
The Journal of Molecular Diagnostics, Vol. 18, No. 4, July 2016
jmd.amjpathol.org
Validation and Implementation of a Custom
Next-Generation Sequencing Clinical Assay for

Hematologic Malignancies
Michael J. Kluk,* R. Coleman Lindsley,y Jon C. Aster,* Neal I. Lindeman,* David Szeto,* Dimity Hall,* and Frank C. Kuo*
From the Center for Advanced Molecular Diagnostics,* Brigham and Women’s Hospital, Boston; and the Department of Medical Oncology,y Division of
Hematological Malignancies, Dana-Farber Cancer Institute, Boston, Massachusetts
Accepted for publication
C

h

February 2, 2016.

Address correspondence to
Frank C. Kuo, M.D., Ph.D.,
Center for Advanced Molecular
Diagnostics, Department of
Pathology, Brigham and
Women’s Hospital, Boston,
MA 02115. E-mail: fkuo@
partners.org.
opyright ª 2016 American Society for Inve

ttp://dx.doi.org/10.1016/j.jmoldx.2016.02.003
Targeted next-generation sequencing panels to identify genetic alterations in cancers are increasingly
becoming an integral part of clinical practice. We report here the design, validation, and imple-
mentation of a comprehensive 95-gene next-generation sequencing panel targeted for hematologic
malignancies that we named rapid heme panel. Rapid heme panel is amplicon based and covers hotspot
regions of oncogenes and most of the coding regions of tumor suppressor genes. It is composed of 1330
amplicons and covers 175 kb of genomic sequence in total. Rapid heme panel’s average coverage is
1500� with <5% of the amplicons with <50� coverage, and it reproducibly detects single nucleotide
variants and small insertions/deletions at allele frequencies of �5%. Comparison with a capture-based
next-generation sequencing assay showed that there is >95% concordance among a wide array of
variants across a range of allele frequencies. Read count analyses that used rapid heme panel showed
high concordance with karyotypic results when tumor content was >30%. The average turnaround time
was 7 days over a 6-month span with an average volume of �40 specimens per week and a low sample
fail rate (<1%), demonstrating its suitability for clinical application. (J Mol Diagn 2016, 18: 507e515;
http://dx.doi.org/10.1016/j.jmoldx.2016.02.003)
Supported by internal funds dedicated for test validation in the laboratory
through the Department of Pathology at Brigham and Women’s Hospital
for assay development.
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Advances in nucleic acid sequencing methods [eg,
next-generation sequencing (NGS)]1 have significantly
increased sequencing capacity while reducing costs. These
technical advances, together with the ever-improving accu-
racy and reliability of sequencing instrumentation and
associated informatics pipelines, have permitted sequencing
to move from the realm of research to the clinical laboratory
at many institutions. Over the past several years, sequencing
of hematologic malignancies has expanded our under-
standing of the molecular abnormalities that underlie these
disorders and has identified a number of genes that bear
driver mutations with diagnostic, prognostic, and/or thera-
peutic implications.2e10

Given the potential clinical implications of these muta-
tions and diagnostic difficulties that are often presented
by patients with peripheral blood cytopenias or cytoses,
we established a custom NGS assay to evaluate patients
with known or suspected hematologic malignancies,
principally acute myeloid leukemia, myelodysplasia, and
stigative Pathology and the Association for M
myeloproliferative neoplasms. Other strategies for inte-
grating new molecular testing approaches into the workup
of myeloid neoplasms were proposed or implemented,11

including targeted NGS panels.12e14 Our goal was to be
comprehensive, covering all of the recurrently mutated
genes, and to use a platform with the potential of a turn-
around time of less than a week. The assay relies on an
Illumina Truseq Custom Amplicon (TSCA) (San Diego,
CA) kit and identifies single nucleotide variants (SNVs) and
insertions/deletions (indels) in genes that are recurrently
mutated in myeloid disorders and sequence variants in
certain genes that are commonly mutated in lymphoid
leukemias, such as NOTCH1, NOTCH2, STAT3, and
MYD88.15e18 Genes covered by the assay encode a diverse
olecular Pathology. Published by Elsevier Inc. All rights reserved.
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collection of transcription factors, epigenetic regulators,19

cohesin family members,20 splicing factors,21 cell surface
receptors, and downstream signaling components. In this
report, we describe the design, analysis pipeline, validation,
strategy for annotation, and reporting of this NGS panel
[referred to as rapid heme panel (RHP)] and present the
comparison of results from this amplicon-based panel with
results obtained with a capture-based NGS panel. Our re-
sults show that RHP has similar sensitivity and specificity
across a wide range of alterations, including SNV, indel,
FLT3 internal tandem duplications (FLT3-ITDs), and
selected copy number variations (CNVs) and that results can
be delivered in as few as 4 days, permitting integration of
the molecular results with the other pathologic findings
(morphologic characteristics, flow cytometry, cytogenetics,
RT-PCR, etc.), leading to a comprehensive pathologic
report.

Materials and Methods

Design

RHP is based on the Illumina TSCA version 1.0 platform
(Figure 1). Amplicons (approximately 250 bp) were
designed with the Illumina DesignStudio and target 95
genes (Supplemental Table S1), including mutational hot-
spots in oncogenic driver genes and the coding sequence of
tumor suppressor genes. A seven-person working group of
molecular diagnosticians, hematopathologists, hematolo-
gists, oncologists, and researchers was assembled to curate
from the published literature and meeting proceedings a
comprehensive list of genes more frequently mutated in
myeloid malignancies, acute lymphoid leukemias, and
Figure 1 TruSeq Custom Amplicon assay workflow diagram.
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lymphoid neoplasms that commonly involve bone marrow
(chronic lymphocytic leukemia, Waldenström macroglobu-
linemia, hairy cell leukemia, etc.). The initial list was >120
genes. The criteria used to determine whether a gene is
included in the final panel were i) importance for classifi-
cation according to World Health Organization; ii) risk
stratification with National Comprehensive Cancer Network
category 2B or above of evidence; iii) frequency of muta-
tions; iv) germline predisposition of myeloid neoplasms;
and v) primer compatibility in a multiplex panel. The
amplicons (N Z 1330) span 757 coding exons and 175 kb
of genomic sequence in aggregate. The final design had a
success rate of 98.5% and a total gap of <1% of the targeted
genomic region. Approximately 50% of the target regions
are covered in both directions. Difficult to design areas are
mainly high-GC sequences, such as regions of CEBPA
(Supplemental Table S2).

Sample Processing and Sequencing

Genomic DNA was isolated manually from fresh blood
or marrow aspirate with the use of the QIAamp DNA mini
kit (Qiagen, Valencia, CA). Batch library preparation was
performed according to Illumina TSCA’s standard proce-
dure. Briefly, the custom primer pool was annealed to
genomic DNA, and adjacent pairs of primers were joined by
extension-ligation. The target template was amplified with
Illumina TruSeq adaptors and indexes, and the resulting
PCR products were isolated on AMPure XP beads (Agen-
court; Beckman Coulter, Brea, CA). The DNA concentra-
tion of the library from each sample was measured
fluorometrically with Qubit (Qubit double-stranded DNA,
high sensitivity assay kit, Q32851; Life Technologies, Inc.,
Carlsbad, CA). Fifty picograms of each library prepared
from 16 samples are pooled (800 pg total, approximately 6
pmole) and run on MiSeq with the use of version 2.2
chemistry, with a targeted cluster density of 1100 k/mm2

(actual 800 to 1450 k/mm2) and a cluster passing filter rate
of >80%. Tumor samples were sequenced alone without a
matched normal sample. DNA isolated from other fresh/
frozen and/or alcohol-fixed sources such as coverslips of
bone marrow aspirate, fine needle aspirate (both stained
and unstained), and cerebrospinal fluid have also yielded
satisfactory results. DNA from formalin-fixed, paraffin-
embedded was not tested in this panel.

Data Analysis

The analysis pipeline is outlined in Supplemental Figure S1.
Paired-end reads (150 bp) were de-multiplexed into indi-
vidual BAM files and aligned to Hg19 by the onboard
Illumina Reporter software version 2.5.1.3 with the use of
the TruSeq Amplicon Workflow with one modification of
the default variables (maximum indel size, 300). The
genome vcf file was scanned for any nucleotide position
with a variant read count >9 regardless of variant allele
jmd.amjpathol.org - The Journal of Molecular Diagnostics

http://jmd.amjpathol.org


rapid heme panel

R

Figure 2 Comparison of allele frequencies determined by amplification-
and reference hybrid captureebased next-generation sequencing assays.
One hundred twenty-nine variants in 24 samples are identified by both
methods, and the variant allele frequencies as determined by both assays
across a wide range of variant allele frequencies are highly concordant
(correlation coefficient, R2 Z 0.89).
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frequency (VAF) or a position with variant read count of 5
to 9 and a VAF >33%. The candidate list was then filtered
for the presence of missense, nonsense, frameshift, splice-
site, insertion, and deletion mutations. Recurrent assay-
specific false positives (those found in the run control)
were filtered out. The resulting candidate list was loaded
into a custom database and was reviewed with a web-based
interface with links that allow autoloading of BAM files and
viewing of each variant in Integrated Genome Viewer
(Broad Institute, Cambridge, MA). A variant was classified
as pathogenic if it was on a curated list of known pathogenic
variants for an oncogene, or if it was a frameshift or
nonsense mutation in known functional domains of tumor
suppressor genes. The final diagnostic report (Supplemental
Appendix S1) included Human Genome Variation Society
gene name; VAF; Human Genome Variation Society coding
nucleotide, and amino acid level annotation for any variants;
read depth; and an interpretive comment from a custom in-
house knowledge database that relies on information culled
from the published literature. The genomic vcf file was also
scanned against a must-call list of known clinically relevant
codons (Supplemental Table S3), and any non-reference
reads on these codons were separately recorded in the data-
base for review. Findings in the must-call review, case-specific
amplicon failures (defined as <50� coverage), and clinically
relevant gaps in coverage of the assay were all included in
each diagnostic report (Supplemental Appendix S1).

FLT3-ITD Identification

Aligned BAM files were filtered for reads in which one side
maps to exon 13, 14, or 15 of FLT3 and the other side is
unmapped. These one-sided mapped reads were then scan-
ned for the presence of duplications of �10 bp. Reads that
contain duplications were re-aligned among themselves to
make a final determination for FLT3-ITD.

Read Count Analysis for Copy Number Evaluation

Fractional read count for each amplicon (amplicon read
count/total read count) was calculated and normalized to the
corresponding amplicon fractional read count of the normal
control in the same run. The log2 of the sample/normal ratio
(log2 ratio) was centered to achieve a median of 0 across
each amplicon to reduce batch effects and was then used to
generate a read count plot, which was evaluated for copy
number gains or losses through visual inspection. A log2
ratio of �0.5 was used as a cutoff for calling gain and loss.

Results

A typical RHP assay yielded approximately two million
reads per specimen with the following characteristics:
average read depth approximately 1500�; approximately
90% of amplicons >200� read depth; and <5% of ampli-
cons with <50� read depth (Supplemental Figure S2).
The Journal of Molecular Diagnostics - jmd.amjpathol.org
Twenty DNA samples isolated from peripheral blood of
normal control subjects were first run to generate a baseline
for performance of individual amplicons and to assemble a
list of platform/assay-specific sequencing noise, which were
then used as filters in the analysis pipeline. Validation studies
(described in the next section) included method comparison
(including deletions of �52 bp in CALR and tandem dupli-
cations in FLT3 of �69 bp), evaluation of analytical sensi-
tivity, evaluation of low-level false positives, assessment of
inter- and intra-run reproducibility, and detection of single
copy loss of genes on 7q, 17q, and 20q by read count analysis.

Method Comparison

We compared RHP with a previously validated capture-
based NGS assay that we launched >1 year ago (OncoPanel
version 1). RHP was performed on genomic DNA from 24
peripheral blood and bone marrow aspirate specimens that
had been previously analyzed by OncoPanel. Among the 24
samples, there were 130 SNVs and indels identified by the
OncoPanel assay with VAF, ranging from 4% to 98%,
distributed across 46 different genes that are shared between
the two panels. The concordance rate for detection of these
SNVs and indels in RHP was 99% (129 of 130). The only
discrepancy was a variant (STAG2 c.436C>T, 19% VAF)
detected by OncoPanel that was poorly covered in the RHP
assay (only one read present for that sample). Furthermore,
allele frequencies (AFs) between the two assays were
highly concordant (correlation coefficient, R2 Z 0.89)
(Figure 2). Additional validation was performed for specific
disease-associated variants in which known positive sam-
ples or cell lines were available, including 30 samples with a
509
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Figure 4 Evaluation of optimal DNA input amount. DNA from the mixed
positive cell line sample was tested, undiluted, using different amounts of
input DNA for library preparation. Two hundred fifty nanograms was run in
duplicate, and the other amounts were run once. On the x axis, the variants
are sorted by increasing allele frequency and numbered 1 to 26.
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variety of SNVs and indels (Supplemental Table S4), with
VAF of 3% to 80% that were previously identified by
alternate methods. All of these variants were detected by
RHP. We found that the default variable in the Illumina
pipeline (maximum indel size Z 25 bp) would not identify
indels >25 bp in size. This could be overcome by changing
the variable to 300 bp without a significant increase in
execution time as stated in the Illumina manual. We found
that most reads containing FLT3-ITD were not mapped,
whereas their read-mates were. Our customized algorithm
thus collects these one-side-mapped-reads whose mates
were mapped to FLT3 exon 13 to 15 and re-aligned them to
identify the ITD. All nine samples with FLT3-ITDs that
ranged in size from 18 to 69 bp identified by OncoPanel or
reference laboratory were also successfully detected by RHP
with this approach (data not shown).

Analytical Sensitivity

The analytical sensitivity of RHP was evaluated by mixing a
positive control sample with normal control DNA. Specif-
ically, genomic DNA from five different cell lines with
22 different SNVs or indels in 19 different genes
(Supplemental Table S5) at VAF, ranging from 3% to 60%
(before mixing), was used to prepare a 1:1:1:1:1 mixture.
This mixed-positive sample was then serially diluted into
normal control DNA at dilutions of 1:2, 1:6, and 1:12. The
undiluted mixed-positive sample was run in triplicate, and
the 1:2 diluted samples were run in duplicate. Known var-
iants were reproducibly detected down to a 5% AF threshold
(Figure 3). Below this level, the reproducibility of detection
was variant dependent. In addition, the mixed-positive
sample was used to evaluate the effect of varying input
DNA amounts from 50 to 500 ng. Input of as little as 50 ng
Figure 3 Determination of analytical sensitivity. DNA from the mixed
positive sample (five different cell lines comprising 26 different allele
variants; allele frequencies ranging from 3% to 60%) was tested, undiluted,
by rapid heme panel in triplicate (Rep1, 2, 3, squares) and was serially
diluted into normal DNA at dilutions of 1:2 (A and B in duplicate,
diamonds), 1:6 (circles), and 1:12 (triangle). On the x axis, the variants are
sorted by increasing allele frequency and numbered 1 to 26.
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of DNA was sufficient for detection of all tested variants
across all AFs down to the 5% threshold (Figure 4). How-
ever, more false-positive variants [defined as variants with
frequencies above the pipeline cutoff (>9 reads or, 5 to 9
reads and >33% AF, plus Illumina Q score > 30) that were
not reproducible and that were not detected by other refer-
ence assays] were seen with small amounts of input DNA.
For example, at an input of 250 ng of DNA, only one
variant was determined to be a false positive, whereas 100
ng of input DNA produced four false-positive variants and
50 ng of input DNA produced 11 false variants. The AFs of
false-positive variants were generally <5% when they were
identified in >10 reads, and the most frequent false-positive
mutations were transitions (C>T or T>C). Given these
findings, the input DNA amount used in this assay was set at
250 ng, consistent with the manufacturer’s recommendation
for this platform.

Inter- and Intra-Run Reproducibility

For evaluation of inter-run reproducibility, eight DNA sam-
ples that contained 59 SNVs and indels with AFs that ranged
from 3% to 100% were tested in three separate runs; among
these variants, 55 of 59 (93%) were detected in all three runs
(Figure 5). To assess intra-run reproducibility a mixed-
positive control DNA sample that contained 20 different
SNVs and indels with AFs that ranged from 2% to 56% were
tested in triplicate on two separate runs. Among the 40 total
variants (20 variants � 2 runs), 88% (35 of 40) were detected
in all three replicates; four of the five variants that were not
detected in every replicate had AFs <5% (range, 2% to 4%),
consistent with limit of analytical sensitivity of this assay
previously determined as described in the previous section.

Inter-Instrument Comparison

Twelve DNA samples that contained 41 different SNVs and
indels with AFs that ranged from <5% to >90% were tested
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Figure 5 Inter-run reproducibility. Eight samples comprising 59 single
nucleotide variants and insertions/deletions with allele frequencies that
ranged from 3% to 100% were tested in three separate runs; among these
variants, 55 of 59 (93%) were detected in all three runs. Arrows point to
four variants not detected in all three runs. Two variants were in regions
with poor coverage in the runs where they were not identified (CEBPA
variant was adequately covered in one of three runs and the other had
<50� coverage in one run). The two low AF variants (average 4% and 9%)
were not identified in a third replicate despite adequate coverage
(>200�). Review of the BAM file in Integrated Genome Viewer shows that
there were reads of the variant sequences in the third run, but below the
pipeline cutoff. AF, allele frequency.
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Figure 6 Reproducibility between two MiSeq instruments. Twelve
samples comprising 41 different single nucleotide variants and insertions/
deletions with allele frequencies that ranged from <5% to >90% were
tested on two separate MiSeq instruments. The allele frequencies for the
different variants were highly concordant between both instruments across
the full range of allele frequencies (correlation coefficient, R2 Z 0.97).

Figure 7 Comparison between peripheral blood and bone marrow
samples. Eighteen pairs of peripheral blood and bone marrow collected at
the same time were analyzed by rapid heme panel, and the variants were
sorted by increasing allele frequency and plotted to show the concordance.
Fifty-nine variants were found in both samples with good correlation. The
allele frequencies are lower in peripheral blood when the percentage of
lymphocytes is >20%. VAF, variant allele frequency.

NGS Panel for Myeloid Malignancies
on two separate MiSeq instruments in two different loca-
tions at our institution. The concordance rate for detection of
the variants was 98% (40 of 41). In addition, the AFs of the
different variants were highly reproducible between both
instruments across the full range of AFs (correlation coef-
ficient, R2 Z 0.97) (Figure 6).

Peripheral Blood and Bone Marrow Comparison

Myeloid neoplasms are diseases of the hematopoietic stem/
progenitor cells.22 Mature neutrophils, monocytes, eosino-
phils, but typically not lymphocytes, in the peripheral blood
are expected to harbor the same genomic alterations that are
found in myeloid progenitors in the bone marrow. We
therefore tested 18 paired DNA samples isolated from
peripheral blood and bone marrow of the same individuals
on the same day. Fifty-nine variants were identified in both
paired samples (100% concordance) with allele frequencies
that ranged from 2.5% to 90% (correlation coefficient,
R2 Z 0.77) (Figure 7). As expected, because lymphocytes
make up a higher fraction of nucleated cells in the peripheral
blood than in the marrow, there is a trend toward a slightly
higher VAF in bone marrow.

Read Count Analysis for CNV

Several CNVs are common in myeloid neoplasms. These
include 5q-, 7q-, 20q-, and trisomy 8, among others. We
therefore evaluated the use of relative read counts to
The Journal of Molecular Diagnostics - jmd.amjpathol.org
determine CNV by RHP (see Materials and Methods).
Fifteen samples with normal karyotypes and 34 samples
with karyotypic abnormalities were analyzed by RHP, and
log2 ratio plots were visually inspected for deviation from
normal (log2 ratio of � �0.5 or greater) and scored for the
presence of increased or decreased read counts (Figure 8).
The results were then compared with the previously deter-
mined karyotypic findings. Forty of the 41 karyotypic ab-
normalities were identified by RHP read count analysis
(Table 1). A few single gene deletions not included in the
table (in TET2 and ETV6) were identified only by RHP,
probably because of the presence of small deletions that are
511
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Figure 8 Examples of copy number variant
analysis by rapid heme panel. Log2 ratio plots of
normalized read count across the 1300 amplicons
in rapid heme panel sorted by chromosomal
coordinates. One dot represents one amplicon.
Different chromosomes are represented by different
colors. The line represents 30-amplicon sliding
average. The y axis indicates log2 ratio; x axis,
chromosomes. A: A representative female sample
with no gain or loss of genes identified. B: A sample
from a female with loss of all amplicons on chro-
mosome 7. C: A male sample with loss of all
amplicons on chromosomes 7 and 20. D: A female
sample with amplification of RUNX1 on chromosome
21 and gain of chromosome X.

Kluk et al
below the resolution of karyotypic analysis. By diluting
samples with known CNV alterations into normal control
DNA, we determined that identification of copy number
gains and losses by read count analysis requires approxi-
mately 30% tumor content (data not shown).
Discussion

In this report, we summarize the design, validation, and
implementation of a 95-gene panel test on the basis of NGS
that is targeted to hematologic malignancies. It is one of the
most comprehensive, up-to-date panels of its kind and in-
cludes many recently discovered genes (eg, CALR,23,24

GNB1,25 and STAG220,26) and most oncogenes and tumor
suppressor genes frequently mutated in hematologic
malignancies. We chose the Illumina TSCA platform for its
capacity (�1500 amplicons), relative ease of use, and
uniform performance across amplicons (<5% amplicons
are poor performing). Similar to other amplicon-based
NGS platforms, we found that variants present at fractions
of >5% are reproducibly identified at read depths of
approximately 1500. Because myeloid neoplasms are stem/
progenitor cell disorders, mutations are present in early
progenitors and differentiated myeloid cells. Except in the
512
setting of extreme neutropenia/monocytopenia, peripheral
blood can substitute for bone marrow in evaluating the
presence of myeloid-specific alterations (Figure 7). For pa-
tients who present with cytopenia or cytosis, panel tests
such as RHP on peripheral blood may provide valuable
information for the physicians to decide whether to proceed
with a bone marrow biopsy and aspirate. For patients with a
diagnosis of myelodysplastic/myeloproliferative neoplasms,
RHP can establish a personalized baseline of genetic alter-
ations for that patient and inform therapeutic options on
disease progression.
Below the 5% VAF level, it is not easy to reliably

differentiate between false-positive results and real
variants present at low frequencies without additional
time-consuming and costly measures such as ultra-deep
sequencing or subcloning which are not practical in clinical
laboratory. Because of the high concordance rate between
the RHP assay and a previously validated capture-based
NGS assay (OncoPanel) and known positive samples of
specific variants, we did not perform Sanger sequencing or
pyrosequencing for further validation of previously un-
known variants. We observed increased numbers of false-
positive calls when the amount of input DNA was reduced
in this platform. Presumably, fewer available starting tem-
plates led to reduced complexity of the library, and errors in
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Table 1 Comparison between Read Count Analysis of RHP and Karyotypic Findings
Sample del(20q) del(7q)/7- 8þ i(17)/17q- 4þ i(X) 10þ 21þ 9þ 19þ 12þ del(11q) Karyotype

1 Y Y 46,XY,del(20)(q11.2)[8]/45,XY,-7,del(20)[10]/46,XY[2]

2 Y Y 45,XY,-7,del(20)(q11.2)[cp17]/46,XY[3]

3 Y 47,XY,þ8[20]

4 Y Y 45,XY,-7[7]/46,XY,i(17)(q10{4]46,XY[cp9]

5 Y 45,XY,-7[14]/45,idem,?r(6)(p22q27)[6]

6 Y 47,X,-Y,del(6)(q15q21),þ8,þ14[17]/47,idem,t(1;9)(q23;q34)[3]

7 Y 46,XY,del(20)(q11.2)[cp18]/45,idem,-7[1]/46,XY[1]

8 Y 46,XY,i(17)(q10)[cp20]

9 Y 47,XY,þ8,t(15;17)(q24;q21)[18]/46,XY[2]

10 Y Y 48,XY,þ8,þ10[cp20]

11 Y Y 48,XX,þ4,þ8[17]/46,XX[3]

12 Y Y 45,XY,-7[8]/46,XY,-7,þ21[cp12]

13 Y 46,XX,del(7)(q22q36)[17]//46,XY[3]

14 Y 45,XY,i(7)(q10),del(12)(p12),-15[7]/46,XY[13]

15 N Y 47,XX,þ9,del(20)(q11.2)[5]

16 Y 47,XX,þ21[20]

17 Y 47,XY,t(1;17)(q42;q25),þ19[20]

18 Y 46,XX,del(7)(q21q31),t(15;17)(q24;q21)[cp18]/46,XX[2]

19 Y 47,XY,þ21[20]

20 Y 47,XX,þ8[20]

21 Y 47,XX,þ10[17]/46,XX[cp3]

22 Y 46,XY,r(7)(p2?2?q11.2)[6]/46,XY[14]

23 Y 45,XY,-7[19]/46,XY,t(17;22)(q21;q13)[1]

24 Y 47,XY,þi(X)(q10)[20]

25 Y 47,XX,þ8[cp4]/46,XX[7]

26 Y 47,XX,þ12[2]/46,XX[7]

27 Y 45,XY,-7[6]/46,XY[10]

28 Y 45,XX,-7[19]/46,XX[1]

29 Y 46,XY,del(11)(q13q23)[14]/46,XY[6]

30 Y 45,X,-X,del(6)(q21),add(16)(p13),del(17)(p11.2)[cp8]

31 Y 46,XX,del(11)(q13q23)[cp15]/46,XX[5]

32 Y 45,XX,add(3)(q26.2),-7[20]

33 Y 46,XY,del(20)(q11.2)[3]/46,XY[12]

34 Y 47,XY,þi(X)(q10)[20]

Count 5 13 7 3 1 2 2 3 1 1 1 2

Del, deletion; i, isochromosome; N, no; RHP, rapid heme panel; Y, yes.

NGS Panel for Myeloid Malignancies
earlier rounds of PCR became over-represented in the
library and on sequencing led to false-positive calls.

We unexpectedly found excellent correlation between
VAFs by RHP and OncoPanel, a capture-based assay. In
dilution studies, we also found that effect on VAFs was
proportional to the expected dilutional effect. These findings
suggest that the multiplex reaction in the TSCA protocol
amplifies multiple amplicons with reproducible efficiency.
Although the best-performing amplicons produce >100-fold
more reads than the worst-performing amplicons, the
behavior of an individual amplicon is sufficiently consistent
across different specimens, including controls, over many
different runs such that normalized fractional read counts can
be used to deduce the amount of DNA present in the input
sample and in turn infer CNVs. Not surprisingly, there are
variations among individual amplicons, especially those with
low absolute read counts and the sensitivity of detection of
CN variants (30% of tumor content) is lower than the
sensitivity of detection of SNVs (5% allele frequency, or 10%
tumor content for a heterozygous locus). These findings are
consistent with those reported by other investigators who
have also recently demonstrated reliable detection of focal
The Journal of Molecular Diagnostics - jmd.amjpathol.org
CNV loss or gain with the use of amplification-based
sequencing data.27,28

For annotation, we elected to limit the classification of
variants as either pathogenic or variant of unknown signif-
icance. We used a strategy of treating oncogenes and tumor
suppressor genes in two different ways in assigning patho-
genicity. For oncogenes, a list of curated, known activating
pathogenic variants was first assembled. Newly encountered
variants are initially classified as variant of unknown sig-
nificance and later added to the pathogenic list when a
consensus is reached at the weekly review meetings. For
tumor suppressor genes, structural domains in which
mutations were shown to lead to loss of function are defined
and used to assign significance to a variant. This strategy
allows assignment of variants as pathogenic to be driven by
an algorithm after the presence of a variant is affirmed. This
in turn allows reports to be generated through automation.
The resulting reports have a standard format and uniformly
contain all required elements (Supplemental Appendix S1).

After its launch as a clinical test, the RHP had an average
turnaround time of 7 days (including weekend and holidays)
over a 6-month span, with a re-run rate of <5% and a fail
513
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rate of <1% with �1000 specimens tested (average of �40
samples per week). These numbers demonstrate that RHP is
a robust test that can scale to meet the needs of an academic
medical center with a busy hematologic malignancy service
in a timely fashion.

Since the introduction of molecular markers for diagnosis
and classification of hematologic malignancies in the 2008
World Health Organization classification, our knowledge
of genetic alterations in hematologic malignancies has
expanded exponentially. The clinical significance, both in
therapeutic and prognostic terms, of sequence variants is an
area of active investigation, and the next iteration of the
World Health Organization classification will contain a
number of new entities that are defined in part by the
presence of particular sequence variants. An increasing
number of targeted therapies are also under development in
myeloid malignancies (such as IDH1/IDH2 and FLT3
inhibitors29e31) that may rely on genetic findings for patient
selection. On the basis of these developments, it can be
anticipated that focused NGS tests will become the standard
of care over the next few years.32 Amplicon-based NGS
panels such as the one described here have the advantage of
being relatively easy to refine (by adding or removing genes
or amplicons) on the basis of new findings in a rapidly
moving field. With the caveat that they cannot detect gene
rearrangements/fusion, NGS panels such as those described
here are well positioned to fill an important gap in current
clinical cancer diagnostic testing.

Supplemental Data

Supplemental material for this article can be found at
http://dx.doi.org/10.1016/j.jmoldx.2016.02.003.
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