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Abstract

The effective demonstration of single-molecule sequencing at scale over the last several years offers
the exciting opportunity for a new era in the field of molecular diagnostics. As we aim to personalize

and deliver cost-effective healthcare, we must consider the need to fully integrate genomics into
decision-making. We must be able to accurately and cost effectively obtain a complete genome
sequence for disease diagnosis, interrogate a molecular signature from blood for therapeutic
monitoring, obtain a tumor mutation profile for optimizing therapeutic choice — each molecular
diagnostic measurement utilized to better inform patient care. Would a physician or molecular

pathology laboratory want to utilize a PCR process in which millions of DNA copies of a patient’s
nucleic acid are created when an alternative approach allowing direct measurement of the nucleic
acids is possible? | would suggest not! In this article we will focus on the emergence of single-
molecule sequencing, the single-molecule sequencing methodologies in the marketplace or under
development today, as well as the importance of these methods for molecular characterization and
diagnosis of disease with the ultimate application for molecular diagnostics.

Keywords

DNA,; microbial and viral screening; nanopore; noninvasive fetal screening; quantitation; real-time
DNA sequencing; RNA; sequencing by synthesis; single-molecule sequencing; tumor genome

In 2001, culminating 13 years of effort at a cost of US$2.7 billion, the initial sequencing of a
human genome provided the impetus for a technological revolution aimed at bringing the cost
of individual genome sequencing to a price that would allow the complete molecular
characterization of an individual’s genome [1,2]. The pace of science and technology has
quickened — resulting in the 2008 launch of the ‘1000 Genomes Project’, a global project of
grand scale [3-5]. While one may debate the various price points that accompany the vision
for aligning genomic information aimed at the personalization of healthcare, the ever declining
price of complete genome sequencing will reach a tipping point at which benefit outweighs
cost and routine application will occur.

Genome knowledge, gained to inform an individual’s propensity for disease risk and better
diagnosis at the time of disease symptoms, as well as the integration with effective therapeutic
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treatment for one’s disease or perhaps even prevention of disease, if proven to marry vision
with results, will drive the cost—benefit ratio more and more favorably. Yet, the personalization
of healthcare requires significant research investment and new, innovative technologies to
achieve these desired end points. Vision provides the way forward for the technological
revolution necessary, for without the vision the path ahead would never be pursued. This
intimately relates to the field of molecular diagnostics and perhaps the underlying hope for this
technological revolution lies in the field of single molecule sequencing and, thus, a timely
perspective topic.

Consider in the next 5-10 years, microarrays, a recent addition to the molecular diagnostics
community for both DNA and RNA measurements, will likely be replaced by single-molecule
sequencing, quantitative PCR for molecular signature discovery will be replaced by
quantitative measurements of nucleic acids using cDNA or direct RNA sequencing, and
microbial and pathogen detection will become as simple as obtaining a serum or urine sample
followed by direct single-molecule sequencing to detect the infectious agent, strain and
genotype. And finally, within the next 5-10 years, we will quickly cross the threshold whereby
the cost of sequencing an individual’s genome using single-molecule sequencing will be
minimal in comparison to the potential benefit to the patient. In all, this is a truly exciting time
for the field of molecular diagnostics.

This year, 2009, celebrates the fifth anniversary of the awarding of the National Human
Genome Research Institute’s (NHGRI) Advanced DNA Sequencing Technology grant
program [101]. Following quickly on the heels of the remarkable success of the Human
Genome Project and the intimate role NHGRI played in this worldwide initiative, this program
was established by NHGRI as a cornerstone for public/private investment necessary to fuel
this technology revolution and represented a bold attempt to speed this revolution to patients
[6]. While not solely focused on single-molecule sequencing, a good majority of the more than
US$100 million invested in this program shepherded this maturing field of single-molecule
sequencing. A uniting principle for these grants was the need to minimize the complex nucleic
acid sample preparation found with existing sequencing methodologies, the need to obtain
ultra-high throughput at low cost, as well as the ability to truly reflect the cellular nucleic acid.
These investments have included various methodologies, such as sequencing by synthesis to
monitor the growing strand of DNA synthesized during cyclic addition of fluorescently labeled
nucleotides, and visual detection of the incorporation events, real-time monitoring of DNA
polymerase-directed nucleotide incorporation through imaging of fluorescently labeled
nucleotides and the measurement of ionic current passing through nanopores to detect the
sequence of nucleic acid molecules passing through the various pore complexes. Yet while the
Helicos™ Genetic Analysis System, the first commercial instrument for single-molecule
sequencing, has just recently become available, the field is in its infancy and offers unbounded
opportunity for application to molecular diagnostics. This article, a vision, will provide insight
into what we might expect to emerge from single-molecule sequencing, which is likely to
develop quickly during the next 5-10 years.

Emergence of short-read technologies

Initial versions of the massively parallel next-generation sequencing technologies, including
the 454 Genome Sequencer 20, the Illumina Genome Analyzer and the more recent Life
Technologies/Applied Biosystems SOLID™ system have reinvigorated the research and
diagnostic research communities interest in the power of massive-scale sequencing for whole-
genome sequences and begun to be utilized to address important biological questions [7-9].
We are now entering an era in which the vision described in the open paragraphs of this
perspective seems within our grasp and single-molecule sequencing will be playing an intimate
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role by providing the next technological leap required to pursue whole-genome sequencing
and genomic analyses in a cost-effective manner.

The key advantages for single-molecule sequencing as applied to molecular diagnostics include
subnanogram sample quantity requirements, the simplicity by which sample preparation is
achieved, the lack of PCR amplification providing unbiased sequence information, the shear
number of molecules that can be interrogated to allow an accurate and quantitative view of the
genomic measurements of interest, and the potential for read lengths that extend well above
5-10 kb and far exceed current methods. Several approaches for single-molecule sequencing
are currently in differing states of maturity and offer great potential for application to molecular
diagnostics. A brief survey of three different and distinct single-molecule methods that
demonstrate unique attributes of single-molecule sequencing follows, with relevant
distinguishing features of each technology and it’s most appropriate applications.

Approaches to single-molecule sequencing

Sequencing by synthesis, commercialized by Helicos BioSciences Corporation in the form of
the HeliScope™ utilizes visual imaging of fluorescently labeled nucleotides and a glass flow
cell system. The flow cell contains the individual DNA molecules, captured by
oligonucleotides that are complementary to the 3’ end of DNA molecules of interest and are
deposited on the surface of a flow cell. Helicos currently uses an oligo dT-50 surface to capture
complementary poly-A tail sequences, which have been synthetically added to the 3’ end of
genomic DNA using terminal transferase [10-12]. An alternative approach could also involve
a flow-cell surface prepared with a sequence-specific oligonucleotide that would be
complementary to naturally occurring DNA sequences adjacent to specific genomic regions
of interest to allow sequencing through such regions within the genome. Once captured on the
flow cell surface, the sequencing by synthesis reaction is initiated through the cyclic addition
of fluorescently labeled Virtual Terminator™ nucleotides using alternating cyclic addition of
dA, dC, dG and dTs into the channels of the flow cell [12]. DNA polymerase in solution
catalyzes the complementary nucleotide incorporation followed by laser excitation of the fluor
present on the VT nucleotide and subsequent total internal reflection imaging to capture the
presence of the nucleotides added to the billions of growing strands of DNA. Subsequent
cleavage of the terminating moiety on the nucleotide then enables the next cyclic nucleotide
addition to proceed [12]. With the current ability to capture nearly 3 billion molecules of DNA
on the two HeliScope flow cell surfaces, each with 25 channels, sequence yields more than 1B
DNA molecules and extends well above 25-28 gigabases of useable sequence per run. A recent
demonstration of the sequencing of an individual human genome using this method at a cost
below $50,000 [13] provides more impetus for further developments in needed areas such as
improvements in read lengths, the implementation of paired reads to accurately map complex
genomic regions and continuing accuracy in sequence reads. With this unprecedented depth
of genomic information, the unique quantitative information as well as the ability to interrogate
archival and forensic nucleic acid samples, sequencing by synthesis provides an unbiased and
unparalleled view of copy number variation, transcriptome quantitation and stored tissue
samples to name a few applications. Perhaps uniquely suited for the massive scale of
sequencing by synthesis, the massive numbers of molecules offer important opportunities for
digital and quantitative measurements critical in diagnostics. The recent description of
quantitative transcriptome measurements using yeast poly-A+ RNA and Helicos single-
molecule digital gene expression application demonstrates an important, cost-effective solution
for transcript profiling [14]. This application has now been extended to mammalian tissue
RNAs, cell lines and tumor tissue [Raz T & Lipson D, Unpublished Data]. Considering the
simplicity of the sample preparation method, combined with the per channel reagents costs, a
single HeliScope channel can provide a highly reproducible transcriptome measurement for a
cost approaching $350 per sample, making this a very viable approach for clinical application.
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Furthermore, with the potential to double and triple yields in the coming year with chemistry
and surface-density improvements, the technology provides a continued path to $1000 genome
performance.

Real-time single-molecule sequencing utilized by Pacific Biosciences utilizes virtual zero-
mode wave guides in which a modified DNA polymerase and template DNA are affixed to the
well surface to allow DNA to interact with the polymerase in real time. The system allows the
real-time monitoring of the incorporation of the four different phospholinked, fluorescently
labeled dNTPs, which are circulating free in solution, into the growing strand of DNA followed
by optical detection of the molecular events [15-18]. The sequencing system under
development contains several thousand reaction wells in which a thin metal film is deposited
onto an optical zero-mode wave guide and optical constraint allows the direct and real-time
imaging of fluorescently labeled molecules as they are incorporated into the growing strands
of DNA. Sample preparation required for sequencing with this system requires the
circularization of the template DNA through the use of bar-bell-shaped nucleic acid adapters
that are ligated onto the ends of genomic DNA or cDNA to allow the multipass sequencing
required to overcome the current error profiles inherent in their system. These ligations have
the potential to create biases that are unique to such a method but will not be fully revealed
until more sequencing of complex genomic targets has been completed. While inherent
limitations currently exist for this method, the potential for long read lengths of several
thousand base pairs far exceeds any of the currently available sequencing platforms available
today. Furthermore, the real-time speed with which the sequencing occurs offers a potentially
fascinating opportunity for point-of-care nucleic acid sequencing. While the actual instrument
and sequencing costs remain to be fully described, the method offers the possibility of
sequencing long molecules in real time for a cost-effective approach to obtaining genomic
sequence information in complex genomic regions.

A final area of significant longer term investment involves the use of nanopore sequencing,
reviewed extensively by Branton et al. [19] and being commercialized by Oxford Nanopore
Technologies. Early studies demonstrated the basic concept of the passage of single-stranded
nucleic acid molecules through nanopores, nano-meter-sized pores, or biological pores created
through use of pore-forming membrane proteins as in the case of a-hemolysin or the porin
MspA of Mycobacterium smegmatis and detection of the DNA movement through the pores
[20-24]. Owing to the pore size constraint, individual nucleotide elements of the nucleic acid
strands pass through the pores and can be detected using two different approaches: movement
of ionic current allowing direct electronic measurements or optical resolution of the molecules
as they traverse through the pore. While further from commercial application, the technology
offers the potential for very long read lengths with few chemistry requirements and offers the
potential to go well beyond any currently available read lengths as well as continuing to
dramatically drive down sequencing costs of these long reads.

The current next-generation sequencing technologies that we described earlier, while not
single-molecule sequencing, are currently paving the way for the introduction of these new
single-molecule sequencing platforms into the diagnostics realm. In particular, the 454 Genome
Sequencer 20 and FLX systems have proved to be useful in the analysis of bacterial and viral
strains in clinical studies, detecting HIV viral mutations early in the appearance of these
emerging isolates [25,26]. While many research areas will benefit from single-molecule
sequencing, three immediate areas where single-molecule sequencing offers advantages over
non-single-molecule-based methodologies as well as importance for molecular diagnostics are
described.
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Analysis of nucleic acids from body fluids

Over the last 10 years, there has been a growing realization that the presence of circulating,
cell-free nucleic acids in human serum or urine provides new insight into the utility of these
nucleic acids for detecting and diagnosing a variety of human conditions [27-30]. Interesting
applications emerging have included the examination of low levels of circulating tumor DNA,
DNA circulating following transplantation indicative of early graft rejection, RNA molecules
found in serum and the growing recognition that fetal DNA present in maternal blood offers
the potential for noninvasive fetal screening.

While various studies investigating circulating nucleic acids are emerging [27,28], recent
studies involving noninvasive fetal screening have demonstrated the feasibility of using
massively parallel sequencing for prenatal screening of chromosomal abnormalities [29-32].
In such cases, maternal and fetal plasma DNA was isolated from women during early
pregnancy. The DNA was then sequenced using current next-generation sequencing
technology to provide short sequence reads. The sequence reads were mapped to the genome
and quantitated at the chromosomal level to allow an assessment of abnormal chromosomal
read count ratios indicative of chromosomal aneuploidy, including trisomy 21. Two of these
studies correctly identified the presence of trisomy 21 in pregnant women identified to be
carrying trisomy 21 fetuses via standard invasive diagnostic methods. A challenge seen with
the sequence reads, however, is the clear bias in the nonuniform distribution of sequence reads
due to the differing G + C content of the sequence reads when using the PCR-based Illumina
technology. This is particularly relevant for chromosomal abnormality detection given the
widely varying percentages of G + C content found across human chromosomes, and reads
must map quantitatively and accurately across the array of chromosomal genomic content in
order to detect a diverse array of chromosomal abnormalities. Currently, this technology has
required data obtained from multiple channels of an instrument to provide the coverage and
statistical corrections needed to adjust for the genomic content bias seen, which thus results in
increased costs for sequencing. In addition, a control genomic sample must also be run to allow
appropriate normalization of the chromosomal data.

Single-molecule sequencing offers tremendous promise for this application. Requiring only
limited amounts of circulating DNA —mid-picogram amounts —the isolated nucleic acid, which
is already optimized for sequencing due to the fragmented nature of the circulating nucleic
acid, makes the sample preparation simple and highly amenable to routine and simple sample
processing for a molecular diagnostic laboratory. Single-molecule sequencing also provides
the potential for more precise measurements due to the lack of G + C bias inherent in this
technology, with sequencing by synthesis methods being the preferred choice of technology
since the deeper the view of the fetal/maternal DNA possible, the more accurate and precise
the measurement; one would want to be able to distinguish differences as low as a 10%
deviation from normal chromosomal read counts to allow as early a window for detection as
possible. In fact, with some 10-20 million sequence reads that accurately map to the genome,
and demonstrate an even distribution across the diverse genomic content of the human genome,
one should reliably be able to detect deviations of the normal chromosomal content in the range
required during the first trimester of pregnancy. With cost becoming an important attribute of
molecule diagnostics, this offers the potential to utilize one channel on an existing commercial
single-molecule sequencing platform with minimal upfront sample preparation costs
suggesting a per sample cost well below the $1000 pricing, an attractive and noninvasive
alternative to existing methods. Furthermore, while the data provides insight into large
chromosomal aneuploidy, sequence information can further provide additional information for
the mother.
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In a similar way to circulating fetal DNA can be monitored against the background of
endogenous maternal DNA, circulating tumor DNA may provide insight into early detection
of an abnormal tissue state long before overt symptoms result in a visit to your physician. The
challenge for patient surveillance will be the requirement for accuracy in ones ability to detect
the presence of mutated sequences of relevant tumor gene sequences at a very high fidelity.
This application will likely require the ability to detect a mutation found in one out of 100,000
DNA molecules to perhaps even one out of 1 million DNA sequence molecules [33,34]. Here
pristine accuracy will be required in order to overcome the underlying error rate of single-
molecule-sequencing technologies or alternatively creative strategies that allow one to
resequence individual molecules to build a consensus sequence on the same individual DNA
molecule will become increasingly important.

Microbial & pathogen detection

Additional extensions in the use of body fluids for molecular diagnostics include the ability to
detect the presence of a pathogenic organism and identify the particular pathogenic strain, as
well as identifying sequence information relevant to drug sensitivity or resistance in order to
better inform therapeutic treatment. Thus, the physician or clinical pathologist has a variety of
diverse needs with respect to their ability to make accurate molecular diagnoses. At present,
the field of pathogen and microbial diagnostics utilizes both immunoassay-based
measurements as well as nucleic acid-based methods, the latter of which are rapidly growing
in utility. Immunoassays can examine the presence of an immune response in an individual or
they can detect antigens produced directly by the pathogen; however, they often lack the
sensitivity required for definitive diagnosis, particularly in early stages of an infection, often
making therapy choices difficult [35]. Early utilization of nucleic acid measurements has
focused on PCR-based amplification to allow enrichment of the pathogen genome signal in
regions of pre-defined interest and initially focused on viral sequences [36,37], with newer
emphasis turning to microbial or viral arrays, which allow the interrogation of selected species
that can be difficult to culture and are of biomedical importance [38]. Yet, in every case, the
sequence of the organism needs to be well defined and assays in place for detection versus a
global view of the pathogenic state of the patient in which the infection is fully characterized
at the molecular level.

Single-molecule sequencing has the potential to dramatically increase the sensitivity as well
as specificity of pathogen detection as well as uncover new emerging resistant strains, as well
as new strains or pathogens. In addition, due to the highly quantitative nature of the single-
molecule-sequencing nucleic acid measurements, a more global picture of the complement of
microbial and/or viral nucleic acid is entirely possible. The ability to obtain human serum
samples or urine samples and directly isolate the nucleic acid from these biological fluids either
through isolation of viral particles or bacteria, or in many cases direct measurements of the
circulating nucleic acid, provides the simple substrate for subsequent single-molecule
sequencing. Following nucleic acid isolation, single-molecule-sequencing methods can
examine DNA molecules, or nucleic acid converted to first strand cDNA in the case of
pathogenic RNA viruses, to detect and characterize bacterial or viral infections. Sequencing
by synthesis platforms that examine billions of nucleic acid molecules will allow a deep view
into the isolated or circulating nucleic acid, allowing detection of very low quantities of
circulating viruses or bacterial organisms. After nucleic acid isolation, low picogram quantities
of nucleic acid are poly-A tailed and hybridized to an oligo dT flow cell surface, capturing
millions to billions of DNA or cDNA strands depending on flow cell usage. At present, read
lengths of 35-55 nt allow one to sequence the entire genome of most bacterial genomes and
newer methods for paired reads allow you to maximize the placement of sequence tags in
repetitive genomic regions with special emphasis on ribosomal genes, which are often highly
duplicated in tandem repeats. Costs again become important and will require continued

Expert Rev Mol Diagn. Author manuscript; available in PMC 2010 October 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Milos

Page 7

optimization to bring the cost down to a desired price range for diagnostic applications as one
might imagine requiring a very low cost requirement for routine use approaching well below
the $100 price range. Real-time single-molecule sequencing also offers an interesting
opportunity for the rapid detection of bacterial and viral sequences, with the major hurdle to
optimize sample preparation and achieve error rates that allow an accurate complete genome
sequence. In addition, with extended read lengths obtained via real-time single-molecule
sequencing or with emerging nanopore technologies, novel or highly rearranged pathogenic
strains can easily be assembled.

An integral part of microbial and viral nucleic acid diagnostics using single-molecule
sequencing will be the ability to accurately and rapidly perform de novo genome assembly or
assembly of critically important regions from the sequence information obtained to allow
accurate diagnosis. New and improving assembly tools being developed for de novo genome
assembly of short reads, including ALLPATHS [39] the Sanger Center’s Velvet [40] 454’s
Newbler assembler [41] and the Celera Assembler reviewed by Chaisson and Pevzner [42],
are making rapid progress for enhancing small genome assembly and thus will greatly facilitate
improved use in molecular diagnostics.

Examining the tumor genome

The field of oncology is positioned to be truly transformed by the promise of single-molecule
sequencing assuming continually improving accuracy rates given some of the unique
challenges poised by somatic mutations. The hallmark of tumorigenesis involves the
underlying somatic changes that occur in the cell, which leads to perturbation of the cellular
responses and often unchecked cell proliferation. The occurrence of these somatic mutations
and their importance in tumorigenesis has been extensively studies over the last several years
[43-46]. These hallmark studies have provided the foundation of significant investment in
public initiatives like the Cancer Genome Atlas [47,102]. The potential to examine the
complete tumor genome at the time of diagnosis in a cost-effective manner utilizing single-
molecule sequencing offers the promise to marry mutational status directly with clinical care.
Key here will be the continued improvements in error rates to allow low level detection of
somatic events in the background of normal DNA, which may be reflected in only one out of
every 100 DNA, or perhaps even one in 1000 DNA molecules sequenced. But one must also
consider the cost—effectiveness of sequencing whole tumor genomes. While one might consider
early studies aiming to demonstrate the value of tumor genome knowledge, the long-term
ability to integrate this information into the true diagnostic setting for patient care requires a
significant reduction in costs that may only be achievable by the promises of single-molecule
sequencing. Evidence of success using these current and emerging methods will be watched
closely as the race to the $1000 genome continues.

Novel methods for sequencing individual strands of DNA multiple times also dramatically
reduce the single-read error rates and, therefore, also offer benefit to such molecular screening
[11]. In addition, while PCR amplification or targeted DNA capture are currently utilized to
select those regions of the genome of highest interest for mutational investigation, the methods
all require cumbersome sample preparation including ligation and additional rounds of
amplification [48-52]. The ability to simplify the selection methods to avoid all such sample
manipulation, with the exception of shearing the genomic DNA of interest and selection of the
regions of interest followed by direct sequencing of the picogram quantities of selected nucleic
acid, makes this another feature that greatly benefits from single-molecule sequencing.

The ability to identify somatic events early in the pathogenesis of the disease, perhaps even
prior to aberrant cellular growth, through monitoring of nucleic acid circulating in blood once
again may provide unique insight into the molecular events occurring at early stages in cancer.
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The ability to utilize the shear simplicity and scale once again comes into play as a regular
monitoring of circulating DNA or RNA for mutational screening to detect the presence of
mutational events occurring throughout the human body. The ability to detect these rare events,
however, will require the ability to detect mutation events that may be well below the
1:1,000,000 events in your total DNA or RNA population [33,34]. At present this high level
of accuracy will require continued improvements in the mechanisms that lead to errors, which,
in single-molecule sequencing, are predominated by dark nucleotides resulting in apparent
deletion events that are overcome routinely by sequence coverage in the current methods for
sequencing using single-molecule sequencing.

While much of this perspective has focused on the examination of DNA, RNA transcriptome
studies are similarly poised to benefit from the application of single-molecule sequencing. This
includes full transcriptome sequencing in which first-strand cDNA is synthesized using random
hexamer priming or digital gene expression in which a poly-U primer is used for hybridization
to the poly-A tail of messenger RNA and first strand cDNA extension follows — both of which
are followed by a simple dA tailing reaction followed by direct sequencing [53]. While these
methods can commonly be used for examination of RNA isolated from tumor tissue or normal
adjacent tissue, new and emerging interest again points to the importance of circulating small
RNA for measurements in the field of oncology [54-56]. With an unbiased and highly
quantitative measurement, RNA studies, whether cellular or circulating, will be dramatically
improved by single-molecule sequencing.

With vision comes a note of caution

In any perspective article, one must also strive to provide insight into the pitfalls that await this
emerging field of single-molecule sequencing. As indeed the potential is huge, one does need
to be cautious of the continued introduction of new technologies and the pace of introduction
for clinical applications. Consider when comparative genomic hybridization (CGH) arrays
were first utilized for the assessment of cytogenetic changes occurring in tumors. The first
publication on the use of CGH arrays to identify genome-wide copy number changes appeared
in 1999 [57] as purely a research result with important research findings on cytogenetic
changes. Yet, it took 5 years until the use of array CGH for clinical studies led to a shift in the
marketplace with array vendors moving from the academic researcher to diagnostics
laboratories. The potential now for sequencing to replace array CGH measurements highlights,
once again, the fact that technological paradigm shifts continue unabated. Key are cost,
accuracy and depth of information, as well as ease of use and interpretation. While we have
now seen the publication of a single-molecule sequencing of a human genome at a cost that is
below $50,000, routine usage will require costs well below this range for practical application
in the molecular diagnostic setting.

Until now, single-molecule sequencing has presented a significant, new challenge for the
molecular diagnostic community. With the simplicity of the methods, many of the upfront
challenges that laboratories have faced are definitively streamlined. However, the downstream
hurdles might become quite enormous. The wealth of data generated by single-molecule
sequencing methods and the computational and analytical tools required to analyze and make
sense of the sequences becomes a significant hurdle if not addressed immediately. User
interfaces that allow the marriage of sequence information with a molecular and clinical
interpretation require significant development on the part of both the technology developers
and the user community. The sooner attention is paid to this facet of the field the quicker the
uptake will be by the pathologist, medical center researcher and the molecular diagnostic
community. | have absolute belief that our greatest hope for the individual healthcare benefits
lies in our ability to effectively integrate the knowledge gained from genomic information with
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an individual’s medical care and thus deliver a true state of personalized healthcare throughout
one’s lifetime.

Expert commentary

Single-molecule sequencing of nucleic acids holds the potential to address many of the
fundamental issues that have challenged the field of genomic-based biomarkers, including the
ability to effectively standardize measurements, and to allow quantitative and qualitative
comparisons within and across diverse patient cohorts. By limiting the inherent bias present
in PCR-based measurements and with other nonsingle-molecule sequencing platforms by
eliminating the complicated sample preparation required by many technologies, single-
molecule sequencing allows the direct interrogation of the nucleic acid contained within tissues
and cells. While originally focused on DNA and cDNA sequencing measurements, new
research that allows the direct interrogation of RNA paves the way to a future of transcriptomic
measurements of unparalleled depth and free from the cumbersome challenges many cDNA-
based measurements. Single-molecule sequencing thus offers the potential promise to usher in
a new era in molecular diagnostics.

Five-year view

Over the next 5 years, single-molecule sequencing will emerge as a major component to
molecular diagnostics. The simplicity and bias-free measurement provides new impetus for
transitioning from indirect to direct measurements that truly reflect the biology of the patient.
Such technological advancement will usher in an era where the knowledge gained from
molecular information outweighs the cost of sequencing an individual’s genome and with that
comes the opportunity to truly revolutionize the personalization of healthcare.

Key issues

e Single-molecule sequencing will usher in the next technological revolution of the
era of the genome.

e Single-molecule sequencing will provide a more definitive and accurate
measurement necessary for molecular diagnostics.

e Prenatal, pathogenic and oncology diagnostics will be enabled in new ways
through the use of single-molecule sequencing.

e Technical improvements to drive down error rates and increase read lengths
remain; however, with continued investment from both public and private sources
of investment, these technological solutions will emerge.
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