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Targeted RNA-Sequencing Enables Detection of
Relevant Translocations and Single Nucleotide

Variants and Provides a Method for Classification of
Hematological Malignancies–RANKING

Kim de Lange,a,b,† Eddy N. de Boer,a,† Anneke Bosga,a Mohamed Z. Alimohamed,a,c Lennart F. Johansson,a,b

André B. Mulder,d Edo Vellenga,e Cleo C. van Diemen,a Patrick Deelen,a,b,f Eva van den Berg,a,† and
Birgit Sikkema-Raddatza,*

BACKGROUND: Patients with hematological malignancies
(HMs) carry a wide range of chromosomal and molecu-
lar abnormalities that impact their prognosis and treat-
ment. Since no current technique can detect all relevant
abnormalities, technique(s) are chosen depending on
the reason for referral, and abnormalities can be missed.
We tested targeted transcriptome sequencing as a single
platform to detect all relevant abnormalities and com-
pared it to current techniques.

MATERIAL AND METHODS: We performed RNA-sequencing
of 1385 genes (TruSight RNA Pan-Cancer, Illumina) in
bone marrow from 136 patients with a primary diagnosis
of HM. We then applied machine learning to expression
profile data to perform leukemia classification, a method
we named RANKING. Gene fusions for all the genes in
the panel were detected, and overexpression of the genes
EVI1, CCND1, and BCL2 was quantified. Single nucleo-
tide variants/indels were analyzed in acute myeloid leuke-
mia (AML), myelodysplastic syndrome and patients with
acute lymphoblastic leukemia (ALL) using a virtual myeloid
(54 genes) or lymphoid panel (72 genes).

RESULTS: RANKING correctly predicted the leukemia
classification of all AML and ALL samples and im-
proved classification in 3 patients. Compared to current
methods, only one variant was missed, c.2447A>T in
KIT (RT-PCR at 10�4), and BCL2 overexpression was
not seen due to a t(14; 18)(q32; q21) in 2% of the cells.
Our RNA-sequencing method also identified 6 addi-
tional fusion genes and overexpression of CCND1 due
to a t(11; 14)(q13; q32) in 2 samples.

CONCLUSIONS: Our combination of targeted RNA-
sequencing and data analysis workflow can improve the
detection of relevant variants, and expression patterns
can assist in establishing HM classification.

Introduction

The classification, progression prognosis, and treatment
of hematological malignancies (HMs) is based on the
identification of specific genetic and molecular abnor-
malities. Rapid and comprehensive genetic diagnosis is
therefore essential. HMs are currently classified based
on recurrent cytogenetic abnormalities and gene muta-
tions (1) such as translocations, copy number variants
(CNVs), and single nucleotide variants (SNVs). A broad
range of labor-intensive and expensive techniques are
used to detect these abnormalities, including karyo-
typing, fluorescence in situ hybridization (FISH), re-
verse transcription (RT)-PCR, array, and targeted next-
generation sequencing (NGS). Karyotyping is used to
detect numeric and recurrent chromosomal aberrations,
but this method has only limited genomic resolution
and requires mitotic cells. FISH and RT-PCR are less
effective in detecting translocations in genes with multi-
ple possible breakpoints and gene partners (2). The
development of single nucleotide polymorphism (SNP)-
array-based platforms using DNA can now provide
higher levels of resolution in comparison to karyotyping
and do not require cell culturing. These arrays fall short,
however, in the detection of balanced translocations,
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which are the model processes behind gene fusions (3).
However, arrays do detect CNVs to determine complex
aberrations and hypo- and hyperdiploidy. Arrays using
RNA as input have also been used to predict cancer clas-
ses, i.e., to distinguish between the acute myeloid leuke-
mia (AML) and acute lymphoblastic leukemia (ALL)
types of leukemia based on expression monitoring (4).
In addition, targeted NGS techniques have been
successfully applied to identify SNVs, indels, and trans-
locations (5).

Because no one technique can detect all the genetic
abnormalities relevant in HM, diagnosticians have to
make choices about which combination of techniques
should be used and which genes should be investigated.
These choices are made based on the referral type of
HM, and relevant abnormalities may go undetected
where a diagnosis could have been made by choosing
another technique or investigating other genes. RNA-
sequencing has the potential to overcome this in one
technique, as has been demonstrated for the AML type
of leukemia (6). While whole transcriptome sequencing
enables the analysis of all genes in one test, targeted
approaches allow deeper sequencing for the same
amount of sample. Reaching the required sensitivity is
particularly important for HM samples because the per-
centage of tumor cells in bone marrow can be low.

We implemented targeted RNA-sequencing as a
single platform to acquire all the genetic information rel-
evant for HM classification and risk categorization. Our
aim was to develop a single workflow to detect SNVs/
indels, gene fusions, and overexpression of relevant
genes. CNV analysis and tandem duplication detection
were not part of this study. We used machine learning
applied to expression profiling to predict the type of
HM, a method we named RANKING (expRession pro-
filing for clAssificatioN of leuKemias using modeling).
RANKING allows users to choose which data out of the
transcriptome are needed for analysis. We then applied
our workflow to samples from patients with a primary
diagnosis of HM and compared the outcome of our
method with that of current genetic tests.

Materials and Methods

PATIENT BONE MARROW CELLS

Bone marrow cells were obtained from 136 patients
with a primary diagnosis of HM, excluding chronic lym-
phocytic leukemia, and multiple myeloma, following in-
formed consent. Samples were included from November
2016–October 2017. The study protocol was approved
by the Ethics Committee of the University Medical
Centre Groningen (METC 2014.051, 10-2-2014).

Mononuclear cells were isolated on the same day
as bone marrow withdrawal using lymphoprep

(LymphoprepTM), following the manufacturer’s protocol,
and stored in RNAprotect (Qiagen, catalog no. 76526,
Thermo Fisher Scientific) at�20 �C. Cells were homoge-
nized using QIAshredder (Qiagen, catalog no. 79654),
followed by RNA isolation using the RNAeasy Plus Mini
Kit (Qiagen, catalog no. 74104) according to the manu-
facturer’s protocol. RNA quality was measured using
Fragment Analyzer (Applied Biosystems, Thermo Fisher
Scientific), and samples with an RNA Quality Number
>7 and electrograms with both 18 and 28 s peaks were
selected.

STUDY DESIGN: VARIANT DETECTION FROM TARGETED

RNA-SEQUENCING TESTING

The workflow for the data analysis of the targeted RNA-
sequencing is outlined in Fig. 1. In general, we com-
pared the clinically relevant abnormalities reported
by routine genetic tests to the outcome of our analysis
using targeted RNA-sequencing (number of currents
tests in Fig. 1 in the online Data Supplement). We per-
formed SNV/indel detection and fusion gene detection
and measured overexpression to detect different types of
abnormalities. For each type of analysis, the sample
cohort was split into a validation and an application set
(Table 1).

For SNV/indel analysis, based on the HM classifi-
cation for which the patient was referred, we used either
a virtual myeloid [AML and myelodysplastic syndrome
(MDS), 54 genes] or lymphoid (ALL, 72 genes) panel
to filter relevant variants in these genes out of the RNA-
sequencing data (see Supplemental Table 1). In total,
90 samples out of the 136 matched the classifications
AML, MDS, and ALL. For validation, 63 samples
were available where variants were previously detected
using RT-PCR analysis or Sanger sequencing for the
genes NPM1, CEBPA, and KIT (N¼ 35) and with
the Illumina TrueSight Myeloid sequencing panel
(N¼ 28). We analyzed an application set of 27 samples
(N¼ 13 MDS and N¼ 14 ALL) in which no SNVs/
indels had been detected before, and the variants identi-
fied here were confirmed by Sanger sequencing,
Multiplex-dependent ligation probe amplification
(MLPA), or digital droplet (dd) PCR in DNA and/or
RNA of the same material.

For fusion gene detection, the first 40 samples
collected of the 136 samples were used as a validation
set to determine thresholds for data interpretation. An
application set of 96 samples was then analyzed blind
using the criteria determined using the first 40 samples.

For overexpression detection, we used the 84 sam-
ples of the 136 where we were convinced about the HM
classification. We first performed a principle component
analysis (PCA) (7) on our expression data. Using the
first 5 principle components, which explained most of
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the variance per component, we developed a decision
tree that placed samples into 3 HM categories: AML,
ALL, and an “unclassified” category containing myelo-
dysplastic syndromes (MDS), myeloproliferative neo-
plasms (MPN), chronic myeloid leukemias (CML), and
lymphoma. As validation set, we used 60 samples. We
then measured the prediction performance using an ad-
ditional application set of 24 samples. Expression of
EVI1 was measured for samples in the AML category.
For the unclassified category, including lymphoma sam-
ples, we quantified CCND1 and BCL2 expression.

SAMPLE PREPARATION, SEQUENCING, AND DATA ANALYSIS

RNA was converted into cDNA, and libraries were gen-
erated using the Illumina TruSight RNA Pan-Cancer
panel (RS-303-1002, Illumina), following the manufac-
turer’s protocol. The quality and quantity of the libraries
was measured using TapeStation D1000 (Agilent). After
the measurement libraries were equimolarly pooled,
there were 24 samples per pool for a NextSeq run and 8
samples for a MiSeq run. Pools were paired-end se-
quenced 2� 75 bp (6 bp index) cycles on a NextSeq550

or MiSeq instrument using the NextSeq Mid output kit
V2 (Illumina, FC-404-2001) or the MiSeq V3 kit
(Illumina, MS-102-3001), according to manufacturer’s
protocol, generating between 5 and 8 million reads.
NextSeq data were demultiplexed using our in-house tool
(https://github.com/molgenis/NGS_Demultiplexing). MiSeq
data were automatically demultiplexed on the sequencer
using MiSeq reporter.

Demultiplexed fastq files were uploaded to the
Basespace analysis environment (Illumina) and analyzed
with the RNA-seq alignment app (v.1.0.0) using default
settings for fusion calling with RefSeq hg19 gene anno-
tation. The fusion calls were detected with MANTA
(https://github.com/Illumina/manta), a tool that uses
paired-end sequencing reads to call structural variants
and medium-sized indels. In addition, SNPs and small
indels were annotated with the Isaac variant caller and
collected in variant call format (VCF) files within the
Basespace RNA-seq alignment app.

Expression data was generated using our in-house
RNA-seq pipeline (https://github.com/molgenis/NGS_
RNA). Alignment was performed using STAR

Fig. 1. Schematic overview of which techniques can be replaced with a targeted RNA-sequencing approach. Based on the refer-
ral type of hematological malignancy, one technique (or a combination) is currently used to detect genetic abnormalities rele-
vant for prognosis and treatment. This overview shows which techniques can be replaced by a single targeted RNA-sequencing
test. Note that other techniques to identify and classify hematological malignancies are not shown.

Hematological Malignancy Variant Detection and Classification Using Targeted RNA-Sequencing
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alignment software (https://www.ncbi.nlm.nih.gov/
pubmed/23104886) with the same settings as the RNA-
seq alignment app. HTSeq (v.0.9.1, https://github.
com/simon-anders/htseq) read counts were filtered on
all 1385 genes in the TruSeq RNA panel and normal-
ized to remove technical bias. These counts were then
quantile-normalized to the median distribution and log2

transformed to reduce noise. Sample means were cen-
tered to zero.

SNV/INDEL CALLING

The VCF files from the Isaac variant caller were further
analyzed using Alissa Interpret (Agilent). Two virtual gene
panels, myeloid and lymphoid, were assembled for filter-
ing. The genes in both panels were selected according to
the TrueSight Myeloid sequencing panel (Illumina) for
AML-MDS and ALL, based on literature (8–10) (see
Supplemental Table 1 for a list of analyzed genes).

Variants present in ClinVar (11), HGMD (12) or
COSMIC (13) were considered relevant. All other var-
iants were filtered on read depth (>15), population
frequency (�2%), allele frequency, and �400 allele
count from the Exome Aggregation Consortium (14) or
the genome aggregation database (15) and Genome of
the Netherlands (16). After filtering, remaining variants
were subjected to further interpretation. Variants classi-
fied as variants of unknown significance (VUS), likely

pathogenic and pathogenic were reported. If a variant
was present in the COSMIC database, its pathogenicity
was checked in the HM cohort in COSMIC and
classified accordingly. If a variant was not present in
COSMIC, it was evaluated for its potential pathogenic-
ity using in silico prediction tools and data available in
the Alissa clinical informatics database from Agilent and
Alamut software (v.2.8–2.11; Interactive Biosoftware).
If at least 3 out of the 5 tools in Alamut predicted a
damaging or pathogenic effect, including a splice site
effect, the variant was classified as VUS, otherwise it was
classified as (likely) benign.

FUSION GENE CALLING

Each potential fusion gene was considered when it met
a quality score of 0.6 from MANTA, we detected at
least one paired and one split, and a minimal fusion
read number of 10 unique fusion reads or wild type
reads were present for both genes of the fusion. Fusion
reads were omitted when the complete fusion read could
be mapped elsewhere in the human genome due to
pseudogenes or paralogs.

OVEREXPRESSION DETECTION

PCA was performed using the prcomp function in
R (v.3.5.2) (17). First, to exclude technical variation
due to RNA isolation batch, sample preparation, and

Table 1. Variant detection from targeted RNA-sequencing testinga.

Variant detection Genes investigated Leukemia classification
Validation set

(no. of samples)
Application set
(no. of samples)

SNV/indel Myeloid panel
54 genes

AML 63

MDS 13

Lymphoid panel
72 genes

ALL 14

Total number 63 27

Fusion Pan-cancer panel
1385 genes

ALL/AML/MDS/
MPN/CML/
lymphoma

40 96

Total number 40 96

Overexpression EVI1 AML 24 6

ALL 6 5

BCL2, CCND1 Unclassified category
(including MDS/ MPN/

CML/lymphoma)

30 13

Total number 60 24

aThe sample cohort was split into a validation and an application set. For SNV/indel detection, AML samples (N¼ 63) were chosen for the validation set when results from cur-
rent techniques were available. MDS and ALL samples out of the cohort were chosen as application set. For fusion detection, the first 40 samples out of the total cohort were
used as validation set and the other 96 samples as application set. For overexpression, 84 samples with unambiguous leukemia classification were used. Of these, the first 60
samples out of the cohort were used as validation set and the other 24 samples used as the application set.
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sequence run, the sample variation of these compo-
nents was measured. Second, samples were labeled
based on the differential diagnosis classification of
leukemia and split into a validation and an application
set. Classification of HM samples was performed with
rpart (v.4.1–13) (18) using the first 5 principal
components of the validation set, which yielded 3
classification categories: ALL, AML, and unclassified.
The unclassified category includes MDS, MPN, CML,
and lymphoma samples. We called this process
RANKING, and benchmarked it using the application
set, see https://github.com/kdelange/RANKING for
the R scripts used.

Expression levels were measured for EVI1 in AML
and for CCND1 and BCL2 in the unclassified category.
The relative expression is shown in boxplots made using
the ggplot2 packages (19) for genes of interest per HM
type. Overexpression was defined as expression signifi-
cantly outside the normal expression distribution
(P< 0.05) within the same category.

CONFIRMATION OF ADDITIONAL VARIANTS DETECTED WITH

TARGETED RNA-SEQUENCING

Additional SNVs and/or indels were confirmed with
Sanger sequencing for variants with variant allele fre-
quency (VAF) > 10% or with MLPA or ddPCR for var-
iants with VAF< 10%. Additional fusion genes were
confirmed with PCR on cDNA and, if possible, FISH.
See online Supplemental Data for the materials, methods,
and primers and probes (Supplemental Table 2).

ROUTINE (CYTO)GENETIC METHODS

Karyotyping and additional FISH were performed
according to Dutch national guidelines (20). SNP-array
profiling was performed on cases referred for MDS us-
ing the Illumina InfiniumVR Global Screening Array plat-
form and analyzed with Nexus/NxClinical software
(BioDiscovery). For cases referred for AML, RT-PCR
was performed for KIT and NPN1, and Sanger sequenc-
ing for CEBPA. NGS was performed using the
TrueSight Myeloid sequencing panel (Illumina). See
Supplemental Materials and Methods for details.

Results

SNV/INDEL DETECTION

In total, 113 variants were detected in 90 patients. Of
these, confirmation was performed with at least one in-
dependent method for 83 variants: 60 variants from the
validation set and 23 from the application set. The
remaining 30 variants were classified as VUS, and no
confirmation was performed (Table 2, Supplemental
Table 3).

In total, 82 of the 83 variants identified using tar-
geted RNA-sequencing were in agreement with the
results from current methods, resulting in 98.8% sensi-
tivity. Targeted RNA-sequencing missed one variant
(c.2447A>T; D816V13) in the KIT gene detected by
RT-PCR at 10�4. In 32 samples, no relevant variants
were detected [AML amplicon panel (N¼ 7) and RT-
PCR (N¼ 25)]. Curiously, the AML amplicon panel

Table 2. Comparison of clinically relevant variants detected with current methods and with targeted RNA sequencinga.

Current methods
compared with
RNA-seq

No. of
samples

No. of analyzed
genes

No. of variants
detected TP FP FN Sensitivity (%)

SNV/ indel 90 54 [myeloid panel]
72 [lymphoid panel]

PC: 83
(þ 30 VUS)

82 0 1 98.8

CM: 83 83 0 0 100

Gene fusions 136 1385 PC: 33 33 0 0 100

CM: 33 27 0 6 81.8

Gene over
expression

84 3 PC: 11 10 0 1 90.9

CM: 11 9 0 2 81.8

TP ¼ true positive, FP ¼ false positive, FN ¼ false negative, PC ¼ targeted pan-cancer RNA-sequencing, CM ¼ current methods.
aThe SNV/indel validation set (N¼ 63) consists of 28 samples previously sequenced with an amplicon myeloid panel of 54 genes and 35 samples where either RT-PCR or
Sanger sequencing was performed for the CEBPA, KIT, and NPM1 genes. In total, 59 clinical relevant variants were detected. In the application set, 23 clinical relevant variants
were detected and confirmed with a second technique. Compared to current techniques, our method missed just one variant: *KIT: D816V13 detected by RT-PCR at 10�4.
For fusion genes, our method detected 33 variants, of which 27 had been identified by current methods. The 6 additional gene fusions detected by our method, AUTS2/PAX5,
EBF2/PDGFRB, NUP98/PSIP1, NUP214/ABL, TGF/GPR128, and NUP98/SET, were then confirmed using a second technique.
For overexpression of the genes EVI1, CCND1, and BCL2, 10 samples showed overexpression: 7 cases of EVI1 in and 3 cases of CCND1. Compared to current techniques, our
method missed only one overexpressed gene, BCL2**, for which the current FISH test showed IGH-BCL2 t(14; 18)(q32; q21) in 2% of the cells. Of the 10 samples with overex-
pression, 2 samples showed overexpression for CCND1 that was confirmed as a t(11; 14) with interphase FISH.

Hematological Malignancy Variant Detection and Classification Using Targeted RNA-Sequencing
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detected 4 variants that were not identified using tar-
geted RNA-sequencing. Two of these had a low VAF af-
ter AML amplicon testing, 0.06 (RUNX1) and 0.05
(BCOR), and could not be confirmed by additional vali-
dation experiments with specific MLPA primers, which
means they are most likely artifacts. The other 2 variants
had VAFs of 0.11 (NOTCH) and 0.16 (DNMT3A) and
were not confirmed by Sanger sequencing, meaning
they are most likely false positives of the amplicon
sequencing and would not even be reported given the
recent adoption of more stringent reporting criteria.

DETECTION OF FUSION GENES

Of the 136 samples, 2 samples failed because not
enough input material was available. Targeted RNA-
sequencing detected 27 fusion genes in 27 samples, in
agreement with the results of current methods. In the
other 107 samples, both targeted RNA-sequencing and
current diagnostics detected no fusion genes, reaching
100% sensitivity.

Out of the 27 fusion genes detected, 11 different
types of fusion genes (consisting of different genes or
having different breakpoints) were found (Table 3,
Supplemental Table 4). Targeted RNA-sequencing also
detected 6 gene fusions in 5 different samples that had
not been found with current methods.

USING RANKING TO PREDICT LEUKEMIA CLASSIFICATION

BASED ON EXPRESSION PROFILING

We selected the first 5 principal components from the
expression-based PCA, which explain 45% of the vari-
ance, and observed that samples with the same HM
classification clustered together (Fig. 2, Supplemental
Figs. 2 and 3, Supplemental Table 4). RANKING then
used the 5 principal components to automatically HM

samples. This analysis classified one CML sample as
AML, but our re-examination of this sample revealed it
to be an AML sample. We initially used 6 classes in
RANKING (AML, ALL, MPN, MDS, CML, and lym-
phoma), and found that prediction was correct in ap-
proximately 60% of all samples (Supplemental Table 4).
While prediction was 100% correct for AML and ALL,
performance was much lower for the other classes. We
therefore chose to use only 3 classifications in
RANKING: AML, ALL, and an ‘unclassified’ group.
These 3 categories were then used to predict HM classi-
fication in the independent application set, and predic-
tion was 100% correct for these test samples [AML
(N¼ 6), ALL (N¼ 5), and unclassified (N¼ 13)]
(Fig. 3).

DETECTION OF OVEREXPRESSION

Overexpression of EVI1 was measured in AML samples.
According to the type of HM, 30 AML samples were
present in our cohort and 7 samples showed overexpres-
sion (Supplemental Fig. 4, A), in agreement with the
results of current diagnostics using RT-PCR or FISH.
We detected significant EVI1 overexpression in EVI1-
positive samples compared to the other AML samples
(P-values � 1.75� 10�5).

Overexpression was measured for CCND1 and
BCL2 in the unclassified sample category, which includes
lymphoma samples. Three samples showed CCND1 over-
expression (Supplemental Fig. 4, B) as compared to un-
classified samples without CCND1 overexpression. All 3
positive samples had significant P-values (3.11� 10�7,
2.18� 10�7, and 1.03� 10�28). For one sample this
was in agreement with previous FISH results. For the
others, CCND1 overexpression was confirmed with
FISH, which showed a translocation (11; 14)(q13; q32)

Table 3. Overview of all detected gene fusions.

Fusion gene Breakpoints Translocation Primary detected with

BCR/ABL chr22:23,632,600, chr9:133,729,451 t(9; 22)(q34.12; q11.23) K, F

PML/RARA chr15:74,315,747, chr17:38,504,566 t(15; 17)(q24.1; q21.2) K, F, RT-PCR

CBFB/MYH11 chr16:67,116,209, chr16:15,814,906 inv(16)(p13.11q22.1) K; F

KMT2A/MLLT1 chr11:118,355,688, chr19:6,270,770 t(11; 19)(q23.3; p13.3) F

NUP214/ ABL chr9:134,106,154, chr9:133,729,449 t(9; 9)(q34.13; q34.12) PC panel

SET/ NUP98 chr9:131,453,448, chr11:3,781,769 t(9; 11)(q34.11; p15.4) PC panel

PDGFRB/ EBF1 chr5:149,506,177, chr5:158,134,987 t(5; 5)(q32; q33.3) PC panel

TGF/GPR128 (CCF9) chr3: 100,438,901, chr3:100,348,441 t(3; 3)(q12.2.1; q12.2) PC panel

PAX5/ AUTS2 chr9:36,966,545, chr7:70,163,552 t(7; 9)(q11.2; p13.2) PC panel

PSIP1/ NUP98 chr9:15,479,684, chr11:3,784,131 t(9; 11)(p22.3; p15.4) PC panel

K ¼ karyotyping, F ¼ FISH, PC panel ¼ targeted pan-cancer RNA-sequencing.
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that had not been detected by the current diagnostic ap-
proach. In one case, our approach did not detect overex-
pression of BCL2 (Supplemental Fig. 3, C). Karyotyping
and additional FISH showed a t(14; 18)(q32; q21)(IGH-
BCL2) in less than 2% of the cells.

Discussion

We have shown that targeted RNA-sequencing is a feasi-
ble method for genetic testing of different types of HM.
The combination of targeted RNA-sequencing and the
workflow we developed can replace and improve upon
the current routine molecular (cytogenetic) tests used to
detect relevant genetic abnormalities. Our approach can
assist in the assignment of the correct diagnosis of HM
classification.

Applying a decision tree to the principal compo-
nents of targeted expression to predict HM classification
yielded promising results. Our prediction tool,
RANKING, showed an accuracy of 100% for all the
AML and ALL samples in the application set. We ob-
served that the classification of AML and ALL is the
most reliable, and that classification of other HM types
in our dataset is more challenging. Therefore, we de-
fined an ‘unclassified’ category for the other types of
HM included in this study. However, this does not
mean that they have similar expression patterns. Larger
datasets, including healthy bone marrow samples as con-
trol, will help to discriminate between MPN, MDS, and
lymphomas. Thus, even though RANKING’s predic-
tions are not perfect, they can guide classification. In
our validation set, we found 3 samples that did not fit

Fig. 2. Principal component analysis for hematological malignancy classification. Figure shows principal component 1 (PC1),
which explains 14.5% of the variance, versus principal component 3 (PC3). For our analyses we started with 6 different types of
hematological malignancies.
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the profile of the referred type of HM. Careful reanalysis
of these cases revealed that our prediction was correct.
Moreover, previous methods have demonstrated the po-
tential of using gene-expression information to classify
HMs (4). In future work, we also aim to identify
aberrant splicing, an approach has been shown to have
added value for Mendelian diseases (21). We thus ex-
pect that, with larger transcriptome sequencing datasets,
it will also become possible to more reliably predict the
other HM types.

We were able to detect SNV/indels with 98.8%
sensitivity compared to current methods, and our
method only missed one variant detected at 10�4 by
RT-PCR (c.2447A>T; D816V13, KIT). In general,
RNA-based methods have the advantage that they are
enriched for highly expressed transcripts and their var-
iants, which are more likely to be pathogenic. A

disadvantage of an RNA-sequencing approach for SNV/
indel detection could be the discovery of variants that
destabilize transcripts (nonsense-mediated decay) or var-
iants in tumor-suppressor genes (22) or genes having
mono-allelic expression. However, we did not observe
any of these in the present study.

Our workflow can detect translocations resulting in
gene fusions with any of the 1385 genes included in the
panel, with any breakpoint. This allows for the detec-
tion of relevant fusions irrespective of the referral type of
HM. Translocations, often resulting in gene fusions, are
typically identified using FISH or RT-PCR where one
or a few potential translocations are tested based on the
referral type of leukemia. Other targeted RNA assays
were developed for fusion gene detection (23–25).
While these assays have a high sensitivity and specificity,
they are designed for fusion gene detection only. In our

Fig. 3. Result of the decision tree using the application set. Three categories were defined: AML, ALL, and unclassified. The un-
classified category contains MDS, MPN, CML, and lymphoma samples.
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method, all fusion genes were detected with 100% accu-
racy in a single experiment. We even found 6 fusion
genes using RNA-sequencing that had not been found
by other methods, and 4 of these genes were relevant for
diagnosis and risk prediction.

Translocations detectable with FISH or karyotyp-
ing do not necessarily result in fusion genes. One exam-
ple is the translocation or inversion of the EVI1 gene
caused by inv(3)(q21q26) or t(3; 3)(q21; q26), which
results in a very poor prognosis in AML (26) and leads
to overexpression of EVI1. In our cohort, our method
detected EVI1 overexpression confirming karyotyping
or FISH results in all 7 cases. In addition, in transloca-
tions including the IGH gene, no fusion gene is detect-
able at RNA-level. In our cohort, we detected
overexpression of CCND1 in 3 lymphoma samples, 2 of
them found first by RNA-sequencing. More samples are
needed to determine the minimum number of aberrant
cells for different breakpoints required to measure over-
expression of relevant genes or to measure loss of gene
expression due to translocations. However, our results
are promising, especially with respect to detection of
IGH rearrangements given that the diversity of the rear-
rangements make current methods laborious.

Currently, we are unable to detect CNVs with our
targeted RNA-sequencing method. While it is possible
to detect CNVs using transcriptomics, this requires large
training datasets (27). For now, we recommend users
combine our test with a simple genotyping array chip.
This will allow genome-wide detection of copy numbers
and hypo- and hyperdiploidy. A combination of tar-
geted RNA-sequencing and genotype array will allow
for the identification of all genetic aberrations relevant
to HMs.

Another shortcoming of our approach is the detec-
tion of tandem duplications. Reliable detection of the
common internal tandem duplication in exon 14-15 of
FLT3, for instance, is of special importance in AML
subclassification since presence of the FLT3-ITD is an
indication for the use of tyrosine kinase inhibitors (28).
In our approach, however, we were not able to detect
this duplication. This is a known problem of the exist-
ing software tools (29) due to alignment problems.
However, a recently developed tool called ReSCU uses
soft clipped reads to detect duplications in FLT3 and
KMT2A (6), which might overcome this problem.

In conclusion, we performed targeted RNA-
sequencing and detected relevant fusion genes, SNVs,
and overexpressed genes with high accuracy compared
to current genetic techniques. We then predicted the
HM classification based on expression profiling. Our
streamlined workflow can replace and improve upon
current routine molecular (cytogenetic) tests to detect
relevant genetic abnormalities but needs to be tested in
a large prognostic cohort to establish its diagnostic
value.
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Supplemental material is available at Clinical Chemistry
online.
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