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Abstract
The rapid emergence of molecular diagnostic platforms has revolutionized the diagnostic approaches in 

hematology laboratory. Fluorescence in-situ hybridization, polymerase chain reaction and DNA sequencing are 
common techniques used in routine clinical laboratories for the diagnosis of hematological diseases. Different 
molecular techniques are indicated in different situations. This paper describes the utility of common molecular 
techniques. Fluorescence in-situ hybridization is specific for detection of chromosomal abnormalities using fluorescent 
labeled targeting probe. Polymerase chain reaction amplifies target DNA and reverse transcription polymerase chain 
reaction amplifies target RNA for the analysis of gene and its expression level. Real-time polymerase chain reaction 
is highly sensitive for detection of minimal residual disease in hemic malignancies. Gap-polymerase chain reaction 
is often employed for diagnosis of large deletions such as in alpha thalassemia. Allele-specific polymerase chain 
reaction is commonly used for single nucleotide polymorphism detection which is common in beta thalassemia, 
myeloproliferative neoplasm and acute leukemia. Inverse shifting-polymerase chain reaction can be employed for 
the detection of large genetic rearrangements such as those seen in hemophilia A. For genetically complex diseases 
such as hemophilia A, which involves a great variety of mutations in large genes, high resolution melting analysis 
can be used to scan for point mutations. Any suspected mutations are confirmed using post-PCR technologies, such 
as DNA sequencing. Although conventional diagnostic methods are able to provide a basic analysis in most cases, 
molecular technologies generate valuable genetic information that can refine diagnosis, better predict prognosis and 
facilitate disease monitoring.
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Introduction
While labor-intensive manual tests and high-volume automations 

are routinely employed for clinical diagnostics, we are heading 
towards the era of personalized therapy using molecular platforms. 
With the recent advances in molecular medicine, hematological 
malignancies, hemoglobinopathies, and  congenital hematological 
disorders such as coagulating factor deficiencies can now be diagnosed 
genetically. Over the past decade, laboratory diagnostic approaches 
have been developed from the comparatively more laborious manual 
methods, which usually take hours to perform, to a rapid, robust and 
accurate molecular diagnostic platform. To provide the best patient 
care, an accurate and expeditious diagnosis is essential for clinical 
management of patients with hematological disorders. Complete 
blood counts and morphological examinations are fundamental and 
play important roles during diagnosis. Conventional cytogenetics is 
another time-honoured assay for the detection of global and specific 
chromosomal abnormalities, such as translocations, partial deletions 
and aneuploidies [1,2]. Marrow cells and at least 20 banded metaphases 
that are required for cytogenetics examination, however, are difficult to 
be obtained. Moreover, other difficulties in cytogenetics include poor 
quality metaphases, small sample size and the fact that only large size 
alterations are revealed all contribute to its low sensitivity. In addition, 

the need for cell culture and metaphase analysis, which are both labor 
intensive and technically demanding, have also limited its application 
[3,4]. Emerging molecular-cytogenetic techniques, such as fluorescence 
in situ hybridization (FISH), and other molecular technologies have 
overcome many of the drawbacks of conventional diagnostic methods. 
In this review paper, the utility and application of common molecular 
diagnostics in clinical hematology are discussed. 

Fluorescence in situ hybridization (FISH)
FISH was developed in early 80s and became one of the most 

sensitive assays for localization of specific nucleic acid sequences 
and detection of numerical chromosome abnormalities, structural 
chromosomal rearrangements and cryptic abnormalities [5]. Bone 
marrow aspirate and peripheral blood smears can be used for FISH 
analysis [2,4]. FISH makes use of fluorescent probes which hybridize 
only to complementary sequences and the resulting signals are 
examined under a fluorescent microscope. The utility of specific FISH 
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probes provides intense signals and multiple targets can be visualized 
simultaneously by using probes labled with different fluorescent 
colors. Varieties of fluorescent probes are commercially available 
and commonly used probes in clinical routine laboratory include 
centromeric enumeration probes (CEP), chromosome painting probes, 
dual-color dual fusion probes (D-FISH) and dual-color break-apart 
probes. CEP is used for enumeration of chromosomes by hybridizing 
to the unique alpha (or beta) satellite repeats within the centromeric 
regions. Chromosome painting probes are used to highlight the entire 
chromosome of interest. D-FISH are used to detect chromosomal 
translocations. The development of D-FISH is significant for 
diagnosis and treatment monitoring. D-FISH probe detects cryptic 
rearrangement and has a low false-positive rate. It employs large probes 
that span the upstream and downstream of the target breakpoints on 
both chromosomes, and each probe is labeled with a different color, 
such as red and green. There are two red signals and two green signals 
in normal cells. In affected cells where translocations present, two fused 
red/green signals from the translocated chromosomes, together with 
a single red and green signal from the unaffected counterparts, would 
be observed during metaphases (Figure 1) [4]. Cryptic insertion of the 
BCR to ABL gene at 9q34, t(9;22) variant in chronic myeloid leukemia 
(CML), and three-way translocation in CML and acute promyelocytic 
leukemia (APL) have been reported and can be identified by D-FISH [3].

FISH is pivotal in the diagnosis and clinical management 
of hematological malignancies. Other applications include the 
demonstration of t(11;18)(q21;q21) in mucosa-associated lymphoid 
tissue (MALT) lymphoma [6]; the detection of clonal abnormalities 
(deleted 5q, trisomy 8 and monosomy 7) in myelodysplastic syndromes 
(MDS) with minimal dysplasia; 11q23 abnormalities in acute myeloid 
leukemia (AML) [7]; the demonstration of hyper- or hypo-diploidy 
and occult translocations in acute lymphoid leukemia (ALL), which is 
hard to grow in metaphase and is one of the difficulties of cytogenetic 
detections [8]; myeloproliferative neoplasms (MPN) with eosinophilia 
and interstitial deletion on short arm of chromosome 4; chronic 
lymphocytic leukemia (CLL) with trisomy 12 and cryptic t(15;17) 
variant – ins(17;15) in APL [9]. 

In comparison to cytogenetics, FISH detects cryptic BCR-ABL1 
translocations. FISH also detects all molecular variants in CML and 
minimal residual disease (MRD) at low leukemic cell counts. Moreover, 
both metaphase and interphase cells can be used in FISH. The utility of 
interphase cells minimizes laborious procedures of growing metaphase 

cells in cytogenetics. However, result interpretations can be challenging 
when there are too much signals overlapping [2,10]. In clinical 
diagnosis, FISH is often used in parallel with cytogenetics and/or other 
molecular techniques for diagnostics, confirmations and treatment 
monitoring. 

Polymerase Chain Reaction (PCR)
PCR is commonly used for detection of known mutations at the DNA 

level. PCR procedure involves 20-40 thermal cycles which is comprised 
of denaturation, annealing, and elongation in each cycle. Post-PCR 
procedures include gel electrophoresis, sequencing and melting curve 
analysis. Both bone marrow aspirate and peripheral blood can be used. 
Unlike FISH, PCR and its variants only detect breakpoints covered by 
designated specific primers. Examples of the application of PCR include 
JAK2 V617F mutations; FLT3, NPM1, and CEBPA mutations in acute 
myeloid leukemia with normal cytogenetics (CN-AML) [11]; and gene 
rearrangements such as Ig heavy chain gene rearrangement for B-cell 
malignancies and T-cell receptor gamma chain gene rearrangement for 
T-cell malignancies [12]. Various derivatives of PCR technology are 
widely used in hematological laboratories, including RT-PCR, Q-PCR, 
multiplex PCR, gap-PCR, ARMS and IS-PCR.

Reverse-Transcription Polymerase Chain Reaction (RT-
PCR)

RT-PCR is commonly used in routine laboratory to examine target 
gene expression that is significant to the pathogenesis of hematological 
malignancies. RT-PCR procedure is comprised of complementary 
DNA (cDNA) synthesis using target RNA as a template and cDNA 
PCR amplification. One-step RT-PCR, where the entire reaction occurs 
in a single tube, is widely used nowadays. In diagnostic services, RT-
PCR is very useful in identification of disease associated transcripts 
that are often crucial for making clinical decisions. For example, the 
reciprocal translocation of chromosome 9 and 22 (t9;22) in CML has 4 
combinations (e1a2, b2a2 or b3a2, e19a2) that generate p190, p210, and 
p230 BCR-ABL1 transcripts respectively. The p210 is commonly found 
in CML whereas the p190, which has almost identical constitutive 
tyrosine kinase activity as the p210, is more commonly seen in ALL 
[8,13]. RT-PCR can accurately distinguish the breakpoint in variant 
transcripts at the level of gene expression. Moreover, RT-PCR detects 
translocations such as the presence of AP12-MALT1 transcripts that 
is indicative of MALT-lymphoma [6]; RUNX1-ETO transcripts in 
AML [14]; PML-RARα transcripts in APL [15]; and ETV6-RUNX1 
transcripts in ALL [8]. RT-PCR also detects gene fusion resulting from 
interstitial deletion such as PDGFRA-associated chronic eosinophilic 
leukemia [16]. 

RT-PCR is pivotal in detection and monitoring of specific 
breakpoint, for example the BCR-ABL1 in CML, however, is not sensitive 
enough for monitoring BCR-ABL1 transcript level during treatment 
[2,17]. Comparatively, quantitative RT-PCR (Q-RT-PCR) is suggested 
to have high sensitivity up to 0.001-0.0001% and is commonly used 
for treatment monitoring nowadays [2]. Despite the fact that RT-PCR 
is useful in diagnosis, it fails sometimes because of RNA degradation, 
leading to false-negative results. Cross-contamination is another issue 
leading to false-positive results in all PCR technologies [18]. 

Furthermore, multiplex RT-PCR, in which multiple pairs of primers 
are added in one PCR reaction, is used for simultaneous detection of 
multiple gene transcript targets. Pallisgaard et al. have successfully 
established a multiplex RT-PCR protocol with 8 parallel PCR reactions 
for simultaneous detection of 29 chromosomal aberrations in leukemia, 

Normal chromosome Aberrant chromosome 

Dual-color dual-fusion probe 

Figure 1: The diagram illustrates the utility of dual-color dual-fusion (D-FISH) 
probe. It employs two large probes that span over the breakpoints. In normal 
metaphases, two signals each for the wild-type alleles are generated. In positive 
metaphases, one signal each for the wild-type alleles and two fused signals are 
generated. Black dot represents a D-FISH probe for one chromosome. Circle 
represents different colored D-FISH probe for another chromosome of interest. 
Black/grey/white dot represents the fusion signals. 
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for example, BCR-ABL (e1a2, b2a2, b3a2) chimeric gene for ALL 
and CML; MLL/AF6, MLL/AF6, MLL/AF6, MLL/AF6 in AML; and 
NPM-RARA in APL [19]. Recently, simplified multiplex RT-PCRs for 
common translocations in leukemia have been developed [20]. This has 
massively lowered labor costs and significantly improved turnaround-
time. In addition to CML cases, multiplex RT-PCR has greatly improved 
the detection of typical and atypical BCR-ABL fusion transcripts. Apart 
from the three predominant fusion transcripts of ela2, e13a2 and e14a2, 
a number of atypical transcripts such as e1a3, e13a3, e14a3, e19a2, e6a2 
and e8a2, can also be analysed simultaneously by multiplex RT-PCR 
[21]. Multiplexing technology has enhanced the speed and reliability of 
fusion transcript detection by PCR. 

Real-Time Quantitative Polymerase Chain Reaction 
(Q-PCR)

Q-PCR and Q-RT-PCR allow the quantification of DNA and RNA 
molecules, respectively. Q-PCR makes use of fluorochrome-labeled 
sequence-specific probes such as adjacent hybridization probe and 
TaqMan probe to measure the quantity of target amplicons in real-
time. Besides, a known amount of target or adjacent sequence is co-
amplified in the PCR reaction. This acts both as an internal control and 
a reference standard to determine the amount of target molecules. For 
example in CML, DNA/cDNA of ABL is co-amplified as an internal 
marker with the target DNA/cDNA of chimeric BCR-ABL. Commonly 
used TaqMan probes consist of a reporter at 5’-end and a quencher at 
3’-end . It hybridizes to complementary target DNA and is cleaved by 
Taq polymerase, which has 5’ to 3’ exonuclease activity, during primer 
elongation and emits fluorescent signal. The quantity of target DNA, 
which is proportional to the fluorescent signals emitted, is determined 
with reference to a standard curve. The standard curve is a serial dilution 
of the internal control sequence with a known concentration [2,22]. The 
establishment of relative or absolute (standard curve) quantification 
provides a well presentation of data. Besides, international scale also 
allows inter-laboratory comparison [23].

Among all commonly used molecular techniques, Q-PCR is 
the most sensitive and is routinely used for treatment monitoring 
and detection of MRD such as in CML [24,25]. The quantification 
of BCR-ABL transcript is important for determining disease status 
and progression. In MRD, a complete remission requires less than 
5% of leukemic blasts found in bone marrow. In order to achieve the 
requirement, conventional cytogenetics requires analysis of a large 
number of metaphases. The costly and laborious procedure has limited 
its uses. Although FISH is comparatively easier for interpretation by 
counting 100-200 cells, it requires in-depth knowledge and technical 
expertise [1,2]. Q-PCR is thereby suggested to be the most sensitive and 
fastest method for the detection of MRD with no post-PCR procedures 
required, thus dramatically reducing the risks of cross-contamination. 

Gap-PCR 
Gap-PCR detects deletion that might be missed by DNA 

sequencing. Specific primers are designed to flank a known deletion. 
The principle of gap-PCR is based upon the inability of the primers to 
generate a PCR product unless a deletion joins the flanking sequences 
together. If a deletion is present, PCR amplification will occur and the 
product is examined by electrophoresis. 

In hematology, gap-PCR is commonly used specifically as a 
routine method for alpha-thalassemia (α-thalassaemia) genotyping. 
α-thalassaemia, which is an inherited recessive disorder, is 
predominantly diagnosed with common deletions and in some cases 

with non-deletional mutations, leading to a reduced or impaired 
production of alpha globin chains. There are two major types of 
α-thalassaemia: 1) Hemoglobin Bart’s syndrome, which is the severe 
form and can be fatal and 2) Hemoglobin H disease, which is of 
moderate severity. Gap-PCR is useful in diagnostic laboratories for 
a simple and rapid detection of common α-thalassaemia mutation. 
Universal detection primers that target the common deletion sites can 
be used [26,27]. Less common globin disorders caused by deletions that 
can be detected by gap-PCR include delta-beta deletions (HPFH-1, 
HPFH-2, HPFH-3, HPFH-7, Lepore) and beta-globin deletions (beta-
FL, -619bp, Asian-Indian inversion) [28]. Multiplex gap-PCR can be 
used to detect multiple target deletions simultaneously. For example, 
HbH disease is detected using multiple specific primers for the most 
common α-thalassaemia deletions [29]. 

Amplification Refractory Mutation System (ARMS)
ARMS, also named allele specific PCR, is a diagnostic technique 

for the detection of single base mutation including both germ-line 
and somatic mutations. It is simple and reliable for detection of single 
nucleotide polymorphisms (SNPs). ARMS is performed by using a pair 
of PCR primers that are specific to either the mutant or the wild-type 
sequences. The polymorphic nucleotides should be present at the 3’ 
end of the primers to enhance the specificity of the reaction. Extension 
would only occur if the 3’ end of the allele specific primer is bound to the 
complementary target sequences. Polymerases with no 3’ endonuclease 
activities are required to prevent correction of terminal mismatch. The 
genotype of SNPs is determined by analysis of PCR products with gel 
electrophoresis [22]. A positive PCR amplification with the wild-type-
specific primers indicates a homozygous wild-type genotype. On the 
other hand, positive PCR with both wild-type and mutant primers 
indicates heterozygous whereas a positive PCR with mutant primers 
indicates a homozygous mutant genotype.

Among all PCR technologies, ARMS is one of the most specific 
techniques to detect SNPs. It allows not only detection but also 
rapid genotyping. Its ability to detect SNPs or single base mutation 
has accelerated the introduction of ARMS to the clinical setting. 
Applications of ARMS include detection of sickle cell anemia, JAK2 
mutation for MPNs [30], A gamma- and G gamma- promoter mutations 
which are associated with  non-deletional hereditary persistence of 
fetal hemoglobin (HPFH), non-deletional α-thalassemia and beta-
thalassemia (β-thalassaemia). 

Inverse Shifting-Polymerase Chain Reaction (IS-PCR) 
IS-PCR is a variation of inverse PCR for rapid screening of large 

known rearrangements such as large duplications, large inversions, 
large deletions and chromosomal translocations. In clinical laboratory, 
IS-PCR improves the turnaround-time significantly in diagnosis of 
hemophilia A (HA) which is characterized by factor VIII (F8) gene 
disruption. HA is an X-linked coagulation disorder, affecting one in 
every 5000 males [31]. A majority of severe HA cases are diagnosed 
with DNA inversions in the F8 gene, which is large and complex. Intron 
22 inversion (Inv22) of F8 comprises 40-50% of all mutations and is the 
most prevalent mutation [32]. Inversion in intron 1 (Inv 1), comprising 
5% - 7% of severe HA, is another common hotspot [33]. Both Inv22 
and Inv1 are result from non-allelic meiotic recombination [31]. The 
remaining cases are caused by different mutations in the F8 gene. For 
example, one of the large deletions in the F8 gene is suggested to be 
Del22, which is found in heterozygous females with no bleeding but 
with a certain degree of fertility impairment. Del22 carriers can be 
directly detected by IS-PCR [31].
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IS-PCR involves three main steps: restriction enzyme digestion, 
self-ligation and PCR analysis (Figure 2). To detect Inv22 mutation in 
HA, genomic DNA sample is first digested by BclI. This is followed by 
self-end ligation of BclI fragments. While irrelevant ligation products 
are produced as background, some ligation events generate relevant 
circles that contain the normal F8 intron 22 sequences, or the Inv22 
chimers resulting from the intrachromosomal recombination between 
F8 intron 22 and its homologous copies outside the F8 gene. PCR 
primers are designed to target the BclI spanning regions of these 
relevant circles. The targeted region of the “normal circle” is amplified 
by a pair of intragenic upstream and downstream primer, while that 

of the “Inv22 circle” is amplified by an intragenic upstream and an 
extragenic downstream primer. The two PCR products are of different 
sizes, which are resolved by gel electrophoresis [34].

IS-PCR is an alternative approach to Southern blot analysis and long 
distance-PCR (LD-PCR), which were commonly used for the detection 
of Inv22 and Inv1 in HA. However, these conventional methods are 
labor-intensive, complex and costly. On the other hand, IS-PCR is more 
rapid, user-friendly and capable of genotyping all structural variants 
derived from the hotspots. IS-PCR does not require PCR amplification 
of long DNA sequences and is a robust technique for screening large 
populations. IS-PCR is a reliable technique for diagnosis, prognosis and 
prenatal check up and has been introduced to service for severe HA. 

 High Resolution Melting (HRM) Analysis
High resolution melting (HRM) is a powerful post-PCR technique 

that reveals and distinguishes point mutations according to the 
difference in melting temperature (Tm) and is subsequently confirmed 
using sequencing. HRM makes use of intercalating dyes such as 
LCGreen, which emit light when intercalated into double-stranded 
DNA (ds DNA) but only fluoresce at low level in the absence of dsDNA. 
Unlike SYBR green, LCGreen does not inhibit amplification. The 
melting analysis is first introduced with the Light-Cycler and is reported 
to be performed on other HRM instruments. HRM is performed after 
PCR, where the amplicons undergoes DNA denaturation at 95°C and 
cooling down to 40°C, followed by a gradual increase of temperature 
from around 65°C up to 95°C. During the ramping process, double-
stranded DNAs are denatured at their melting temperature and thus 
the intercalating dyes are released and the fluorescent signals decrease. 
The signal change is detected upon laser excitation and a melting curve 
is recorded accordingly (Figure 3) [35,36]. The double-stranded DNAs 
containing the wild-type and mutant alleles have different melting 
temperatures due to their nucleotide differences. Such the difference 
could be differentiated under the melting curve. 

HRM has become a promising method for screening SNPs. 
Examples of applications include β-thalassaemia, which is another 
common hereditary disease’ and HA. In addition to large insertions/
deletions, point mutations can also result in HA. According to the 
FVIII HAMSTeRS (The Hemophilia A Mutation, Structure, Test and 
Resource Site) database, there are more than 1209 mutations within 
the F8 coding and untranslated regions [37]. Therefore, HRM analysis 
could be a potential screening test in the clinical setting. Among all 
molecular techniques, HRM is fast, convenient, cost effective and 
sensitive in screening point mutations and genotyping multiple samples 
simultaneously [38]. Unlike conventional PCR thermocycler, which is 
block-based PCR, HRM is usually performed with a centrifuge-like 
holder and capillary sample format that requires smaller amount of 
samples. It allows better temperature control and therefore a shorter 
turnaround time and every tube is measured constantly and evenly 
[38]. Molecular testing in HA and thalassemia have a great clinical 
value not only for diagnosis but also prognosis, genetic counseling for 
at-risk families, and prenatal diagnosis.

DNA Sequencing
DNA sequencing is a post-PCR analysis and a confirmation method 

for mutations. Applications include non-deleted α thalassaemia, F8 
mutation in HA, AML with normal karyotype, AML with NPM1 exon 
12 mutation, AML with mutated CEBPA (not common), FLT3 exon 14 
tandem duplication and other mutated genes – KIT, MLL, WT1, NRAS, 
KRAS; and enquiries on normal or specific karyotypes [11,31]. 
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Figure 3: The diagram illustrates the principle of HRM analysis. A) The DNA 
of interest is amplified by PCR. B) High resolution melting analysis is performed 
after PCR amplification. It begins with DNA denaturation at 95°C and cooling 
down to 40°C, followed by a gradual increase of temperature from around 65°C 
up to 95°C. Amplicons separate when the melting temperature is reached and 
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Figure 2: Principle of IS-PCR as illustrated by Inv22 mutation detection in 
haemophilia A. Genomic DNA is digested by BclI, followed by self-end ligation. 
Ligated circles corresponded to the normal F8 gene and the Inv22 mutant 
chimer are differentiated by a multiplex reaction containing three primers, 
namely intragenic upstream primer (IU), intragenic downstream primer (ID) and 
extragenic downstream primer (ED). The resultant PCR products of different 
sizes are resolved by gel electrophoresis. The dotted rectangle denoted the 
region of homologous recombination. 
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Future Perspectives
There have been rapid developments in molecular techniques 

ever since the introduction of PCR and Sanger sequencing. Over the 
past decade, the cost of sequencing per base has been driven down 
significantly as a result of the emergence of novel technologies such as 
massively parallel sequencing, or so called next generation sequencing 
(NGS). The completion of the human genome project in 2003, the 
Encyclopedia of DNA Elements (ENCODE) project [39] and studies 
of various whole cancer genomes, whole exomes and transcriptomes 
have brought new insights in diagnostic, prognostic, preventive and 
personalized medicine. The three most commonly used NGS platforms 
are Illumina, Life SOLiD, and Roche 454. NGS technology has 
demonstrated effective, accurate and robust performance for sequence 
detection and enumeration. 

In the era of NGS, whole cancer genome sequencing has revealed 
novel candidate genes that may contribute to leukemic pathogenesis. In 
T-cell acute lymphoblastic leukemia (T-ALL), which is predominant in 
male, the X-linked PHF6 gene was reported to be a tumor suppressor 
gene and the mutational loss of PHF6 is significantly associated with 
its pathogenesis [40,41]. Moreover, the diagnosis of CN-AML has been 
difficult due to cryptic manifestation. NGS studies have revealed a 
number of driver mutations such as NPM1 and CEBPA mutations in 
AML [42,43]. Other newly discovered potential markers include TP53 
mutations in MDS [44] and NOTCH1, SF3B1 and BIRC3 mutations in 
CLL [45,46]. 

NGS could provide a diagnostic setting where multiple genetic 
markers and patient genomes are sequenced in a massively parallel 
manner. Godley [47] suggested having a diagnosis setting that includes 
Q-PCR, microarray analysis, and NGS for hematological malignancies. 
NGS technology has not only contributed to clinical and therapeutic 
research but also to clinical service and prenatal diagnosis. NGS may be 
introduced into diagnostic services in the foreseeable future.

Conclusions
Conventional diagnostics methods are solely based on morphological 

analysis, special phenotypic tests and cytogenetic analysis. However, 
there are many cases that conventional methods cannot come up 
with a conclusion. The invention of molecular technologies and the 
understanding of genetics have introduced new insights to clinical 
hematology. In the past decades, molecular diagnostics have become 
increasingly important for diagnosis and treatment monitoring. Next 
generation sequencing is another powerful tool for identifying disease 
associated genetic changes in a genome-wide fashion. There is no doubt 
that molecular diagnostics will take a significant role in near future.

Acknowledgement

We thank Dr. Chi-Chiu So and Dr. Ho-Wan Ip for their helpful clinical comments.

References
1. Schoch C, Schnittger S, Bursch S, Gerstner D, Hochhaus A, et al. 

(2002) Comparison of chromosome banding analysis, interphase- and 
hypermetaphase-FISH, qualitative and quantitative PCR for diagnosis and for 
follow-up in chronic myeloid leukemia: a study on 350 cases. Leukemia 16:53-
59.

2. Tohami T, Nagler A, Amariglio N (2012) Laboratory tools for diagnosis and 
monitoring response in patients with chronic myeloid leukemia. Isr Med Assoc 
J 14: 501-507.

3. Baccarani M, Cortes J, Pane F, Niederwieser D, Saglio G, et al. (2009) Chronic 
myeloid leukemia: an update of concepts and management recommendations 
of European LeukemiaNet. J Clin Oncol 27: 6041-6051.

4. Wan TS, Ma ES (2012) Molecular cytogenetics: an indispensable tool for 
cancer diagnosis. Chang Gung Med J 35:96-110.

5. Bauman JG, Wiegant J, Borst P, van Duijn P (1980) A new method for 
fluorescence microscopical localization of specific DNA sequences by in situ 
hybridization of fluorochromelabelled RNA. Exp Cell Res 128: 485-490.

6. Tanaka T, Iino M (2010) t (11;18)(q21;q21) chromosome translocation 
(A1446-M1150) of MALT lymphoma in buccal mucosa. J Cancer Res Clin 
Oncol 136: 1783-5.

7. Schoch C, Schnittger S, Klaus M, Kern W, Hiddemann W, et al. (2003) AML 
with 11q23/MLL abnormalities as defined by the WHO classification: incidence, 
partner chromosomes, FAB subtype, age distribution, and prognostic impact 
in an unselected series of 1897 cytogenetically analyzed AML cases. Blood 
102:2395-2402.

8. Inaba H, Greaves M, Mullighan CG (2013) Acute lymphoblastic leukaemia. 
Lancet 381:1943-1955.

9. Campbell LJ, Oei P, Brookwell R, Shortt J, Eaddy N, et al. (2013) FISH detection 
of PML-RARA fusion in ins(15;17) acute promyelocytic leukaemia depends on 
probe size. Biomed Res Int 2013: 164501.

10. Testoni N, Marzocchi G, Luatti S, Amabile M, Baldazzi C, et al. (2009) Chronic 
myeloid leukemia: a prospective comparison of interphase fluorescence in situ 
hybridization and chromosome banding analysis for the definition of complete 
cytogenetic response: a study of the GIMEMA CML WP. Blood 114: 4939-4943.

11. Zhang Q, Bai S, Vance GH (2013) Molecular genetic tests for FLT3, NPM1, and 
CEBPA in acute myeloid leukemia. Methods Mol Biol 999: 105-121.

12. Evans PA, Pott CH, Groenen PJ, Salles G, Davi F, et al. (2007) Significantly 
improved PCR-based clonality testing in B-cell malignancies by use of multiple 
immunoglobulin gene targets. Report of the BIOMED-2 Concerted Action 
BHM4-CT98-3936. Leukemia 21: 207-214.

13. Quintas-Cardama A, Cortes J (2009) Molecular biology of bcr-abl1-positive 
chronic myeloid leukemia. Blood 113:1619-1630.

14. Ptasinska A, Assi SA, Mannari D, James SR, Williamson D, et al. (2012) 
Depletion of RUNX1/ETO in t(8;21) AML cells leads to genome-wide changes in 
chromatin structure and transcription factor binding. Leukemia 26:1829-1841.

15. Chen H, Pan J, Yao L, Wu L, Zhu J, et al. (2012) Acute promyelocytic leukemia 
with a STAT5b-RARalpha fusion transcript defined by array-CGH, FISH, and 
RT-PCR. Cancer genetics 205:327-331.

16. Loules G, Kalala F, Giannakoulas N, Papadakis E, Matsouka P, et al. (2009) 
FIP1L1-PDGFRA molecular analysis in the differential diagnosis of eosinophilia. 
BMC Blood Disord 9: 1.

17. Wang YL, Bagg A, Pear W, Nowell PC, Hess JL (2001) Chronic myelogenous 
leukemia: laboratory diagnosis and monitoring. Genes Chromosomes Cancer 
32: 97-111.

18. Shibata Y, Malhotra A, Dutta A (2010) Detection of DNA fusion junctions for 
BCR-ABL translocations by Anchored ChromPET. Genome Med 2:70.

19. Pallisgaard N, Hokland P, Riishoj DC, Pedersen B, Jorgensen P (1998) Multiplex 
reverse transcription-polymerase chain reaction for simultaneous screening of 
29 translocations and chromosomal aberrations in acute leukemia. Blood 92: 
574-588.

20. Pakakasama S, Kajanachumpol S, Kanjanapongkul S, Sirachainan N, 
Meekaewkunchorn A, Ningsanond V, Hongeng S (2008) Simple multiplex RT-
PCR for identifying common fusion transcripts in childhood acute leukemia. Int 
J Lab Hematol 30: 286-91.

21. Burmeister T, Reinhardt R (2008) A multiplex PCR for improved detection of 
typical and atypical BCR-ABL fusion transcripts. Leuk Res 32: 579-585.

22. Hue-Roye K, Vege S (2008) Principles of PCR-based assays. 
Immunohematology 24: 170-175.

23. Gabert J, Beillard E, van der Velden VH, Bi W, Grimwade D, et al. (2003) 
Standardization and quality control studies of ‘real-time’ quantitative reverse 
transcriptase polymerase chain reaction of fusion gene transcripts for residual 
disease detection in leukemia - a Europe Against Cancer program. Leukemia 
17: 2318-2357.

24. Moore FR, Rempfer CB, Press RD (2013) Quantitative BCR-ABL1 RQ-PCR 
fusion transcript monitoring in chronic myelogenous leukemia. Methods in 
molecular biology 999:1-23.

http://www.ncbi.nlm.nih.gov/pubmed/11840263
http://www.ncbi.nlm.nih.gov/pubmed/11840263
http://www.ncbi.nlm.nih.gov/pubmed/11840263
http://www.ncbi.nlm.nih.gov/pubmed/11840263
http://www.ncbi.nlm.nih.gov/pubmed/11840263
http://www.ncbi.nlm.nih.gov/pubmed/22977971
http://www.ncbi.nlm.nih.gov/pubmed/22977971
http://www.ncbi.nlm.nih.gov/pubmed/22977971
http://
http://
http://
http://www.ncbi.nlm.nih.gov/pubmed/22537925
http://www.ncbi.nlm.nih.gov/pubmed/22537925
http://www.ncbi.nlm.nih.gov/pubmed/6157553
http://www.ncbi.nlm.nih.gov/pubmed/6157553
http://www.ncbi.nlm.nih.gov/pubmed/6157553
http://www.ncbi.nlm.nih.gov/pubmed/20676680
http://www.ncbi.nlm.nih.gov/pubmed/20676680
http://www.ncbi.nlm.nih.gov/pubmed/20676680
http://www.ncbi.nlm.nih.gov/pubmed/12805060
http://www.ncbi.nlm.nih.gov/pubmed/12805060
http://www.ncbi.nlm.nih.gov/pubmed/12805060
http://www.ncbi.nlm.nih.gov/pubmed/12805060
http://www.ncbi.nlm.nih.gov/pubmed/12805060
http://www.ncbi.nlm.nih.gov/pubmed/23523389
http://www.ncbi.nlm.nih.gov/pubmed/23523389
http://www.ncbi.nlm.nih.gov/pubmed/23607089
http://www.ncbi.nlm.nih.gov/pubmed/23607089
http://www.ncbi.nlm.nih.gov/pubmed/23607089
http://www.ncbi.nlm.nih.gov/pubmed/19797518
http://www.ncbi.nlm.nih.gov/pubmed/19797518
http://www.ncbi.nlm.nih.gov/pubmed/19797518
http://www.ncbi.nlm.nih.gov/pubmed/19797518
http://www.ncbi.nlm.nih.gov/pubmed/23666693
http://www.ncbi.nlm.nih.gov/pubmed/23666693
http://www.ncbi.nlm.nih.gov/pubmed/17170731
http://www.ncbi.nlm.nih.gov/pubmed/17170731
http://www.ncbi.nlm.nih.gov/pubmed/17170731
http://www.ncbi.nlm.nih.gov/pubmed/17170731
http://www.ncbi.nlm.nih.gov/pubmed/18827185
http://www.ncbi.nlm.nih.gov/pubmed/18827185
http://www.ncbi.nlm.nih.gov/pubmed/22343733
http://www.ncbi.nlm.nih.gov/pubmed/22343733
http://www.ncbi.nlm.nih.gov/pubmed/22343733
http://www.ncbi.nlm.nih.gov/pubmed/22749039
http://www.ncbi.nlm.nih.gov/pubmed/22749039
http://www.ncbi.nlm.nih.gov/pubmed/22749039
http://www.ncbi.nlm.nih.gov/pubmed/19187542
http://www.ncbi.nlm.nih.gov/pubmed/19187542
http://www.ncbi.nlm.nih.gov/pubmed/19187542
http://www.ncbi.nlm.nih.gov/pubmed/11550277
http://www.ncbi.nlm.nih.gov/pubmed/11550277
http://www.ncbi.nlm.nih.gov/pubmed/11550277
http://www.ncbi.nlm.nih.gov/pubmed/20860819
http://www.ncbi.nlm.nih.gov/pubmed/20860819
http://www.ncbi.nlm.nih.gov/pubmed/9657758
http://www.ncbi.nlm.nih.gov/pubmed/9657758
http://www.ncbi.nlm.nih.gov/pubmed/9657758
http://www.ncbi.nlm.nih.gov/pubmed/9657758
http://www.ncbi.nlm.nih.gov/pubmed/18665825
http://www.ncbi.nlm.nih.gov/pubmed/18665825
http://www.ncbi.nlm.nih.gov/pubmed/18665825
http://www.ncbi.nlm.nih.gov/pubmed/18665825
http://www.ncbi.nlm.nih.gov/pubmed/17928051
http://www.ncbi.nlm.nih.gov/pubmed/17928051
http://www.ncbi.nlm.nih.gov/pubmed/19856721
http://www.ncbi.nlm.nih.gov/pubmed/19856721
http://www.ncbi.nlm.nih.gov/pubmed/14562125
http://www.ncbi.nlm.nih.gov/pubmed/14562125
http://www.ncbi.nlm.nih.gov/pubmed/14562125
http://www.ncbi.nlm.nih.gov/pubmed/14562125
http://www.ncbi.nlm.nih.gov/pubmed/14562125
http://www.ncbi.nlm.nih.gov/pubmed/23666687
http://www.ncbi.nlm.nih.gov/pubmed/23666687
http://www.ncbi.nlm.nih.gov/pubmed/23666687


Citation: Lam EPT, Chan CML, Tsui NBY, Au TCC, So CC, et al. (2013) Clinical Applications of Molecular Technologies in Hematology. J Med Diagn 
Meth 2: 130. doi:10.4172/2168-9784.1000130

Page 6 of 6

Volume 2 • Issue 4 • 1000130
J Med Diagn Meth
ISSN: 2168-9784 JMDM, an open access journal

25. Goldberg SL, Chen L, Guerin A, Macalalad AR, Liu N et al. (2013) Association 
between molecular monitoring and long-term outcomes in chronic myelogenous 
leukemia patients treated with first line imatinib. Curr Med Res Opin.

26. Zhou W, Wang G, Zhao X, Xiong F, Zhou S, et al. (2013) A Multiplex qPCR Gene 
Dosage Assay for Rapid Genotyping and Large-Scale Population Screening for 
Deletional alpha-Thalassemia. J Mol Diagn doi: 10.1016/j.jmoldx.2013.05.007.
[Epub ahead of print]

27. Agarwal S, Sarwai S, Nigam N, Singhal P (2002) Rapid detection of alpha + 
thalassaemia deletion & alpha-globin gene triplication by Gap-PCR in Indian 
subjects. Indian J Med Res 116: 155-61.

28. Hoppe CC (2013) Prenatal and newborn screening for hemoglobinopathies. Int 
J Lab Hematol 35:297-305.

29. Kidd JL, Azimi M, Lubin B, Vichinsky E, Hoppe C. (2010) Application of an
expanded multiplex genotyping assay for the simultaneous detection of
Hemoglobin Constant Spring and common deletional alpha-thalassemia
mutations. Int J Lab Hematol 32: 373-380.

30. Zapparoli GV, Jorissen RN, Hewitt CA, McBean M, Westerman DA, et al. (2013) 
Quantitative threefold allele-specific PCR (QuanTAS-PCR) for highly sensitive 
JAK2 V617F mutant allele detection. BMC Cancer 13: 206.

31. Rossetti LC, Radic CP, Larripa IB, De Brasi CD (2008) Developing a new 
generation of tests for genotyping hemophilia-causative rearrangements
involving int22h and int1h hotspots in the factor VIII gene. J Thromb Haemost
6: 830-836.

32. Abou-Elew H, Ahmed H, Rasian H, Abdelwahab M, Hammoud R, et al. (2011) 
Genotyping of intron 22-related rearrangements of F8 by inverse-shifting PCR 
in Egyptian hemophilia A patients. Ann Hematol 90: 579-584.

33. Rossetti LC, Candela M, Bianco RP, de Tezanos Pinto M, Western A, et al. 
(2004) Analysis of factor VIII gene intron 1 inversion in Argentinian families with 
severe haemophilia A and a review of the literature. Blood Coagul Fibrinolysis
15: 569-572.

34. Rossetti LC, Radic CP, Abelleyro MM, Larripa IB, De Brasi CD (2011) Eighteen 
Years of Molecular Genotyping the Hemophilia Inversion Hotspot: From
Southern Blot to Inverse Shifting-PCR. Int J Mol Sci 12:7271-7285.

35. Wittwer CT (2009) High-resolution DNA melting analysis: advancements and
limitations. Human mutation 30:857-859.

36. Liew M, Pryor R, Palais R, Meadows C, Erali M, et al. (2004) Genotyping of 
single-nucleotide polymorphisms by high-resolution melting of small amplicons. 
Clinical Chemistry 50:1156-1164.

37. Tantawy AA (2010) Molecular genetics of hemophilia A: Clinical perspectives.
The Egyptian Journal of Medical Human Genetics 11: 105-114.

38. Zhang L, Cui G, Li Z, Wang H, Ding H, et al. (2013) Comparison of High-
Resolution Melting Analysis, TaqMan Allelic Discrimination Assay, and 
Sanger Sequencing for Clopidogrel Efficacy Genotyping in Routine Molecular 
Diagnostics. J Mol Diagn doi:10.1016/j.jmoldx.2013.04.005. [Epub ahead of
print].

39. Ecker JR, Bickmore WA, Barroso I, Pritchard JK, Gilad Y et al. (2012) Genomics: 
ENCODE explained. Nature 489:52-55.

40. Van Vlierberghe P, Palomero T, Khiabanian H, Van der Meulen J, Castillo M et
al. (2010) PHF6 mutations in T-cell acute lymphoblastic leukemia. Nat Genet
42:338-342.

41. Kohlmann A, Grossmann V, Nadarajah N, Haferlach T (2013) Next-generation
sequencing - feasibility and practicality in haematology. Br J Haematol 160:736-
753.

42. Grossmann V, Schnittger S, Schindela S, Klein HU, Eder C et al. (2011)
Strategy for robust detection of insertions, deletions, and point mutations in
CEBPA, a GC-rich content gene, using 454 next-generation deep-sequencing
technology. J Mol Diagn 13:129-136.

43. Martelli MP, Sportoletti P, Tiacci E, Martelli MF, Falini B (2013) Mutational
landscape of AML with normal cytogenetics: biological and clinical implications. 
Blood Rev 27:13-22.

44. Jadersten M, Saft L, Smith A, Kulasekararaj A, Pomplun S et al. (2011) TP53
mutations in low-risk myelodysplastic syndromes with del(5q) predict disease
progression. J Clin Oncol 29:1971-1979.

45. Puente XS, Pinyol M, Quesada V, Conde L, Ordonez GR et al. (2011) Whole-
genome sequencing identifies recurrent mutations in chronic lymphocytic 
leukaemia. Nature 475:101-105.

46. Rossi D, Bruscaggin A, Spina V, Rasi S, Khiabanian H et al. (2011) Mutations 
of the SF3B1 splicing factor in chronic lymphocytic leukemia: association with
progression and fludarabine-refractoriness. Blood 118:6904-6908.

47. Godley LA (2012) Profiles in leukemia. N Engl J Med 366:1152-1153.

http://
http://
http://
http://www.ncbi.nlm.nih.gov/pubmed/23810501
http://www.ncbi.nlm.nih.gov/pubmed/23810501
http://www.ncbi.nlm.nih.gov/pubmed/23810501
http://www.ncbi.nlm.nih.gov/pubmed/23810501
http://www.ncbi.nlm.nih.gov/pubmed/12674830
http://www.ncbi.nlm.nih.gov/pubmed/12674830
http://www.ncbi.nlm.nih.gov/pubmed/12674830
http://www.ncbi.nlm.nih.gov/pubmed/23590658
http://www.ncbi.nlm.nih.gov/pubmed/23590658
http://www.ncbi.nlm.nih.gov/pubmed/19919622
http://www.ncbi.nlm.nih.gov/pubmed/19919622
http://www.ncbi.nlm.nih.gov/pubmed/19919622
http://www.ncbi.nlm.nih.gov/pubmed/19919622
http://www.ncbi.nlm.nih.gov/pubmed/23617802
http://www.ncbi.nlm.nih.gov/pubmed/23617802
http://www.ncbi.nlm.nih.gov/pubmed/23617802
http://www.ncbi.nlm.nih.gov/pubmed/18284600
http://www.ncbi.nlm.nih.gov/pubmed/18284600
http://www.ncbi.nlm.nih.gov/pubmed/18284600
http://www.ncbi.nlm.nih.gov/pubmed/18284600
http://www.ncbi.nlm.nih.gov/pubmed/21072517
http://www.ncbi.nlm.nih.gov/pubmed/21072517
http://www.ncbi.nlm.nih.gov/pubmed/21072517
http://www.ncbi.nlm.nih.gov/pubmed/15389123
http://www.ncbi.nlm.nih.gov/pubmed/15389123
http://www.ncbi.nlm.nih.gov/pubmed/15389123
http://www.ncbi.nlm.nih.gov/pubmed/15389123
http://www.ncbi.nlm.nih.gov/pubmed/22072947
http://www.ncbi.nlm.nih.gov/pubmed/22072947
http://www.ncbi.nlm.nih.gov/pubmed/22072947
http://www.ncbi.nlm.nih.gov/pubmed/19479960
http://www.ncbi.nlm.nih.gov/pubmed/19479960
http://www.ncbi.nlm.nih.gov/pubmed/15229148
http://www.ncbi.nlm.nih.gov/pubmed/15229148
http://www.ncbi.nlm.nih.gov/pubmed/15229148
http://www.ejmhg.com/article/PIIS1110863010000108/references
http://www.ejmhg.com/article/PIIS1110863010000108/references
http://www.ncbi.nlm.nih.gov/pubmed/23810503
http://www.ncbi.nlm.nih.gov/pubmed/23810503
http://www.ncbi.nlm.nih.gov/pubmed/23810503
http://www.ncbi.nlm.nih.gov/pubmed/23810503
http://www.ncbi.nlm.nih.gov/pubmed/23810503
http://www.ncbi.nlm.nih.gov/pubmed/22955614
http://www.ncbi.nlm.nih.gov/pubmed/22955614
http://www.ncbi.nlm.nih.gov/pubmed/20228800
http://www.ncbi.nlm.nih.gov/pubmed/20228800
http://www.ncbi.nlm.nih.gov/pubmed/20228800
http://www.ncbi.nlm.nih.gov/pubmed/23294427
http://www.ncbi.nlm.nih.gov/pubmed/23294427
http://www.ncbi.nlm.nih.gov/pubmed/23294427
http://
http://
http://
http://
http://www.ncbi.nlm.nih.gov/pubmed/23261068
http://www.ncbi.nlm.nih.gov/pubmed/23261068
http://www.ncbi.nlm.nih.gov/pubmed/23261068
http://www.ncbi.nlm.nih.gov/pubmed/21519010
http://www.ncbi.nlm.nih.gov/pubmed/21519010
http://www.ncbi.nlm.nih.gov/pubmed/21519010
http://www.ncbi.nlm.nih.gov/pubmed/21642962
http://www.ncbi.nlm.nih.gov/pubmed/21642962
http://www.ncbi.nlm.nih.gov/pubmed/21642962
http://www.ncbi.nlm.nih.gov/pubmed/22039264
http://www.ncbi.nlm.nih.gov/pubmed/22039264
http://www.ncbi.nlm.nih.gov/pubmed/22039264
http://www.ncbi.nlm.nih.gov/pubmed/22417205

	Title
	Corresponding Author
	Abstract
	Keywords
	Abbreviations
	Introduction
	Fluorescence in situ hybridization (FISH) 
	Polymerase Chain Reaction (PCR) 
	Reverse-Transcription Polymerase Chain Reaction (RT-PCR) 
	Real-Time Quantitative Polymerase Chain Reaction (Q-PCR) 
	Gap-PCR  
	Amplification Refractory Mutation System (ARMS) 
	Inverse Shifting-Polymerase Chain Reaction (IS-PCR)  
	 High Resolution Melting (HRM) Analysis 
	DNA Sequencing 
	Conclusions
	Acknowledgement
	Figure 1
	Figure 2
	Figure 3
	References

