Chapter 19
Existing and Emerging Molecular
Technologies in Myeloid Neoplasms

Eric Q. Konnick and David Wu

The Era of Genomic Medicine

Genomic medicine has had a long and rich history. In the 1970s, the discovery of
restriction endonucleases first allowed scientists to cleave DNA in a reproducible
manner, allowing for the probing of specific alterations of DNA sequence at these
sites [1]. As additional restriction endonucleases were discovered, simultaneous
interrogation of multiple nucleotides at specific genomic positions soon became
possible leading to key technological advances such as DNA cloning, DNA sequenc-
ing, and in situ hybridization.

The discovery of recurrent translocations in many neoplasms offered the oppor-
tunity for identification of these genetic structural rearrangements by molecular
methods. Advances in cytogenetic staining made karyotype the initial test of
choice for structural genomic alterations, but that method was highly specialized,
laborious, and required viable neoplastic cells. Subsequent development of molec-
ular cloning allowed for the introduction of in situ hybridization methods, first
with radioactive elements [2] and later with fluorescence labels [3], which then
allowed for rapid and specific identification of recurrent chromosomal alterations.
Around this time, techniques to determine the sequence of DNA bases were devel-
oped by Frederick Sanger and colleagues using radiolabeled nucleotides [4-6].
Although the first use of these techniques was similarly laborious and time con-
suming, these approaches were critical in establishing foundational knowledge
about the sequence and structure of genes. Other advances followed in rapid suc-
cession. Polymerase chain reaction (PCR) was invented in the mid-1980s by Kary
B. Mullis [7] and was so revolutionary that clinical applications of this technology
were adopted almost immediately thereafter [8]. The subsequent discovery and

E.Q. Konnick (0<) « D. Wu
Department of Laboratory Medicine, University of Washington, Seattle, WA, USA
e-mail: Konnick@UW.edu

© Springer International Publishing AG 2018 369
C.-C. Chang, R.S. Ohgami (eds.), Precision Molecular Pathology of Myeloid
Neoplasms, Molecular Pathology Library, DOI 10.1007/978-3-319-62146-3_19


mailto:Konnick@UW.edu

370 E.Q. Konnick and D. Wu

application of thermostable enzymes in PCR were further transformational [9, 10]
and allowed for novel automation solutions that propelled the field forward, as the
combination of these different techniques was powerful. For example, PCR
allowed for the rapid amplification of specific nucleotide sequences and when
combined with restriction enzyme technology offered a quick and simple way to
identify point mutations in neoplastic tissue through the characterization of restric-
tion fragment length polymorphisms (RFLP) [11]. During the 1980s and 1990s,
our understanding of the role of genes in disease transformed with improvements
in PCR technology, Sanger sequencing methods, and enhanced computing power.
During this period, numerous genes were identified and associated with specific
neoplastic conditions [12, 13]. These technological advancements led to rapid
implementation of PCR-based assays in clinical laboratories for diagnosing dis-
eases with well-known genetic predisposition [14] and infectious diseases associ-
ated with cancers [15, 16], and for characterizing alterations of specific neoplasms
[17, 18]. PCR-based assays were also described as a possible method of residual
disease detection when the genetic abnormalities were characteristic for a given
disease [19]. By the end of the twentieth century, a massive expansion of robotic
technology and DNA synthesis techniques allowed for the development of DNA
microarrays in which the genome could be probed using hundreds of thousands of
probes to identify copy number changes, single nucleotide polymorphisms, and
quantification of RNA transcripts. At the same time, advancements in fluidics,
digital imaging, and computational power allowed for the subsequent development
of methods that allowed for genome-wide sequencing of millions of short
sequences in a massively parallel manner.

These scientific and technologic advancements in laboratory techniques allowed
physicians and scientists to apply insights from molecular biology toward a detailed
understanding of hematological malignances due to the relative ease of obtaining
viable neoplastic cells and working with such cells under a variety of conditions. As
such, the application of the state-of-the-art techniques allowed for hematological
disease classification to always reflect the best clinical, scientific and analytical data
available. Thus, whereas the French—American—British (FAB) Cooperative Group
proposed a system for classifying acute myeloid leukemia (AML) in 1976 using
morphologic and cytochemical criteria to characterize the presumed stage of dif-
ferentiation of myeloid neoplasms, as scientific insight and laboratory techniques
improved, disease classification was improved when it was recognized that specific
genetic lesions were associated with some entities. Additional knowledge obtained
using advanced techniques revealed the importance of specific genetic alterations in
not only diagnosis but also prognosis and prediction of therapeutic efficacy. With
new data informing the field, the World Health Organization (WHO) developed a
new hematologic disease classification approach that included genetic, immunophe-
notypic, biologic, and clinical features along with morphologic features. This com-
prehensive approach defined specific entities with diagnostic, prognostic, or
therapeutic significance. Since the original WHO classification in 2001 [20], there
have been two major revisions due to an evolving understanding of hematologic
disease, with the first occurring in 2008 [21], and more recently in 2016 [22].
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In this chapter, we attempt to describe some of the key techniques and laboratory
approaches that were important in the development of our modern classification of
myeloid neoplasia. As we move forward, new laboratory techniques are likely to
further refine our understanding of the pathogenesis of neoplastic myeloid diseases,
impact our approach for disease classification of myeloid neoplasia, and hopefully
offer insight into new treatment opportunities for patients.

Current Laboratory Methods in Common Use in Evaluation
of Myeloid Neoplasia

Karyotype

Nobel Prize winning work in the early twentieth century demonstrated that the
exchange of genes was related to the exchange of chromosomal material [23, 24].
This work formed the basis for additional studies and experimentation that eventu-
ally led to the formalization of cytogenetics and karyotype analysis as the first,
“whole-genome” diagnostic tool several decades later. Since that time, cytogenetic
techniques and our understanding of its importance in neoplasia have improved, and
currently, karyotype analysis is a standard part of the clinical evaluation of many
myeloid neoplasms. Although high-resolution, 2000-band karyotypes are available
that can identify abnormalities at 1-2 megabases (Mb) resolution, current clinical
practice in many institutions is limited to the routine use of a 300-to-500-band
karyotype, which is capable of resolution of 7-10 Mb alterations [25]. This resolu-
tion nevertheless allows for discernment of large structural changes to be readily
identified. Many myeloid neoplasms demonstrate recurrent cytogenetic abnormali-
ties, but a significant proportion, such as acute myeloid leukemia (AML), do not
have significant cytogenetic abnormalities [26]. Although a subset of myeloid neo-
plasms do not have detectable aberrations by karyotype, this method nevertheless
provides valuable diagnostic and prognostic information and is commonly employed
clinically.

Karyotyping consists of several steps including the growth of cells in culture,
arrest of cells in metaphase, treatment of cells with a hypotonic solution, fixation of
cells, dropping the cells across a glass slide to disperse the fixed cells, staining of the
genetic material, imaging of the stained materials, assembling of a karyogram, and
interpretation. Multiple different properties of chromosomes can be described using
current karyotyping techniques, including alterations in the absolute number, size,
centromeric position, structure, and banding patterns of chromosomes (Fig. 19.1).
From these characteristics, cytogeneticists can assess for aneuploidy, structural
changes, and presence of unknown genetic material in satellite chromosomes.
Abnormal karyotypes in the setting of myeloid neoplasms have been extensively
described. As the technique became commonly used in the clinical evaluation of
myeloid neoplasms, key observations were made that certain changes were recurrent
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Fig. 19.1 Examples of karyograms representing karyotypes at 300-500 band resolution (resolu-
tion of 7-10 mB). (a) Abnormal female karyogram from a bone marrow aspirate of a patient with
myelodysplastic syndrome. The complex karyotype demonstrates multiple abnormalities (arrows),
including loss of 5q, monosomy 18, and monosomy 20 in addition to two marker chromosomes of
undetermined origin (mar). (b) Normal karyogram from a peripheral blood sample from a healthy

male
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and seemed to be associated with specific neoplastic features [27-29]. Additionally,
it became apparent that if serial monitoring were performed clinically in patients
during disease progression, there may be concurrent evolution of the karyotype as
well [30]. Advantages of karyotypes include the ability to discern whole-genome
duplication events, identification of large-scale chromosomal abnormalities, and
assessment of changes in the karyotype over time. Currently, the processes for
karyotyping have become well established and are generally available in commer-
cial reference laboratories and in most academic medical centers. The karyotype
relies on living cells to culture, and yield of viable cells may be limited by chemo-
therapy exposure or sampling. The presence of subtle genetic rearrangements may
not be readily apparent on common preparations, and the sensitivity of the method
to subclonal populations is poor. Important genetic changes such as substitution
mutations or loss of heterozygosity cannot be resolved using karyotype analysis.
Although karyotype has been described as a method for monitoring minimal resid-
ual disease, more sensitive methods are generally preferable, when possible [31].
Frequent abnormalities in karyotype are noted in several types of myeloid neoplasia
[20, 21], and as such, karyotypic aberrations will likely continue to be considered in
description and classification of myeloid neoplasms for many years to come.

Fluorescent In Situ Hybridization

The cloning and restriction enzyme techniques that were developed in the 1970s
allowed for a new set of tools that enabled detailed identification of structural and
copy number changes in patient material. The first methods describing florescence
in situ hybridization (FISH) were published in the early 1980s [32] and rapidly
developed into a robust technique with numerous permutations. The technique is
conceptually simple, consisting of hybridizing fluorescently labeled oligonucle-
otide probes complimentary to a sequence of interest to target-specific loci over the
course of hours, washing away unbound probes, imaging the slide, and character-
izing the binding pattern apparent in an appropriate number of cells. FISH can be
used to enumerate specific types of genetic changes and rearrangements that occur
in the setting of neoplasia. Assessment of copy gains or losses of whole chromo-
somes can be inferred using probes targeting the centromere of the chromosome of
interest, while using a centromere probe combined with a probe for a gene of inter-
est will allow the operator to determine if a specific gene is gained or lost or if such
an event is due to a chromosome-level event. One of the most powerful permuta-
tions has been the assessment of chromosomal translocations or other structural
rearrangements that are recurrent in neoplasia. Some of the commonly used meth-
ods employ fusion probes or break-apart probes. Fusion probes utilize two differ-
ently fluorescently-labeled probes that target genes involved in a translocation or
other structural rearrangement. When the probes are spatially separated, the probes
individually fluoresce at different wavelengths allowing the operator to discern sep-
arate signals for each probe. However, when the probes are in close proximity due
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Fig. 19.2 Examples of FISH studies from clinical samples demonstrating different types of FISH
design. (a) Break-apart probe assay with intact probes. (b) No abnormalities — FISH assay using
three probes: chromosome 12 centromere (green — two signals), 13p (aqua — two signals), 13q
(orange — two signals). (¢) Trisomy 12 — FISH assay using three probes: chromosome 12 centro-
mere (green — three signals), 13p (aqua — two signals), 13q (orange — two signals). (d) Break-apart
probe with single red and green signals representing the separated break-apart probes and a single
yellow signal representing the intact locus (Images courtesy of Debra Dehoogh-Grigsby, University
of Washington Cytogenetics Laboratory)

to a translocation event in which two different genomic loci are fused together, the
signals can no longer be separately distinguished and the operator only can identify
a composite signal of a color that is distinct from the individual fluorophores. In
contrast, break-apart probes use a similar concept but consist of two probes that are
on either side of a common translocation breakpoint of a single gene that is involved
in the setting of structural rearrangements. In this design, when a given gene is
intact, only a single, composite signal per chromosome is observed. When a gene is
rearranged across a breakpoint that is between the two probes, the signals separate
and either two separate-color signals or a single-color signal will be observed per
disrupted chromosome (Fig. 19.2).
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Fusion and break-apart probe designs have an inherent specificity built into their
design, in which it is unlikely that a false-positive result will occur. When testing
clinical formalin-fixed paraffin-embedded (FFPE) samples, it is possible that a sub-
set of the evaluated nuclei will have been cut in such a way that the genomic mate-
rial being probed will be present on separate planes and, as such, there will generally
be a background level of artifactual “abnormal” signals that needs to be considered
when the assay is evaluated. Fusion probes are a good design to use when rearrange-
ments are observed between the same two partners in the setting of interest [33], but
if a rearrangement occurs between one of the genes and an unknown partner, there
is a possibility of a false negative result. One advantage of the break-apart FISH
design is that it is agnostic to the partner of the interrogated gene, which is benefi-
cial in diseases in which there are multiple possible rearrangement partners or when
the main concern is identification of the presence of gene disruption and not the
specific translocation partners. The disadvantage of such a design is that the knowl-
edge of the second gene involved in the rearrangement is not known.

In general, FISH has several advantages, thereby making it useful for assessing
large-scale genomic events in neoplasia. The detected signals can be very specific,
the testing can be relatively inexpensive, rapid, and the assay can be quickly done on
fresh, cultured, or FFPE samples. FISH studies on FFPE samples can often be
accomplished in a much more rapid fashion than alternative techniques such as
reverse-transcription PCR (RT-PCR) or next-generation sequencing (NGS). A key
shortcoming of FISH, however, is that only a few targets can be evaluated per test,
requiring selection of the appropriate probes before the test is performed. While such
selection is often acceptable, rare cases where incorrect testing is performed can
result in false-negative results that have important clinical implications. In cases
where multiple targets need to be assessed for diagnostic, predictive, or prognostic
uses, panels of simultaneous assays are often employed, and with each additional
assay performed, the cost of testing increases linearly as does the labor of evaluating
hundreds of cells per study for interpreting the results. In the setting of rearrange-
ments, there are examples of cryptic rearrangements that may not be readily detected
by standard FISH methods [34]. Finally, FISH can only identify large-scale genomic
changes such as copy number alterations and structural rearrangements, and the
technique will not detect small-scale mutations such as single-nucleotide variants
and small insertions and deletions (indels). However, with proper understanding of
the advantages and limitations of FISH and specific permutations, this technique is a
rapid, sensitive, specific, and valuable method for assessing important and recurrent
genomic events in the setting of neoplasia, particularly in the clinical laboratory.

Sanger Sequencing

The initial description of sequencing by Frederick Sanger and colleagues used the
concept of chain terminating nucleotides labeled with radioactive tracer molecules
[4-6]. Separate reactions were used in which each reaction incorporated only a
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single terminator nucleotide with a larger proportion of unlabeled nucleotides. After
the sequencing reactions were completed, the four reactions were separated in sepa-
rate lanes on an electrophoretic gel and visualized by autoradiography. As labeled
terminator nucleotides were incorporated into a growing DNA strand, the strand
would not be able to extend further and the base at that position could be inferred
based on the position on the gel. This technology allowed the determination of each
subsequent base in a sequence by incorporating nucleotides, specifically dideoxy-
nucleotides that prevented further elongation of the DNA molecule and visualizing
on an autoradiographic polyacrylamide gel after size separation.

With the introduction of PCR, Sanger sequencing became technically easier, but
it was the introduction of fluorescently labeled nucleotide terminators and automa-
tion that greatly expanded the use of this technology, particularly in the clinical
environment (Fig. 19.3). By utilizing separate fluorophores for each of the termina-
tor nucleotides, a single reaction for the forward and reverse PCR product decreased
the number of reactions necessary to obtain sequence data. Automated instruments,
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Fig. 19.3 Screen capture of Sanger sequencing trace utilizing fluorescently labeled dideoxynucle-
otide terminators. In this method, a single reaction tube is required for the forward and reverse
sequencing reaction for each sequenced region. Reactions include dideoxynucleotide terminators,
each base labeled with fluorophores that emit at different wavelengths. After the sequencing reac-
tion, the sequencing products are denatured and loaded onto an automated instrument which sepa-
rates the DNA fragments based on size through the application of an electric field applied to a
polyacrylamide gel or a sequencing capillary. Smaller-size DNA molecules move more quickly
through the matrix and larger products more slowly. A laser or other excitation source and fluores-
cent detector are positioned at a fixed point along the electrophoresis apparatus. As DNA frag-
ments pass by the detector window, the laser excites the florescent dye, which then returns to its
resting state and emits a photon at a longer wavelength. This emission is captured through the
detection apparatus and software determines the incorporated bases. Sequence data are represented
by an electropherogram, which shows the fluorescence peaks of the labeled dideoxynucleotide
terminators. Determination of the base pair composition can be accomplished with software algo-
rithms, which allows for increased throughput. In this example, a G > T nucleotide substitution is
identified (arrows) in approximately 15-20% of sequencing reads at the indicated position
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initially as polyacrylamide slab-gel machines, and later capillary sequencers,
allowed for the automation of electrophoresis and data acquisition [35, 36].
Developments during this time resulted in the ability to obtain DNA sequences of
500-1000 base pairs in a rapid and automated fashion.

With the rapid technological developments in the practice of Sanger sequencing,
the technology had matured to the point that large-scale sequencing could be con-
sidered, and from 1990 to 2003 the Human Genome Project was undertaken to
sequence the majority of several reference genomes obtained from volunteers [37].
The demands of this project resulted in numerous innovations in robotics, automa-
tion, and informatics that were rapidly adopted beyond the initial research initiative
[38, 39]. In the late 1990s, the government-run effort was challenged by a private
consortium using a novel approach of so-called, shotgun sequencing, which sheared
DNA into random fragments and then used techniques to attach primers and
sequence the intervening DNA [40, 41]. This technique relied heavily on the ability
of computers to reassemble the DNA sequence by identifying regions that over-
lapped with one another. This situation led to a competition between the groups,
which evolved into a collaborative effort resulting in the release of the first draft of
the human genome in 2001 [42, 43].

Sanger sequencing is widely distributed and many laboratories are capable of
generating high-quality sequence for research or clinical use with a high likelihood
of success. This technique has some limitations, primarily that the technique can
generally detect only minor sequence populations that are greater than 20% of the
mixture, although recent developments suggest that more sensitive approaches may
be available. While the output of these techniques has improved dramatically over
the decades, the technology has limited throughput, often requiring dozens of reac-
tions to fully analyze the exons of a single gene. This limitation makes large-scale
analysis of genes difficult. Finally, while the informatics tools have improved dra-
matically, the commonly used methods still require a large amount of manual effort
to review sequence data.

Polymerase Chain Reaction

Polymerase chain reaction (PCR) was invented by Kary Mullis in the mid-1980s
(Fig. 19.4) [7] and clinical uses of this powerful technique were implemented almost
immediately [8]. PCR is accomplished through the combination of extracted sample
DNA with oligonucleotide primers flanking the sequence of interest, deoxynucleo-
tide triphosphates (ANTPs), a polymerase enzyme, buffers to allow enzyme func-
tion, and cations required for polymerase function. The reaction mixture is heated
to denature the double-stranded DNA (denaturation) and then cooled to a tempera-
ture that allows binding of the primer oligonucleotides (primers) to the template
strands. Because primers are much shorter than the template DNA, reaction kinetics
favor the binding of these primers to the template molecules. In addition, primers
are added in molar excess, which further favors the binding of primers to the
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Fig. 19.4 Schematic showing the key steps of the polymerase chain reaction. Template DNA is
incubated with synthetic oligonucleotide primers specific for the sequence of interest, with dNTPs,
and a thermostable Thermus aquaticus (taq) polymerase. Template DNA is denatured using high
temperature and the reaction mixture is cooled to allow annealing of oligonucleotide primers.
Primers are extended by tag polymerase. The process is repeated, with the amount of template
DNA effectively doubling with each reaction cycle

template DNA molecules. A key to proper PCR assay design is the incorporation of
one primer on each strand of the target sequence. After annealing, the reaction tem-
perature is raised to the optimum temperature for the polymerase enzyme, which
then incorporates deoxynucleotide triphosphates (ANTPs) into a complimentary
DNA molecule. The process is then repeated for multiple cycles, with a theoretical
doubling of PCR product with each cycle. As the cycles progress, DNA molecules
created in the PCR process (amplicons) become the predominant species, with the
size of the amplicon being determined by the positioning of PCR primers. The
cycling process is repeated 25-50 times, creating billions of copies of the target
sequence, which can be detected or further analyzed by additional techniques.
Initial implementations utilized polymerase enzymes that were not heat stable,
requiring addition of fresh polymerase enzyme after each denaturation step, requir-
ing large amounts of enzyme and constant attention by operators. However, the
introduction of thermostable polymerases [9, 10] allowed for automation and rapid
dissemination of the technique. PCR allowed for the rapid amplification of specific
nucleotide sequences and, when combined with restriction enzyme technology
(RFLP), offered a relatively quick and simple way to identify point mutations in
neoplastic tissue [11]. During the 1980s and 1990s, PCR-based techniques had
broad applications in the setting of myeloid neoplasia testing and they were widely
used. Numerous adaptations of the core PCR method have been made to facilitate
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increased flexibility, automation, and specificity. Some examples of these methods
include the use of fluorescently labeled, sequence-specific probes that allow for
identification of specific mutations or fluorescently labeled primers that allow for
accurate sizing of PCR products that are amenable to analysis on capillary sequenc-
ers [44]. A key advantage of PCR-based techniques is the exquisite sensitivity of the
method, which enables detection of rare transcripts with excellent specificity in the
appropriate context, making such methods excellent approaches for minimal resid-
ual disease monitoring [45]. A weakness of PCR, however, is that it is best suited to
situations in which targets have a limited spectrum of possible mutation sequences
and in which primer-binding sequences are likely to be constant across all targets,
neither of which is guaranteed in the setting of neoplasia.

Reverse-Transcription Polymerase Chain Reaction

Reverse-transcription PCR methods have been developed to interrogate RNA mol-
ecules, first by using a reverse transcriptase enzyme to convert RNA to DNA and
then by using conventional PCR to amplify the target of interest. This general
approach has been extensively adapted, similar to PCR, to allow for numerous
variations and automation to improve accuracy and throughput. Common uses for
these techniques include fluorescently labeled, sequence-specific probes that allow
for monitoring and quantitation of RT-PCR products that allow for rapid reporting
of results [46] and interrogation of fusion transcripts to aid in diagnosis or moni-
toring of minimal residual disease [47-51]. Indeed, RT-PCR serves as important
clinical tool for the evaluation of many chromosomal aberrations in routine clini-
cal practice.

Microarray Testing

At the turn of the century, there was an explosion of technical innovation that
allowed for extensive probing of the genome at a much higher resolution than was
previously available using karyotype or FISH. The concept of a DNA microarray
originated as part of dot-blot methods in which one or more nucleic acid probes,
specific for known nucleotide sequences, were adhered to membranes and sample
DNA was allowed to hybridize against these probes. If there was a sequence com-
plementarity of the sample to the target, the sample nucleic acid would remain
bound to the probe and thus the membrane [52]. Using a variety of detection meth-
ods, including first radioactive and subsequently nonradioactive methods, the
sequence of interest in a given sample could be inferred. The development of large-
scale methods for cloning and oligonucleotide syntheses, combined with advances
in robotics, allowed for a technological shift from membranes dotted with probe
sequences to increasingly dense arrays of sequence-specific oligonucleotides
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arrayed on solid substrates [25, 53, 54]. Current iterations of this technology allow
for hybridization of DNA, RNA, or more complicated substrates, such as protein—
nucleic acid complexes, to the dense arrays that can then generate signals, indicat-
ing if a given probe region has increased or decreased target binding compared to a
reference sample. Data acquisition and translation are accomplished through the use
of automated imaging and computational analysis.

Initial iterations of microarray technologies used differentially labeled DNA
from the test sample and a well-characterized reference sample to compare the dif-
ferences in signal between the two samples that were interpreted as the relative copy
number of a specific genomic region on the test sample. After labeling and normal-
ization, the products are hybridized to a solid substrate, allowed to equilibrate, and
then residual unbound material is removed prior to imaging. Imaging allows the
assessment of the relative signals of the test sample and the control sample, and in
the situation in which equal amounts of DNA are present from each sample, the
signal is interpreted as the two samples having equivalent genomic material. By
contrast, when there is either a copy gain or loss of genetic material in the sample
relative to the reference, the ratio between signals is greater than or lower than 1,
respectively (Fig. 19.5a). With refinement of the technology, arrays were developed
with a higher density of probes, allowing assessment of increasing numbers genomic
loci, such that comparative samples were no longer necessary. Further, with knowl-
edge of the human genome provided by the Human Genome Project, increased
probe density allowed microarray platforms to identify copy-number variation with
greater resolution, enabling the routine identification of genomic sites of microdele-
tion and gains.

Current copy-number arrays (CNAs) are capable of detecting gains and losses as
small as 1 kilobase and as large as up to megabases in size and were critical for
identifying normal copy number alterations that occur in the genome [55]. Recent
advances have allowed the inclusion of probes capable of resolving single nucleo-
tide variants at specified positions, which allows the assessment of single-nucleotide

»
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Fig. 19.5 (continued) amplification. (2) The prepared sample is hybridized onto a microarray
“chip,” allowing the sample DNA to bind specific spots with a prelabeled and known DNA
sequence. (3) A higher magnification view of the individual spots on the microarray chip, when
DNA is bound it results in a signal of varying intensity depending on the amount of bound DNA.
(4) A simplified diagram of how the specific probes may be arranged on a given microarray chip.
In this schematic, the CNA probes are placed in the lower three rows, while the SNP probes are
placed in the other rows. The corresponding signals are seen with differential amounts of DNA
binding. (b) Example of data from a high-resolution genomic microarray assay with both CNA and
SNP probes. This view allows for visualization of the entire genome from chromosome 1 on the
left to the gender chromosomes on the far right. There are two rows of data, the top row being the
data generated from the spots with copy number probes, and the lower row generated from data
with the SNP probes. (¢) Example of virtual karyotype generated from high-resolution genomic
microarray assay with both CNA and SNP probes. In this example, copy gains are highlighted in
blue and shown to the right of the respective chromosome (1q), copy losses are shown in red and
shown to the left of the respective chromosome (17p, 18q), and regions of copy neutral loss of
heterozygosity (cnLOH) are highlighted in orange on top of the chromosome (4q)
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Fig. 19.5 (a) A simplified schematic of newer generation high-resolution DNA microarray chips,
many of which feature copy number alterations (CNA) and single nucleotide polymorphism (SNP)
probes. (/) Sample DNA is processed through a number of preparative steps usually including
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polymorphisms (SNPs) in samples. Such SNP arrays are useful in determining if
copy neutral loss of heterozygosity (cnLOH) is present in samples, which is previ-
ously not detectable by other cytogenetic techniques. Copy-number and SNP arrays
can be combined in a single platform to allow for assessment of copy number vari-
ants (CNVs) and LOH (Fig. 19.5b). Microarrays combining CNA and SNP probes
are, therefore, able to provide high-resolution “virtual karyotype” with added
cnLOH data that enable surveillance of the entire human genome for chromosomal
aberrations (Fig. 19.5c¢). Various techniques and technologies have been applied to
microarrays to allow the platform to interrogate different starting materials, such as
DNA, messenger RNA (mRNA) expression, microRNA, protein—-DNA complexes,
and epigenetic modifications. DNA microarrays are highly customizable and cus-
tom arrays can be developed easily, allowing for customized, targeted platforms for
research or clinical uses.

Microarrays are powerful tools that can be employed in the assessment of chro-
mosomal losses and gains in the setting of myeloid neoplasia. The technique is
capable of defining the chromosomal positions of gains and losses much more pre-
cisely than karyotype or FISH. Such information can leverage information on gene
position to identify specific genes that are gained or lost in a given sample. SNP
arrays are able to identify cnLOH in samples that appear karyotypically normal
[56, 57], suggesting genes and genomic regions that may be important to disease
pathogenesis. Automated instrumentation and software tools allow users to process
the incredible amounts of data that can be generated by a microarray, but often the
knowledge of specific regions that appear to have CNVs or LOH remains to be
characterized. The technique is also not able to identify structural rearrangements
that can commonly be identified using karyotype or FISH techniques, although
some modifications may allow detection of balanced translocations [58]. The plat-
form is sensitive to the proportion of sampled cells that possess the abnormal
genomic complement, typically exceeding 20% of the sampled cells, limiting the
use of the technique in evaluating subclonal populations or assessment of minimal-
residual disease (MRD). While the technology is capable of identifying SNPs, it is
not feasible to resolve all possible specific single-nucleotide mutations possible in
a neoplastic genome. DNA microarrays, as currently available, complement other
genomic techniques and offer a more granular interrogation of the genome than
karyotype or FISH studies.

Massively Parallel Sequencing

At the turn of the century, the first descriptions of massively parallel sequencing
were published [59, 60]. Although these were different in approach and chemistry,
their commonality was the ability to sequence millions of short DNA sequence
reads, in parallel, without requiring a priori knowledge of the sequence. This tech-
nology has since been termed, massively parallel or “next-generation sequencing”
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(NGS). These techniques rely on fragmentation of the DNA to be sequenced and
ligation of common DNA sequences, which then allows amplification and enrich-
ment of the sequences after a single DNA molecule isolation step, which are anal-
ogous to techniques used in shotgun sequencing approaches. Simultaneous
sequencing of millions of small fragments of DNA is then accomplished in a
parallel fashion, generating billions of bases of sequence data. The massive
amount of short-read data require advanced computational approaches to assem-
ble the data and align the sequences against the reference human genome, which
was one product of the Human Genome Project. From the initial descriptions of
the techniques in a research setting, the technology has evolved and become com-
mercialized by multiple entities. NGS techniques have also proliferated, with
numerous adaptations of the methods to allow for diverse applications, and with
the maturation of the systems, there has been a rapid adoption of the techniques in
research and clinical laboratories. As costs continue to decrease and analysis tools
become more sophisticated, these techniques continue to find new uses and
increasingly compete to displace some established techniques in clinical and
research applications.

Of the published methods that have been employed in both research and clinical
laboratories, there are several that have been widely used that warrant description.
These approaches include sequencing by synthesis, pyrosequencing, sequencing by
ligation, and semiconductor sequencing [61, 62]. Improvements in these techniques
continue to occur and most certainly, new technologies will augment these
approaches, such as demonstrated by recent advancements of third-generation tech-
nologies utilizing nanopore technologies. Each platform has strengths and limita-
tions that must be considered. A brief description of these approaches is included
below. However, this represents only a survey of the technologies and should not be
considered a comprehensive review (Table 19.1).

In general, techniques that are widely used have the key common steps: isolation
of genetic material, fragmentation of the genetic material into specific size ranges,
ligation of sequence adapter molecules with known sequence (“barcodes”), enrich-
ment for sequences of interest, massively parallel sequencing, bioinformatics
pipeline data analysis, variant calling, and variant annotation. The use of bar-coded
sequences, simply strings of nucleotides, allows for multiple samples to be
sequenced together, with individual sequences attributed to specific samples through
assessment of the barcode sequences through a demultiplex algorithm.

An innovation that allowed the use of NGS technologies was the implementa-
tion of bioinformatics pipelines that made the analysis of billions of bases of
sequencing data a manageable task. These data analyses pipelines generally consist
of multiple, separate, computer programs, which are linked together using addi-
tional programs such that sequence data can flow from one program to another or
be analyzed for different features by different programs, either in a serial or parallel
manner. After demultiplexing to separate and assign sequencing reads to respective
samples through the use of sample-specific barcodes, individual sequences can be
aligned against a reference genome that allows for the identification of variants
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using bioinformatics programs referred to as variant callers (Fig. 19.6). In addition
to programs that can identify single nucleotide changes from the reference sequence,
additional computational approaches have been developed to detect insertion/dele-
tions (indels), copy number variants (CNVs), and other structural alterations such
as translocations [63]. Comparison studies have demonstrated that CNVs identified
using some NGS assays show equivalency with results obtained using karyotype
[64] or microarray [65], suggesting the possibility that NGS may be able to gener-
ate results similar to these well-established platforms.

Research groups and software developers are constantly producing new soft-
ware packages and modifying existing programs to allow for improved perfor-
mance and addition of new algorithms when possible. The cost of computational
software, hardware, and the necessary technical expertise to implement such data
analysis approaches is a critical consideration when developing and supporting
NGS-based assays that should be considered from the outset [66]. While the hard-
ware and software infrastructure required to support bioinformatics pipeline data
analyses is a significant expense, the costs associated with maintaining the raw data
acquired from NGS assays can quickly eclipse the initial sequencing expense, as
the raw data can exceed hundreds of gigabytes per batch. Thus, it is not only a chal-
lenge to deal with the initial bolus of data but special consideration must be made
for long-term storage of data because if such data are to be maintained over a long
period of time as the resources for maintenance may exceed the initial cost of gen-
erating the data [67]. Researchers and clinical laboratories must therefore thor-
oughly evaluate and optimize their data analysis and storage methods. As this
technology transitions from research laboratories to clinical laboratories, the
pathology and laboratory medicine professionals who will most likely be respon-
sible for clinical implementation and interpretation of such methods will require
new skills and training programs in order to provide safe and effective tests for
patient care [68, 69]. Although new training programs will enhance the abilities of
new professionals, the wide range of experience in professionals who have previ-
ously completed training will likely benefit from decision support systems that can
aid in the selection, interpretation, and reporting of genomic tests, as well as treat-
ment decisions [70-72].

Commonly Used Platforms for Next-Generation Sequencing

Multiple platforms have been developed to take advantage of the concept of mas-
sively parallel sequencing. Although multiple different approaches have been com-
mercialized, the field has consolidated into a few dominant platforms. New
sequencing technologies are always in development that promise to offer advan-
tages over current technology, but are still in their infancy in comparison. In this
next section, the main sequencing platforms used in current clinical testing and
research are described, including several platforms that were previously widely
employed and may be encountered in the literature.
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Fig. 19.6 (a) Schematic showing the alignment of numerous short DNA sequencing reads to a
template. Note the overlap in sequence from multiple short-read length fragments with often
unique start and stop sites. When numerous fragments overlap at a given position, low-frequency
variants may be identified in a small subset of the reads. Conversely, when there is low coverage of
a given region of DNA, rare variants may not be detected because they represent the minor popula-
tion of the sample. (b) Screen capture of clinical next generation sequence data as displayed using
the Integrated Genomics Viewer (Broad Institute, Cambridge, MA, USA). The highlighted base is
a variant that is identified in the 7P53 gene (p.G279E, NM_000546.5:¢.836G > A)
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Sequencing by Synthesis (Solexa/Illumina)

The sequencing-by-synthesis (SBS) method, pioneered by Solexa, is a hybrid
method combining fluorescent dideoxy Sanger sequencing and solid surface
sequencing by synthesis [73, 74]. The use of fluorescently labeled, reversible dide-
oxy terminators [75] allows for the sequence-data acquisition to be decoupled from
the sequencing chemical reaction. In this method, denatured DNA fragments with
ligated adapters are flowed across a glass substrate (“flow cell”) with oligonucle-
otides complimentary to the adapter molecules added to the DNA of interest during
the library preparation stage. If the concentration of the sequencing library is cor-
rect, individual DNA molecules become spatially distributed on the flow cell,
which will allow accurate interrogation at the sequencing stage. The attached
sequences are then amplified in place using PCR such that products of the reaction
are also attached to the solid substrate via the capture oligonucleotides, thus form-
ing cluster of identical DNA fragments generated from the same initial library
DNA fragment. Postamplification, fluorescently labeled, reversible terminators are
added in bulk to the flow cell, a single base is incorporated into each bound mole-
cule, and the residual reagent is washed away. The fluorescently tagged bound
DNA molecules are excited via a laser, and digital imaging is used to scan the flow
cell and identify incorporated bases in each DNA cluster based on fluorescent sig-
nal. After imaging, the reversible terminator is then cleaved from the captured
DNA molecules, allowing for the incorporation of another fluorescently labeled
nucleotide on the next cycle. Depending on the instrument, reagents, and DNA
quality, the cycle can be repeated up to 150-300 times and then the unique indices
are sequenced to establish the identity of each imaged cluster. After removing the
sequencing products from the first round, a second round of amplification allows
the sequencing of the captured molecule from the reverse direction and the confir-
mation of the identity of the cluster by sequencing a second index. A critical inno-
vation of this technology was the decoupling of the enzymatic sequencing synthesis
reaction from the acquisition of base identity, which allows for huge arrays of DNA
library molecules to be sequenced simultaneously. This method has been shown to
be susceptible to decreased read depth with increasing GC content [76-78] and
may be susceptible to bias introduced via the multiple PCR amplifications utilized
at different steps in the method [79]. Comparisons of available technologies have
suggested that the SBS method has the highest sequencing throughput per batch
coupled to the lowest error rates [80]. The need for specialized hardware and optics
to identify the sequencing products, stability of the reagents, and the complicated
fluidics has been cited as potentially limiting the read length and accuracy of the
method [81]. Improved engineering, hardware upgrades, and innovation of soft-
ware are likely to continue to improve the performance of this approach in the
future. Currently, this technology dominates many of the research and clinical
methods that have been used to evaluate the spectrum of variation that occurs in the
neoplastic disease.
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Semiconductor-Based (Ion Torrent)

Semiconductor-based sequencing also relies on the combination of a solid substrate
combined with numerous individual reactions targeting individual DNA molecules.
In this method, microscopic reaction wells have been created with a semiconductor
at the base of the reaction chamber. After DNA library preparation, the reaction
device is flooded with droplets containing single strands of DNA [82]. Subsequently,
the reaction device is sequentially treated with a single nucleotide, and if a given
nucleotide is incorporated into a nascent strand of DNA, a hydrogen ion is liberated
as part of the reaction. The released hydrogen molecule is then detected using a
sensitive ion sensor located in the individual reaction well. A unique aspect of this
design is that base incorporation is not limited to a single nucleotide, such that in the
case of a homopolymer repeat region, multiple nucleotides will be incorporated in a
single cycle. Such incorporation of multiple nucleotides results in a corresponding
increase in the number of released hydrogen atoms, which then result in a propor-
tionally greater electronic signal detected by the sensor. This aspect of the method
can cause difficulty in assessing the true number of nucleotides within a homopoly-
mer region and can result in a false-positive determination of insertion—deletion
(indel) events. Nevertheless, numerous approaches have been developed to decrease
the incidence of false-positive indel calls in commonly used bioinformatics pipe-
lines, which may be useful in clinical laboratory settings [83—-85]. A potential
advantage that is often cited is the possibility of semiconductor sequencing to
decrease in cost and improve in performance because the core technology is able to
leverage the scale and infrastructure of the semiconductor industry [86]. Comparisons
of semiconductor NGS methods to alternative technologies have demonstrated
higher throughput than other methods [85].

“Third-Generation Sequencing” Sequencing Methods

The majority of currently available NGS approaches that are in wide research and
clinical use require one or more amplification steps where the nucleic acid sequences
of interest are enriched before the actual sequencing reaction. This reliance on
amplification prior to sequencing can have consequences such as bias and sequenc-
ing artifacts, which may limit the applicability in some situations. Additionally, the
current generation of technologies in common use relies on interrogation of rela-
tively short DNA sequences, which can hinder the evaluation of classes of mutation
that are important in the setting of neoplasia, such as structural rearrangements or
assignment of variants to a pseudogene. These factors have led to the development
of computational methods to aid in the detection of such alterations [87-89].
Currently, several methods are available that sequence individual nucleic acids
using approaches that allow contiguous sequence read lengths of several thousand
kilobases or more. Although these methods have lower throughput compared to the
commonly used platforms, it appears that fewer long-read sequences may result in
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improved assemblies compared to short-read sequencing at higher depths [90, 91].
Additionally, these so-called third-generation sequencing technologies have been
suggested to potentially further decrease sequencing costs [92], reduce bias in
sequenced regions due to elimination of amplification steps, and improve sequenc-
ing of high GC-content DNA sequences [93]. In order to maximize the length of
individual DNA molecules derived from a sample, high-quality samples and high-
quality DNA extraction techniques must be employed in order to maximize the
strengths of long-read nanopore sequencing approaches.

A major drawback of common NGS methods is the necessity for amplification of
the source DNA prior to DNA sequencing. This approach can lead to amplification
artifacts and biased coverage of the genome related to the G—C content or local
structural properties of specific DNA sequences. Current NGS technologies pro-
duce relatively short reads, with median sequence lengths ranging from 100 to 300
base pairs (bp) for some methods (such as those by the manufacturer, Illumina) and
up to 700 bp for the approach championed by the technology by 454. Short sequence
reads are in general more difficult to align to a reference genome, especially in
regions of high homology or in the context of pseudogenes [94, 95]. While
short-length DNA sequencing may work approximately equally well with fresh or
formalin-fixed, paraffin-embedded (FFPE) tissues, long-read sequencing of thou-
sands of bases is unlikely to be successfully accomplished using the fragmented and
lower-quality DNA found in clinical tissues due to formalin fixation. Use of abun-
dant, high-quality DNA as is commonly found in hematological samples may make
this sequencing approach an attractive research and diagnostic sequencing method
in the near future.

Single-Molecule, Real-Time Sequencing

Pacific Biosciences (PacBio) has developed a single-molecule sequencing method
that utilizes a sequencing-by-synthesis approach combined with a zero-mode wave-
guide that allows for real-time sequencing of individual DNA molecules, which has
been termed “single molecule, real time (SMRT)” sequencing [96]. The method
uses small wells that have a diameter less than the wavelength of light chosen for
interrogation (zero-mode waveguide) [97], where a DNA polymerase is bound to
the bottom of each well. Nucleotides, each labeled with a different fluorophore, are
added to the wells, and individual nucleotides are incorporated into a complemen-
tary DNA strand. As the fluorophore is released with each nucleotide addition, the
zero-mode waveguide is used to detect the fluorophore released from the incorpo-
rated base, and thus the sequence within each waveguide is measured in real time.
SMRT sequencing does not require amplification prior to sequencing and has
been reported to reduce compositional bias compared to other sequencing technolo-
gies [98], with median DNA sequence length reported in thousands of nucleotides,
with substantial fractions of the DNA sequences greater than 10,000 base pairs [99].
Additionally, the lack of a DNA amplification step offers the potential for a shorter
time between DNA extraction and sequence generation [100]. Such long-read
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sequencing technology offers the potential of resolving pseudogenized genetic
sequences [101], resolution of variant phasing, haplotype resolution, structural rear-
rangement determination, and indel identification [102, 103], all of which are prob-
lematic using short-read techniques.

The major drawback cited when describing SMRT sequencing is the relatively
low accuracy of approximately 85% [99, 100], with indel errors predominating.
Methods combining data from multiple sequencing modalities have been demon-
strated to improve accuracy, albeit with increased costs and algorithm complexity
[96, 104]. SMRT sequencing accuracy has also been demonstrated to improve when
the same DNA molecule is sequenced multiple times within the same SMRT cell
using a technique called “circular consensus sequencing” (CCS) [105, 106]. The
principle of CCS is that by decreasing the length of the sequencing insert, the same
DNA molecule will be sequenced multiple times, improving the overall accuracy of
the consensus sequence because the sequencing errors occur randomly. Platform
improvement and error-reduction optimization are ongoing.

Nanopore Technologies

Nanopore sequencing of DNA uses techniques in which DNA molecules are
passed through artificial nanoscale pore composed of organic or nonorganic mol-
ecules, and the DNA sequence order is determined based on electrical or other
signals that are generated during passage of the DNA molecule through the pore
[107-110]. In most nanopore methods, DNA passing through the nanopore results
in changes in ion current, with multiple parameters impacting the measured cur-
rent, with each nucleotide impacting the ion flow in such a way that the sequence
can be gleaned from the measurements [111]. Similar to SMRT technology, these
techniques offer the possibility of rapid progression from sample preparation to
sequence generation, long sequencing reads, low cost and high speed with com-
pact instrumentation [112].

Nanopore sequencing is based on the concept that single stranded nucleic acid
(DNA or RNA) molecules can be forced through a biological pore by electrophore-
sis or other mechanisms in a linear fashion, with the determination of individual
base composition at a specific position detected by a change in ionic current while
the molecule is moving through the pore. Pores are created so that a detection mech-
anism is able recognize signals generated by different bases and a unique signal is
generated corresponding to the sequence. Multiple different materials and designs
for the nanopore have been developed, with differences in construction of the pore
influencing the speed and accuracy of the sequencing process. Currently, the two
classes of pore materials are solid state and protein based, each with different
strengths and weaknesses. Protein nanopores are created from membrane protein
complexes composed of alpha-hemolysin or Mycobacterium smegmatis Porin A
(MspA) [107, 108, 111], while solid-state nanopores are created using synthetic
materials. One theoretical advantage of synthetic materials is the possibility of cus-
tomizing pore configurations specific to given applications, allowing for potentially
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more stable chemical, mechanical, and thermal properties. Nanopore technologies
are currently undergoing extensive ongoing development and testing and offer dif-
ferent performance characteristics that are still undergoing evaluation. In addition to
the important nature of the pore materials and construction, precise control of the
transport of the single-stranded nucleic acid through the pore is critical for accurate
sequence determination, and multiple enzymes such as polymerases and exonucle-
ases have been evaluated for this use [108].

Read lengths for some applications have been shown to be ~10 kb [113], but
error rates for the technology have been shown to range between 5% and 8% for
insertions, deletions, and substitutions for some methods [114]. Some evaluations
of early instruments and chemistries have indicated that only a fraction of the
sequencing reads are able to be mapped to the reference sequence of a known
sequencing target [115]. These factors limit the current standalone, direct utility of
the technologies in the diagnostic setting, but can be used as a method to generate a
scaffold sequence that can be combined with other sequencing methods. Some anal-
yses have suggested that accuracy can be improved through increasing the read
coverage of individual sequenced molecules [116]. The methods may also require
bioinformatics tools specific to nanopore sequencing [85].

Summary

Although SMRT and nanopore sequencing technology have been available in select
laboratories for several years, there is limited data on the use of such techniques in
the setting of hematological malignancies and particularly in the clinical laboratory
[117]. The currently described technologies capable of sequencing single-molecule
nucleic acids with long-read techniques offer attractive features that would be use-
ful in both research and diagnostic applications in myeloid neoplasia. Contiguous
sequencing reads capable of routinely resolving tens of kilobases of sequence would
be useful in the setting of indels and structural rearrangements, which are encoun-
tered in myeloid neoplasia. Additionally, the ability to resolve the phase of muta-
tions, haplotypes, and discriminate between real and pseudogenes could potentially
impact our understanding of myeloid neoplasia and diagnosis. Although there are
methods that promise improved accuracy, the current techniques are hampered by
high error rates. The possibility of using combinations of sequencing technologies
to use strengths of one technique to offset the weaknesses of another is appealing
but will require new software solutions to merge data from different platforms and
produce a unified output. Currently, the main limitation of these techniques that
limits their widespread use is the high error rates in sequenced DNA. Technological
improvements may yield improvements in accuracy and strategies have been devel-
oped to increase the sequencing accuracy of individual molecules but such accuracy
often comes at the expense of read length. Developments in these technologies and
their successors warrant special attention and consideration for the potential scien-
tific and diagnostic uses for these techniques in the setting of myeloid neoplasia
should be considered in the future.
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Other Technologies Present in the Literature

Although there are several varieties of next-generation sequencing technologies that
are in common use, multiple other technologies were commercialized and exten-
sively used in the literature. While some technologies have faded from use or even
been discontinued by the manufacturer, large amounts of data were generated using
these techniques and studies using them may be encountered not only in older work
[118, 119] but in recently published studies as well [120].

Pyrosequencing Sequencing by Synthesis (454/Roche)

Key aspects of the 454 sequencing method include emulsion PCR and pyrosequenc-
ing. As part of the sequencing library preparation, target DNA is ligated to primers
where one primer is linked to a biotin molecule. During library preparation, indi-
vidual molecules of DNA are captured on streptavidin beads within picoliter emul-
sions of oil and reagents for PCR (emulsion PCR) [121]. After clonal amplification
of the target DNA bound within a given droplet, the resulting clonal products are
deposited on custom microtiter plate (“picotiterplate”) with wells ~29 pm in diam-
eter, with millions of clonal sequences deposited across a single plate. Sequence
determination is done through the use of pyrosequencing technology, where indi-
vidual nucleotides are sequentially added, and if a given nucleotide is incorporated
into the nascent DNA strand, pyrophosphate (PPi) is released into the milieu of the
microwell. Also present within the reaction mixture is the enzyme luciferase, which
uses the PPi as a substrate to generate light for detection allowing inference of the
incorporated nucleotide at a given position [122]. Similar to the semiconductor NGS
methods used on the Ton Torrent platform, an increased signal is generated when
homopolymer tracts are encountered because a chain-termination strategy is not
employed. As such, uncertainty in homopolymer length is a common occurrence in
this method, and computational methods have been developed to address this issue
[80, 83, 84]. The pyrosequencing method is capable of producing large amounts of
long, high-quality sequencing reads, and this technology has been described to
produce read lengths that are longer than many other NGS technologies but less
than the maximum sequence lengths generated using traditional Sanger techniques
[61]. Further, this method had lower throughput than other systems [80, 123] and a
higher cost-per-base [123]. The platform was purchased by Roche Diagnostics in
2007 and manufacturer support was scheduled to be discontinued in 2016.

Sequencing by Oligonucleotide Ligation and Detection (SOLiD)
Similar to other NGS library preparation methods, SOLiD relies on single nucleic

acid targets isolated for subsequent clonal enrichment. In SOLiD, magnetic beads
are used to isolate a single target sequence per bead, and emulsion PCR is used to
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amplify DNA to increase the number of copies of the unique target DNA bound to
each bead as well as incorporate adapter sequences into the amplified DNA.
Postamplification, PCR products are covalently bound to a glass slide for subse-
quent DNA sequencing. Using primers specific to the adapter sequences incorpo-
rated in PCR, the captured DNA is sequenced by using a set of four fluorescently
labeled, two-base probes, which compete to be ligated to the sequencing primer.
The fluorescence is measured to determine the incorporated probe, and the fluores-
cent molecule is released and the process is repeated. Following a series of ligation
cycles, the extension product is removed and the template is reset with a primer
complementary to the n—1 position for a second round of ligation cycles. This pro-
cess is repeated multiple times for each adapter, allowing for each base to be inter-
rogated in multiple independent ligation reactions by different primers [124]. This
approach obtains specificity by interrogating every first and second base in each
ligation reaction [125] and redundancy through interrogation by multiple ligation
probes. The SOLiD method has been reported to have difficulty with palindromic
sequences [126] and has been claimed to have decreased susceptibility to homo-
polymer tracts. This technology has been described to have intermediate throughput
and costs compared to other NGS methods [123].

Scale of Sequencing

Each of these sequencing-based methods is capable of being used on multiple
scales. Briefly, the scales of next-generation sequencing are whole genome, exome,
and targeted panels (Fig. 19.7). Applications used extensively by research groups
include sequencing an entire genome for identification of alterations with potential
clinical importance [127]. Whole-genome sequencing (WGS) has the advantage of
relatively unbiased sequencing, the capability of detecting CN'Vs across the genome,
and the ability to identify genetic changes that would be missed by more targeted
methods. However, WGS generally has lower overall coverage of individual bases,
requires additional instrumentation and bioinformatics resources compared to other

1 10 100 1,000 10 10° 108 107 108 10°

Single Codon Partial Gene Amplicon Target Capture Exome Genome
KITp.D816V KITExon8and 17  NGS Panel NGS Panel

Fig. 19.7 Linear scale approximating the number of base pairs analyzed in different scales of
molecular diagnostic testing using single-site assays, limited exon targeting assays, amplicon-
based NGS panels, comprehensive NGS panels using hybrid capture designs, whole-exome and
whole-genome approaches. Note that typical target-capture NGS designs capture several orders of
magnitude more base pairs than amplicon panels
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methods, and thus, is generally more expensive to produce data. Multiple groups
have used WGS to understand the evolution of individual neoplasms over time [128,
129]. While such studies may be useful to help identify individual mutations associ-
ated treatment response or failure, the breadth of data generated from such studies
is unlikely to prove cost effective in routine clinical use at the present time.

Exome-level sequencing utilizes multiple techniques to isolate the coding
regions of genes, most frequently utilizing hybrid-capture techniques where anti-
sense oligonucleotides are used to enrich for the sequences of interest [130, 131].
Whole-exome sequencing (WES) offers the potential advantage of overall high-
sequencing depth compared to WGS because the targeted DNA represents a much
smaller fraction of the total genomic DNA, with decreased reagent and bioinformat-
ics costs; however, the cost of the reagents needed to isolate the exonic DNA can be
expensive and adds complexity to the sample library preparation. As a result of the
relative decreased cost of sequencing and increased depth, many studies have been
undertaken to evaluate exomes of hematopoietic neoplasms. Studies using whole-
exome sequencing, like studies employing WGS, often identify known driver muta-
tions, show evidence of clonal evolution through therapy, and identify new mutations
that arise over time [132, 133]. Although the cost of exome sequencing and the
ability to utilize the necessary bioinformatics pipelines are within the reach of many
groups, routine exome sequencing may be in limited clinical use for the evaluation
of neoplastic disease due to the more manageable data that are generated using
targeted gene panels.

Utilizing techniques similar to WES, targeted gene sequencing panels can utilize
hybrid capture techniques [65, 134] or a more limited coverage can be obtained
using ligation-probe or PCR-based amplification techniques [135-138]. Such tar-
geted techniques allow for greater sequencing depth in specific genes of interest,
potentially allowing for greater sensitivity in detecting minor clonal components.
Total assay costs may be less than WES and WGS because of the limited coverage
allowing for the use of smaller scale sequencers, multiplexing of multiple samples,
and less resource-intensive bioinformatics pipelines than those used in WES and
WGS. One potential advantage of using a limited set of genes is the understanding
that the significance of individual mutations may be more achievable than variants
detected in more expansive platforms. When comparing hybrid capture methods
against amplicon-based enrichment techniques, the ability to detect CNVs, large
indels, and translocations may be greater in target-capture techniques due to the
less-specific genomic enrichment using such techniques and the availability of
numerous software packages that can be incorporated into the data analysis pipeline
after sequence acquisition [87, 89, 139-141]. Numerous examples of custom-
developed methods targeting specific genes related to myeloid neoplasia are
described in the literature. Most methods describe the ability to detect mutations
that are commonly encountered in myeloid neoplasia [142, 143], with hybridization-
capture enrichment techniques often noting the ability to detect large structural rear-
rangements and translocations [144]. Although amplicon-based NGS panels
typically are not designed to detect larger indels or CNVs, several bioinformatics
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approaches have been developed that appear to glean such information from such
assay designs [145, 146].

Assessment of the mutational spectrum of myeloid neoplasia has become a com-
mon tool in clinical care of patients and in the research setting. While techniques
such as WGS and WES are of interest to researchers, their use in routine clinical
care is not currently clear and limited. In contrast, the use of targeted gene panels
offers the benefits of sequencing a more focused set of genomic targets, resulting in
greater sequencing depth, lower cost, and potentially easier path to demonstrate
clinical utility.

Emerging Techniques and Applications

The previously described technologies and techniques have been applied to numer-
ous scientific and clinical problems and have found acceptance in the diagnostic
workup, prognostication, and therapy prediction of myeloid malignancies.
Additional technologies and applications have been described and are currently
undergoing evaluation for their use in clinical applications. It is unknown if any of
the techniques or applications described will ultimately be found in routine use in
the evaluation of myeloid neoplasia, but general understanding of the conceptual
basis and early scientific data may be useful to practitioners as they encounter such
techniques in the literature.

Minimal Residual Disease Detection

It is increasingly being appreciated that minimal residual disease (MRD) detection
by conventional means, such as flow cytometry, is useful for following the response
to treatment and for identifying high-risk patients who are beginning to relapse. In
some situations, treatment decisions that impact patient outcome may be made
based on the MRD test results [147], making accurate and timely results very
important in clinical care. Current clinical approaches for detecting MRD and sup-
plementing morphologic examination and cytogenetic studies in myeloid neo-
plasms include flow cytometry [148], RT-PCR [48-51], and PCR assays [149].
While understanding of flow cytometry and PCR are common in many clinical
laboratories, application of these methods to MRD detection requires some exper-
tise to properly design these assays and interpret the results in order to ensure stan-
dardization for comparison of results. As such, such assays are often limited to
larger commercial reference laboratory and academic institutions. The development
of new laboratory approaches for minimal residual disease detection may result in
improved techniques that may be less reliant on pathologist expertise to determine
the MRD status.



396 E.Q. Konnick and D. Wu

Several promising approaches exist that may prove useful in adapting new
techniques to MRD analysis, including deep mutation scanning of many different
possible genetic mutations [150, 151] and deep sequencing of specific recurrent
mutations that are observed in a subset of patients [152—154].

Many myeloid neoplasms have recurrent abnormalities and mutational profiles
that show remarkable consistency between individuals [155]. Some studies have
evaluated diagnostic methods that are specific to these unique genomic signatures of
specific neoplasms, potentially allowing specific laboratory methods to be used to
assess MRD in patients with neoplasms harboring these genetic lesions [155]. An
example of using a recurrent mutation to monitor MRD with next-generation
sequencing has been described in the setting of NPM/-mutated AML [152], which
represents ~60% of AML cases with a normal karyotype. In this example,
amplification and sequencing of exon 12 of NPM1 allowed detection of low-burden
AML disease that was shown to be capable of detecting mutant cells down to
approximately 0.001% of a mixture, using next-generation sequencing. Compared
to allele-specific PCR approaches, a priori knowledge of the patient’s NPM [ muta-
tion allele is not needed. Next-generation sequencing of NPMI mutations also
showed the potential of identifying subclonal heterogeneity within a given sample,
offering the possibility of tracking clonal evolution of the neoplastic populations
over time. Such an approach to MRD detection offers the potential for a more sim-
plified approach to MRD monitoring that does not require the extensive expertise
needed for flow cytometry assessment of MRD or the complexity of performing
multiple allele-specific quantitative PCR approaches. It is, however, critical to rec-
ognize that with highly sensitive NGS methods, there is a possibility of sample-to-
sample or amplicon contamination that must be addressed, and careful precautions,
such as those used in viral molecular diagnostics, must be taken to limit the possibil-
ity of such events [156]. Clinical laboratories will also have to determine if main-
taining and performing complex assays that are specific to only a subset of their
patient population is a feasible operation from the standpoint of cost and turn-
around time. Finally, the clinical significance of such low-level persistent or recur-
rent disease will need to be studied to determine if such methods are appropriate.

An alternative approach to neoplasm subtype specific assays is to identify the
most common genes mutated across many myeloid malignancies and then design a
method that is capable of identifying the majority of mutations in those genes. By
expanding the pool of possible genetic targets, there is the possibility that the pres-
ence of multiple mutations will increase the specificity of the analysis, as well as
potentially increase the sensitivity through the elimination of false-negative results.
Such methods propose a more flexible approach, which could allow the MRD anal-
ysis to include novel mutations or to identify populations evolving from the original
leukemic clone. Approaches have been described that are approximately tenfold
more sensitive than Sanger-sequencing-based methods for detection of genetic vari-
ants, and was highly concordant multiple laboratories [150, 151]. While these
results indicate that sensitive assays can be implemented across multiple laborato-
ries and achieve comparable results, such methods are currently less sensitive than
typical state-of-the-art multidimensional flow cytometric techniques used to mea-
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sure MRD. Identifying patient-specific mutations early in disease and then using
deep-sequencing of the mutated regions has been suggested to approach the sensi-
tivity of flow cytometric methods [154], but such a strategy requires multistep,
patient-specific evaluation methods and may lack the flexibility of the more general-
ized methods or may be relatively costly with limited sensitivity. Additionally,
deep-sequencing methods using amplicon approaches run the risk of introducing
PCR artifacts in early amplification cycles that could mimic, by chance, previously
identified mutations, resulting in false positive results.

With all proposed methods for detecting MRD, the hope is that such approaches
could shorten the window period between the recurrence of a neoplasm and the abil-
ity of laboratory techniques to detect disease relapse. Additional studies need to
evaluate not only the analytical sensitivity and specificity of these methods, but
whether clinical benefit is enhanced. While initial studies evaluating MRD in mul-
tiple laboratories have shown good concordance of results [150], additional work
will need to demonstrate that such concordance continues, if such methods are
brought into common practice, especially if other methods of MRD analysis are not
available for confirmatory testing. With all approaches, it must be remembered that
persistent, nonleukemic hematopoietic clones may present in any given patient and
that such clones will share many mutations common with truly neoplastic leukemic
populations, and that such populations may persist over time [157, 158], and even
after initial chemotherapy treatment [159].

Methods to Increase Accuracy of Deep Sequencing

Application of conventional NGS techniques to the ultrasensitive deep-sequencing
techniques, such as identification of MRD, is hampered by the inability to resolve
very small populations of mutant genetic changes from errors introduced by ampli-
fication or sequencing. One approach that has been suggested to remedy this prob-
lem is duplex sequencing, which proposes a method to identify the source of each
individual amplicon in a sequencing reaction, allowing for the identification of arti-
facts that are present in only one strand of an amplification reaction [160]. A second
comparable approach uses single molecular tagging to permit detection of rare vari-
ants beyond the traditional limits due to error-correction [160—162]. Through incor-
poration of additional random sequence “barcodes” to the primers for specific
sequence targets, the providence of individual amplicons can be ascertained, such
that artifacts can be excluded through the comparison of specific sequencing prod-
ucts. This method works by grouping individual sequences into sequence families
that have the same barcodes identifier in common, which are then compared against
other reads within the family to remove individual errors through creation of an
error-corrected consensus sequence. Descriptions of this technique claim to allow a
single mutation to be identified among 1 x 107 wild-type sequences, and a study
using a similar approach in the setting of preleukemic clonal hematopoiesis in
patients who later developed treatment-related myeloid neoplasms demonstrated
the ability to identify 1 abnormal sequencing read in 10,000 [161]. These methods
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offer the potential to detect mutations related to residual or incipient diseases
with much greater sensitivity than currently available flow cytometric or nonerror-
corrected NGS MRD methods.

Error-correction NGS methods will require adjustments in bioinformatics pipe-
lines between the sequence demultiplexing and alignment steps, in addition to syn-
thesis of primer sequences incorporating the random sequence barcodes. The depth
of sequence at a given position will need to be high, so that there is adequate sam-
pling of the available primers, which will require either more sequencing through-
put or fewer targets so that sufficient sequencing depth can be achieved. Ultimately,
the necessity for such error-correction methods in NGS MRD applications will be
highly dependent on the clinical need and utility for such ultrasensitive monitoring
of mutant populations and the lack of alternative methods to increase the fidelity of
the sequence calls. Although there are ample data supporting the utility of clinical
MRD assessment in the setting of myeloid neoplasia, there are many factors that
may limit wider clinical adoption of current methods [163, 164]. The necessity for
such error-correction methods in NGS MRD applications will be dependent on the
clinical context and will be incumbent on the laboratory to demonstrate the enhanced
analytic sensitivity will translate to enhanced clinical care. Nevertheless, the ability
to probe and evaluate for ultrarare mutations beyond standard limits of detection
will likely be important in the future [161, 165].

Single Cell Sequencing

As NGS has become a common research tool, many groups have applied this toward
the analysis of the clonal evolution of hematopoietic neoplasms. Some studies have
demonstrated that the acquisition of mutations is likely to occur over the evolution
of the neoplasm [166] and in response to treatment [159]. In many of these studies,
the presence of unique or evolving mutations acquired by neoplastic clones within
the larger leukemic population is inferred from the variant allele fraction (VAF), the
measure of the proportion of sequencing reads with a mutation versus the total num-
ber of reads (mutation and wild-type) at a particular loci as determined by bulk
sequencing of diseased tissue. However, this assumption may not be correct.
Development of new approaches, including analysis of flow-cytometric cell sorted
cells, has allowed a refinement of this understanding through the ability to sequence
individual neoplastic cells in order to compare the genetic aberrations present in
those cells compared to the bulk neoplasm.

Current single-cell sequencing techniques potentially require special preserva-
tion and handling of the sample material and currently require whole-genome
amplification of the individual genomes [167]. Such an approach offers an unprec-
edented, granular assessment of the mutations within individual leukemic cells, but
requires specialized expertise and is susceptible to incorporation of artifacts from
whole-genome amplification [168, 169].
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The evaluation of individual neoplastic cells has revealed that the mutation
spectrum within leukemic subpopulations is more nuanced than previously appreci-
ated [170]. In one study, individual AML cells were shown to possess FLT3 and
NPM I mutations in both heterozygous and homozygous states and were distributed
across multiple, distinct clonal populations [170]. Although these observations give
insight into the disease process, it is currently unknown if there is a clinical benefit
to monitoring of this mutational heterogeneity in clinical samples, although it is
readily conceivable that such evaluation at the single-cell level could identify clones
that may be resistant to therapy and thereby could provide information to guide
treatment decisions. This emerging technique, however, will require additional
study and evaluation of clinical usefulness in order to determine the potential clini-
cal benefits and establish feasibility of implementation in the clinical environment.

Expression Profiling

Expression profiling of AML has provided scientific insight into the implications of
the altered genetic makeup of leukemic cells [171]. Such profiling has revealed that
some neoplasms may have different subtypes that are distinguished by expression
profiling [172]. Transcriptional profiling has even been done at the single-cell level
for myeloid cells, demonstrating that individual cells have expression profiles indi-
cating a distinct lineage without overlap [173]. Some recent studies have suggested
that alterations in expression may have prognostic significance [174—177] but these
analyses have not yet been widely translated into routine clinical practice.

RNA-SEQ

RNA-seq is a modification of NGS in which the starting template is RNA from the
patient sample and not DNA. RNA-seq has been proposed as a useful complemen-
tary technology to conventional diagnostic techniques because of the ability to
detect complex genomic events and splice-site alterations that may not be as readily
identifiable by other techniques [178]. RNA-Seq may be useful at identifying novel
or unexpected translocations that may be clinically or diagnostically relevant but
not readily identifiable by standard techniques [179, 180]. RNA-seq has demon-
strated that differential expression of genes can be detected in different cell types
related to disease entities [181] or discerning between closely related clones that
have different characteristics [182]. RNA-seq may be useful in identifying splice-
site changes or variants that may not be detectable by other means [183-185].
Research uses for RNA-seq include identification of mechanisms of drug resistance
in the setting of myeloid neoplasia [186], but its utility in a routine clinical environ-
ment is yet unproven. While there are potential advantages of using RNA-seq, such
as more efficient detection of the impact of epigenetic changes, splice-site changes
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and structural rearrangements, the ability to analyze these parameters requires
specialized informatics tools [187, 188]. Some limitations of RNA-seq include the
starting substrate is more labile than DNA and thus is technically more difficult with
which to work, and, at the present time, offers few advantages over complimentary
methods. As such, it currently is uncertain if RNA-seq will prove a useful additional
to the clinical armamentarium but will most certainly be useful in research. New
approaches for RNA-seq include the ability to profile transcriptomes of tens of
thousands of single cells [189, 190]. This technology provides unprecedented gran-
ularity and insight into the different cell populations that may be present in normal
and disease [173, 191] and is likely to provide insight into the complexity of clonal
competition and evolution in hematologic neoplasms.

Epigenetics

Epigenetic modifications are reversible alterations to DNA or histones of a cell that
impact gene expression without altering the underlying genetic sequence of the cell.
Many genes involved in the epigenetic modification of the genome have been identi-
fied to be mutated in myeloid disorders and have been the subject of intense study
[192-195]. Further work has suggested that genes involved in epigenetic modifica-
tion may be useful as prognostic markers in the setting of myeloid neoplasia [196,
197] and studies investigating the use of therapies targeting aberrant epigenetic
modification have been published [198, 199]. The relationship between individual
disease entities, genomic mutations in genes related to epigenetics, and the conse-
quences of the mutations are under active investigation [200]. Tools for the evalua-
tion of epigenetic alterations in myeloid neoplasia in clinical settings are available
[201] but it is unknown if the information provided by such methods will add infor-
mation to what is already captured through the extensive analysis that is currently
applied to many individuals with myeloid malignancies [202]. As with many other
laboratory techniques, the clinical utility of the approach will need to be evaluated
to determine if there is meaningful added clinical benefit.

Confounding

As next-generation sequencing was applied in different clinical arenas, it became
unexpectedly apparent that many of the mutations commonly associated with
myeloid neoplasia can be detected in individuals without evidence or involvement
of a myeloid malignancy. The detection of these mutations confounds routine clini-
cal laboratory testing as the presence of such mutations does not necessarily indi-
cate the presence of disease as currently defined or understood. In such situations,
additional clinical testing could be unnecessary and may result in misdiagnosis.
Studies examining the prevalence of hematopoietic mutations in otherwise healthy
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populations have shown that the incidence of mutations in genes commonly associated
with myeloid neoplasms appears to increase with age [157, 158, 203]. In these indi-
viduals, a small percentage of the individuals with age-related hematopoietic clones
appear to develop hematological neoplasia, with individuals with a larger propor-
tion of the cells in the peripheral circulation harboring such mutations having an
increased risk. Other studies have demonstrated that some mutations in hematopoi-
etic cells arise in patients with other types of cancer, often after the selective pres-
sure of chemotherapy [204]. While the emergence of hematopoietic clones is not
uncommon, the incidence of hematopoietic neoplasia in such settings appears to be
uncommon based on retrospective studies [205, 206]. Some authors have termed
this phenomena, “clonal hematopoiesis of indeterminate potential,” or as abbrevi-
ated, CHIP [206]. Additional studies evaluating the future risk for neoplastic disease
and the recommendations for reporting, screening, and monitoring of such clonal
populations will need to be developed.

As another example, new approaches to prenatal diagnosis evaluating genomic
CNVs in cell-free DNA (cfDNA) have also reported several instances of inadvertent
detection of maternal neoplasia in pregnant women undergoing routine screening
[207]. It is conceivable that assays evaluating either fetal or neoplastic cfDNA may
be capable of detecting CNVs and mutations that are originating in hematopoietic
cells. Awareness of the possibility may be sufficient to identify ancillary methods
that may be useful in resolving the observed data, but additional tools may be useful
in the future to help resolve these situations. For example, recent work has demon-
strated that the cell-of-origin of cfDNA fragments can be ascertained based upon
nucleosome signatures of the detected DNA molecules [208], potentially allowing
for the discernment not only of the variants associated with neoplasia, but also the
cell of origin (i.e., hematopoietic or nonhematopoietic in nature). Incorporation of
such methods into cfDNA screening and monitoring methods will help to ensure
that detected mutations are appropriately classified and understood.

These examples together highlight the importance of open communication
between clinicians and laboratory pathologists. Indeed, awareness of these potential
confounders of sequencing data obtained from advanced diagnostic tests will help
physicians and scientists appropriate counsel providers and patients.

Conclusions

The determination of the diagnosis and prognosis of myeloid neoplasia is greatly
facilitated by advanced laboratory techniques that have been employed to dissect
the underlying molecular lesions related to the malignancy. The classification of
myeloid neoplasia has become more granular, specific, and detailed as the avail-
able laboratory techniques and biological understanding of the diseases have
advanced. Laboratory techniques such as karyotype, FISH, PCR, Sanger sequenc-
ing, and microarray remain the mainstay of current clinical diagnostic laboratories,
but are now often complemented by massively parallel sequencing. Due to the
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comprehensive nature of NGS, it is conceivable that this technology may replace
some of the more traditional methods for molecular cytogenetic analysis. As NGS
has proliferated in scientific and clinical applications, new permutations have been
proposed that may aid in improvements in clinical care, if analyses of clinical util-
ity bear out. As these new technologies and tools continue to mature, new opportu-
nities will arise to allow greater scientific understanding and potential for improved
clinical care. Through knowledge of the laboratory methods that are currently in
clinical use, the strengths and limitations of the different approaches will be impor-
tant to consider.
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