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ABSTRACT
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Objective: The objective of our review is to highlight the significance of microsatellite
hypervariation in diagnostics of hematologic malignancies.
Methods: For the past few decades, extensive experiments in cancer research have explored all
the possible pathways and a number of deleterious mutations that either make the tumor
suppressor genes (TSGs) dysfunctional or cause the proto-oncogenes to behave abnormally
by changing the cellular phenotype hence rendering disease. To prevent the deleterious
effects of mutations and to protect the genomic integrity, our system possesses multiple
repair mechanisms. DNA Mismatch Repair (MMR) and Direct Reversal of Damage (DRD) are
two repair mechanisms which help in removal of faulty base pairs and alkyl adduct
formation respectively to avoid long term effects of toxicity, tumorigenesis and mutagenesis.
There are nine major MMR genes – MutS homolog (MSH2, MSH3, MSH4, MSH5, MSH6), MutL
homolog (MLH1, MLH3), human post-meiotic segregation genes (PMS1, PMS2), and three
major damage reversal genes – O6-methylguanine-DNA-methyltransferase (MGMT), ABH2
and DEPC1.
Results: Any malfunction in DNA repair machinery can cause microsatellite instability (MSI), a
form of genomic abnormality with hyper mutable repeats that is directly associated with
cancer. Microsatellites are short, repetitive sequences, non-randomly distributed and
localized in 3’-UTR (Untranslated Region), introns, coding regions and promoters. Besides
MSI, evidence on promoter hypermethylation of selected repair genes also points toward a
prominent reason for cancer initiation and progression.
Conclusion: The presence of specific microsatellite marker hyper-mutability and consistent
promoter hypermethylation in leukemia or lymphoma can be considered as a part of routine
diagnostic test in clinical laboratories.

MMR; DRD; MSI;
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diagnostics

1. Introduction
Cancer, the disease of the genes and environment,
develops through a complex genetic pathway and
the complexity of tumor development varies in different cancers [1]. In colon, lung, gastric, breast cancers
and other solid tumors, the molecular complexity of
the tumor development is difficult to decipher only
using cytogenetic techniques, whereas hematologic
malignancies are known to arise mostly due to chromosomal rearrangements [2]. Our body possesses a
number of ‘Repair Systems’ that detects the DNA
damage, halts the replication process and corrects
the error, thus eliminating any flaws in the genome
and blocking mutations in somatic cells [3]. Mismatch
repair (MMR) machinery is one of the most significant
DNA repair mechanisms that is involved in the rectification of base-pair alterations, insertion–deletion
loops and hetero-duplexes instigated during replication and recombination. Several repair genes (MSH2,
MSH3, MSH6, MLH1, MLH3, PMS1 and PMS2) are
involved in this process and each of them is multifunctional in nature. These genes work by forming
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heterodimers and, depending on the type of lesion
a heterodimer is formed – binding of MSH2 gene
with MSH6 (MutSɑ) or MSH3 (MutSβ) and MLH1 with
either of PMS1 (MutLβ), PMS2 (MutLɑ) or MLH3
(MutLγ). The interaction between mismatch recognition complexes (MutS/MutL) and other proteins
such as helicase, proliferating cell nuclear antigen,
replication protein A, exonuclease 1 is very much
essential to bring about refinement of the errors [4]
(Figure 1).
Introduction of an alkyl group and accumulation of
DNA-alkyl adducts are considered to be carcinogenic.
For instance, an addition of a methyl group to the
guanine nucleotide results in complementary base
pairing to thymine instead of cytosine causing transition. Direct Reversal of Damage system includes
MGMT, a damage reversal enzyme, which transfers
the methyl group from O6-methylguanine to the
cysteine residue in the enzyme’s active site and
thereby eliminating the adduct [5] (Figure 2).
Microsatellites are simple repeat sequences, prone
to hyper variability and thus predisposed to
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Figure 1. Mechanism of DNA Mismatch Repair system.

Figure 2. Role of MGMT in Direct Reversal of DNA Damage system.

accumulation of mutational errors which are fundamentally caused due to the defects in DNA repair
machinery. Promoter hypermethylation of CpG
islands causes transcriptional silencing of repair
genes and interestingly associated with the development of microsatellite instability (MSI). For example –
in absence of MGMT, MMR genes plays the primary
role to correct alkylated lession, making chromatin
overloaded and resulting an early onset of MSI. Alternatively, DNA-damaging agents are also capable of
modifying the repair gene expression; this is
another reason for occurrence of MSI [6,7]. Recent
studies revealed microsatellite hypervariation due to
epigenetic dysregulation of selected DNA repair
genes, such as MGMT and MLH1, in primary lymphoid
and myeloid tumors, even though this is considered
to be a rare event [8,9]. It is possible to introduce
MSI testing in the field of diagnostics in blood
cancers which are otherwise routinely conducted for
tumors of digestive tract. However, based on early
reported data accompanied by our pilot study [10],
MSIs in hematologic malignancies are yet to be
assessed and can be considered diagnostically relevant for diversifying effects of mutations in variable
regions.
In this review, we discuss the microsatellite instabilities and epigenetic dysregulation of DNA repair genes
and the future prospects of targeting MSI as an effective diagnostic strategy in unexplained cases of hematologic malignancies.

2. Cytogenetic biomarkers in hematologic
malignancies
Since the discovery of trisomy 21 in 1959, clinicians are
following cytogenetic tests to date to determine the
varying effect of non-curable diseases, including malignancies [11]. In hematology, a conventional cytogenetic analysis helps in identifying structural and/or
numerical anomalies in chromosomes, which is formally known as karyotyping. Fluorescent in situ hybridization is another technique which requires bone
marrow or peripheral blood samples, but inadequate
number of DNA probes and cost limit its performance
and use. Spectral karyotyping, even though not
enlisted in regular practice, uses unique probes/dyes
to paint the 24 pairs of chromosomes. Studies have
shown that there are many cases where conventional
cytogenetics has missed out certain subtle micro
anomalies. In malignancies, chromosomal imbalances
cannot be detected using array comparative genomic
hybridization, but it is likely to be used for tumor classification and progression. A day-to-day use of cytogenetic markers is more assimilated into the diagnostic,
prognostic and therapeutic workgroup of hematologic
malignancies rather than any other field of oncology.
However, it eventually omits out certain molecular
level alterations and thus fails to understand the
origin and progression of disease which is important
for further establishment of novel therapeutic targets
[12]. Thus, it is best to enhance the arena of diagnosis

HEMATOLOGY

in hematologic malignancies to ponder over certain
unaccountable cases.
Table 1 comprises of cytogenetic markers that are
used in routine diagnosis and monitoring of hematologic cancers [12,13].

3. Microsatellite instability in hematologic
malignancies – a different point of view
MSI was originally termed as RER+ (replication errorpositive phenotype, because any temporary detachment of the newly synthesized strand or the template
strand followed by incorrect re-annealing often leads
to unpaired repeat units in daughter or parental
strand [14–16]. This phenomenon explains both contraction and expansion of microsatellite region. The
abnormality is seen as the presence of extra alleles in
cancer patients which results from a loss or a gain of
repeats due to polymerase slippage. Unlike hereditary
nonpolyposis colorectal cancer (HNPCC) that has
Bethesda marker guidelines; there are no selective
markers to check for MSI in hematologic malignancies.
Although the genetic background behind MSI differs in
various cancers, involvement of mono- or dinucleotide
markers in hematologic field is still elusive. The study of
MSI in leukemia was first reported by Wada et al. [17],
wherein they found frequent alteration in microsatellite region using dinucleotide repeat markers,
suggesting that MSI is involved in molecular evolution
of chronic myeloid leukemia (CML). There have been
studies on various cell lines of leukemia and lymphoma
which appeared as MMR deficient. In 1997, researchers
discovered mutation and inactivation of MLH1 gene in
human leukemia cell lines by northern and western
blot analysis. The cell lines KCL22, CEM and P300HK
showed lack of MLH1 gene expression, suggesting
that any disruption in MMR machinery can play a
pivotal role in the development of human lymphocytic
leukemia [16]. Inoue et al. [18] analyzed MSI in T cell
acute lymphocytic leukemia (T-ALL) cell lines where
repair genes MSH3 and MSH6 were detected to be
less frequently mutated. In another experiment,
biochemical analysis showed MSI in CCRF-CEM,
Table 1. List of cytogenetics markers in lymphoid and myeloid
malignancies.
Cancer types
AML
B-ALL
MDS
CML
ALL
Acute T-CLL
Non-Hodgkin
lymphoma

Cytogenetic biomarkers
t(8;22)(q22;q22), inv(16), t(15;17)(q22;q12),
t(9;11)(p22;q23), t(6;9)(p23;q34), inv(3),
t(1;22)(p13;q13)
t(12;21)(p12;q22), t(1;19)(q23;p13), t(9;22)(q34;q11)
ABL/BCR
del(5q), del(7q), +8, −Y, del(20q), (i)(17q), del(13q),
del(11q), del(12p), del(9q), (idic)(Xq13)
t(9;22)(q34;q11), t(11;22)
t(9;22), t(12;21), t(8;14), t(2;8), t(8;22), t(11q)
t(11;14)
t(10;14)(q24;q32), del(11q), del(13q), del(17p),
t(1;1)(p36;q21), t(3;Var)(q27;Var), +3, t(9;17)(q34;
q23), t(3;12)(q27;q23)
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CCRF-HSB-2, NALM-6, NAMALWA, MOLT4 and MOLT14
cell lines. These cell lines were seen to have MutSɑ
and MutLɑ deficiency directing toward a deletion/
point mutation in MSH2, MLH1 and PMS2 genes. For
the first time, this study established a MSI-positive Burkitt’s lymphoma cell line NAMALWA, capable of correcting base–base alterations and/or insertion–deletion
loops with high efficacy despite faulty DNA MMR
system [19]. Studies on patient samples showed an
increased frequency of loss of expression in MSH2 and
MLH1 genes by immunohistochemical staining, indicating the presence of MSI in chronic B cell lymphocytic
leukemia [20]. All of the above experiments show the
dynamism of cancers and compel us to consider MSI
as a part of hematologic malignancies. However, there
are certain cases where researchers failed to locate
MSIs in hematologic patient samples with additional
cytogenetic abnormalities [21–23]. Owing to less investigation of MSI-related primary leukemia and lymphoma
as compared to other tumors, it is very much difficult
to interpret the underlying association. Can MSI lead
to an acute transformation in primary malignancies
with or without cytogenetic rearrangements? Is there
any mechanism that causes defective repair system,
which in turn leads to MSI in primary blood cancers?
What if we can establish a set of microsatellite markers
to study MSI in detail like Bethesda markers? Probably,
these questions can be answered through an extensive
research to set up a benchmark in diagnostics.

4. Promoter hypermethylation – an initiator
of microsatellite instability in hematologic
malignancies?
The transfer of methyl group from S-adenosyl-L -methionine to cytosine residue (5-C position) is mediated
by DNA methyltransferases. This epigenetic event is
required to maintain the overall genomic integrity by
transcriptional silencing of imprinted genes, transposable elements and genes located on inactive X chromosome [24]. Scientists have recognized both gene
hypomethylation and hypermethylation in multiple
cancers over times. Altered methylation status of a
gene is known to trigger tumorigenesis by modifying
genomic integrity and transcriptional gene silencing
along with a closed chromatin structure [25–27].
There are fewer researches on DNA repair genes that
provided an insight on the occurrence of MSIs in Tcell leukemia and lymphoma as a result of promoter
hypermethylation [28–30]. In MSI-positive, aged acute
myeloid leukemia (AML) and myelodysplastic syndromes (MDS) patients, promoter hypermethylation
of both MLH1 and MSH2 genes reflected on the fact
that epimutation can contribute to the development
of AML in elderly patients [31]. Fülöp et al. [32]
designed a study and proved that Richter’s transformation, a rare complication of chronic lymphocytic
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leukemia (CLL), is associated with MSI and promoter
hypermethylation of MLH1 gene. An abnormal
expression of MSH2 and PMS1 genes was established
in adult T-cell leukemia (ATL) by methylation-specific
Polymerase Chain Reaction (PCR) which showed promoter methylation of PMS1 gene proposing significance of defective MMR system in the development
and progression of ATL [33]. In CML patients, abnormal
promoter methylation was investigated in multiple
TSGs to name a few – p14, 15, 16, Rb, MLH1, MSH2, adenomatous polyposis coli, MGMT, fragile histidine triad.
In this study, MGMT showed second highest methylation rate, but none of these patients displayed hypermethylation of MLH1 and MSH2 genes suggesting that
MMR genes may not be involved in the progression of
CML to blast crisis phase [34]. One of the distinguished
features in hematologic malignancy is the formation of
fusion protein, but how these cluster of proteins are
associated with methylation machinery to achieve transcriptional silencing? Are we clear about all the methylation-specific targets and their molecular mechanism
that drive pathogenesis of hematologic cancers in
different ways? Are MLH1 and MGMT genes be the
only risk factor for leukemic or lymphoid patients?
The genes coding MutS homolog – MSH2, MSH6 and
MSH3 were seen to be epigenetically inactivated in

Figure 3. Test criteria for haematologic malignancies.

colorectal, ovarian, gastric and oral squamous cell carcinoma [35–39]. Despite their being interesting candidates, there can also be a possibility that MSH2,
MSH3 and MSH6 genes are a weak target for hypermethylation unlike MGMT or MLH1.

5. Diagnostic relevance of microsatellite
instability and methylation status of DNA
repair genes – are we good to go?
In the diagnosis of primary hematologic malignancies,
MSI can be considered a very rare phenomenon until
proved by study of various pathways. It may or may
not be accompanied by cytogenetic rearrangements.
In 1997, National Cancer Institute developed Bethesda
guidelines for the detection of specific microsatellite
marker mutability in HNPCC patients. According to
Bethesda panel of microsatellite markers (BAT25,
BAT26, D2S123, D5S346 and D17S250), the MSI tests
include three possible results: MSI-H if two or more
than two markers out of five show MSI; MSI-L if one
of the five markers is MSI positive and Microsatellite
Stable (MSS), indicating the absence of MSI [40]. The
diagnostic tests for microsatellite markers include
immunohistochemistry (IHC)- or PCR-Fragment analysis-based molecular techniques. IHC methods, though
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cost-effective, could be inconclusive making it difficult
for the clinicians to decide the line of treatment [41].
Researches have shown the occurrence of MSI due to
altered methylation status of DNA repair genes and
their promoters in various cancers along with hematologic malignancies. There are certain limitations in this
area, since the extent and frequency of promoter
methylation and degree of gene silencing are still
covert in most of these cases.
The primary objective of introducing MSI test in the
field of hematologic malignancies is to evaluate the
patients stage by stage and thus reach to a relevant
treatment. Approximately 2–4% of cases, wherein the
patients are not showing any conventional chromosomal rearrangements or unresponsive toward drugs
could be tested for specific MSI markers. The future
direction of research through this article is to develop
important MSI makers by studying various cell lines
and patient samples. Once the markers show mutability in the primary cases of myelo- or lympho-proliferative conditions, the clinician can diverge from the
original diagnostic tests and conventional line of treatment in handful of unaccountable cases. Research
showing convincible association between microsatellite hypervariability and promoter hypermethylation,
causing tumors of the hematopoietic tissues, is currently deficient. Identifying MSI with a panel of microsatellite markers specific for leukemia/lymphomas
would definitely be beneficial for a systematic treatment and clinical management of patients. Thus, this
approach has the potential to serve for diagnostic,
prognostic and prediction of responses in cancer therapies (Figure 3).
The major arena for methylation assay is in differential diagnosis where conventional tests turn out to be
difficult to conclude [42]. Immune therapy response
for DNA repair deficiency caused by mutation and
methylation recently opened up a new vision in MSIpositive colorectal tumor [43–46], but whether the
same is true for blood-related cancers needs to be elucidated. Diagnostically screening of biologically related
family members for MSI markers and epimutation can
also help us to evaluate the possible clause in hematologic malignancies.

6. Conclusion
An increased knowledge on DNA repair system, MSI
and methylation with respect to their biological pathways is essential to understand the core mechanism
of tumor development and to advance current diagnostic approaches. However, not all the patients suffering from hematopoietic malignancies can be positive
for mutation in microsatellite regions or altered methylation. Most of them are diagnosed with cytogenetic
defects and treated accordingly, but there are
handful cases where patients do not show any
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cytogenetic anomalies by routine assays, but are symptomatic of cancer and hence succumb to mortality. In
these circumstances, a proposed panel of microsatellite
markers or promoter methylation assays for DNA repair
genes can serve as a favorable factor enabling what
could be the patient’s response toward drug or chemotherapy and at the same time providing a better
survival. We should, therefore, conduct basic research
so that precise markers could be evaluated and
implemented in diagnostics.
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