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Abstract

The number of molecular abnormalities identified in hemat-
opoietic and lymphocytic neoplasms has grown exponentially
over the past decades. Patients with genetic biomarker-
matched targeted therapies have experienced significantly
improved survival rates. Modern molecular laboratories,
equipped with advanced technologies such as next-genera-
tion sequencing, can simultaneously test hundreds of genes
and thousands of hotspots in a single run with multiple
samples analyzed side by side. Bioinformatics tools provide
seamless, evidence-based information to determine whether
the detected mutations are benign or pathogenic, somatic
or germline, druggable or diagnostic. This review is divided
into five sections, each aiming to provide a comprehensive
overview of the genetic landscape of myeloid and lympho-
cytic neoplasms. It highlights the challenges and proposes
potential solutions to facilitate interpretation and maximize
the clinical utility of molecular profiling results.

Citation of this article: Zhao W. Applications of Molec-
ular Genetic Testing in Hematopoietic and Lymphocytic
Neoplasms. J Clin Transl| Pathol 2024;4(4):153-162. doi:
10.14218/3CTP.2024.00042.

Introduction

Hematopoietic neoplasms (HLNs) encompass tumors that
occur in two distinct but closely related systems: the he-
matopoietic and lymphocytic systems, with clinical out-
comes ranging from pre-cancerous conditions to fatal con-
sequences. The incidence of HLNs has remained relatively
stable (or unchanged) over the past 20 years, at approxi-
mately 10.5%. Numerous studies have been conducted to
classify HLNs based on morphology, lineage identification,
and karyotypes/fluorescence in situ hybridization (FISH).
For example, detecting the Philadelphia chromosome or the
BCR::ABL1 fusion gene in chronic myeloid leukemia (CML),
or the PML::RARA in acute promyelocytic leukemia (APL),
has significant implications for diagnosis, prognosis, targeted
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therapy, and post-therapeutic monitoring, which have col-
lectively improved survival rates for these leukemia patients.
However, approximately 50% of acute myeloid leukemia
(AML) cases do not exhibit detectable chromosomal abnor-
malities. The overall mortality rates for AML and high-grade
lymphoma have shown little change over the past 20 years,
despite efforts to standardize chemotherapeutic regimens.
Recent technological advances in multiplex genotyping and
high-throughput genomic profiling via next-generation se-
quencing (NGS) technologies offer the possibility of rapidly
and comprehensively interrogating the genomes of leukemia
and lymphoma patients. These techniques can be applied to
small tumor biopsies, samples with minimal residual diseases,
and even composite malignancies. Multiplexed NGS, which
often involve massively parallel sequencing and advanced
bioinformatics, enable clinicians, including pathologists, he-
matologists, and oncologists, to better classify neoplasms
based on their genetic abnormalities in both the precancer-
ous and cancerous stages. These advancements help estab-
lish evidence-based practice guidelines, monitor patients at
molecular levels, select precise therapies targeting specific
genes and pathways, and ultimately improve patient survival
outcomes. The purpose of this study was to review the history
of molecular marker development and discuss the rationale
for selecting appropriate assays in hematopathology.

Chronic myeloid leukemia

CML was first described in 1845 by two pathologists, John
H. Bennett and Rudolph Virchow.! It was characterized by
leukocytosis, or increased white blood cell (WBC) counts
(medium counts = 100,000/mL), in the peripheral blood,
consisting predominantly of left-shifted neutrophils or imma-
ture myelocytes and metamyelocytes, without an increase in
blasts (<2%) or dysplasia (Fig. 1a). There was a lag before
the discovery of an abnormal minute chromosome 22 and
an elongated chromosome 9 in CML by Nowell and Hunger-
ford at the Fox Chase Cancer Center in Philadelphia.? This
minute or truncated chromosome 22 was called the Philadel-
phia chromosome (Ph1).3# The Ph1l comprises a functional
in-frame fusion gene, BCR::ABL1 (Fig. 1b). The BCR::ABL1
gene produces proteins with constitutive tyrosine kinase ac-
tivity, promoting proliferation, suppressing differentiation,
and inhibiting apoptosis via JAK2/STAT, PI3K, and RAS/RAF
signaling pathways, thereby inducing CML.> In the 1990s, a
clinical trial was conducted on CML patients using a tyrosine
kinase inhibitor, STI-751, now known as imatinib, led by Dr.
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Fig. 1. Chronic myeloid leukemia, Chronic phase and Philadelphia chromosome (BCR::ABL1 fusion gene). (a) Peripheral blood smear in a patient with the
chronic phase of chronic myeloid leukemia (CML) before treatment; (b) Detection of BCR::ABL1 fusion gene, p210 by RNA sequencing; (c) Peripheral blood in a three-

month post-treatment patient with imatinib.

Druker.6 The clinical trial was successful, showing prominent
antileukemic effects with minimal side effects.” On May 10,
2001, the United States Food and Drug Administration (FDA)
approved its use for CML patients. Imatinib is taken orally
and is so effective that WBC counts often return to the nor-
mal range within one to three months of treatment (Fig. 1c).
Three types of clinical laboratory tests are applied to moni-
tor therapeutic effects: Microscopy to examine WBC counts,
cytogenetics/FISH to detect Ph1, and polymerase chain re-

action (PCR) to determine the presence of the BCR::ABL1
fusion gene in patients’ peripheral blood (Table 1).> WBC
counts typically return to normal in one to three months in
patients treated with imatinib, achieving a hematological re-
sponse. A complete cytogenetic response is reached within
three to twelve months when Ph1l is undetectable. In some
patients, a partial cytogenetic response may occur if Phl is
still present in <65% of WBCs examined. The most sensi-
tive test is quantitative real-time PCR, which detects the
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Table 1. Three different clinical laboratory approaches to monitoring imatinib effects on CML

Responses Duration (months) Expected responses Clinic lab (methods)
Hematology (HR) 3-6 WBC 4-10K Hematology (microscopy)
Cytogenetics (CyR) 3-12 Ph1 <65%-0% Cytogenetics (karyotype/FISH)
Molecular (MR) 12-18 BCR::ABL1 <0.1%-<0.01% Molecular lab (qRT-PCR)

*Major molecular response (MR) is defined as a 3-log reduction (<0.1% of BCR::ABL1 fusion) after 12 months of treatment with imatinib and is widely used as a com-
plete response for imatinib treatment. A deep MR might indicate <0.01% (4-log reduction) or <0.0030% (5.7-log reduction), often indicating negative or below the
limit of detection. CML, chronic myeloid leukemia; FISH, fluorescence in situ hybridization; Ph1, Philadelphia chromosome; qRT-PCR, quantitative real-time polymerase

chain reaction; WBC, white blood cell.

Table 2. Hematopoietic neoplasms targetable to imatinib

Neoplasms Target molecular genes Diagnostic approaches Monitoring
ALL P190 BCR::ABL1 Cy/FISH gRT-PCR
MDS/MPN PDGFR Cy/FISH gRT-PCR
MPN-EQOS PDGFRA, PDGFRB Cy/FISH qRT-PCR
SMC KIT D618V ddPCR ddPCR

ALL, acute lymphoblastic leukemia; MDS, myelodysplastic syndrome; MPN, myeloproliferative neoplasms; EOS, eosinophilia; SMC, systemic mastocytosis; Cy, cytoge-
netics; FISH, fluorescence in situ hybridization; ddPCR, droplet digital polymerase chain reaction; gRT-PCR, quantitative real-time polymerase chain reaction.

copy numbers of BCR::ABL1. A major molecular response
is defined as <0.1% copy numbers within 12-18 months of
treatment. A deep molecular response or MR4 is defined as
<0.01%, and MR4.5 < 0.0032%.8:°

Imatinib works by inhibiting the activation of the
BCR::ABL1 protein but does not eliminate leukemic stem
cells. Therefore, after prolonged utilization, leukemic cells
may evade imatinib through various mechanisms. The most
common mechanism is mutations occurring in the imatinib-
binding sites of the BCR::ABL1 fusion gene. When such mu-
tations occur, patients’ WBC counts may rebound to abnor-
mally high levels, often exceeding 10 million. In 2006, Zhao
and Jones proposed using kinase gene mutation profiling to
monitor CML patients treated with imatinib.1% This approach
is also applicable to second-generation tyrosine kinase inhibi-
tors and Ph1+ acute lymphoblastic leukemia.11/12

Imatinib is a pioneering targeted therapeutic drug for can-
cer patients. It is not only effective against Ph1+ CML but
also useful in other myeloid/lymphoid neoplasms with fusion
or mutated genes sensitive to this drug (Table 2). The table
lists recommended approaches for selecting molecular as-
says to facilitate effective diagnosis and monitoring respons-
es to imatinib treatment.

Molecular applications in the management of
BCR::ABL1 negative myeloid neoplasms

The development of modern molecular technologies, such
as NGS, allows us to identify and characterize mutations in

Table 3. Common somatic variants in genes altering hematopoiesis

genes that alter hematopoietic maturation and development
(Table 3, adapted from the new WHO 5th edition of Hema-
tologic/lymphocytic neoplasm, WHO-HAEMS5, 2022).13 The
application of NGS in myeloid neoplasms not only aids clini-
cians in making accurate diagnoses, applying risk stratifica-
tion, and selecting treatments based on the specific genetic
mutations present in individual patients but also improves
our understanding of these disorders. This section discusses
the applications of characterized gene mutations or genetic
abnormalities in myeloproliferative neoplasms (MPNs) that
are Phl-negative or lack the BCR::ABL1 fusion gene.

Chronic neutrophilic leukemia (CNL) and chronic
eosinophilic leukemia (CEL)

Chronic neutrophilic leukemia is defined as sustained, mature
peripheral blood neutrophilia without monocytosis, eosino-
philia, or basophilia. Morphologically, it may be indistinguish-
able from CML, but it is Ph1-negative or lacks the BCR::ABL1
fusion gene. In CNL, the presence of the CSF3R T618I muta-
tion is considered a clonal driver.'* Mutations in ASXL1, TET2,
DNMT3A, SRSF2, U2AF1, U2AF2, SF3B1, ZRSR2, SETBP1,
and EZH2 may also be present in CNL.13

CEL is diagnosed when patients exhibit significant eo-
sinophilia (=1.5 x 10%/L), composed of mature eosinophils
and occasional immature eosinophilic precursors, and when
other molecularly defined myeloid neoplasms with high eo-
sinophilic counts are excluded. Cytogenetic and molecu-
lar studies should be performed to exclude CML, AML with

Gene functions Genes

Signal transactivating

CBL, JAK2, KRAS, NRAS, NF1, PTPN11, RRAS, FLT3, PDGFRA,

PDGFRB, ALK, CSF3R, JAK1, JAK3, STAT3, STAT5B

Epigenetic regulators
Transcription factors
RNA splicing machinery
Tumor suppressors TP53, WT1, PPM1D

Enzymes ETNK1, UBA1

ASXL1, IDH1, IDH2, DNMT3A, TRRAP, SETBP1, EZH2, BCOR, KMT2D, ARID1A, EP300, STAG2
CUX1, GATA2, RUNX1, ETV6, CEBPA, NRF2
SRSF2, U2AF1, U2AF2, SF3B1, ZRSR2
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Table 4. Myeloid/lymphoid neoplasms associated with eosinophilia and tyrosine kinase gene fusions

Diseases and

driver genes Clin pathology features Patterners Predictive Treatment
PDGFRA (4q) Eosinophilia FIP1L1 and 66 Favorable Respond to TKI
other partners (T674I resist.
mutation)
TSerum tryptase, TVitamin B12
TMarrow mast cells
PDGFRB (5q) Eosinophilia ETV6 Favorable Unfavorable (2y)
variable but respond to TKI
Monocytosis mimicking CMML, Excl:
BAL-B-ALL with ETV6-PDGFRB
FGFR1 (8p) Eosinophilia ZMYM2 Unfavorable Poor prognosis; do
(ZNF198)/13912.11,CNTRL not respond to TKI
CEP43 and 14+
Often presents with T-ALL or AML
PCM1::JAK2 Eosinophilia PCM1 Variable May respond to
(8p,9p) JAK?2 inhibitors
Rarely presents with T-ALL or B-ALL
BM left-shifted erythroid predominance,
lymphoid aggregates and fibrosis
FLT3 (13q12) Leukocytosis, anemia, and ETV6/12p131, Unfavorable May respond to
thrombocytopenia, and eosinophilia. ZMYM2/13q12 FLT3 inhibitors
ETV6 9q34 Leukocytosis, anemia, thrombocytosis ETV6::ABL1 t(9;12) Unfavorable May response to
or thrombocytopenia, and basophilia (q34;p13) ABL1 inhibitors

AML, acute myeloid leukemia; BAL-B-ALL, BCR::ABL1-like B-cell acute lymphoblastic leukemia; BM, bone marrow; CMML, chronic myelomonocytic leukemia; T-ALL,

T-cell acute lymphoblastic leukemia; TKL, tyrosine kinase inhibitors.

CBFB::MYH11, and myeloid/lymphoid neoplasms with eosin-
ophilia and tyrosine kinase gene fusions. Secondary eosino-
philia may also be seen in T-cell lymphoma, classic Hodgkin
lymphoma, and acute lymphoblastic leukemia with IGH::IL3.
Careful morphological examination and patient history are
important to avoid misdiagnosis. Genetic drivers for CEL may
overlap with other myeloid neoplasms, such as KIT p.D816V
or JAK2 variants, which may be seen in systemic mastocy-
tosis or classical MPNs, respectively. A prompt diagnostic
workup should be performed to rule out these diseases.

Classical MPNs

There are three classical Ph1-negative MPNs: polycythemia
vera, essential thrombocythemia, and primary myelofibro-
sis. These conditions represent the uncontrolled prolifera-
tion of erythroid cells, megakaryocytes, and stromal fibro-
blasts due to constitutive activation of JAK/STAT signaling
pathways driven by mutations in JAK2, MPL, or CALR genes.
Occasionally, MPNs lacking these mutations may be referred
to as “triple-negative MPN” based on a single-gene test.
However, other genes functioning as epigenetic regulators
or in RNA splicing machinery, such as ASXL1, TET2, SRSF2,
and U2AF1, may serve as oncogenic drivers in triple-neg-
ative MPN (Table 3). Therefore, the application of NGS to
detect these gene mutations can help prevent misdiagnosis.
Mutations may evolve after diagnosis or during treatment.
For example, a recent investigation found that evolved
NFE2 gene mutations in MPNs might serve as a predictive
marker for poor prognosis or indicate a potential for blastic
transformation in these chronic neoplasms.> Thus, dynam-
ic molecular monitoring may be helpful in predicting disease
progression in MPNs.

156
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Genetic abnormalities in Myeloid/lymphoid neo-
plasms associated with eosinophilia and tyrosine
kinase fusion genes

A new category in myeloid neoplasms in the current WHO-
HAEMS5 is called Myeloid/lymphoid neoplasms associated
with eosinophilia and tyrosine kinase fusion genes. These ne-
oplasms clinically resemble myeloproliferative neoplasms but
with increased eosinophils and rearranged tyrosine kinase
genes (Table 4). Figure 2a shows a case diagnosed by the
author as MPN-EOS-PDGFRB, which demonstrates numerous
eosinophils and precursors in a bone marrow aspirate, along
with necrotic leukemic eosinophils and Charcot-Leyden crys-
tals in the necrosis (insert, Fig. 2a). Accurate and prompt
diagnostics are crucial, as neoplasms with rearranged PDG-
FRA and PDGFRB are sensitive to imatinib or other tyrosine
kinase inhibitors, resulting in favorable outcomes. Diagnostic
caveats may arise in cases where eosinophilia is absent at
the initial diagnosis, during the initial presentation of lym-
phoblastic leukemia or lymphoma, or in the blastic transfor-
mation (or blast phase) of lymphoblastic leukemia or lym-
phoma. A panel of FISH probes covering these genes is often
used in most cancer center cytogenetics/FISH or molecular
laboratories (Table 4).

Genetic abnormalities in myelodysplastic syndrome
(MDS) and MDS/MPN: Approaches to detection and
follow-up

Myelodysplastic neoplasm, also known as MDS, comprises
a group of myeloid neoplasms arising from abnormal he-
matopoietic stem cells and is clinically defined by cytope-
nia, morphological dysplasia, and progression to AML. In

153-162
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Fig. 2. Myeloid neoplasms. (a) MPN-EOS-PDGFRB, BMA Wright-Giemsa, 100x (insert: Charcot-Leyden crystals in H&E BM biopsy, 40x); (b) MDS-LB-5q, BM biopsy
H&E, 100x (left insert: ring-sideroblasts; right insert: del(5q) by FISH, 100x); (c) APL, BMA Wright-Giemsa 50x (upper right insert: Fagot cells; bottom right insert:
Detection of PML::RARA by FISH, 100x); (d) AML with NPM1 mutation, BMA 50x, NGS concurrently detected FLT3-ITD, DNMT3A, and IDH2 mutations in this case. AML,
acute myeloid leukemia; APL, acute promyelocytic leukemia; BM, bone marrow; BMA, bone marrow aspirate; EOS, eosinophilia; FISH, fluorescence in situ hybridization;
H&E, hematoxylin and eosin; MPN, myeloproliferative neoplasm; NGS, next generation sequencing; PDGFRB, platelet derived growth factor receptor B.

the latest WHO-HAEM5, MDS entities are classified based
on defined genetic abnormalities and morphological charac-
teristics. MDS/MPN refers to cases with MDS plus myeloid
proliferation, especially monocytes, which are relatively or
absolutely elevated at the same time.

Genetic variants in MDS

In MDS, key chromosomal abnormalities include 5g-, 7g-,
8+, 17p-, 20g-, 11g-, and 12p-, which are well-known and
defined. Most clinical laboratories have FISH panels to detect
these chromosomal abnormalities when requested.

The mutated genes associated with MDS are listed in Table
3 and are clustered based on their effects on RNA splicing,
epigenetic regulation, and tumor suppression. WHO-HAEM5
divides MDS into separate groups based on morphology, ge-
netic abnormalities, or a combination of both.!3 Figure 2b
shows a clinical case of MDS-LB-5g-. In this bone marrow
biopsy, a hematoxylin and eosin stain (H&E) section showed
atypical small megakaryocytes with non-lobated or hypolo-
bated nuclei. Meanwhile, FISH detected 5q loss (right insert,
Fig. 2b) as well as the presence of an SF3B1 mutation. The
SF3B1 mutation, which clusters in the domains called HEAT
(Huntingtin, EF3, PP2A, and TOR1), is often associated with
ring sideroblasts in erythroid precursors (left insert of Fig.
2b).16 Bi-allelic TP53 mutations are defined as the presence
of two or more TP53 mutations, or one TP53 mutation along
with concurrent TP53 copy loss or copy-neutral loss of het-
erozygosity, such as 17p loss of heterozygosity.!3 Finally,
patients with MDS-low blast and bi-allelic TP53 mutations
(MDS-biTP53) usually have increased blast counts, a higher
risk of leukemic transformation, and a higher risk of death.

Genetic variants in MDS/MPN

In MDS/MPN, we focus on two neoplasms: MDS/MPN with
neutrophilia, previously called atypical CML, and MDS/MPD
with thrombocytosis.

MDS/MPD with neutrophilia is a BCR::ABL1-negative gran-
ulocytic proliferative neoplasm characterized by sustained
leukocytosis (=13 x 109/L), neutrophils with hypogranula-
tions and hyposegmentations, and immature myeloid cells,
which are often seen in peripheral blood. The bone marrow is
often hypercellular with granulocytic predominance and dys-
plasia, with or without megakaryocytic dysplasia. To make
the diagnosis, clonal ETNK1 (N244S, H243Y) or SETBP1 mu-
tations are often detected.'”.18 The absence of mutations in
JAK2, CALR, MPL, and CSF3R is included as part of the dif-
ferential diagnosis.

Clinicopathologically, MDS/MPD with SF3B1 mutation and
thrombocytosis overlaps with MDS, MPN, essential thrombo-
cythemia, and other BCR::ABL1-negative MPNs. Thrombocy-
tosis, defined as a platelet count of =450 x 109/L, is one of
the diagnostic criteria, along with ring sideroblasts (>15%)
and dyserythropoiesis. Notably, SF3B1 mutations are read-
ily detected, along with mutations in JAK2 and many others
commonly seen in MDS.1?

Genetic abnormalities in AML and approaches to de-
tection and follow-up

AML is a rapidly progressive and fatal hematopoietic disease.
In 2024, the estimated number of new cases in the United
States is about 20,800, with estimated deaths of around
11,220.2° Approximately 50% of AML patients have a short
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Table 5. Molecular signatures in acute myeloid leukemia

AML with defined fusions in WHO-HAEM5

AML with other defined fusions in WHO-HAEM5

PML::RARA Favorable prognosis and

therapeutic marker
RUNX1::RUNX1T1 Favorable prognosis

CBFA2T3::GLIS2

KAT6A::CREBBP

RAM immunophenotype - strong CD56
expression and lack of HLA-DR and CD38.

Blasts with monocytic differentiation (CD34-/
CD117), with erythrophagocytosis (70%),
leukemia cutis (58%), and DIC (39%).

CBFB::MYH11 Favorable prognosis, might FUS::ERG The blasts have no specific differentiation
have eosinophilia pattern or immunophenotype
DEK::NUP214 Favorable prognosis. Often MNX1::ETV6 30% in children, no specific differentiation
have FLT3-ITD (50-88%) pattern but approximately 10%
show megakaryoblast or express
T-cell/Myeloid markers
RBM15::MRTFA Variable prognosis. NPM1::MLF1 The blasts have no specific differentiation

Often expression of
megakaryocytic markers

BCR::ABL1"" Unfavorable prognosis.
Additional RUNX1 (40%)
KMT2A Unfavorable but might variable.
Often Monocytic differentiation.
MECOM Unfavorable prognosis. Often
with multilineage dysplasia
NUP98 Unfavorable prognosis,

especially with FLT3 mutations.

pattern or immunophenotype, but
multilineage dysplasia can be seen

Defined mutations in WHO-HAEM5

Other mutations defined but not in-
cluded in WHO-HAEM5

NPM1** Favorable prognosis. Caveats in

MDS with increased blasts

bZIP-CEBPA™
Often with dysplasia

MDS-defined mutations
SRSF2, STAG2, U2AF1, ZRSR2

favorable prognosis and germline.

ASXL1, BCOR, EZH2, RUNX1, SF3B1,

FLT3-ITD & TKD*™  Unfavorable prognosis but
target therapy. Mandatory

in European leukemiaNet

IDH1/2** Prognosis and target therapy

UBAL™ Pending further studies in AML

with or without features of VEXAS

**>20% blasts required for diagnosis of acute myeloid leukemia (AML). MDS, myelodysplastic syndrome; VEXAS, vacuoles, E1 enzyme, X-linked, autoimmune-inflam-
matory, somatic mutations; WHO-HAEMS5, the 5t edition of World health organization classification of hematopoietic and lymphocytic neoplasms.

survival time of less than a year. Therefore, appropriate clini-
cal management is critical to patient outcomes, which have
been shown to correlate with genetic and molecular abnor-
malities.

Cytogenetics and FISH used in AML

In about 50% of AML patients, there are 10 well-characterized
chromosomal changes (Table 5), and three of which are associ-
ated with favorable outcomes: PML::RARA, RUNX1::RUNX1T,
and CBFB::MYH11. In contrast, BCR::ABL1, rearrangements
of KMT2A, MECOM, and NUP98 are considered unfavorable.!3
Detection of these abnormalities is typically performed in clin-
ical cytogenetics laboratories, which include karyotyping and
FISH panels. Prompt morphological diagnosis of APL at on-
set can be challenging but is critical for patient management
to prevent disseminated intravascular coagulation. Figure 2c
shows a case of microgranular APL, where rare Fagot cells
with abundant Auer rods were present (upper right insert,
Fig. 2c), and the presence of PML::RARA by FISH confirmed
the final diagnosis (bottom right insert, Fig. 2c).

Gene variants in AML
In WHO-HAEMS5, three AML subtypes with defined mutated

genes are listed: NPM1, CEBPA, and RUNX1 (provisional) (Ta-
ble 5).13 The significance of mutation-defined AML is reflect-
ed not only in the outcome but also in clinical management.
For example, AML with FLT3 mutations indicates an adverse
prognosis; however, the co-existence of an NPM1 mutation
confers an intermediate prognosis.?! Figure 2d shows a clini-
cal case of AML in which both FLT3-ITD and NPM1 (type A)
mutations were detected. Recent studies have shown that
monitoring NPM1 mutations in minimal residual disease in
NPM1+ AML may improve survival rates following bone mar-
row transplant therapy, which is a promising cure for AML.22
The new technology called droplet digital PCR (ddPCR) pro-
vides an accurate and sensitive method to detect NPM1 cop-
ies at levels as low as 0.1% in pre-transplant bone marrow.
Most cancer center molecular laboratories use NGS panels
containing around 100 genes or more, covering thousands of
variants, to provide biomarkers useful for clinical diagnosis,
residual disease monitoring, and clinical trials for sensitive
biomarkers. Additionally, patients may have MDS-related
AML, which involves not only pure blast populations but also
concurrent dysplasia, either pre-existing or de novo. These
AML cases will have more complex mutation profiles, with
variants associated with genes involved in tumor suppres-
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Fig. 3. B-cell lymphoma. (a) CLL LN biopsy touch smear, quick diff, 5x; (b) CLL with Richter transformation, BM smear, Wright-Giemsa, 100x; (c) Burkitt lymphoma,
Lymph node biopsy H&E, 40x (insert: FISH MYC rearrangement, 60x); (d) HCL, BM biopsy H&E (insert: PAX5 2x). A BRAF V600E mutation was detected in this bone
marrow specimen. BM, bone marrow; CLL, chronic lymphocytic leukemia; FISH, fluorescence in situ hybridization; H&E, hematoxyllin and eosin; HCL, hairy cell leu-

kemia; LN, lymph node.

sion (e.g., TP53, WT1, CDKN2A/B), epigenetic regulation
(e.g., ASXL1, ECOR1, EZH2, IDH1/2, TET2), RNA splicing
(e.g., SF3B1, U2AF1, SF1), and kinase signaling (e.g., FLT3,
KIT, N/JKRAS, CBL). Among these, IDH1/2 and FLT3 muta-
tions are targetable by specific medications to treat patients
with individualized regimens.?3-25 To monitor these patients,
single-gene analysis is not sufficient; NGS is more efficient
and cost-effective.

Genetic abnormalities in B- and T-cell lymphoprolif-
erative disorders (LPDs)/lymphomas

Chronic lymphocytic leukemia (CLL)/small lympho-
cytic lymphoma (SLL)

CLL/SLL is one of the most common chronic hematologic
malignancies in Western countries. Most patients may be
asymptomatic, but when diagnosed, there is often systemic
involvement with small mature lymphocytes in the periph-
eral blood, bone marrow, spleen, and lymph nodes. Figure
3a shows a lymph node touch preparation with numerous
small lymphocytes displaying mature chromatin. Though
CLL is a chronic process, some patients may progress rap-
idly and evolve into high-grade lymphoma, a condition called
Richter’s Transformation, which includes large cell transfor-
mation (diffuse Large B-cell lymphoma (DLBCL)), Hodgkin
lymphoma, and prolymphocytic leukemia. Figure 3b shows
a bone marrow aspirate with large atypical lymphoma cells
transformed from a history of CLL. A fatal outcome can occur
if these patients are not properly managed. As early as 1999,
hematologists discovered that the outcomes or survival rates
of CLL patients heavily rely on genetic abnormalities. One

such finding is that mutation rates in the immunoglobulin
heavy-chain gene variable region (IGVH) contribute to the
survival of CLL patients. Two side-by-side publications in
Blood by Damle and Hamblin, respectively, showed that a
mutation rate of >2%, or hypermutated IGVH, is associated
with a good prognosis, while a mutation rate of <2%, or non-
hypermutated IGHYV, is associated with worse outcomes.26:27
The IGHV mutation rates are detected using reverse tran-
scription PCR followed by complementary DNA sequencing,
which has become routine practice in most clinical molecular
laboratories and provides guidance for the clinical manage-
ment of CLL patients.

In addition to IGVH mutation status, cytogenetics plays
an important role in subclassifying CLL into favorable and
unfavorable groups (Table 6). For example, deletions of the
long arm of chromosome 13 (13g-), or trisomy 12 (12+), be-
long to the favorable or intermediate group, while 11g- and
17p- (TP53) belong to the unfavorable group.28:2° The ap-
plication of NGS of CD19-selected leukemia B-cells has found
that mutations in TP53, NOTCH1, and SF3B1 are unfavorable
in prognosis.

Research into clinical management for patients with un-
favorable or treatment-resistant CLL has shown promising
results, leading to the clinical application of small molecules
targeting kinase genes in the B-cell receptor (BCR) signal-
ing pathways. One of the most notable of these molecules
is ibrutinib, a small molecule that targets Bruton tyrosine ki-
nase (BTK), an intracellular protein involved in the BCR sign-
aling pathway. The nationwide clinical trial for ibrutinib in CLL
patients with adverse outcomes started in 2009, led by Dr.
John Byrd, then a hematologist at the Ohio State University
James Cancer Center, and coordinated by the Cancer and
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Table 6. Molecular signatures in chronic lymphocytic leukemia

Markers Favorable/Intermediate Unfavorable

Cy and FISH 12+, 13g- (MIR15A, MIR16-1) 11g- (ATM); 17p- (TP53)
Mol IGVH Hypermutated Not hypermutated

Mol NGS MYD88 TP53, NOTCH1, SF3B1
Proteins ZAP70- ZAP70+

Cy, cytogenetics; FISH, fluorescence in situ hybridization; IGVH, immunoglobulin heavy-chain gene variable region; NGS, next generation sequencing.

Leukemia Group B. With outstanding therapeutic effects, in
November 2013, less than a year after the Phase III trial
for CLL patients, the FDA approved ibrutinib for clinical use
in recurrent/relapsed (R/R) mantle cell lymphoma. Seven
months later, in February 2014, the FDA granted accelerated
approval for its use in R/R CLL/SLL, followed by Waldenstrom
macroglobulinemia/Lymphoplasmacytic lymphoma (January
2015), naive CLL/SLL (March 2016), and R/R marginal zone
lymphoma (January 2017).30

Just as resistant mutations arise in Imatinib-treated CML
patients, point mutations occur in ibrutinib-treated CLL pa-
tients. These mutations include C481S in BTK and R665W in
PLCG2, which result from binding failure or BTK-independent
activation of BCR signaling, respectively. Molecular moni-
toring of relapsed patients treated with BTK inhibitors us-
ing ddPCR, NGS, or other methods has become a common
practice in the molecular laboratories worldwide.3! Clinical
management triage for CLL patients, based on molecular risk
assessments and genetic/molecular findings, is now widely
used in CLL treatment.

Low-grade B-cell lymphomas

Rearranged genes are major driving factors for lymphom-
agenesis, such as r-CCND1 in mantle cell lymphoma, r-BCL2
in follicular lymphoma, and r-MYC in Burkitt lymphoma. Fig-
ure 3c shows a Burkitt lymphoma case with morphological
features of “starry sky” apoptotic figures admixed with large
atypical lymphoma cells, which are often positive for EBV
and r-MYC by FISH (insert, Fig. 3c) (Table 7). Mutations in
oncogenes may also contribute to lymphomagenesis (Table
7). For example, recurrent BRAF V600E is found in hairy cell
leukemia, and MYD88 L625P in lymphoplasmacytic lympho-
ma. Figure 3d shows a bone marrow sample involved with
hairy cell leukemia, and BRAF V600E was detected by ddPCR.
However, mutation detection is still not widely used in low-

Table 7. Common genetic abnormalities in B-cell and T-cell lymphoma

grade B-cell lymphoma, as IHC markers, IGH rearrangement
PCR, and FISH for fusion genes are adequate for the classifi-
cation of these lymphomas.

High-grade B-cell lymphoma (HGBCL)/DLBCL

When HGBCL/DLBCL is diagnosed, FISH panels with fusion
genes of MYC and BCL2/BCL6 are often applied to diagnose
HGBCL/DLBCL with concomitant MYC and BCL2 rearrange-
ments, also known as double-hit lymphoma, which has a
worse prognosis.32 Mutation analysis has not yet been widely
used in DLBCL, but recent findings suggest that it may af-
fect prognosis.33 For example, the average five-year survival
rate among DLBCL patients is about 50%. However, some of
these patients may have an adverse and clinically progres-
sive course. Studies by Schmitz et al.3* showed that DLBCL
might be subgrouped into favorable, intermediate, and unfa-
vorable groups (Table 7) based on the gene mutations pre-
sent in the lymphomas. One of the genes, such as NOTCH1,
found in group N1, might indicate a worse outcome, with a
dismal five-year survival rate of 27-40%, far lower than the
survival rate of 75-84% in the ST2 group with SGK1 muta-
tions.343> Therefore, the molecular profile of high-grade B-
cell lymphoma may aid clinicians in triaging patients for the
most effective and appropriate therapies.

T-cell lymphoma

T- and NK-cell LPDs comprise a broad range of entities, rang-
ing from low-grade to aggressive lymphomas. Most of them
arise from peripheral lymphoid organs, such as lymph nodes,
spleen, and extranodal organs. In general, T- and NK-cell
neoplasms can be diagnosed based on morphology and im-
munophenotypic analysis. In contrast to B-cell lymphomas,
establishing clonality based on immunophenotype by flow
cytometry is more difficult. T-cell receptor gene rearrange-
ment, assessed by DNA-based PCR, can be used to determine

Type of lym-

Type of lym-

phoma Fusion genes Diagnosis phoma Mutations Diagnosis

B-Cell LG CCND1, BCL2 MCL, FL B-Cell LG BRAF V600E HCL

B-Cell LG MALT1, BCL10 MzZL B-Cell LG MYD88, CXCR4 LPL/WM

B-cell,HG MYC, BCL2/ BL,Double B-Cell HG ID3, TCF3, SMARCAA4, BL LBCL
BCL6, IRF4 hit, IRF4+ and CCND3 NOTCH1 (unfavorable)

T-cell ymphoma  ALK1, DUSP:IRF4  ALCL,c-ALCL  T-cell ymphoma  STAS5B, SETD2, GNAI2, JAK3 EATL, MEITL

Inv(14) /TCL1A/B  T-PLL
HTLV-I ATLL
CTLA4::CD28 TFH

STAT3, STAT5A or STAT5B LGL
RHOA, TET2, DNMT3A, IDH2 TFH

ALCL, anaplastic large cell lymphoma; ATLL, adult T-cell lymphoma/leukemia; BL, Burkitt lymphoma; c-ALCL, cutaneous ALCL; EATL, enteropathy-associated T-cell
lymphoma; FL, follicular lymphoma; HCL, hairy cell leukemia; HG, high-grade lymphoma; LBCL, large B-cell ymphoma; LG, low-grade lymphoma; LGL, large granular
T-cell leukemia; LPL/WM, lymphoplasmacytic lymphoma/Waldenstrém macroglobulinemia; MCL, mantle cell lymphoma; MEITL, enteropathy-associated T-cell lympho-
ma/Monomorphic epitheliotropic intestinal T-cell lymphoma; MZL, marginal Zone lymphoma; TFH, follicular helper T-cell lymphoma; T-PLL, T-prolymphocytic leukemia.
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Fig. 4. T-cell lymphomas. (a) ALK+ ALCL, H&E 100x. ALK rearrangement is detected by FISH (insert: ALK FISH 100x); (b) LGL BM biopsy H&E, 10x (insert: CD3).
In this case, TCR-beta and -gamma PCR showed monoclonal patterns. The LGL-associated STAT3 in-frame variant was detected by lymphoma NGS; (c) nTFHL-AI, H&E,
10x. Molecular TCR PCR test detected clonal T-cell population. RHOA, IDH2, and TET2 mutations were detected by lymphoma NGS; (d) PTCL-NOS, H&E 40x; TCR-PCR
detected clonal T-cell population. NRAS and TET2 were detected by NGS but negative for IDH1, IDH2, JAK1, JAK3, RHOA, DNMT3A, STAT3, or STAT5B mutations. ALCL,
anaplastic large cell lymphoma; BM, bone marrow; FISH, fluorescence in situ hybridization; H&E, hematoxyllin and eosin; LGL, large granular T-cell leukemia; NGS, next
generation sequencing; nTFHL-AI, nodal T follicular helper cell lymphoma (nTFHL) -angioimmunoblastic type; PCR, polymerase chain reaction; PTCL-NOS, peripheral

T-cell lymphoma, not otherwise specified; TCR, T-cell receptor.

clonality in most LPDs, as opposed to reactive polyclonal T-
cell hyperplasia. However, the results of T-cell receptors can
be difficult to interpret due to the presence of oligoclonal or
polyclonal patterns with skewed results. Finally, clonality has
limited utility for classification in most T-cell LPDs.

Diagnostic driver fusion genes in T-cell lymphoma are
fewer than those in B-cell lymphoma (Table 7). Rearrange-
ment of ALK1 is diagnostic for anaplastic large cell lymphoma
(Fig. 4a). In cutaneous anaplastic large cell lymphoma, the
presence of DUSP::IRF4 is diagnostic (Table 7). Recently, re-
current gene mutations have been identified in some T-cell
lymphomas. For example, mutations in STAT3 and STAT58B
are found in large granular T-cell leukemia (Fig. 4b).36:37 Mu-
tations in RHOA, TET2, DNMT3A, and IDH?Z2 are often found in
patients with nodal T follicular helper cell lymphoma, angio-
immunoblastic type (nTFHL-AI) (Fig. 4c),37:38 and occasion-
ally in peripheral T-cell lymphoma, not otherwise specified.
Figure 4d shows a clinical case of peripheral T-cell lympho-
ma, not otherwise specified, in which no RHOA or DNMT3A
mutations were detected, but TET2 and NRAS mutations
were detected (Fig. 4d).

Conclusions

For every cancer, there are genetic abnormalities, which of-
fer more opportunities for cure due to these characteristics
of neoplasms. The broad application of mutation profiles not
only helps in understanding genetic pathogenesis but also
provides accurate diagnosis, predicts risk stratification, and
aids in triaging patients for more effective treatments.
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