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Abstract

In this review, we discuss the latest targeted enrichment methods and aspects of their utilization along with
second-generation sequencing for complex genome analysis. In doing so, we provide an overview of issues involved
in detecting genetic variation, for which targeted enrichment has become a powerful tool. We explain how targeted
enrichment for next-generation sequencing has made great progress in terms of methodology, ease of use and ap-
plicability, but emphasize the remaining challenges such as the lack of even coverage across targeted regions. Costs
are also considered versus the alternative of whole-genome sequencing which is becoming ever more affordable.
We conclude that targeted enrichment is likely to be the most economical option for many years to come in a
range of settings.
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INTRODUCTION

Next-generation sequencing (NGS) [1, 2] is now a
major driver in genetics research, providing a power-
ful way to study DNA or RNA samples. New and  the

[3, 4], also sometimes referred to as ‘genome parti-
tioning’. Strategies for direct selection of genomic
regions were already developed in anticipation of

introduction of NGS [5, 6]. By selective

improved methods and protocols have been de-
veloped to support a diverse range of applications,
including the analysis of genetic variation. As part of

recover and subsequent sequencing of genomic loci
of interest, costs and efforts can be reduced signifi-
cantly compared with whole-genome sequencing.

Targeted enrichment can be useful in a number
of a

this, methods have been developed that aim to

achieve ‘targeted enrichment’ of genome subregions  of situations where particular portions
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whole genome need to be analyzed [7]. Efficient
sequencing of the complete ‘exome’ (all transcribed
sequences) represents a major current application,
but researchers are also focusing their experiments
on far smaller sets of genes or genomic regions po-
tentially being implicated in complex diseases [e.g.
derived from genome-wide association studies
(GWAS)], pharmacogenetics, pathway analysis and
so on [1, 8, 9]. For identifying monogenetic diseases,
exome sequencing can be a powerful tool [10].
Across all these areas of study, a typical objective is
the analysis of genetic variation within defined
cohorts and populations.

Targeted enrichment techniques can be charac-
terized via a range of technical considerations related
to their performance and ease of use, but the prac-
tical importance of any one parameter may vary de-
pending on the methodological approach applied
and the scientific question being asked. Arguably,
the most important features of a method, which in
turn reflect the biggest challenges in targeted enrich-
ment, include: enrichment factor, ratio of sequence
reads on/oft target region (specificity), coverage (read
depth), evenness of coverage across the target region,
method reproducibility, required amount of input
DNA and overall cost per target base of useful
sequence data.

Within this review, we compare and contrast
the most commonly used techniques for targeted
enrichment of nucleic acids for NGS analysis.
Additionally, we consider issues around the use of
such methods for the detection of genetic variation,
and some general points regarding the design of the
target region, input DNA sample preparation and the
output analysis.

ENRICHMENT TECHNIQUES

Current techniques for targeted enrichment can be
categorized according to the nature of their core re-
action principle (Figure 1):

(i) ‘Hybrid capture’: wherein nucleic acid strands
derived from the input sample are hybridized
specifically to preprepared DNA fragments com-
plementary to the targeted regions of interest,
either in solution or on a solid support, so that
one can physically capture and isolate the
sequences of interest;

(i) ‘Selective circularization’: also called molecular

inversion probes (MIPs), gap-fill padlock probes
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and selector probes, wherein single-stranded
DNA circles that include target region se-
quences are formed (by gap-filling and ligation
chemistries) in a highly specific manner, creating
structures with common DNA elements that are
then used for selective amplification of the tar-
geted regions of interest;

(i) PCR amplification: wherein polymerase chain
reaction (PCR) is directed toward the targeted
regions of interest by conducting multiple
long-range PCRs in parallel, a limited number
of standard multiplex PCRs or highly multi-
plexed PCR methods that amplify very large
numbers of short fragments.

Given the operational characteristics of these dif-
ferent targeted enrichment methods, they naturally
vary in their suitability for different fields of applica-
tion. For example, where many megabases needs
to be analyzed (e.g. the exome), hybrid capture
approaches are attractive as they can handle large
target regions, even though they achieve suboptimal
enrichment over the complete region of interest.
In contrast, when small target regions need to be
examined, especially in many samples, PCR-based
approaches may be preferred as they enable a deep
and even coverage over the region of interest, suit-
able for genetic variance analysis.

An overview of these different approaches is pre-
sented in Figure 1, and Table 1 lists the most
common  methods along  with  additional
information.

Basic considerations for targeted
enrichment experiments

The design of a targeted enrichment experiment
begins with a general consideration of the target
region of interest. In particular, a major obstacle for
targeted enrichment is posed by repeating elements,
including interspersed and tandem repeats as well as
elements such as pseudogenes located within and
outside the region of interest. Exclusion of repeat
masked elements [11] from the targeted region is a
straightforward and efficient way to reduce the re-
covery of undesirable products due to repeats.
Furthermore, at extreme values (<25% or >65%),
the guanine-cytosine (GC) content of the target
region has a considerable impact on the evenness
and efficiency of the enrichment [12]. This can
adversely affect the enrichment of the 5-UTR/
promoter region and the first exon of genes, which

Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

D
A

376 Mertes et al.

104105 | 3
(50mb) | &
§

101104 | @
(0.1-5 mb) g‘
V. :
= b) | &

Figure I: Commonly used targeted enrichment techniques. (I) Hybrid capture targeted enrichment either on solid
support-like microarrays (a) or in solution (b). A shot-gun fragment library is prepared and hybridized against a li-
brary containing the target sequence. After hybridization (and bead coupling) nontarget sequences are washed
away, the enriched sample can be eluted and further processed for sequencing. (2) Enrichment by MIPs which are
composed of a universal sequence (blue) flanked by target-specific sequences. MIPs are hybridized to the region of
interest, followed by a gap filling reaction and ligation to produce closed circles. The classical MIPs are hybridized
to mechanically sheared DNA (a), the Selector Probe technique uses a restriction enzyme cocktail to fragment
the DNA and the probes are adapted to the restriction pattern (b). (3) Targeted enrichment by differing PCR
approaches. Typical PCR with single-tube per fragment assay (a), multiplex PCR assay with up to 50 fragments (b)
and RainDance micro droplet PCR with up to 20 000 unique primer pairs (c) utilized for targeted enrichment.

are often GC rich [13]. Therefore, expectations
regarding the outcome of the experiment require
careful evaluation in terms of the precise target
region in conjunction with the appropriate enrich-
ment method.

The performance of a targeted enrichment ex-
periment will also depend upon the mode and qual-
ity of processing of the input DNA sample. Having
sufficient high-quality DNA is key for any further
downstream handling. When limited genomic DNA
is available, whole-genome amplification (WGA) is
usually applied. Since WGA produces only a repre-
sentation and not a replica of the genome, a bias is
assumed to be introduced though the impact of this
on the final results can be compensated for, to a degree
by identically manipulating control samples [14].
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All three major targeted enrichment techniques
(hybrid capture, circularization and PCR) differ in
terms of sample library preparation workflow enabl-
ing sequencing on any of the current NGS instru-
ments (e.g. Illumina, Roche 454 and SOLiD).
Enrichment by hybrid selection relies on short frag-
ment library preparations (typically range from 100
to 250 bp) which are generated before hybridization
to the synthetic library comprising the target region.
In contrast, enrichment by PCR is performed dir-
ectly on genomic DNA and thereafter are the library
primers for sequencing added. Enrichment by circu-
larization offers the easiest library preparation for
NGS because the sequencing primers can be added
to the circularization probe, thus eliminating the
need for any further library preparation steps.
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Sequencing can be performed either as single read or
paired-end reads of the fragment library. In general,
mate—pair libraries are not used for hybridization-
based targeted enrichments due to the extra compli-
cations this implies in terms of target region design.

In general, a single NGS run produces enough
reads to sequence several samples enriched by one
of the mentioned methods. Therefore, pooling stra-
tegies and indexing approaches are a practical way
to reduce the per sample cost. Depending on the
method used for targeted enrichment, different
multiplexing strategies can be envisaged that enable
multiplexing in different stages of the enrichment
process: before, during and after the enrichment.
For targeted enrichment by hybrid capture, indexing
of the sample is usually performed after the enrich-
ment but to reduce the number of enrichment reac-
tions, the sample libraries can alternatively be
indexed during the library preparations and then
pooled for enrichment [15]. Enrichment by PCR
and circularization offers indexing during the enrich-
ment by using bar-coded primers in the product
amplification steps [16]. Furthermore, two multi-
plexing strategies can be combined in a single ex-
periment. First, multiple samples can be enriched as a
pool, with each harboring a unique pre-added
bar-code. Then second, another bar-coding proced-
ure can be applied postenrichment, to each of these
pools, giving rise to a highly multiplexed final pool.
If such extensive multiplexing is used, great care
must be taken to normalize the amount of each
sample within the pool to achieve sufficiently even
representation over all samples in the final set of se-
quence reads. In addition, highly complex pooling
strategies also imply far greater challenges when it
comes to deconvoluting the final sequence data
back into the original samples.

The task of designing the target region is relatively
straightforward, and this can be managed with web-
based tools offered by UCSC, Ensembl/BioMart,
etc. and spreadsheet calculations (e.g. Excel) on a
personal computer. Web-based tools like MOPeD
offer a more user-friendly approach for oligoncleo-
tide probe design [17]. Far more difficult, however, is
the final sequence output analysis, which needs dedi-
cated computer hardware and software. Fortunately,
great progress has recently been made in read map-
ping and parameter selection for this process, leading
to more consistent and higher quality final results
[18]. Reads generated by hybrid selection will always
tend to beyond the

extend into sequences

DOCKET

_ ARM

target region and the longer the fragment library is,
the more of these ‘near target’ sequences will be re-
covered. Therefore, read mapping must start with a
basic decision regarding the precise definition of the
on/oft target boundaries, as this parameter is used for
counting on/off target reads and so influences the
number of sequence reads considered as on target.
This problem is not so critical for enrichments based
on PCR and circularization as these methods do not
suffer from ‘near target’ products. Another major
consideration in data analysis is the coverage needed
to reliably identify sequence variants, e.g. single nu-
cleotide polymorphisms (SNP). This depends on
multiple factors such as the nature of the region of
interest in question, the method used for targeted
enrichment. In different reports, it has ranged from
8x coverage [19], which was the minimum coverage
for reliable SNP calling and up to 200x coverage
[20], in this case the total average coverage for the
targeted region.

Enrichment by hybrid capture
Enrichment by hybrid capture (Figure 1.1a and b)
builds on know-how developed over the decade or
more of microarray research that preceded the NGS
age [21, 22]. The hybrid capture principle is based
upon the hybridization of a selection ‘library’ of very
many fragments of DNA or RNA representing the
target region against a shotgun library of DNA frag-
ments from the genome sample to be enriched. Two
alternative strategies are used to perform the hybrid
capture: (i) reactions in solution [4] and (ii) reactions
on a solid support [3]. Each of these two approaches
brings different advantages, as listed in Table 1.
Selection libraries for hybrid capture are typically
produced by oligonucleotide synthesis upon micro-
arrays, with lengths ranging from ~60 to ~180 bases.
These microarrays can be used directly to perform
the hybrid capture reaction (i.e. surface phase meth-
ods), or the oligonucleotide pool can be harvested
from the array and used for an in-solution targeted
enrichment (i.e. solution phase methods). The de-
tached oligonucleotide pool enables versatile down-
stream  processing: and 3'-end
sequences are included in the design of the oligo-
nucleotides, the pool can be reamplified by PCR and
used to process many genomic samples. Furthermore,
it is possible to introduce T7/SP6 transcription start
sites via these PCRs [23], so that the pool can be
transcribed into RINA before being used in an en-
richment experiment.

if universal 5'-
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