Chapter 11
Recent Advances in Sequencing Technology

John F. Thompson, Fatih Ozsolak, and Patrice M. Milos

Abstract As we celebrate the tenth anniversary of the sequencing of the first
human genome, we recognize the remarkable technological innovation that now
provides the ability to resequence thousands of human genomes a year. While
the current methods of choice utilize amplification-based methods and the corre-
sponding challenges of sample preparation that accompany these methods, new
technologies that do not require amplification have emerged. Single-molecule
sequencing methods have the potential to dramatically shape the next 10 years
of technological progress driven by the continuing interest of driving the cost
of whole genome sequencing below the $1000 cost threshold. Yet while whole
genome sequencing remains of interest, sequencing technologies also enable new
approaches for genome exploration and experimentation including direct RNA
sequencing, complete transcript sequencing and real time methods for both nucleic
acid and enzyme Kkinetics.

11.1 Introduction

The development of Maxam and Gilbert, and separately Sanger, sequencing
methodologies in the mid-to late 1970s opened a new era for cataloging the genome
of a multitude of organisms [1, 2]. While much of the early sequencing included
bacteriophage, cDNA’s, ribosomal RNAs and viral genomes using these newly
developed methods, the Maxam and Gilbert technology was quickly replaced with
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the safer and more expeditious method of Sanger chain termination chemistries. In
Sanger sequencing, a primer is used to hybridize to the template DNA and synthesis
of the complementary DNA strand is initiated by the DNA polymerase. Initially,
four separate reactions were used to distinguish each dNTP incorporation as well
as the chain terminating ddNTP with termination occurring due to the lack of a
hydroxyl moiety on the ddNTP. Altering the ratio of dNTP’s and ddNTP’s results
in chain termination along the length of the molecule and the use of radioactive
nucleotides allowed the electrophoretic and autoradiographic analysis of the newly
formed DNA strands providing the sequence of the synthesized strand in four
separate electrophoretic gel lanes. The technical advance of using fluorescently
labelled ddNTP’s, each A, C, G or T ddNTP containing a unique fluorescent dye
with distinguishing spectral properties facilitated single tube chemistry as well as
automated sequencing instrumentation using the differential fluorescence of the
individual nucleotides to record the incorporation event along the DNA strand
through a laser detection system [3].

The commercial opportunity for DNA sequencing was quickly realized when in
1981 two engineers from Hewlett-Packard started Applied Biosystems to manufac-
ture and sell sequencing instrumentation to enable large scale sequencing in genome
research laboratories across the globe. Continued improvements in instrumentation
allowing ever increasing speed and high-throughput capacity using the same basic
Sanger chain terminator chemistry culminated in the release of the ABI Prism”
3700 Genetic Analyzer which became the work horse for the Human Genome
Project delivering sequence data at a volume never imagined possible. A consistent
theme throughout the revolution of DNA sequencing we are experiencing involves
scientists envisioning the need and technologists finding new, innovative solutions
to meet those needs.

Initial uses of the sequencing technology focused on cDNAs and the genomes of
small organisms, including the first complete 4.6-Mb Escherichia coli K-12 genome
[4] representing the work of more than 250 people that required a 6 year effort.
The draft human genome sequence was published concurrently by the publicly
funded Human Genome Project [5] and the commercial venture Celera [6]. The
government sponsored project took some 15 years and three Billion dollars yet
prompted scientists and technologists alike to begin considering the potential for
expanding the number of genomes beyond the initial draft genome sequences. In
2004, following the completion of the human genome sequence [7], the National
Human Genome Research Institute under the guidance of Dr. Francis Collins,
leader of the HGP, announced a major 70 million dollar funding initiative to fuel
development of new DNA sequencing technologies with a goal of achieving the
$1000 genome by 2014. In now looking back, the initial round of funding shaped
the field of both amplified and unamplified DNA next-generation sequencing as it
exists today (Table 11.1). Indeed the goal of achieving the $1000 genome by the year
2014 once again reiterates the notion that clarity of vision allows the developments
necessary to achieve the desired objectives, often more quickly than projected.

Today, we have taken the basic principles of DNA sequencing chemistry
described above and moved far beyond the throughput and yield envisioned by the
early pioneers in sequencing. Further we have extended the bulk DNA methodology
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utilized in these early technologies to now allow the detection and sequencing
of single molecules of DNA and RNA. This chapter describes the rapid pace
of amplified sequencing technology developments and the emergence of non-
amplified, single molecule DNA and RNA sequencing, all of which have resulted
in dramatic increases in the generation of genomic information including thousands
of complete human genome sequences that will help to unravel the complexity of
numerous diseases, as well as the use of sequencing for basic biological measure-
ments including cDNA sequencing and quantitation, direct RNA sequencing and
quantitation, and new insight into ancient genomes which are also highlighted in this
chapter. The field of non-amplified sequencing now offers the opportunity for direct
measurements of both DNA and RNA, providing a true measurement of cellular
biology.

11.2 Emergence of Amplification Based Short Read
Sequencing

Through the recognition of the important role “shot-gun” sequencing played in the
commercial venture led by Craig Venter, the important concepts emerged for the
“second generation” technologies — if one could simply sequence short fragments
of DNA, the problem of assembling the genomes of small organisms with an eye
to the whole human genome, seemed entirely possible. 454 Life Sciences emerged
as the first entrant into the field of new non-Sanger based sequencing technologies
publishing data demonstrating an increase in sequencing throughput enabling some
25 million bases of sequence data or some 100 fold greater than traditional Sanger
technology in a period of 4 h [8]. This advance was enabled by the massively
parallel synthesis of DNA templates by polymerase chain amplification to provide
sufficient substrate for sequencing. This technology relies on the basic principles
of sequencing by synthesis applied to pyrosequencing in which the emission of
light upon incorporation of the labeled nucleotide for subsequent detection and
visualization of the incorporation event, the landscape of DNA sequencing was
changed forever. Commercial introduction of the Genome Sequencer 20/FLX in
2005 enabled researchers to achieve the complete sequence of the first human
genome subsequent to that published from the Human Genome Project. This
genome however was completed in just two months time, using the 454 technology
with average read lengths approaching 250 nucleotides, and provided a genome
coverage of ~7.5x allowing redundancy of the reads to ensure both near complete
coverage and accuracy of sequence data [9].

Solexa, a company founded in Cambridge, England in the early 2000s was
one of the first commercial companies interested in the pursuit of single-molecule
sequencing along with Helicos BioSciences founded at about the same time in
Cambridge, MA. While both companies started as single-molecule sequencing by
synthesis companies, Solexa abandoned the single-molecule approach, was acquired
by Illumina in 2006 and their initial commercial platform, the GA1 was introduced
in the 2007 timeframe. The GA1, an amplification based second generation system
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of short reads, provided the customer with a new level of sequence throughput
with 36 nucleotide reads. Today, the sequencing by synthesis approach practiced
by Illumina has been continually improved through continued investment in the
technology surrounding the chemistry, image analysis, engineering hardware and
image analysis software to the point that the current HiSeq instrument allows
researchers to sequence two complete human genomes per run at 30x coverage
for approximately $10,000, closely approaching the goal of the $1000 genome.

11.2.1 Emerging Low Cost, High Throughput Technologies

While the increasing capacity of instruments, such as the Illumina HiSeq and Life
Tech Solid, provide genome centers across the globe with the capacity to sequence
hundreds to thousands of genomes per year, access to lower cost platforms to
allow genomic scientists at smaller research institutions and translational research
centers not well served by the ultra-high-throughput capacity has been limited.
Former 454 founder, Jonathan Rothberg meanwhile recognized the limitations
of the sequencing-by-synthesis chemistries dependence on ultra-fast imaging re-
quirements. Ion Torrent was founded on the principles of image-independent
chemistry in which the nucleotide incorporation event could simply be monitored
by local changes in pH evident when a hydrogen atom is released upon nucleotide
incorporation, promising a future where scale is only dependent on the ability
to create a semiconductor surface which gets smaller and smaller to allow ever
increasing numbers of molecular events to be monitored. Ion Torrent, purchased
by Life Technologies in 2010, has its eyes set on the ultimate prize of the $1000
genome, however, along that path, the company has introduced the first low cost
Personal Genome Analyzer (PGM™) to address the need of scientific researchers
requiring low cost and moderate throughout to enable genomic experimentation.
With a throughput today of 100 megabases, and promised improvements of ten-
fold every 6 months the Ion Torrent technology appears ready for placing DNA
sequencing within the realm of every biological researcher [10]. To exemplify,
while this platform today is not able to sequence a complete genome in a single
run, this technology enables comprehensive exon sequencing for important genes
of biological relevance with the potential for diagnostic applications and when
combined with bar-coding for each individual sample, hundreds to thousands of
samples could be analyzed at the same time. Like the other sequencing technologies,
a broad array of applications are available with the PGM machine.

11.3 Sequencing Applications

While all the technologies mentioned above rely on DNA or cDNA amplification to
obtain sequence information, numerous applications are enabled by these method-
ologies and have revolutionized the manner by which biological measurements are
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possible. These applications are briefly highlighted below and will be discussed
in more depth as we describe the applications for non-amplified DNA and RNA
sequencing later in the Chapter.

11.3.1 Whole Genome Sequencing

Whole genome sequencing costs have dropped dramatically over the last 10 years
to the current cost estimate of 12 cents per megabase of DNA sequence as demon-
strated in Table 11.2 (www.genome.gov/sequencingcosts). As the technologies have
improved read length and paired-read capabilities, the major application driven
by the Genome Centers has been genomic sequencing. From viral species and
bacterial genome sequencing for purposes of strain identification to the human
microbiome to the baboon, chimpanzee and 1,000s of normal human genomes and
tumor genomes remains, these technologies have become the workhorse for genome
sequencing. While the scope of this chapter is focused on sequencing technology,
a brief mention of the informatics developments accompanying the technological
advances described herein is appropriate as these developments have been integral
in continued sequencing improvements.

Whole genome sequencing in particular has been dramatically improved by new
methods and algorithms to enable de novo assembly of genomes and are nicely
highlighted in recent publications [11, 12].

11.3.2 ¢DNA Sequencing

For more than a decade much of our exploration of the transcriptome has been
conducted using microarrays or hybridization based methods that allow one to
reliably detect the relative abundance of the known transcripts which hybridize
to known probes on the array surface. This field, much like the field of DNA
sequencing, has exploded with the use of next-generation sequencing. Termed
RNA-Sequencing or RNA-Seq, scientists have pushed the technology to conduct
biological experimentation at a scale not previously imagined and further, in
a hypothesis free manner. By generating cDNA molecules through traditional
reverse transcriptase methods and including the ligation of adapters that allow for
amplification of the corresponding molecules, one has the ability to interrogate
the transcriptome to ask important biological questions including information on
the relative quantitation of RNA transcripts [13]. Since the initial publications
describing the RNA-Seq methods appeared in 2008, important biological insight on
stems cells [14], the complexity of the cancer transcriptome [13] and more recently
the beginnings of the analysis of single cells [15] has allowed scientists to gain
new insight into the RNA which plays such an integral role in cellular biology and
disease states.


www.genome.gov/sequencingcosts

11 Recent Advances in Sequencing Technology 287

Table 11.2 The National Human Genome Research Institutes calculated costs for
whole genome sequencing

Date Cost per Mb of DNA sequence Cost per genome
September-2001 $5,292.39 $95,263,072
March-2002 $3,898.64 $70,175,437
September-2002 $3,413.80 $61,448,422
March-2003 $2,986.20 $53,751,684
October-2003 $2,230.98 $40,157,554
January-2004 $1,598.91 $28,780,376
April-2004 $1,135.70 $20,442,576
July-2004 $1,107.46 $19,934,346
October-2004 $1,028.85 $18,519,312
January-2005 $974.16 $17,534,970
April-2005 $897.76 $16,159,699
July-2005 $898.90 $16,180,224
October-2005 $766.73 $13,801,124
January-2006 $699.20 $12,585,659
April-2006 $651.81 $11,732,535
July-2006 $636.41 $11,455,315
October-2006 $581.92 $10,474,556
January-2007 $522.71 $9,408,739
April-2007 $502.61 $9,047,003
July-2007 $495.96 $8,927,342
October-2007 $397.09 $7,147,571
January-2008 $102.13 $3,063,820
April-2008 $15.03 $1,352,982
July-2008 $8.36 $752,080
October-2008 $3.81 $342,502
January-2009 $2.59 $232,735
April-2009 $1.72 $154,714
July-2009 $1.20 $108,065
October-2009 $0.78 $70,333
January-2010 $0.52 $46,774
April-2010 $0.35 $31,512
July-2010 $0.35 $31,125
October-2010 $0.32 $29,092
January-2011 $0.23 $20,963
April-2011 $0.19 $16,712
July-2011 $0.12 $10,497

Reprinted from Wetterstrand KA. DNA Sequencing Costs: Data from the
NHGRI Large-Scale Genome Sequencing Program. Available at: www.genome.gov/
sequencingcosts. Accessed 12 Nov 2011

11.3.3 Chromatin Immunoprecipitation Studies

While DNA sequence is clearly the foundation for much of our understanding of
the human genome, the additional insight provided by studying the structure of the
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DNA in its native chromatin state has been significantly aided by next-generation
sequencing. Chromatin immunoprecipitation studies (ChIP) allow one to study
the interaction of the DNA sequence with any DNA-binding protein including
histone proteins and their various modified forms in the nucleosome structure of
the DNA found in the nucleus. Additional proteins including transcription factors
which regulate the dynamic state of gene transcription form key interactions with
the chromatin. The state of these protein:DNA interactions are studied genome-
wide through a snapshot of antibody immunoprecipitation specific to the various
proteins followed by isolation and sequencing of the specific DNA region to
which the protein-antibody complex had bound. New insight into development
[16], hematopoiesis [17] clinical outcome in ovarian cancer [18] has been possible
through use of ChIP-Sequencing at the whole genome level.

11.3.4 Limitations of Amplification Technology

While amplification-based sequencing has led to tremendous advances across a
range of biological questions, it remains limited or subject to artifacts in a variety
of specific areas. Challenges still remain with respect to genomic rearrangements
of large scale, accurate quantitation of both DNA and RNA as well as severe
bias in regions of the genome with extreme G+C content. The new methods
involving non-amplified DNA and RNA sequencing offer significant opportunity in
all these areas as the technologies continue to mature [19]. Additionally, the various
single-molecule approaches offer other technology-specific advantages including
the ability to generate very long reads, to directly detect modified bases, and to
directly sequence RNA.

11.4 Emergence of Non-amplified DNA Technologies

Researchers had long been interested in single molecule, non-amplified measure-
ments of DNA. Non-amplified methods offered the potential to eliminate many of
the challenges associated with complex sample preparation, PCR amplification, and
the ability to interrogate single-cell nucleic acid as well as the potential for real-time
interrogation to allow faster and cheaper detection of the sequence information.
A landmark publication demonstrating single molecule fluorescence imaging to
monitor the turnover of ATP molecules by single muscle myosin molecules using
total internal reflection microscope [20] provided insight into the potential for such
single-molecule measurements. This was rapidly followed by key developments
in this field of non-amplified DNA sequencing which can be divided into three
different areas which are sufficiently advanced for the purpose of this review:
(1) direct imaging for single DNA molecules to allow both mapping and sequencing
of large DNA molecules important for describing higher order structure of the
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DNA sequence; (2) Optical sequencing by synthesis technologies and (3) nanopore
sequencing technologies. What follows is a summary of these various technologies
as well as detailed examples of sequencing applications available today.

11.4.1 Optical Mapping Technologies

As the field of DNA sequencing was maturing and the Human Genome Project was
in full swing, many questions remained about the ability of shot-gun sequencing
to recapitulate the accurate sequence of a genome the size of humans. Optical
mapping techniques emerged in the 1990s as a potential solution to create an
ordered structural map of the human genome and was one of the first single
molecule methods for visualization of the higher order structure of the genome.
Following the isolation of high molecular weight DNA upwards to some 10-20
megabases, DNA molecules are fixed on a glass surface, liquid flow elongates the
single DNA molecules and restriction digestion of the DNA is performed directly on
the surface. Figure 11.1 illustrates an optical image obtained from human genomic
DNA to allow visualization of the single DNA fragments and illustrates a schematic
representation of the potential ability to assemble long stretches of DNA along
a contiguous stretch thus recapitulating the higher order structure of the human
genome [21].

More recently scientists at companies such as Halcyon Molecular (http://
halcyonmolecular.com/) and ZS Genetics (http://www.zsgenetics.com/index.html)
have turned to the transmission electron microscopy as a new tool to investigate
individual DNA molecules at the atomic level to allow visualization of the DNA
sequence along the length of the molecule offering the potential to directly image
and visualize at the DNA sequence level [22]. These methods while still under
development offer the potential to provide sequence data on long stretches of DNA
to overcome the limitations of current sequencing technologies which at present are
limited by read length and throughput.

11.4.2 Optical Non-amplified Sequencing Technologies
and Their Applications

11.4.2.1 Optical Sequencing Technologies

An initial demonstration of single-molecule sequencing-by-synthesis using DNA
polymerase and fluorescent nucleotides to monitor the complementary nucleotide
incorporation enabled DNA sequence data to be obtained from individual DNA
molecules [23]. These initial studies led to the founding of Helicos BioSciences
which further developed and commercialized the world’s first single-molecule
sequencing-by-synthesis technology.
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Fig. 11.1 Single molecule optical mapping depiction of the human genome. (a) An image of a
DNA molecule 2 mm long covering 6 megabases of DNA, digested with Pacl represented by
overlapping microscope images. White bars represent the cutting sites on the DNA molecule.
(b) Schematic representation depicting the linking of a whole genome optical map with that of
physical maps (Reprinted with permission from Trends in Biotechnology, Ref. [21] Copyright
1999, Elsevier Sciences)

The Helicos technology utilizes non-amplified fragments of DNA or RNA for
direct capture of the nucleic acid on the glass flow cell surface to which either
universal capture primers or gene specific capture primers are covalently affixed.
The depiction of the DNA sequencing process, which is also utilized for direct RNA
sequencing, as well as the actual images captured during the sequencing process are
shown in Fig. 11.2 [24, 25].
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Fig. 11.2 Helicos BioSciences single molecule sequencing sample preparation and imaging of
single molecules of DNA (Left) Single-molecule sequencing by synthesis process. (1) Genomic
DNA is fragmented and a 3’ poly(A) tail added, labeled, and blocked using terminal transferase.
(2) The DNA templates are captured on the surface with covalently bound oligo- dT(50). (3)
Imaging of the captured templates to template sites on the surface. (4) One labeled nucleotide and
polymerase mixture are added, followed by rinsing of the synthesis mixture and direct imaging.
(5) Chemical cleavage of the dye—nucleotide linker to release the dye label. (6) Addition of the
next nucleotide and polymerase mixture. (Right) Image series illustrating template-specific base
addition, successful rinsing, and successful linker cleavage. A mix of three templates is used to
allow visual sequence assignment. Template complementary sequences are shown in the table
(bottom). One example of each template is outlined in the figure. Each frame is a 6.6-pum square
image of the same sample position, and shows ~35 of the 1.8 x 10° imaged templates in this
experiment. Frame 1 is the image of the template labels. Template activity in three positions is
shown in the columns to the right. Frame 2 is after the first synthesis and rinse cycle. Frames 3 to 8
show the effect of six more consecutive cleave, synthesis, and image cycles, using the base identity
shown in the lower right corner of the frame (Reprinted with permission from Science, Ref. [24]
Copyright 2008, American Association for the Advancement of Sciences)

The universal surface consists of an Oligo-dT50 surface to allow the researcher
to add a polyA tail to the individual DNA molecules with terminal transferase
for subsequent hybridization on the flow cell surface. When sequencing RNA, the
natural polyA tail of the RNA molecules are captured on the surface or alternatively
a polyA tail can be added to RNA molecules via polyA polymerase. Following
hybridization to the flow cell, fluorescently labeled nucleotides, termed “Virtual
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Terminators” and polymerase are added sequentially to the flow cell to allow the
incorporation of complementary nucleotides into the growing strands of DNA or
RNA. Once incorporated, laser excitation of the fluorophore present on the individ-
ual molecules leads to fluorescence that is captured with a charge coupled device
(CCD) camera and converted to sequence reads using specialized imaging software.
Following 120 cycles of this sequencing-by-synthesis and optical capture of the
sequence data, more than one billion individual DNA sequence reads are generated
from the DNAs held on the flow cell surface area and available for the variety of
research applications of interest to the scientist. The Helicos sequencing technology
provides an average read length of 35 nucleotides for each DNA molecule with a
raw error profile between 3 and 5% with the predominant error form being a ‘dark
base’ due to the incorporation of a nucleotide which is not visualized during the
sequencing by synthesis process. Key is the alignment algorithm, IndexDP Genomic
which allows for accurate alignment of DNA sequence data taking into account
potential single nucleotide gaps in the DNA sequence [26]. Various applications of
the sequencing technology are described in later sections of this Chapter.

Meanwhile, scientists at Cornell University were pursuing the real-time incorpo-
ration of fluorescent nucleotides via DNA polymerase into growing strands of DNA
using a zero-mode waveguide (ZMW) technology [27]. Commericalized recently
by Pacific Biosciences, the sequencing technology utilizes a SMRT™ cell or chip
consisting of thousands of ZMW guides which are tiny microwells, nanometers in
diameter, created in a metal film on a glass surface (shown in a schematic form
in Fig. 11.3). Here the DNA polymerase is affixed to the bottom glass surface
of the well. Laser illumination of the bottom 30 nm of the ZMW guide allows
detection only of molecules which are near the bottom of the well. Because the DNA
polymerase is attached to the bottom of the ZMWs, only labeled molecules bound to
the polymerase remain in the illumination region long enough to be detected. DNA
molecules are flowed across the surface to allow single molecules of DNA to bind to
the polymerase and reside in the ZMW followed by addition of fluorescently-labeled
nucleotides. Through diffusion, the nucleotides find their way into the ZMW where
incorporation via the DNA polymerase occurs on the growing strands of DNA. Prior
to each incorporation event, the fluorescent nucleotide must remain bound to the
polymerase prior to incorporation and this results in fluorescence and corresponding
detection of the color indicative of the nucleotide fluor. Following incorporation,
the signal returns to low background level until the next nucleotide finds its way
to the growing DNA strand. With the initial SMRT cell configuration consisting of
some 75,000 ZMW, the incorporation events are monitored in real-time allowing
the researcher to interrogate thousands of strands of individual DNA molecules in
real time. In addition, the natural processivity of the DNA polymerase enzyme as
well as the cleavage of the dye molecule attached to the phosphate chain of the
nucleotide leaving a natural nucleotide in the growing DNA strand, has the potential
to deliver read lengths well exceeding all other amplification and non-amplification
based methods. Currently the average read lengths can approach 1,000 bases but
continued efforts on both chemistry and detection offer the opportunity to surpass
the current read length.



11 Recent Advances in Sequencing Technology 293

@
' !
Ll
-
M
&
P
Ll
;
3
™
.JI
’-i
5
o
9
&
&/
¢
@/
@
3
)
%

b o
i Emission
lllumination

Fig. 11.3 Depiction of Pacific Biosciences Zero Mode Waveguide. The ZMW microwell is
depicted here with a polymerase molecule to which DNA is bound. Synthesis of the DNA strand
occurs through incorporation of the appropriate labeled nucleotide which will be detected upon
laser excitation and emission to the recorded below the ZMW surface (Adapted with Permission
from Pacific Biosciences)

Helicos and Pacific Biosciences non-amplified DNA sequencing technology
have been used for genome sequencing. The publication describing the first single
molecule sequencing of a human genome using the Helicos sequencing technology
was indeed a remarkable achievement in the field of non-amplified DNA [28].
Requiring minimal sample preparation and three weeks time for sequencing fol-
lowed by several weeks of analysis time, the field of non-amplified sequencing was
established. Additionally, new insights into ancient genomes have been provided
by recent studies of DNA from a Pleistocene-era horse [29] and thus the unique
attributes of this ability are highlighted in a later section. Pacific Biosciences
and colleagues at Harvard Medical School followed with another single-molecule
sequencing study demonstrating the ability of SMRT sequencing to decipher the
origin of the cholera strain responsible for the outbreak in Haiti in 2010 [30].
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Yet, importantly, these two technologies each provide unique features that dif-
ferentiate them from the existing amplification-based sequencing technologies. The
current ability and future potential of the SMRT sequencing technology to obtain
read lengths that far surpass the current technologies combined with the sheer speed
of the DNA read-out offer new opportunity for more complete characterization of
the genome, allowing us to address the many rearrangements and repetitive regions
not possible with current technologies. In addition the ability to obtain full length
cDNA transcripts to fully elucidate the complex structure of the transcriptome is
entirely within the realm of the technology as throughput improvements occur.

The accuracy of quantitation with the Helicos single molecule sequencing tech-
nology is unparalleled as the ability to examine upwards of one billion molecules
which have not been amplified or ligated. Thus the inherent bias caused by these
molecular manipulations are avoided and the unamplified methodology provides the
scientist with the purest quantitative measurement for nucleic acid from a biological
source of interest [31] and enables new insight into important new biology revealing
new RNA species not previously detected with amplification based technologies
[32]. Additionally, the Helicos technology allows the direct sequencing of RNA.
Molecules which have not been manipulated via copying with reverse transcriptase
can thus be examined in a massively parallel fashion, something never before
possible [33]. A more in-depth characterization of these unique applications is
detailed below.

11.4.2.2 Gene Expression Measurements: Tag-Based and RNA Seq

Gene expression measurements provide a powerful window into how cells and
organisms behave normally as well as in response to various stimuli. Both the
number of genes that can be analyzed and the sensitivity with which those genes
can be detected has increased substantially as the technology of choice moved from
Northern blots and S1 assays to microarrays and qPCR and most recently to RNA
Seq. Each of the methodologies has its own strengths and weaknesses with respect to
identification of exon structure, crosstalk with similar genes, sensitivity, quantitative
accuracy, ability to detect poorly expressed or uncharacterized transcripts and
susceptibility to artifacts and errors. No technology is able to provide a complete,
quantitative picture of which transcripts are expressed combined with a detailed
view of their exon structure and 5'/3" ends. As such, experimenters need to decide
which aspects of the true expression profile are most important for their purposes so
the technology can be chosen which is best suited to the needed information.

Most early technologies were able to monitor only a small number of genes for
their expression levels so are limited if one wishes to do a complete transcriptome
characterization. A more thorough view on transcription became possible with the
advent of various types of microarrays and the ability to analyze thousands of
different genes simultaneously. However, microarrays suffer from poor sensitivity
for genes that are expressed at low levels, can suffer from significant crosstalk
with genes that are closely related, has difficulty determining splicing patterns,
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and is not generally useful for uncharacterized transcripts. To varying extents, next
generation sequencing technologies have overcome all of these difficulties. For NGS
technologies with a very high read count, very precise expression patterns can be
generated. However, all sequencing methods also have limitations and these must
be recognized so that experimental results can be properly interpreted.

Sequencing-based gene expression methods can be divided into two types: tag-
based methods and methods that interrogate the entire RNA molecule. Tag-based
methods include CAGE (Cap Analysis of Gene Expression) [34], SAGE (Serial
Analysis of Gene Expression) [35, 36], PET-Seq (Paired End Tag Seq) [37], DGE
(Digital Gene Expression) [38, 39], and DRS (Direct RNA Sequencing) [33].
These techniques capture a specific sequence at either the 5' end (CAGE and
DGE) or 3’ end (SAGE and DRS) or both (PET Seq) and count those molecules
for determining gene expression profiles. Little or no information is captured on
splicing or the opposite end of the molecule. Thus, these techniques are ideal
for assessing and comparing gene expression levels. Additionally, the tag-based
systems typically incorporate a selection step in which a specific feature of mRNA
(5" cap or 3’ polyA tail) that allows preferential sequencing of the RNAs of interest
with less sequencing of ribosomal RNA that is generally of less importance for
expression.

RNA Seq, in contrast to tag-based methods, captures reads from throughout
each RNA molecule. This provides information about the entire RNA but, unlike
microarrays and tag-based sequencing, this introduces an artifact into RNA Seq
data in that the results depend on the length of the RNA being interrogated. If
the RNA is long, more reads will arise from that RNA even if expressed at the
same number of molecules as a short RNA. Frequently, the raw expression levels
are corrected for length but these corrections are imperfect for many reasons
[40] and can lead to analysis issues [41]. RNAs with extremes of GC content
are less likely to be amplified and thus will appear less often than they should
based on actual expression levels [42]. Efforts to eliminate GC bias in library
construction have been partially successful [43] but some of these biases remain
and are exacerbated by the amplification that is required during sequencing. Even
after removing much of the library-induced amplification bias, genomic coverage
patterns are still far from what is predicted based on known sequence content
[43]. Figure 11.4 demonstrates this principle with data derived from RNA Seq
experimentation in which amplification based methods are compared directly to
single molecule methods, both involving cDNA analyses. Single molecule sequence
data demonstrates more uniform coverage across the gene transcripts depicted [19].

The paired-end protocols used to generate long-range data for splicing analysis
can introduce artifacts as well. If the raw reads from RNA Seq libraries are
examined, 5-10% of all reads have paired ends that do not match the same
gene [44]. Thus, one could expect that some artifacts could also be present in
matched pairs, suggesting that rare splice variants should be verified using an
independent technology. Additionally, the random hexamers typically used for
synthesis of cDNA introduce another level of bias into the process [45], independent
of sequencing platform.
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Fig. 11.4 Comparison of amplification and non-amplification RNA Seq data sets derived from
cancer cell line. Amplification-based sequencing leads to a bias in high-concentration transcripts.
Coverage maps from amplification-based and single molecule sequencing demonstrate signifi-
cantly greater coverage of (a) RPLPO, (b) RPL31, and (c¢) SPINT2. Removal of reads with the
same start positions significantly reduces the “spikiness” seen in these cases. (d) Duplicate reads
are relatively evenly distributed along the length of observed transcripts across all samples and
artificially inflate the apparent expression of those genes in amplification-based sequencing but not
in single-molecule sequencing (Reproduced with Permission from PLoS ONE: Ref. [19])

While amplification-based sequencing has been used extensively for high quality
expression profiles [46], there are situations in which single-molecule RNA Seq
methods can provide superior results for some aspects of gene expression studies.
For example, the Pacific Biosciences system is capable of long reads [47] so offers
the potential of a direct view of exon content and start/stop sites for different
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transcript isoforms. Unfortunately, the read count with this system is far too low
to be generally useful for accurate expression profiles. A reasonable splicing picture
of very highly expressed genes probably could be generated but the frequency of
reads from most genes will leave them with no coverage or insufficient coverage to
assess splicing and start/stop sites. For that reason, no RNA Seq profiles have yet
been published with this system.

In contrast to Pacific Biosciences, the Helicos system generates a very high
read count and thus can provide a very accurate quantitative assessment of gene
expression [38]. Because amplification is not necessary, quantitative accuracy is
maintained to a much higher extent than with amplification-based systems.

Any artifacts that arise from reverse transcriptase and cDNA synthesis may still
skew the true gene expression measurements unless Direct RNA Sequencing (DRS)
is carried out (see below) but biased amplification during library construction and
sequencing is not an issue. The Helicos read lengths are generally, though not
always, sufficient for unambiguous assignment to a particular gene. With highly
homologous genes, some crosstalk may occur so there will be uncertainty in the
expression level of such genes. Additionally, though some information can be
gleaned about splicing, complex splice patterns are not detectable. Nonetheless,
very precise RNA Seq profiles have been obtained [48] and technical replication
far superior to amplification-based systems has been described [40].

To a large extent, the differential expression patterns obtained with single-
molecule versus amplified sequencing are very similar but there are key differences.
In particular, genes that are poorly expressed are found much less often with
amplification-based sequencing [19], likely due to issues of limiting library diversity
but other issues with PCR cannot be ruled out. In addition to limited visibility of
poorly expressed RNAs and those with extreme GC contents, very short RNAs can
also be problematic [32]. Many short RNAs are not well amplified during library
construction and are too short to be amplified using bridge PCR required in the
Illumina platform.

11.4.2.3 Gene Expression Measurements: Direct RNA Sequencing
Technology

In addition to the frequent use of amplification, all of the gene expression methods
described above rely on conversion of RNA to cDNA prior to sequencing. However,
cDNA synthesis is known to be plagued by many artifacts including template
switching, primer-independent first and second strand synthesis, and biased cDNA
synthesis [49-51]. DRS technology can alleviate many limitations inherent in the
transcriptomics methods in use today, and provide new avenues of research and
applications in diagnostics. DRS not only eliminates the reverse transcription step,
but also the other sample manipulation steps such as ligation and amplification, thus
resulting in minimal distortion in the representation of RNA templates. The natural
strand-specificity of DRS and its requirement for only femtomole quantities of RNA
are advantageous for all aspects of RNA research.
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Fig. 11.5 Mapping of liver-derived direct RNA sequencing reads to human Chromosome 4.Total
liver RNA was sequencing using the DRS technology. Sequence reads were mapped with
high stringency to the human genome reference. Reads mapping to Chromosome 4 are shown
(Unpublished data used with Permission from Helicos BioSciences Corporation)

DRS offers a simple route for polyadenylation site mapping [52]. Given its nature
of capturing polyadenylated RNAs on poly(dT)-coated surfaces and sequencing
after a “fill & lock™ step, DRS reads emerge immediately upstream of the polyA-
tail. Thus, the 5" end of DRS reads signify polyadenylation addition locations.
The DRS procedure is capable of capturing the polyA + mRNA population from
total RNAs or cell lysates directly after blocking only the 3’ hydroxyl. The data
generated is quantitative, thus for the first time allows genome-wide study of
alternative polyadenylation states in both quantitative and qualitative manner across
biological settings of interest. Figure 11.5 demonstrates direct RNA sequence reads
obtained from liver total RNA mapped to human chromosome 4. Peaks across the
chromosome demonstrate the diversity of RNA reads at low resolution. This data
can also be used to generate a tag-based gene expression profile of polyA + mRNAs
within cells.

DRS can also be adapted for all RNA analyses being performed today. Whole
transcriptome profiling can be done with RNA fragmentation with standard meth-
ods, followed by polyadenylation of the RNAs. One advantage of DRS is the
universality of sample preparation steps for different applications. In other words,
unlike cDNA methods which require different cDNA synthesis and sample ma-
nipulation steps for short and long RNAs, DRS requires only 3’ polyadenylated
templates. Thus, both short and long RNAs can be sequenced together in a single
experiment.
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11.4.2.4 Ancient and Degraded DNA

In most situations, long sequence reads are an advantage. However, when the DNA
is degraded due to age, chemical fixation, or damaged by other deleterious condi-
tions, it may actually be advantageous to use short read technologies. For example,
ancient DNA is frequently contaminated with DNA from other species which is
sometimes of more recent origin and hence potentially longer and of higher quality
[53]. When such mixtures are amplified, the longer and less damaged modern DNA
is preferentially replicated and hence increases its fractional composition and could
potentially swamp out the desired signal from the ancient or damaged DNA. This
is evident from work with DNA from a Pleistocene-era horse bone in which the
same sample sequenced with an amplified versus non-amplified system yielded very
different results for the per cent horse versus non-horse sequence reads [29]. On
average, >3x more reads were from horse using the non-amplified sequencing.
This difference was substantially increased when the sample preparation for the
ancient DNA was modified slightly to remove blocking 3’ phosphates from the
ancient DNA [54]. The extent to which single-molecule sequencing is superior is
highly dependent on the quality of the DNA sample of interest. The more degraded
the sample, the higher degree of improvement can be obtained. However, it is not
necessary for DNA to be Pleistocene era in order to be too degraded for analysis.
For example, some remains buried at the National Memorial Cemetery of the Pacific
that had been exposed to highly damaging conditions during embalming and which,
even after extensive amplification, had not previously provided more than a few
dozen base pairs of usable human sequence using amplification-based sequencing
was able to be effectively sequenced using the Helicos system [55]. Similarly, many
clinical samples are formaldehyde-treated and preserved in paraffin and thus can
be significantly damaged or degraded. More recently preserved samples tend to be
higher quality as experimenters have realized the importance of mild conditions to
allow subsequent sequencing but many samples have not been as carefully handled
and thus are problematic with sequencing systems that require longer templates.
Again, single-molecule sequencing has been able to provide good sequence data for
even RNA samples extracted from FFPE clinical specimens [56].

11.4.3 Nanopore Sequencing Methods

Classical next-generation sequencing techniques have dramatically dropped the
price of sequencing while opening up numerous new avenues of scientific inves-
tigations. These tremendous advances have served to whet the appetite for even
greater capacity at lower costs. However, the current commercial technologies
are unlikely to yield orders of magnitude cheaper sequence or provide markedly
different capabilities relative to what is already available. Consistent with the
initial goals laid out by NHGRI for the $1000 genome and in contrast to the
existing technologies, there are a variety of nanopore technologies, though not yet
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Fig. 11.6 Schematic representation of nanopore fabrication. artificial nanopores and nanochannels
can be made by heavy ion and chemical ecthing (a and b) or by drilling holes through a silicon
wafer with a focused electron beam (c and d). A more detailed description is provided in Ref. [60]
(Reprinted with permission from Trends in Biotechnology, Ref. [60] Copyright 2011, Elsevier
Sciences)

technically and/or commercially viable, that could provide dramatically different
or cheaper output. Nanopore technology is attractive because, in theory, extremely
long reads could be generated on single molecules with little or no reagent costs,
simple sample preparation in a highly parallel fashion and with a very short time
to results. However, realizing all these goals or even some of them, with a single
technology will be challenging. To be commercially successful, the output from a
technology will either have to provide a qualitatively different result or substantial
cost/time savings relative to the already high bar created by existing technologies.
Reviews dedicated to nanopores and nanopore sequencing are available and describe
the wide variety of approaches being taken in this area [57-61]. Healey [62] has
reviewed nanopore sequencing from a more historical perspective.

Nanopore approaches can be categorized in a number of ways based on the nature
of the nanopore with the most frequent classification being biological or solid state.
Biological nanopores use a protein channel with a pore of the necessary dimensions
to allow DNA to pass through [63]. While early biological nanopores were in lipid
membranes, some more recent versions are hybrid, using a solid-state scaffold with
a protein pore. Solid-state pores (Fig. 11.6) were originally derived from silicon and
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its derivatives though recent efforts have also explored graphene as an alternative.
In addition to the nature of the pore, another useful categorization is the mode of
sequence detection. Most nanopores detect variations in electrical signals (voltage or
current) induced by blocking an ionic current between chambers but other methods,
including optical detection and differences in transverse electrical currents, can also
be used. The theoretical background and modeling of blocking ionic currents have
been described in detail [64, 65]. Similarly, the theory and signals expected from
transverse currents detected across a tunneling gap have also been described [66,
67] and confirmed experimentally [68—70].

Most efforts directed at biological nanopores have employed either a-hemolysin
or MspA as the protein of choice [63, 71, 72] though other proteins may also be
used [73]. All of these proteins have a pore with a diameter greater than 1 nm
needed to allow single-stranded DNA (ssDNA) to pass through. Some proteins have
an even larger pore allowing double-stranded DNA to pass. However, the variation
in the lengths, widths and charge distributions within the pores of these proteins
is not ideal for sequence detection so efforts have been directed at improving their
properties. a-hemolysin and MspA have been successfully mutated to improve a
variety of sequencing properties [72, 74, 75]. These mutated pore proteins have
been shown to be capable of distinguishing the electrical signals from all four natural
nucleosides/nucleotides [76—78]. However, distinguishing free nucleotides is not the
same as sequencing extended lengths of DNA. To generate usable sequence data, the
DNA must be translocated through the nanopore with sufficient force that movement
is unidirectional but not so quickly that the signal from the individual bases cannot
be distinguished. The length and width of the pore must be such that the base
being sequenced is the primary contributor to the signal or a very complex set of
signals will result. These conditions are not easily met so a variety of methods have
been used in an attempt to generate sequence data. The speed of DNA translocation
through protein pores has been slowed by altering viscosity [79] and by varying salt
concentrations [80]. These manipulations have not yet proved sufficient for reading
sequence so various proteins have been used to assist in the process.

For example, DNA polymerase has been used to detect sequence incorporations
while attached to a-hemolysin [81]. Similarly, the activity of exonuclease I bound to
a-hemolysin has been monitored by nanopores [82]. The kinetics of these reactions
in pilot studies is not sufficient for effective sequencing but demonstrates the future
possibilities if they could be optimized. In addition to detecting the electronic signal
directly from nucleotides/nucleobases, there have also been efforts to detect signals
optically after converting the naturally occurring sequence to fluorescent emitters
[83]. However, methods described thus far introduce far more complexity into
sample preparation than is required by other approaches so are not as appealing
as the simpler nanopore readouts.

While biological nanopores offer advantages in terms of being easily manip-
ulated with respect to changing the charge and inclusion of complex functional
groups in or near the pore, there are only a small number of suitable pore proteins
and they provide a limited set of scaffolds with which to work. Also, construction
of highly parallel arrays does not have the economies of scale that solid-state
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nanopores offer. Solid-state nanopores have the advantage of being much thinner
and thus can generate signals arising from a single base more easily. Indeed,
graphene offers the thinnest possible nanopore, the thickness of a single carbon
atom. Furthermore, nanopores can be constructed with a wide variety of widths
and this can be readily changed using well-established techniques [84]. For the
most part, solid-state nanopores are made from silicon derivatives. Very long DNAs
(97 kb) have been reported to be translocated through silicon at a speed greater than
10 kb/ms [85] and it is likely that much longer DNAs could be used. Even at 97 kb,
these DNAs far surpass the lengths that can be interrogated with current sequencing
technologies and thus would immediately provide a substantial benefit for genomic
analysis if information beyond simply the length could be obtained.

As with biological nanopores, the speed of translocation with current solid-
state nanopores is too fast for sufficient signal to be generated for each base to be
effectively read. As a result, modifications of the pores and translocation conditions
have been carried out to slow the rate of translocation [86]. Capture rate can be
adjusted by varying salt concentrations [87] or by altering the manner in which
the pores are made [88, 89]. Pores can be chemically modified so that the charge
slows translocation speed. Because silicon nanopores can be made wider, ssDNA
and dsDNA as well as protein-bound DNA can be successfully translocated through
pores. When bound to recA, dsDNA moves through the pores much more slowly
and generates a much higher blockade current [90].

While varying translocation conditions can slow the rate of transit through the
nanopore that creates new issues with the positioning of the DNA with respect
to the nanopore constriction and assuring that the DNA is read sequentially [91].
However, if DNA is translocated through a nanopore at a speed necessary to ensure
predictable positioning, it is going too fast to generate sufficient signal. As a result, a
variety of methods have been tested in order to provide the optimal mix of speed and
sensitivity [92, 93]. Additionally, hybrid pores modified with DNA [94] or protein
[95] can also be used. Another approach employs oligonucleotide probes of known
sequence to tag regions of interest in DNA [96] and generate position-specific
changes in blocking current. By using pools of probes, the entire sequence can be
generated de novo. This method has the advantage of using groups of nucleotides
with each signal and spreading that signal out over a longer physical distance for
enhanced signal to noise and ease of detection.

Graphene nanopores also have the subject of much recent interest due to the
absolute minimum thickness of their constrictions. Thus far, translocation of DNA
has been observed through pores experimentally [97-99] along with theoretical
predictions of how sequence signals might be possible [100]. While offering
tremendous potential, graphene nanopores are now in their infancy in terms of
characterization and their very simplicity will make them difficult to modify as
can be accomplished with protein and silicon-based nanopores. Thus, the varying
flavors of nanopore sequencing provide the best hope for the next quantum leap in
sequencing capacity and capabilities but many issues need to be overcome before
they are a commercial reality.
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11.5 The Future

The power of amplification-based next generation sequencing has enabled countless
new approaches to a host of previously inaccessible biological questions. This
treasure trove of new applications and knowledge has obscured the fact that there
are severe limitations and artifacts present in this powerful but not omniscient
technology. The tremendous variety of single-molecule approaches holds the po-
tential for filling many of those gaps and expanding the reach of massively parallel
sequencing ever further. An important example, sequence reads of unprecedented
length achieved with orders of magnitude faster speed to results could be generated,
all at lower cost than current technologies. Different single-molecule approaches
existing today, or in development, offer the potential for simplifying and lowering
sample requirements, improved quantitation for gene expression, protein binding,
and epigenetics. Thus, we can look to the next 10 year when the promise of the
$1000 genome will be realized — and with this new milestone new opportunity for
unraveling the complexity of human disease.
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