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ABSTRACT

Next-generation sequencing has revealed novel recurrent mutations in chronic lymphocytic leukemia, particularly in patients with aggressive disease. Here, we explored targeted re-sequencing as a novel strategy to assess
the mutation status of genes with prognostic potential. To this end, we utilized HaloPlex targeted enrichment
technology and designed a panel including nine genes: ATM, BIRC3, MYD88, NOTCH1, SF3B1 and TP53, which
have been linked to the prognosis of chronic lymphocytic leukemia, and KLHL6, POT1 and XPO1, which are
less characterized but were found to be recurrently mutated in various sequencing studies. A total of 188 chronic
lymphocytic leukemia patients with poor prognostic features (unmutated IGHV, n=137; IGHV3-21 subset #2,
n=51) were sequenced on the HiSeq 2000 and data were analyzed using well-established bioinformatics tools.
Using a conservative cutoff of 10% for the mutant allele, we found that 114/180 (63%) patients carried at least
one mutation, with mutations in ATM, BIRC3, NOTCH1, SF3B1 and TP53 accounting for 149/177 (84%) of all
mutations. We selected 155 mutations for Sanger validation (variant allele frequency, 10-99%) and 93%
(144/155) of mutations were confirmed; notably, all 11 discordant variants had a variant allele frequency
between 11-27%, hence at the detection limit of conventional Sanger sequencing. Technical precision was
assessed by repeating the entire HaloPlex procedure for 63 patients; concordance was found for 77/82 (94%)
mutations. In summary, this study demonstrates that targeted next-generation sequencing is an accurate and
reproducible technique potentially suitable for routine screening, eventually as a stand-alone test without the
need for confirmation by Sanger sequencing.

Introduction
Sanger sequencing, long considered the ‘gold standard’ for
mutation detection in clinical laboratories, can produce long
read-lengths with highly reliable results; however, it has limited throughput and rapidly becomes both cost- and timeprohibitive when larger expanses of the genome require
analysis. It is becoming a necessity to implement methodologies that could circumvent these shortcomings because of the
increasing number of prognostically relevant and diseaseassociated genes identified by whole-genome or wholeexome sequencing.1-4 Targeted next-generation sequencing
(NGS), in which a selected fraction of genes is sequenced, is
emerging as a much more efficient means to identify genetic
variants and is now maturing to the point that it is being considered by many laboratories for routine use.5-7
The major advantages of this approach revolve around its

capacity to screen a large number of genes and samples simultaneously (currently up to 96 samples). Apart from the ability
to multiplex both genes and samples, the profound sequence
depth achievable also enables minor subclonal populations to
be tracked over time, a phenomenon that was previously
underappreciated because of the lack of sensitivity of Sanger
sequencing approaches.8-12 An additional favorable attribute of
targeted NGS is the ability to analyze all coding exons within
a gene, regardless of its length. This is noteworthy since the
size of several prognostic genes, such as ATM (62 coding
exons), currently hinders comprehensive gene analysis in a
clinical setting.
That said, for NGS technology to be successfully integrated
into clinical practice, several criteria must be fulfilled. Firstly,
analytical accuracy must be both high and well-defined within the clinically relevant genes or regions. Second, the NGS
workflow should provide good coverage i.e. yield sufficient
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data to ensure that the vast majority of targeted bases are
at an appropriate depth to permit high-quality variant calling. Finally, the method should be highly robust and
reproducible; in this respect, as the workflow becomes
more streamlined, automation should reduce the technical
complexity. Given the immense amount of data generated
by NGS, issues regarding bioinformatics are also pertinent
and careful consideration is required on matters such as
data curation, analysis and interpretation, overall management, and storage, the main objective being a system that
would integrate with the NGS data analysis pipeline to
ensure rapid and consistent calling of clinically relevant
mutations.
Large-scale sequencing studies have recently revealed a
number of novel recurrent mutations in chronic lymphocytic leukemia (CLL),1-4 the prime examples being mutations within NOTCH1, SF3B1 and BIRC3, which are
found at higher frequencies in patients with more aggressive disease and a poor clinical outcome.13-21 Prompted by
these findings, we sought to explore whether targeted
NGS could be a superior method for mutational screening
of genes with prognostic potential in CLL, and hence be
used as a sensitive and accurate routine tool for diagnostic
and prognostic purposes. To this end, we designed a
HaloPlex gene panel with genes selected for inclusion
comprising: (i) those with established prognostic and predictive significance e.g. TP53; (ii) those that appear to have
a specific significance e.g. ATM, NOTCH1, SF3B1,
MYD88 and BIRC3, the clinical value of which is currently
being assessed; and (iii) those found to be recurrently
mutated at a lower frequency in CLL but whose significance remains unknown e.g. KLHL6, POT1 and XPO1.4,1225
We demonstrate that the sensitivity and specificity of
targeted NGS of a disease-specific subset of genes equaled
(if not exceeded) that of Sanger sequencing and could,
therefore, conceivably be used in clinical practice, eventually as a stand-alone test.

Methods

Data analysis and variant calling
Illumina sequencing adapters were removed using Cutadapt
(v.0.9.5) and trimmed reads were aligned to the hg19 human reference genome (February 2009 assembly) using MosaikAligner
version 2.1.33 (http://arxiv.org/abs/1309.1149)27 with the following parameter settings: -hs 15, -ms 7, -mhp 100, -act 35, -minp 0.95
and –mmp 0.05, allowing for a maximum of 5% mismatches per
read. Tumor variants were identified using VarScan 2 in
mpileup2cns mode with detection thresholds of 20x coverage,
variant allele frequency 0.1, a minimum of 10 reads supporting the
variant, and an average base quality of 15 at the variant position.28
In addition to the 188 CLL cases, 18 samples from normal tissue
(buccal swabs or sorted T cells) were also included in the sequencing run and bioinformatically processed. Variants detected within
the normal tissues facilitated the detection of recurrent variants
which likely arose during library preparation or as a sequencing
error and were subsequently removed from the tumor call files.
Variants had to meet the following conditions to be included in
downstream analysis: (i) be located within an exonic or splicing
region; (ii) be non-synonymous; (iii) not be listed in the European
1,000 genomes variant database; (iv) not be listed in dbSNP137
unless also listed in the Catalogue of Somatic Mutations in Cancer
(COSMIC)65 database; and (v) have a variant allele frequency >0.1
(Figure 1A).

Validation of mutations by Sanger sequencing
Selected variants were bi-directionally sequenced using the
BigDye Terminator v3.1 Cycle Sequencing Kit and an ABI 3730
DNA Analyzer (Life Technologies, Carlsbad, CA, USA).

Assessing the reproducibility of targeted
next-generation sequencing
To estimate technical precision and reproducibility, we repeated
the procedure with 63 CLL cases that had been included in the initial sequencing run and were found to carry at least one mutation.
A new gene panel including six of the prognostic genes, i.e. BIRC3,
NOTCH1, POT1, SF3B1, TP53 and XPO1, was designed and the
entire experimental setup was independently replicated, i.e. new
libraries were prepared (using the same genomic DNA) and resequenced on the HiSeq2000. Data analysis and variant calling
were performed as detailed above and runs were compared.

Patients’ material
One hundred and eighty-eight CLL patients with poor prognostic features were included in this study (73% IGHV unmutated,
27% IGHV3-21 subset #2; Online Supplementary Table S1). All samples came from an international, multicenter cohort of patients
who were diagnosed according to the International Workshop on
CLL criteria and displayed a typical CLL immunophenotype.26
Informed consent was collected according to the Helsinki
Declaration and ethical approval was granted by local ethical
review committees.

Targeted enrichment and next-generation sequencing
Nine genes of prognostic interest in CLL were submitted for
HaloPlex (Agilent Technologies, Santa Clara, CA) probe design to
the SureDesign service (https://earray.chem.agilent.com/suredesign/home.htm). Our design included 2,309 amplicons covering
41,962 bases; all coding exons within selected genes were targeted
and comprised 202 regions, with 99.1% of target bases covered by
at least one probe. The target regions were captured using the
HaloPlex Target Enrichment kit according to the manufacturer’s
instructions. Paired-end sequencing (100 bp reads) was performed
across two lanes of the HiSeq2000 instrument (Illumina, San
Diego, CA, USA) and the mean read depth within the regions of
interest was ~1500 reads/base.
haematologica | 2015; 100(3)

Results and Discussion
To determine the feasibility of targeted NGS in a clinical
setting, we constructed a gene panel including nine prognostic genes and applied the technology to 188 CLL
patients with a poor prognosis (cases with unmutated
IGHV genes or with B-cell receptors expressing the
IGHV3-21 gene, typical of clinically aggressive stereotyped subset #229-32) in order to increase the possibility of
finding mutations within these genes. Our aim was to
assess: (i) the sequencing quality of targeted NGS, in terms
of representation and coverage; (ii) the sequence reliability, measured in terms of sensitivity and specificity, as
compared to Sanger sequencing; and (iii) the reproducibility of this targeted NGS methodology, using a new gene
panel incorporating six of the previously analyzed prognostic genes. Since our study was focused on the technical
applicability of targeted NGS to clinical diagnostics (and
also due to the availability of material) we did not include
constitutive DNA in our sequencing runs.
Our initial panel design covered 99.1% of the targeted
coding regions and sequencing yielded an average read
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Figure 1. Filtering procedure for data analysis and variant annotation.
Following library preparation and sequencing, the next steps include
quality assessment, read alignment against a reference genome and
variant calling. Filtering criteria were imposed to minimize false-positive
rates and included the removal of variants that were supported by less
than ten reads, removing variants located in intergenic, intronic or
untranslated regions and recurrent library preparation/sequencing
errors, as well as removing synonymous variants and those that are present in dbSNP137 and do not have a COSMIC ID. In contrast, we retained
‘single nucleotide polymorphisms’ (SNPs) with a COSMIC ID on the
grounds that they may in fact represent true somatic mutations of pathogenic relevance. This strategy of retaining single nucleotide polymorphisms that have been assigned a COSMIC ID led to the identification of
14 cases with potentially pathogenic variants within TP53 (n=11), ATM
(n=2) and XPO1 (n=1) (Online Supplementary Table S3). Ten of these
cases were subsequently sequenced by the Sanger method and all were
validated. These results demonstrate that for certain, well-characterized
genes such as TP53, somatic mutations may be inadvertently removed
by filtering out all mutations found in single nucleotide polymorphism
databases. Figure 1A outlines the filtering procedure implemented in
this study. Figure 1B shows the median coverage for all samples in
selected genes within all exons or recurrent hotspot exons.

depth of ~1500 reads/base within the regions of interest.
While average read depth is a useful metric, uniformity of
coverage within the targeted regions must also be considered to ensure high quality variant calling. For this reason
we set a stringent cut-off and only included for further
analysis those cases in which ≥80% of bases within the
targeted regions of interest achieved at least 100x coverage; 96% (180/188) of our samples met this criteria (median: 95%, range: 80-100%). Although choosing to be strict,
since any fixed cut-off is inherently arbitrary, it is worth
mentioning that of the eight cases excluded, only two
were deemed to have failed while the remaining cases varied in the percent of bases achieving 100x coverage (for
the 8 excluded cases; median: 63%, range: 5-78%) (Online
Supplementary Table S2). As an illustrative example of the
profound sequence depth, the median coverage for all
samples in selected genes with recurrent hotspot regions is
372

shown in Figure 1B.
After a stringent filtering procedure (summarized in
Figure 1A), we subsequently found that 114/180 (63%)
patients carried at least one mutation; SF3B1 (37/180;
21%), ATM (35/180; 19%), NOTCH1 (33/180; 18%), TP53
(25/180; 14%), XPO1 (14/180, 8%), POT1 (9/180; 5%),
BIRC3 (4/180; 2%), MYD88 (2/180; 1%) and KLHL6
(1/180; 0.6%) (Figure 2A). A total of 177 mutations were
detected, comprising 97 unique mutations and 11 recurrent mutations or recurrently mutated codons. Recurrent
mutations were observed in five of the nine genes analyzed, i.e. SF3B1, NOTCH1, TP53, POT1 and XPO1, and
accounted for 80/177 (45%) of all mutations (Online
Supplementary Table S3). We detected single nucleotide
variants and deletions or insertions, with missense single
nucleotide variants being the most prevalent (113/177;
64%) (Figure 2B).
haematologica | 2015; 100(3)
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Figure 2. Distribution of mutations and genomic aberrations. (A)
Columns represent all patients (n=114) harboring mutations in one
or more of the evaluated genes. Rows correspond to identical
genes/genetic lesions. Color coding indicates the type of mutation
or genomic alteration. (B) The distribution of mutations by class
across all genes analyzed.

Of the patients carrying mutations, 45% (51/114) were
found to carry more than one mutation. Eighty-two percent of these patients (42/51) harbored mutations in more
than one of the evaluated genes, while the remaining 9/51
(18%) cases had multiple mutations in the same gene
(Figure 2A), thus explaining the apparent discrepancy
between the total number of mutations and the total number of mutated cases for a given gene e.g. the ATM gene.
Looking at the co-occurrence of mutations, a significant
proportion of ATM mutated cases also carried mutations
in other genes (18/35; 51%). More specifically, ATM and
SF3B1 mutations occurred together in eight cases, while
ATM-mutant cases were also positive for NOTCH1 in six
cases (Figure 2A).
While it is known that some genes are characterized by
mutation hotspots, others revealed no consistent pattern
of mutations and instead sequence changes were detected
throughout the entire coding region. For instance, 97%
(37/38) of SF3B1 mutations were localized to exons 14-16
(one single nucleotide variant was found within exon 18),
whereas the 46 mutations detected in the ATM gene were
found dispersed throughout 30 exons, spanning from exon
4 to exon 63 (Figure 3). This latter finding further illustrates the impractical nature of screening large genes for
mutations by Sanger sequencing, and hence underscores
the need for large-scale analysis, now achievable through
the use of technologies such as HaloPlex. In contrast to
genes with known hotspot regions, the precise clinical
impact of individual variants outside hotspots or in genes
haematologica | 2015; 100(3)

lacking hotspot regions altogether, e.g. the large ATM
gene, is still a source of uncertainty; although bi-allelic
ATM inactivation is associated with shorter time to treatment and shorter overall survival,33-36 further investigation
is required in large, prospective clinical cohorts that
include matched tumor/germline samples.
After the initial screening, we selected 155 mutations for
validation, with mutant allele frequencies ranging from
10-99% (Online Supplementary Table S4). Collectively, samples chosen for validation contained various types of
mutations, including missense and splice site mutations,
insertions, and deletions, to ensure that our targeted NGS
approach had both the capability and sensitivity to accurately detect a spectrum of mutations. Sanger sequencing
was used as the comparator method to assess the concordance and detection rate of our NGS method and we were
able to confirm 143/155 (92%) mutations. The 11 discrepant mutations not found by Sanger sequencing affected five genes (ATM, BIRC3, NOTCH1, POT1, and SF3B1),
and consisted of five non-synonymous single nucleotide
variants and six frame-shift deletions (Online
Supplementary Table S5). Since the variant allele frequency
of these discordant variants ranged from 11-27% it is most
probable that for these cases, given the limit of detection
of Sanger sequencing, dropout of the variant allele may
have led to a homozygous reference call; however, we
cannot definitively rule out that these variants were falsely
generated during the amplification or sequencing process.
The reproducibility of our procedure was assessed by
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Figure 3. Localization and frequencies of mutations within ATM, NOTCH1, SF3B1 and TP53. This schematic illustrates how mutations within
NOTCH1, SF3B1 and TP53 predominantly localize to hotspots; recurrent mutations within SF3B1 are targeted to its highly conserved C-terminal domain, with all but one mutation in this study being detected between the fifth to eighth HEAT domains (exons 14-16). Similarly, a recurrent two base-pair deletion in exon 34 (PEST domain) accounts for the majority of NOTCH1 mutations observed in CLL. For TP53, 24/27 (89%)
mutations occurred within the DNA-binding motifs (exons 4-8); remaining mutations were located in exons 9 and 10. In contrast, mutations
in the ATM gene are unique and distributed throughout the gene’s 62 coding exons. To date, no mutational hotspots have been identified in
ATM.

repeating the experiment using a new panel design, which
included six of the aforementioned prognostic genes i.e.
BIRC3, NOTCH1, POT1, SF3B1, TP53 and XPO1. KLHL6
and MYD88 were excluded from the second panel since,
given the nature of our cohort, very few cases were found
to harbor mutations in these genes using the initial
HaloPlex gene panel (one and two cases, respectively).
Hence, for validation purposes the addition of these genes
would not have added much value. Regarding ATM, the
very size of the gene limited its appeal for the validation
procedure.
The new panel was then tested on 63 CLL patients who
were found to carry at least one mutation in the initial
sequencing run. By comparing data acquired from each
sequencing run sample-by-sample, we found that 77/82
(94%) variants demonstrated concordance and could,
thus, be considered as true positives (Online Supplementary
Table S4). Conversely, no additional variants were identified in the repeat NGS data that were not identified in the
initial sequencing run, thus providing us with a 0% falsepositive rate. However, five false-negatives, i.e. variants
found in the initial sequence analysis but not in the subsequent sequencing run to assess reproducibility, were
detected and comprised three non-synonymous single
nucleotide variants (in SF3B1, NOTCH1 and POT1) and
frame-shift insertions in BIRC3 and TP53; four of these
mutations had also been confirmed by Sanger sequencing.
A final point worthy of note concerns the aforementioned
11 low-frequency variants that were detected in the initial
sequencing run but could not be confirmed by Sanger
sequencing (Online Supplementary Table S5). Three of these
variants (variant allele frequency 11-27%) were included
and subsequently identified in the validation NGS
sequencing run. These findings further strengthen the likelihood that these low frequency variants are indeed true
and that the validation was hampered by the detection
limit of Sanger sequencing.
In the same vein, it has recently been reported that very
small leukemic subclones carrying mutations in TP53 may
374

play an important role in disease progression and have the
same unfavorable prognostic impact as clonal TP53
defects.11,12 While not the focus of this particular study, we
noted that minor subclones i.e. those with a variant allele
frequency between 1% and 9.9%, could be identified
using HaloPlex technology and their subsequent detection
in the validation sequencing run is highly indicative of
their status as a true mutation (exemplified in Online
Supplementary Table S6). Nevertheless, further studies are
required to investigate the significance of small subclones
in other prognostic genes such as BIRC3, NOTCH1 and
SF3B1.
While the application of targeted NGS in the clinical
arena is encouraging, as with every novel technology, limitations and challenges need to be carefully considered
before routine implementation in clinical practice. The
present study represents a step in this direction. In particular, we demonstrate that NGS is an accurate and reproducible technique with high potential for routine diagnostics, eventually as a stand-alone test without the need for
confirmation by Sanger sequencing as evidenced by the
low number of false-negatives. Moreover, the simultaneous sequencing of multiple genes in clinical testing will
inevitably result in the detection of novel variants whose
clinical significance (if any) is unknown. Several bioinformatics tools are available to aid with the interpretation of
mutational data e.g. PolyPhen and SIFT, however, caveats
exist regarding the use of predictive software and while
such software may be valuable as a screening tool for
identifying alleles of high pathogenic potential, none has
been clinically validated.37 However, this is not specifically
a new challenge and as larger cohorts are studied and combined with functional analyses, the ability to discriminate
pathogenic variants from incidental mutations i.e. those
unrelated to the disease, should improve. Of equal importance is the issue of how to handle big biodata in a diagnostically/clinically meaningful manner; our study also
provides evidence that it is possible to devise a data analysis pipeline based on published algorithms that achieves
haematologica | 2015; 100(3)
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high accuracy and provides automated rule-based filtering
and annotation of variants, thus offering bioinformatics
solutions tailored to the user’s requirements. While several
of the genes included in our panel have clinically relevant
hotspot regions, the clinical impact of finding mutations
outside these regions remains uncertain. In routine practice, only regions of known clinical significance should be
reported, whereas for research purposes the entire regions
could be explored (preferably and whenever possible
together with germline DNA), which eventually will further our understanding as to whether such mutations are
clinically significant. Finally, since a number of different
enrichment techniques exist for targeted NGS, it will also
be important to compare these against HaloPlex, to determine the capacity of each methodology and define the
minimal requirements (e.g. coverage, sequence depth,
variant frequency) for future clinical testing.
In summary, we have demonstrated the applicability of
targeted NGS in CLL, when appropriately validated with
deep coverage and proper quality controls, for routine
mutational screening. In the near future it will be possible
to combine copy-number analysis with mutation analysis,
thereby enabling the simultaneous detection of known
copy-number aberrations [e.g. del(11q), del(13q), del(17p)
and trisomy 12] along with genes selected for inclusion
within a targeted panel. This will ultimately provide a
more comprehensive view of the genomic landscape of
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