNAs has been recently recognized. NGS methods can perform deep
sequencing of small RNA species for discovery and analysis. There is a specific advantage
to platforms such as Illumina and SOLID in small RNA discovery due to the short reads
generated by those technologies. There are many small RNA databases and bioinformatics
tools e.g. MirCat (45) and mirDeep (46, 47), that can facilitate identification and discovery
of small RNAs.

Epigenomic discovery—Epigenomics refers to chemical modifications (e.g.,
methylation) of DNA and RNA and its impact on gene expression. Traditional methods of
assessing gene methylation rely on bisulfite conversion of unmethylated cytosines to uracil
for identification using sequencing methods or restriction endonuclease analysis. One pitfall
associated with this approach is the labor intensive methodology required to identify
epigenetic changes on an individual gene basis. In contrast, NGS technologies can
interrogate broad changes in DNA methylation patterns across the entire genome,
simultaneously capturing epigenetic information from multiple genes while providing
information regarding normal or tumor tissue methylation status.

5. Scientific Challenges for the Implementation of NGS

The acuity of cancer related sequencing studies is enhanced by differential comparison of
patient tumor genomic sequences to matched normal reference sequences e.g. a paired blood
sample. However, routine assembly and comparison of each of these paired samples is
dependent on the existence of an accurate representation of the reference human normal
genome, including its intrinsic variability encompassing benign structural modifications and
polymorphisms. A database comprising normal whole genome sequences is being compiled
through concomitant large parallel sequencing projects, including the 1000 Genomes Project
(NHGRI: an extension of the International HapMap Project), the Genome Reference
Consortium (Wellcome Trust, Genome Institute at Washington University, EMBL, NCBI)
and the Personal Genome Project (Harvard University) (48-50). The initial reference
genome was constructed de novo with DNA comprising a small number of anonymous
subjects with the bulk of the clones (~60%) from a single male donor. The current iteration
of the reference genome (Genome Reference Consortium 37 or HG Build19) is estimated to
be 99.99% accurate containing 2.95 billion bases and 210 gaps (49). Sequencing of personal
genomes has established diversity as high as 3% among individuals and personal sequences
can differ from the reference genome in hundreds of thousands of bases (51, 52). These
estimates will likely change drastically with accumulating numbers of personal genome
sequences. Thus the current reference genome represents only a small sampling of human
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genetic variation and contains thousands of both common and rare risk alleles that remain to
be defined.

It is also important to consider relevant limitations learned from previous public and private
enterprise computing efforts regarding population based genomics. For example, the Hap
Map Project and deCODE Genetics were initiated over a decade ago as public and private
enterprises with the goal of exhaustively mapping population based genetic diversity on a
worldwide basis or within the restricted population of the Icelandic Health Sector (53). The
hypothesis underlying these efforts was that disease and treatment related variants would
emerge as these databases and analytic tools succeeded in precisely characterizing normal
specimens and delineating differences specific to diseased samples. While significant
discoveries continue to be made from these efforts, several important issues have emerged
pertinent to cancer initiatives. First, the classification of “normal” specimens is challenging
since they may originate from either truly “disease free” subjects or derive from
“asymptomatic” patients harboring undiagnosed disease. Second, classification of a tumor
specimen may vary. Some tumors are difficult to classify. Other definitive tumor types have
undergone subsequent phenotype reclassification further confounding their annotation and
interrogation due to the persistence of legacy classifications. Third, multi-site genomic data
generation produces differences in data fidelity, variability, precision and accuracy
associated with the use of different methodologies, instruments, reagent lots, experimental
batches and personnel. Because of the increased noise to signal ratio at the consortium level,
many frustrated investigators have created their own “in house” reference databases to
obviate issues encountered at the enterprise level. This experience from the previous decade
is equally relevant today as genomic sequencing databases are being generated.

6. Institutional Challenges for the Implementation of NGS

Bioinformatics is currently the single largest bottleneck to implementation of next
generation sequencing in clinical practice. A general guideline is that each dollar spent on
sequencing hardware will require an equal investment in informatics (54). Smaller labs
cannot absorb these costs, even with the availability of open-source software (55). There are
several critical considerations in developing a NGS bioinformatics facility. NGS hardware
implementation requires substantial investment in infrastructure. Alternatively, this task can
be outsourced to a commercial third party provider. However, “in-house” sequencing and
analysis enables important control of sample substrate, library creation, sequence generation
and data processing. This is critical for clinical diagnostic sequencing, where process and
quality control are of utmost priority. As NGS technology is applied to clinical problems, it
is critical to standardize quality metrics for acquisition of data. These include standards for
calibration, validation and comparison among platforms, data reliability, robustness and
reproducibility, and quality of assemblers. It will be necessary to develop guidelines for
standardization of NGS protocols such as occurred in the microarray quality control
(MAQC) project (56) and the sequencing quality control (SEQC, also called MAQC-I111)
project (http://www.fda.gov/MicroArrayQC/) particularly as lab developed tests (LDT)
emerge outside the federal regulatory domain.

Most academic centers have existing centralized computing resources which can be
leveraged for in-house NGS analysis by upgrading to high performance computer clusters.
However, the need for advanced network infrastructure is a formidable barrier to
implementation of NGS in a research or clinical setting. The typical academic network
architecture comprises 100 megabyte shared ethernet services or lower bandwidth wide area
network (WAN) infrastructure. Since NGS data sets are hundreds of gigabytes per run,
efficient data transfer requires 10 gigabit network connectivity with gigabit cabling between
locations including high speed network switching and network cards on devices that serve
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the network. Consequently, most academic and many commercial service providers
transport their data via portable hard drives and other mobile transfer solutions including
transfer from sequencer to server. Advantages of an “in house” network for data transfer and
analysis include scheduled maintenance, professional back-up facilities, direct security
oversight and dedicated and/or shared nodes for research. Figure 1 depicts a routine
bioinformatics workflow required for analysis of NGS data.

The amount of data generated by the sequencing of a single genome comprises hundreds of
gigabytes of base calls and quality scores. Multiple runs rapidly accumulate in the terabyte
range and a clinical NGS center could produce terabytes to a petabyte of data in a year. Data
management on this scale requires well-defined policies and standards although few exist.
Furthermore, there is no industry wide standardization for data output from NGS platforms
with the most commonly accepted forms comprising SAM (Sequence Alignment/Map) and
BAM (Binary Alignment Map) formats (34). BAM files store the data in a compressed,
indexed, binary data file format (binary text based format) for efficient storage. NGS data
can be stored either a) locally on the instrument, b) at an institutional storage facility, or c)
using a commercial cloud storage solution. It is more convenient to store NGS data
institutionally or commercially rather than locally. Cloud computing is an especially
promising data storage solution, however, privacy and security must be ensured to meet
rigid HIPAA requirements.

Online computer clusters have become commercially available for public “on demand”
access in the form of “cloud computing” solutions. Amazon, Google and Microsoft have
created centralized supercomputing facilities through virtualization of software, a process
whereby a user can access an “image” of the operating system (Linux or Windows) residing
on the server of the company hosting the cloud. This interface image is indistinguishable
from an ordinary desktop interface. The difference is that the virtual operating system is
hosted on a remote server (Fig. 2). The advantage of a cloud solution is access to
supercomputing power without installation and maintenance of expensive hardware. Fees
for cloud services are currently affordable for an average user with pay-as-you-go pricing.
Private vendors such as Amazon S3 (Simple Storage Service) also provide long-term storage
of datasets through networked storage facilities, a critically important issue given the scale
of NGS datasets. Disadvantages with cloud services include satisfaction of HIPAA
compliance and security of data transfer over a vulnerable internet network. Another critical
variable is the insurance policy regarding long-term storage and protection of clinical data in
a commercial environment where ownership is subject to change, merger or acquisition.

7. Training and Implementation of NGS in the Clinical Workplace

Analysis of NGS data requires multidisciplinary teams of clinical and biomedical/pathology
informaticians, computational biologists, molecular pathologists, programmers, statisticians,
biologists, as well as clinicians. Consequently, substantial institutional support for resources
and personnel is needed for clinical implementation of NGS technology. Furthermore,
physicians will have to be trained to interpret vast and comprehensive molecular datasets. At
present, there are approximately 1,000 medical geneticists and 3,000 genetic counselors in
the United States. These numbers are grossly inadequate to deal with the explosive growth
of genomics testing. One solution is to form strategic collaborations between disciplines. For
example, there are over 17,000 pathologists in the United States with broad education in
anatomic pathology and laboratory medicine who could undergo further training to integrate
large datasets with clinical findings (57). Specifically, there is need to create a subspecialty
of “Computational Pathology” to train pathologists to manage and interpret high-throughput
biological data including that derived from genomic, proteomic and metabolomics analysis.
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8. Summary

The development of massively parallel sequencing methods has expanded genomic
sequencing from delineating the prototypical reference human genome to characterization of
the individual patient genome as the building block of personalized medicine. The
accessibility of this technology has produced important results from the small research lab to
enterprise level analysis regarding genomic changes associated with cancer. Benchtop
systems incorporating NGS technology have been recently released and are being marketed
to the clinical laboratory to meet the demand for personalized medicine applications. To
achieve long term success in the clinical domain, critical requirements include the
development of versatile, robust and affordable instrument platforms, the development of
user friendly bioinformatics tools and support, and evolution of a workforce with pertinent
knowledge of molecular biology and genomics. If successful, these systems will provide an
incomparable level of diagnostic insight for patients in the future as novel genomic
biomarkers and structural changes are identified for application to the clinical domain.
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Figure 1. Prototypical workflow in a clinical next generation sequencing labor atory

The entire workflow process occurs under the auspices of a CLIA-certified laboratory for
clinical diagnostic application. An important distinction of the workflow process in the
clinical laboratory relative to a research environment is enforcement of strict process and
quality metrics. At the present time, a national standard for quality assurance in a NGS
laboratory remains to be defined.
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Figure 2. Prospective utilization of cloud computing in next generation sequencing
The schematic illustrates the transfer of data from a sequencing instrument to a commercial

cloud vendor service through the internet or using regular postal mail. Subsequent analysis
may be performed remotely from the sequencing laboratory domain.
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Select vendors of commercial genomics and data storage services as of June 2012. The list is not exhaustive
and is intended for initial guidance only

Service Vendor Website Remarks
Using various NGS technologies they
Whole 1  Complete Genomics 1 www.completegenomics.com | provide WGS services within several
Genome . ) weeks to months of sample
Sequencing 2 Seqwright 2 www.seqwright.com submission. The data is provided in a
(WGS) raw format without any interpretation
of the variants.
1 Ambry Genetics 1 www.ambrygen.com The focustﬁf WEtS_seEXice_s is It?oNA)
sequence the protein (+ microl
\s/\éhﬁLenEiﬁome 2 I'?Ae:e)éliocririollege of 2 www.bcm.edu coding part of the genome, including
(V\?ES) 9 ] . their splice sites. The whole exome is
3 Emory University 3 http://genetics.emory.edu “captured” by using specially
designed bait probes.
Commercial storage and computing
power in the “cloud”. Prices are
X highly competitive with enormous
1 Amazon Web services 1 http://aws.amazon.com computing power at one’s fingertips.
Genomic data : - : However, issues related to patient
storage 2 Microsoft cloud services 2 www.windowsazure.com privacy and HIPAA compliance
providers 3 Rackspace 3 www.rackspace.com remain. Amazon has taken initial steps
to ensure compliance with HIPAA.
Data transfer of the huge WES and
WGS data files over the Internet is a
significant problem.
1 Personalis 1 www.personalis.com The goal of commercial companies in
. . the “data inter-pretation”space is to
2 Omicia 2 Www.omicia.com interpret the raw sequence data for a
Genome/ 3 Knome 3 www.knome.com fee. The data may be generated in-
exome house or from an external source.
interoretation 4 Cypher Genomics 4 http://cyphergenomics.com Most of the bioinformatics tools are
s oft\A[/)are / i . developed on a proprietary basis.
providers 5  SvBio 5  www.svhio.com/ Information related to pathway
. . analysis, sequence variants and data
6 Genomatix 6 www.genomatix.de querying services are provided. Most
7 Omixon 7 Www.omixon.com of these companies are in the

incubator stage.
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