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Genomic analysis has greatly influenced

the diagnosis and clinical management

of patients affected by diverse forms

of hematologic malignancies. Here, we

review how genetic alterations define

subclasses of patients with acute leuke-

mias, myelodysplastic syndromes (MDS),

myeloproliferative neoplasms (MPNs),

non-Hodgkin lymphomas, and classical

Hodgkin lymphoma. These include new

subtypes of acute myeloid leukemia de-

fined bymutations inRUNX1 orBCR-ABL1

translocations as well as a constellation of

somatic structuralDNAalterations in acute

lymphoblastic leukemia. Among patients

with MDS, detection of mutations in

SF3B1 define a subgroup of patients with

the ring sideroblast form of MDS and a

favorable prognosis. For patients with

MPNs, detection of the BCR-ABL1 fusion

delineates chronicmyeloid leukemia from

classicBCR-ABL12MPNs,whichare largely

defined by mutations in JAK2, CALR, or

MPL. In the B-cell lymphomas, detection of

characteristic rearrangements involving

MYC inBurkitt lymphoma,BCL2 in follicular

lymphoma, and MYC/BCL2/BCL6 in high-

grade B-cell lymphomas are essential for

diagnosis. In T-cell lymphomas, anaplas-

tic large-cell lymphoma is defined by

mutually exclusive rearrangements of

ALK, DUSP22/IRF4, and TP63. Genetic

alterations affecting TP53 and the muta-

tional status of the immunoglobulin heavy-

chain variable region are important in

clinical management of chronic lympho-

cytic leukemia. Additionally, detection of

BRAFV600E mutations is helpful in the

diagnosis of classical hairy cell leukemia

and a number of histiocytic neoplasms.

Numerous additional examples provided

here demonstrate how clinical evaluation

of genomic alterations have refined clas-

sification of myeloid neoplasms and

major forms of lymphomas arising from

B, T, or natural killer cells. (Blood. 2017;

130(4):410-423)

Introduction

Hematologic malignancies have historically been at the vanguard
among cancers in the use of genetic analyses for diagnosis, classifi-
cation, prognostication, and therapeutic decision-making. Genetic
characterization is vital in the clinical evaluation of nearly every formof
hematologic malignancy and has continuously evolved with increased
genomic evaluation of cancer and improvements in molecular diag-
nostic technologies. Here, we review how genetic analysis contributes
to the diagnosis and/or management of acute leukemias, chronic
myeloid neoplasms, B- and T-/natural killer (NK)-cell lymphomas, as
well as multiple myeloma. We specifically focus on the genetic alter-
ations essential for establishing diagnoses and/or determining standard
clinical care.

Acute leukemia

Acute myeloid leukemia

The detection of chromosomal abnormalities by cytogenetic analysis is
critically important in diagnosis and therapeutic decision-making in
acute myeloid leukemia (AML). Detection of t(8;21)(q22;q22.1),
inv(16)(p13.1q22), t(16;16)(p13.1;q22), or translocations generating
PML-RARA fusion transcripts allow the diagnosis of AML to be made
even without the presence of$20% blasts.1 In addition, these specific

cytogenetic alterations are associated with good prognosis among
AML patients. In contrast, other cytogenetic abnormalities or a
complex karyotype (defined as the presence of $3 cytogenetic
abnormalities in the absence of recurring translocations or inversions
designated by theWorldHealth Organization [WHO]Classification of
Tumours of Haematopoietic and Lymphoid Tissues2) are associated
with adverse prognosis.3However, a large proportion of patients do not
bear these cytogenetic alterations and the identification that CEBPA,
NPM1, and FLT3 internal tandem duplication (ITD) mutations predict
response to induction and consolidation chemotherapy for cytogenet-
ically normal AML patients younger than 60 years of age was a major
advance in the last decade.4 On this basis, 2 AML entities are included
among cytogenetically defined subtypes of AML (Table 1): AML
with mutated NPM1 and AML with biallelic CEBPA mutations. The
favorableprognostic significanceofmutatedCEBPA appears limited to
those patientswith biallelicCEBPAmutations that lackFLT3 orNPM1
mutations.5 Similarly, the effects of mutant NPM1 are superseded by
concurrent FLT3-ITD mutations, particularly when the FLT3-ITD
allelic ratio is $50%.4,6 Several additional examples of concurrent
additional genetic alterations impacting the outcome of established
genetic predictors have been recognized recently in AML. One that is
commonly recognized in clinical practice is the adverse prognostic
impact ofKITmutations among patientswith t(8;21) or inv(16)/t(16;16)
AML.1,7
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Since the widespread implementation of genetic analysis of FLT3,
NPM1, and CEBPA in AML patients clinically, numerous additional
recurrent genetic alterations with potential prognostic and therapeutic
relevance have been described in AML patients.6,8,9 To this end, the
categories of AML with RUNX1mutation and AML with BCR-ABL1

fusion were added as provisional entities.2 The RUNX1-mutated
subtype of AMLwas created because of data identifying that RUNX1-
mutated AML was exclusive of recurrent genetic abnormalities
recognized by the WHO and has adverse clinical outcomes. Nonethe-
less, numerous additional recurrent genetic alterations in AML remain

Table 1. Genetic alterations of diagnostic use and/or therapeutic or prognostic value in routine clinical practice in select
myeloid neoplasms

Disease
subtype* Genes†

Frequency,
% Normal function

Technology used
to detect

Prognostic
marker‡

Genotype-directed
therapies

AML t(8;21)(q22;q22.1); RUNX1-

RUNX1T1

7 RUNX1 and CBFB are core-

binding factor transcription

factors

Karyotype, FISH Favorable

inv(16)(p13.1q22) or t(16;16)

(p13.1;q22); CBFB-MYH11

5 Karyotype, FISH Favorable

PML-RARA 13 Retinoic acid receptor FISH, PCR Favorable ATRA, Arsenic

t(9;11)(p21.3;q23.3);

MLLT3-KMT2A

4 Histone methyltransferase

t(6;9)(p23;q34.1); DEK-

NUP214

1 Nucleoporin (NUP214) Adverse

inv(3)(q21.3q26.2) or

t(3;3)(q21.3;q26.2); GATA2,

MECOM

1 Transcription factor Adverse

t(1;22)(p13.3;q13.3);

RBM15-MKL1

,1 RNA-binding protein (RBM15)

and transcription factor

(MKL1)

NPM1 29 Nucleolar phosphoprotein Sequencing Favorable MRD monitoring

FLT3-ITD, TKD 37 Receptor tyrosine kinase Sequencing, PCR Adverse FLT3 inhibitors

Biallelic CEBPA 9 Transcription factor Sequencing Favorable

RUNX1 10 Transcription factor Sequencing Adverse

AML with BCR-ABL1 1 Tyrosine kinase Adverse TKIs

IDH1/2 15-20 a-KG hydroxylase in TCA cycle Sequencing Trials involving mutant

IDH1/2 inhibitors

MLL-PTD, rearranged 5 Histone methyltransferase FISH, PCR,

sequencing

Adverse (in

selected cases)

Chromatin† 13 Epigenetic regulation Sequencing Adverse

Spliceosome† 5 Pre-mRNA splicing Sequencing Adverse Trials involving splicing

inhibitors

TP53 2 Tumor suppressor Sequencing Adverse

KIT 5 Tyrosine kinase Sequencing TKIs

MDS SF3B1 15-30 Pre-mRNA splicing Sequencing Favorable Trials involving splicing

inhibitors

Del5q 6 Multiple genes Karyotype Favorable Lenalidomide

ASXL1 15-20 Epigenetic regulation Sequencing Adverse

MPNs

BCR-ABL11 BCR-ABL1 ;100 Tyrosine kinase FISH, PCR TKIs

Non-BCR-ABL1 SETBP1 Multiple roles Sequencing

JAK2 74 Tyrosine kinase Sequencing, PCR

CALR 17 Endoplasmic reticulum Sequencing, PCR Favorable

MPL 3 Thrombopoietin receptor Sequencing

ASXL1 7-25 Epigenetic regulation Sequencing Adverse

CSF3R 100 G-CSF receptor Sequencing Ruxolitinib

MDS/MPN

CMML TET2 61 DNA hydroxymethylation Sequencing

SRSF2 47 Pre-mRNA splicing Sequencing Trials involving splicing

inhibitors

ASXL1 44 Epigenetic regulation Sequencing Adverse

MDS/MPN-RS-

T

SF3B1 67 Pre-mRNA splicing Sequencing Trials involving splicing

inhibitors

JAK2 44 Tyrosine kinase Sequencing, PCR

Mastocytosis KIT 81 Tyrosine kinase Sequencing TKIs

AML, acute myeloid leukemia; ATRA, all-trans retinoic acid; CBFB, core-binding factor-b subunit; CML, chronic myelogenous leukemia; CMML, chronic myelomonocytic

leukemia; FISH, fluorescence in situ hybridization; G-CSF, granulocyte–colony-stimulating factor; IDH, isocitrate dehydrogenase; MDS, myelodysplastic syndrome; MDS/

MPN, myelodysplastic syndrome/myeloproliferative neoplasm; MDS/MPN-RS-T, myelodysplastic/myeloproliferative neoplasm with ring sideroblasts and thrombocytosis;

MRD, minimal residual disease; mRNA, messenger RNA; PCR, polymerase chain reaction; TCA cycle, tricarboxylic acid cycle; TKI, tyrosine kinase inhibitor.

*Gene/cytogenetic names in bold are of diagnostic value.

†Genes mutated in this category are defined by Döhner et al1 and Papaemmanuil et al.8

‡Those genes left blank do not have clear prognostic relevance currently.
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unaccounted for in entities recognized by the WHO and frequently
coexist withRUNX1mutations inAML.2,10 For example, mutations in
TP53 orASXL1 are nearly universally associatedwith adverse outcome
in AML6,8,11 and other myeloid neoplasms,12-14 often independent of
other established prognostic variables, and are highlighted by expert
guidelines in clinicalmanagement ofAML.1Moreover, recent analysis
of 1540AML patients ages 18 to 65 years by cytogenetics and targeted
sequencing of 111 genes identified that 48% of AML patients did
not have a recurrent genetic abnormality recognized by the 2008
WHO classification.8 The consideration of multiple genetic alterations
simultaneously across a large cohort of AML patients allowed the
identification of distinct groups ofAMLbased on patterns of coexisting
and exclusive mutations. This analysis delineated 11 classes of AML,
each with distinct diagnostic and clinical features. In addition to the
categories defined by the WHO, 3 new AML subgroups emerged:
AML with mutations in chromatin and/or spliceosome genes,
AML with mutations in TP53 and/or aneuploidy, and AML with
IDH2R172mutation (Table 1). Patients in the “chromatin-spliceosome”
or “TP53-aneuploidy” groups (which account for nearly one-third of
AML) had adverse outcomes,8 arguing that analysis of at least the 13
genes contained within these 2 groups will be important to evaluate in
future studies.

AML with myelodysplasia-related changes and

therapy-induced AML

The concept of AML with myelodysplastic features was first added to
the WHO classification in 2001 and is defined by $20% blasts and
dysplasia in $50% of the cells in $2 myeloid cell lineages.15 How-
ever, the diagnostic challenge of identifying dysplasia-related changes
combined with the recognition that such patients often harbored
cytogenetic abnormalities characteristic of myelodysplastic syndrome
(MDS)-related changes led to the incorporation of 18 different
cytogenetic abnormalities whose presence is sufficient to diagnose
AML with myelodysplasia-related changes (AML MRCs), even if
morphologic criteria for dysplasia are notmet.2 In addition, recentwork
has described molecular alterations encountered in AML patients that
are highly suggestive of antecedent MDS or therapy-induced AML
(t-AML) even in the absence of overt dysplasia.16 In this study, the
presence of mutations in a spliceosomal gene (SF3B1, SRSF2,U2AF1,
or ZRSR2), ASXL1, EZH2, BCOR, or STAG2 was .95% specific for
AML with an antecedent hematologic malignancy. Detection of these
mutations amongAMLpatients thought to have de novoAML appears
to define a clinically distinct group of patients whose disease behaves
like those with clinically diagnosed AML MRCs and t-AML with
equivalent poor outcomes.16 Thus, evaluation of the abovemutations in
clinical practice may be critically important given the especially poor
outcomes associated with AML MRCs and t-AML.

AML not otherwise specified and familial AML

Recent genomic analyses of AML have helped to identify novel
genomic alterations in morphologically distinct forms of AML. For
example, the genomic underpinnings of acute megakaryoblastic
leukemia (AMKL), both those associated with Down syndrome (DS)
and non-DS-AMKL, have been extensively characterized. It is
now recognized that non-DS-AMKL harbors a number of driving re-
arrangements, many of which are unique to this form of AML, such
as RBM15-MKL1, CBFA2T3-GLIS2, and NUP98-KDM5A fusions
in addition to KMT2A rearrangements.17 In contrast, DS-associated
AMKL as well as the transient abnormal myelopoiesis associated with
DS are marked byGATA1mutations and mutations of the JAK-STAT
pathway (reviewed recently by Antonarakis18), the latter of which also

occur in the acute lymphoblastic leukemia (ALL) encountered inDS.19

The link between germ line alterations and predisposition to myeloid
neoplasms in conditions beyondDS is now increasingly recognized and
has led to establishment of a category of “myeloid neoplasmswith germ
line predisposition” in the 2016 WHO revision. This topic has been
reviewed recently20 and includes patients with germ line mutations in
CEBPA,DDX41,RUNX1,ANKRD26,ETV6, andGATA2 among a host
of conditionsmarkedbybonemarrow(BM) failure syndromes, telomere
dysfunction, and germ line mutations activating RAS signaling.

Other diseases recognized to be distinct enough from AML to
garner their own category in the newest WHO classification include
blastic plasmacytoid dendritic cell neoplasm (BPDCN).2 Although
BPDCN harbors a gene expression profile similar to AML and has
mutations in genes commonly altered in myeloid neoplasms such as
TET2, ASXL1, RNA-splicing factors, and TP53, the cell of origin is
believed to be a plasmacytoid dendritic cell.21,22 Interestingly, at least
1 genetic alteration, the balanced translocation t(3;5)(q21;q31), which
appears specific to BPDCN has recently been identified.23 This
translocation results in haploinsufficiency of NR3C1 (encoding the
glucocorticoid receptor) and overexpression of a long noncoding
RNA (lincRNA-3q), both of which functionally contribute to
BPDCN pathogenesis.23 Additionally, expression of the transcrip-
tion factor TCF4 was recently shown to be a faithful diagnostic
biomarker of BPDCN and master regulator of the BPDCN
oncogenic program that can be targeted by bromodomain and
extraterminal inhibitors.24

B-cell acute lymphoblastic leukemia

Comprehensive genomic analysis of B-cell acute lymphoblastic leu-
kemia (B-ALL) has identified genomic alterations of diverse types as
important in clinical decision-making, including structural abnormal-
ities resulting in gross chromosomal alterations and gene fusions,
smaller copy-number alterations (particularly microdeletions), and in-
dividual point mutations.A variety of genetic alterations within each of
these categories are associatedwith favorable or adverse outcome and it
is now clear that high-risk genetic alterations are 4 timesmore common
in adults compared with children with B-ALL.25 High hyperdiploidy
(51-65 chromosomes) and t(12;21)(p13;q22) (encoding the ETV6-
RUNX1 fusion) are associated with favorable outcome (Table 2). In
contrast, hypodiploidy (#45 chromosomes), t(17;19) (encoding the
TCF3-HLF fusion), and KMT2A fusions are each associated with
adverse outcome. In addition, BCR-ABL1 fusions are associated with
adverse outcome and are essential in determining whether therapeutic
regimens containing a tyrosine kinase inhibitor (TKI) should be used.
Landmark work demonstrating that a subset of BCR-ABL12 B-ALL
patients harbors gene expression programs similar to BCR-ABL11

ALL has led to recognition of a provisional subtype of BCR-
ABL1–like ALL.26 These patients contain any of an entire set of
activating fusions involving ABL1, ABL2, CRLF2, CSF1R, EPOR,
JAK2, NTRK3, PDGFRb, and TYK2, each of which might confer
responsiveness to a TKI.27

In addition to fusion genes, ALL with intrachromosomal amp-
lification of chromosome 21 (defined by $5 copies of RUNX1 on a
single abnormal chromosome 21 in metaphase fluorescence in situ
hybridization [FISH]) is now recognized as a provisional entity of ALL
due to its poor outcomes and should be treated as high-risk disease.28

In addition, small deletions targeting the genes IKZF1, ERG,
CDKN2A/B, PAX5, EBF1, RB1, ETV6 (among others) are often
subclonal in B-ALL but may modify prognosis associated with the
previously described genomic alterations in B-ALL. Finally, sub-
clonal mutations in RAS-signaling intermediates are also common
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in B-ALL and are being heavily investigated as prognostic and
therapeutic targets.29

T-cell acute lymphoblastic leukemia

Although several subgroups of T-cellALL (T-ALL) are known to exist
based on gene expression profiling (GEP) and immunophenotypic
analyses, the clinical relevance of most subtypes of T-ALL are either
unclear or controversial (reviewed recently byGirardi et al,30 Iacobucci
and Mullighan,31 and Belver and Ferrando32). Currently, the early
T-cell precursor (ETP) subgroup (ETP-ALL) is the only subtype of
T-ALL recognized as a provisional entity in the 2016 WHO revision
(Table 2). ETP-ALL frequently has mutations in RUNX1 and/or ETV6
in addition to genes that are more commonly associated with myeloid
neoplasmsandareotherwise rare inT-ALL(suchasFLT3, IDH1/2,TET2,
and DNMT3Amutations). Non-ETP subtypes of T-ALL, in contrast, are
associated with activating NOTCH1mutations in over half of all patients
and an additional 10% to 15% of cases have FBXW7mutations, which
also result in increased NOTCH signaling. Mutations in PHF6 are also
seen in 20% to 40% of T-ALL and are largely restricted to non-ETP
T-ALL cases.33 Chromosomal alterations are also seen commonly in
T-ALL and include loss ofCDKN2A/B through chromosome 9 deletion
in ;50% to 60% of non-ETP T-ALL patients. Finally, translocations
and noncoding region mutations34-36 resulting in ectopic expression of
transcription factors such as TAL1, TAL2, LYL1, LMO1, LMO2, TLX1,
TLX3, ZEB2,MYB, andMYC are common in non-ETP T-ALL (but the
clinical relevance of these alterations is not well defined).

Myelodysplastic syndromes and
myeloproliferative disorders

Myelodysplastic syndromes

Diagnosis of MDS is based on morphologic detection of dysplasia in
the BM and classified based on the number of dysplastic lineages (ie,
single lineage vsmultilineage dysplasia) and percentage of blasts in the
BM (MDSwith excess blasts 1 or 2) in a patient with cytopenia. Given
that detection of dysplasia in a patient with otherwise unexplained
cytopenias can sometimes be challenging, there has been great hope
that detection of genetic abnormalities might improve the ability to
accurately diagnose MDS. However, because many of the most
common mutations that occur in MDS have also recently been found
in the blood of healthy individuals, termed clonal hematopoiesis of
indeterminate potential, somatic mutations are specifically excluded
as a diagnostic criterion for MDS. Currently, MDS with isolated de-
letion of 5q (del(5q) (defined as MDS with deletion of 5q and up to
1 additional cytogenetic abnormality, unless that abnormality is mono-
somy 7 or del(7q)) is the only form of MDS associated with a specific
genetic abnormality recognized by the WHO.2 Del(5q) MDS has a
unique pathophysiology conferred by haploinsufficiency of genes on
chromosome 5q37 and is clinically important to identify because it is
associated with a generally favorable prognosis and responsiveness to
lenalidomide (Table 1). Detection of TP53 mutations, however, may
alter the clinical course and response to lenalidomide in del(5q)MDS in

Table 2. Genetic alterations of diagnostic use and/or therapeutic or prognostic value in routine clinical practice in ALL

Disease
subtype* Genes† Frequency, % Normal function

Technology used
to detect

Prognostic
marker‡

Genotype-directed
therapies

B-ALL BCR-ABL1 25 Tyrosine kinase FISH, PCR Adverse TKIs

BCR-ABL1-like 10-20 Various but nearly all are

mitogenic-signaling molecules

GEP Adverse TKIs

iAmp 21 2 RUNX1 transcription factor FISH Adverse

Hypodiploidy (#45

chromosomes)

3-6 Karyotype Adverse

t(17;19)(q22;p13); TCF3-HLF Rare Transcription factor Karyotype, FISH Adverse

t(v;11q23.3); KMT2A fusions 2-10 Histone methyltransferase Karyotype, FISH Adverse

High hyperdiploidy (51-65

chromosomes)

20%-30% (children);

5%-10% (adults)

Karyotype Favorable

t(12;21)(p13;q22); ETV6-

RUNX1

20%-30% (children) Transcription factor Karyotype, FISH Favorable

t(5;14)(q31.1;q32.3); IL3-IGH Rare Cytokine signaling Karyotype, FISH

t(1;19)(q23;p13.3); TCF3-

PBX1 (E2A-PBX1)

2-6 Transcription factor Karyotype, FISH

T-ALL NOTCH1 50-60 Signaling molecule regulating

T-cell development

Sequencing Clinical trials of anti-NOTCH

therapies

CDKN2A/B 50-60 Cell cycle regulation Karyotype, FISH

PHF6 20-40 Unknown Sequencing

FBXW7 10-15 E3 Ubiquitin ligase for NOTCH1 Sequencing

ETP-ALL RUNX1 20 Transcription factor Sequencing Adverse

DNMT3a 15 DNA methyltransferase Sequencing Adverse

ETV6 10-15 Transcription factor Sequencing

IDH1/2 a-KG hydroxylase in TCA cycle Sequencing Trials involving mutant

IDH1/2 inhibitors

FLT3 5-10 Tyrosine kinase Sequencing Trials involving FLT3

inhibitors

TET2 DNA hydroxymethylation Sequencing

B-ALL, B-cell acute lymphoblastic leukemia; ETP-ALL, early T-cell precursor acute lymphoblastic leukemia; GEP, gene expression profiling; T-ALL, T-cell acute

lymphoblastic leukemia. Other abbreviations are explained in Table 1.

*Additional recurrent mutations and structural variations are known to be present in B- and T-ALL but only those with known diagnostic, prognostic, and/or therapeutic

utility are shown here.

†Mutations in gene names in bold are of diagnostic value.

‡Those genes left blank do not have clear prognostic relevance currently.
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addition to adversely affecting prognosis in all subtypes of MDS,
arguing for routine evaluation of TP53 alterations in MDS.38

In addition to del(5q) MDS, the detection of ringed sideroblasts
(RS) in a patient with MDS represents a unique category of MDS
(MDS-RS). Interestingly, recent work has identified that mutations in
the RNA-splicing factor SF3B1 have a remarkably high positive
predictive value for disease phenotype with RS of 97.7%, whereas the
absence of these mutations has an equivalent negative predictive
value.39On this basis,MDS-RS can nowbe diagnosedwith$5%RS if
an SF3B1 mutation is present, whereas .15% RS are required
in patients lacking an SF3B1 mutation.2 The link between SF3B1
mutations and morphologic presence of RS also extends to MDS/
myeloproliferative neoplasm (MPN) with RS and thrombocytosis
(MDS/MPN-RS-T; previously known as RARS-T).MDS/MPN-RS-T
is frequently associated with coexistence of JAK2V617F mutations
(33%-77%ofMDS/MPN-RS-Tpatients and commonly found inBCR-
ABL12 MPNs) with SF3B1 mutations (83%-90% MDS/MPN-RS-
T),40-42 thus explaining the biology of this disease, which has clinical
andgenetic featuresof bothMDSandMPNs.Themolecular genetics of
other forms of MDS/MPNs have been described in several excellent
reviews.43-45

In addition to the use of genetic alterations for diagnosis of specific
subtypes of MDS, cytogenetic alterations are established in clinical
prognostic schema in routine clinical practice in MDS. Moreover,
several landmark studies have identified that specific molecular
genetic alterations further refine prognosis within clinically and
cytogenetically defined subgroups of MDS12,46,47 and predict
outcome after allogeneic transplantation.48,49 The use of molecular
genetic alterations to determine prognosis of MDS has recently been
extensively reviewed.37

Myeloproliferative neoplasms

Given the frequently overlapping clinical and morphological features
of MPNs and the discovery of unique genetic hallmarks of specific
subtypes of MPNs (reviewed recently by Zoi and Cross50), the use of
molecular genetic alterations is essential in diagnosis, prognosis, and
therapeutic decision-making for MPN patients and physicians. First,
detection of the BCR-ABL1 fusion transcript is essential in diagnosis of
chronic myeloid leukemia (CML) and excluding a potential diagnosis
of CML in a patient with another chronicMPN,whichmay present in a
clinically indistinguishable manner from CML. In addition, evaluation
for rearrangements involving PDGFRA, PDGFRB, or FGFR1, or
the PCM1-JAK2 fusion should also be considered. Although
patients bearing these rearrangements may present with eosino-
philia and/or lymphoproliferation, they may lack any clinical or
phenotypic characteristics to discriminate them from other forms of
MPN.51 These conditions are also distinct from chronic eosino-
philic leukemia, not otherwise specified, which does not harbor any
of these translocations.52

In patients lacking any of the aforementioned rearrangements,
detection of mutually exclusive mutations in JAK2, CALR, or MPL
defines.90% of patients with a classic, BCR-ABL12 MPN. In 2005,
JAK2V617F mutations were identified in 90% of polycythemia vera
and 50% of essential thrombocytosis (ET) and myelofibrosis (MF)
patients.53-56More recently, a series ofmutationswas discovered in the
remaining JAK2V617F–wild-type MPN patients including JAK2
exon 12 mutations in polycythemia vera57 as well as MPL and CALR
mutations in ET and MF patients.58-60 Further work is now ongoing
to define the genetic alterations present in those ET and MF patients
who lack the JAK2,CALR, orMPLmutation (so-called “triple-negative
MPN” patients).T

a
b
le

3
.
(c
o
n
ti
n
u
e
d
)

D
is
e
a
s
e
s
u
b
ty
p
e

G
e
n
e
s
*

F
re
q
u
e
n
c
y
,
%

N
o
rm

a
l
fu
n
c
ti
o
n

T
e
c
h
n
o
lo
g
y
u
s
e
d
to

d
e
te
c
t

P
ro
g
n
o
s
ti
c
m
a
rk
e
r†

G
e
n
o
ty
p
e
-d
ir
e
c
te
d
th
e
ra
p
ie
s

P
C
M
/M

M
H
y
p
e
rd
ip
lo
id
y

5
0

C
h
r.
3
,
5
,
7
,
9
,
1
1
,
1
5
,
1
9

a
n
d
/o
r
2
1

F
IS
H

o
r
S
N
P

a
rr
a
y

F
a
v
o
ra
b
le

t(
1
1
;1
4
)

1
5
-2
0

C
y
c
lin

D
1

F
IS
H

U
n
fa
vo
ra
b
le

if
C
C
N
D
1
m
u
ta
te
d
,

o
th
e
rw

is
e
n
e
u
tr
a
l

t(
4
;1
4
)

1
5

F
G
F
R
3
/M

M
S
E
T

F
IS
H

U
n
fa
v
o
ra
b
le

t(
1
4
;1
6
)/
t(
1
4
;2
0
)

5
/1

c
-M

A
F
/M

A
F
B
(u
p
re
g
u
la
te

c
y
c
lin

D
2
)

F
IS
H

U
n
fa
v
o
ra
b
le

t(
6
;1
4
)

1
C
y
c
lin

D
3

F
IS
H

U
n
fa
v
o
ra
b
le

1
q
g
a
in
/d
e
l(
1
p
)/
d
e
l(
1
7
p
)

4
0
/3
0
/1
0

F
IS
H

o
r
S
N
P

a
rr
a
y

U
n
fa
v
o
ra
b
le

M
Y
C

tr
a
n
s
lo
c
a
ti
o
n
s

1
5
-2
0

M
Y
C

u
p
re
g
u
la
ti
o
n

F
IS
H

U
n
fa
v
o
ra
b
le

K
R
A
S
/N
R
A
S
/B
R
A
F

2
0
/2
0
/1
0

C
o
m
p
o
n
e
n
ts

o
f
M
A
P
K

p
a
th
w
a
y

S
e
q
u
e
n
c
in
g

A
B
C
D
L
B
C
L
,
a
c
ti
v
a
te
d
B
-c
e
ll
d
if
fu
s
e
la
rg
e
B
-c
e
ll
ly
m
p
h
o
m
a
;
B
C
R
,
B
-c
e
ll
re
c
e
p
to
r;
B
E
T
,
b
ro
m
o
d
o
m
a
in

a
n
d
e
x
tr
a
te
rm

in
a
l;
B
T
K
,
B
ru
to
n
ty
ro
s
in
e
k
in
a
s
e
;
c
H
L
/P
M
B
L
,
c
la
s
s
ic
a
lH

o
d
g
k
in

ly
m
p
h
o
m
a
/p
ri
m
a
ry

m
e
d
ia
s
ti
n
a
lB

-c
e
ll
ly
m
p
h
o
m
a
;
C
h
r.
,

c
h
ro
m
o
s
o
m
e
;
C
L
L
/S
L
L
,
c
h
ro
n
ic

ly
m
p
h
o
c
y
ti
c
le
u
k
e
m
ia
/s
m
a
ll
ly
m
p
h
o
c
y
ti
c
ly
m
p
h
o
m
a
;
F
L
/G

C
B
D
L
B
C
L
,
fo
lli
c
u
la
r
ly
m
p
h
o
m
a
/g
e
rm

in
a
l
c
e
n
te
r
B
-c
e
ll
ly
m
p
h
o
m
a
;
H
C
L
,
h
a
ir
y
c
e
ll
le
u
k
e
m
ia
;
H
C
L
-v
,
H
C
L
-v
a
ri
a
n
t;
H
D
A
C
,
h
is
to
n
e
d
e
a
c
e
ty
la
s
e
;
L
P
L
,

ly
m
p
h
o
p
la
s
m
a
cy
ti
c
ly
m
p
h
o
m
a
;
M
C
L
,
m
a
n
tl
e
c
e
ll
ly
m
p
h
o
m
a
;
M
H
C
,
m
a
jo
r
h
is
to
c
o
m
p
a
ti
b
ili
ty

c
o
m
p
le
x
;
m
T
O
R
,
m
a
m
m
a
lia
n
ta
rg
e
t
o
f
ra
p
a
m
y
c
in
;
P
C
M
/M

M
,
p
la
s
m
a
c
e
ll
m
y
e
lo
m
a
/m

u
lt
ip
le

m
y
e
lo
m
a
;
S
N
P
,
s
in
g
le
-n
u
c
le
o
ti
d
e
p
o
ly
m
o
rp
h
is
m
;
T
L
R
,

T
o
ll-
lik
e
re
c
e
p
to
r.

*M
u
ta
ti
o
n
s
in

g
e
n
e
n
a
m
e
s
in

b
o
ld

a
re

o
f
d
ia
g
n
o
s
ti
c
v
a
lu
e
.

†
T
h
o
s
e
g
e
n
e
s
le
ft
b
la
n
k
d
o
n
o
t
h
a
v
e
c
le
a
r
p
ro
g
n
o
s
ti
c
re
le
v
a
n
c
e
c
u
rr
e
n
tl
y.

‡
M
A
P
2
K
1
m
u
ta
ti
o
n
s
a
re

d
e
te
c
te
d
in

H
C
L
-v

a
n
d
H
C
L
e
x
p
re
s
s
in
g
IG

H
V
4
-3
4
,
a
n
d
p
e
d
ia
tr
ic
-t
y
p
e
F
L
.

BLOOD, 27 JULY 2017 x VOLUME 130, NUMBER 4 GENETIC CLASSIFICATION OF HEMATOLOGIC MALIGNANCY 415

D
ow

nloaded from
 https://ashpublications.org/blood/article-pdf/130/4/410/1404936/blood734541.pdf by guest on 03 M

arch 2020



Molecularly distinct from the above chronicmyeloid neoplasms are
2 disorders that are frequently diagnostically and therapeutically
challenging: atypical CML (aCML) and chronic neutrophilic leukemia
(CNL). Both aCML and CNL lack the BCR-ABL1 fusion; however,
activating mutations in CSF3R define CNL and are present in nearly
100% of cases61 (Table 1). In contrast,CSF3Rmutations are present in
,10% of aCML cases and aCML is also morphologically defined by
the presence of granulocytic dysplasia (which places aCML under the
rubric ofMDS/MPN overlap conditions).62 Although.20%of aCML
patients harbor driving mutations in SETBP163 and/or ETNK1,64 these
alterations are also occasionally found in other forms of MDS, MPN,
and MDS/MPN at lower frequencies.

Lymphoma and chronic lymphocytic leukemia

Chronic lymphocytic leukemia/small lymphocytic lymphoma

Chronic lymphocytic leukemia (CLL)/small lymphocytic lymphoma is
often marked by cytogenetic aberrations (up to 80% of patients may
have cytogenetic alterations by FISH), which are critical in risk-
stratification.65 Patients with 17p deletions or TP53mutations have the
worst prognosis and poor survival when treated with standard therapy;
however, the novelBruton tyrosinekinase (BTK) inhibitor ibrutinibhas
improved outcomes in this particular group of patients.66,67 In addition
to cytogenetic alterations, discrimination of CLL patients on the de-
gree of mutation of the immunoglobulin heavy-chain variable-region
(IGHV) gene also has prognostic and therapeutic importance.
A mutated IGHV in CLL has long been associated with favorable
outcome and was recently shown to be a key predictor of long-term
remissionswith chemoimmunotherapy.68 For these reasons, analysis of
TP53 and IGHVmutational status has recently been incorporated into a
new International Prognostic Index for treatment-naive CLL patients
(the CLL–International Prognostic Index).69 Finally, sequencing of
.100 whole genomes70,71 and .500 whole exomes71-74 of CLL pa-
tients has now revealed recurrent somatic mutations, including those
potentially associated with adverse outcome such as mutations in
NOTCH1, SF3B1, and ATM (discussed in several excellent recent
reviews: Rodrı́guez et al,75 Kipps et al,76 Guièze and Wu,77 and
Lazarian et al78; Table 3). With the exception of TP53 alterations,
however, detection of other mutations in CLL is not currently included
in routine clinical practice in CLL as their prognostic relevance is not
clear. At the same time, mutations affecting SF3B1, NOTCH1, XPO1,
and several other genes recurrently mutated in CLL are being heavily
evaluated as potential therapeutic targets.

Follicular lymphoma

The t(14;18) (q32;q21)/IGH-BCL2 gene rearrangement, resulting in
overexpression of the antiapoptotic protein BCL2, is the defining
feature of grade 1-2 follicular lymphoma (FL). In contrast, BCL2
rearrangements are less common in grade 3A FL and BCL6 re-
arrangements are often detected in t(14;18)2grade 3BFL.79 In addition
to these diagnostic cytogenetic alterations, molecular genetic studies in
FL over the last 10 years have now identified that mutations in epi-
genetic modifiers are extremely common in FL including mutations in
KMT2D/MLL2, CREBBP, EP300, MEF2B, and EZH2 (occurring as
EZH2Y641 hotspotmutations) (Table 3). During transformation of FL
to large-cell lymphoma, alterations deregulating cell-cycle progression
and DNA damage responses (CDKN2A/B,MYC, and TP53) are more
frequent.80 By incorporating mutational status in 7 genes (EZH2,
ARID1A, MEF2B, EP300, FOXO1, CREBBP, and CARD11), a new

clinicogenetic riskmodel (termed “m7-FLIPI”) was proposed,81whose
prognostic value is to be validated in future prospective studies.

Genomic analyses of FL have also now identified several unique
entities of FL. For example, pediatric-type FL is now recognized as a
distinct entity in the 2016 WHO classification. At a molecular level,
pediatric-type FL is characterized by lack of BCL2, BCL6, or MYC
rearrangements, low genomic complexity, and a low frequency of
mutations in epigenetic modifiers but a high prevalence of MAPK
pathway mutations (frequently MAP2K1, and rarely MAPK1 and
RRAS, mutations).82,83 In addition, a new provisional entity of large
B-cell lymphoma with IRF4 rearrangement is also now recognized.
This entity also occurs in children and young adults, and lacks BCL2
rearrangement, but needs to be distinguished from pediatric-type FL.84

Most cases carry IG/IRF4 rearrangements but the mutational profile
beyond this remains to be clarified. Finally, 1 unique subtype of FL
known as diffuse-appearing FL has now been recognized which
typically presents as a large localized inguinal mass without BCL2
rearrangements, but with 1p36 deletions and frequent STAT6 and
TNFRSF14mutations.85 These latter 2 genetic alterations are also both
occasionally seen in typical FL albeit at lower frequencies.86

Lymphoplasmacytic lymphoma

Lymphoplasmacytic lymphoma (LPL) is an indolent small B-cell
neoplasm with overlapping clinical/pathologic features with marginal
zone lymphoma. Waldenström macroglobulinemia is a manifestation
of LPL associated with an immunoglobulinM (IgM) paraprotein in the
blood. Identification of mutations in MYD88, a gene encoding an
adaptor in the Toll-like receptor pathway, at L265P can facilitate the
diagnosis of LPL as ;90% of LPL/Waldenström macroglobulinemia
patients harbor this mutation in contrast to only 5% to 15% of marginal
zone lymphoma87-90 (Table 3).MYD88 mutations are less frequent in
nodal LPL although cases with wild-typeMYD88 tend to have atypical
morphologic features, leading to the suggestion that some such cases
should be excluded from a diagnosis of LPL.91 MYD88L265P
mutations are also found in IgM (but not IgG or IgA) monoclonal
gammopathy of unknown significance and not in multiple myeloma
(MM) even if IgM expressing.92 Moreover, the combination of
genotypes in MYD88 and CXCR4 appears to be an important
determinant of response of LPL to ibrutinib, with those patients
bearingMYD88L265P but lacking a CXCR4 mutation experiencing
the best response.93

Diffuse large B-cell lymphoma

Diffuse large B-cell lymphoma (DLBCL) is the most common type of
non-Hodgkin lymphoma. GEP studies revealed 2 subtypes of DLBCL
basedoncell of origin: activatedB-cell–like (ABC) andgerminal center
B-cell–like (GCB), as well as an unclassified intermediate group.94,95

SeparatingABC fromGCBsubtype has important clinical implications
as ABC subtype has poor response to rituximab, cyclophosphamide,
doxorubicin, vincristine and prednisone (R-CHOP)–based regi-
mens while being more sensitive to ibrutinib.96 This may be partly
attributable to themutational profiles differentially represented in ABC
and GCB subtypes. The ABC subtype exhibits dependence on
constitutive activation of the B-cell receptor (BCR) and/or NF-kB
signaling pathways, owing to frequent somatic mutations of genes
within these pathways, including CD79A/B, CARD11, MYD88, and
TNFAIP3, whereas mutations in EZH2, GNA13, and SGK1 genes are
enriched in the GCB subtype (Table 3).97,98 Nevertheless, both GCB
and ABC subtypes of DLBCL share recurrent mutations in genes
involved in immune surveillance (such as B2M and CD58), chromatin
modification (such as MLL2/3, CREBBP, and EP300), regulation of
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BCL6 protein activity (MEF2B), and cell cycle or apoptosis (such as
FOXO1 and TP53) (reviewed recently by Intlekofer and Younes99).

The role ofMYC alterations inDLBCLhasbeen extensively studied
in recent years (see review by Ott et al100). MYC rearrangements are
detected in 5% to 15% of DLBCL not otherwise specified (NOS) and
are often associated with GCB phenotype (;70%). IG are the partner
genes in nearly 50% of these cases (reviewed recently by Campo101).
Half of MYC-rearranged DLBCL also have concurrent BCL2 or, to a
lesser extent, BCL6 translocations (so-called “double hit” [DH] or
“triple hit” lymphoma) which have been reclassified as high-grade
B-cell lymphoma, with MYC and BCL2 and/or BCL6 rearrangements
in the 2016 WHO revision. Most studies highlight the adverse impact
ofMYC rearrangements in DLBCL102,103 and a few suggest the impor-
tance of MYC partner genes.102,104 However, it is still controversial
whether MYC rearrangements as a single hit or its frequent association
with BCL2or BCL6 (DH) alterations is responsible for the aggressive
behavior (reviewed recently by Swerdlow105). In this regard, a recent
prospective randomized study clearly demonstrates that MYC rear-
rangements with IG genes, but not with other partner genes, have a
negative prognostic impact in patients with DLBCL treated with
chemoimmunotherapy, regardless of concurrent BCL2 or BCL6 trans-
locations.106 In contrast to many reports in the literature, concurrent
BCL2 or BCL6 translocations (DH cases) did not have independent
prognostic value in that study. This discrepancy may at least partly
be due to the difference in case selection as B-cell lymphoma,
unclassifiable, with features intermediate between DLBCL and
Burkitt lymphoma (BL), often has DH (30%-50%) and a more
aggressive outcome107; they were almost entirely excluded in this
study but might have been included in previously published
retrospective studies.108,109 Extra copies of MYC and/or BCL-2
appear to confer worse prognosis but this finding needs to be
validated by additional studies.110,111 The coexpression of MYC
and BCL2 proteins in DLBCL, so-called dual/double expressor
DLBCL, often has ABC phenotype and is associated with inferior
survival even in the absence of translocations.112,113 Dual/double

expressor DLBCL remains in the DLBCL, NOS category in the
2016 WHO revision.114

Burkitt lymphoma, primary mediastinal large B-cell lymphoma,

and Hodgkin lymphoma

The defining feature of BL is an IG/MYC translocation (Table 3).
Frequent recurrent somatic mutations in TCF3, or in its negative
regulator ID3, are found in;70% of sporadic and immunodeficiency-
relatedBLand40%of endemic cases.115,116Anewprovisional entity is
designated as Burkitt-like lymphoma with 11q aberration to include a
subset of lymphomas that resemble BL morphologically, to a large
extent phenotypically and by GEP, but which lack MYC rearrange-
ments. Instead, these have a chromosome 11q alteration characterized
by proximal gains and telomeric losses.114,117

Primary mediastinal large B-cell lymphoma (PMBL) and classical
Hodgkin lymphoma (cHL) share many genetic/molecular aberra-
tions including alterations of chromosome 9p24.1/PD-L1/PD-L2 and
mutations in multiple genes (B2M, TNFAIP3, PTPN1).118-120 PD-L1/
PD-L2 alterations become a defining feature of cHL and blockade of
the PD-1/PD-L1 pathway has been successful in treating refractory
cHL.121B2Mmutations andCIITA alterations lead to diminishedmajor
histocompatibility complex class I and II expression in cHLandPMBL,
respectively.120,122 Additionally, mutations in the nuclear export pro-
teinXPO1were recently discovered in;25% of both PMBL and cHL
with much research going into the pathogenic mechanisms underlying
this frequent alteration.123

Mantle cell lymphoma

Mantle cell lymphoma (MCL) is characterized by the presence of an
IG/CCND1 translocation (Table 3). SOX11 expression has diagnostic
utility in cyclin D12 MCL.124 Furthermore, IG/CCND2 but not
CCND3 translocations are detected in half of cyclin D12 MCL.125

Interestingly, CCND3 upregulation and mutation has been recently
described in splenic diffuse red-pulp small B-cell lymphoma and BL

Table 4. Genetic alterations of diagnostic use and/or therapeutic or prognostic value in routine clinical practice in select NK- and
T-cell neoplasms

Disease
subtype Genes* Frequency, % Normal function

Technology used to
detect

Prognostic
marker†

Genotype-directed
therapies

ALCL ALK rearrangement 100% of ALK1 ALCL Kinase FISH Favorable ALK inhibitors

DUSP22/IRF4

rearrangement

30% of ALK2 ALCL Phosphatase FISH Favorable

TP63 rearrangement 8% of ALK2 ALCL Tumor suppressor FISH Adverse

STAT3 38% of ALK2 ALCL JAK-STAT signaling

intermediate

Sequencing JAK/STAT inhibitors

AITL/PTCL RHOA 67/18 GTPase Sequencing

IDH2 ;13/0 a-KG hydroxylase in TCA

cycle

Sequencing Trials of mutant IDH2

inhibitors

TET2 ;70/30 DNA hydroxymethylation Sequencing Trials of

hypomethylating

agents

DNMT3A ;23/12 DNA methyltransferase Sequencing

Other T/NK

lymphoma

STAT3 Up to 70% in LGL, 10% in

gd-TCL

JAK-STAT signaling

intermediate

Sequencing JAK/STAT inhibitors

STAT5B Up to 35% in gd-TCL JAK-STAT signaling

intermediate

Sequencing Adverse in LGL JAK/STAT inhibitors

SETD2 Up to 90% in MEITL and

25% in gd-TCL

H3K36

trimethyltransferase

Sequencing

PLCg 15% in PTCL NOS Component of TCR

pathway

Sequencing PLCg inhibitors

AITCL/PTCL, angioimmunoblastic T-cell lymphoma/peripheral T-cell lymphoma; ALCL, anaplastic large-cell lymphoma; TCL: T-cell lymphoma; LGL, large granular

lymphocytic leukemia; MEITL, monomorphic epitheliotropic intestinal T-cell lymphoma; PLC, phospholipase C.

*Mutations in gene names in bold are of diagnostic value.

†Those genes left blank do not have clear prognostic relevance currently.
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but not MCL.115,116,126 Genomic studies in MCL have revealed
additional driver mutations in genes including ATM, TP53,CCND1,
and UBR5.127 NOTCH1 and NOTCH2 mutations, although less
frequent inMCL, are associated with poor prognosis and are potential
therapeutic targets.127,128

Hairy cell leukemia

The discovery ofBRAFV600Emutations provided amolecular basis to
distinguish classic hairy cell leukemia (cHCL) fromhairy cell leukemia
(HCL) variant and HCL expressing IGHV4-34,129,130 forms of HCL
which are histologically similar but known to have a more aggressive
clinical course and are less likely to respond to purine analog therapy
comparedwith cHCL.Mutations inMAP2K1, encoding the kinase just
downstreamofBRAF,were identified inHCLvariant,131 and IGHV4-341

HCL.131 Interestingly, mutations in BRAFV600E and MAP2K1 appear
to sensitize HCL to RAF132,133 and MEK134,135 inhibitors, respec-
tively. On the other hand, the clinical significance of somaticmutations
in CDKN1B, identified in up to 16% of HCL cases with coexisting
BRAFV600Emutations, remainsuncertain.136Ofnote,besidesmolecular
testing, BRAFV600E can be reliably detected at the protein level
by immunohistochemical stainusingamutantprotein-specificantibody.137

Plasma cell myeloma or multiple myeloma

Plasma cell myeloma (PCM) or MM has well-defined precursor states
termed monoclonal gammopathy of undetermined significance and
smoldering MM, which provide a unique model to understand the
sequence of genomic aberrations that begins with germ line events that
predispose to the disease, followed by primary events, before the
secondary acquisition of genomic aberrations that ultimately lead to
disease progression and resistance to treatment (reviewed recently by
Robiou du Pont et al138 andManier et al139). Genome-wide association
studies have revealed genetic loci associated with increased risk of
developingMMand specific diseasephenotypes.140-142 Primary events
are usually divided into hyperdiploid (HD) and non-HD subtypes. HD
is characterized by gains of chromosomes 3, 5, 7, 9, 11, 15, 19, and/or
21 and is often associated with longer survival. Non-HD harbors
translocations involving immunoglobulin heavy chains (IGH), mainly
t(4;14), t(6;14), t(11;14), t(14;16), and t(14;20), and recurrent un-
balanced changes including 1q gains and losses at 1p, 6q, 8p, 13q, 14q,
16q, and 17p. Abnormalities such as t(4;14), t(14;16), del(17p),
del (1p32), and 1q gains are considered high risk. Secondary events
include copy-number variations, translocations involving MYC, and
somaticmutationsoften affectingMAPK(KRAS,NRAS,BRAF),NF-kB
(TRAF3, CYLD, LTB), and DNA repair pathways (TP53, ATM, ATR).
Mutations involving the MAPK pathway and NF-kB pathway are
detected in;40% and;20% of MM patients, respectively.143-146 The
clinical significance of MAPK and NF-kB pathway mutations is
uncertain but they do not appear to impact progression-free or
overall survival. In contrast, mutations affecting DNA repair
pathways are associated with an unfavorable outcome. Whole-
exome sequencing studies have identified clonal heterogeneity as a
consistent feature of MM, where patients often harbor $ 5 to
6 subclones at diagnosis. Patients may even harbor $2 mutations
in genes involved in the same pathway (eg, KRAS, NRAS, or BRAF
mutations), likely due to these mutations residing in different
subclones.139,144,145

Mature T/NK neoplasms

The role of genetic alterations/mutations has long been appreciated in
the diagnosis and classification of T-/NK-cell neoplasms. In fact,

translocations activating anaplastic lymphoma kinase (ALK) were
among the first chromosomal rearrangements identified in lymphoma
and, depending on the presence of ALK translocations, the T-cell
lymphomaknown as anaplastic large-cell lymphoma (ALCL) is further
subclassified into ALK1 and ALK2 subgroups147 (Table 4). GEP
studies have shown that ALK2 ALCL has a signature similar to that
of ALK1 ALCL but well separated from other NK-/T-cell
lymphomas.148,149 ALK2 ALCL often harbors convergent mutations
and kinase fusions that lead to constitutive activation of the JAK/
STAT3 pathway, which is also critical for the pathogenesis
of ALK1 ALCL.150 Pharmacologic inhibition of JAK/STAT3
represents a promising strategy for the treatment of molecularly
stratified ALCL. Recent studies also demonstrated that rearrange-
ments involving DUSP22/IRF4 on chromosome 6p25 identify a
unique subset of ALK2 ALCL that tends to be morphologically
monomorphic, usually lacking cytotoxic granules, and marked by
good prognosis, whereas a mutually exclusive subset of patients with
TP63 rearrangements has an exceptionally aggressive course.151

Recurrent genetic abnormalities have been recently reported in
angioimmunoblastic T-cell lymphoma (AITL) and less frequently in
peripheral T-cell lymphoma (PTCL) NOS including TET2, IDH2,
DNMT3A,RHOA, andCD28mutations, aswell as gene fusions such as
ITK-SYK and CTLA4-CD28 (reviewed recently by Wang et al152 and
Iqbal et al153). Interestingly, TET2 and IDH1/2 mutations are es-
tablished as being mutually exclusive in myeloid malignancies due to
the partially convergent biochemical effects of these alterations.154 At
the same time, TET2 and IDH1/2 mutations frequently coexist within
AITL,155,156 often even in the same cells. The presence of mutations in
genes enriched in myeloid neoplasm in AITL also raises the question of
the cell of origin of these T-cell lymphomas.Most recently, 2 subtypes of
PTCLNOS,characterizedbyhighexpressionofeitherGATA3orTBX21,
were identified as having prognostic and biologic significance.157

Frequent STAT3 and STAT5B mutations have been identified in
various mature NK- and T-cell neoplasms. Somatic-activating STAT3
mutations are identified in up to 70% of large granular lymphocyte
leukemia (LGL).158 The related STAT5B is mutated far less in LGL,
but more commonly in T-cell prolymphocytic leukemia159 and
enteropathy-associated T-cell lymphoma, type II (renamed as mono-
morphic epitheliotropic intestinal T-cell lymphoma [MEITL] in the
2016WHO revision).160-162 Both STAT3 and STAT5B are alsomutated
in gd-hepatosplenic/cutaneous T-cell lymphoma and nasal-type NK-/
T-cell lymphoma160,163,164 (Table 4). SETD2 mutations were recently
identified in up to 90% ofMEITL and 25% of gd-hepatosplenic T-cell
lymphoma.162,165 In addition to mutations affecting the JAK-STAT
pathway and epigenetic modifiers, recurrent mutations targeting the
T-cell receptor signaling pathway are also frequently observed inmany
types of T-cell lymphomas including adult T-cell leukemia/lymphoma,
PTCL, and cutaneous T-cell lymphomas (mycosis fungoides and
Sézary syndrome).166-169

Histiocytic neoplasms

Advances in the genomic analyses of clinically and histologically
diverse histiocytic neoplasms over the last 10 years has greatly
informed our understanding and treatment of thesedisorders. Recurrent
mutations activating MAPK signaling are present in the majority of
patients with Langerhans cell histiocytosis (LCH) and Erdheim-
Chester disease (ECD; newly added as a distinct entity in the 2016
WHO revision114) with ;50% of patients having a BRAFV600E
mutation170 while BRAFV600 wild-type patients harbor mutually
exclusive MAP2K1, ARAF, NRAS, or KRAS mutations (reviewed
recently by Durham et al171). Rare in-frame activating deletions in
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BRAF172 as well activating BRAF, ALK, andNTRK1 fusions have also
been identified in BRAFV600 wild-type cases.134 Detection of these
mutations has led to clinical use of BRAF as well as MEK inhibitors
in patients affected by these conditions with remarkable success. In
contrast to LCH and ECD, recent work has also identified fusions of
ETV3-NCOA2 in nearly all cases with indeterminate cell histiocytosis
identifying a unique genetic hallmark for this histologic entity.173

Discussion

Genetic characterization of a wide array of hematologic malignancies
has helped to define genetic biomarkers delineating specific entities of
myeloid and lymphoid neoplasms. Many of these alterations are now
incorporated into WHO-defined criteria for diagnostic evaluation as
reviewed here. At the same time, there are numerous examples of
genetic alterations that are not routinely evaluated in standard clinical
practice but may define specific disease entities due to their association
with disease prognosis and/or emerging importance in therapeutic use.
Given the growing number of these alterations, small sequencing
panels that focus on a limited number of genes may not be sufficient,
especially in the lymphoid malignancies. Moreover, increased dis-
covery of clinically important mutations and structural variations not
detectable by cytogenetics, FISH, or small gene panels (such as copy-
number changes, amplifications, deletions, andgene fusions) begets the
need for means to comprehensively evaluate molecular alterations of a
variety of types in clinical practice. To this end, a number of targeted
DNA-sequencing174-177 and combined DNA/RNA-sequencing178,179

panels evaluating recurrently altered genes across hematopoietic
malignancies have been described, some of which are commercially
available (reviewed recentlybyKuoandDong,180Meldrumet al,181 and
Kanagal-Shamanna et al182) and allow use of formalin-fixed paraffin-
embedded specimens. Further improvements in next-generation
sequencing technologies (reviewed by Sheikine et al183) are expected
to allow evaluation of mutations across the entire coding regions of
hundreds to thousands of genes while also providing information on
copy-number status and gene fusions in a clinically relevant timeframe.

Given the large number of patients required to evaluate the effects
of most genetic alterations on clinical outcome,184 it is very likely that
the results of ongoing retrospective and prospective studies of cohorts
of leukemia and lymphoma patients will be required to modify
how genetic analyses are incorporated into clinical practice beyond
diagnostic purposes in the future. In addition to improving clinical
detection of known genetic alterations for diagnostic, prognostic, and
therapeutic purposes, further efforts to systematically sequence known

recurrently mutated genes and characterize exomes, genomes, and
transcriptomes in an unbiased fashion are very likely to produce further
examples of disease-defining alterations in hematologic malignancies.
There are now emerging examples of recurrent mutations in the non-
coding genome resulting in the ectopic expression and activation
of oncogenes as well as inactivation of tumor suppressors. Although
these currently have only been defined in T-ALL34-36 and CLL,71 it is
possible that such recurrent alterations may exist in a wide variety of
hematopoietic malignancies. As technologies and therapies improve,
iterative ongoing research is needed in both common and uncommon
disease entities to fully define the pathogenic and prognostic alterations
important in hematologic malignancies.
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92. Jiménez C, Sebastián E, Chillón MC, et al.
MYD88 L265P is a marker highly characteristic
of, but not restricted to, Waldenström’s
macroglobulinemia. Leukemia. 2013;27(8):
1722-1728.

93. Treon SP, Xu L, Hunter Z. MYD88 mutations
and response to ibrutinib in Waldenström’s
macroglobulinemia. N Engl J Med. 2015;373(6):
584-586.

94. Alizadeh AA, Eisen MB, Davis RE, et al. Distinct
types of diffuse large B-cell lymphoma identified
by gene expression profiling. Nature. 2000;
403(6769):503-511.

95. Rosenwald A, Wright G, Chan WC, et al;
Lymphoma/Leukemia Molecular Profiling
Project. The use of molecular profiling to predict
survival after chemotherapy for diffuse large-
B-cell lymphoma. N Engl J Med. 2002;346(25):
1937-1947.

96. Wilson WH, Young RM, Schmitz R, et al.
Targeting B cell receptor signaling with ibrutinib
in diffuse large B cell lymphoma. Nat Med. 2015;
21(8):922-926.

97. Pasqualucci L, Trifonov V, Fabbri G, et al.
Analysis of the coding genome of diffuse large
B-cell lymphoma. Nat Genet. 2011;43(9):
830-837.

98. Pasqualucci L, Dalla-Favera R. The genetic
landscape of diffuse large B-cell lymphoma.
Semin Hematol. 2015;52(2):67-76.

99. Intlekofer AM, Younes A. Precision therapy for
lymphoma–current state and future directions.
Nat Rev Clin Oncol. 2014;11(10):585-596.

100. Ott G, Rosenwald A, Campo E. Understanding
MYC-driven aggressive B-cell lymphomas:
pathogenesis and classification. Blood. 2013;
122(24):3884-3891.

101. Campo E. MYC in DLBCL: partners matter.
Blood. 2015;126(22):2439-2440.

102. Savage KJ, Johnson NA, Ben-Neriah S, et al.
MYC gene rearrangements are associated
with a poor prognosis in diffuse large B-cell
lymphoma patients treated with R-CHOP
chemotherapy. Blood. 2009;114(17):3533-3537.

103. Barrans S, Crouch S, Smith A, et al.
Rearrangement of MYC is associated with poor
prognosis in patients with diffuse large B-cell
lymphoma treated in the era of rituximab. J Clin
Oncol. 2010;28(20):3360-3365.

104. Pedersen MO, Gang AO, Poulsen TS, et al.
MYC translocation partner gene determines
survival of patients with large B-cell lymphoma
with MYC- or double-hit MYC/BCL2
translocations. Eur J Haematol. 2014;92(1):
42-48.

105. Swerdlow SH. Diagnosis of ‘double hit’ diffuse
large B-cell lymphoma and B-cell lymphoma,
unclassifiable, with features intermediate
between DLBCL and Burkitt lymphoma: when
and how, FISH versus IHC. Hematology Am Soc
Hematol Educ Program. 2014;2014:90-99.

106. Copie-Bergman C, Cuillière-Dartigues P, Baia
M, et al. MYC-IG rearrangements are negative
predictors of survival in DLBCL patients treated
with immunochemotherapy: a GELA/LYSA
study. Blood. 2015;126(22):2466-2474.

107. Salaverria I, Siebert R. The gray zone between
Burkitt’s lymphoma and diffuse large B-cell
lymphoma from a genetics perspective. J Clin
Oncol. 2011;29(14):1835-1843.

108. Johnson NA, Savage KJ, Ludkovski O, et al.
Lymphomas with concurrent BCL2 and MYC
translocations: the critical factors associated with
survival. Blood. 2009;114(11):2273-2279.

109. Snuderl M, Kolman OK, Chen YB, et al. B-cell
lymphomas with concurrent IGH-BCL2 and MYC
rearrangements are aggressive neoplasms with
clinical and pathologic features distinct from
Burkitt lymphoma and diffuse large B-cell
lymphoma. Am J Surg Pathol. 2010;34(3):
327-340.

110. Li S, Seegmiller AC, Lin P, et al. B-cell
lymphomas with concurrent MYC and BCL2
abnormalities other than translocations behave
similarly to MYC/BCL2 double-hit lymphomas.
Mod Pathol. 2015;28(2):208-217.

111. Lu TX, Fan L, Wang L, et al. MYC or BCL2
copy number aberration is a strong predictor
of outcome in patients with diffuse large
B-cell lymphoma. Oncotarget. 2015;6(21):
18374-18388.

BLOOD, 27 JULY 2017 x VOLUME 130, NUMBER 4 GENETIC CLASSIFICATION OF HEMATOLOGIC MALIGNANCY 421

D
ow

nloaded from
 https://ashpublications.org/blood/article-pdf/130/4/410/1404936/blood734541.pdf by guest on 03 M

arch 2020



112. Johnson NA, Slack GW, Savage KJ, et al.
Concurrent expression of MYC and BCL2 in
diffuse large B-cell lymphoma treated with
rituximab plus cyclophosphamide, doxorubicin,
vincristine, and prednisone. J Clin Oncol. 2012;
30(28):3452-3459.

113. Hu S, Xu-Monette ZY, Tzankov A, et al. MYC/
BCL2 protein coexpression contributes to the
inferior survival of activated B-cell subtype of
diffuse large B-cell lymphoma and demonstrates
high-risk gene expression signatures: a report
from The International DLBCL Rituximab-CHOP
Consortium Program. Blood. 2013;121(20):
4021-4031, quiz 4250.

114. Swerdlow SH, Campo E, Pileri SA, et al. The
2016 revision of the World Health Organization
classification of lymphoid neoplasms. Blood.
2016;127(20):2375-2390.

115. Love C, Sun Z, Jima D, et al. The genetic
landscape of mutations in Burkitt lymphoma.
Nat Genet. 2012;44(12):1321-1325.

116. Richter J, Schlesner M, Hoffmann S, et al; ICGC
MMML-Seq Project. Recurrent mutation of the
ID3 gene in Burkitt lymphoma identified by
integrated genome, exome and transcriptome
sequencing. Nat Genet. 2012;44(12):1316-1320.

117. Salaverria I, Martin-Guerrero I, Wagener R, et al;
Molecular Mechanisms in Malignant Lymphoma
Network Project; Berlin-Frankfurt-Münster Non-
Hodgkin Lymphoma Group. A recurrent 11q
aberration pattern characterizes a subset of
MYC-negative high-grade B-cell lymphomas
resembling Burkitt lymphoma. Blood. 2014;
123(8):1187-1198.

118. Gunawardana J, Chan FC, Telenius A, et al.
Recurrent somatic mutations of PTPN1 in
primary mediastinal B cell lymphoma and
Hodgkin lymphoma. Nat Genet. 2014;46(4):
329-335.

119. Roemer MG, Advani RH, Ligon AH, et al. PD-L1
and PD-L2 genetic alterations define classical
hodgkin lymphoma and predict outcome. J Clin
Oncol. 2016;34(23):2690-2697.

120. Reichel J, Chadburn A, Rubinstein PG, et al.
Flow sorting and exome sequencing reveal the
oncogenome of primary Hodgkin and Reed-
Sternberg cells. Blood. 2015;125(7):1061-1072.

121. Ansell SM, Lesokhin AM, Borrello I, et al. PD-1
blockade with nivolumab in relapsed or
refractory Hodgkin’s lymphoma. N Engl J Med.
2015;372(4):311-319.

122. Mottok A, Woolcock B, Chan FC, et al. Genomic
alterations in CIITA are frequent in primary
mediastinal large B cell lymphoma and are
associated with diminished MHC class II
expression. Cell Reports. 2015;13(7):
1418-1431.

123. Jardin F, Pujals A, Pelletier L, et al. Recurrent
mutations of the exportin 1 gene (XPO1) and
their impact on selective inhibitor of nuclear
export compounds sensitivity in primary
mediastinal B-cell lymphoma. Am J Hematol.
2016;91(9):923-930.

124. Mozos A, Royo C, Hartmann E, et al. SOX11
expression is highly specific for mantle cell
lymphoma and identifies the cyclin D1-negative
subtype. Haematologica. 2009;94(11):
1555-1562.

125. Salaverria I, Royo C, Carvajal-Cuenca A, et al.
CCND2 rearrangements are the most frequent
genetic events in cyclin D1(-) mantle cell
lymphoma. Blood. 2013;121(8):1394-1402.

126. Curiel-Olmo S, Mondéjar R, Almaraz C, et al.
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