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Chapter 1

Introduction

Nitin Mahajan and Todd E. Druley

The detection of minimal residual disease (MRD) — or more
aptly named measurable residual disease — has evolved sub-
stantially over recent decades with the steady improvement
of technology. From gross morphology to karyotyping to
cytogenetics to flow cytometry, MRD has matured and saved
countless lives in the process by identifying those who require
augmented therapy in order to overcome refractory or
relapsed leukemia. New technologies, particularly with
respect to DNA and RNA sequencing, offer such extreme
sensitivity that focus has shifted to being certain that the
mutation(s) detected is indeed representative of the leukemia
population and not an incidental finding. Even healthy
individuals harbor a rich profile of clonal hematopoietic
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mutations [1] that is not fully understood and could lead to
false positives without careful calibration. This is a concern
for using cell-free or circulating tumor DNA in solid tumors
as markers for metastatic or recurrent cancer.

This text is intended to not only review the history of
methods utilized for MRD but also summarize the current
state of the art as well as predict where MRD will move in the
coming years. Clearly, with the rapid decline in sequencing
costs coupled with the massive amounts of data generated, it
will be sequencing strategies — both in bulk and in single
cells — that dominate MRD in the near future. To that end, it
seems appropriate to offer a brief history of nucleic acid
sequencing and highlight some of the emerging sequencing
platforms that are most likely to change the way laboratories
and physicians order and view MRD.

History of DNA Sequencing

In year 1910, Albrecht Kossel discovered nucleotide bases
adenine, cytosine, guanine, thymine, and uracil as the building
block of nucleic acid [2]. Four decades later, Erwin Chargaff
recognized the pairing pattern of these nucleotides in DNA
and RNA [2]. Robert Holley and colleagues (1965) were
accredited for sequencing the first ever full nucleic acid mol-
ecule, 77-nucleotide yeast (Saccharomyces cerevisiae) alanine
tRNA with a proposed cloverleaf structure [3]. It took more
than 5 years to extract enough tRNA from the yeast to iden-
tify the sequence of nucleotide residues using selective ribo-
nuclease treatment, two-dimensional chromatography, and
spectrophotometric procedures [3]. The laborious and expen-
sive nature of the sequencing did not deter the scientists but
rather drove the continuous development and refinement of
sequencing methods. Initially, scientists focused sequencing
efforts on the readily available populations of RNA species
because (i) of bulk production in culture, (ii) it is not
complicated by a complementary strand, and (iii) it is consid-
erably thought to be shorter than DNA molecules [4, 5].



Chapter 1. Introduction 3

Fred Sanger and colleagues at Cambridge were one of the
groups actively working on methods for sequencing DNA
molecules. They developed a technique based on the detec-
tion of radiolabeled partial digestion fragments after two-
dimensional fractionation [6], allowing addition of nucleotides
to the growing pool of ribosomal and transfer RNA sequences.
Using a primer extension method, Ray Wu and Dale Kaiser
sequenced a short sequence of DNA for the first time [7].
However, the actual determination of bases was still restricted
to small sequences of DNA because of the labor and use of
radioactive and hazardous chemicals. These continuous
efforts resulted in generating the first complete protein-
coding gene sequence, coat protein of bacteriophage MS2 in
1972 [8], and the first complete 3569-nucleotide-long genome
sequence of the bacteriophage MS2 RNA in 1976 [9].

Two influential techniques in the mid-1970s emerged
which later gave a new dimension to the field of molecular
biology. The two techniques were Alan Coulson and Sanger’s
“plus and minus” system and Allan Maxam and Walter
Gilbert’s chemical cleavage technique [10-12]. Both these
techniques used polyacrylamide gel electrophoresis, which
provided better resolving power, instead of previously used
2-D fractionation that often consisted of both electrophoresis
and chromatography. The plus and minus technique was
based on the addition of radiolabeled nucleotides next to the
primer using DNA polymerase.

A “plus” reaction is where only a single type of nucleotide
is present with an aim that all extensions will end with that
particular nucleotide whereas a “minus” reaction three nucle-
otides are used to produce sequences up to the position
before the next missing nucleotide. This led Sanger and col-
leagues to sequence the first DNA genome, that of bacterio-
phage [11]. On the other hand, the technique used by Maxam
and Gilbert to sequence the DNA was quite different, as they
used chemicals to fragment the radiolabeled DNA at particu-
lar bases. Fragmented radiolabeled DNA was electrophoresed
through a polyacrylamide gel and based on the length of the
cleaved fragments the sequence was inferred. Development
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of these two methods can be described as the foundation of
modern sequencing. However, the major discovery in the
field of DNA sequencing came in 1977 with the Sanger’s
“chain-termination” or “dideoxy technique,” and since then it
is the most widely used sequencing method.

The chain-termination technique utilizes labeled (radioac-
tively or fluorescently) chemical analogues of the deoxynu-
cleotides (dNTPs), which are called dideoxynucleotides
(ddNTPs). The reaction includes a single-stranded DNA
template, DNA primer, DNA polymerase, normal deoxynu-
cleotides (dNTPs), and modified dideoxynucleotides
(ddNTPs). Because ddNTPs lack a 3’-OH group, they are
unable to make phosphodiester bond which ultimately termi-
nates DNA strand elongation. A total of four DNA sequenc-
ing reactions are made, and in each reaction, three normal
dNTPs and one labeled ddNTP are added. This results in the
synthesis of each possible length of the DNA molecule of
interest. The nucleotide sequence is inferred by resolving the
product from each reaction in a separate lane of a polyacryl-
amide gel. Initially, scientists were able to determine the
sequence of a molecule up to 300 bp.

The potential Sanger sequencing was realized quickly by
the scientific community, and a series of improvements were
made in the following years. Major improvements were, first,
replacement of radioactive materials with fluorescent-based
detection, which allowed the reaction to occur in one vessel
instead of four. A second key improvement was the use of
capillary-based electrophoresis which provided better resolu-
tion, required less equipment space, and decreased the
amount of time required for the experiment. Following these
improvements, Smith et al. (1986) at Applied Biosystems
Instruments (ABI) designed an automated machinery to
complete this procedure and later introduced the first com-
mercial automated DNA sequencer [13].

First-generation sequencers incorporated a computer-
based data acquisition and analysis and were capable of
producing reads >300 bp. However, to analyze longer DNA
molecules, “shotgun sequencing” was developed by separately
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cloning and sequencing overlapping DNA fragments. After
sequencing these molecules are assembled into one long con-
tiguous sequence [14]. The discovery of polymerase chain
reaction (PCR) technology during this time period provided
a viable solution for generating high concentrations of spe-
cific DNA species and aided in the re-sequencing of particu-
lar regions. With the addition of newer technologies and
increased interest in sequencing, ABI sequencers were sig-
nificantly improved over the next few years. These improve-
ments included an increase in the number of lanes in
gel-based models from 1 (ABI 310) to 16 (ABI 370A) and
then to 96 (ABI 377). At the same time, the length of the
reads increased from 350 (ABI 370A) to over 900 (ABI
3730x1), while the run times decreased from 18 h to 3 h [15].

The Institute for Genomic Research (TIGR) in Rockville,
Maryland, founded by J. Craig Venter in 1992, pioneered the
industrialization of an automated sequencer, with a focus on
studying various genomes [16, 17]. With the establishment of
both the first Affymetrix and GeneChip microarrays in
1996, expression studies involving various genes in prokary-
otes and eukaryotes were now possible [18]. By the end of
1999, with continuous effort of various researchers, TIGR
generated 83 million nucleotides of cDNA sequence, 87,000
human cDNA sequences, and the complete genome
sequences of Haemophilus influenzae [19] and Mycoplasma
genitalium [20].

With the beginning of the new century, though expensive
and time-consuming, sequencing centers and international
consortiums, such as the TIGR in the USA, the Sanger
Centre in the UK, and RIKEN in Japan, using the automated
sequencers, produced the complete sequence of the human
genome. Additionally, the genomes of Escherichia coli,
Bacillus subtilis, Saccharomyces cerevisiae, Caenorhabditis
elegans (nematode), Drosophila melanogaster (fruit fly), and
the plant Arabidopsis thaliana were also completed [4, 15, 17,
21]. Despite all these accomplishments, new sequencing
methods continued to emerge with the aim to reduce costs,
increase multiplexing, decrease time, and increase throughput.
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Ultimately these improved methods have been realized over
the past few decades and have paved the path forward for
next-generation sequencing applications.

Next-Generation Sequencing Application

As advancements were being realized in sequencing applica-
tions, often referred to as next-generation sequencing (NGS),
key improvements included (i) the parallelization of high
number of sequencing reactions, (ii) the preparation of ampli-
fied sequencing libraries prior to sequencing, (iii) library
amplification on miniature surfaces (solid surfaces, beads,
emulsion droplets), (iv) direct monitoring of the nucleotides,
(v) reduced cost, and (vi) decreased time.

There are a wide variety of NGS applications that can be
used to study the whole genome, coding regions (exomes),
transcriptome, DNA methylation, mitochondrial DNA, plus
several other novel applications, such as micro-RNA and
noncoding RNA sequencing. Sequencing applications for
RNA are similar to that of DNA, with an additional step to
generate cDNA from RNA using a reverse transcriptase. For
targeted sequencing the exomes or regions of interest within
the fragmented DNA can be captured and enriched by probe
hybridization or by customized PCR amplification. Targeted
panel sequencing involves a focused approach on known
alleles of gene candidates, associated with the phenotype of
interest.

The general workflow for an NGS assay involves (1) the
isolation of nucleic acids (DNA or RNA), (2) the capture of
DNA molecules of interest, (3) sequencing, and (4) bioinfor-
matics analysis of the massive unstructured dataset [5, 17,22,
23]. The exact procedures involved in each of these steps vary
between sequencing platforms and library preparation proto-
cols. Ultimately, since the genetics of cancer is extremely
heterogeneous, it will be essential to use the appropriate
technique for the type of variant of interest. Like instrumen-
tation and protocols, the revision of read lengths occurs
rapidly and will likely continue to do so as chemistries are
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optimized and improved. Determining an appropriate read
length for sequencing, short versus long, depends on the goal
of the experiment.

Long-read sequencing (LRS) techniques have been key
for phasing studies and alternative splicing. However, as
short-read sequencing (SRS) technologies advance in the
single-cell sequencing field, these types of analysis will be
more easily attended with SRS technology. Short-read
sequencing (SRS) typically produces reads that are 50-600 bp
in length and often results in sequences with scaffolding gaps,
bias due to high GC content, repeat sequences, and missing
insertions. LRS techniques produce reads between 10Kb and
40Kb [24-27].

Illumina is the dominant SRS platform by supporting
paired-end sequencing (although other platforms exist
including Thermo Fisher Scientific, lon Torrent, and Complete
Genomics) [28], whereas Pacific Biosystems and Oxford
Nanopore Technologies sequencers are dominant in generat-
ing long reads. There are several advantages SRS have which
include high throughput, low cost per base, and a low raw
read rate [28]. However, the short-read length complicates
genome alignment leading to false-positive and false-negative
variant calling [29, 30]. Furthermore, de novo assembly of
short sequencing reads can be challenging due to minimal
overlap between raw reads, which therefore require enhanced
algorithms for successful assembly, such as SOAPdenovo [31],
in order to assemble a large genome of interest, although
genome assemblies, especially for non-model organisms, gen-
erated from SRS are limited as long-range linking informa-
tion is limited [32].

There are several variant algorithm detection methods,
including FreeBayes [33] that are specific for SRS data. The
advantages for SRS for MRD include low error rate and
the ability to generate deep coverage for a specific region of
the genome. Therefore, SRS has dominated the field for
cancer genomics as variant detection is more accurate with
SRS over LRS techniques that have a higher error rate and
less sensitive limit of detection.
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More than 70% of genetic variations seen in humans are
non-SNP variations and can be missed easily with short-read
sequencing [34]. Long-read sequencing enables reads longer
than 10 kb, which improves alignment to the reference
genome, high consensus accuracy, uniform coverage, and
detection of epigenetic modifications. In addition, long-read
sequencing is beneficial in transcriptomic analyses as it allows
detection of splice isoforms with a high level of confidence
without requiring assembly. High costs of long-read sequenc-
ing and high error rates are the major hurdle for adopting
these platforms as a global sequencing platform.

Roche 454 Pyrosequencing

The first commercially available second-generation sequencer
was developed by 454 Life Sciences in 2005 and was based on
pyrosequencing. In 2007 454 Life Sciences was acquired by
Roche [24]. Pyrosequencing is based on the detection of light
signal generated by the release of pyrophosphate (PPi) upon
incorporation of dNTP in presence of ATP sulfurylase, lucifer-
ase, DNA polymerase, and adenosine 5’-phosphosulfate (APS).
Luciferase ATP mediates conversion of luciferin to oxylucif-
erin, which generates a light signal during repeated nucleotide
incorporation into the newly synthesized DNA chain. The abil-
ity to run massive sequencing reactions in parallel per run is
the obvious advantage of this machine. DNA libraries were
tagged to beads using adaptor sequences and using emulsion
PCR in a pico-liter plate where ideally each well gets one DNA
bead [23]. This miniaturized system used massively parallelized
sequencing to produce more than 200,000 reads at 100-150 bp
per read with an output of 20 Mb per run in 2005 [35].

In 2008, Roche released the new version 454 GS FLX tita-
nium system with improved average read length up to 700 bp
with an accuracy of 99.997% and an output of 0.7 Gb of data
per run within 24 h. Roche combined the 454 sequencing
system in 2009 with the GS junior, a benchtop system. This
new application simplified library preparation protocol,
improved data processing steps, and improved the time
requirements per run to 14 h. The use of these systems was
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limited by the high cost of reagents and high error rates in
homopolymer repeats [26, 36-38]. However, with the com-
mercial availability of the sequencing, various other compa-
nies have launched new sequencers as discussed below.

[llumina (Solexa) Sequencers

In 2006, Solexa released the Genome Analyzer (GA), and in
2007 the company was purchased by Illumina. The Illumina
sequencer is different from the Roche 454 sequencer as it
uses bridge amplification for colony generation and is based
on the sequencing by synthesis (SBS) approach. The library
with fixed adaptors is denatured to single strands and grafted
to a flow cell, followed by bridge amplification to form clus-
ters (miniature colonies or polonies) that contain clonal
DNA fragments. Sequencing by synthesis approach uses
removable fluorescently labeled chain-terminating nucleo-
tides, which produce a larger output at lower reagent cost. All
the steps during sequencing in the Illumina technology are
carried out in a flow cell. Flow cells can have single or mul-
tiple lanes depending upon the Illumina instrument.

Illumina provides two styles of sequencing machines — bench-
top sequencers (MiniSeq System, MiSeq Series, and NextSeq
Series) and production scale sequencers (NextSeq Series, HiSeq
Series, HiSeq X Series, and NovaSeq 600 system). These
sequencers range from low (0.3Gb) to mid (120Gb) and to high
output (1500 Gb). In the present day, [llumina is the dominant
sequencing platform for clinical research efforts.

Sequencing by Oligonucleotide Ligation
and Detection (SOLiD)

Supported oligonucleotide ligation and detection (SOLiD) is
another next-generation application that was first released in
2008 by Applied Biosystems Instruments (ABI) and marketed
by Life Technologies. This platform is based on two-nucleotide
sequencing by ligation (SBL) strategy where sequential anneal-
ing of probes is followed by ligation. This process generates
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hundreds of millions to billions of short reads with simultane-
ous two-base encoding for each nucleotide. Sequencer 5500 W
series with either one (5500 W system) or two (5500x1 system)
flow chips are present in the market which are suitable for
small- and large-scale projects involving whole genomes,
exomes, small RNA, and transcriptomes [39]. As each base is
interrogated twice, this platform provides a high accuracy of
99.85% after filtering in addition to the low cost per base; how-
ever, short-read lengths (35-85 bp), long run times (7-14 days),
and requirement of huge computational infrastructure are
major shortcomings [17,40].

Ton Torrent

The Ion Torrent technology is another platform produced by
the inventors of 454 sequencing [41]. This technology is funda-
mentally different from other platforms as it does not use
either fluorescence or luminescence (post-light sequencing
technology) but instead uses microchip amalgamated flow
cells coupled with electronic sensors. The incorporation of a
single nucleotide releases a proton which results in a change
of pH and can be measured electronically as a voltage change;
if there are two nucleotides added, double voltage is detected
[17]. Two sequencing platforms, Proton Sequencer (with more
than 165 million sensors) and the Ion Personal Genome
Machine (PGM) (a benchtop sequencer with 11.1 million sen-
sors), adapted this technology. Of interest, this technique does
not require fluorescence. and the utilization of camera scan-
ning improves the speed, cost, and size of the instrument. The
major disadvantages include short-read length and problem in
reading homopolymer stretches and repeats [4, 38].

DNA Nanoball Sequencing (DNBS)

DNA nanoball sequencing (DNBS) was developed by the
inventor of SBH as a hybrid sequencing application that uses
hybridization and ligation. Using four adapter sequences,
small fragments of genomic DNA or cDNA (400-500 bp) are
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amplified into microscopic DNA nanoballs (roughly 300 nm
in size) by rolling circle amplification, generating ssDNA
concatemer. The DNA nanoballs are sequenced at a high
density as one nanoball per well onto an arrayed flow cell. Up
to ten bases of the template are read in the 5" and 3’ direction
from each adapter. Since only short sequences, adjacent to
adapters, are read, this sequencing format resembles a multi-
plexed form of mate-pair sequencing. The short length of
reads and sequencing time are the major disadvantages of
DNBS, whereas the high density of arrays and therefore the
high number of DNBS (~350 million) that can be sequenced
are the major advantages [42].

Third-Generation Sequencing

So-called “third-generation” sequencing differs from next-
(or second) generation sequencing as (i) PCR is not needed
before sequencing which results in shortened time and
reduced bias and error caused by PCR; (ii) the signal is cap-
tured in real time, which means that the signal, no matter
whether it is fluorescent or electric current, is monitored dur-
ing the enzymatic reaction of adding nucleotide in the com-
plementary strand; (iii) it is capable of sequencing single
molecule; (iv) it has low price of sequencing; and (v) it is
simpler (the preparatory procedures and sequencing meth-
ods are simpler compared to second-generation sequencing).

Single-Molecule Real Time (SMRT)

Single-molecule real-time (SMRT) technology is developed
by Pacific Biosciences (Menlo Park, CA, USA) and uses
modified enzyme and direct observation of the enzymatic
reaction in real time. SMRT cells contain 150,000 ultra-
microwells where reaction takes place at a zeptoliter scale
[10-21, 43]. Each well is coated with a molecule of DNA
polymerase using the biotin-streptavidin system in nanostruc-
tures known as zero-mode waveguides (ZMWs) and DNA
template that can be detected during the whole process.
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During the reaction, fluorescently labeled dNTPs are added
to the growing strand and monitored by CCD cameras.
PacBio machines produce long reads (up to and exceeding
10 kb in length), which are useful for de novo genome assem-
blies, and accuracy reported is >99%. Compared to other tech-
nologies, PacBio (i) adapters used in SMRT have a hairpin
structure (SMRT loop adapters) which allows circularization of
dsDNA after ligation and (ii) does not rely on interrupted cycles
of extension and imaging to read the template strand as signals
of newly added nucleotides are recorded in real time [24, 40,43].

Helicos Sequencing

The Helicos sequencing system was the first implementation of
single-molecule fluorescent sequencing. Sheared DNA is tailed
with polyA tail and hybridized in a flow cell surface coated
with oligo-dT for sequencing by synthesis of billions of mole-
cules in parallel. The fluorescent signals were used to detect
labeled nucleotide triphosphates incorporated onto DNA
templates bound to a quartz slide. This technology sequences
the DNA by both the hybridization and sequencing by synthe-
sis using a DNA polymerase. The HeliScope sequencing read
lengths range from 25 to over 60 bases, with 35 bases being the
average. The Seqll (http://seqll.com) markets this technology to
sequences genomic DNA and RNA using the Helicos sequenc-
ing system and HeliScope single-molecule sequencers. This
method has successfully sequenced the human genome and
provided disease signatures in a clinical evaluation and was
implemented for sequencing RNA molecules for quantitative
transcriptomic analysis of tissues and cells [44-46].

Next-Generation Sequencing by Electron
Microscopy

Though detection is not easy, electron microscopy allows the
direct visualization of the sequence of DNA molecules.
Samples were sequenced by the enzymatic incorporation of
modified bases with atoms of increased atomic number.
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These high atomic number atoms allow the direct visualiza-
tion and identification of individually labeled bases under the
electron microscope as dark dots. Direct visualization and
identification of individually labeled bases within a synthetic
3272 base-pair DNA molecule and a 7249 base-pair viral
genome have been demonstrated [47, 48]; however, the tech-
nology has not yet been commercially developed.

Two companies, ZS Genetics (http://www.zsgenetics.com)
and Electron Optica [49], are continuously working on the
DNA sequencing technique by electron microscopy, with dif-
ferent approaches. ZS Genetics demonstrated the labeling
and identification of the four bases of DNA with an electron
microscopy for the first time in the year 2012. The sequence
read lengths range from 5 to 50 kb and are useful for de novo
genome assembly and for analysis of full haplotypes and copy
number variants (http://www.zsgenetics.com).

However, the heavy atom labeling has few disadvantages
which include: (i) chances of incomplete labeling reaction
which might result in missing few base pairs, (ii) four different
reactions have to run as the labels are difficult to distinguish
and interfere with each other when they get too close, and
(iii) high-energy electrons damage the DNA and therefore
cause errors to precisely locate the bases [47, 50]. Electron
Optica uses low-energy electron microscopy (LEEM) which
does not need labeling with heavy metals for DNA sequenc-
ing. Though LEEM causes less damage to DNA and thus
reduces sequencing errors [48, 51, 52], there is no update on
this technology since 2014 [49].

Fourth-Generation Sequencing

The fourth-generation sequencing platforms sequence
without amplification, real-time sequencing without
repeated cycles, and elimination of synthesis. These tech-
nologies preserve the spatial coordinates of DNA and
RNA sequences with up to subcellular resolution, thus
enabling back mapping of sequencing reads to the original
histological context [22,27].
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Nanopore Sequencing

Nanopore-based sequencers open a new door to molecular
biology investigation at the single-molecule scale. In the
1990s, Church et al. and Deamer and Akeson separately pro-
posed sequencing of DNA using nanopores [53, 54]. The
sequencing of DNA is done by passing the single-stranded
DNA molecule through a nanopore chamber, which can be
found in protein channel which facilitates ion exchange. With
the application of an external voltage, particles with sizes
smaller than the pore size are passed through the pore which
are either embedded in a biological membrane or formed in
solid-state film. Major advantages include simple experimen-
tal procedure, required no labeling and less input, and gener-
ate real-time data with ultra-long reads and high throughput
[4, 53, 55]. The nanopore sequencer has wider applications in
many areas, such as analysis of DNA, RNA, proteins, pep-
tides, drugs, polymers, etc. [4, 55, 56].

The nanopores can either be from the biological system or
solid-state synthetic nanopores. In combination with the
other devices and electronic circuits, these pores are inte-
grated in a form of portable sequencing chips. Biological
nanopores, also termed transmembrane protein channels, are
usually embedded in liposomes or polymer films. There are
three main biological experiments involving this technology
and the study of Staphylococcus aureus o« hemolysin (o« HL),
Mycobacterium smegmatis porin A (MspA),and Bacteriophage
phi29. On the other hand, solid-state synthetic systems fabri-
cate nanopores in silicon nitride (Si3N4), silicon dioxide
(Si02), aluminum oxide (AI203), boron nitride (BN), gra-
phene, polymer membranes, and hybrid materials [4, 17
53, 55].

Solid-state nanopore is reliably more stable than biologi-
cal and could be multiplexed to work in parallel on a single
device and achieve higher readout within a short time.
Oxford Nanopore Technologies (ONT) (https:/nano-
poretech.com), founded by Hagan Bayley and Gordon
Sanghera, provide the commercially available nanopore
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sequencing instruments that provide real-time data. Major
devices from ONT include MinION (pocket-sized, portable
device), GridlONXS5 (multiplex sequencing device),
PromethION (high-throughput, high-sample number bench-
top system), and SmidgION (smallest device designed for use
with a smartphone in any location) (https:/nanoporetech.
com). One of the major disadvantages of this technology is
the rapid DNA translocation velocity (1-3 Is/base) which
limits the identification of single nucleotide bases and
increases error rate (up to 90%) [57].

Success with this platform has been noted by combining
results with short-read sequencing to improve error rates at
the single-base resolution while also producing reads long
enough for de novo assembly efforts [58]. Using this tech-
nique Goodwin et al. were able to create an open-source
hybrid error correction algorithm, Nanocorr, that combines
Illumina SRS (MiSeq) data and Nanopore, which enhanced
genome assembly and variant detection [59].

BioNano Genomics

BioNano’s next-generation mapping uses nano-channel
arrays with optical mapping to image extremely long, high-
molecular-weight DNA in its most native state instead of
classical DNA sequencing devices. This technology provides
a detailed genome map, which helps to finish sequencing and
to remove sequencing errors caused by repetitive regions.
Genome map in addition to the sequencing provides a better
resolution of the whole genome, showing its features in con-
text and functional relationships, across kilobases to mega-
bases. BioNano Saphyr provides rapid, high-throughput,
long-range genome mapping with the ability to detect the
large-scale structural variations (ranging from 1 kb to mega-
bases) missed by next-generation sequencing (NGS) systems
(https://bionanogenomics.com/products/saphyr/). The high-
resolution Irys System from BioNano Genomics offers whole-
genome maps at a single-molecule resolution.
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Emerging Platforms: Single-Cell
Sequencing (SCS)

Advancements in microfluidics have enabled the robust isola-
tion of single cells, which then facilitates individual cellular
analysis of DNA or RNA. Bulk sequencing analyses are
based on an averaged signal obtained from a heterogeneous
cell or nucleic acid population and therefore obviate resolu-
tion at a cellular level — which is overcome via single-cell
analysis [60, 61]. Single-cell sequencing is rapidly becoming
established as an important tool in a diverse series of disci-
plines ranging from characterization of cellular diversity to
identification of new cell types [62, 63]. Over the past decade,
there has been extraordinary progress in the development
and application of single-cell DNA and RNA sequencing
methods. Studies by Tang et al. (2009) [64] and Navin et al.
(2011) [60] describing single-cell RNA and DNA analysis,
respectively, are pioneering discoveries in the field. As we are
moving toward the era of precision medicine, the data gener-
ated from multiple “omics” strategies provides complex
insight on biological events. Single-cell analyses of DNA,
RNA, and protein generate data demonstrating the heteroge-
neity of a given cellular network, which ultimately leads to
improved understanding of the underlying mechanisms of
any physiologic or disease-related process. Every improve-
ment in these assays increases sensitivity and throughput.
Additional applications in which single-cell sequencing could
offer new insights are with respect to circulating tumor cells
prior to a diagnosis, residual circulating cancer cells post-
therapy, and stem cell identification and specification. Single-
cell arrays provide tools to measure different aspects of
various substrates (like DNA for chromatin structure, histone
modification, or sequence variability; RNA for gene expres-
sion changes, allele-specific expression, fusion events; protein
for correlating surface immunophenotypes or ligand-recep-
tor interactions, and many others) [60, 61, 65]. These plat-
forms are expanding rapidly (Table 1.1), and single-cell RNA
sequencing platforms have been reviewed elsewhere [66].
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Each platform possesses its own unique profile of advantages
and disadvantages depending upon the intended application.

In conclusion, the ultimate goal of true precision (person-
alized) therapy for cancer or several other diseases rests on
the accurate characterization of the systemic heterogeneity in
genetic and epigenetic variability combined with understand-
ing their respective and additive impact on cellular function
as it relates to risk prognostication and therapeutic selection.
MRD is a direct reflection of how biomedical scientists and
clinicians have applied exciting new technologies to under-
stand the minutiae of human physiology in order to improve
human health.

TaBLE 1.1 Overview of currently available single-cell sequencing
platforms
Method or company

Applications and references

Drop-Seq RNA-Seq [67]
InDrops RNA-Seq [68]
CEL-Seq2 RNA-Seq [69]
Quartz-Seq2 RNA-Seq [70]
Cyto-Seq RNA-Seq [71]
MARS-Seq RNA-Seq [72]
Hi-SCL RNA-Seq [73]

Chromium System (10x
Genomics)

Nadia (Dolomite Bio)

ddSEQ Single-Cell Isolator
(Bio-Rad)

Tapestri Platform (MissionBio)

BD Rhapsody Single-Cell
Analysis System (Becton
Dickinson)

C1 System and Polaris
(Fluidigm)

RNA-Seq, DNA-Seq, immune
repertoire profiling

RNA-Seq, DNA-Seq
RNA-Seq

Targeted DNA-Seq
Targeted RNA-Seq

RNA-Seq, DNA-Seq, miRNA-
Seq, epigenomics, RT-qPCR
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