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Preface

The Tata Memorial Hospital has pioneered the cause

of EBM in oncology in India and has been conducting

the annual meeting on EBM in common cancers for

the past sixteen years. The 17th conference on

“Evidence Based Management of Cancers in India-

EBM 2019” is being held from 1st March to 3rd

March 2019.  Each year we have focused on different

aspect of cancer care; collated and published the best

available evidence in the form of”EBM book” which

is also easily accessible at our official website. This

year we will be focusing on Clinical Genomics in

Hemato-Oncology, Hepato-Pancreato-Biliary

Malignancies and Cancer associated thrombosis. This

helps busy clinicians from all over the country and

abroad to get updated on the best available evidence

in oncology in a span of 3-4 days, thereby translating

into better overall patient care. Renowned

international and national faculty members will cover

the above topics in a very focused and succinct

manner.



In the last decade, due to advancements in

sequencing technologieswe have gained a deeper

understanding of the cancer genome.We now know

that haematological malignancies are highly

heterogeneous due to gene mutations, copy number

alterationsand gene fusions. This knowledge has led

to changes in classification,prognostication,

monitoring and therapy of blood cancers.The current

understanding is that no patient is truly identical;

infact, the typical patient may not really exist. We

have come full circlefrom protocol based therapy to

individualizing treatment as perthe patient’s disease

biology. The era of personalized medicine istruly

upon us. This book will focus on recent

advancements of next generationsequencing

technologies and their application to hematological

malignancies. The focus will be on the importance

of genomics and application to blood cancers.

Prof R A Badwe

February 2019 Director,

Mumbai Tata Memorial Centre
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1. Use of genomics towards risk

stratification in Chronic

Lymphocytic Leukemia

Nikhil Rabade, Hasmukh Jain

Introduction

Chronic lymphocytic leukemia (CLL) is a mature B-cell

neoplasm, composed of small lymphocytes co expressing

CD5 and CD23. However this low grade appearing

neoplasm shows marked biological and clinical

heterogeneity. Whereas some patients follow an indolent

course not requiring therapy, others can show rapid

progression or transformations in to high grade

lymphomas in spite of ongoing treatment.

Methods to precisely identify those patients at risk are

the need of the hour. Just as the advent of FISH gave us

first insights into CLL pathogenesis and categorised CLL,

next generation sequencing is currently unravelling the

complexity of CLL genome.

Historical perspective

Rai and Binet staging systems were initial attempts to

classify CLL patients into distinct prognostic subgroups.
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However, the basic clinical and laboratory parameters used

could not fully account for the heterogeneity in clinical

outcomes seen within each defined subgroup or accurately

stratify the risk of progression.

Subsequently, serum beta-2 microglobulin emerged as a

strong independent prognostic marker. Patients with value

of ≥3.5 mg/L show lower overall survival (OS) rates.

Flow cytometry based markers such as CD38 (positivity

defined as ≥30% cells expressing CD38) and ZAP-70

(defined as a cutoff of ≥20% expressing ZAP-70) are also

associated with resistance to standard therapy, shorter

time to first treatment (TFT) and OS(1). Recently Pietro

Bulian et al described CD49d (positivity defined as ≥30%

cells expressing CD49d) as the strongest independent flow

based prognostic marker associated with poorer

outcome(2).

Cytogenetics

Chromosomal aberrations are detected in approximately

80% cases of CLL.In a seminal paper published in the New

England Journal of Medicine, Dohner et al proposed a

hierarchical model and categorize patients of CLL into five

subgroups (Table 1) based on their outcomes(3).13q

deletion (seen in ~50% cases)was the commonest

cytogenetic abnormality associated with CLL and has a

favourable prognosis, whereas patients with 11q deletion

or 17p deletion present with advanced disease and are

associated with poor OS. Complex karyotypes (>3

aberrations) have stronger negative effects on outcome

than 17p deletion.
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TABLE 1: CLL Hierarchical Model

(Adapted from Dohner et al)

Abnormality Frequency (%) OS (months)

17p deletion 7 32

11q deletion 17 78

Trisomy 12 14 114

13q deletion as 36 133

sole abnormality

Immunoglobulin Heavy Chain Gene Mutation

Status

In 1999, two groups independently reported the impact

of mutational status of the immunoglobulin heavy chain

(IGVH) gene, in addition to cytogenetic abnormalities, on

the prognosis of CLL. Mutational status was defined by a

>2% difference of the heavy chain complementarity

determining region 3(VH CDR3) from its germline

counterpart using the IMGT database.

Both groups found that patients with unmutated IGVH

genes, showed a significantly lower OS as compared to

the mutated ones(4). The frequencies of mutated IGHV

patients vary significantly in literature but are in the range

of 50-60%. The first study looking into the immunogenetics

of CLL from India showed a bias towards unmutated status

with IGVH 2–5 (11.7%), IGVH 1–2, percentage frequency

and IGVH 1–69 (9.4%, respectively) being the most

commonly involved genes(5).
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However, across western literature a higher usage of IGVH

1–69, IGVH 4–34, IGVH 3–30, and IGVH 3–21 has been

reported. Therestricted and biased usage of limited

number of VH genes implies the role of antigenic

stimulation in CLL leukemogenesis. Identifying the usage

of individual VH genes has also demonstrated the

association of certain genes, such as IGVH 3-21, with

poorer outcome.

Genomic markers

Cytogenetic abnormalities and IGVH mutations have given

us some insight into the biological and clinical

heterogeneity of CLL, yet our predictions of the disease

course or outcome is neither accurate nor highly reliable.

Advances in genomic testing technologies have enabled

detection of recurrently mutated genes affecting CLL

leukemogenesis. Multiple studies have confirmedTP53,

NOTCH1, SB3B1 and BIRC3 to be the most frequently

mutated genes in CLL with proven impact on outcome.

TP53 mutations

Chromosome 17p deletions and TP53 mutations are strong

predictors of chemo refractoriness and poor outcome in

CLL. Approximately 90% of patients with 17p deletions

carry a TP53 mutation; whereas, only 60–70% of patients

with TP53 mutation have co-existing 17p deletions, as

detected by FISH(6). Although 5%–10% of untreated CLL

patients harbour 17p deletion, TP53 mutations as a sole

abnormality in the absence of 17p deletion is detectable

in approximately 4.5 - 5% of CLL patients.
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The current ERIC guidelines recommend sequencing of

exon 4 to 10 of TP53 gene, at a minimum whereas, an

optimum assay should analyse the coding regions between

exons 2 and 11, including splice sites. These exons

correspond to the DNA binding domain and

oligomerization domain. Missense mutations are more

common than frameshift, nonsense or splice site

mutations. Majority of the missense mutations are

clustered within exons 5-8, which code for the central DNA

binding domain(6).

Rossi et al used highly sensitive, ultra-deep sequencing of

CLL patients to assess the impact of TP53 clone size.

Subclonal TP53 mutations as a sole abnormality was

detected in ~5% cases, represented by missense mutations

recurrently affecting hotspot codons (179 & 248) essential

for DNA binding(8). This study showed that patients

harbouring TP53 mutated CLL cells of very low clonal

abundance (down to 0.3%) have the same unfavourable

prognostic impact as patients harbouring  TP53 mutated

CLL cells of larger clone size detected by traditional

methods of sanger sequencing. Longitudinal analysis of

sequential sample revealed expansion of the smallTP53

clones develop into major chemorefractory clones at the

time of relapse as a result of selective pressure of

Chemotherapy. Approximately 40% of chemoresistance in

CLL is attributed to TP53 alterations.
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TABLE 2: CLL Evolution and Gene Mutations.

Mutated CLL at Progressive Relapsed/

genes diagnosis CLL requiring Fludarabine

Prevalence treatment refractory

Prevalence  CLL Prevalence

TP53 5-10% 10% 40%

NOTCH 1 5-10% 15 - 20% ~15%

SF3B1 10-15% ~15% ~20%

BIRC3 2-5% ~40% ~40%

NOTCH1

One of the earliest genes driving CLL leukemogenesis was

identified to be NOTCH1. NOTCH1 encodes a class I

transmembrane protein which plays an important role in

cell differentiation,proliferation, and apoptosis. The PEST

domain of NOTCH1 is rich in proline (P), glutamic acid (E),

serine (S), threonine (T), and acts as a signal for

degradation of the protein. In the normal state this signal

is responsible for limiting the intensity and duration of

NOTCH1 activation(9, 10). The role of NOTCH1 mutations in

the leukemogenesis in T-cell acute lymphoblastic leukemia

is well established. NOTCH1 mutations are also seen in

approximately 8-17% cases of CLL. Almost all the

pathogenic mutations affecting CLL have been reported

in exon 34 encoding the PEST domain. A single recurrent

mutation (c.7541_7542delCT) leading to a 2-bp deletion

accounts for ~90% of all the NOTCH1 mutations(9-14). The

deletion leads to formation of a premature stop codon

and disrupted signalling resulting in the impaired
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degradation and accumulation of active NOTCH1 isoform.

A strong association between unmutated IGVH, trisomy

12 and NOTCH1 mutations has been reported(11, 12).

NOTCH1 mutations have been reported in high risk

subgroups of CLL, showing shorter time to progression and

shorter overall survival rate as compared to NOTCH1 wild

type patients but appear to be mutually exclusive of TP53

disruption and are less frequently associated with 13q

deletion. The median TFS for mutated and wild type

NOTCH1 reported is ~9 and ~2 years respectively. A

potential association with fludarabine refractoriness seen

in ~25% cases can partially explain the difference in

outcome(9, 12). NOTCH1 mutations act as a predictors of

unfavourable outcome independent of other biological

features of CLL. Recently, results of the CLL8 trial also

showed no significant improvement in response to the

addition of rituximab to the treatment regimen in patients

with NOTCH1 mutations(13).

Richter’s transformation (RS) represents the most

aggressive phase of CLL natural history and is associated

with a dismal outcome. Frequency of NOTCH1 mutations

reported is much higher at this stage than at the baseline.

NOTCH1 mutations (seen in ~40% cases of RS) were second

only to TP53 disruption at transformation(15). Analysis of

sequential CLL samples, from the time of diagnosis,

revealed that the same mutations, overtly detectable (by

Sanger sequencing) at the time of RS, were present

subclonally and not detectable in approximately a third of

the patients each at baseline. This suggests progressive

selection of the mutation harbouring clone culminating in
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high grade transformation. Rare occurrence of NOTCH1

mutations in de novo DLBCL (~1.5%) also cements their

association with RS(9). In patients harbouring NOTCH1

mutations, the usage of IGVH4-39 have high risk, whereas

those lacking both are at a very low risk of high grade

transformation (15).

SF3B1

Splicing factor 3b, subunit 1 (SF3B1) forms a critical

component of spliceosomes involved in the excision of

introns during mRNA synthesis. Although initially reported

in myelodysplastic syndrome with ring sideroblasts, SF3B1

is also mutated in 10-15% cases of CLL at diagnosis.

Mutations in SF3B1 are predominantly missense

substitutions clustered over exons 14-16, in the highly

conserved PP2A-repeat regions at the C terminal (11, 14, 16).

Five hotspots are most commonly targeted (codons 662,

666, 700, 704 and 742) with p.K700E/c.A2098G,

accounting for 40%- 50% of the cases,being the most

frequently reported mutation.Patients with SF3B1-

mutated CLL are associated with unmutated IGVH, 11q

deletion, a shorter time to treatment, a shorter time to

disease progression and lower overall survival rates(11, 13,

14, 16, 17). A strong association between SF3B1 and IGVH3-

21 has also been reported. Higher frequency of mutation

in relapsed or refractory CLL indicates its role in clonal

evolution of the disease. However, SF3B1 mutations are

infrequently associated with other mutations such as those

involvingTP53 andNOTCH1; that are commonly implicated

in chemorefractoriness.
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BIRC3

Constitutive NF-KB pathway activation provides prosurvival

signals to CLL cells by up regulating anti apoptotic genes.

MAP3K14, the central activator of NF-KB signalling is

negatively regulated by Baculoviral IAP Repeat Containing

3 (BIRC3) gene by proteosomal degradation via E3

ubiquitin ligase activity. Exon 9 of BIRC3 encodes the C

terminal RING domain responsible for this ligase function.

BIRC3 mutations (predominantly frameshift or nonsense

mutations) lead to loss of the terminal exons (including

exon 9) and truncated protein lacking the E3 ubiquitin

ligase activity (18). BIRC3 mutations are mutually exclusive

of TP53 mutations and identify a subgroup of high risk

patients with poor survival similar to those with TP53 and

NOTCH1 mutations. BIRC3 is mutated in approximately 2-5%

patients at diagnosis and frequently co-occur with

unmutated IGVH and 11q deletion or trisomy 12(11, 18).

Fludarabine refractoriness in CLL, seen in approximately

40% of cases, is most commonly associated with TP53

disruption. BIRC3 selectively occurs in approximately 40%

of fludarabine-refractory CLL patients harboring a wild-

type TP53. Although mutually exclusive of TP53 disruption,

concurrent SF3B1 and NOTCH1 mutations have been

reported in 10 to 20% of BIRC3 mutated cases

respectively(18).

MYD88

The MYD88 protein is part of the toll like receptor complex

and in association with IRAK leads to the activation of B

cell transcription NF-KB. MYD88 mutations along with 13q

deletion and trisomy 12 represent early events in CLL
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leukemogenesis. These mutations, seen in 2-8% cases of

CLL, are exclusively associated with mutated IGVH, 13q

deletion and are a potential target for therapy via BTK

inhibition(11). They also show lower expression of CD38,

ZAP 70 and improved survival.

Integrated genomic model for prognostication

Traditionally CLL prognostication was based on

cytogenetics alone. NGS based studies have given new and

improved insights into the complexity of the CLL genomics

with the discovery of mutations involving TP53, NOTCH1,

SF3B1 and BIRC3. Several studies have highlighted the

prognostic impact of each of the aforementioned genes.

In 2013 Rossi et al(19), proposed an integrated approach

for a better understanding and prediction of disease

outcome. They used cytogenetic and mutational analysis

of 1274 patients to hierarchically classify CLL into four

subgroups (Table 3). In a further refinement, Baliakas et al

proposed incorporation of IGVH mutational status to make

a more robust prognostic model.

TABLE 3: Integrated model for prognostication
(Adapted from Rossi et. al)

CLL subgroup Genetic alterations 10 year survival

High risk TP53 and/or BIRC3 29%

Intermediate risk NOTCH1 and/or SF3B1 37%

and or 11q deletion

Low risk Trisomy 12 or 57%

Normal karyotype

Very low risk 13q deletion only 69.3%*

*Not significantly differing from matched general population.
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Impact of NGS

The advent of next-generation sequencing (NGS)

technologies has substantially by reduced costs and

produced massive sequencing data. NGS based studies in

CLL patients have identified several recurrently mutated

genes involved in DNA damage and cell cycle control (ATM,

TP53, RB1, BIRC3), Notch signalling (NOTCH1, FBXW7),

inflammatory pathways (MYD88, DDX3X, MAPK1, XPO1),

spliceosome machinery (SF3B1), telomere shortening

(POT1) and cytokine signalling (NRAS, KRAS, BRAF).

Exoportin1 (XPO1) gene mutations are seen in <5% of CLL

cases and predominantly involve codon 571 within exon

15(14). An association with unmutated IGVH, 13q deletion

and good response to ibrutinib has been reported. XPO1

mutations fare better as compared to their wild type

counterparts and may also act as a therapeutic target for

selective inhibitors of nuclear transport.

Approximately 3% patients of CLL show recurrent

mutations involving protection of telomeres 1 (POT1)

genes. The frequency is higher in IGVH mutated CLL. POT1

mutations recurrently involve two oligonucleotide-/

oligosaccharide- (OB) binding folds, affecting key residues

binding telomeric DNA.

Low frequencies (2-3%) of FBXW7 (F-Box and WD40

domain protein 7) mutations have been reported in

multiple studies. Three highly conserved arginine residues

(p.Arg465) are the most frequent targets of missense

mutations in FBXW7.
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The low incidence of these mutations precludes any

significant analysis with other genomic markers or

prognostic variables individually. However, when clubbed

together the impact of these mutations is evident with

significantly lower treatment free survival(20). Screening

for these mutations may therefore be clinically relevant

but larger studies are required to asses a definitive impact.

Ibrutinib resistance in CLL

B-cell receptor signalling and tissue microenvironment play

a crucial role in survival and proliferation of CLL cells.

Targeting BCR signalling has changed the treatment

paradigm for CLL. Single agent use of ibrutinib has shown

superior results in relapsed/refractory CLL independent of

prior treatment status as well as presence of TP53

disruption. Ibrutinib inhibits BCR signalling by binding to

cysteine at codon 481 of Bruton tyrosine kinase (BTK)

resulting in irreversible inhibition of its kinase

activity.Mutations of BTK and PLCG2 are detectable in

~85% cases of ibrutinib resistant CLL of which ~80% are

attributable to BTK alone(21, 22). One study reported that

these mutations were first detectable at a median of 9

months prior to clinical relapse(22). Non synonymous

mutations involving the p.C481 residue within exon 15 of

BTK gene prevent the covalent binding of ibrutinib

resulting in drug resistance.Although PLCG2 mutations are

more varied (missense or frameshift) they are usually

clustered within certain domains such as exons 19 (p.P664,

p.R665) 20 (p.S707, 2120-2125 del) and 24 (p.L845)(21, 22).

A small proportion of patients with 8p deletion also show

resistance to ibrutinib(22).
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Future directions

Our understanding of the complexity of CLL has improved

greatly over the past two decades. Technological advances

have always preceded our leaps in understanding the

disease. Multiple whole genome sequencing studies of CLL

have brought to light numerous novel genes involved in

the initiation and evolution of CLL. These genes, KLHL6,

SAMHD1, IKZF3, DDX3X, FAT1 and RPS15, to name a few

are infrequently involved cases and large scale studies are

essential to evaluate their impact on progression, chemo-

refractoriness and survival.
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Advances in Genomics and Risk

Stratification of Acute Myeloid

Leukemia

Rohan Kodgule, Shrinidhi Nathany

Introduction

Acute myeloid leukemia (AML) is a clonal malignant

myeloid neoplasm which presents with varied clinical

features and harbours myriad genetic, cytogenetic and

epigenetic abnormalities. Based on the cytogenetic and

genetic abnormalities, AML has been classified in the

present edition of the World Health Organisation (WHO)

classification of hematolymphoid neoplasms1.

The recommendations for diagnosis, risk stratification and

management of AML were laid down in 2010 by the

European LeukemiaNet (ELN)2. Further, the same were

updated in 20173 owing to a remarkable progress in the

elucidation of AML pathogenesis, the development of

novel diagnostic modalities and, the emergence of an era

of personalised medicine.

This section encompasses the genomics of the various

subcategories of adult and pediatric AML, the new 2017
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ELN recommendations and risk stratification, current and

emerging molecular diagnostic assays and therapeutic

modalities in practice.

AML with Recurrent Cytogenetic Abnormalities

For many years’ recurrent cytogenetic abnormalities have

been used to subtype AML which not only provides

important prognostic information, but also guides research

to identify potential molecular targets to aid treatment. A

large number of distinct genetic abnormalities existing in

AML have been detected which is evident from the data

obtained using newer technologies. A summary of the

classical cytogenetic subgroup enlisted in the new WHO

edition with their clinical implications has been provided

in Table 11.

In the new edition of the WHO blue book, AML with

mutated NPM1 and AML with biallelic mutation of CEBPA

were added as distinct entities. Both these entities now

encompass cases with multilineage dysplasia because the

presence of dysplasia lacks definite prognostic significance.

A new provisional entity: AML with mutated RUNX1 has

been added owing to its distinct clinicopathologic features

and an overall inferior outcome.

Modalities Employed in AML Diagnosis

From its commencement, molecular testing of AML cases

classically includes the detection of NPM1, FLT3-ITD and

CEBPA genes owing to their high driver probability as well

as distinct prognostic implications. The technique still in

vogue for the same is fragment length analysis which is a
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TABLE 4: AML with recurrent cytogenetic

abnormalities with the clinical implications

AML Subtype Cytogenetic Clinical implications

AML with PML-RARA Sensitive to all-

t(15;17)(q24.1;q21.2) trans-retinoic acid

(ATRA) treatment

AML with RUNX1- Associated with

t(8;21) (q22;q22) RUNX1T1 favourable prognosis

AML with CBFB-MYH11 Associated with

inv(16) (p13.1q22) or favourable prognosis

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

AML with KMT2A Associated with

t(9;11) (p22;q23) rearranged unfavourable

prognosis

AML with DEK-NUP214 Associated with

t(6;9) (p23;q34) unfavourable

prognosis

AML with GATA2-EVI1 Associated with

inv(3) (q21q26.2) or unfavourable

t(3;3) (q21;q26.2) prognosis

AML with RBM15-MKL1 Associated with

t(1;22) (p13;q13) unfavourable

prognosis

AML with BCR-ABL1 May benefit from

t(9;22) (q34;q11.2) TKI therapy

*TKI- Tyrosine Kinase Inhibitors
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part of routine molecular workup of all AML cases.

Fragment length analysis, although is limited by its low

sensitivity, provides clinically relevant information like

allelic ratio of the ITD in the FLT3 gene which guides risk

stratification and further clinical interventions.

The next generation sequencing (NGS) assay using single

molecule molecular inversion probes to detect genetic

variants has expanded the mutational landscape of AML.

Customised panel design and bioinformatics pipelines form

the backbone of a comprehensive NGS assay. Various

guidelines and recommendations have been put forth for

the reporting of the NGS output and classifying the variants

as “disease causing”, “likely pathogenic”, “likely benign”,

“benign”, and “variant of unknown significance”. Some of

these guidelines are – Human Genome Variation Society

Recommendations, Association of Molecular Pathologists,

ACMG guidelines and ASCO guidelines, all of which have

ready online access. Germline variants for example, for

TP53 can also be annotated and reported through IARC

database.

Somatic Mutations Commonly Associated with

AML

AML is a complex disease which harbours multiple driver

mutations, coexisting clones and subclones with a dynamic

interrelationship. These mutations have now been

classified into 1 to 9 functional categories: transcription

factor fusions, the NPM1 gene, tumor suppressor genes,

DNA methylation-related genes, signalling genes,

chromatin-modifying genes, myeloid transcription factor
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genes, cohesin complex genes, and spliceosome complex

genes. In a study, Papaemanuil and his researchers

sequenced 111 myeloid cancer genes4 in 1540 patients

who were intensively treated. The high throughput

sequencing generated data which helped to categorise

these patients into 11 categories each of which had a

characteristic clinic-pathologic profile and outcome.

They further described 3 additional classes: AML with

mutations in chromatin and RNA-splicing regulators; AML

with TP53 mutations and/or chromosomal aneuploidies;

and, provisionally, AML with IDH2R172 mutations. The

somatic mutations associated with the various AML

subtypes, their incidence and clinical importance are

enlisted in Table 2. The proposed classification by

Papaemanuil et al. with the most frequently mutated

genes in each of the categories is described in Table 3.

TABLE 5: Somatic mutations associated with different

subtypes of AML with recurrent genetic abnormalities

with the prognostic significance3–6

AML Subtype Somatic Incidence Significance

Mutation

AML with KIT 20-30% Adverse outcome

t(8;21) KRAS 30%- Good prognosis

NRAS pediatric in pediatrics

ASXL1 10% adult ASXL1 & ASXL2 –

ASXL2 10% high specific

20-25% hazard of relapse

AML with KIT 30-40% Adverse outcome

inv(16) NRAS 45% Good prognosis

KRAS 13% in pediatrics

FLT3 14%
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AML with FLT3-ITD & Adverse outcome

PML-RARA FLT3-TKD 30-40% Significance with

current therapy

is unclear

AML with FLT3-ITD 69%- No impact in

t(6;9) Pediatric pediatrics;

78%-Adult adverse in adults

AML with NRAS 27% Overall adverse

inv(3) PTPN11 20% outcome

FLT3 13%

KRAS 11%

NF1 9%

CBL 7%

KIT 2%

GATA2 15%

RUNX1 12%

SF3B1 27%

AML with NPM1, Overall aggressive

BCR-ABL1 FLT3-ITD, disease; Improved

Loss of survival with

IKZF1, TKI and HSCT

Loss of

CDKN2A

AML with FLT3-ITD, adverse outcome

MUTATED DNMT3A,

NPM1 IDH1,KRAS,

NRAS

AML with FLT3-ITD 5-9% Unclear

BIALLELIC GATA2 39% significance

MUTATION Unclear

OF CEBPA significance

AML Subtype Somatic Incidence Significance

Mutation
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AML with ASXL1 ASXL1: adverse

MUTATED KMT2A-PTD outcome

RUNX1 FLT3-ITD AML overall aggressive

IDH1R132 disease with an

IDH2RI140 adverse outcome

IDH2R172

SRSF2

EZH2 MDS

ASXL1

STAG2

TKI: tyrosine kinase inhibitor, HSCT: Hematopoietic stem cell Transplan

Mutational landscape and risk stratification

Papaemmanuil et al. identified 5,234 driver mutations,

with at least one driver mutation in 96% of the samples 5.

They found that mutations in genes encoding epigenetic

modifiers, such as DNA methyltransferase 3A (DNMT3A),

ASXL1, IDH1, IDH2 and TET27, occurred in the founding

clone and were almost never found as the sole mutation.

On the contrary, mutations in genes encoding members

of the RAS family generally occurred late in

leukaemogenesis, and NPM1 mutations often occurred

after mutations in DNMT3A, IDH1 or NRAS5. The largest

subgroup included patients with mutations in NPM1 (27%

of the cohort), 73% of whom also had mutations in

epigenetic modifiers5.

AML Subtype Somatic Incidence Significance

Mutation
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TABLE 6: Proposed genomic classification of

AML by Papaemmanuil et al5.

Genomic Subgroup Most frequently mutated genes

AML with NPM1 mutation NPM1, DNMT3A, FLT3-ITD,

NRAS, TET2, PTPN11

AML with mutated RUNX1, MLL, SRSF2, DNMT3A,

chromatin, RNA splicing ASXL1, STAG2, NRAS, TET2,

genes, or both FLT3-ITD

AML with TP53 mutation, Complex karyotype, del(5q),

chromosomal aneuploidy, del(7q), TP53, del(12p)

or both

AML with inv(16) or t(16;16); inv(16), NRAS, trisomy 8,

CBFB-MYH11 trisomy 22, KIT, FLT3 TKD

AML with biallelic CEBPA CEBPA, NRAS, WT1, GATA2

AML with PML-RARA t(15;17), FLT3-ITD, WT1

AML with t(8;21); t(8;21), KIT

RUNX1-RUNX1T1

AML with MLL fusion genes t(X;11q23), NRAS

AML with inv(3) or t(3;3); inv(3), KRAS, NRAS, PTPN11,

GATA2-MECOM ETV6, PHF6, SF3B1

AML with IDH2 mutations IDH2, DNMT3A, trisomy 8

and no other class-defining AML with t(6;9); DEK-NUP214

lesions t(6;9), FLT3-ITD, KRAS

AML with driver mutations FLT3-ITD, DNMT3A

but no detected

class-defining lesions

AML with no driver mutations

AML meeting criteria for ≥2

genomic subgroups.



25

Prognostic implications of mutations found in

AML

NPM1 and CEBPA biallelic mutations, have a favourable

outcome among the cytogenetically defined subgroups in

the WHO AML classification.

Mutations in Nucleophosphomin (NPM1)

NPM1 is one of the 3 most frequent driver mutations in

AML and occurs almost solely within exon 12 of the gene.

It encodes for the nuclear chaperone protein NPM, which

shuttles between the nucleus and cytoplasm and plays a

role in myriad cellular functions, including protein

formation, ribosome biosynthesis, DNA replication, and

the cell cycle. NPM1 mutated AML without FLT3-ITD, have

been reported to exhibit a better sensitivity to standard

therapy and overall better outcome.

However, the presence of an additional DNMT3A mutation

in the setting of FLT3–ITD portends an adverse outcome.

Anecdotal reports from literature have shown that all-trans

retinoic acid and actinomycin D in AML with mutated

NPM1 may prove beneficial, although these are still under

trials5,7,13–15.

Mutations in transcription factors and master

regulators

Approximately 20% to 25% of adults with AML have

mutations involving the myeloid transcription

factors RUNX1, CCAAT/enhancer binding protein ± (CEBPA),

and/or GATA2. However, until today there are no specific

therapies which target these genes are available.
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CEBPA

CEBPA, a hematopoietic transcription factor guides

myeloid differentiation and mutations in the CEBPA gene

occur in <10% of AML patients, primarily in the younger

population. The mutations in CEBPA which are commonly

seen in AML are mostly insertions and deletions in the C-

terminal domain, which results in disruption of DNA-

binding and dimerization. AML with mutated CEBPA has

now been confirmed as a unique pathologic entity in the

2017 revised scheme, with specifically biallelic mutations

being associated with a favourable prognosis16.

RUNX1

RUNX1 is a critical transcription factor, which plays an

important role during embryogenesis in the generation of

hematopoieitic stem cells and later in adult life for the

regulation of stem cell differentiation and homeostasis.

The 2016 revised WHO AML classification system has

added AML with mutated RUNX1 as a provisional entity,

owing to the biologically distinct molecular features and

an overall poor prognosis with this molecular AML

subtype17,18.

GATA2

The GATA2 gene encodes a zinc-finger transcription factor

with a major role in myeloid hematopoiesis. The various

types of mutations note in the GATA2 gene include

truncating, missense, and noncoding variants. GATA2-

mutated AML represents <5% of all patients, and are also

seen as cooperating events in almost 25% of CEBPA-

mutated AML patients and do not appear to influence the

favorable outcome of biallelic CEBPA5,19.
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Signaling and kinase pathway mutations (eg, FLT3, KRAS,

NRAS, PTPN11, NF1, and KIT)

Frequently referred to as type 1 mutations, variants leading

to aberrant activation and proliferation of signalling

pathways are seen in two-third AML patients.Enigmatically,

mutations within this class are frequently recognized in

subclonal cellular fractions, demonstrating that they are

often late clonal events in disease evolution.

FLT3.

ITDs and/or activating kinase domain point mutations

(D835) in the FLT3 gene are present in nearly one-third of

patients with AML, resulting in constitutive activation and

downstream signaling through the RAS/RAF/MEK/

mammalian target of rapamycin growth and proliferation

pathways, and the phosphatidylinositol 3 kinase (PI3K)/

AKT prosurvival pathway. FLT3-ITD mutations are more

frequent within younger adult patients, those with normal

karyotype (NK), and are associated with proliferative AML

(eg, higher white blood cell and blast %), and increased

risk of relapse leading to poor survival. In addition to the

presence/absence of FLT3 mutations, the degree of

mutational burden as estimated by the FLT3 allelic ratio is

of importance, with AML patients with low FLT3-ITD

burden (often considered as <0.5), especially in the setting

of concomitant NPM1 mutation7,15.

RAS oncogenes.

The family of RAS oncogenes is mutated in ~10% to 15%

of AML cases. These include activating mutations

in NRAS, KRAS, PTPN11, and NF1, leading to aberrant

proliferative signaling through the RAS/RAF/MEK/



28

extracellular signal-regulated kinase pathway. Although the

prognostic impact of RAS mutations has been debated, the

acquisition or clonal outgrowth of RAS mutations,

analogously to FLT3, can be seen at the time of

myelodysplastic syndrome (MDS) progression to AML and

portends a poor outcome in this circumstance. The effect

of NRAS mutations (specifically those within codon G12/

13) was recently described to confer a favorable outcome

in the setting of an NPM1 and DNMT3A co-mutated

genotype, with minimal prognostic importance in other

molecular permutations. Development of directed

therapeutic targets for RAS-mutant leukemias, such as

MEK, extracellular signal-regulated kinase, PI3K, and

mammalian target of rapamycin inhibitors are ongoing,

but have been complicated by the rapid development of

resistance or activation of bypass pathways in the single-

agent setting5,7,20–22.

KIT

Nearly exclusively identified in AML with core-binding

factor (CBF) translocations, mutations in the receptor

tyrosine kinase KIT, particularly the D816V missense

variant, occur in ~20% of CBF-AML and are frequently

associated with an adverse prognosis, although this has

not been universally observed. The addition of multikinase

inhibitors with activity against KIT mutations, such as

midostaurin or dasatinib, may be of benefit in this

otherwise favorable cohort. In updated results of a phase

2 trial of 7 + 3 chemotherapy in combination with dasatinib

100 mg orally daily (days 8 to 21) for newly diagnosed CBF-

AML patients, clinical outcomes were comparable to
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historical CBF-AML cohorts (90% CR rate and 65% 2-year

DFS), with no difference in outcomes between KIT-mutated

and wild-type (WT) patients4,16,20,23.

Multikinase and FLT3 inhibitors

The first generation of “FLT3” inhibitors incorporates

several multikinase inhibitors (eg, sorafenib, sunitinib,

midostaurin, and lestaurtinib) employed for the treatment

of FLT3-mutated AML. The lack of FLT3 selectivity with

these multikinase, or “dirty kinase” first-generation

inhibitors, has been frequently (and perhaps naively)

viewed to represent a suboptimal FLT3-targeted

therapeutic strategy, and much effort has been devoted

to the development of more selective second-generation

small molecule FLT3 inhibitors such as quizartinib (AC220),

crenolanib, and gilteritinib (ASP-2215)5,13,15,19.

Mutations in epigenetic modifiers: regulation of DNA

methylation and chromatin modification

Somatic mutations within key epigenetic regulators are

identified in >50% of AML, and are now recognized as a

key, and often an inciting, component of leukemo-

genesis. It is of interest that age-related clonal

hematopoiesis, identified in >10% of individuals over age

65, is predominantly defined by the clonal outgrowth of

preleukemic clones harboring mutations in one of the

genes within this epigenetic class. It is likely that mutations

in this class of epigenetic modifiers promote clonal

outgrowth, but are insufficient to initiate leukemic

transformation without subsequent mutational events10.
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DNMT3A.

One of the 3 most common mutations in AML, DNMT3A,

is recurrently mutated in ~20% of de novo AML. Operating

via de novo methylation of cytosines in cytosine guanine

dinucleotide islands, DNMT3A plays a critical role in

regulation via epigenetic silencing of HSC differentiation

and self-renewal. The most frequent DNMT3A mutation,

the R882 missense mutation, has been demonstrated to

prevent methyltransferase activity and DNA binding,

leading to impaired HSC function, increased self-renewal,

and a differentiation block.DNMT3A mutations frequently

occur with advanced age and in conjunction

with NPM1, FLT3-ITD, and/or isocitrate dehydrogenase 1

(IDH1) mutations; the prognostic importance

of DNMT3A mutations by themselves remains unclear,

although several series have shown a correlation with

resistance to chemotherapy and disease relapse10.

Ten-eleven translocation-2 (TET2)

TET2 mutations occur in 10% to 20% of MDS and AML,

with a prominent frequency up to 50% in patients with

chronic myelomonocytic leukemia. The prognosis of

patients with TET2 mutations is variable and likely

dependent on the presence of additional cooperating

pathogenic events7,24.

Additional sex comb-like 1 (ASXL1)

Loss-of-function mutations in the chromatin modifier

gene ASXL1 occurs in 10% to 20% of AML and are

associated with advanced age, antecedent hematologic

malignancy, concurrent runt-related transcription factor-
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1 (RUNX1) and spliceosome mutations, and poor

outcomes.ASXL1 is a chromatin-binding protein that

interacts with the polycomb repressor complex 2, including

the H3K27 methyltransferase EZH2; mutant ASXL1

decreases polycomb repressor complex 2 recruitment and

stabilization, and reduces repressive H3K27 trimethylation

marks at various loci. ASXL1 mutations have been

described to be independently associated with inferior

poor overall survival and indicate a poor therapy

outcome6,25–27.

IDH mutations

Since the discovery of mutations within the genes for the

isocitrate dehydrogenase (IDH) enzymes IDH1 and IDH2

among patients with AML, much insight has been gained

regarding the incidence and unique pathophysiology of

these mutations. The recurring trio of pathogenic IDH

mutations in AML patients, IDH1-R132, IDH2-R172, and

IDH2-R140, occur within the conserved active site and lead

to loss of the expected Krebs Cycle reaction of isocitrate

to alpha-ketoglutarate (αKG), while promoting a reverse

reaction reducing αKG to the onco-metabolite 2-

hydroxyglutarate (2HG).

2HG accumulation is purported to block normal cellular

differentiation and promote tumorigenesis through

competitive inhibition of αKG-dependent enzymatic

activities, such as TET2-dependent DNA hydroxy-

methylation, histone demethylation, and HIF-1± activation.

IDH mutations are specifically characterized by a distinct

and globally hypermethylated DNA signature leading to

impaired hematopoietic differentiation, which can be
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reversed with small molecule IDH inhibition.IDH1/2

mutations are noted in ~20% in AML, including 6–16% for

IDH1 and 8–19% for IDH2 mutations. IDH1/2 mutations

are identified more frequently in older patients, those with

diploid or other intermediate-risk cytogenetics, and

frequently co-occur with FLT3-ITD and NPM1 mutations,

while being nearly mutually exclusive with both TET2 and

WT1 mutations.

While several studies have reported on the incidence and

prognosis of IDH mutations in patients with AML, available

data is conflicting and the significance of IDH mutations

on AML outcome has been unclear. This question is of

primary importance given the recent development of novel

therapeutic agents targeting mutant IDH1 or IDH2 with

promising preliminary clinical results, with objective

responses seen in ~50% of AML patients treated in the

relapsed/refractory setting with IDH1 or IDH2 inhibitors

like Enasedinib9,28–30.

Cohesin complex

Mutations in the cohesin complex are novel, genetic lesions

in AML that are not well characterized. Genes that belong

to the cohesin complex are SMC1A, SMC3, RAD21(SCC1),

STAG2 (SA-2), and STAG1 (SA-1); these genes form a ring

structure that regulates chromosome segregation during

meiosis and mitosis. It is known that germline mutations

lead to cohesinopathies that are characterized by growth

and developmental disorders in regard to the role of

cohesin genes in the pathogenesis of human disease.

Mutations inthe cohesin-complex have already been
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described in colorectal cancer. In the recentreport of the

Cancer Genome Atlas Research Network, no mutations in

STAG1 were detected, whereas the mutation frequency in

STAG2, SMC1A, SMC3, and RAD21 was slightly higher

(2.5%-3.5%).

Most mutated patients have a normal karyotype,

suggesting that cohesin gene mutations do not act through

destabilization of chromosomal integrity in AML, but rather

alternative mechanisms such as transcriptional control. An

interesting finding was the strong association between

NPM1 mutations and the mutations in cohesin genes, as

already indicated in the recent report of the Cancer

Genome Atlas Research Network.

In AML patients with normal cytogenetics, in patients with

mutated NPM1, and in the NPM1 mutated/FLT3 wild-type

subgroup of patients, cohesin mutations had no impact

on outcome. In a large study by Thol et al. on cohesin

complex mutations in AML, they found these mutations

in approximately 6% AML patients, and survival analysis

in their data showed that cohesin complex mutations do

not significantly affect patient prognosis31–34.

RNA splicing factor mutations

Frequently mutated in MDS and myeloproliferative

neoplasms, mutations in splicing factors (SF3B1, SRSF2,

U2AF1, and ZRSR2) are identified in ~10% of patients with

AML and are associated with older age, less proliferative

disease, poor rates of response to standard treatment, and

decreased survival. Spliceosome mutations are postulated

to promote malignancy through missplicing of various
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genes involved in epigenetic regulation, transcription, and

genome integrity. Current evidence suggests spliceosome

mutations are mutually exclusive of each other and always

co-expressed with the WT allele, suggesting that one

functional allele is required for cellular integrity.

The splicing inhibitor therapy for patients with preexisting

splicing factor mutations has been postulated to be a

uniquely effective targeted therapy for this genetically

defined AML subset12.

Tumor protein 53 (TP53) tumor suppressor

Termed “the guardian of the genome,” TP53 is a key tumor

suppressor with protean functions related to maintenance

of genomic stability, including regulation of cellular

senescence, apoptosis, metabolism, and DNA repair.

Although uncommon in de novo AML, TP53 mutations

occur in ~15% of therapy-related AML or AML with MDS-

related changes, and are predominantly associated with

complex cytogenetics, advanced age, chemoresistance,

and poor survival.

Irrespective of age or treatment modality, TP53 mutations

in AML portend lower response rates and inferior

outcomes compared with TP53 WT AML patients,

including high relapse rates after SCT. The optimal

treatment strategy for TP53-mutant patients thus remains

a critical area of unmet need35.
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TABLE 7: 2017 European LeukemiaNet

Recommendations for risk stratification3

Risk Category  Genetic Abnormality

FAVORABLE � t(8;21)(q22;q22.1); RUNX1-RUNX1T1

� inv(16)(p13.1;q22) or

t(16;16)(p13.1;q22); CBFB-MYH11

� Mutated NPM1 without FLT3-ITD or

with FLT3-ITD (low allelic ratio)

� Biallelic mutated CEBPA

INTERMEDIATE � Mutated NPM1 and FLT3-ITD

(high allelic ratio)

� Wild-type NPM1 without FLT3-ITD or

with FLT3-ITD (low allelic ratio) –

without adverse risk genetic lesions

� t(9;11)(p21.3;q23.3);MLLT3-KMT2A

� Cytogenetic abnormalities not classified

as favourable or adverse

ADVERSE � t(6;9)(p23;q34.1);DEK-NUP214

� t(v;11q23.3); KMT2A rearranged

� t(9;22)(q34.1;q11.2); BCR-ABL1

� inv(3)(q21.3q26.2) or

t(3;3)(q21.3;q26.2); GATA2-MECOM

� -5 or del(5q); -7; -17/abn(17p)

� Complex karyotype,

monosomal karyotype

� Wild-type NPM1 and FLT3-ITD

(high allelic ratio)

� Mutated RUNX1

� Mutated ASXL1
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Clinical and Therapeutic Importance of

Genomics In AML

The standard therapeutic regime in AML comprises of a

remission induction, and then post induction maintenance

with chemotherapy, transplant and targeted therapies.

With the advent of next generation sequencing technology,

which can detect a myriad of mutations, novel therapeutic

targets have emerged and many others are undergoing

clinical trials to improve patient care and outcome. This

has culminated in the commencement of an era of

precision medicine and personalised treatment which is

the way forward. Next generation sequencing technology,

not only detects the variants at the diagnostic timepoint,

but its importance in minimal residual disease monitoring

has also been described and many hallmark studies are

underway for the same. The various novel molecular

targets which have been developed have been briefly

discussed here. A detailed account of the same is beyond

the scope of this text.

Molecular Targets10,13,28

TABLE 8: Molecular targets and newly developed

targeted therapy for AML

CLASS DRUGS

FLT3 inhibitors Sorafenib, Midostaurin, Crenolanib,

Gilteritinib, Quizartinib, Lestaurtinib

NPM1 mutation CD33 antibodies –

Gemtuzumabozogamicin*
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DNMT inhibitors Hypomethylating agents like Azacytidine,

decitabine, Guadecitabine*,

Sapacitabine*

IDH inhibitors Enasidenib

HDAC inhibitors Vorinostat, Entinostat

CD123 CART CD123 CART*

(still under phase I trial)

PD-1 Nivolumab*

CTLA4 Ipilimumab*

*Newly developed targets, still under phase I and phase II

trials;HDAC- histone deacetylase, CART- chimerism antigen

receptor T-cell therapy

Conclusions and Take Home Points

The advance in understanding of the AML genome has

paved a way forward to guide precision medicine. Many

new promising therapies have been developed for the

same. The new recommendations for risk stratification also

aid in triage for transplant and the plan of care for these

individuals. The treatment of AML remains a tough

challenge despite advances in our understanding of

molecular mechanism and prognostic impact. Therefore,

many questions are still unsolved in the use of these new

drugs, which indicates that both patient and disease status

should be taken into consideration. Massive efforts are

required to guide precision medicine in the foreseeable

near future.

CLASS DRUGS
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Introduction

The classical myeloproliferative neoplasms (MPN),

essentially known as BCR-ABL1 negative myeloproliferative

neoplasms are clonal disorders, characterised by the

appearance of mature cells in the peripheral blood. The

various entities included are Polycythemia Vera (PV),

Essential Thrombocythemia (ET), Primary Myelofibrosis

(PMF), Chronic Neutrophilic Leukemia (CNL), Chronic Eosino-

philic Leukemia (CEL) and MPN-unclassifiable (MPN-U)1.

William Dameshek in 1951 initially grouped them together,

owing to the clinical and pathological similarities2.

However, it was not until the last decade, that researchers

began to elucidate the genetic basis of these neoplasms

as distinct from each other. This has led to the exciting

discovery of a series of mutations in these patients, which

not only necessitates genetic testing, but has ushered a

new era of personalised medicine, based on the molecular

abnormality.
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This section describes the somatic as well as germline

genetic aberrations that are implicated in the pathogenesis

of the different MPNs. The potential roles of additional

genetic and epigenetic abnormalities including the role of

micro-RNAs, epigenetic regulation and post-translational

modifications that promote or influence the MPN

phenotype have also been discussed. A comprehensive

discussion on the genomic landscape of myelodysplastic

syndrome (MDS) has also been added. Lastly, a note on

therapeutic regimen has been added to elucidate the

importance of genomic testing in these individuals.

Somatic Mutations in MPN Pathogenesis

JAK2 Mutations: Constitutive Tyrosine Kinase Activation

in MPN pathogenesis

Background

The initial specific mutation identified in MPN

pathogenesis was the JAK2 V617F mutation. This is a

somatic guanine to thymidine substitution at nucleotide

1849, in exon 14 resulting in the substitution of valine to

phenylalanine at codon 617 (JAK2 V617F) in the

pseudokinase domain1. JAK2 encodes for a cytoplasmic

non receptor tyrosine kinase, which is downstream of both

type I and type II cytokine receptors. The history of the

discovery of this mutation dates back to 2005, when James

et al.3 identified this mutation based on the demonstration

that chemical or short-interfering RNA (siRNA) mediated

inhibition of JAK2 results in the inhibition of endogenous

erythroid colony (EEC) formation in patients of PV. Levine

et al.3 utilised, for the first time, high-through put DNA
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sequencing to identify the JAK2 V617F mutation. All these

initial research efforts reported that the JAK2 V617F is a

gain of function mutation. The V617F mutation has been

detected in 95% of patients with polycythaemia Vera, 23

to 57% of those with essential thrombocythemia (ET), and

30 to 57% of idiopathic myelofibrosis1.

Mechanism

The exact mechanism by which this substitution at 617

codon results in aberrant signalling is yet to be fully

elucidated. The JAK kinases have seven homologous

domains4 (JH1-7), which includes the catalytic kinase

domain (JH1) and an inactive pseudokinase domain (JH2)

(Figure 1). This JH2 domain is known to serve an

autoinhibitory5 function and hence the V617F mutation

may repudiate this auto-inhibition, resulting in a

constitutive tyrosine kinase activity.

Figure 1:The domain structure of the JAK2 gene with an

overview of the commonly associated mutations.

JAK2- Janus kinase 2, PV- Polycythemia Vera, ET- Essential

Thrombocythemia, PMF-Primary myelofibrosis,

 RARS-T- Refractory anemia with ring sideroblasts and

thrombocytosis
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The JAK2 V617F mutation arises in a multi-potent

hematopoietic progenitor cell, and is present in all myeloid

lineages. It has also been found in non-hematopoietic cells

like endothelial cells of the spleen and of splanchnic veins

of patients with MF and/or splanchnic thrombosis (Budd-

Chiari syndrome)4. The variant allele frequency (VAF) in

granulocytes is highly variable, with a continuum between

the thresholds of detection (around 1% to 100%). The VAF

is usually low in ET (around 25%), is higher in PV (frequently

over 50%), and is close to 100% in post-PV or post-ET MF6.

In PMF, the VAF is variable, but frequently high. The JAK2

V617F is mainly restricted to classical MPNs with the

exception of refractory anaemia with ring sideroblasts and

thrombocytosis (RARS-T). However, JAK2 V617F has been

detected at very low level (lower than 1%) in the normal

population, including neonates. It is one of the mutations

found in clonal hematopoiesis associated with ageing.

Apart from the V617F mutation, JAK2 exon 12 mutations

are also found in classical MPNs that are negative for the

V617F mutation. They are not usually found in ET or PMF,

but can lead to secondary MF. The exon 12 mutations are

located between the SH2 domain and the pseudokinase

domain, with the commonly found mutations being N542-

E543del (23%), 543-D544del (11%), and F537-K539delinsL

and K539L (10%), respectively7.

The molecular techniques commonly employed for the

detection of JAK2 mutations include allele specific

oligonucleotide (ASO) polymerase chain reaction (PCR),

sequencing by Sanger’s technique, and more recently by

next generation sequencing utilising molecular inversion
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probes. Very low level JAK 2 mutations can also be detected

using real-time PCR.

Thrombopoietin receptor gene (MPL) mutations

There are two main types of myeloproliferative leukemia

mutations (MPL; the thrombopoietin receptor [TPOR])

located in exon 10 that have been associated with MPNs.

Somatic mutations in MPL were originally discovered by

Pikman et al8. during candidate gene resequencing of EPO-

R, MPL, and GCSF-R. The most frequent are mutations on

the tryptophan W515 located at the boundary of the

transmembrane and the cytosolic domains of MPL. The

most prominent mutations are MPL W515L and K8.

However, many other substitutions have been described

such as W515R, W515A, and W515G. Mutations on MPL

W515 are restricted to ET (around 3%) and PMF (around

5%) and can be also found in RARS-T. The other mutation,

MPL S505N, is even rarer and is located in the

transmembrane domain, stabilizing receptors in active

dimeric orientations. Originally, this mutation was

described in hereditary form of thrombocytosis as a germ

line mutation. Later on, acquired MPL S505N somatic

mutations were described in ET in 1% of the cases.

This underscores the similarities in mechanisms of

thrombocytosis between hereditary thrombocytosis and

ET. More recently, a number of “noncanonical” mutations

of MPL have been detected in triple-negative ET (ET

negative for JAK2 V617F, calreticulin [CALR] mutations, and

MPL W515L/K/MPL S505N). These mutations are rare and

lead to amino acid changes either in the extracellular (S204

or E230) or in the intracellular (Y591) domains. In addition,
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germ line noncanonical mutations of MPL can also be

detected9.

Calreticulin (CALR) mutations

CALR is an ER chaperone involved in the quality control of

N-glycosylated proteins and in calcium storage10. In the

year 2013, frameshift mutations in CALR gene were

described in patients with JAK2V617F and MPL negative

MPN, especially in 50-60% of ET and 75% of PMF patients.

Since then more than 50 mutations have been described

in the CALR gene, but all located in exon 9, and have been

found to induce a +1 (-1+2) frameshift. The wild type CALR

carries a negative charge, which is essential for calcium

binding. The +1 frameshift mutations have been found to

be pathogenic, and specific shifting leads to a new C

terminus which is devoid of the KDEL motif, which is

important for protein retention in the endoplasmic

reticulum (ER).

Figure 2:Exons of the MPL gene. The most common recurring

mutations are found in exon 10 which encodes the

cytoplasmic transmembrane junction.
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This mutated CALR protein now carries a positive charge,

in contrast to the normal negative charge. The 2 most

common mutations found are known as the type I – 52

bp-deletion (p.L367fs*46) and type II – 5 bp-insertion

(p.K385fs*47)11. These two mutations represent the two

ends of the spectrum- the type I mutation having lost most

of the wild-type exon 9 sequence and most of the calcium

binding sites. In contrast, the type II retains at least 50%

of the negative charge and is closely similar to the wild-

type. ET and PMF demonstrate differences in the

frequency of the type of CALR mutation seen i.e., ET- 35%

vs. 55% type I vs. type II, whereas PMF shows a

predominance of type I (75% vs. 15%). CALR mutations

have been described in very rare cases of PV, but definitive

evidence regarding its role in the pathogenesis of PV is

still lacking. Most of the CALR mutations are heterozygous,

although homozygous variants have also been described,

and interestingly, have been found to be associated with

a defect in myeloperoxidase accumulation in the primary

granules of the granulocytes.

The molecular diagnosis is rendered easier by a high VAF

and can be performed by numerous techniques and

routinely by sizing fluorescently labelled polymerase chain

reaction products of exon 9 of CALR. CALR mutations can

also be detected using next generation sequencing with

hybrid capture technique using molecular inversion

probes11.

LNK (SH2B3) Mutations

Somatic mutations in exon 2 of LNK (SH2B3) gene9,12, an

adaptor protein which regulates JAK2 activation, were
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detected in 2 patients of ET and PMF. Recent studies have

questioned the role of LNK gene as driver of the disease.

Some of these mutations can be germ line, including the

initially described LNKE208Q; some others are secondary

somatic mutations associated with JAK2V617F or CALR

mutations, more particularly during disease progression.

Other Acquired Mutations & Their Role in

MPN Pathogenesis

The three driver mutations – JAK2, CALR and MPL cannot

explain the heterogeneity which is encountered in MPNs.

Whole genome sequencing and next generation

sequencing have identified additional mutations in MPNs.

These are not however specific for MPN, but are also

frequently encountered in myelodysplastic syndrome

(MDS) and acute myeloid leukemia (AML). They belong to

different classes depending on their function. Their roles,

and functions in MPN pathogenesis are listed in Table 113,14.

TABLE 9: Somatic mutations (other than JAK2, CALR

and MPL) in MPN, their functions, frequency in MPN

and role in MPN pathogenesis.

Genes Protein Frequency Role

Function in MPN in MPN

DNA METHYLATION

DNMT3A DNA 5%-10% Initiation

methyltransferase

TET2 Dioxygenase 10%-20% Initiation &

Progression

IDH1 & IDH2 Neomorphic 1%-3% Initiation &

enzymes Progression
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HISTONE MODIFIERS

EZH2 H3K27 5%-10% Initiation &

methyltransferase Progression

ASXL1 Chromatin-binding 25%-PMF Initiation &

protein Rapid

progression,

poor

prognosis

TRANSCRIPTION FACTORS

TP53 DNA repair, <5% Leukemic

Cell cycle progression

regulation

CUX1 Regulator of TP53 <3% Leukemic

progression

IKZF1 Lymphopoieisis <3% Leukemic

progression

ETV6 Transcription factor <3% Leukemic

progression

RUNX1 Hematopoieisis <3% Leukemic

progression

RNA SPLICING

SRSF2 pre- RNA 10%-15% Initiation?

splicing factor PMF Progression

SF3B1 RNA-splicing factor <3% ET Phenotypic

change

(anemia),

poor

prognosis

U2AF1 U2 small nuclear 10%-15% Phenotypic

RNA-splicing PMF change

factor (anemia)
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Genetics of Leukemic Transformation of MPNs

It has been reported widely in literature that MPNs can

transform to AML, and aggregate data from these studies

have implicated mutations in p53, TET2, NRAS, RUNX1 and

CBL at leukemic transformation9,15. Reports have identified

that a sizeable percentage of these patients acquire TET2

mutations in the leukemic state and were not present

originally in MPN. Anecdotal reports in literature have also

described deletions in Ikaros at the time of leukemic

transformation. This is particularly intriguing as Ikaros is a

near-obligate requirement for lymphoid leukemic

transformation and not in myeloid leukemia. Other genes

implicated with progression to leukemia have already been

listed in Table 1.

Evidence Of Germline Mutations In MPN

The existence of families with MPNs has long suggested

the presence of germline susceptibility genes, which

predispose to MPN phenotype. JAK2 mutations have been

disregarded as a potential cause of familial MPN because

no germline mutations in JAK2 have been identified and

there is repeated evidence of JAK2 wild-type clones in

members of familial MPN kindred. The single largest report

of the familial aggregation of MPNs was demonstrated in

Sweden, in a population based study. They reported that

first degree relatives of MPN patients have 3-7 fold

increased risk.

The risk for PV – Relative risk (RR) - 5.7, ET-(RR)-7.4 and

MPN, NOS –RR- 7.5. From this report and accumulated

data from other studies, it appears that in most kindred
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the inheritance pattern appears to be consistent with an

autosomal dominant trait. Hereditary thrombocytosis may

be associated with germ line mutations in THPO, the gene

encoding thrombopoietin, MPL, or JAK2. In a Japanese

family with hereditary thrombocytosis, affected members

carried the germ line MPL (S505N) mutation, which has

been reported also as an acquired somatic mutation. More

recently, families with hereditary thrombocytosis

attributable to germ line JAK2 mutations have been

described, including JAK2 (R564Q), JAK2 (H608N), JAK2

(V617I), JAK2 (R867Q), and JAK2 (S755R/R938Q) However,

definitive cytogenetic or genetic loci have not yet been

discovered which may be associated with a germline

predisposition. Other genes discovered and proposed to

be involved in germline MPN are ATG2B, RBBP6 and

GSKIP2,16.

New Alterations in MPN: The Possibility of

Epigenetic Alterations

The possibility of disease-modifying alterations outside of

coding nucleotides has been less explored in MPN. These

include differential expression of microRNAs (miRNAs),

post translational modifications and these may also be

responsible in establishing clonal hematopoieisis prior to

acquisition of mutations in JAK2. Many reports in literature

have described the potential role of miRNAs in both normal

and malignant hematopoieisis. One of the best examples

came from the report by O’Connell et al. who injected

lipopolysaccharide in mice, which resulted in transient

induction of miR-15517,18 followed by granulocyte/

monocyte expansion.
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The bone marrow showed MPN phenotype with

neutrophilia. To ascertain its association with human

myeloid disease, they compared the expression by real-

time PCR in bone marrow patients of AML. In various

studies which have been done to study the expression of

miRNA in MPN, to date there has been consensus only

with miR-150 which has been recently recognized to

regulate lineage fate in myeloid erythroid progenitors, and

hence the megakaryocyte dominance in MPN is explained.

Some post translational modifications may also exist to

contribute to the MPN phenotype. Zhao et al. discovered

that the presence of V617F influences the deamidation

state of the proapoptotic protein Bcl-XL. This modification

reduces the ability of Bcl-XL to inhibit the Bcl-2 homology

3 (BH3)-only family of pro-apoptotic proteins, thereby

promoting apoptosis. To date no further examples of post-

translational regulation of MPNs have been found.

Other MPNs

Chronic Neutrophilic Leukemia

Chronic neutrophilic leukemia (CNL) is a distinct

myeloproliferative neoplasm with a high prevalence

(>80%) of mutations in the colony-stimulating factor 3

receptor (CSF3R). These mutations lead to the activation

of the receptor, leading to the proliferation of neutrophils

that are a hallmark of CNL. Recently, the World Health

Organization guidelines have been updated to include

CSF3R mutations as part of the diagnostic criteria for CNL19.

Nearly 90% of patients with chronic neutrophilic leukemia

and 40% of patients with atypical CML harbour CSF3R
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mutations. The most common CSF3R mutation in CNL/

aCML is the membrane proximal mutation: T618I. CSF3R

is known to signal downstream through both Janus kinase

(JAK) and SRC tyrosine kinase pathways, and the 2 classes

of CSF3R mutations that are observed exhibit different

downstream signalling and kinase inhibitor sensitivities.

Although CSF3R truncation mutations may exhibit

sensitivity to JAK kinase inhibition in the context of high

concentrations of the CSF3R ligand, downstream signalling

operates predominantly through SRC kinases and exhibits

drug sensitivity to SRC kinase inhibitors such as dasatinib.

In contrast, CSF3R membrane proximal mutations strongly

activate the JAK/signal transducer and activator of

transcription pathway and are sensitive to JAK kinase

inhibitors such as ruxolitinib19.

Chronic Eosinophilic Leukemia

This is a distinct MPN characterised by an autonomous

clonal proliferation of eosinophil precursors. Cases with

rearrangements on PDGFRA, PDGFRB FGFR1 or with PCM1-

JAK2 are specifically excluded from this category.

Occasional cases have been shown to have JAK2 mutations,

but ASXL1, EZH2, and TET2 mutations appear to be more

common. Anecdotal 4 cases with somatic activating KIT

M541L mutation, responsive to low dose imatinib have

been reported12.

MDS/MPN

This includes chronic myelomonocytic leukemia (CMML),

juvenile myelomonocytic leukemia (JMML), and atypical
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chronic myeloid leukemia (aCML), MDS/MPN with ring

sideroblasts and thrombocytosis, and MDS/MPN-

unclassifiable. The description of JMML genomics has been

described under pediatric malignancies.

CMML

This is a clonal hematopoietic malignancy with features of

both MDS and MPN. The WHO diagnostic criteria

incorporate clonal molecular abnormalities like TET2,

SETBP1, SRSF2, and ASXL1 in hematopoietic cells as one

of the criteria9.

MDS/MPN with ring sideroblasts and thrombocytosis

(MDS/MPN-RS-T)

SF3B1 mutations have been reported 60%-90%, and more

often in association with JAK2V617F mutation and less

commonly in association with CALR and MPL mutations.

The presence of these MPN associated mutations accounts

for the proliferative aspects of MDS/MPN-RS-T. Both V617F

and SF3B1 mutations are known to be independent

prognostic factors in these individuals9,20.

Clinical Importance of Genomics in MPNs

Prognostic Implications

The World Health Organization (WHO) diagnostic criteria

were revised in 2017 to incorporate molecular markers

such as JAK2 V617F, JAK2 Exon 12, and MPL mutations as

new major diagnostic criteria for MPNs. Screening for CALR

mutations is now also part of the diagnostic workup of

suspected ET or MF in many centres internationally. In MF,

the presence of mutations in any one of ASXL1, SRSF2, IDH1/2,
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or EZH2 has been shown to be associated with a poorer

survival and increased leukemic transformation2,21,22.

Specifically, the number of these “high-molecular-risk”

(HMR) mutations was inversely correlated with median

survival in MF independently of current prognostic scoring

systems (2.6, 7, and 12.3 years for cases with 2, 1, or no

HMR mutations).

Analysis of the prospective COMFORT-II cohort, which

compared ruxolitinib with best available therapy in

patients with MF, showed that ruxolitinib improved survival

for such HMR patients, which is the first indication that

treatment choices may influence the natural history of MF

with HMR mutations. Similar studies in PV and ET are

awaited. Clinical studies of retrospective cohorts have

shown that CALR mutations are associated with a better

prognosis and survival in MF and reduced thrombosis in

ET. Monoclonal expansion of HSCs can occur in healthy

individuals and often precedes acquisition of mutations

that drive the phenotype of MPNs. JAK2, MPL, and CALR

mutations and other genetic or patient factors influence

the MPN phenotype seen in patients.

Therapeutic implications

The emergence of a horde of epigenetic targets in MPNs

and myeloid malignancies has led to the testing of many

novel agents as part of clinical trials. Whether these drugs

are particularly effective in mutation specific MPN

subgroups remains to be determined.

Mutant CALR in ET and MF certainly holds promise as a

tumour-specific therapeutic target given the neomorphic
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C terminus of the mutant protein and its selective

expression in megakaryocytes23.

JAK inhibition

Ruxolitinib is the first approved targeted therapy in MPN23.

Ruxolitinib exerts its anti-JAK activity by competitive

inhibition of the ATP-binding catalytic site of the kinase

domain. Inhibition of the JAK-STAT pathway results in

decreased STAT-3/5, AKT, and ERK phosphorylation, as

shown in correlative biomarker studies within clinical trials.

Ruxolitinib is not specific for the mutated form of JAK2,

and inhibits both the wild type and JAK2V617F. Other JAK

inhibitors awaiting approval are Pacritinib and

Momelotinib24.

Emerging therapies other than JAK inhibitors

Drugs acting on mTOR/Akt/PI3K pathway

Buparlisib (BKM120), an inhibitor of PI3K, is under

evaluation in combination with ruxolitinib for patients with

MF (Table 2). Everolimus (RAD-001), an mTORC1 inhibitor

used in prevention of organ rejection, effectively inhibited

proliferation of JAK2V617F-mutated cell lines, alone and

synergistically with JAK1/JAK2i12,23,24.

Farnesyl transferase inhibitors

Tipifarnib was evaluated in vitro, and is still in phase 2 trials,

due to extensive side effects22,23,25.

Histone deacetylase inhibitors

Panobinostat has been shown to promote JAK2V617F

degradation. In vitro, givinostat inhibits the clonogenic
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potential of JAK2V617F-mutated progenitor cells at

concentrations 10 times lower than JAK2 wild-type cells,

and in a phase 2a study of patients with ET/PV, clinical

activity was observed in about half23.

Other potential drug classes

Other classes of drugs, some of which are already in use

for other malignancies are still under trials for MPN and

are yet to be approved by the FDA23. These include:

� Hypomethylating agents- Azacytidine

� Hedgehog pathway inhibitors-Sonidegib,

Erismodegib

� Antifibrotic agents-PRM-151(recombinant human

pentaxrin 2, tissue repair regulator), Simtuzumab

(inhibits lysyl oxidase)

� Angiogenesis inhibitors- Increased microvessel

density in PMF has been well described. This class of

drugs are being evaluated to address this issue.

Examples include bevacizumab, bortezomib and

sunitinib

� Telomerase inhibitors-Imetelstat (Complete or partial

response was observed in 21%, with median duration

of 10 to 18 months)

� Emerging therapies- CRISPR/Cas9 is a novel genome

editing technology that allows for targeting and

modifying specific sites in the genome and that is

becoming a major avenue for gene therapy23.
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Diagnostic modalities

The diagnostic modalities available include ASO-PCR,

capillary electrophoresis, real-time PCR. The more

sophisticated techniques employ a next generation

sequencing based assay using single molecule molecular

inversion probes.

Myelodysplastic Syndrome

MDS is a clonal disease which is driven by a complex

genetic mutations that result in phenotypic heterogeneity

and disease outcome9. Most of the clinical and pathologic

features are the direct result of recurrent acquired somatic

genetic lesions. In a study by Papaemmanuil in 201326,

they found that the estimated median leukemia-free

survival for patients with 1 oncogenic mutation or

cytogenetic lesion was 49 months, dropping to 42, 27, 18,

and 4 months for patients with 2, 3, 4 to 5, and ≥6

mutations, respectively.

These data accord with observations that transformation

from MDS to AML or relapse of de novo AML is driven by

clonal evolution associated with acquisition of new driver

mutations.

Molecular Genetics of MDS - Recurrently

mutated pathways

Splicing factors

Alternative splicing is one of the most commonly

dysregulated processes in cancer. Mutations in the

components of the spliceosome are the most common
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recurrent lesions in MDS and are seen in up to 60% cases.

The majority are in components of the 3’ spliceosome,

including SF3B1, SRSF2, U2AF1 and to a lesser extent

ZRSR2, U2AF2, LUC7, PRPF8 AND SF1. SF3B1 mutations,

the most common spliceosome alteration in MDS are

highly associated with the presence of ring sideroblasts

and a relatively benign prognosis26,27.

Epigenetic regulators: DNA methylation and histone

modification

Post translational modifications of DNA and histones are

important mechanisms of cellular epigenetic regulation.

Mutations in DNA methyltransferases28 is one of the most

common epigenetic modifications seen in 10-15% of MDS

cases27,29. The opposing process, DNA demethylation is

mediated by the ten-eleven translocation (TET) family of

proteins, dioxgenases that influences DNA methylation.

TET2 mutations are seen in 30% cases of MDS.

Alterations in DNA methylation also occur in patients with

mutations in the genes encoding isocitrate dehydrogenase

enzymes – IDH1 and IDH2, found in approximately 5% of

patients with MDS.

BCOR and BCORL1 are components of PRC1 complex and

are seen in 5% MDS cases27 and are associated with a poor

prognosis.

ASXL1 is recurrently mutated in 20% MDS patients, and

lead to dysregulation of important hematopoietic lineage

genes, explaining its role in dysplasia and cytopenias26.
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Cohesin complex

The cohesins (STAG2, SMC1A, RAD21) help in maintaining

sister chromatid cohesion, preventing the collapse of

replication fork and facilitates homologous recombination-

mediated DNA repair. Loss of function mutations in these

are seen in 15% MDS cases26,29.

Transcription factors

Germline loss of function mutations in RUNX1, GATA2, and

ETV6 are associated with inherited bone marrow failure

syndromes that carry a risk of MDS and AML.

TP53 mutations are seen approximately in 5% MDS

cases26,30. Somatic disruption of TP53 in MDS is strongly

associated with low platelet levels, a high blast count,

complex karyotype and prior exposure to chemotherapy.

Loss of TP53 in MDS and AML carries a particularly dismal

prognosis.

Abnormal cell signalling

Mutations in signalling pathway components are

associated with pro-proliferative states and occur in a

range of myeloid malignancies. Mutations in MAPK

pathway like NRAS, KRAS, NF1 and PTPN11 are found in

10% cases of MDS27. These mutations are typically

subclonal and occur late in disease evolution, often

heralding the transition to sAML.

del(5q) syndrome

An important gene involved in the pathogenesis of del (5q)

syndrome is CSNK1A1 which leads to upregulation of WNT

signalling and stem cell expansion. It is the dose dependent
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effect of CSNK1A127 that leads to responsiveness to

treatment with lenalidomide.

Genetics and MDS Management

The standard therapy involves supportive measures such

adequate nutrition and growth factor supplementation,

immaculate infection control and a prompt and judicious

transfusion support. The use of disease altering therapy,

including Lenalidomide, Azacytidine, Decitabine or Stem

Cell Transplant is based upon vigilant evaluation of

individual patients30.

Genetic predictors of response to therapy

The hypomethylating agents inhibit DNA methyl-

transferases and improve overall survival in MDS. Isolated

del (5q) predicts response to treatment with lenalidomide

which leads to complete cytogenetic remissions in

approximately 50% patients30.

Allogeneic bone marrow transplant

This is the only definitive treatment, however TP53

mutations have been associated with poor survival

following transplant, owing to increased rates of post

transplant relapse30.

Clinical Implications of Molecular Genetics of MDs

A more complete understanding of MDS genetics can give

information on multiple aspects of our clinical practice,

including diagnosis, prognosis and prediction of response

to treatment. Although morphology is quintessential to

diagnose MDS, genetic lesions often directly relate to the



64

disease phenotype. It is also clear that genetic mutations

determine the overall prognosis of MDS patients and

predict response to standard therapeutic regimen. Finally

understanding the molecular bulwark of MDS can guide

future research for development of new targeted

therapies.

Conclusions and Take Home Points

In the past 10 years, there has been a remarkable progress

in our understanding of the genetic basis of MPNs, but so

far this has mainly translated into better diagnostic

approaches to these disorders. Genetic data are being

increasingly used for developing pioneering prognostic and

predictive models, and to monitor disease response to

novel drugs that can target the mutant clone. Our

understanding of the genomic landscape of MPNs has

leapt forward over the last decade.

JAK2 mutation testing allows diagnosis of 99% of patients

with PV, and combined testing for JAK2, MPL, and CALR

mutations detects 85%–90% of patients with ET and MF.

The causative genetic lesions in 10%–15% of ET and MF

cases remain unknown at this stage and this subset may

include patients with nonclonal myeloproliferation due to

reactive causes, germline genetic aberrations, other

myeloid disorders, or as-yet unidentified somatic

mutations within the exome or genome. We are beginning

to understand the prognostic impact of coexisting

mutations in epigenetic or spliceosome regulators in

MPNs, but whether these alterations affect treatment

decisions remains to be tested in future prospective trials.
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Discovery of mutations in JAK2 and epigenetic regulators

has led to the successful use of JAK inhibitors in MF and

ongoing trials with multiple other novel agents, and the

recent identification of mutant CALR has the potential for

the development of a genotype-specific targeted therapy.
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Use of genomics towards diagnosis

and prognostication of Pediatric

Myeloid malignancies

Gaurav Chatterjee

Last decades have observed steady improvement in

outcome of children with cancer, however cancer remains

the leading cause of pediatric disease-related deaths (1).

Many of the improvements have been in the field of better

risk stratification and monitoring incorporating histologic,

immunophenotyping and molecular data. One area where

the prognosis still vastly needs improvement is the

pediatric myeloid malignancies, mandating the need of

better risk stratification and patient specific targeted

therapy. Recent advancement in massively parallel

sequencing can give rise to a huge amount of data including

potential actionable alterations.

This article will focus specifically on two genetically defined

myeloid neoplasm occurring in childhood, juvenile

myelomonocytic leukemia and inherited myeloid

malignancies. The differences in molecular spectrum of

pediatric MDS and AML will also be touched upon.

Technical details of different genetic techniques and

modalities applicable in myeloid malignancies will not be
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discussed here as they have been covered in earlier

chapters.

Juvenile myelomonocytic leukemia:

Juvenile myelomonocytic leukemia (JMML) is a clonal

hematopoietic disorder occurring in pediatric age group

usually characterized by granulocytic and monocytic

lineage proliferation, often associated with erythroid/

megakaryocytic abnormality and organomegaly (2). Blasts

and promonocytes amount to < 20% of all WBCs in

peripheral blood and bone marrow and BCR-ABL1 fusion

is, by definition, absent. The only current curative therapy

for non-syndromic de novo JMML patients is

hematopoietic stem cell transplantation (HSCT) (3) and the

clinical and pathologic factors are not sufficient to predict

the varying prognosis observed among JMML patients.

Genomics in diagnosis of JMML:

JMML is characterised by aberrant signal transduction of

the RAS signalling pathways, usually manifesting in

molecular alteration of one of the five following cardinal

genes: NF1, NRAS, KRAS, PTPN11 and CBL. Molecular

diagnosis assumes paramount importance in diagnosis of

JMML as it lacks definite clinical features and

morphological dysplasia, seen in other adult

myelodysplatic/ myeloproliferative neoplasms (MDS/

MPN). Moreover, multiparametric flowcytometric

immunophenotyping often fails to identify specific

maturation abnormality in granulocytic, monocytic and

myeloblast compartment in JMML (4). To make the

diagnosis even more challenging, except monosomy 7 in
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about 25% of cases, no other karyotyping abnormalities

are consistently present in JMML (5). Therefore, presence

of mutation in one of the five genes (Present in almost

85% of the cases) is a crucial component of JMML

diagnosis, as reflected in the current WHO criteria (6)

(Table 1)

Table 1: Current WHO 2016 criteria for diagnosis of JMML.

Adapted from Arber et al. (i)

I. Clinical and chematologic a features (all 4 features

mandatory)

� Peripheral blood (PB) monocyte count ≥1 x 109/L

� Blast percentage in PB and BM < 20%

� Splenomegaly

� Absence of Philadelphia chromosome (BCR-ABL1

rearrangement)

II. Genetic studies (1 finding sufficient)

� Somatic mutation in PTPN11 or KRAS or NRAS

� Clinical diagnosis of NF1 or NF1 mutation

� Germ line CBL mutation and loss of

heterozygosity of CBL

III. For patients without genetic features, besides the

clinical and hematologic features listed under I, the

following criteria must be fulfilled:

� Monosomy 7 or any other chromosomal

abnormality or at least 2 of the following criteria:

� Hemoglobin F increased for age

� Myeloid or erythroid precursors on PB smear

� GM-CSF hypersensitivity in colony assay

� Hyperphosphorylation of STAT5
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Molecular pathogenesis of JMML:

The mutation of five genes mentioned in WHO criteria, all

lead to hyper-activated RAS effector pathway, especially

hyper-responsive to granulocyte-macrophage colony

stimulating factor (GM-CSF, also known as CSF2). This

makes JMML a key member of “RASopathies”, a group of

syndrome/ disease caused by germline mutation of genes

in RAS/MAPK pathway (7). Normal RAS protein switches

between an active guanosine triphosphate bound (RAS-

GTP) and an inactive guanosine diphosphate bound (RAS-

GDP) conformation (F igure 1), the process and

concentration of these two molecules being tightly

regulated by guanosine nucleotide exchange factors

(GNEFs) and GTPase activating proteins (GAPs). RAS

Figure 3: Different RAS pathway mutations contributing in

molecular pathogenesis of JMML. Adapted from

de Vries ACH et al. (ii)

GNEF: guanine nudeotide

exchange factor; GAP:

GRPase activating

proteins; In JMML in 35%

of the cases a Ptpn11

mutation, in 20-25% of

the cases a RAS mutation,

in 17% a c-CBL mutation

is found. In 10-25% of the

cases, clinical signs of NF1

or NF1 gene mutations

are found.
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pathway is activated by GM-CSF binding to its receptor,

inducing heterodimerization and sequential assembly of

various signalling molecules and adapters including SHC1

and GRB2, GAB2, SHP2 (encoded by PTPN11) and SOS1,

which increases intracellular levels of RAS-GTP (8). This

activated RAS-GTP further induces a multitude of

downstream effectors. The inactivation of RAS-GTP to RAS-

GDP is mediated by GTP-ase, which is activated by RASA1

(also called p120GAP) and neurofibromin (9).

Most common among the JMML mutations are

heterozygous somatic gain-of-function mutations in

PTPN11, occurring in approximately 35% of patients (10).

PTPN11 mutations increase RAS signalling through

increased SHP2. Heterozygous germline mutations of

PTPN11 is associated with Noonan syndrome, which can

lead to transient myeloproliferation (11). The JMML

causing PTPN11 mutations are missense mutations in the

N-terminal SH-2 (exon 3) or PTP interacting surfaces (exon

13), while Noonan syndrome patients can show mutations

in other exons (12).

Furthermore, the germline PTPN11 mutations seen in

majority of patients with Noonan syndrome/

myeloproliferative disorder are predicted to result in a

weaker gain-of-function effect than the JMML associated

somatic PTPN11 mutations (12). JMML with PTPN11

mutation is a rapidly fatal disorder unless the patient

undergoes transplantation. Second most common are the

heterozygous somatic NRAS and KRAS mutations in codons

12, 13, and 61, which together account for 25% of JMML

cases (13). NRAS/KRAS mutations lead to accumulation of

active RAS-GTP.
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The relationship between RAS associated

lymphoproliferative disorders (RALD) and JMML is unclear

and some authors have suggested they are at different

end of a continuous spectrum (14). Another group of

JMML patients (Approximately 15%) harbour germline CBL

mutations. The CBL alterations are usually missense in the

linker region or ring finger domain (exons 8 and 9), with

acquisition of uniparental disomy in the JMML cells (15).

In few of the cases, heterozygous germline splice site CBL

mutations are seen (16). CBL-mutated cases show loss of

SRC mediated negative regulation resulting in hyperactive

GM-CSF response. Finally, germline mutations in NF1 are

responsible for approximately 10% of children with JMML

(17). Inactivation of the NF1 tumour suppressor gene leads

to loss of neurofibromin, which results in increased RAS-

GTP, deregulates RAS signalling through loss of

neurofibromin. Neurofibromatosis type 1 (NF-1), is the first

identified RASopathy and usually presents with typical

manifestations. The children with NF-1 are 200-350 times

more susceptible to develop JMML and JMML can be the

first manifestation of NF-1 (18).

Expanding the mutational spectrum of JMML:

Around 15% of the children with JMML test negative for

the five prominent RAS pathway associated genes.

Recently, whole exome sequencing studies have started

to push the horizon of JMML associated mutations wider

and have identified a host of additional mutations (6).

These include additional RAS pathway mutations (RRAS,

RRAS2), NF1 mutations without clinical NF-1, activating

mutations of JAK-STAT signalling pathway (SH23B),
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subclonal mutations of SETBP1, transcription factor

mutations (GATA2, RUNX1), Wiskott-Aldrik syndrome

mutations (WAS), mutations in epigenetic modifiers

(ASXL2, EZH2, PRC2, DNMT3A) and spliceosome complex

mutations (ZRSR2).

All these mutations were contributing factors for relapse,

especially subclonal mutations of SETBP1 was the single

most important factor causing relapse (19). Moreover,

although traditionally JMML has been known to lack

additional secondary genetic abnormalities, the next

generation sequencing (NGS) studies have been able to

identify co-occurring mutations including more than one

RAS Pathway mutations (RAS double mutants).

Interestingly, although the numbers were small, all the

children with relapsed disease had same mutations present

in the JMML cells as in the diagnosis (6). In addition, cancer

cell fraction of the mutations identified at diagnosis

reached almost 100%, indicating presence of single

dominant clone.

From the finding of this study, it appears that JMML follows

a unique linear model of disease progression and mutation

acquisition, instead of the branching model of mutation

acquisition seen in many cancers. One key technical issue

to be considered in JMML is correct evaluation of germline

material for proper identification of full spectrum of

mutations. Sources such as buccal swabs, cord blood, EBV-

immortalized lymphocytes and bone marrow fibroblasts

could be used, however it requires innovative algorithm

to identify tumor mixed in normal content (6).
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Genomics in prognosis and guidance of therapy

in JMML:

Conventionally, JMMLs with somatic PTPN11/ RAS and NF1

mutations progress rapidly and invariably have a fatal

outcome unless treated with HSCT. On the other hand,

germline CBL mutations-associated JMML children

experience spontaneous regression of their

myeloproliferation with persistence of uniparental disomy

in the CBL locus (3). However, recent high-throughput NGS

based studies have shown that number of somatic

alterations is the most important prognostic parameter.

In a large study with more than 10 years follow-up, children

with two or more somatic alterations had significantly

worse 10-year event free survival (EFS) and overall survival

(OS), and significantly higher cumulative rate of relapses

than those with zero or one somatic alterations (6). On a

Cox multivariate regression model, only statistically

significant predictor of poorer EFS and OS was number of

somatic alterations at diagnosis. Presence of individual

gene mutations did not reach statistical significance,

however children with two or more RAS pathway

mutations did significantly worse than those with one RAS

pathway mutations. Combining all these data, a molecular

based risk stratifying treatment algorithm has been

proposed (Figure 2) (20). Moreover, additional secondary

mutations identified in relapse indicate that combinational

therapy including RAS pathway inhibitors with inhibitor

targeting the secondary genetic events are required for

treatment of relapsed JMML.
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Inherited myeloid malignancy:

These exclusively genetically defined group of neoplasms

have only recently been started to be appreciated. MDS/

AMLs are primarily sporadic diseases and present in older

adults. However, it is now known that a group of myeloid

neoplasms occur due to inherited or de novo germline

mutations (21). Some of these disorders present with

typical constellation of clinical findings and others present

primarily as myeloid neoplasms. Traditionally these group

of disorders are thought to be rare, however with

increasing recognition, they could well prove to be more

common than currently anticipated. In a series from St.

Jude– Washington University Pediatric Cancer Genome

Project (PCGP) germline cancer predisposing mutatins

were seen in 4.4% of children and adoloscents with

Figure 4: Molecular based risk stratifying treatment

algorithm for JMML. Adpated from Koegel et al. (iii)
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leukemia(1). As more and more such neoplasms are

identified, their classification is also expected to change

and be more accommodative and organised, the current

WHO classification serves as just a framework (Table 2).

Although many of these disorders present with myeloid

malignancy in adult age group, many of the pediatric

myeloid malignancies are associated with such leukemia

predisposition syndromes (22). Detailed discussion on each

Table 10: Current WHO classification of myeloid

neoplasms with germline predisposition.

Adapted from Arber et al. (i)

Myeloid neoplasms with germ line predisposition without a pre-

existing disorder or organ dysfunction

1. AML with germ line CEBPA mutation

2. Myeloid neoplasms with germ line DDX41 mutation*

Myeloid neoplasms with germ line predisposition and pre

existing platelet disorders

1. Myeloid neoplasms with germ line RUNX1 mutation*

2. Myeloid neoplasms with germ line ANKRD26 mutation*

3. Myeloid neoplasms with germ line ETV6 mutation*

Myeloid neoplasms with germ line predisposition and other

organ dysfunction

1. Myeloid neoplasms with germ line GATA2 mutation

2. Myeloid neoplasms associated with BM failure syndromes

3. Myeloid neoplasms associated with telomere biology

disorders

4. JMML associated with neurofibromatosis, Noonan

syndrome or Noonan syndrome-like disorders

5. Myeloid neoplasms associated with Down syndrome

* - Lymphoid neoplasms also reported
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of these disorders are beyond the scope of this chapter,

however a short summary of disorders more relevant to

pediatric age group will be presented here.

Myeloid neoplasms with germ line predisposition

without a pre existing disorder or organ dysfunction:

Acute myeloid leukaemia with germline CEBPA mutation:

This familial AML syndrome is caused by germline mutation

of a single copy of CEBPA on chromosome 19q13.1 (23).

This disorder usually presents in children and young adults.

They usually present as AML without any non-

hematological symptoms or pre-existing disorder. The

morphologic and immunophenotypic features are typically

similar to their sporadic counterpart. The germline

mutation usually occurs in the 5’ end of the gene, whereas

the additional somatic mutation usually involves 3' end of

the other allele, causing progression to AML.

Both monoallelic and biallelic mutations occur in sporadic

AML, but the current WHO classification recognises only

biallelic CEBPA mutations as a separate entity associated

with good prognosis. Many of the apparently sporadic

cases may in fact be part of the AML with germline CEBPA

mutation, and therefore all biallelic CEBPA mutated AMLs

should undergo germline inheritance testing. Overall, AML

with germline CEBPA mutation has a favourable prognosis

(24). Interestingly, the somatic CEBPA mutations are highly

unstable throughout the disease course, with relapses

having mutations in different region in the somatic allele,

suggesting that apparent relapses may in fact indicate new

clones.
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Myeloid neoplasms with germline DDX41 mutation:

This recently described autosomal dominant familial

syndrome usually presents as MDS/AML in adulthood and

are caused by germline mutations in the gene on

chromosome 5 encoding the DEAD box RNA helicase

DDX41 (25). As with CEBPA, most of the DDX41 mutated

AMLs have biallelic DDX41 mutation, one of them being

germline. MDS/AML with germline DDX41 mutations

usually presents with leukopenia, hypocellular bone

marrow with dyserythropoiesis, a normal karyotype and

is usually associated with poor prognosis.

Myeloid neoplasms with germline predisposition and

pre-existing platelet disorders:

Myeloid neoplasms with germline RUNX1 mutation:

This disorder is caused by germline monoallelic mutations

in RUNX1, a core binding transcription factor encoding

gene on chromosome band 21q22 (26). RUNX1 mutation

can also be seen in sporadic myeloid neoplasms, including

in the t(8;21) (q22;q22.1) AMLs wherein RUNX1 serves as

one of the partners in RUNX1-RUNX1T1 fusion. For

patients with germline mutation, bleeding tendency

usually manifests in childhood, with impaired platelet

aggregation with collagen and epinephrine, and dense

granule storage pool deficiency. Associated haematological

neoplasms most commonly include MDS and AML,

however CMML, T lymphoblastic leukaemia/lymphoma,

and (rarely) B cell neoplasms (including hairy cell

leukaemia) can occur. The germline RUNX1 mutations

include nonsense mutations, frameshift mutations,
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duplications, deletions, and missense mutations.

Additional mutations, one of them being a hit at the second

RUNX1 allele, are usually required for progression to MDS/

AML (21).

Myeloid neoplasms with germline ANKRD26 mutation:

Thrombocytopenia 2 (germline ANKRD26 mutation) is an

autosomal dominant disorder associated with moderate

thrombocytopenia and increased propensity to develop

MDS/AML. This disorder is due to germline alterations in

ANKRD26 on chromosome band 10p12.1 (27). Most of

these mutations involve the 5' untranslated region of the

gene disrupting the assembly of RUNX1 and FLI1 on the

ANKRD26 promoter, resulting in increased gene

transcription and signalling through the MPL pathway. The

MAPK pathway is implicated in the pathogenesis, as

inhibition of EPHB2/MAPK has been shown to reverse the

proplatelet defect in these disorders. The chances of

developing myeloid malignancies are 30 times higher in

families with germline ANKRD26 mutation.

Myeloid neoplasms with germline ETV6 mutation:

Thrombocytopenia 5 (germline ETV6 mutation) is

characterized by autosomal dominant familial

thrombocytopenia and haematological neoplasms. They

are associated with development of a variety of

hematological malignancies including MDS, AML, CMML,

B lymphoblastic leukaemia, and plasma cell myeloma. The

missense mutations tend to have a dominant negative

effect, resulting in disrupted nuclear localization of the

ETV6 transcription factor (28).
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Myeloid neoplasms with germ line predisposition

associated with other organ dysfunction:

Myeloid neoplasms with germline GATA2 mutation:

Although currently believed to be in different end of

spectrum of a single disorder, germline GATA2 gene

mutations were traditionally associated with four

syndromes:

� MonoMAC syndrome, characterized by

monocytopenia and non tuberculous mycobacterial

infection (29)

� Dendritic cell, monocyte, B- and NKlymphoid (DCML)

deficiency with vulnerability to viral infections

� Familial MDS/AML (30)

� Emberger syndrome, characterized by primary

lymphoedema, warts and a predisposition to MDS/

AML

GATA2 is a zinc-finger transcription factor regulating

haematopoiesis, autoimmunity, and inflammatory and

developmental processes. Germline GATA2 mutations

(missense, null, and regulatory mutations) lead to

haploinsufficiency (31). GATA2 haploinsufficiency is

diagnosed by full gene sequencing and large

rearrangement testing. MDS/AML develops in about 70%

of affected individuals, at a median patient age of 29 years.

They are associated with morphological features of

hypocellularity and multilineage dysplasia, along with bone

marrow fibrosis. Affected patients most commonly have

associated monosomy 7 and show poor long-term

prognosis.
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Myeloid proliferations associated with Down syndrome:

Down syndrome is associated with development of both

ALL and AML in children. Two most characteristic

haematological disorders associated with Down are

transient abnormal myelopoiesis (TAM) and AML M7. TAM

is a unique disorder that presents with clinical,

morphologic and immunophenotypic features

indistinguishable from that of AML M7 associated with

Down’s. They usually present in early infancy and

spontaneously resolves within 3 months. In addition to

trisomy 21, TAM is also associated with GATA1 mutation

(32). However, in contrary to AML, they usually don’t show

secondary genetic events in form of additional somatic

mutations.

Myeloid leukemia associated with Down syndrome usually

presents in <5 years old children (33). GATA1 mutations

are considered to be cardinal feature of MDS/AML-

associated with Down syndrome (34). Children aged > 5

years with myeloid leukaemia may not have GATA1

mutations, and they are considered separately as

conventional MDS or AML. Trisomy 8 is a common

additional cytogenetic abnormality. Myeloid leukemias are

thought to arise from a GATA1 mutant TAM clone that has

acquired additional somatic mutations including mutations

of CTCF, EZH2, KANSU, JAK2, JAK3, MPL, SH2B3, and RAS

pathway genes (35). GATA1 mutant myeloid leukemias

associated with Down syndrome is associated with an

excellent prognosis and favourable response to

chemotherapy.
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Myeloid neoplasms with germ line predisposition

associated with inherited bone failure syndromes and

telomere biology disorders:

The inherited bone marrow failure syndromes and

telomere biology disorders (TBD) present in childhood and

are associated with typical non-hematologic clinical

manifestations (22). One crucial thing to note is that the

phenotype of these disorders are highly variable and

familial MDS/AML could be the first clinical manifestation.

Table 3 highlights the key disorders in this group and their

associated genetic abnormalities.
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Germline mutations: important clinical isuues:

Whom to suspect?

Complete family history and history of associated

symptoms like bleeding must be obtained from each MDS/

AML patients. Additionally, in following situations,

leukemia predisposition syndromes may be suspected (36):

� Any patient presenting with MDS/AML/ ALL with:

� A personal history of multiple cancers

� Thrombocytopenia, bleeding propensity, or

macrocytosis preceding the diagnosis of MDS/

AML by several years

� A first- or second-degree relative with a

haematological neoplasm

� A first- or second-degree relative with a solid

tumour consistent with germline predisposition;

i.e. sarcoma, early-onset breast cancer (at patient

age < 50 years), or brain tumours

� Abnormal nails or skin pigmentation, oral

leukoplakia, idiopathic pulmonary fibrosis,

unexplained liver disease, lymphoedema,

atypical infections, immune deficiencies,

congenital limb anomalies, or short stature (in

the patient or a first- or second-degree relative)

� Any healthy potential haematopoietic stem cell donor

who is planning to donate for a family member with

a haematological malignancy with any of the

conditions listed above or who fails to mobilize stem

cells well using standard protocols
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How to perform?

Many of the germline mutations can also be acquired

events in MDS/AML. Therefore, it is absolutely essential

to identify constitutional DNA. Skin fibroblasts are used

as gold standard for this purpose. Additionally, hair and

nails may be used. Saliva and buccal swabs are not ideal

for they are prone to get contaminated by blood cells. In

recent times, several sophisticated algorithms have been

used on high-throughput data to reliably identify germline

alterations. Another critical issue in this context is that

many familial mutations are unique. Therefore, they are

usually classified as variants of uncertain significance and

require functional testing to determine their pathogenic

nature.

Clinical benefits of identifying germline

alterations:

� Identification of patients – proper long term

management including additional organ dysfunction

and abnormalities of platelets.

� Genetic counselling of family members.

� Careful donor selection for allogenic bone marrow

transplantation to avoid introduction of deleterious

mutations and donor-derived leukemias.

Pediatric MDS:

In contrast to the adult MDS, the genetic landscape and

molecular spectrum of pediatric MDS remain largely

obscure. Refractory cytopenia of childhood (RCC), the most

common MDS subtype in pediatric age group, presents
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with persistent cytopenia, with < 5% blasts in the bone

marrow and < 2% blasts in the peripheral blood (37). Many

of the children with RCC presents with hypocellular bone

marrow making identification of definite dysplasia and

distinction from aplastic anemias and bone marrow failure

syndromes extremely difficult. Many of the children with

MDS show germline alteration especially of GATA2.

However, recent whole exome sequencing studies have

started shedding light on unique molecular spectrum of

pediatric MDS and their difference from adult MDS patients

(38). One of the key discriminatory findings was frequent

germline SMAD9 or SMAD9L variants in pediatric MDS.

These were present in 17% of childhood MDS cases and

these variants were lost in tumor cells by chromosomal

deletion and copy-neutral loss of heterozygosity.

Additionally, pediatric MDS had high number of

mutilations in RAS/MAPK pathway (PTPN11, NRAS, KRAS,

NF1, CBL, RRAS, BRAF, SOS1). Mutations in RNS splicing

genes and epigenetic modifiers were rarely seen in children

with MDS, in stark contrast to what is usually found in adult

MDS.

Pediatric AMLs:

The genomic landscape of pediatric AML differs from that

of adults. Pediatric AMLs enjoy a more favourable long

term survival compared to adult AMLs. The understanding

of a “pediatric specific” genetic landscape is critical not

only for better understanding of the biology of pediatric

AMLs, but also for development of pediatric-specific

targeted treatment. The Japanese pediatric leukemia/

lymphoma study group have confirmed that similar to
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adult patients with AML, enhancer binding protein ±

(CEBPA) mutations correspond to a favorable prognosis

and that C X C motif chemokine receptor 4 (CXCR4)

mutations are associated with less satisfactory outcomes.

Interestingly, seven neonates with t(8;16)(p11;p13)

experienced spontaneous remission, but four of them

relapsed later. This self limiting feature suggested that

conservative treatment could be an option to treat

neonatal AML with t(8;16)(p11;p13) (39). A distinct

molecular subtype of pediatric AML that is defined by

colony stimulating factor 3 receptor (CSF3R) mutations

(2.4%), has also been identified, which is commonly seen

in adult chronic neutrophilic leukemia, but rare in adult

AML (0.5–1.0%). The study linked CSF3R mutations with a

lower risk and better prognosis (40). It is worth noting that

CSF3R mutations are sensitive to inhibition of the Janus

kinase (JAK) pathway, which is downstream from the

receptor. Therefore, this newly identified mutation could

also be a potential therapeutic target. Clinical trials are

underway to test the efficacy of JAK inhibitors. Additionally,

PTPN11 mutations and high prevalence of KIT/ RAS

mutations have been identified in pediatric AMLs (41).

A recent large COG group study has comprehensively

analysed pediatric AML molecular spectrum in nearly 1,000

children using comprehensive whole genome sequencing,

targeted DNA, mRNA and microRNA sequencing and CpG

methylation profiling (42). Their findings show that

although, pediatric AMLs have multitude of diverse,

infrequent mutations with a long trail like their adult

counterpart, in many ways the genetic spectrum is

different. Pediatric AMLs show disproportionately high
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numbers of somatic structural variants, including new gene

fusions and focal deletions of MBNL1, ZEB2 and ELF1.

Conversely, mutations in DNMT3A and TP53, two of the

most commonly mutated genes in adult AMLs, were

virtually absent in pediatric data. New mutations

in GATA2, FLT3 and CBL and recurrent mutations in MYC-

ITD, NRAS, KRAS and WT1 were frequent in pediatric AML.

Moreover, pediatric specific co-occurrence of mutations

was also identified in the form of FLT3-ITD and NPM1

mutations co-occurring in the absence of DNMT3A

mutations with superior outcomes. This is in contrast to

the inferior outcomes reported in adults in whom FLT3-

ITD and NPM1 mutations frequently co-occur with

mutations in DNMT3A (43). Another group of AMLs

occurring predominantly in children is the non-Down

associated AML M7. These children show variety of

molecular changes including CBFA2T3-GLIS2 fusion and

activation of JAK-STAT and RAS pathways, indicating anti

JAK and anti RAS pathway targeted treatment may be

helpful in a subset of these children (44).

Conclusion and future direction:

Despite the tsunami of molecular data paving the way of

new frontiers in precision medicine in last decade or so,

the genome in pediatric myeloid malignancies have only

been started to be unravelled. Detailed genomic

exploration of adult AMLs have started to pave the way

for new molecular based risk stratification schemes and

new targeted therapy approaches (45). Recent large scale

studies have demonstrated the feasibility of incorporating

clinical NGS into pediatric hematology-oncology practices

(46). The early results show that not only NGS has the
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ability to broaden the spectrum of actionable alterations,

taking into account avoiding inappropriate therapy,

prognostic markers and diagnostic aid, NGS was clinically

impactful in 75% of cases. In pediatric myeloid

malignancies, in addition to the genetically defined JMML

and myeloid neoplasm with germline alterations, time is

ripe for wider application of high-throughput sequencing

supplemented by appropriate bioinformatics pipelines in

MDS and AML. Early data establishing the unique genome

of pediatric MDS and AMLs only reinforce the need for

the same. Moreover, NGS is suitable for high-sensitivity

MRD analysis as demonstrated in adult AMLs by our group

(47). NGS generated wealth of information in diagnosis

and monitoring could pave the path of precision medicine

and directed drug development in near future in pediatric

myeloid malignancies.
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5. Newer approaches towards

theranostics in

Acute Lymphoblastic Leukemia

Gourtham U. Raval

Hematopoietic stem cells are an important source of

different lymphocytes which essentially forms the basis

of our immune system. The lymphoid malignancies include

tumors of cells which are in different stages of maturation

ranging from immature to mature cell types. Acute

Lymphoblastic Leukemia (ALL) is an aggressive form of

leukemia that target and transform lymphoid progenitor

cells in bone marrow and other sites.

ALL is the most common cancer of childhood and has the

highest mortality rate in children 1,2. About three fourth

of the cases occur in the ages of 2-5 years 2, while the

remaining cases are seen in adults over 60 years old. ALL

is broadly classified into B lineage and T lineage, each

representing about 80 percent and 20 percent of total

cases respectively 3.

There is also another type called as natural killer (NK) cell

neoplasm, which is merged with T lineage ALL due to their

similarities in cell type. ALL occurrence has a sex ratio of
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Figure 5: Estimated frequency of specific genotypes of

ALL in children and adults adapted from 5
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around 1.4:1 in male to female, respectively 3. There is a

bimodal distribution seen in ALL incidence with the first

peak occurring at childhood and second in adults around

age 50 4.

Classification:

The French-American-British (FAB) classification system

classified ALL based on morphology of blast cells into the

following three distinct groups: small homogeneous blasts

with round nuclei and scanty cytoplasm (L1), larger blasts

with irregular nuclei, prominent nucleoli and more

abundant cytoplasm (L2) and basophilic cells with

prominent cytoplasmic vacuoles (L3)6. According to world

health organization (WHO), ALL is classified into following

three principal categories: B-lymphoblastic leukemia/

lymphoma not otherwise specified (NOS), B-lymphoblastic

leukemia/lymphoma with recurrent cytogenetic

alterations (B-ALL) and T-lymphoblastic leukemia/

lymphoma (T-ALL).

B-Lymphoblastic Leukaemia With Recurrent

Genetic Abnormalaties

This group of B-ALL is characterized by genetic lesions that

include balanced chromosomal translocation and

abnormalities involving chromosome number.

B-cell lymphoblastic leukemia/lymphoma with t(9;22)

(q34;q11.2)[BCR-ABL1]: B-ALL with t(9;22) is a neoplasm

of lymphoblasts where the blast cells are positive for the

presence of translocation between BCR gene on

chromosome 22 and ABL1 gene on chromosome 9. The

blast cells represented in this group are more immature
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than other B-ALL group. BCR-ABL1 positive B-ALL is more

common in adults (25 percent of adult ALL) than in

childhood cases (2-4 percent of all childhood cases). Age

and white blood cell count are factors for classifying cases

as high risk in children. The Philadelphia chromosome or

Philadelphia translocation (Ph) is a type of genetic

abnormality giving rise to fusion transcripts involving BCR-

ABL1 gene. A p190 fusion product is formed in majority of

childhood ALL cases. In about 50 percent of adult ALL cases,

a p210 fusion product is seen and the remaining is

represented by p190 transcript. However, no significant

clinical differences are seen between these two gene

products. B-ALL cases with BCR-ABL1 have the worst

prognosis and their higher frequency in adults explains why

they have poor outcome. Tyrosine kinase inhibitors (TKIs)

have been shown to have a favourable effect no outcome.

B-cell lymphoblastic leukemia/lymphoma with

t(v;11q23)[MLL rearranged]: B-ALL cases where the blast

cells harbour a translocation involving KMT2A (also called

MLL gene) as one of the fusion partner belong to B-ALL

MLL-rearranged group. Infants aged less than one year

commonly have KMT2A rearrangement. Older children do

not have KMT2A rearrangement but the incidence

increases with age into adulthood. A very high white blood

cell count (>100x109/L) and high frequency of central

nervous system involvement at diagnosis is generally seen

in patients with this type of leukemia. The KMT2A gene

can form fusion transcripts with more than hundered

different fusion partner gene. The most common fusion

partner gene is AFF1 (AF4/ MLLT2) and others include

MLLT1 and MLLT3.B-ALL with KMT2A rearrangement in
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infants rarely have co-occuring mutations and if they do

then they generally affect genes involved in RAS pathway.

B-ALL patients with KMT2A-AFF1 translocations in general

have a poor prognosis.

B-cell lymphoblastic leukemia/lymphoma with

t(12;21)(p13;q22)[ETV6-RUNX1]: This group is defined as

neoplasm of B-cell lineage committed lymphoblasts which

has a translocation between ETV6 and RUNX1 gene (also

called TEL-AML1). B-ALL with ETV6-RUNX1 translocation

is not seen in infants but is present in children and very

rarely seen in adulthood. RUNX1 is a transcription factor

and the involvement of RUNX1 in translocation with ETV6

abrogates this normal function of RUNX1 gene. Studies

have shown that there is a unique gene expression pattern

that is observed in patients belonging to this group 7 and

that this is an early lesion in leukaemogenesis 8. The ETV6-

RUNX1 translocation by itself do not cause leukemia but

requires other co-occuring mutations 8. About more that

90 percent of children having B-ALL with ETV6-RUNX1

translocation has a favourable prognosis.

B-cell lymphoblastic leukemia/lymphoma with

hyperdiploidy: B-ALL with hyperdiploidy represents

abnormal blast cells containing greater than 50

chromosomes mainly without the presence of other

genetic aberrations. This leukemia is not seen in infants

and seen less frequently in older children and adults, but

commonly occur in children. There is a non-randomness

fashion seen in the extra copies of chromosomes, where

chromosome 4, 14, 21 and X are most common ones and

chromosome 1, 2 and 3 are less common9. Hyperdiploid
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B-ALL children cases has a favourable outcome with cure

seen in greater than 90 percent of children.

B-cell lymphoblastic leukemia/lymphoma with

hypodiploidy: B-ALL with hypodiploidy represents

abnormal blast cells containing less than 46 chromosomes.

Based on the number of chromosomes, there are four

subtypes of B-ALL with hypodiploidy: Near-haploid, low

hypodiploid, high hypodiploid and near-diploid.

Hypodiploid ALL cases represents around 5 percent of total

ALL cases and occurs in both children and adults. All cases

under hypodiploid ALL show loss of one or more

chromosomes, although other associated genetic lesions

may be seen in these cases. For example, RAS or receptor

tyrosine kinase mutations are generally associated with

near-haploid ALL. Mutations (loss-of-function) in TP53 and/

or RB1 are seen in cases with low hypodiploid ALL. High

hypodiploid ALL cases do not show any specific gene

alterations. Studies have shown that ALL with hypodiploidy

has a poor outcome, with near-haploid subtype having the

worst prognosis 10.

B-cell lymphoblastic leukemia/lymphoma with

t(5;14)(q31;q32)[IL3-IGH]: This sub-group is a neoplasm

of B-cell lineage committed lymphoblasts containing a

translocation between IL3 and IGH gene. This condition is

found in both adult and children and is rare in occurrence

representing less than 1 percent of all ALL cases. There is

a constitutive overexpression of IL3 gene as a result of

translocation placing IL3 gene under the influence of

enhancer region of IGH gene 11. The prognosis of this sub-

group is not well established due to the availability of very

few cases.
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B-cell lymphoblastic leukemia/lymphoma with

t(1;19)(q23;p13.3)[TCF3-PBX1]: This sub-group of B-ALL

contains a translocation between TCF3 gene on

chromosome 19 and PBX1 gene on chromosome 1. This

leukemia is less common in adults and relatively common

in children (6 percent of B-ALL cases). The fusion protein

abrogates the normal functions of gene products coded

by TCF3 and PBX1 12. In some rare B-ALL cases, TCF3 forms

fusion product with HLF gene on chromosome 17. B-ALL

with TCF3-PBX1 is associated with an inferior outcome,

however newer intensive therapy is changing this trend.

B-cell lymphoblastic leukemia/lymphoma with

translocations involving tyrosine kinases or cytokine

receptors (‘BCR-ABL1–like ALL’): Patients in this sub-group

develop a neoplasm of lymphoblast which are negative

for BCR-ABL1 translocation but positive for gene

expression profile similar to that seen in BCR-ABL1 positive

ALL. This group is called as Ph like ALL and represents cases

involving IKZF1 deletions and CRLF2 over-expression. In

addition, other genetic lesions involving ABL-class fusions

and aberrations in the JAK-STAT signaling pathway are

commonly seen in patients of this sub-group 3. This

leukemia represents around 10-25 percent of ALL cases.

Ph like ALL with CRLF2 translocation is commonly seen

children with down syndrome. Majority of Ph like ALL cases

have CRLF2 rearrangement, resulting from a deletion in

the PAR1 gene family thereby placing CRLF2 downstream

to promoter of P2RY8 gene. Some cases may involve

translocation involving CRLF2 and IGH. Around 30 percent

of BCP-ALL represents a genetically heterogeneous group

with new types (eg. MEF2D and ZNF384 fusions) constantly

added to it (Figure 2).
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Figure 2: Major cytogenetic sub-group in BCP-ALL (left) and

genetic abnormalities in B-other ALL (right) adapted from 3.
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B-cell lymphoblastic leukemia/lymphoma with

intrachromosomal amplification of chromosome 21

(iAMP21): This group represents around 2 percent of BCP-

ALL and is present at older age (median 9 yrs) with low

WBC count. There are multiple regions of gain,

amplification, inversion and deletion within chromosome

21. Deletion of telomeric ends of chromosome 21 is also

seen in many patients.

Three or more extra copies of  RUNX1 on a single abnormal

chromosome 21 is the current internationally accepted

definition of iAMP21-ALL (Figure 3). An abnormal copy

number profile reveals one of the following: i) Irregular

copy number changes ii) region of amplification consisting

of RUNX1 and iii) loss of telomeric ends as seen in figure 3

bottom panel.

Figure 3: iAMP21-ALL; Normal (upper left) and abnormal

(upper right) FISH pattern of chromosome 21 (green-probe

for ETV6, red-probe for RUNX1) and copy number profile

(lower) of chromosome 21 adapted from 3
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Treatment of ALL

There are many different national and international

treatment protocols that are in vogue and have been

recommended through controlled trials 13,14,15. To name a

few : The United Kingdom ALL 2003 Protocol, North

America’s ALL Protocol which is offered by the Childrens’

Oncology Group, and the famous modified Berlin Frankfurt

Munster 90 protocol (BFM 90). The BFM 90 protocol

recommendations are more widely used and have shown

to have improved clinical outcomes in paediatric ALL, in a

report by Schrappe et al.

Treatment in older patients and adults

Acute lymphoblastic leukemia (ALL) is often perceived as

a pediatric malignancy because the peak incidence occurs

between 1 and 4 years of age. However, the incidence of

ALL increases in the older population, and the proportion

of patients diagnosed who are older than age 55 years (17

percent) nearly reaches that of patients age 21 to 54 years

(22 percent).

Since older patients show opposite problems, namely

higher mortality and relapse rates, prognostic factors for

both have to be analyzed. Prognostic factors for relapse

risk in younger ALL patients are probably also valid in older

patients, such as early and mature T-ALL, pro-B ALL,

elevated white blood cell count, and Ph+ ALL; however,

their predictive value is somewhat diluted by mortality

risks. Evaluation of minimal residual disease (MRD) has

demonstrated that persistence of MRD is associated with

a relapse rate above 90 percent in younger patients despite

continued intensive chemotherapy.
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Newer treatment options in adult B-ALL patients

ALL blasts express a number of antigens, such as CD33,

CD22, CD19, and CD52, which could be targets for antibody

therapy. The majority of older patients suffer from B-

precursor ALL. In this subtype approximately half of the

patients show CD20 expression on their blast cells. In

younger patients with CD20+ ALL, the first promising data

for the combination of chemotherapy and rituximab have

been reported. Outcome of older patients could be

hampered by a higher mortality due to infections in

CR, which underlines the need for intensive supportive

care for older patients throughout the entire treatment

period. Not only supportive and palliative care are

quintessential, what is more important is the reduction of

the potential adverse events that may ensue owing to the

co-morbidities and super added infections.

A promising new approach is the administration of a

bispecific CD19 antibody, blinatumomab, which has the

potential to engage cytotoxic T cells in patients for lysis of

CD19+ leukemia cells. In 19 patients with refractory

disease, defined as hematologic remission with persistent

MRD after intensive chemotherapy, the molecular

remission rate was 84 percent. A number of older patients

who were not able to receive an SCT remained in remission

for more than 1 year. The CD22-directed, calecheamicin-

conjugated antibody inotuzumab induced 18 percent CRs

and 39 percent marrow CRs in relapsed CD22+ ALL. Toxicity

appeared to be manageable, and the mortality of 4 percent

within 4 weeks was moderate. Successful future use of

antibody treatment will certainly depend on well-designed

combination regimens with chemotherapy that aim to
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achieve long-term responses, particularly in older ALL

patients.

Several other new drugs are of interest for optimizing

treatment in older ALL patients. Although the number of

older patients with T-ALL is low, the use of nelarabine is of

interest after promising results and acceptable toxicity in

relapsed T-ALL including older patients. Liposomal

cytarabine for intrathecal application showed activity and

tolerability in CNS relapse of ALL, although in combination

with systemic neurotoxic regimens, severe toxicities may

be observed. The use of liposomal cytarabine in

prophylaxis of CNS relapse is of interest, particularly in

older patients, since it allows reduction of the number of

intrathecal injections and may induce fewer systemic

toxicities compared with conventional intrathecal therapy.

Liposomal vincristine is another drug of interest,

particularly in older patients. Results are still pending on

the major question of whether liposomal encapsulation

allows a higher dose-intensity with lower risk of

neurotoxicity. Bendamustine could be of interest since it

has shown limited toxicity and favorable results in older

patients with B-cell lymphoma. New drugs with different

mechanisms of action may, in the future, be used in

combination with chemotherapy, such as proteasome

inhibitors, histone-deacetylase inhibitors, hypomethy-

lating agents, or targeted drugs such as Flt3 inhibitors or

Jak2-inhibitors in defined subgroups of ALL. Currently,

these compounds are either available in clinical trials or

could be considered in individual patients with poor

response to standard chemotherapy, including patients

with molecular failure.
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TABLE 11:Kinase fusions identified adapted

from Tasian et al

Kinase Tyrosine kinase Number 5’ fusion partners

gene inhibitor of fusion

partners

identified

to date

ABL1 Imatinib/Dasatinib 13 CENPC, ETV6, FOXP1, LSM14A,

NUP153,NUP214,RANBP2, RCSD1

SFPQ,SNX1,SNX2,SPTNA1,ZM1Z1

ABL2 Imatinib/Dasatinib 3 PAG1, RCSD1,ZC3HAV1

CSF1R Imatinib/Dasatinib 3 MEF2D, SSBP2,TBL1XRI

PDGFRA Imatinib/Dasatinib 1 FIL1L1

PDGFRB Imatinib/Dasatinib 8 ATF71P,EBF1,ETV6,SNX29,SSBP2

TN1P1,ZEBZ,ZMYND6

LYN Imatinib/Dasatinib 2 GATAD2A,NCOR1

CRLF2 JAK2 inhibitor 3 CSF2RA, IGH, P2RY8

JAK2 JAK2 Inhibitor 21 ATF71P,BCR,EBF1,ETV6,GOLGAS,

HMBOX1,OFD1,PAXS,PCM1,

PPF1BP1, RFX3, SMU1,SNX29,

SSBP2, STRN3,TERF2,TPR,USP25,

ZBTB46,ZNF274,ZNF340

EPOR JAK2 Inhibitor 4 1GH, 1GK, LAIR1, THADA

TSLP JAK Inhibitor 2 IQGAP2

TYK2 TYK2 Inhibitor 3 MYB, SMARCA4, ZNF340

IL2RB JAK1 / JAK3 1 MYH9

Inhibitor

NTRK3 TRK Inhibitor 1 ETV6

PTK28 FAK Inhibitor 3 KDM6A, STAG2, TMEM2

FGFR1 Ponatinib 1 BCR

FLT3 FLT3 Inhibitor 1 ZMYM2

DGKH 1 ZFAND3

BLNK 1 DNTT

CBL 1 KANK1
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Apart from the antibody directed treatment, the

emergence of novel molecular abnormlaities in ALL have

stimulated new research into defining and identifying

molecular targets for the same. In various ALL patients

which have some kinase fusions, downstream inhibition

of kinases may halt the progression of the leukemia

phenotype. Additionally in those with Philadelphia

positive, the famous imatinib mesylate has yielded

promising results.

Targeted Therapy

IKZF1 deleted ALL patients benefited from maintenance

therapy of vincristine 17. But this study is yet to be

confirmed by other groups. Retinoic acid compounds and

FAK inhibitors have also been tested on IKZF1 deleted ALL

patients at preclinical level and clinical confirmations are

Figure 4:Ph-like All; activated kinase signaling pathway and

therapeutic agents adapted from 16
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awaited 18. Ph like ALL with deletions involving

transcription factors like EBF1 and PAX5 are also observed,

but these targets are not therapeutically targeted. Genetic

lesions which act as drivers of oncogenesis should be

targeted. RT-PCR based fusion transcript detection can only

target known events and eventually miss out many

targetable alterations.

ABL-class fusions

Patients with ABL-class fusions are sensitive to imatinib

and dasatinib 19. Both of these drugs can help patients

who responded poorly to chemotherapy to achieve

remission 20. It has been shown clinically that imatinib or

dasatinib can be safely combined with chemotherapy 4.

Due to the presence of different ABL-class fusions (13 ABL1,

3 ABL2, 3 CSF1R, and 7 PDGFRB) it is difficult to identify

patients positive for the above fusions.

Other concerns are that these fusions may have different

breakpoints in different patients and the frequency of

occurrence is so low that it is difficult to implement a

randomized trial. Currently Ph like ALL patients are

identified based on a gene expression signature pattern

on low density array followed by FISH, RT-PCR and

sequencing assay to further sub-classify based on genetic

lesion.

The children’s oncology group (COG) followed a similar

protocol to classify patients in their trial AALL1131

(Figure 5).
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JAK/ STAT pathway lesions

Ph like ALL also includes ALL patients with aberrations in

JAK-STAT signaling pathway (CRLF2 recombination with or

without JAK mutations, JAK2 fusions, EPOR recombination

etc) 21,22. The JAK-inhibitor ruxolitinib has been tested in

pre-clinical settings and found to have variable outcome

depending on the underlying genetic lesion 23. Current

therapies in preclinical testing for CRLF2-rearranged ALL

include the histone deacetylase inhibitor givinostat, USP9X

inhibitors, anti-TSLPR/CRLF2 antibodies, and TSLPR-

directed chimeric antigen receptor T-cell immunotherapy
24,25. A phase2 trial (NCT02723994) under COG AALL1521

is ongoing for testing ruxolitinib with post-induction

Figure 5: Current Ph-like ALL genetic testing algorithm used

by the Children’s Oncology Group adapted from 16
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chemotherapy in patients classified as high risk JAK-

pathway mutated Ph like ALL (Figure ). The current

treatment for above patients include three weeks of

ruxolitinib monotherapy with varied chemotherapy for

those with incomplete response.

Ras/ MAPK pathway alterations

Mutually exclusive mutations in the Ras/ MAPK signaling

pathway are found in about 6 percent of all Ph-like ALL

cases. The key component of Ras/ MAPK pathway, Ras has

been difficult to target directly for treatment. FDA-

approved inhibitors like trametinib, selumetinib,

cobimetinib has been successfully tested to target

molecules acting downstream of Ras/ MAPK pathway like

MEK. Melanoma with BRAF mutation is currently treated

with trametinib. A phase2 trial of COG (ADVL1521) is

testing trametinib in a neoplasm which is driven by

aberrations in the Ras/ MAPK pathway.

I-AMP21 ALL

ALL with intrachromosomal amplification of chromosome

21 as explained above, also contain secondary genetic

abnormalities. These include mutations in RAS pathway

representing around 60 percent of i-AMP21 ALL and

aberrations of JAK-STAT pathway (P2RY8-CRLF2 fusions and

SH2B3 deletion at 20 percent and 50 percent respectively)
26,21. Testing of a RAS pathway inhibitor (selumetinib) on

iAMP21-ALL cells in-vitro showed reduced viability 26.

IAMP21-ALL patients treated on standard protocol have a

high relapse rate. The UKALL2003 trial was conducted on

children with intensive chemotherapy from the time of



116

diagnosis. The stratification (compared to previous one)

based on iAMP21 increased the 5 year event free survival

from 29 to 78 percent, reduced relapse risk from 70 to 16

percent and increased overall survival from 67-90 percent
27. Several ongoing studies will help to decipher the genes

on chromosome 21 involved in iAMP21-ALL and potentially

use them as targets for treatment.

ALL with epigenetic modifications

DNA methylation may be used in risk stratification, as there

are reports of ALL being developed as a result of DNA

methylation 28. Hypomethylating agent like decitabine is

well known for its ability to target and destroy

DNAmethyltransferases. Currently there is approval for

using decitabine in treatment of myelodysplastic syndrome

(MDS). A phase 1 trial for relapsed ALL with decitabine

(with Hyper-CVAD for re-induction) showed to have good

efficacy 29.

Decitabine was also well tolerated when used as a single

agent therapy. When relapsed/refractory ALL were given

decitabine and vorinostat (a histone deacetylase inhibitor)

prior to vincristine, prednisone, PEG-Lasparaginase and

doxorubicin, as a part of phase 2 study, promising results

were observed 30. Decitabine has also been shown to do

well with conventional chemotherapy when tested in

preclinical trials of ETPALL (early precursor TALL) patients
31. Trials in post-Allo-SCT setting (NCT02264873) and in

relapsed/refractory AML and ALL (NCT01794702) are

currently being undertaken with decitabine alone and in

combination with clofarabine, idarubicin and cytarabine

respectively.
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PI3K/mTOR pathway

Studies have shown the constitutive activation of

phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT)

and mammalian target of rapamycin (mTOR) pathways in

about half the cases of T-ALL 32. Inhibition of PI3K/AKT/

mTOR pathways is seen as a potential treatment option in

T-ALL patients as evidenced by some group 33. Arresting

ALL cells in-vitro in their cell cycle (G
0
/G

1
) and inhibition of

their proliferation is shown by NVP-BEZ235 (dual PI3K/

mTOR inhibitor). Combining NVP-BEZ235 with other

cytotoxic agents showed synergistic effects 34. Several

clinical trials (NCT02484430, NCT01523977 etc.) are on

going to evaluate the effects of such inhibitors along with

chemotherapy.

Microtubule dependent mechanism

Noscapine is an alkaloid derivative from opium and its role

as an anti-cancer agent is being evaluated in several clinical

Figure 6: A model illustrating the role of CYLD in promoting

noscapine activity in leukemia cells adapted from 38
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trials. Noscapine is water soluble and is readily absorbed

on oral administration with little or no side effects 35.

Noscapine interacts with microtubules and increases the

time they spend in their pause state 36. Noscapine inhibits

the proliferation of different cancer cell types in mouse

model 35. Cylindromatosis (CYLD) is a tumor suppressor

protein and its loss is seen in several tumors 36. In cell lines

and primary leukemic cells, the activity of CYLD expression

is shown to be highly correlated with noscapine activity
37. Noscapine activity to induce apoptosis in a microtubule-

dependent manner is enhanced by CYLD 38. The outcome

of ongoing clinical trials in ALL would help to establish the

potential of this drug as an anti-cancer agent.

Conclusion

The practice of allo-stem cell transplantion and dose

intensification chemotherapy are seen as major success

in pediatric acute lymphoblastic leukemia. But the

outcomes are not very promising in adults due to

chemotherapy related toxicity. Single agents have been

ineffective for ALL treatment due to the broad range of

molecular and genetic lesions observed.

However, precision treatment after characterizing patient

specific immunophenotype and genotype individually will

eventually help in improving clinical outcomes. Signaling

pathways such as JAK/ STAT, PI3K/AKT/mTOR, Ras/ MAPK

etc, are potential targets for small molecule inhibition.

Monoclonal antibodies and immunoconjugates

recognizing cell surface antigens can also be used for

targeted therapy.
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Genetically engineering patients T cell to recognize tumor

cells has been a part of novel treatment methods (CAR-T

cell therapy). The effectiveness of all these treatments

would help to classify patients who require targeted

therapy. The development of novel molecular assays will

help to identify patients belonging to such groups.
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