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Abbreviations: AML, Acute myeloid leukemia; Bp, Base 
pair; CLL, chronic lymphocytic leukemia; DNA, deoxyribonucleic 
acid; FA, fanconi anemia; HCL, hairy cell leukemia, IBCD, inherited 
bleeding coagulation disorders; IGH, immunoglobulin heavy chain; 
Kb, kilo base; MRD, minimal residual diseases; NGS, next generation 
sequencing; PML, promyelocytic leukemia; RARA, retinoic acid 
receptor alpha; RBC, red blood cell; RNN, ribonucleic acid; SNV, 
single nucleotide variant; TCR, t cell receptor; WES, whole exome 
sequencing; WGS, whole genome sequencing; RUNX, runt-related 
transcription factor

Introduction 

Both biologically and clinically, benign and malignant 
hematological diseases are distinct. Mutations, translocations, 
karyotype rearrangements, and posttranslational changes are all part 
of the complex and diverse genomic profile associated with these 
disorders.1 This data, together with the advancement of molecular 
techniques, has led to a change in the current dogma of focusing on 
a particular gene or pathway for investigation. The development of 
novel molecular biology technologies has led to the identification of 
genetic or targeted treatment schemes with cytotoxic, anti-metabolic, 
or immunomodulatory capabilities.2

The advancement of high-throughput, massively parallel DNA 
sequencing technology has led to significant discoveries in hematology, 
oncology, clinical genetics, and a variety of other diseases.3 The 
deep, high-throughput, in-parallel DNA sequencing methods known 
as next-generation sequencing (NGS) were created a few decades 
after the Sanger DNA sequencing method initially appeared in 1977 
and dominated for three decades.4 NGS technologies differ from the 
Sanger method in that they allow for massively parallel analysis and 
extremely high throughput from numerous samples at a significantly 
lower cost and time.5,6

Next-generation sequencing used to search an individual’s entire 
genome sequence in a short period of time. NGS technology have 

resulted in the mapping of the human genome in a large number of 
people, assisting in the understanding of how genetic alterations 
contribute to disease.7 It is a flexible method that can detect both 
new and previously reported sequence variants at the gene, exome, 
or whole genome level.8 Furthermore, it can be utilized to examine 
the genomic component at several levels, including the transcriptome, 
methylome, and chromatin structure.9,10 

Next-generation sequencing improves sequencing throughput by 
attaching millions of DNA fragments to a solid surface or substrate 
and sequencing all fragments in parallel.8 It operates by slicing the 
sample into fragments and creating fragment libraries at random. 
Then, by ligating particular adaptor oligonucleotides to both ends of 
each fragment and utilizing them as sequencing templates, fragment 
libraries are created for sequencing. NGS platforms necessitate 
powerful computational tools capable of aligning reads to a reference 
transcriptome or genome sequence, identifying and quantifying 
expressed gene isoforms, and performing differential expression 
analysis between specimens (transcriptome profiling).11 Through 
the assessment of a patient’s genetic makeup, these technologies 
revolutionized the area of hematological malignancies and provided 
a unique insight in disease start, risk stratification, and therapeutic 
intervention.12 

To find mutations, whole genome sequencing (WGS) entails re-
sequencing the complete genome and mapping the sequence back 
to the human genome. Because it sequences the complete genome, 
including promoters and regulatory areas, it is usually used to find 
novel and unusual mutations. It can be used to find genes linked 
to cancer, diabetes, immune problems, and other diseases.13 DNA 
libraries for WGS are prepared using paired-end sequencing and 
mate-pair sequencing methods. Approximately 100 bp are sequenced 
from either end of 400-bp DNA fragments in paired-end sequencing. 
Single nucleotide variations (SNVs), insertions and deletions, and 
copy-number alterations can be detected using it paired-end WGS. It 
requires little amounts of DNA (less than 1 mg) to generate libraries, 
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Abstract

By assessing a patient’s genetic makeup at a low cost, next-generation sequencing (NGS) 
technologies have begun to change the area of hematological malignancies. High-throughput, 
massively parallel DNA sequencing technologies are rapidly revealing new information in 
hematology, cancer, clinical genetics, and a variety of other diseases. It provides researchers 
with a new viewpoint on the onset of sickness, risk assessment, and therapeutic action. In 
hematology these technologies are used to diagnose hematological malignancies, inherited 
coagulation bleeding disorders, minimal residual diseases, hereditary hemolytic anemia, 
and blood typing. The use of next-generation sequencing in regular diagnostic procedures 
raises a number of challenges, including result interpretation, laboratory workflow, data 
storage, and ethical concerns.
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which is a significant benefit in the research of hematological 
malignancies. In mate-pair, substantially bigger DNA fragments are 
generated than in paired-end sequencing, with fragments ranging in 
length from 1 to 10 kb.14 

Whole genome sequencing gives a single nucleotide resolution 
view of the whole human genome, which includes both coding 
and noncoding sections. It can identify somatic mutations from 
constitutional variants such as single nucleotide polymorphisms 
(SNPs) using matched normal tissue, and it can detect a wide range 
of mutations such as SNVs, insertion/ deletion variants, copy number 
modifications, and translocations.15

Application of whole genome and next 
generation sequencing in hematology

Researchers are now developing disease-specific targeted NGS 
panels to aid in the identification and treatment of benign and 
malignant hematologic disorders.16 Hematologists are inspired by 
recent breakthroughs in molecular technology, particularly next 
generation sequencing, as a first-line technique for identifying 
possible mutations and determining novel causal genes in patients 
with blood diseases.17 The preparation of targeted NGS panels for the 
diagnosis of hematologic malignancies, red cell congenital hemolytic 
anemia, hemoglobinopathies, genes related to RBC membrane protein 
disorders, RBC enzymopathies genes, congenital dyserythropoietic 
anemia, inherited bone marrow failure syndromes, Diamond-Blackfan 
anemia panel, and genes related to bone marrow failure syndromes 
has begun.18 

Understanding and diagnosing hematological 
malignancies with next-generation sequencing

Next-generation sequencing technologies have been used to 
guide diagnosis, sub-classification, prognosis, minimal residual 
disease (MRD) diagnosis, and the discovery of new mutations in 
hematological disorders in a variety of scenarios.19 

Genome analysis of chronic lymphocytic leukemia (CLL): Until 
a revolutionary study approach combining NGS-WES and copy 
number analysis was established, the molecular pathogenesis of CLL 
was unknown.20 In one study, 32 genes were linked to the onset of 
CLL; however, a novel gene, NOTCH1, was the focus of additional 
investigation after it was discovered in 8.3% of CLL cases. The 
frequency of the NOTCH1 gene increased to 31% as the disease 
progressed to a more aggressive stage. Initial WGS on four CLL 
patients revealed 46 somatic mutations that could alter gene function, 
leading to the sequencing of 363 CLL tumors and the discovery of four 
frequently mutated genes: NOTCH1, XPO1, MYD88, and KLHL6.21 
Other new mutations include ZMYM3, FBXW7, MAPK1, and 
DDX3X, all of which interact with the regularly altered CLL genes 
NOTCH1, SF3B1, and MYD88.22 Nine genes have been identified as 
driver mutations in the oncogenesis of CLL, including the previously 
known TP53, ATM, and MYD88 genes.12 

Genome analysis of Hairy Cell Leukemia (HCL): A patient with 
HCL has five nonsynonymous coding variants discovered by WES.23 
One of these had a known activating BRAF mutation (V600E) (an 
amino acid alteration from a valine (V) to a glutamic acid (E) at 
position 600 in BRAF). Sanger sequencing of BRAF in another 47 
cases of HCL indicated that the V600E mutant is present in every 
case, implying that it is an obligatory driver of the disease and that 
HCL is likely to be extremely susceptible to PLX4032.24 

Genome analysis of Myelodysplasia: Evidence of six novel 
RNA splicing machinery genes carrying mutations impacting the 
3’-splice site identification in pre-mRNA processing, splicing 
machinery abnormalities were a common discovery utilizing WES 
in myelodysplasia.23 Impaired hematopoiesis and defective mRNA 
splicing are two major consequences, which have been linked to the 
PRPF40B, U2AF35, SRSF2, ZRSR2, SF3A1, and SF3B1 genes.12 

Genome analysis of lymphomas: In a variety of lymphoid tumors, 
such as Hodgkin’s lymphoma, diffuse large B-cell lymphoma, Burkitt’s 
lymphoma, follicular lymphoma, CLL, mantle-cell lymphoma, HCL, 
and splenic marginal zone lymphoma, NGS has also allowed for the 
acquisition of important molecular information.25 The goal of NGS 
is to find the tumor-specific clonotype and circulating tumor-specific 
sequence in the blood of Hodgkin’s lymphoma patients.26 Across 
lymphoma entities, P53 mutation predicts poor treatment response 
and shorter overall survival.27 

Cancer susceptibility gene identification in acute myeloid 
leukemia (AML): It’s important to figure out the genetic basis for 
cancer susceptibility because it could influence the prevention, 
early identification, and treatment of related neoplasms. More than 
100 genes have been linked to cancer susceptibility.28,29 Because 
many of the genes that contribute to cancer susceptibility have yet 
to be found, genetic testing for all of these genes is prohibitively 
expensive, impracticable, and frequently unrevealing.30 Whole-
genome sequencing is a thorough method for detecting alterations in 
genes linked to cancer susceptibility.31 The results of WGS in a female 
who presented with breast cancer at 37 years old, ovarian cancer at 39 
years old, and rapidly fatal therapy-related AML at 42 years old were 
recently reported.31,32 

Classification of AML: AML molecular classification based on 
karyotype and particular gene mutations appears to be superior to 
morphology-based categorization.32 Whole-genome sequencing 
holds up the promise of improved diagnostic accuracy, as well as the 
potential for further identification of disease subtypes with differing 
outcomes and therapeutic responses.33 

Identification of cryptic translocation 

Acute myeloid and lymphocytic leukemia, myelodysplastic 
syndrome, and chronic myelomonocytic leukemia all include cryptic 
translocations and mutations in the core binding factor genes, runt-
related transcription factor 1 (RUNX1) and core-binding factor 
subunit beta (CBFB).34,35 The RUNX transcription factor family 
(Runx1, Runx2, and Runx3) encodes proteins that are involved in a 
variety of cell types, including blood and blood-related cell types.36 

They control normal hematopoietic development via activation or 
repression, and they have been shown to be useful in identifying any 
genetic abnormalities.37,38

Detection of minimal residual disease

In hematological malignancies, MRD detection and quantification 
are utilized to assess therapy efficacy, patient risk stratification, and 
long-term outcome prediction.39 To understand the probable evolution 
of MRD, NGS techniques enable for searching not only for known 
mutations/translocations, but also for any clonal gene mutations and 
rearrangements present in diagnostic samples.40

Inherited coagulation bleeding disorders diagnosis

Inherited bleeding coagulation disorders (IBCDs) are a diverse 
group of coagulation factor deficiencies that includes the most 
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common Hemophilia A and B, as well as rare bleeding disorders 
involving factor II, V, VII, X, XI, and XIII deficiencies, as well as 
fibrinogen and fibrinolysis disorders.41 Due to lack of accurate 
knowledge of the genetic, laboratory, and clinical aspects of this 
disorders, it can be difficult to identify using routine test methods.42 

NGS could aid in the identification of genetic problems in patients who 
do not fit into recognized IBCD categories, a better understanding of 
genotype-phenotype correlations, and identification of afflicted family 
members.43 

Fanconi anemia (FA) diagnosis

Due to the clinical presentations of FA patients are so diverse, a 
positive chromosomal breakage test and/or pathogenic mutations in 
one of the FA genes are required to establish the diagnosis.44 FA is 
caused by mutations in 15 different genes, and the gene products of 
these genes work in a pathway that deals with specific difficulties that 
can develop during DNA replication.45 An Illumina GAIIx sequencer 
was used to generate sequence data from DNA libraries of eleven 
carriers of mutations in the FA genes: FANCA, FANCB, FANCC, 
FANCD1, FANCE, FANCG, FANCI, FANCN, and one individual 
having a mutation in BRCA1. Multiplexed NGS is a useful molecular 
diagnostics technique for FA which uses genomic DNA, minimal 
turnaround time, and minimal cost for detecting the disease-causing 
mutation.46 

Congenital hemolytic anemia diagnosis

Hereditary hemolytic anemia are genetically diverse illnesses 
marked by accelerated red cell breakdown due to intrinsic or extrinsic 
disorders of the red cell.47 Next-generation sequencing provides a 
high-throughput, very sensitive technique for the congenital hemolytic 
anemia. By interrogating genes encoding cytoskeletal proteins and 
enzymes with sequencing coverage of the coding regions, splice site 
junctions, deep intronic, and regulatory regions, NGS can able to 
detect hemolytic anemia.48

Blood-group typing

Pre-transfusion serological testing for ABO and RhD antigens 
was used to determine compatibility between blood donors and 
patients.49 Research done by Lane and his colleagues WGS improved 
the accuracy of phenotype prediction. A controlled trial with 20 
participants demonstrated that serological and single nucleotide 
polymorphism (SNP) array typing methods were 99.5% concordant. 
The approach was 99.8% and 99.9% concordant with serological and 
whole-genome sequencing data in 90 and 200 subjects, respectively, 
after controlling for slight misalignment of sequence reads.50 

Challenges of sequencing technologies to 
apply in routine diagnosis 

A key area of concern within sequencing technologies is that of 
ethical and legal concerns in reporting incidental findings.51–53 Green 
et al. raised the issue of genetic variants discovered through genome 
sequencing that are unrelated to the condition under investigation.54 
The huge amounts of data produced by WGS and WES, most of which 
would not be relevant in a diagnostic scenario was the main challenge 
encountered in creating NGS for routine diagnostic procedure.55 The 
handling of such a large amount of data poses a challenge in terms 
of interpreting in clinically meaningful way.56 Other issues faced 
are that of the costs related to getting the equipment, software and 
consumables required for NGS. Besides, due to large amount of data 
(gigabytes) generated per sequencing in NGS platforms it requires 
high-performance computers to process and analyze the data quickly 

and effectively.57 Validation is another key consideration when 
employing this technology in a hospital setting for diagnosis and 
treatment monitoring. As with every novel diagnostic test, various 
issues must be answered about its usefulness and applicability in a 
clinical setting by considering the workload, number of samples, and 
turnaround times in particular laboratory.12

Conclusion 

High-throughput DNA sequencing technology, which has already 
impacted hematopoietic disease diagnosis and gene identification, 
has a lot of potential in the future. Genomic analysis will lead to the 
discovery of new disease genes and modifier alleles, new insights 
in diseases pathophysiology and better understanding of disease 
progression and stratification of risk of disease-specific complications. 
With better monitoring of medication by genetic biomarkers, improved 
therapeutic options, particularly patient-specific pharmacogenomics-
based therapy, can be developed. The key hurdles of NGS technology 
include cost, validation, ethical, and legal issues.
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