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DESCRIPTION
Leukemia, a complex group of hematological malignancies, has 
long been a focus of medical research due to its diverse 
presentation, unpredictable progression, and profound impact 
on both children and adults. Traditionally, diagnosis and 
classification relied on morphological examination of blood and 
bone marrow, combined with basic cytochemical stains. 
However, these conventional approaches, though foundational, 
lacked the precision necessary to unravel the intricate molecular 
events that drive leukemogenesis. The past few decades have 
witnessed remarkable advances in molecular diagnostics, 
transforming leukemia from a disease defined by cellular 
morphology to one understood through genetic and molecular 
signatures. These developments have revolutionized not only 
diagnosis but also prognosis, monitoring, and treatment, 
ushering in an era of precision medicine that tailors therapy to 
the unique molecular profile of each patient.

The understanding of leukemia at the molecular level began to 
crystallize with the discovery of the Philadelphia chromosome in 
chronic myeloid leukemia, which demonstrated for the first time 
that a specific chromosomal abnormality could be the driving 
cause of a malignancy. One of the earliest and most widely used 
molecular diagnostic techniques is cytogenetic analysis, which 
allows visualization of chromosomal abnormalities under the 
microscope. Conventional karyotyping can detect large-scale 
changes such as translocations, deletions, and duplications, 
providing valuable diagnostic and prognostic information. 
However, karyotyping requires dividing cells and offers limited 
resolution. This limitation led to the development of 
Fluorescence In Situ Hybridization (FISH), which uses 
fluorescent probes to detect specific DNA sequences within 
interphase or metaphase cells. FISH enables the identification of 
submicroscopic chromosomal abnormalities. These cytogenetic 
techniques laid the foundation for modern molecular 
diagnostics by demonstrating how chromosomal aberrations 
could serve as both diagnostic hallmarks and therapeutic targets.

As molecular biology advanced, new high-throughput
technologies emerged that extended the depth and breadth of
diagnostic capability. Microarray based gene expression profiling
enabled simultaneous measurement of thousands of genes,
revealing expression patterns that could distinguish leukemia
subtypes even when their morphology appeared similar. In acute
lymphoblastic leukemia, for instance, gene expression profiling
has identified specific molecular subgroups with distinct
outcomes, guiding risk-adapted therapy. Similarly, microarray
analyses have helped classify acute myeloid leukemia into
genetically defined categories, offering insight into the biological
heterogeneity of the disease. Although microarrays have
gradually been surpassed by Next-Generation Sequencing
(NGS).

Next-generation sequencing represents the most significant
advance in molecular diagnostics for leukemia in the modern
era. By enabling comprehensive analysis of the entire genome,
exome, or transcriptome, NGS allows for the detection of known
and novel mutations, gene fusions, and structural variations with
unparalleled resolution. The capacity of NGS to provide
comprehensive mutational profiling has made it a cornerstone of
modern leukemia diagnostics, supporting personalized treatment
decisions that were once unimaginable.

While genomics and transcriptomics have dominated molecular
diagnostics, epigenetic profiling has emerged as another crucial
dimension in leukemia research. Epigenetic modifications such
as DNA methylation, histone modification, and chromatin
remodeling play a pivotal role in regulating gene expression
without altering the DNA sequence. Aberrant methylation
patterns have been identified in multiple leukemia types,
contributing to silencing of tumor suppressor genes and
promoting leukemogenesis. Methylation arrays and sequencing-
based methods now enable genome wide assessment of
epigenetic alterations, offering new biomarkers for diagnosis and
prognosis. The integration of molecular diagnostics into clinical
practice has redefined leukemia classification.
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