
Cancer Science. 2022;113:2763–2777.    | 2763wileyonlinelibrary.com/journal/cas

Received: 12 February 2022  | Revised: 26 April 2022  | Accepted: 12 May 2022

DOI: 10.1111/cas.15427  

O R I G I N A L  A R T I C L E

Feasibility and clinical utility of comprehensive genomic 
profiling of hematological malignancies

Suguru Fukuhara1  |   Yuji Oshikawa- Kumade2,3  |   Yasunori Kogure2  |   
Sumito Shingaki2  |   Hirokazu Kariyazono2,3 |   Yoshiya Kikukawa2,3 |   Junji Koya2  |   
Yuki Saito2,4  |   Mariko Tabata2,5  |   Kota Yoshifuji2,6 |   Kota Mizuno2,7 |    
Akiko Miyagi- Maeshima8  |   Hiromichi Matsushita9  |   Masanaka Sugiyama10  |   
Chitose Ogawa10 |   Yoshihiro Inamoto11  |   Takahiro Fukuda11 |   Masato Sugano12  |   
Nobuhiko Yamauchi13 |   Yosuke Minami13  |   Makoto Hirata14  |   Teruhiko Yoshida14 |   
Takashi Kohno15  |   Shinji Kohsaka16  |   Hiroyuki Mano16  |   Yuichi Shiraishi17 |   
Seishi Ogawa18 |   Koji Izutsu1  |   Keisuke Kataoka2,7

1Department of Hematology, National Cancer Center Hospital, Tokyo, Japan
2Division of Molecular Oncology, National Cancer Center Research Institute, Tokyo, Japan
3Diagnostic Division, Otsuka Pharmaceutical Co., Ltd., Tokushima, Japan
4Department of Gastroenterology, Keio University School of Medicine, Tokyo, Japan
5Department of Urology, Graduate School of Medicine, The University of Tokyo, Tokyo, Japan
6Department of Hematology, Graduate School of Medicine, Tokyo Medical and Dental University, Tokyo, Japan
7Division of Hematology, Department of Medicine, Keio University School of Medicine, Tokyo, Japan
8Department of Pathology, National Cancer Center Hospital, Tokyo, Japan
9Department of Laboratory Medicine, National Cancer Center Hospital, Tokyo, Japan
10Department of Pediatric Oncology, National Cancer Center Hospital, Tokyo, Japan
11Department of Hematopoietic Stem Cell Transplantation, National Cancer Center Hospital, Tokyo, Japan
12Department of Pathology and Clinical Laboratories, National Cancer Center Hospital East, Kashiwa, Japan
13Department of Hematology and Oncology, National Cancer Center Hospital East, Kashiwa, Japan
14Genetic Medicine and Services, National Cancer Center Hospital, Tokyo, Japan
15Division of Genome Biology, National Cancer Center Research Institute, Tokyo, Japan
16Division of Cellular Signaling, National Cancer Center Research Institute, Tokyo, Japan
17Division of Genome Analysis Platform Development, National Cancer Center Research Institute, Tokyo, Japan
18Department of Pathology and Tumor Biology, Graduate School of Medicine, Kyoto University, Kyoto, Japan

Correspondence
Keisuke Kataoka and Koji Izutsu, Division 
of Molecular Oncology, National Cancer 
Center Research Institute, 5- 1- 1 Tsukiji, 
Chuo- ku, Tokyo 104- 0045, Japan.
Email: kkataoka- tky@umin.ac.jp (K.K.); 
kizutsu@ncc.go.jp (K.I.)

Abstract
Identification of genetic alterations through next- generation sequencing (NGS) can 
guide treatment decision- making by providing information on diagnosis, therapy se-
lection, and prognostic stratification in patients with hematological malignancies. 
Although the utility of NGS- based genomic profiling assays was investigated in he-
matological malignancies, no assays sufficiently cover driver mutations, including 
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1  |  INTRODUC TION

With the advent of next- generation sequencing (NGS), large- scale 
studies have delineated the entire landscape of genetic alterations 
in various types of human cancers. These efforts have broadened 
our knowledge of driver alterations and have revealed the molecular 
mechanisms of oncogenesis, bringing the promise of cancer preci-
sion medicine.1,2 These discoveries have clinical implications in the 
diagnosis of specific subtypes defined by recurrent alterations and 
the prognostic prediction of patient outcome.3 More importantly, 
some alterations can guide the use of molecularly targeted therapy 
and predict the resistance to specific inhibitors, highlighting the rel-
evance of genomic testing in clinical oncology.4

Hematological malignancies are diagnosed and classified using 
morphology, immunophenotype, and genetic alterations. A diverse 
array of genetic alterations underlies their pathogenesis, as exempli-
fied by more than 250 recurrent alterations listed in the latest WHO 
classification.5 In addition, reflecting their diversity and the pres-
ence of rare disease types, there have been many genetic studies 
in hematological malignancies, which have identified novel genetic 
alterations even recently.6– 8 Moreover, a non- negligible proportion 
of patients with myeloid neoplasms, such as acute myeloid leukemia 
(AML) and myelodysplastic syndrome (MDS), have pathogenic ger-
mline variants in leukemia- predisposing genes, such as RUNX1 and 
DDX416,9, illuminating the potential necessity of genomic testing for 
germline susceptibility in hematological malignancies.

A variety of somatic alterations, including single nucleotide 
variants (SNVs) and insertions/deletions (indels), copy number al-
terations (CNAs), and structural variations (SVs), are present in he-
matological malignancies.5 Among them, recurrent SVs (also called 
as rearrangements), such as those involving immunoglobulin heavy 
chain (IGH), are characteristic of specific subtypes. These include 
chromosomal translocations, inversions, duplications, and deletions, 
resulting in aberrant expression of oncogenes (activating SV), or gen-
eration of fusion transcripts (fusion- generating SV). Several conven-
tional methods, such as G- banding karyotyping, FISH, and RT- PCR, 
have been utilized to detect these SVs. However, these methods are 
designed to identify individual SVs, and the spectrum of SVs that can 
be evaluated by them is still limited.

Recent studies investigated the feasibility and utility of NGS- 
based genomic profiling in hematological malignancies, which en-
ables simultaneous examination of many somatic alterations at 
once.10– 12 However, its potential may be underestimated because 
these studies did not sufficiently cover driver genes listed in the 
WHO classification as well as recently discovered ones. In addition, 
germline controls and/or RNA panel were lacking, and several dis-
ease types, including T/natural killer- cell non- Hodgkin lymphoma (T/
NK- NHL), were not well investigated in these studies. Therefore, to 
address these issues, here we devised an integrated DNA/RNA pro-
filing assay that can simultaneously detect various types of somatic 
alterations and germline variants in 452 genes recurrently altered 
in various hematological malignancies. Using this assay, we have 
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recently discovered ones, as well as fusions and/or pathogenic germline variants. To 
address these issues, here we have devised an integrated DNA/RNA profiling assay to 
detect various types of somatic alterations and germline variants at once. Particularly, 
our assay can successfully identify copy number alterations and structural variations, 
including immunoglobulin heavy chain translocations, IKZF1 intragenic deletions, and 
rare fusions. Using this assay, we conducted a prospective study to investigate the 
feasibility and clinical usefulness of comprehensive genomic profiling for 452 recur-
rently altered genes in hematological malignancies. In total, 176 patients (with 188 
specimens) were analyzed, in which at least one alteration was detected in 171 (97%) 
patients, with a median number of total alterations of 7 (0– 55). Among them, 145 
(82%), 86 (49%), and 102 (58%) patients harbored at least one clinically relevant alter-
ation for diagnosis, treatment, and prognosis, respectively. The proportion of patients 
with clinically relevant alterations was the highest in acute myeloid leukemia, whereas 
this assay was less informative in T/natural killer- cell lymphoma. These results sug-
gest the clinical utility of NGS- based genomic profiling, particularly for their diagnosis 
and prognostic prediction, thereby highlighting the promise of precision medicine in 
hematological malignancies.
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performed a prospective hospital- based cohort study to investigate 
the potential of NGS- based comprehensive genomic profiling in 188 
specimens of hematological malignancies.

2  |  MATERIAL S AND METHODS

2.1  |  Workflow of clinical sequencing

We performed a prospective cohort study to evaluate the feasibil-
ity and clinical utility of integrated DNA/RNA profiling assay using 
tumor and germline specimens. The workflow is divided into four 
parts: (i) patient enrollment/specimen collection, (ii) library prepara-
tion, (iii) sequencing and bioinformatic analysis, and (iv) assessment 
of clinical relevance (Figure 1A). DNA and RNA were independently 
processed for library preparation and hybrid selection.

2.2  |  Patients and specimens

Patients aged 1 year or older who were diagnosed with untreated 
or relapsed/refractory hematological malignancies according to the 
WHO classification5 and would intend to receive chemotherapy 
and/or hematopoietic stem cell transplantation (HSCT) were en-
rolled. The availability of tumor specimens with tumor content of 5% 
or more was required (≥20% was recommended). Fresh or formalin- 
fixed paraffin- embedded (FFPE) specimens of bone marrow (BM), 
peripheral blood (PB), fluid aspirate, lymph node, or tumor tissues 
were collected. Buccal swab was obtained as a matched germline 
control. The study was approved by the National Cancer Center 
Institutional Review Board, and all patients and/or their legal guard-
ians (when minors were enrolled) provided written informed consent 
for this study.

2.3  |  Design of integrated DNA/RNA 
profiling assay

We designed a hybridization capture- based DNA/RNA profiling 
assay to detect SNVs, indels, SVs, CNAs, and fusions (Tables S1– 
S3). These include almost all driver alterations listed in the Japanese 
Society of Hematology (JSH) Guideline for Genomic Testing in 
Hematological Malignancies (2021 release) (JSH Genome Guideline; 
http://www.jshem.or.jp/genom gl/) (Tables S4– S6), which covers al-
most all alterations listed in the WHO classification5 and recently 
discovered ones in hematological malignancies. The DNA panel cov-
ered (i) entire coding sequences (CDSs) of 321 frequently mutated 
genes, (ii) eight non- coding regions affected by recurrent activat-
ing SVs, including IGH translocations, GATA2/MECOM, and CD274/
PDCD1LG2 truncations, (iii) immunoglobulin (IG) and T- cell receptor 
(TCR) genes, (iv) HTLV- 1 provirus sequence, (v) the miR- 15a/16– 1 re-
gions, and (vi) 1296 single nucleotide polymorphism (SNP) regions to 
evaluate genome- wide copy number and detect intragenic deletions 

and duplications, including those involving IKZF1 and KMT2A (MLL) 
(Table S1). The RNA panel was designed to detect (i) CDSs of 44 
genes targeted by recurrent fusions, (ii) CDSs and untranslated 
regions of 32 genes targeted by recurrent activating SVs, and (iii) 
IG/TCR genes (Table S2). To increase the sensitivity to detect fu-
sions, we have extended our previous method13 to design probes 
for not only fused exons and their adjacent exons but also junction 
sequences of 134 well- known fusions (Figure 1B; Table S3). The per-
formance of our assay was assessed for (i) 233 mutations in five cell 
lines detected at an allele frequency of 0.05 or more by amplicon 
sequencing with QIAseq Human Myeloid Neoplasms Panel (Qiagen), 
and (ii) 35 SVs/fusions and IKZF1 intragenic deletion in 31 cell lines 
described in previous reports. In addition, using clinical specimens, 
fusions were evaluated using 13 different RT- PCR tests and five dif-
ferent FISH tests, and rearrangements and deletion of 17p (del17p) 
using eight different FISH tests.

2.4  |  Library preparation and sequencing

Fresh tumor and buccal germline DNA were extracted using the 
QIAamp DNA Blood Mini kit (Qiagen) or the Maxwell RSC Blood 
DNA Kit (Promega). FFPE tumor DNA was extracted using the 
GeneRead DNA FFPE kit (Qiagen) and its quality was evaluated with 
Agilent 4200 TapeStation (Agilent Technologies). Fresh and FFPE 
tumor RNA were extracted using the QIAamp RNA Blood Mini Kit 
(Qiagen) or the Maxwell RSC simplyRNA Blood Kit (Promega) and 
the RNeasy FFPE Kit (Qiagen) or the Maxwell RSC RNA FFPE Kit 
(Promega), respectively. Library preparation for targeted DNA se-
quencing (DNA- seq) was performed using a custom SureSelect li-
brary (Agilent Technologies), as previously described.14,15 Library 
preparation for targeted RNA sequencing (RNA- seq) was also per-
formed using a custom SureSelect library with SureSelect XT RNA 
direct according to the manufacturer’s instructions. These libraries 
were sequenced using the NextSeq 500 (Illumina) to generate 150 bp 
paired- end reads to ≥400× average depth for DNA- seq and ≥3 mil-
lion uniquely mapped reads for RNA- seq either in- house or at RIKEN 
GENESIS. Quality control results were compared using a two- sided 
Welch's t- test.

2.5  |  Mapping and mutation detection

For targeted DNA- seq data, sequence alignment and mutation calling 
were performed using the Genomon pipeline version 2.6.2 (https://
github.com/Genom on- Proje ct/), as previously described.14,15 
Sequencing reads were mapped to the custom reference genome 
consisting of 1000 genomes Reference Genome Sequence hs37d5 
with the HTLV- 1 genome (AB513134). Putative somatic mutations 
with (i) EBCall16 p < 0.01, (ii) four or more variant reads, and (iii) allele 
frequency ≥0.05 were adopted and filtered by excluding (i) synony-
mous SNVs, (ii) variants only present in unidirectional reads, and (iii) 
variants occurring in repetitive genomic regions. These candidate 
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mutations were further filtered, unless they were listed 10 or more 
times in the COSMIC database version 70 or ASXL1 (NM_015338.5) 
c.1927dupG, by removing known germline variants (i) observed in 
NCBI dbSNP build 131, or (ii) observed at a frequency ≥0.0001 in any 

of the following datasets: the 1000 Genomes Project (October 2014 
release), NCBI dbSNP build 131, National Heart, Lung, and Blood 
Institute Exome Sequencing Project 6500, the Human Genome 
Variation Database (version 2.00), or the Exome Aggregation 

(A)

(B)

(D)

(E) (F) (G)

(C)
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Consortium r0.3.1. Finally, all detected mutations were manually 
checked by Integrative Genomics Viewer (IGV).17

2.6  |  SV and CNA detection

SVs and CNAs were detected using the Genomon pipeline and 
the CNACS algorithm, respectively, as previously described.14,15 
Putative SVs were manually curated and further filtered by removing 
those (i) with fewer than five supporting reads in tumor; (ii) with al-
lele frequency in tumor <0.02; or (iii) present in in- house pooled nor-
mal specimens. SV breakpoints were visually inspected using IGV. 
Candidate focal CNAs (shorter than half a chromosome arm) were 
assessed in genomic regions where sequencing coverage was suf-
ficient in unmatched control samples, and then manually reviewed. 
Among genes covered by the DNA panel, 374 and 193 genes (170 
for deletions and 23 for amplifications) listed in the JSH Genome 
Guideline were analyzed for SVs and focal CNAs (Table S6).

2.7  |  Fusion detection

For targeted RNA- seq data, sequence alignment and fusion calling 
were performed using the Genomon RNA pipeline version 2.6.2, 
with a slight modification of those used for poly- A RNA- seq.14,15 
Candidate fusions with 10 or more supporting reads in tumor were 
filtered by excluding (i) endogenous IG/TCR recombination; and 
(ii) those detected in in- house pooled normal specimens. Finally, 
mapping errors were removed by visual inspection with IGV. As 
IGH/DUX4 and STIL- TAL1 fusions are difficult to detect, these fu-
sions were individually reviewed.

2.8  |  Definition and interpretation of clinically 
relevant alterations

Clinical evidence levels (A– D) were assigned to each genetic altera-
tion in terms of diagnosis, treatment, and prognostic prediction for 
each disease subtype at the time of NGS- based genomic profiling 
according to the JSH Genome Guideline (Table S6), and driver al-
teration was defined as those with clinical evidence in each disease 
subtype. Germline variants involving 59 genes responsible for (i) 
hematological diseases with a germline predisposition proposed in 

the JSH Genome Guideline, and/or (ii) hereditary cancers for which 
the American College of Medical Genetics and Genomics (ACMG)18 
recommends reporting of incidental and secondary findings were 
evaluated (Table S1). The molecular tumor board comprised of a 
multidisciplinary team interpreted the sequencing results, including 
evaluation of somatic alterations and germline variants, and deter-
mination of their clinical relevance based on the evidence level as-
signed for individual alterations.

3  |  RESULTS

3.1  |  Design and validation of integrated 
DNA/RNA profiling assay

We designed NGS- based comprehensive genomic profiling using 
tumor and germline specimens. Integrated DNA/RNA analysis with 
elaborated panel design can provide increased breadth and improved 
sensitivity to detect not only fusion- generating SVs but also activat-
ing SVs, which causes aberrant expression of oncogenes (Figure 1B, 
Tables S1– S3). As the excellent performance of targeted DNA- seq 
for detecting SNVs and CNAs has been established (Table S7),14,15 
we then evaluated the analytical accuracy for fusion- generating and 
activating SVs by integrated DNA/RNA analysis (Figure 1C, Table 
S8). We detected all 24 known fusions, three FLT3- internal tandem 
duplications (ITDs), and 1 KMT2A- partial tandem duplication (PTD), 
with no false positive call observed. We also detected eight of nine 
activating SVs, consisting of IGH translocations (including IGH/MYC, 
IGH/BCL2, IGH/CCND1, IGH/CRLF2, and IGH/DUX4) and GATA2/
MECOM rearrangement. In addition, we confirmed successful detec-
tion of an intragenic deletion of IKZF119 (Figure 1D). These obser-
vations suggest acceptable sensitivity for various kinds of SVs and 
intragenic deletions.

3.2  |  Quality evaluation of NGS- based 
genomic profiling

Between 2019 and 2021, 197 specimens from 185 patients were 
enrolled in our prospective cohort study (Figure 1A,E). Nine speci-
mens were excluded, and the remaining 188 specimens were sub-
mitted to further analysis (Table S9). The specimens consisted of 
81 fresh and 107 FFPE specimens, including tumors from excisional 

F I G U R E  1  Overview of the study using comprehensive genomic profiling of patients with hematological malignancies. (A) Schema of 
the prospective hospital- based cohort study. (B) Strategy for capturing fusions by targeted RNA sequencing (RNA- seq). (C) Detection rate 
of known alterations using cell lines according to alteration type. (D) Representative result of copy number (CN) analysis (top) and zoom- in 
view for an IKZF1 deletion (bottom) in SUP- B15 cell line. (E) Flow diagram showing enrollment, nucleic acid extraction, and sequencing. (F) 
Distribution of tissues and specimen types in all 188 specimens. (G) Distribution of disease types in 176 patients. ALAL, acute leukemias 
of ambiguous lineage; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; BM, bone marrow; B- NHL, B- cell non- Hodgkin 
lymphoma; BPDCN, blastic plasmacytoid dendritic cell neoplasm; DNA- seq, DNA sequencing; FFPE, formalin- fixed, paraffin- embedded; 
HL, Hodgkin lymphoma; HSCT, hematopoietic stem cell transplantation; ITD, internal tandem duplication; LBL, lymphoblastic lymphoma; 
MDS, myelodysplastic syndrome; MM, multiple myeloma; MPN, myeloproliferative neoplasm; PB, peripheral blood; PTD, partial tandem 
duplication; SNP, single nucleotide polymorphism; SV, structural variation; T/NK- NHL, T/natural killer- cell non- Hodgkin lymphoma
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biopsy (n = 28) and needle biopsy (n = 39) (Figure 1F). The median 
average depth and 100× coverage of DNA- seq were 1022× (range, 
143– 1723×) and 0.98 (0.58– 0.99) in tumors, and 942× (129– 1371×) 
and 0.97 (0.56– 0.99) in normal tissues, respectively. Fresh speci-
mens tended to show a higher depth than FFPE specimens, which 
included all six (4%) specimens with low coverage (<0.85), whereas 
no difference was observed across tissues and biopsy procedures 
(Figure S1A,B). Except for nine specimens collected after allogeneic 
HSCT, genome- wide copy number was evaluable in 142 (79%) of 
179 specimens, which contained all fresh specimens but only 64% of 
FFPE specimens (Figures 1E and S1C). As the amount of input RNA 
was too small in 13 (7%) specimens, the remaining 175 specimens 
were analyzed by targeted RNA- seq (Figures 1E and S1D). The read 
number was higher in fresh than FFPE specimens, with a median of 
7.1 (0.9– 13.3) × 106 (Figure S1E). DNA integrity number was lower 
in FFPE specimens stored for 1 year or longer than those stored for 
less than 1 year (p < 0.01) (Figure S1F). The median turnaround time 
(TAT), defined as time from specimen receipt to molecular tumor 
board, was 50.5 (21– 167) days.

3.3  |  Somatic alterations detected by NGS- based 
genomic profiling

Among the 188 specimens, five patients submitted two speci-
mens from different sites (10 specimens), and six patients submit-
ted two or more specimens at different time points (13 specimens). 
Therefore, a total of 176 patients with various backgrounds were 
analyzed (Figure 1G, Tables 1 and S9). The integrated DNA/RNA 
profiling detected 1746 somatic alterations in 296 genes and at least 
one alteration in 171 patients (97%) (Figure 2A, Tables S10– S13). The 
median number of alterations per specimen was 7 (0– 55), with 10 or 
more alterations detected in 38% of patients. The most frequently 
altered gene was TP53 (19%), followed by CREBBP (15%), CDKN2A/B 
(13%), KMT2D (13%), and NRAS (11%) (Figures 2B and S2).

Targeted DNA- seq detected 1027 mutations (SNVs and indels), 
including 451 driver and 576 passenger mutations, in 238 genes, 
and at least one mutation was detected in 159 (90%) patients 
(Figures 2A; Table S10). The median number of mutations per spec-
imen was four (0– 44), including one (0– 19) of driver mutations. The 
most frequently mutated gene was TP53 (18%), followed by CREBBP 
(11%), NRAS (11%), TET2 (10%), and KMT2D (10%) (Figures 2B and 
S2).

Combined targeted DNA- seq and RNA- seq identified 121 SVs, 
including 35 fusion- generating, 51 activating, and 27 disrupting SVs 
as well as five KMT2A- PTDs and three FLT3- ITDs, and at least one SV 
was detected in 95 (54%) patients (Figure 2A, Table S11). Fusions in-
cluded five PICALM- MLLT10, five BCR- ABL1, three RUNX1- RUNX1T1, 
and five KMT2A- related fusions (Figures 2B and S2). Among them, 
21 fusions were evaluated by RT- PCR or FISH, which were all posi-
tive. The negative and positive predictive values of our assay were 
all 100% for FLT3- ITDs and fusions. Activating SVs mainly consisted 
of IGH translocations, such as 15 IGH/BCL2, 12 IGH/CCND1, and 

two IGH/BCL6 translocations, but also included two TCR transloca-
tions (Figures 2B and S2). The IGH translocations mainly occurred 
adjacent to DJ segments in B- cell NHL (B- NHL) and in the switch 
regions of constant genes in multiple myeloma (MM) (Figure 3A). All 
SV partners of BCL2 and CCND1 were IGH (Figure 3A, Table S11). 
Although IGH was the most common partner of MYC (50%) and BCL6 
SVs (33%), multiple additional partners were identified (Figure 3B, 
Table S11). Other activating SVs involved REL, NOTCH1, and CD274. 
Among them, 23 SVs, including IGH translocations, were assessed 
by FISH, in which 21 were positive, but two (one IGH/MYC and one 
non- IGH/MYC) were negative. When FISH was negative (n = 30), 
no corresponding SVs were detected by NGS, producing negative 
and positive predictive values of 94% and 100% for activating SVs, 
respectively.

TA B L E  1  Characteristics of 176 patients with hematological 
malignancies

Characteristic Number (%)

Number of patients 176

Disease type

AML 22 (13)

ALL/LBL 29 (16)

ALAL 4 (2)

BPDCN 4 (2)

MPN 11 (6)

MDS/MPN 3 (2)

MDS 6 (3)

B- NHL 51 (29)

T/NK- NHL 32 (18)

HL 1 (1)

MM 11 (6)

Others 2 (1)

Sex

Male 111 (63)

Female 65 (37)

Age, years

0– 14 14 (8)

15– 39 39 (22)

40– 64 61 (35)

≥65 62 (35)

Disease status

Primary 104 (59)

Relapsed/refractory 72 (41)

Abbreviations: ALAL, acute leukemias of ambiguous lineage; ALL/LBL, 
acute lymphoblastic leukemia/lymphoblastic lymphoma; AML, acute 
myeloid leukemia; B- NHL, B- cell non- Hodgkin lymphoma; BPDCN, 
blastic plasmacytoid dendritic cell neoplasm; HL, Hodgkin lymphoma; 
MDS, myelodysplastic syndrome; MM, multiple myeloma; MPN, 
myeloproliferative neoplasm; T/NK- NHL, T/natural killer- cell non- 
Hodgkin lymphoma.
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F I G U R E  2  Frequencies and types of genetic alterations detected in clinical specimens from patients with hematological malignancies. 
(A) Number of somatic alterations detected in each patient (n = 176). (B) Number of patients with somatic alterations for each driver gene 
according to alteration type. Genes altered in ≥5 patients are shown. In case of >1 alteration type detected, they are considered multiple 
for tumor suppressor or functionally unknown genes, whereas only one major alteration type is counted for oncogenes. CNA, copy number 
alteration; ITD, internal tandem duplication; PTD, partial tandem duplication; SV, structural variation
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F I G U R E  3  Detection of activating and fusion- generating structural variations (SVs) in clinical specimens from patients with hematological 
malignancies. (A) Distribution of breakpoints and partners of immunoglobulin heavy chain (IGH) translocations in B- cell non- Hodgkin 
lymphoma (B- NHL; triangle) and multiple myeloma (MM; circle). (B) Distribution of breakpoints and partners of BCL6 SVs. (C) Rare fusions 
and SVs detected in this study. Red triangles represent SV breakpoints. AA, amino acid; DNA- seq, DNA sequencing; EGF, epidermal growth 
factor; Ig, immunoglobulin; PEST, proline, glutamic acid, serine, and threonine; PTP, protein tyrosine phosphatase; Rbp, Recombination signal 
binding protein; RING, really interesting new gene; RNA- seq, RNA sequencing; TRAF, tumor necrosis factor receptor- associated factor

(A) (B)
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In 134 patients in which genome- wide copy numbers were eval-
uable, 322 arm- level CNAs (163 amplifications and 159 deletions), 
and 277 focal CNAs (34 amplifications and 242 deletions) were iden-
tified, with a median number of CNAs per patient of three (Figure 2A, 
Tables S12 and S13). We identified arm- level or focal del17p involv-
ing TP53 in 21 patients. Among them, eight were assessed by FISH, 
of which six were positive. Taken together, these findings suggest 
that our integrated DNA/RNA profiling can detect a variety of so-
matic alterations with adequate sensitivity.

3.4  |  Extensive heterogeneity of somatic 
alterations in our cohort

The entire cohort showed extensive heterogeneity of somatic altera-
tions, while reflecting the genetic landscape of each disease type re-
ported by previous genetic studies20– 24 (Figure S2). As confirmed in 
cell lines, integrated DNA/RNA profiling successfully identified one 
GATA2/MECOM inversion and five KMT2A- PTDs (Figure 3C, Table 
S11). In addition to well- known disease- defining SVs and fusions, 
our assay detected various kinds of SVs and fusions, such as PVT1- 
SUPT3H fusion and DUSP22 rearrangement characteristic of blastic 
plasmacytoid dendritic cell neoplasm (BPDCN) and ALK- negative an-
aplastic large cell lymphoma, respectively. Moreover, we identified 
rare IG/TCR- involving SVs, including IGH/BCL3 and TRB/NOTCH1, 
as well as kinase fusions, such as TRAF1- ALK, TRIM24- FGFR1, and 
XPO1- ROS1, which can be a promising therapeutic target (Figure 3C).

3.5  |  Differences in somatic alterations across 
disease types

Disease- specific frequencies revealed quite different genetic profiles 
and associated clinical evidence across disease types (Figures 4 and 
5, Table S14). These frequencies were comparable or slightly higher 
than those reported by the FoundationOne Heme panel,10 demon-
strating the promising performance of our assay (Tables S15– S17). 
KMT2A (32%), NPM1 (23%), DNMT3A (23%), RUNX1 (23%), and TET2 
(23%) were frequently altered in AML (n = 22) (Figure 4A). Among 
them, 95%, 91%, and 95% of patients harbored at least one genetic 
alteration with clinical evidence for diagnosis, treatment, and prog-
nosis, respectively (Figure 5). In addition to those already detected 
by other conventional methods, integrated DNA/RNA profiling 
identified many subtype- defining alterations, including four NPM1, 
one biallelic CEBPA, and one RUNX1 mutation, one GATA2/MECOM 
inversion, and one DDX41 germline variant. According to the risk 
stratification by the European LeukemiaNet,25 seven (32%) patients 
with normal cytogenetics (n = 6) or no cytogenetics data available 
(n = 1) changed prognostic risk category (four from intermediate to 
favorable, two from intermediate to adverse, and one from not avail-
able to intermediate risk), due to the presence of four NPM1, two 
ASXL1, and one biallelic CEBPA mutations. Potential targetable alter-
ations included three FLT3- ITDs and kinase domain mutations (FLT3 

inhibitor, level A) and two IDH1/2 mutations (IDH1/2 inhibitor, level 
D). In addition, DNMT3A mutation was associated with anthracycline 
resistance (level B) in five patients.26

ETV6 (31%), NOTCH1 (21%), CDKN2A/2B (21%), and CREBBP 
(21%) were frequently mutated in acute lymphoblastic leukemia/
lymphoblastic lymphoma (ALL/LBL) (n = 29) (Figure 4B). Among 
them, 83%, 76%, and 76% of patients harbored at least one ge-
netic alteration with clinical evidence for diagnosis, treatment, and 
prognosis, respectively (Figure 5). In addition to already detected 
ones, several subtype- defining fusions were identified, including 
KMT2A- MAML2, ZNF384- EP300, ETV6- ABL1, and ATF7IP- PDGFRB 
(n = 1 for all). The patients harboring the latter two ABL- class gene 
rearrangements were reclassified into Philadelphia chromosome- 
like (Ph- like) ALL. The diagnosis of one T- ALL patient changed into 
myeloid/lymphoid neoplasms with eosinophilia due to the identifi-
cation of ETV6- LYN fusion (NCCH_0023), which was also the case in 
one mixed- phenotype acute leukemia patient with TRIM24- FGFR1 
fusion (NCCH_0143). In addition to subtype- defining alterations, 
two IKZF1 deletions and six NOTCH1 mutations were associated 
with worse prognosis in B-  and T- ALL/LBL, respectively. In addition 
to the aforementioned fusions, including one ABL1 fusion (ABL in-
hibitor, level C) and one PDGFRB fusion (PDGFRB inhibitor, level C), 
potential targetable alterations included those activating kinase and 
cytokine receptor signaling, such as one SH2B3 (JAK inhibitor, level 
C) and one FLT3 (FLT3 inhibitor, level C) mutations.

Frequent alterations in B- NHL (n = 51) included CREBBP (37%), 
BCL2 (31%), TP53 (31%), KMT2D (29%), and STAT6 (27%) (Figure 4C). 
Among them, 94%, 53%, and 63% of patients harbored at least one 
genetic alteration with clinical evidence for diagnosis, treatment, and 
prognosis, respectively (Figure 5). Four patients changed diagnoses 
based on genome profiling: one from MALT lymphoma to follicular 
lymphoma (FL) due to IGH/BCL2 translocation (NCCH_0039), one 
from low- grade B- NHL to Waldenström macroglobulinemia (WM) 
due to MYD88 mutation (NCCH_0002), one from primary effusion 
lymphoma- like lymphoma to recurrence of primary central ner-
vous system lymphoma due to MYD88, CD79B, and PIM1 mutations 
(NCCH_0090), and one from high- grade B- cell lymphoma, not oth-
erwise specified (HGBL, NOS) to HGBL with MYC and BCL2 and/or 
BCL6 rearrangement (NCCH_0180). Different alterations were asso-
ciated with prognosis in different B- NHL subtypes, according to the 
subtype- specific prognostication systems, such as LymphGen clas-
sification in diffuse large B- cell lymphoma (DLBCL),27 the m7- FLIPI 
clinicogenetic model in FL,28 and the iwCLL guidelines in chronic 
lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL).29 
Due to the paucity of targeted therapy in B- NHL, only four patients 
had druggable alterations, including three EZH2 mutations (EZH2 in-
hibitor, level C) in FL and one MYD88 mutation (BTK inhibitor, level 
C) in WM. In addition, four MYD88 and three CD79B mutations were 
reported to predict sensitivity to BTK inhibitor in DLBCL (level C).

Frequent alterations in T/NK- NHL (n = 32) included TP53 (22%), 
CCR4 (13%), STAT3 (9%), TET2 (9%), and ARID2 (9%) (Figure 4D). 
Among them, 53%, 13%, and 19% of patients harbored at least one 
genetic alteration with clinical evidence for diagnosis, treatment, 
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and prognosis, respectively (Figure 5), demonstrating a smaller 
proportion of patients harboring clinically relevant alterations in T/
NK- NHL. In two patients suspected of peripheral T- cell lymphoma 
with follicular helper T- cell phenotype, no somatic alterations were 
detected, leading to a change of diagnosis to reactive lymphoid hy-
perplasia (NCCH_136 and NCCH_139). These observations suggest 
the relevance of NGS- based genomic profiling to determine clonality 
in mature T- cell neoplasms. The only therapeutically relevant alter-
ation was CCR4 mutations (CCR4 inhibitor, level D) in four patients.30

CCND1 (55%), TP53 (36%), KRAS (27%), NRAS (27%), and 
CDKN2A/B (27%) were frequently altered in MM (n = 11) (Figure 4E). 
Among them, 100%, 73%, and 73% of patients harbored at least one 
genetic alteration with clinical evidence for diagnosis, treatment, 
and prognosis, respectively (Figure 5). According to International 
Myeloma Working Group molecular classification,31 eight patients 
were classified into four subtypes, including hyperdiploidy (n = 2), 
IGH/CCND1 (n = 4), IGH/FGFR3 (n = 1), and IGH/MAF (n = 1). 
According to the Stratification for Myeloma and Risk- Adapted 
Therapy (mSMART 3.0),32 seven patients had high- risk genetic 
abnormalities (such as del17q and 1q gain), including one double- 
hit (IGH/MAF and TP53 mutation) and one triple- hit (IGH/FGFR3, 
del17p, and 1q gain) patients. Regarding treatment, six patients had 
IGH/CCND1 (BCL2 inhibitor, level B) and two patients had CRBN mu-
tations, known as resistant mutation to immunomodulatory drugs 
(level C).

3.6  |  Clinical utility in diagnosis, treatment, and 
prognostic prediction

In total, 145 (82%), 86 (49%), and 102 (58%) patients harbored at least 
one clinically relevant somatic alteration for diagnosis, treatment, 
and prognosis, of which 76%, 12%, and 44% were supported by level 
A evidence, respectively (Figure 5). Particularly, most (65%) of the 
relevant alterations for treatment were of potential clinical signifi-
cance (evidence level C or D). Although clinically relevant alterations 
mainly consisted of mutations, SVs/fusions accounted for a substan-
tial proportion of the relevant alterations for treatment (Figure S3). 
However, only one received targeted therapy based on the recom-
mendation by the molecular tumor board, who had an ETV6- ABL1 
fusion and was treated with dasatinib (ABL inhibitor) as off- label use 
(NCCH_0094). These differences were consistent across disease 
types, suggesting that comprehensive genomic profiling is informa-
tive for diagnosis followed by for prognostic prediction, whereas its 
utility is inadequate for therapy selection (Figure 5). Regardless of 
clinical purpose, patients with AML had the highest proportion of 

clinically relevant alterations (particularly with level A evidence), fol-
lowed by those with ALL/LBL, B- NHL, and MM, whereas their pro-
portion was limited in T/NK- NHL, suggesting the different degrees 
of utility of comprehensive genomic profiling across disease types.

3.7  |  Detection of cancer- related germline variants

Germline variants causing hereditary cancers were identified in 
six (3%) patients, all of which were of level A evidence (Table S18). 
Among them, one AML patient harbored a DDX41 germline vari-
ant and one AML, one MDS, and three ALL/LBL patients harbored 
deleterious BRCA1 or BRCA2 germline variants associated with he-
reditary breast and ovarian cancers. All six patients were referred 
for genetic counseling, and three of them requested confirmatory 
testing and were validated to have the variants.

3.8  |  Multi- site and multi- timepoint analyses

Multi- site and multi- timepoint analyses were performed for five 
and six patients, respectively (Table S9). In one patient with a his-
tory of essential thrombocythemia who developed myeloid sarcoma, 
an MPL mutation was found in both BM and sarcoma specimens, 
while several alterations, including RUNX1 mutation and 7q deletion, 
were detected only in sarcoma specimens, suggesting that these al-
terations contribute to the clonal evolution (Figure S4A). In one CLL 
patient analyzed before and after BTK inhibitor therapy, a PLCG2 
mutation, known to confer BTK inhibitor resistance (level D), was 
detected only after progression (Figure S4B). These results suggest 
that serial analysis is helpful to uncover somatic alterations underly-
ing therapeutic resistance.

4  |  DISCUSSION

Through a prospective hospital- based cohort study, we demonstrate 
the feasibility and clinical utility of integrated DNA/RNA profiling 
for hematological malignancies in the clinical setting. Our study sub-
stantiates that this assay enables comprehensive genomic profiling 
of clinical specimens as a single test, including the assessment of a 
variety of SVs and CNAs, such as IG translocations, IKZF1 intragenic 
deletion, and rare fusions. Particularly, comprehensive genomic pro-
filing is clinically relevant in diagnosis and prognostic prediction, 
although the usefulness in guiding the use of molecularly targeted 
therapy is still limited. A larger proportion of patients with myeloid 

F I G U R E  4  Spectrum of altered genes in clinical specimens from patients with hematological malignancies, by disease type. (A– E) Number 
of somatic alterations in patients diagnosed with (A) acute myeloid leukemia (AML), (B) acute lymphoblastic leukemia (ALL)/lymphoblastic 
lymphoma (LBL), (C) B- cell non- Hodgkin lymphoma (B- NHL), (D) T/natural killer- cell non- Hodgkin lymphoma (T/NK- NHL), and (E) multiple 
myeloma (MM). Stars represent the evidence level assigned to genes according to the Japanese Society of Hematology Genome Guideline in 
each disease type. In case of >1 alteration type detected, they are considered multiple for tumor suppressor or functionally unknown genes, 
whereas only one major alteration type is counted for oncogenes. CNA, copy number alteration; SV, structural variation
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neoplasms can benefit from this assay, whereas it is less informative 
for T/NK- NHL patients.

Consistent with previous studies,10– 12 targeted DNA/RNA- seq 
is feasible not only for fresh but also for FFPE specimens regard-
less of the collection methods, except for those collected more than 
one year before the analysis. However, CNA assessment is still dif-
ficult for more than one- third of FFPE specimens, suggesting that 
fresh specimens are recommended for certain disease types in 
which CNAs are clinically relevant. Although our assay successfully 
identified various SVs and fusions, the detection rate of MYC SVs 
was insufficient, probably due to the presence of non- IG partner and 
widespread distribution of MYC breakpoints.33

Comprehensive genomic profiling is most informative for diagno-
sis. First, our assay can identify various subtype- defining alterations, 
such as fusions in AML and ALL/LBL, and IGH translocations in ag-
gressive B- NHL and MM. In addition, several alterations, including 

PVT1- SUPT3H in BPDCN, are rare but characteristic of a specific dis-
ease type. Second, our assay can evaluate the clonality, which can 
help distinguishing non- neoplastic from neoplastic diseases, partic-
ularly in patients suspected of MDS, myeloproliferative neoplasm 
(MPN), and peripheral T- cell lymphoma. Third, the analysis of buccal 
swab specimens allows precise identification of germline variants 
responsible for both leukemia predisposition and other hereditary 
diseases, including DDX41 mutations. Such germline variants may 
influence transplant candidacy and donor selection, although appro-
priate strategies for their management and genetic counseling have 
not been established.

The identification of various kinds of kinase fusions provides 
important therapeutic information, particularly in Ph- like ALL34 and 
other kinase fusion- mediated malignancies, as they are potential tar-
gets of molecular- based therapies. In addition, our assay can detect 
resistant alterations to specific inhibitors, such as PLCG2 mutation 

F I G U R E  5  Clinical utility of comprehensive genomic profiling in hematological malignancies. Proportion of patients harboring at least 
one somatic alteration with indicated clinical evidence level according to the Japanese Society of Hematology Genome Guideline in acute 
myeloid leukemia (AML), acute lymphoblastic leukemia (ALL)/lymphoblastic lymphoma (LBL), B- cell non- Hodgkin lymphoma (B- NHL), T/
natural killer- cell non- Hodgkin lymphoma (T/NK- NHL), and multiple myeloma (MM), and for all patients

AML (n = 22)
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in CLL and CRBN mutation in MM.35,36 Serial sampling may provide 
additional therapeutically relevant information, given the mutational 
differences between diagnosis and relapse.37– 39 Although the cur-
rently targetable alterations are inadequate for hematological ma-
lignancies, comprehensive genomic profiling can serve as a platform 
for identifying appropriate candidate individuals for clinical trials 
investigating molecularly targeted therapies.

Comprehensive genomic profiling can help predict patient prog-
nosis and determine transplant candidacy, particularly in AML and 
ALL/LBL. In addition, such genetic information may be useful to 
consider the timing of therapeutic intervention in MDS, MPN, and 
indolent lymphomas. As clinical evidence for the utility of genetic al-
terations to predict prognosis is still limited, additional clinicogenetic 
studies are required.

In our study, TAT was approximately 50 days, which prevents 
the use of the profiling result for determining induction therapy for 
acute leukemia. Therefore, it is essential to shorten TAT and combine 
with conventional methods to treat rapidly progressing malignan-
cies. As the JSH Genome Guideline assigns clinical evidence at the 
gene level rather than at the position or alteration level, some clinical 
evidence can be assigned to alterations with uncertain significance, 
such as BCL2 and non- L265P MYD88 mutations. Thus, discussion in 
the molecular tumor board is needed to avoid misinterpretation. As 
only a small number of patients were enrolled in our study, large- 
scale real- world data are warranted to validate our findings. Despite 
these challenges, comprehensive genomic profiling can open a new 
era of precision medicine in hematological malignancies.
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