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Preface

Many myeloid malignancies are defined based on
genetic and molecular alterations in the current WHO
classification. Molecular testing was initially a
research tool to understand the biology of disease.
It is now increasingly being used as a diagnostic,
prognostic and predictive tool in the management
of many cancers. The molecular tests are also used
to monitor effectiveness of response to targeted
therapies. The Tata Memorial Centre conducts an
Evidence Based Medicine (EBM) meeting with a
thematic focus on a particular cancer or technique.
At the end of the meeting we publish a book related
to that theme which is popularly used by medical
oncologists, pathologists & hematologists. The XIIIth
EBM concentrates on cytogenetic and molecular
testing of clinical relevance in myeloid malignancies.
In this book we have focused on common myeloid
neoplasms with emphasis on chronic myeloid
leukemia, acute myeloid leukemia and acute
promyelocytic leukemia. This book is an attempt to

address existing evidence in molecular testing due
to lack of uniformity in methodology. Here, we
address common issues specifically pertaining to
molecular haematology such as quality assurance,
performance characteristics and cost effectiveness in
diagnostic and post therapeutic monitoring of
myeloid malignancies based on current published
evidence.

February 2015
Mumbai

R A Badwe
Director,
Tata Memorial Centre

Chronic Myeloid Leukemia:
Evidence and recommendations for
Cytogenetic Testing
Chronic myeloid leukemia (CML) is a pluripotent stem cell
disorder characterized by proliferation and accumulation
of mature myeloid cells and their progenitors. It occurs
with an incidence of one–two cases per 100,000 adults
and accounts for 15% of newly diagnosed cases of
leukemia in adults (1). In India, incidence of CML is 0.82.2/100,000 in men and 0.6-1.6/100,000 in women (2) .
It is the first human malignancy where a specific
cytogenetic abnormality, the Philadelphia (Ph)
chromosome was linked to pathogenic events of
leukaemogenesis. Rowley characterized in 1973 that the
Ph chromosome was actually a translocation between
chromosomes 9 and 22 (3). Heisterkamp and associates (4)
and Groffen et al (5) first identified the “breakpoint cluster
region” (BCR) on the derivative chromosome 22. In 99%
of CML cases, the t(9;22) leads to fusion of 3’BCR to 5’ABL
on derivative chromosome 9 and reciprocally 3’segment
of ABL is transposed and inserted to 5’ BCR on derivative
chromosome 22 (6) . The chimeric BCR-ABL fusion protein
is a constitutively activated tyrosine kinase(TK), which leads
to autophosphorylation and produces a proliferative signal
responsible for regulation of growth and replication
1

through downstream pathways such as RAS,RAF, JUN
kinase, MYC, and STAT pathways and nuclear factor -B
(7,8). This contributes to leukaemogenesis by creating a
cytokine-independent cell cycle with aberrant apoptosis.
Furthermore, CML is also one of the first cancers with
rationally designed drugs targeting chimeric tyrosine kinase
protein, a consequence of specific cytogenetic abnormality
t(9;22) (9). Imatinib was a giant leap in Management of
CML with marked improvement in cytogenetic responses
and survival over the last decade and half (10-15) . In more
than 90% of CML cases, Ph results from a standard
translocation between chromosome 9 and 22 ,while in 38% of cases, a variant or masked Ph which involves 3rd
chromosome and, vary rarely 4th chromosome apart from
9q34 and 22q11 . Fluorescent in situ hybridization (FISH)
analysis or polymerase chain reaction (PCR) studies are
important not only in detecting the BCR/ABL1 fusion at
baseline , but also in monitoring response to therapy (1620).

Additional chromosome aberrations in
CML-CP at diagnosis
The incidence of additional chromosome aberrations in
CML in chronic phase (CML -CP) at diagnosis is 3-5%. Most
common additional aberrations seen are loss of Y
chromosome, gain of chromosome (trisomy) 8, duplication
of Ph, and i(17q) (21-24). These additional abnormalities
(except loss of Y) are considered as major route
abnormalities and are associated with decreased survival
and signify progression to accelerated phase and blast crisis
(21,25. The European Leukemia Net (ELN) recommendations
suggest that the presence of these Major route additional
2

chromosome aberrations at diagnosis represent a
“warning” feature. Hence , close monitoring of disease
by karyotyping alongwith FISH is extremely important in
the early recognition of these abnormalities which will lead
to earlier and appropriate therapeutic intervention before
progressing to the accelerated or blastic phase ( 10,25) .

Cytogenetic evolution during the
Accelerated and Blastic Phases in CML
As the disease evolves from CML-chronic phase to
accelerated phase (AP) or blastic phase(BP) of myeloid(
two third) or lymphoid ( one third)phenotype , the
progression is frequently accompanied or preceded by
additional Ph (30-32%), trisomy 8 (28-33%), i(17q) (20%),
trisomy of chromosome 19(12%-19%), trisomy 21 ( 79%), loss of the Y chromosome (8% in males), and loss of
chromosome 7 (5%) in 60-80% of cases (19,23,25,26) . They
may occur individually or in combination. In certain
situations, the appearance of additional abnormalities,
such as trisomy 8 and i(17q), is a strong indicator of an
occult disease progression of myeloid phenotype, several
months earlier than morphologic evidence on bone
marrow examination or clinical symptoms. The appearance
of additional chromosome aberrations during treatment
is commonly known as clonal evolution which seems to
play an important role in Imatinib Mesylate resistance( 25,27).
The emergence of additional chromosome aberrations
during the treatment is considered as a poor prognostic
feature. The World Health Organization classification as
well as the ELN recommendations suggest that those
patients showing additional chromosome aberrations
emerging during treatment should be considered in
3

accelerated phase (AP) (10,28) . Apart from recurrent
abnormalities, occasionally, t(8;21), inv(16) or t(15;17) in
CML with acute promyelocytic blasts or t(3;21) and inv(3q)/
t(3;3) occur in CML myeloid blast crisis (26,29) . Thus, it is
important to identify these abnormalities at baseline by
conventional karyotyping as it would help in monitoring
patients. This will lead to earlier and appropriate
therapeutic intervention, which may include increasing the
dosage of Imatinib Mesylate, second generation TKI’s
(Dasatinib, Nilotinib or Bosutinib), or allogeneic stem cell
transplantation before progressing to the accelerated or
blastic phase (10,25)
Comparative genomic hybridization array analysis showed
frequent loss of gene/s sequences on 7p and 9p such as
IKZF1, HOXA7, CDKN2A/2B, MLLT3, PAX5, and
PDCD1LG2 genes and gain of 8q24 , locus of C-Myc, 9q34
in Lymphoid blast crisis indicating their role in lymphoid
blast crisis ( 30,31).

Genomic deletions on derivative 9 and
derivative 22 in CML
Deletions adjacent to breakpoint on derivative 9, der(9)
and der(22) occur at the time of Ph translocation in 1025% of CML. FISH analysis using multiple genomic probes
showed that the deletion sizes are quite variable ranging
from 0.5 to greater than 10 Mb and involve either or both
the ABL1 and BCR genes and their surrounding areas
(32,33)
.The significance of genomic deletion on der (9) &
der(22) is controversial in terms of its effect on the
prognosis of CML. Most studies were based on the results
of the treatment with Interferon and conventional
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chemotherapy before the Imatinib era (32). Few analyses
showed the genomic deletions on der(9) and der(22) in
CML in a late phase or after the treatment with Imatinib
(32
, TMH unpublished data ). However, studies indicated
that genomic deletion on der(9) or der(22) or variant
translocations do not seem to influence the response to
Imatinib (33,34) .

Chromosomal abnormalities seen in Ph
negative clonal cells
There are increasing reports of Philadelphia-negative (Phnegative) clonal hematopoiesis developing among patients
with chronic myeloid leukemia (CML) treated with Imatinib
Mesylate ( 35) . In another study by Jabbour et al cytogenetic
abnormalities akin to myelodysplastic syndrome (MDS)
occurred in Ph negative cells in a small fraction of patients
on treatment with imatinib. Commonly seen abnormalities
were loss of Y, trisomy 8 ,del(7q) and 20q deletion (36).

Role of Fluorescence in situ hybridization
in CML.
Fluorescence in situ hybridization (FISH) technique is a rapid
molecular cytogenetic tool with high sensitivity and
applicable both to metaphase and interphase cells. Dual
fusion , D-FISH with cut off value 0-1% is very helpful in
the identification and confirmation of BCR-ABL1 in CML
cases with variant , masked Ph or , cryptic insertion of
BCR-ABL1, . FISH also helps identification of genomic
deletion/s on der(9), der(22) . The signal pattern in such
cases helps monitoring treatment and disease course (13,18,
20,37,38).

5

Role of Conventional karyotyping and
FISH in monitoring response to Tyrosine
kinase (TK) inhibitor and detection of
disease progression in CML.
Since conventional karyotyping provides complete picture
of all chromosomal changes, a combined conventional
cytogenetics and FISH analysis is important in CML at
diagnosis and during disease monitoring. Although
conventional karyotyping is at a low-resolution level, it
provides a complete picture of all metaphase chromosome
changes and clonal evolution during disease progression.
FISH with reference signal pattern can be used for disease
monitoring in bone marrow or peripheral blood. In most
patients, the percentages of leukemia cells with t(9;22) is
comparable in both karyotyping and FISH tests. FISH may
be used as an alternative to routine cytogenetics until the
FISH levels are less than 5% (13,18,20,37). FISH is particularly
important if the sample is suboptimal, or there are only
few dividing cells in the cultured marrow cells. In such
instances FISH on peripheral blood may be used to
determine the cytogenetic response and also helps
detection of a clone of BCR-ABL1 duplication (Ph
duplication) well in advance before clinic-pathological
manifestation of progression of disease.
Current guidelines recommend that Conventional
cytogenetic analysis should be performed on bone marrow
metaphases counting at least 20 cells at 3, 6 and 12
months till a complete cytogenetic response is achieved
and thereafter every 12 months. Monitoring may be done
by using cytogenetic test alone or in combination with
molecular test. However, for molecular tests, BCR-ABL1
6

transcripts measured by RQ-PCR must be expressed as
percentage on the IS. It is not possible to assess molecular
response unless IS is available. A major cytogenetic
response, MCyR has less than 35% of the Ph-positive cells
based on the analysis of at least 20 metaphase cells,
whereas a partial cytogenetic response, PCyR has more
than 35% of Ph positive cells and a complete cytogenetic
response, CCyR shows 100% Ph negative metaphase cells.
According to NCCN guidelines, an optimal response is
defined as a complete hematologic response (CHR) at
3months, a partial cytogenetic response (PCyR) at
6months, a CCyR at 12 months, and a MMR( major
molecular response) at 18 months( 26,36,37,39 ( Table 2).
A complete cytogenetic response or a major reduction of
the Ph-chromosome–positive metaphase cells in a short
period of time is strongly associated with improved diseasefree and overall survival in CML (10,11). The importance of
detecting failure early i.e. before progression to accelerated
or blast crisis lies in the fact that the survival outcomes of
these patients with advanced phases have been uniformly
poorer as compared to patients in CP (80% for CP vs 50%
for AP vs 20% for BC). If one can predict and detect, using
cytogenetics, those patients likely to progress to AP or BC,
one can intervene earlier by change of TKI’s or allogenic
stem cell transplant or both and thus improve survival of
these patients.

Summary
Diagnosis of CML involves standard conventional
karyotyping, FISH and PCR. Cytogenetics is required at
baseline not only for diagnosis, but also to detect any
7

additional abnormalities which may warn us to keep close
monitoring of patients . It is also an important tool for
monitoring response to therapy so that treatment may be
changed early in patients who are not adequately
responding before progression to AP or BP improving their
survival. In additional to karyotyping, FISH is very helpful
in the identification and confirmation of BCR-ABL in CML
cases with variant , masked Ph or , cryptic insertion of
BCR-ABL1, and also in the identification of genomic
deletion/s on der(9), der(22) . FISH alongwith karyotyping
is particularly important if the bone marrow sample is
suboptimal, The recommendation would be to do
conventional cytogenetics at baseline and at least 6
monthly till CCyR is achieved. Thereafter monitoring by
RQ PCR annually in optimal responders may be continued.
In addition , conventional karyotyping would also be
recommended for patients who have failure on treatment
especially to look for clonal evolution or additional
chromosomal abnormalities which would warn us
regarding progression to AP or BC.
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Chronic Myeloid Leukemia Methodological guidelines for
Molecular testing at diagnosis and
for monitoring
Chronic myeloid Leukemia (CML) is a clonal stem cell
disorder causing increased proliferation of myeloid series
of cells and high counts in the peripheral blood. This
disorder has been a front runner among in our
understanding of the pathogenesis and molecular
mechanisms underlying carcinogenesis. CML is the
commonest adult leukemia in India and the annual
incidence ranges from 0.8–2.2/100,000 population in
males and 0.6–1.6/100,000 population in females in
India1.
This guideline would deal with current evidence in the
molecular methods used at diagnosis and monitoring a
patient of CML treated with tyrosine kinase inhibitor.
The initial molecular lesion in CML is the Philadelphia
Chromosome due to translocation t(9;22) (q34; q11)2,3
with formation of chimeric fusion protein BCR-ABL14–6.
The break point occurs in BCR gene intron between exon
13 and exon 14 (e13 or b2) or between exon 14 and exon
15 (e14 or b3) in vast majority of patients. In rare patient’s
15
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NA

Ph < 35% or BCR-ABL1
< 10%

Ph 0 or
BCR-ABL1 < 1%

Ph 0 or
BCR-ABL1 <0.1%

Ph 0 or
BCR-ABL1 0.1% -1%

At diagnosis

3 months

6 months

12 months

Any time after

CCA/Ph- (-7, or 7q del)

BCR-ABL1 0.1% -1%

BCR-ABL 1%-10% and/or
Ph 1%-35%

BCR-ABL1 > 10% and/or
Ph 35% - 95%

High risk or CCA/Ph+,
major route

Warning

Loss of CHR, CCyR,
MMR, Mutations CCA/Ph+

BCR-ABL1 > 1%
and/or Ph > 0

BCR/ABL1 > 10%
and/or Ph > 35%

Non CHR and/or
Ph> 95%

NA

Failure

NA – not applicable, CCA/Ph+: clonal chromosomal abnormalities in Ph positive cells, CCA/Ph-: clonal
chromosomal abnormalities in Ph negative cells, CHR: complete hematologic response, MMR: major
molecular response.

Optimal

Time

Table 1. ELN Definitions of response to TKI’s

break point in intron between exon 1 and exon 2 (e1),
exon 6 and exon 7 (e6), exon 8 and exon 9 (e8), and
upstream of exon 19 (e19) are also described. The break
point in ABL1 gene is usually upstream of exon 2 (a2) and
sometimes between exon 2 and exon 3 (a3).7–9 More than
90% of Ph-positive CML patients have breakpoints in the
M-bcr, which typically result in b2a2 (e13a2) and/or b3a2
(e14a2) fusion mRNAs, both of which are translated into
p210 BCR-ABL1 protein10. Rarely, CML patients with the
p190 BCR-ABL1 (m-bcr) or p230 BCR-ABL1 (μ-bcr) fusion
genes have been reported.

What are the baseline molecular tests to be done
for a new case of CML?
A baseline sample for transcript identification is a must as
it identifies the transcript to be tracked for residual disease
monitoring.10
How should transcript identification be done?
Transcript identification is done by reverse transcription
Polymerase chain reaction (RT-PCR) capable of detecting
the common transcripts capable of identifying the
following – e13a2, e14a2, e13a3, e14a3, e1a2, e1a3,
e19a2 and e19a3.
In order to avoid false negatives due to rare transcripts or
Polymerase Chain Reaction (PCR) failure and false positives
due to higher sensitivity or contamination10



Nested PCR approach should be avoided
The results have to be correlated with FISH or other
cytogenetic analysis.

17

18

Less than CCyR

Less than MMR

Month 12

Month 18
—

Less than CCyR

Less than PCyR

No CyR

No CHR

Failure

—

—

No CCyR

No CCyR

—

Criteria for recon
sidering treatment

Disease progression,
loss of CHR or
CCyR, BCR-ABL
mutation

—

No CCyR

No PCyR

No CyR

No CHR

Failure

U.S. National Comprehensive
Cancer Network

CCyR: complete cytogenetic response. CyR: Cytogenetic response MMR: Major molecular response
CHR: Complete hematologic response. HR: hematologic response. PCyR: Partial cytogenetic response.

Any time point Loss of MMR,
Loss of CHR,
BCR-ABL mutation loss of CCyR ,
BCR-ABL mutation,
Clonal evolution

—

Less than PCyR

Month 6

Month 24

No CyR

Suboptimal
response

European Leukemia Net

Proposed criteria of ELN and US NCCN for suboptimal
response and failure (Assoline etal 2011)

Month 3

Assessment at

Table2:

There are many multiplexing strategies published in the
literature.10–13
The ABL1 primer should be on exon 3 so that atypical
transcripts lacking a2 can be identified. The BCR primer
should be on exon 13 so that both e13 and e14 transcripts
are identified.10

What are the quality control measures to be done
for BCR-ABL1 transcript identification?
The PCR reaction should always include a positive and a
negative control as outlined under ‘negative and positive
controls’ above and an (external or internal) RNA integrity
control.
Suitable control genes for ensuring RNA integrity are ABL,
BCR or other moderately expressed genes that lack
pseudogenes. The amplified control should yield a larger
PCR product than the BCR-ABL1 transcripts.14

What is the initial sample requirement for BCRABL1 transcript identification?
An EDTA anticoagulated peripheral blood should be
sufficient for Transcript identification. The sample should
reach the laboratory within preferably 24 hrs and definitely
within 48 hrs to prevent RNA degradation as these are
RNA based tests.15
What is the sample requirement for BCR-ABL1
transcript quantitation for monitoring?
An EDTA anticoagulated peripheral blood sample of at
least 10ml is recommended. The sample volume should
be sufficient so that there are 10-20 x 106 cells are there in
the sample16. Hence if the Total Leucocyte count is only
19

1x109 /L then at least 15 ml sample is required so that a
sensitive assay can be performed. If counts are greater
than 5x109 /L then a sample of 5ml

What is the frequency of testing for BCR-ABL1
monitoring?
The BCR-ABL molecular monitoring has to be done every
3 months till major molecular response (defined as < 0.1%
International scale) is reached following which it needs to
be done every 6 months.17
In stoppage trials for treatment free remission (TFR) the
monitoring is advised monthly for the first 12 months
followed by less frequent monitoring (once every 3 months
indefinitely) afterwards or as per trial requirements18 .

What is the methodology for RNA extraction
commonly used?
In general the red cells are lysed using red cell lysis solutions
commercially available or by home brew Ammonium
chloride lysis buffer. After red cell lysis the entire nucleated
cells and not just mononuclear cells are lysed by commonly
used chaotropic reagents either Guanidine thiocyanate
(GTC) or by Trizol (Invitrogen) or RLT (Qiagen). The
extraction is done manually by phenol chloroform
extraction method or by silica membrane based spin
column methods by most laboratories. The lysates are
stored overnight at -20°C or indefinitely at -80°C
What is the methodology for cDNA conversion?
The pre-RQ-PCR steps, in particular the reverse transcription
(RT), are the source of most variation and require careful
optimization19–21.
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For cDNA synthesis random Hexamers are recommended
and widely used as primers10,19 .
For Reverse Transcription Moloney murine leukemia virus
(MMLV) at a concentration of 4 to 8 U/μL of reaction and
Superscript (supplied at 200 U/μL) are both suitable, but
Superscript (Invitrogen) is favored by some. Other sources
of the enzyme are also acceptable19.
In general the amount of input RNA needs to be at least
1μg15,19.

What is the Quality control for Extraction and
cDNA conversion?
The quality of the RNA template is possibly the most
important determinant of reproducibility and the biological
significance of subsequent BCR-ABL quantitation22. The
quality control for RNA extraction should include the
following






Spectrophotometric measurement of A260/A280
ratio to estimate RNA concentrations alone should
not be used. The absorbance ratio does provide an
indication of RNA purity in TRIzol extraction due to
purer RNA yield, However has to be interpreted with
caution as the presence of DNA or residual phenol
alters the ratio15. The DNA contamination can be
avoided if DNAase treatment is incorporated into the
extraction protocol.
RNA for 18S and 28S on 1% agarose gel if sufficient
quantity of RNA is available or use of bioanalyser
cartridges.
The most reliable of all is the ABL1 copy number
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measured by Quantitative Reverse Transciption
Polymerase Chain Reaction (QPCR) which determines
the sensitivity of the test for the sample. It should not
be less than 104.
To monitor batch to batch and daily variation
monitoring of median ABL copy numbers of the
sample is important.
There should be reprocessing or extraction of samples
with ABL copy numbers less than 104 which are an
indicator of inadequate sample or compromised
extraction or reverse transcription if the QPCR is well
standardized.

What are the methodologies for doing Real time
PCR?
There are many real-time hardware platforms available for
QPCR analysis, with the choice for each laboratory being
dictated mainly by cost and throughput.
There is automated cartridge based assay (Xpert BCR-ABL
MonitorTM, Cepheid) which do not require major laboratory
infrastructure and can be used in a near-patient setting
for routine quantification of e13/e14-a2 transcripts23,24
.This assay is FDA approved for quantitation and does not
require separate extraction and reverse transcription. The
assay reports in International scale. However, its prognostic
impact relative to non-automated quantification remains
to be tested prospectively within appropriate clinical
trials24.
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What are the methodological considerations for
Quantitative PCR?
For other real time hardware platforms various platforms
have various proprietary reagents and protocols. The choice
is dictated mainly by cost throughput and availability of
support. The following general considerations are
accepted.












Hydrolysis or Hybridization probes are generally
accepted.19
EAC probes or other validated probes are generally
used and validated.12,19
The probes have to have specificity like Minor Groove
Binding (MGB) probes25 of Locked Nucleic Acid (LNA)
probes26
The plasmid standard curves have to be generated
with each PCR27 as each reaction will produce variable
data owing to probe degradation or different reagent
batches.
The control gene should be ABL1, BCR or
GUSB15,19,27,28. The ABL1 is the most widely used and
accepted.
The plasmid standard curves should cover the dynamic
range of testing and at least 4 points15
o ABL – 106-103
o BCR-ABL – 106-101, any value of BCR-ABL copy
number below 101 is taken as negative as it is
below the reproducible sensitivity of the
experiment. The low copy numbers are
stochastically limited copy numbers less than 10
are not possible to accurately estimate by 3 or
less replicates29,30
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Samples should be tested for an internal control gene
to assess the sample quality and quantity using same
amount of cDNA as for the BCR-ABL1 gene
amplification (usually 2.5– 5 μL).19
BCR-ABL1 quantitation samples should be run in at
least 3 replicates19 and ABL1 Quantitation samples
should be done in at least duplicates.
Slopes of standard curves must be between -3.20 and
-3.60 and R2 should be > 0.9815,19,27. The slopes must
be as close to -3.32 (Theoretical efficiency of 100%)
as possible
A constant threshold should be kept (usually between
0.05-0.1 depending on equipment used) and should
not be changed.15
Assays should be optimized to yield similar intercept
values for both BCR-ABL1 and ABL1. Variable intercept
values between runs and/or between BCR-ABL1 and
ABL1 indicate suboptimal assay performance and
should be addressed15. An ideal intercept should be
39.8±119.

What Quality control measures have to be used
for Quantitative PCR?
Negative controls 15,27
1. The water used for RNA elution from columns; or to
resuspend RNA pellets.
2. Ethanol from RNA preparation (optional);
3. Trizol or RLT solution from each sample processing
batch;
4. Non-Template Control (NTC, water) to be run with
every run.
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Positive controls – At least 2 Quality control sample one
near major molecular remission level and another at higher
level are required27 in each run. The CV is calculated from
these control values.

Monitoring assay performance

Record the Cq values of the standards on every run.
This should remain in a narrow range over time
providing the same threshold for the particular realtime machine is maintained.
The laboratories should participate in an EQA or proficiency
program for BCR-ABL1 Quantitation
How are the Quantitative PCR values evaluated
for ABL1 copy numbers?
The copy numbers are calculated as means of valid
replicates. The difference between the highest and lowest
replicates should be <0.5 Cq. Outliers outside 0.5Cq can
be excluded and average of remaining valid replicates used.
This adjustment is not possible with only duplicate
reactions.
ABL1 copy number in samples should be at least 10000 in
the same volume of cDNA used for each BCR-ABL1
reaction.




If ABL1 molecules <10 000 and >5000: ABL1
amplification is considered sub-optimal (low sensitivity
and quantification may be unreliable).
If ABL1 molecules <5000 and >1000: only positive
results should be issued with a comment that MRD
quantification is not reliable and must be interpreted
with caution. A repeat sample is strongly
recommended.
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If ABL1 molecules < 1000: sample has failed; a repeat
sample should be requested. It is unlikely that even
positive tests can be considered reliable.
For any sample that provides <10 000 ABL1 molecules
when using 2.5–5 μL of cDNA either:


1. A new extraction can be attempted from the original
GTC/RLT or TRIzol stored material; or
2. Request a new sample.
The ABL1 copy numbers should be included in the report
as it is an indicator of sensitivity of the assay.

How are the Quantitative PCR values evaluated
for BCR-ABL1 copy numbers?
The copy numbers are calculated as means of valid
triplicates. One of the triplicates can be excluded if the
following parameters are not fulfilled 15,19,:







The difference between the highest and lowest
triplicates should be <0.5 Cq for Cq < 30;
The difference between the highest and lowest
triplicates should be <1.0 Cq for 30.1< Cq 33;
The difference between the highest and lowest
triplicates should be <1.5 Cq for 33.1 > Cq <37.
> 37.1 Cqs, The triplicates may show considerable
variation and quantification may be unreliable, and
can be reported as positive outside the quantitative
range (POQR);
If two of the triplicates are positive and negative
controls show no contamination: the result is positive.
If triplicates have reasonable copy numbers (Cq <38)
consider PCR drop-out for the negative well and adjust
mean accordingly, i.e. divide by 2, not by 3.
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A positive well was defined as sigmoidic amplification
(log scale) with a Cq value below the Y-intercept Cq
value of the plasmid standard curve + one Cq 19.
A sample with a SINGLE positive result of a triplicate
with Cq < 38 MUST be repeated to confirm positivity;
If two of the triplicates are negative and one of three
is positive with Cq > 38 the result must be reported
as ‘low level positivity not quantifiable’. Evaluate
whether to repeat test is dependent on previous
molecular and/or clinical history.
If all triplicates are negative or undetectable, the test
should be reported as ‘undetectable’.

What are the values to be included in the report?
The following are essential in a report.






ABL1 copy numbers
BCR-ABL1 copy numbers
Normalised copy number as a percentage = (BCRABL1 copy number/ABL1 copy number) X 100
Conversion factor for International scale
Normalised copy number in International scale

What is International scale?
International scale has been developed to bring about inter
laboratory agreement for BCR-ABL1 quantitation. This scale
has a standardized base line derived from IRIS trial patients
as 100%. The major molecular remission is defined as 0.1%
on this scale. This scale is implemented for each assay by
generation of conversion factor31 by exchange of samples
with a reference laboratory or now by use of International
scale calibrators32,33 from (Qiagen or Asuragen) which are
traceable to WHO International standard for BCR-ABL1.
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When should we generate a conversion factor?
It is practical to generate a conversion factor after an assay
is standardized and meets good quality control
requirement as stated above. The conversion factor should
be done as per manufacturer’s instructions. There is no
currently accepted guideline for repeating or reconfirming
conversion factor but should be done at least once a year
preferably twice a year. It should be done when there is a
change in primer probe or instrument for detection.
How is BCR-ABL1 International scale values used for
monitoring patients of CML on Tyrosine Kinase Inhibitors?
Major molecular response is defined as attaining a residual
disease value less than 0.1% International scale (IS).
For newly diagnosed patients early response measures as
per European leukemia net34 and NCCN35 guidelines use






< 10% IS at 3 months after starting therapy as optimal
response
<1% IS at 6 months after starting therapy as optimal
response
<0.1% IS at 12 months after starting therapy as
optimal response.
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Chronic Myeloid Leukemia:
Testing for resistance to tyrosine
kinase inhibitors
Introduction
Chronic myeloid leukemia (CML) is a relatively common
myeloproliferative neoplasm. The disease defining
abnormality is a balanced reciprocal translocation between
chromosomes 9 and 22, which gives rise to the
Philadelphia chromosome and the resulting BCR-ABL fusion
transcript. Till a few decades ago CML was a potentially
fatal disease. The treatment of CML then evolved from
hydroxyurea to interferon alfa with cytarabine as well as
allogeneic hematopoietic stem cell transplantation (HSCT).
Treatment of patients with specific targeted therapy in the
form of imatinib mesylate (IM), a tyrosine kinase inhibitor
(TKI) was a breakthrough that made CML a “posterboy”
of translational medicine.(1,2) Today the front-line
treatment with IM is the standard of care for newly
diagnosed CML. TKI therapy is very effective with rapid
responses, nearly 90% patients achieve hematologic
remission and 60-80% achieve a complete cytogenetic
remission (CCyR).(3–5) Nearly 60% of patients on the
landmark IRIS trial have remained in CCyR after 6 years of
treatment with IM. (3–5)However the path to cure with
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TKIs is not straightforward as close to 30% of patients
with CML have treatment failure or relapse after
responding initially to IM. (6,7) Early identification of IM
resistant patients is essential as they can be treated with
dose escalation, newer TKI or in certain cases, HSCT.

Mechanisms of resistance to tyrosine
kinase inhibitors in chronic myeloid
leukemia
There are 2 main categories of IM resistance mechanisms:
primary (also called as innate) resistance and secondary
(also called as acquired resistance). Patients who have
primary resistance do not demonstrate any response to
imatinib right from initiation of therapy. There are a myriad
of factors that often interact & contribute to IM resistance
such as therapy compliance, bioavailability of the drug,
pharmacodynamic covariates, BCR-ABL kinase domain
mutations, BCR-ABL gene amplification, BCR-ABL
overexpression, altered TKI efflux kinetics, modulation of
other kinase signaling pathways and rarely BCR-ABL
mutations outside of the kinase domain(3,6,8). Other
causes of resistance typically seen in CML in advanced
phase (accelerated phase/blast crisis) include additional
chromosomal changes manifested by an abnormal
karyotype. The latter are associated with loss of tumor
suppressors or activation of proto-oncogenes. IM
resistance is divided into BCR-ABL dependent and –
independent mechanisms as can be seen in Table 1.
Amongst these, kinase domain mutations (KDM) are the
commonest cause of resistance and have been studied in
detail. KDM are detected in 35-60% of patients with TKI
resistance (depending upon the methodology used) and
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with increasing frequencies in accelerated phase and blast
crisis. (9) The ABL kinase domain is composed of a P-loop,
catalytic domain and an activation loop. At the protein
level ABL shuttles between a catalytically active/open
conformation and an inactive/closed one mediated by
changes in the activation loop. The latter folds in toward
the catalytic domain to the “off” state and away from it
to the “on” state.(10) IM pushes itself in a hydrophobic
cage in the activation loop and a part of the N-lobe. As
elegantly reviewed by Nardi et al, IM stabilizes ABL protein
in a non-ATP binding conformation i.e., in an “off”
state.(10)Mutations affect drug binding to the kinase
domain through two principal mechanisms:
1.

2.

Direct inhibition by causing changes in the amino
acids involved in drug binding: These include p.T315I
mutation as well as p.F317L or F359C/V
Indirect inhibition by causing changes in the
conformation of the BCR-ABL protein: Examples of
mutations here include E255K/V, Y254H, Q252H and
G250E.

Methodologies used to detect kinase
domain mutations
General guidelines: In general, standard protocols for
extraction of RNA and sample processing need to be
maintained. For detection of KDM, physical separation of
pre and post PCR areas is mandatory to prevent cross
contamination. This is especially true of techniques, which
use nested PCR. To ensure this appropriate biological
negative controls as well as no template controls (including
a second round nested PCR control in which first round
no template control is used) must be employed.
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Table 1: Mechanisms of resistance to imatinib mesylate
BCR-ABL independent mechanisms of resistance to imatinib
mesylate
Pharmacokinetics
& oral
bioavailability

Proposed to be one of the mechanisms of
primary resistance. Low bioavailability is
associated with variations in the
cytochrome P450 enzyme levels. (3,6)

Activation of
alternative
signaling
pathways

BCR-ABL expressing cells demonstrate SRC
overexpression.(3) The latter include a
family of kinases that are involved in cell
growth and survival through a BCR-ABL
independent fashion.(11)

Clonal evolution

Reflects genetic instability and disease
progression. This occurs with acquisition of
additional chromosomal abnormalities
typically seen in accelerated phase and blast
crisis. (3)

Stem cell
persistence

A small population of Ph harboring stem
cells persists in-spite of treatment and has
lower susceptibility to IM due to intrinsic
resistance to IM.(6)

Single nucleotide
polymorphisms
(SNP) in drug
transporters

A recently described SNP in the hOCT1
gene (M420del;rs35191146) has been
demonstrated to influence outcome in
CML.(12) The presence of this SNP results in
inadequate intracellular concentration of IM

BCR-ABL dependent mechanisms of resistance to imatinib
mesylate
BCR-ABL kinase
See in text above.
domain mutations
BCR-ABL over
expression /
duplication and
amplification

This has been described as a rare cause of
resistance in imatinib resistant patients.(3)
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Pre-requisite to KDM testing: In almost all cases, the
strategy employed to detect KDM depends upon
amplification of the ABL1 obtained from the BCR-ABL
fusion product and does not amplify the normal ABL gene.
Therefore the type of fusion transcript (E13A2, E14A2 or
E1A2 etc) must be known beforehand. In case a sequenceable amplicon cannot be generated, degradation of RNA
must be ruled out by determining control gene copies by
real time PCR (or as per the lab policy). It has been
recommended to re-extract RNA from any sample with
BCR-ABL and ABL copy numbers <50 &<5000 respectively
for detecting KDM.(13)
Analytical techniques: There are a number of
methodologies used; each has its own merits and
drawbacks (as can be seen in Table 2). In general, most
laboratories use Sanger sequencing which remains a
recommended technique. A distinct disadvantage is that
it has a sensitivity of 15-25% as a result of which some
mutations may be missed. This may be pardonable as the
clinical significance of detecting low level KDM mutations
is still uncertain.(13) In few laboratories (including TMH)
the first round PCR amplifies the BCR-ABL fusion gene
followed by a second round that amplifies the tyrosine
kinase domain (ABL exons 4-10). This product gets
sequenced four times (using primers 4F, 10R, 6F and 7R),
thus ensuring that every base gets sequenced at-least 2
times. This practice however is not routinely followed in
other laboratories.
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15-25%

9%

5%

1%

Subcloning and
sequencing

Pyrosequencing

DHPLC (Wave)
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+++
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Sensitivity Availability

Sanger sequencing

Method

























Lower cost
More sensitive
High throughput
possible
Cost effective





More specific and
sensitive

Characterizes all
mutations
Bidirectional
confirmation

Advantages

Cannot characterize
mutations
Requires spike-in
with wild-type DNA
Contamination prone
Can generate
nonspecific peaks

Shorter amplicons &
smaller read-length

Tedious & labor
intensive techniques

Low sensitivity

Disadvantages

Table 2: Methodological comparison for kinase domain testing.(5, 8, 13–19)
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5-10%

0.010.001%

Allele specific
oligonucleotide PCR

Liquid bead-array
(Luminex)

5-10%

++

++++

++

Sensitivity Availability

High resolution
melt curve analysis

Method















Can be multiplexed
Lower cost

Highly sensitive
Can be quantitative
Good availability











Not quantitative

False positives and
negatives
Requires prior
knowledge of
mutation
Can be tedious
if many mutations
are to be screened.

Cannot characterize
mutations
May require several
amplicons for
optimum results

High throughput
possible
Cost effective


Disadvantages

Advantages
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Next generation
sequencing

1-5%
+
(<0.1%
if mutation
specific
techniques
used)











+

Absolute

Nanofluidics




+

0.2%

Sensitivity Availability

Fluorescence PCR and
PNA clamping

Method

Allows determination
of clonal structure &
evolution of
mutations
Allows distinction
between compound
and polyclonal
mutations
Sensitive

Absolute
quantification
Very sensitive

Sensitive
More specific as
compared to ASOPCR

Advantages

















Expensive
Limited data
Unproven
technology

Expensive
Limited data
Unproven
technology

Requires prior
knowledge of
mutation
Can be tedious
if many mutations
are to be screened.

Disadvantages

Role of next generation sequencing (NGS)
in screening for BCR-ABL kinase domain
mutations
Next generation sequencing (NGS) is a latest tool available
for screening for BCR-ABL kinase domain mutations (KDM).
Targeted NGS has certain unique advantages over
traditional Sanger sequencing due its ability to perform
parallel sequencing of thousands of transcripts. Ultra deep
sequencing (UDS) using platforms like Roche 454 Life
Sciences provide target region coverage of 3000
to~10,000 for each nucleotide (indicating number of
times each nucleotide is read). Hence it is possible to detect
KDM at as low level as 1% or less (20). High sensitivity of
assay can detect additional mutations, which cannot be
identified using Sanger sequencing. Soverini et al(21),
using UDS identified minor mutations (not identified using
Sanger sequencing) in 55% of samples; and significantly,
51% of these mutations were known to be poor
responders to current or previously administrated TKI and
presence of low level mutant clones may lead to poor or
transient response to second line TKI(20)(21).
Another potential clinically relevant advantage of NGS is
its ability of distinguish between compound (presence of
two or more mutations in the same clone) and polyclonal
(different mutations in different clones) mutations, in the
patients with two or more KD mutations. Presence of
compound drug resistant mutation may lead to “increased
oncogenic potency” (22) with certain combinations of
mutations providing survival advantage over clones with
single (polyclonal) mutation (20) and resistance to multiple
TKI including second and third generation TKI like
Ponatinib, irrespective of resistance profile (21)(23).
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Sanger sequencing from cDNA samples cannot distinguish
between these two conditions, unless individual transcripts
are cloned into separate bacterial colonies; which, however,
is a labor intensive approach. In spite of these advantages,
the role of NGS in screening for KDM is not firmly
established. Response to treatment and disease
progression are affected by multiple factors; and detection
of small mutant clones may not be correlate with response
to imatinib or predict relapse of disease (24). Since, clinical
implication of detection of multiple small clones with
different mutations, with respect to disease progression
and treatment response, are not well established, such
information may not be clinically relevant for selection of
appropriate TKI (20). Thus, as of today, the use of NGS to
detect kinase domain mutations may not be appropriate
outside of a research setting. As more outcome-based
evidence is generated using NGS, this practice may change.

Indications for ABL-KD mutation testingRecommendations based on ELN/NCCN:
BCR_ABL KD mutation analysis is indicated at the following
instances as per ELN and NCCN recommendations
(Table 3).Mutations in the tyrosine kinase domain show
varying ex-vivo response to various TKIs and the choice of
appropriate therapy in patients harboring mutations is
better made by having knowledge of this response data.
Table 4 lists the available data on the reported sensitivities
of key BCR-ABL KD mutations to commonly used TKIs.
The spectrum of BCR-ABL kinase mutations identified in
CML patients with suboptimal response to TKI, especially
imatinib has been reported by us and others (Figure 1a
&b). In addition, several novel mutations were identified
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Table 3: Indications for ABL KD mutations testing in
CML- Recommendations based on ELN criteria
Timing

Indications

At Diagnosis

Presenting at accelerated phase (AP) or
blast crisis (BC)

First line Imatinib

Primary failure or Warning response
(ENL 2013) (25)(26)
3 months: No CHR or BCR-ABL1 >10%
and/or Ph+ 36-95%
6 months: BCR-ABL1 1-10% and/
or Ph+ 11-35%
12 months: BCR-ABL1 0.1-1%
Secondary failure
Any time after: Loss of previously
achieved CHR, CCyR or
Increased BCR-ABL transcript levels
leading to loss of MMR (26)

Second line TKI
(Dasatinib/
Nilotinib)

Hematological or cytogenetic failure

Figure-1a: Commonly mutated regions of the
BCR-ABL KD identified in patients with clinical
resistance to imatinib
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Figure-1b: Spectrum of kinase domain mutations seen in two major centres in India
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resistant

resistant

resistant

resistant

resistant

resistant

V299L

T315A

F317
L/V/I/C

E255
K/V

Y253H

F359
V/C/I

Any other
mutation

resistant

Imatinib

T315I

Mutation

resistant

resistant

resistant

sensitive

sensitive

sensitive

resistant

Nilotinib

sensitive

sensitive

sensitive

resistant

resistant

resistant

resistant

Dasatinib

Consider high
dose imatinib or
dasatinib/ nilotinib

Consider
Dasatinib

Consider
Dasatinib

Consider
Dasatinib

Nilotinib

Nilotinib

Nilotinib

Ponatinib/ HSCT/
clinical trials

2011 ELN
recommendation

Ponatinib/Dasatinib/Bosutinib/
Omacetaxine

Ponatinib/Dasatinib/Bosutinib/
Omacetaxine

Ponatinib/Dasatinib/Bosutinib/
Omacetaxine

Ponatinib/Nilotinib/Bosutinib/
Omacetaxine

Ponatinib/Nilotinib/Imatinib/
Bosutinib/Omacetaxine

Ponatinib/Nilotinib/Omacetaxine

Ponatinib/ Omacetaxine/
HSCT/Clinical trials

2013 NCCN
recommendation

Table 4: TKI sensitivities to key BCR-ABL kinase domain mutations and recommended
treatment options (modified from Soverini et al 2014)

including from our groups; In general as reviewed recently
by Soverini et al, the spectrum of mutations across various
populations remains the same and T315I is the most
common mutation identified. Mutations are identified only
in ~30 % of patients with suboptimal response to imatinib
suggesting that additional mechanisms of resistance are
involved.

Recommendations and future directions:
Despite excellent clinical outcome, resistance to TKI is a
major obstacle for the success of TKI therapy in CML. Of
the various factors contributing to this resistance,
mutations in the kinase domain play a major role in
deciding alternative therapies. Here we have put together
the recommendations for testing for resistance to TKIs in
CML. The widely accepted method for mutation testing
remains to be direct sequencing although the role of NGS
based techniques cannot be totally ruled out. However, it
is important to gain better understanding of additional
mechanisms of TKI resistance other than kinase domain
mutations. At CMC, Vellore, with the grant support from
Department of Biotechnology, in the area of chronic
myeloid leukemia, we have carried out a comprehensive
pharmacogenomic study screening for expression and
genetic variants in enzymes and transporters involved in
imatinib metabolism and transport. Plasma levels of
imatinib and the genetic variants in imatinib metabolism
and transport were significantly associated with response
to imatinib therapy and progression free survival
(Manuscript submitted). In addition microarray and exome
sequencing analyses carried out in imatinib resistant and
sensitive patients revealed unique markers of response to
therapy, that are currently being evaluated.
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Cytogenetics in
Acute Myeloid Leukemia
Cytogenetic analysis is the established frontline
investigation in evaluating genetic aberrations in acute
myeloid leukemias ( AML) at diagnosis[1–3].Chromosome
abnormalities are detected in approximately 55% of
AML.The cytogenetic and molecular genetic studies are
required at the time of diagnosis, not only for recognition
of specific genetically defined entities but also for risk
stratification and define a baseline against which future
studies can be judged to assess clinical progression and
response to treatment [4]. Recurring chromosomal
translocations that were included in the WHO classification
of acute leukemias in 2001 provided clues to better
understanding of the process of leukemogenesis and the
recognition of various genes located at the breakpoints of
these translocations. Many of these chromosomal changes
are consistently associated with specific subtypes of AML,
and correlate with specific morphologic or
immunophenotypic subtypes [5].
The pretreatment karyotype predicts response to induction
therapy, relapse risk, and overall survival (OS) [6–10]. The
importance of initial cytogenetics assessment at diagnosis
in AML was demonstrated by multicenter clinical trials of
the Cancer and Leukemia Group B (CALGB)[8] and of the
53

United Kingdom Medical Research Council (MRC) [9]. Both
these trials stratified patients into low, intermediate and
high cytogenetic risk showing important differences in
disease free survival (DFS) and overall survival (OS)
demonstrating differences on outcome of patients with
AML. Byrd et al. in a large retrospective analysis of 1213
AML patients aged 15–86 years (median age: 52 years)
reported an OS of 55%, 24% and 5% in low, intermediate
and high risk AML patients respectively [8]. Grimwade et
al. in an analysis of 1612 AML patients with a median age
of 35 years suggested a 5-year OS of 61%, 42% and 4%
in patients with inv(16), normal karyotype and complex
karyotype respectively [9]. The various trials are listed in
Table No. 1. The cytogenetic risk stratification based on
various trials including data from recent ones refining the
risk stratificationis given in Table No 2.Although initial
studies and risk stratification was based on relatively
younger patients with age less than 60 years, the
importance of cytogenetic on outcome in elderly AML was
demonstrated by same groups. However in elderly the high
risk cytogenetic abnormalities have a worse outcome than
in younger age groups highlighting that the age of the
patient is an important additional prognostic factor that
is able to predict outcome.
The most common cytogenetic abnormality in AML is
normal karyotype with 50% patients showing normal
karyotype [8,10,11]. In these patients the further risk
stratification is based on molecular profiling.Various gene
mutations are increasingly being recognized as important
diagnostic and prognostic markers in myeloid neoplasms.
Additional molecular genetic studies in a patient are guided
by the results of the initial karyotype[12]. The recent
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GIMEMA
LAM99P

1998

46 (15–60) 2008

67 (61–84) 2006

naa (16–55) 2000

35 (na)

a

Low

92

80

84

87-98

88

67

53

76

75-91

67

Inter

39

19

55

42-67

32

High

CR (%) by risk group

18b
nac

nac

38

41

24

38b

55

65

55

5-year OS (%)
by risk group

nac

5b

11

14

5

CALGB: Cancer and Leukemia Group B; MRC: Medical Research Council; SWOG/ECOG: Southwest Oncology Group/Eastern
Cooperative Oncology Study Group; AMLSG: German-Austrian AML Study Group; GIMEMA: Gruppo Italiano Malattie
EMatologiche dell’Adulto.
a
na, not available.
b
OS (%) is limited to 3 years.
c
Not available data about OS.
In this study the 2-year DFS was 71% in low risk group, 52% in intermediate risk group and 32% in high risk group.

361

609

SWOG/ECOG

AMLSG
AMLHD98-B

1612

MRC AML10

High

52 (15–86) 2002

Inter

Low

1213

Year of
publication
(range)

No. of Median
patients age

CALGB 8461

Cooperative
study group

Table1: A comparison of the clinical data obtained in AML by different cooperative groups
worldwide according to cytogenetic risk.

Table 2. Revised Cytogenetic prognostic classification.
Cytogenetic Abnormality

Comments

Favourable
 t(15;17)(q22;q21)
 t(8;21)(q22;q22)
 inv(16)(p13q22)/t(16;16)(p13;q22)

Irrespective of
additional
abnormalities

Intermediate

Entities not
classified as
favourable or
adverse

Adverse
 abn(3q) excluding
t(3;5)(q21_25;q31_35)
 inv(3)(q21q26)/t(3;3)(q21;q26).
 add(5q), del(5q),-5
 -7, add(7q)/del(7q)
 t(6;11)(q27;q23)
 t(10;11)(p11_13;q23)
 t(11q23) excluding
t(9;11)(p21_22;q23) and
t(11;19)(q23;p13)
 t(9;22)(q34;q11)
 -17/abn(17p)
 Complex (3 or more than 3 as per
COG and 5 unrelated abnormalities
as per MRC)
 Monosomal Karyotype

Abnormalities
including -7,
del7q and
chromosome 5
abnormalities do
not have an
adverse prognosis
when associated
with favourable
karyotype

cytogenetic classifications integrate the results of
mutational profiling and the NCCN recommends to use
the integrated cytogenetics and molecular genetics
classification (Table 3).
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Table3. NCCN risk stratification based on validated
cytogenetics and molecular abnormalities.
Risk Status

Cytogenetics

Better Risk





Intermediate
Risk






Poor Risk














Molecular
Abnormalities

t(15;17)(q22;q21)
t(8;21)(q22;q22)
inv(16)(p13q22)/
t(16;16)(p13;q22)

Normal
cytogenetics
with NPM1
mutations in
the absence of
FLT3-ITD or
isolated
biallelic CEBPA
mutation

Normal Cytogenetics
+8 alone
t(9;11)
other non –defined

t(8;21) and
inv(16) with
c-KIT mutation

abn(3q)
inv(3)(q21q26)/
t(3;3)(q21;q26).
add(5q), del(5q),-5
-7, add(7q)/del(7q)
t(6;11)(q27;q23)
t(10;11)(p11_13;q23)
t(11q23) excluding
t(9;11)(p21_22;q23)
and t(11;19)(q23;p13)
t(9;22)(q34;q11)
-17/abn(17p)
Complex karyotype
Monosomal Karyotype

Normal
Cytogenetics :
with FLT3-ITD
mutation

The European Leukemia Network (ELN) proposed a
standardized reporting system that integrates the data
from cytogenetic and mutation analyses of the
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Table 4. European Leukemia Network reccoomended
Standardized reporting for correlation of cytogenetic
and molecular genetic data in AML with clinical data
Genetic group Subsets
Genetic Group Subsets
Favourable






Intermediate 1*





Intermediate 2




Adverse






*

†
‡

t(8;21)(q22;q22); RUNX1-RUNX1T1
inv(16)(p13.1q22) or
t(16;16)(p13.1;q22); CBFB-MYH11
Mutated NPM1 without FLT3-ITD
(normal karyotype)
Mutated CEBPA (normal karyotype)
Mutated NPM1 and FLT3-ITD
(normal karyotype)
Wild-type NPM1 and FLT3-ITD
(normal karyotype)
Wild-type NPM1 without FLT3-ITD
(normal karyotype)
t(9;11)(p22;q23); MLLT3-MLL
Cytogenetic abnormalities not classified
as favorable or adverse†
inv(3)(q21q26.2) or
t(3;3)(q21;q26.2); RPN1-EVI1
t(6;9)(p23;q34); DEK-NUP214
t(v;11)(v;q23); MLL rearranged
-5 or del(5q); -7; abnl(17p);
complex karyotype‡

Includes all AMLs with normal karyotype except for those included in the
favorable subgroup; most of these cases are associated with poor prognosis,
but they should be reported separately because of the potential different
response to treatment.
For most abnormalities, adequate numbers have not been studied to draw
firm conclusions regarding their prognostic significance.
Three or more chromosome abnormalities in the absence of one of the WHO
designated recurring translocations or inversions, that is, t(15;17), t(8;21),
inv(16) or t(16;16), t(9;11), t(v;11)(v;q23), t(6;9), inv(3) or t(3;3); indicate how
many complex karyotype cases have involvement of chromosome arms 5q,
7q, and 17p.
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NPM1,CEBPA and FLT3 genes. The ELN proposed system
of reporting is given in Table 4.
Among the several primary AML entities “AML with
t(8;21)(q22;q22); RUNX1-RUNX1T1” and “AML with
inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11”
and “APL with t(15;17)(q22;q12); PML-RARA,” are
considered as AML regardless of bone marrow blast counts
[13] . The above three mentioned cytogenetic
abnormalities are of diagnostic importance and presence
of these warrants a diagnosis of AML. It is not yet clear if
all the cases with other recurrent genetic abnormalities
that include MLL gene rearrangements, t(6;9)(p23;q34),
inv(3)(q21q26.2), t(3;3)(q21;q26.2), or t(1;22)(p13;q13)
should also be categorized as AML when the blast count
is less than 20.
The other cytogenetic abnormalities may be seen in other
myeloid neoplasms as well. So broadly the chromosomal
changes or the cytogenetic signatures can be divided into
two categories those with diagnostic and prognostic
connotation and those with only prognostic connotation.
The former group includes t(8;21),inv(16) and t(15;17)
which are diagnostic of acute myeloid leukemia and are
associated with a good prognosis. The discussions further
in this chapter will exclude APML as it forms a distinct
entity and is being discussed separately by other faculty.
In this chapter few of the important entities shall be
discussed in detail

Core binding Factor Leukemias.
Core binding factor (CBF) leukemias are characterized by
genetic aberrations that disrupt genes that encode
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subunits of core binding factor which is a transcription
factor responsible for normal hematopoiesis[14,15] . The
two core binding factor leukemias are t(8;21) (q22;q22)
and inv(16)(p13q22) seen in 4-10% of all AML cases and
are diagnostic of AML. The former results in disruption of
the α subunit and the former effects the β subunit of the
core binding factor. The two leukemias are usually grouped
and reported together in clinical studies because of
similarities between their molecular and prognostic
features .The clinical features are similar to those for any
other type of AML, caused by the replacement of normal
blood cells with leukemic cells, and include anemia and
thrombocytopenia. Extramedullary leukemia (EML) has
been reported in 10 – 25% of patients with t(8;21)[16].
The presence of EML at diagnosis is reported to be more
frequent in inv(16) than t (8;21) [14,15].AML with t (8;21)
and inv(16) are frequently associated with specific
biological and morphological characteristics.
The most common morphological features of AML with
t(8;21) are frequent M2 morphology, large blasts with
basophilic cytoplasm, numerous azurophilic granules and
a perinuclear clearing, dysplasia in all the three lineages,
thin slender Auer rods present both in blasts and in mature
neutrophils, increased eosinophilic precursors, and in some
cases basophils or mast cells may also be increased [5,17].
With respect to characteristic immunophenotypic features
CD34 and HLA-DR expression have been reported in 90 –
100% of t(8;21) AML, with CD19 positivity in 75 – 85%
and CD56 positivity in 50 – 82% of these patients [18–20]
. Aberrant expression of the lymphoid markers CD19, PAX5,
and eventually cytoplasmic CD79a is common. The CD56
positivity is associated with poorer outcome and correlates
with CKIT mutations positivity[19].
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AML carrying inv(16) or t(16;16) are frequently associated
with a characteristic morphological presentation with FABsubtype M4eo characterized by the presence of atypical
eosinophils in bone marrow smear, and more rarely with
FAB-subtype M5 or M2. As indicated for t(8;21) AML, the
presence of KIT gene had a negative impact on outcome
with a significant lower OS also for inv(16) and t(16;16)
AML [21].
The Core binding factor leukemias are associated with
good prognosis with a high remission rate at the end of
induction (CR),long CR duration and good overall survival
especially after high-dose cytarabine based post remission
therapy [1,7,8].Allogeneic or autologous haematopoietic
stem cell transplants have not been reported to improve
survival in these patients. The common additional
cytogenetic abnormalities in patients with t(8;21) AML are
loss of sex chromosome and deletion 9q and in inv(16)AML
are trisomy of chromosomes 22 and 8 [17]. Studies have
shown additional abnormalities including presence of more
than three or five abnormalities accounting to a complex
karyotype does not alter the good prognostic effect of
t(8;21) and inv(16) AML [8].

MLL rearrangements
Abnormalities of the 11q23 resulting in the rearrangement
of the MLL gene are seen in 7-8% of all cytogenetically
abnormal AML [6–8]. The abnormalities include mostly
balanced translocations, although insertions, inversions,
deletions and additions are also seen. Intra or extra
chromosomal amplification of the MLL gene is a distinct
entity seen in elderly AML often with a history of treatment
with alkylating agents and characterized by bone marrow
dysplasia and a poor prognosis. The most common
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secondary cytogenetic abnormalities include trisomies of
chromosomes 8,19,21 and 6 and monosomy of
chromosome 7. The MLL gene is a promiscuous gene with
more than 55 different partners and 80 different
translocations. In AML the common partner genes involved
in MLL gene rearrangements are MLLT3,MLLT1,MLLT10,
MLLT4 and ELL the partner chromosomes being 9,19,10,4
and19 respectively.The MLL gene rearrangements are
commonly associated with monoblastic/monocytic
morphology the M4/M5 being the common FAB category.
The different sub-type of 11q23 AML rearrangements at
diagnosis show similar clinical features with high WBC
counts, anemia, thrombocytopenia, diffuse bone marrow
infiltration by myeloid blasts and extramedullary disease
in almost one third of patients.
MLL gene rearrangements with the exception of t(9;11)
are associated with a poor prognosis and worse clinical
outcome. Patients with MLL gene rearrangements are
considered as high risk AML patients being right candidates
for an allogeneic HSCT. The t(9;11) is associated with a
good prognosis and some investigators have reported
outcomes similar to the core binding factor leukemias.

Abnormalities of long arm of
chromosome 3 (3q abnormalities)
Structural rearrangements of the long (q) arm of
chromosome 3 involving bands 3q21 and /or 3q26 (3q
abn) are seen in about 2 — 4 % of AML [7,22]. These
aberrations have also been described in myelodysplastic
syndrome (MDS), chronic myeloid leukaemia in blast crisis
(CML-BT) and chronic myeloproliferative disorders (CMPD).
3q abn are often associated with normal or elevated
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platelet counts, increased bone marrow (BM)
megakaryocytes, dysmegakaryopoiesis, trilineage dysplasia
[22] and a poor response to chemotherapy [22]. The
majority of 3q abnormalities involve bands 3q21 or 3q26
or both. In some instances, the breakpoints on 3q may
vary, as in the t(3;5) and the deletion (del)3q. Additional
chromosomal abnormalities are common, monosomy 7
being the most frequent followed by del 5q [23]. The genes
involved in 3q abn include EVI1 or its longer form MDS1EVI1 at 3q26 and the RPN1 at 3q21 [23]. These
abnormalities result in overexpression of EVI1, or MDS1EVI1, and/or formation of an RPN1/EVI1 fusion transcript
[24]. Upregulation of GATA-2 has also been implicated in
leukemogenesis in 3q abn. The importance of 3q abn is
well established resulting in their inclusion as a separate
category in the 2008 WHO classification of AML.
The inv 3 is the most frequent type of 3q abn in most
series [24]. The inv 3 is more difficult to detect than the
t(3;3) in cases where the morphology is suboptimal. The
t(3;3) and the inv(3) have been reported to be associated
with normal or elevated platelet counts and the t(3;5) with
thrombocytopaenia. Abnormal megakaryopoiesis is the
hallmark of 3q abn [24] with dysmegakaryopoiesis being
observed in 76 — 100% of patients [10,24,25]. Trilineage
dysplasia, dyserythropoiesis and dysgranulopoiesis have
each been reported in about 60% of patients with the
t(3;3)/inv(3) [23]. Additional cytogenetic findings include
monosomy 7 (22 -70% of patients), and chromosome 5
abnormalities in 12- 16% with complex karyotypes in 3757 % [8,10,23]. In some series, almost 50% of patients
with 3q abn have secondary / therapy-related AML.
A few authors have reported that the patients of MDS or
MPN with 3q abnormalities do as badly as patients with
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AML and hence the presence of 3q abnormality warrants
aggressive therapy and suggest that the presence of 3q
abnormality should qualify a patient for the diagnosis of
AML irrespective of the blast count. The United Kingdom
Cancer Cytogenetic Group study on AML with 3q
abnormalities showed a poor prognosis with an OS rarely
exceeding 12 months despite an aggressive induction
therapy .Testoni et al. reported similar poor outcome with
a median OS of 9 months [26].

T(6;9)(p23;q34)/DEK-NUP214
The t(6;9) is seen in 0.5–4% of cases of AML and is
associated with a poor prognosis [7–9,27].The
translocation t(6;9) results in a chimeric fusion gene
between the genes DEK, localized in short arm of
chromosome 6 (6p23), and CAN or NUP214, localized at
band 34 of the long arm of chromosome 9 (9q34).
Morphologically it is characterized by either M2,M4 or
M1 FAB category and bone marrow basophilia. Fms-related
tyrosine kinase 3—internal tandem duplication (FLT3-ITD)
mutations are seen in 75-80% of patients with t(6;9)
[27,28].
The outcome is poor with CR reported in only about 50%
of patients with a short response period and a very high
relapse rate. Median survival is less than one year from
diagnosis. These patients are candidates for an allogeneic
HSCT, the only therapeutic procedure that may make a
difference in DFS and OS.

Monosomy and deletion of 7q
AML with chromosomal 7 aberrations represent a
heterogeneous group. Monosmy 7 and deletions of the
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long arm of chromosome 7 are frequently associated with
other chromosomal aberrations,the abnormalities being
one of the most common cytogenetic abnormalities seen
in AML after trisomy 8. As sole abnormalities they are found
in 4-9% of cases[8,9] . They are commonly seen as a part
of complex karyotypes. Monosomy 7 and deletion of 7q
are present as single chromosomal alteration only in 35%
and 33% respectively of all AML cases with chromosome
7 aberrations[29]. There is no doubt on the poor
prognostic influence of monosomy 7 in myeloid
malignancies. However in case of del7q as an independent
prognostic marker there is no universal agreement and
some groups have considered it to be associated with an
intermediate risk [30]. Abnormalities in chromosome 7
are frequently found in MDS and their incidence is high in
secondary AML with an association to previous exposure
to carcinogens or leukemogenic agents, in particular to
alkylating drugs [31].AML patients with chromosome 7
aberrations are characterized by frequent multilineage
dysplasia in bone marrow cells and worse clinical course
with low rate of CR (20–30%) and low DFS and OS,
particularly in AML patients with -7 or patients with 7qin the context of a complex karyotype.

Monosomy and deletion of chromosome 5
Among newly diagnosed AML patients, monosomy of
chromosome 5 (-5) and deletion of the long arm of the
chromosome 5 (5q-) represents approximately 6–9% of
all the chromosomal abnormalities [7–9]. Just like
abnormalities of chromosome 7 ,abnormalities of
chromosome 5 are frequently seen as secondary
chromosomal abnormalities and are a part of (in 90% of
cases) complex karyotype [32].. They are also known to
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be associated with exposure to alkylating agent or to other
leukemogenic factor and secondary.Although -5 AML is
universally considered an unfavorable cytogenetic risk, data
are controversial for 5q- AML. In contrast to the cytogenetic
classification proposed by Bloomfield [30], Byrd et al. have
classified AML with isolated deletion of the long arm of
the chromosome 5 in the intermediate cytogenetic risk
group [8]. These chromosomal aberrations are frequently
observed as sole chromosomal aberrations of MDS;
whereas in AML these aberrations are more frequently
associated with others cytogenetic abnormalities. In a study
of the Group Francophone de Cytogénétique
Hématologique (GFCH), 110 cases of AML/MDS selected
on the base of the presence of chromosome 5
abnormalities revealed that -5 or 5q- were associated with
others cytogenetic alterations in almost 54% of cases and
only in 46% of cases were present as single chromosomal
aberration.

Trisomies of chromosomes 8,11,13 and 21
Trisomies of chromosomes 8,11,13 and 21 are associated
with an intermediate risk group. These are commonly
present as secondary abnormalities along with other
chromosomal aberrations. They are not associated with
any specific morphology or immunophenotype. Trisomy 8
is the commonest cytogenetic abnormality in myeloid
neoplasms and in AML. Trisomy 8 is considered by all the
international cooperative groups as an intermediate
cytogenetic-risk alteration [7,9,33] ; only in the CALGB
8461 study +8 as isolated chromosomal aberration was
classified in the high-risk category.

66

Trisomy of chromosome 11 is frequently associated with
partial tandem duplication of MLL gene. There is no
agreement about the real incidence of MLL mutations in
trisomy 11 AML patients: the majority of studies shows
an incidence of 40–50% [34]. These and others studies
suggest that the concomitant presence of partial tandem
duplication could be relevant in determining a subgroup
of patients with trisomy of 11 having a worse clinical
outcome. The most cooperative groups agree to consider
AML with isolated trisomy 11 as intermediate cytogenetic
risk category [8,9,30].
Trisomy 13 is a rare cytogenetic abnormality in AML seen
in about 2.5% of all AML. There is an increasing frequency
of RUNX1 and FLT3 mutations in patients with trisomy
13[35]. Alhtough there is no universal agreement on the
prognostic significance the tendency is to consider the
presence of trisomy 13 in intermediate cytogenetic
risk [30].
Trisomy 21 as an acquired somatic abnormality is
considered as an intermediate prognostic factor in AML.

Normal Karyotype
About 50 % of patients with AML do not show any clonal
cytogenetic abnormality and are defined as normal
karyotype [8,9,30]. It represents the largest cytogenetic
subset of AML patients and is classified as intermediate
risk by all the cooperative groups[7–9,33]. It is a
heterogeneous group in terms of clinical outcome and is
further substratified based on molecular mutations like
FLT3,NPM1 CEBPA and others. The molecular mutations
and their prognostic significance have been discussed in
the next chapter in detail.
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Complex Karyotype
Complex karyotype is defined as presence of three or more
cytogenetic abnormalities in bone marrow not including
inv(16), t(16;16), t(8;21), and t(15;17) by most of the
groups [7–9,36]. The MRC multicenter trial defined
complex karyotype as presence of 5 or more chromosomal
aberrations. The estimated incidence of complex karyotype
in AML patients is about 10–12%[7,10,37]. The incidence
of complex karyotype increases with age and is more
common in secondary and therapy related AML [10,38].
The presence of a complex karyotype is associated with a
poor prognosis, low CR rates, high relapse rate and worse
DFS and OS [7,9,10]. In elderly patients with age greater
than 60 years the CR rate is seen in up to 10-40% of
patients with an increased incidence of early relapse and
a 3 year OS between 0-6% [10,39]. The CR rates are higher
and the DFS and OS better in young patients[7]. In
paediatric patients though the CR rates may be as high as
75-78% the relapse rates are high with a 3 year OS ranging
from 19-36%[40] . An allogenic HSCT is able to improve
the clinical outcome in these patients [41]. The relation
between the type of chromosomal aberrations present in
a complex karyotype and clinical outcome has been
highlighted in a few studies. Slovak et al demonstrated
that the presence of chromosomal aberrations involving
chromosome 5 or 7 (-5/5q- and/or -7/7q-) determine a
reduced CR rate and OS in AML patients treated with
standard therapy comparing to patients with complex
karyotype not including these alterations [7]. The complex
karyotypes are commonly characterised by unbalanced
rearrangements with chromosomal imbalances, the losses
being frequent in 5q, 7q, and 17p and gains being
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frequent in chromosomes 8q,11q and 21q [38]. Deletions
of the short arm of chromosome 17 (17p) and TP53
mutations are frequent in patients with complex
karyotype[38].

Monosomal Karyotype
Breems et al in a study of 733 patients with cytogenetic
abnormalities proposed monosomal karyotype (MK) as a
better prediction of prognosis than the traditionally defined
complex karyotype[42].In their study, the monosomal
karyotype was defined by the presence of two autosomal
monosmies or one single monosomy (excluding isolated
loss of X or Y) in association with a structural chromosome
abnormality. In this study patients with a ‘monosomal
karyotype’ formed a more homogeneous distinguishable
subset of AML with an extremely adverse outcome. It has
been reported that the unfavourable impact of the complex
karyotypes is predominantly due to the large number of
monosomal karyotypes that are reported as complex
karyotypes. Breems et al reported a MK prevalence of 9%
in AML patients aged between 15-60 years of age. In
subsequent studies, MK-AML has been reported in about
6-10% among patients with newly diagnosed AML. The
prevalence of MK-AML increases with an increasing age.
Medeiros et al. reported a frequency of MK-AML of about
20% in newly diagnosed patients with AML over the age
of 60 years [43]. The Dutch-Belgian Hemato-Oncology
Cooperative Group (HOVON) and the Swiss Group for
Clinical Cancer Research (SAKK) reported a CR rate of 52%
in MK-AML patients between 18-60 years and 34% in
patients aged more than 60 years[43–45] The South West
Oncology Group (SWOG) reported exceptionally low CR
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rates of only 50% in patients under the age of 31 years,
27% in patients 31-40 years, 14% for patients 41-50 years,
24% for patients aged 51- 60 years and 13 % for patients
with MK-AML aged over 60 [43]. Breems et al reported an
OS of 4 % at 4 years in their initial study[42],the SWOG
reported an OS of 3% at four years [43] and the HOVONSAKK group reported 7% OS at five years in patients under
60 years of age [45] and 4% OS at two years in patients
over 60 years of age. The UK-MRC trial reported an OS of
5% at 10 years. Fang et al reported an improved 4-year
survival of 25% in patients who underwent HSCT
compared to 3% in patients who received chemotherapy
only [46].

Deletion 17p
The deletion of the short arm of the chromosome 17 (17p)
involves the tumor suppressor gene p53 on band 17p13.1
with allelic loss of the gene. The P53 is a tumor suppressor
that induces cell-cycle arrest in response to DNA damage
and follows it with either DNA repair or apoptotic cell
death. The loss of 17 p is commonly seen in complex
karyotypes with about 2/3 patients of complex karyotype
harbouring deletion 17p [38]. However, in some cases the
p53 deletion is present as a single chromosomal aberration.
Christiansen et al reported association of loss of 17p as
sole abnormality with in vitro drug resistance and short
OS [47].
Seifert et al in a study of 2272 adults with AML reported
17 p deletion in 5% of patients[48]. Of the 105 patients
with 17p (P53) deletion in the study, 85 patients had
multiple aberrations and 20 patients had 17p deletion as
a single or with one additional abnormality. The P53
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deletions were found to be an independent negative
prognostic risk factor for DFS, relapse risk and OS.
Grimwade et al reported 17 p abnormalities in 2% of
patients had echoed the independent negative effect of
P53 deletions in patients with AML[44].Although the P53
aberrations are commonly seen in complex and
monosomal karyotypes, Middeke et all using a hierarchal
model of classifying patients with adverse risk cytogenetics
concluded that P53 aberrations and monosomy 5 and
del5q fare poorly after HSCT[49]. They made an interesting
observation that when patients with these two
abnormalities were eliminated from the subset of patients
with complex karyotype and MK the remaining patients
had a better outcome after HSCT, thus highlighting the
independent negative prognostic effect of these two
abnormalities. Further in another recent study the same
group reported 70% relapses within the first 6 months
after HSCT confirming the high risk of treatment failure in
patients with abnormal 17p AML even after allogenic HSCT
in CR1 [50].

Laboratory approach to Cytogenetic risk
stratification and conclusions




The various cytogenetic abnormalities can be
investigated through conventional cytogenetics
(karyotyping) and/or through Fluorescent In Situ
Hybridisation (FISH).
As discussed above AML is characterised by quite a
few recurrent genetic aberrations with prognostic
connotations (Table2). Also in order to identify entities
like complex karyotype and monosomal karyotype it
is essential to look at all the chromosomal regions.
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Hence karyotyping is essential to identify the
cytogenetic risk category and has been made a
mandatory investigation in evaluation of a patient
with suspected AML by the European Leukemia
Network (ELN) and NCCN.
Chromosomal abnormalities can be detected in 55%
of adult AML and in 70-80% of paediatric AML
through karyotyping. A minimum of 20 metaphases/
cells have to be analysed from bone marrow to
establish normal karyotype and to define an abnormal
karyotype.
FISH can be used as a complementary test in case of
conventional cytogenetic failure or for an early
diagnosis (in APML), in identification of the diagnostic
entities like t(8;21) AML, inv(16) AML, in the detection
of cryptic abnormalities and in detecting MLL gene
rearrangements as they can be subtle and difficult to
detect by conventional karyotyping.
In case of MLL gene rearranged AML metaphase FISH
can be used to identify the partner chromosome, as
it is important to differentiate t(9;11) MLL from other
MLL rearrangements due to different prognostic
connotations the former having a good prognosis
unlike the latter.
FISH can also be used to detect EVI1 gene
rearrangements, losses of chromosome 5 (del5q and
-5) and chromosome 7 (del 7q & -7).
With the recent studies highlighting the independent
prognostic importance of 17p abnormalities in AML
and their predominance in complex karyotype and
monosomal karyotypes FISH directed to detect
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deletions of 17p shall be able to delineate patients
with poor prognosis. In centres where karyotyping
facilities and expertise are not available FISH using
deletion of 17p can be used to characterise 75% of
patients with complex karyotype as 2/3 patients of
complex karyotype have deletion of the P53 gene.
With a higher incidence of poor prognostic markers
like complex karyotype and monosomal karyotype in
elderly it is recommended to do FISH for deletion 17P
and look for P53 mutations in all elderly AML.
To conclude initial karyotype is an essential part of
work up of patients with AML and is well
complemented by FISH. FISH can be used in follow
up of patients in whom the cytogenetic abnormality
has been identified at diagnosis. A pretransplant post
induction karyotype has been recommended in few
studies. Mutational analysis by molecular studies
based on the initial cytogenetic profile further refines
the risk stratification giving way to an integrated
classification that includes both the cytogenetic and
molecular genetic markers.
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Acute Myeloid Leukemia –
Testing for gene mutations
Introduction:
Acute myeloid leukemia (AML) is a heterogeneous disorder
characterized by somatic genetic alterations in the
hematopoietic progenitor cells that alter the tightly
regulated normal mechanisms of self-renewal, proliferation
and differentiation. Therefore in addition to the usual
patient related factors clinical outcomes are highly
dependent upon these characteristic alterations. Karyotype
at the time of diagnosis not only helps in the classification
of this disease but nowadays has been emerged as the
most important prognostic factor for achievement of
complete remission, risk of relapse, and overall survival.
AML with recurrent cytogenetic abnormality identifies
specific subset of patients with predictable outcome. These
chromosome alterations are detectable in approximately
55% of adults with AML. However approximately 40 to
50% of patients do not have any specific clonal
chromosomal aberrations. Such cases of cytogenetically
normal AML, recognized as intermediate-risk group are a
biologically a heterogenous subset.
Leukemogenesis is assumed to be a multistep process that
requires more than one genetic aberration and the past
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years have yielded increasing insights into molecular
genetic abnormalities under-lying AML. (1)
The characterization of these mutations have also provided
novel insights into the mechanisms of leukemogenesis.
Recent description of these large number of mutations
highlight the enormous heterogeneity of AML with a
normal karyotype. Clinically many of these gene mutations
are not only important prognostic and predictive markers
but many novel therapies are being developed that target
these specific molecular changes. As a result of these, it is
now recommended to include molecular genetic analyses
of several of these markers in the initial work-up of a newly
diagnosed AML.
These mutations fall into broadly defined complementation
groups and they all cooperate in leukemogenesis. In normal
hematopoiesis however these pathways are tightly
controlled. Class I comprises mutations are known to
activate signal transduction pathways which results in
enhanced proliferation and/or survival of leukemic
progenitor cells eg mutations leading to activation of the
receptor tyrosine kinase FLT3 or the RAS signaling pathway.
Mutations in this class make the cells insensitive to growth
control. The most commonly affected gene of this type of
mutation is the receptor tyrosine kinase FLT3. (1,2) Class II
type comprises mutations affecting transcription factors
or components of the transcriptional co-activation
complex, resulting in impaired differentiation and/or
aberrant acquisition of self renewal properties by
hematopoietic progenitors. Examples include the recurring
gene fusions resulting from t(8;21), t(15;17), as well as
mutations in CEBPA, MLL, and possibly also NPM. Some
groups believe of an additional third class of mutations
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affecting epigenetic pathways such as mutations in TET2,
IDH1, IDH2, DNMT3A. This new subgroup seems to be
associated with a worse patient outcome and are mostly
observed in older patients with the disease. (1,3) Of the
various mutations described in cytogenetically normal (CN)
AML: the mutations in the nucleophosmin 1 (NPM1) gene,
the fms-related tyrosine kinase 3 (FLT3) gene, the CCAAT/
enhancer binding protein alpha (CEBPA) gene have entered
into clinical practice.

NPM 1 mutations:
Mutations of the NPM1 gene are the most frequent genetic
change in CN-AML patients and identified in 45% to 62%
of these patient subsets. NPM1 mutations are less frequent
in pediatric AML. The N P M 1 gene is ubiquitously
expressed nucleolar phosphoprotein that constantly
shuttles between nucleus and cytoplasm and present on
chromosome 5q35. (4) NPM1 is a multifunctional protein
involved in duplication of centrosome, ribosomal function
and DNA polymerase á activity regulation.(5) NPM1 also
plays a significant role in tumor-stress pathway through
binding to P53 P14ARF protein.(6) Two nuclear export
signals (NES) motifs are present on wild-type NPM1gene,
one within residues 94–102 and another within the Nterminus. In addition, nucleolar localization signal (NLS) is
present at the C-terminus which aids in shuttling the
protein to the nucleus from the cytoplasm and then to
the nucleolus via nucleolar-binding domains. Somatic
mutations in NPM1 gene typically consist of insertions
of four bp (though sometimes up to 11 bp) in exon 12.
Predominantly exon 12 mutations shows a replacement
of tryptophan(s) at positions 288 and/or 290, generate
novel NES and motifs inserted into the C-terminus
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disrupting the normal NLS which causes aberrant
accumulation of the protein within the cell cytoplasm. In
AML,NPM1 gene mutations are insertions in exon 12 and
mutated NPM1 protein shows an aberrant cytoplasmic
localization. All NPM1 mutations are heterozygous in
nature and heterozygosity accelerates oncogenesis.(7)
Nucleophosmin localization in the cytoplasm has been
correlated with a relatively good response to chemotherapy
induction .(7) Schnittger et al showed that mutations in
NPM1 gene were found in 53% of CN-AML patients and
associated with a higher CR rate, longer EFS compared
with non-mutated cases . Approximately 40% of NPM1
mutated patients were also FLT3-ITD positive. Presence or
absence of NPM1 mutations do not affect the poor
outcome of patients with FLT3-ITD mutations . In contrast,
patients with mutated NPM1 without FLT3-ITD had a
significantly better EFS and OS than patients with only
NPM1-WT alleles. This study demonstrated that in the CNAML patients, NPM1 mutated/FLT3-WT status is an
independent predictor for EFS .(7,8) The NPM1 localization
in the cytoplasm led to its discovery in AML and this is an
excellent surrogate marker for NPM1 mutation. Besides
molecular testing, ectopic NPM gene expression in the
cytoplasm may be developed by specific
immunohistochemical assay and this can be an easy
diagnostic tool which predicts NPM1 mutations in CNAML patients.

Prognostic implications of NPM1
mutations in AML :
AML with mutated NPM1s shows good response to
induction chemootherapy. Complete remission is achieved
in approximately 80% of patients with clearance of
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leukemic cells as early as 16 days after starting
treatment. The exquisite chemosensitivity of AML with
mutated NPM1 is probably due to the aberrant dislocation
of nucleophosmin from nucleolus to cytoplasm, but the
exact mechanism remains unknown.(9)
The prognostic significance of NPM1 mutations was
mainly investigated in AML without any genetic
abnormality. In patients younger than 60 years, the
response is similar to the “good-risk” AML categories with
t(8;21) or inv(16) unless a concomitant FLT3-ITD mutation
is present. FLT3-ITD impacts negatively on the outcome of
other AML genetic subtypes, including AML with
mutated CEBPA.(10,11)
In patients older than 60 years, incidence of NPM1mutation was found 52.1% compared with 66.4% in
patients younger than 60 years (P<.0189). (12) The
favorable constellation of mutant NPM1 a n d
normal FLT 3 status was found at comparable frequencies
(36.5% and 33.2%) in younger and older patients, equally
predicting better survival and longer duration of remission
in multivariate analyses. NPM1 mutation status, CD34
expression, karyotype, age, white blood cell count and
lactate dehydrogenase were independent prognostic
markers for overall survival in patients older than 60
years.(13) Finally, in CN-AML patients 70 years of age or
older, found that, at multivariate analysis,
theNPM1 mutation was the only factor influencing
outcomes. Overall survival was approximately 40% in
NPM1 mutated AML was present but only 5% in cases
with unmutated NPM1 AML. (14) Overall these findings
established NPM1 mutation as a powerful molecular tool
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for selecting elderly patients in whom aggressive
chemotherapy is worth adopting.
Table 1: Distinctive Features of AML with mutated NPM1
GENETIC FEATURES
NPM1 mutation is specific for AML, mostly denovo
Usually all leukemic cells carry NPM1 mutation
Mutation exclusive with other AML with recurrent genetic
abnormalities
NPM mutation is stable (considered retained at relapse)
NPM1 mutation usually precedes other associated mutations
(eg: FLT3-ITD)
Unique GEP signature (loss of CD34 and increased HOX genes)
Distinct microRNA profile
CLINICAL, PATHOLOGICAL,IMMUNOPHENOTYPIC AND
CYTOGENETIC FEATURES
Common in Adults (30%), less frequent in children (6.5%8.4%)
Higher incidence in females
Close association with normal karyotype (85%)
15% of patients carry chromosome aberrations especially +8,
del9(q), +4
Wide morphological spectrum (M4/M5)
Frequent multilineage involvement
Negativity for CD34 (90-95%)
Good response to induction therapy
Relatively good prognosis in absence of (FLT3-ITD)
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FLT3 mutations:
Mutations of the fms-tyrosine kinase (FLT3) were first
described in 1974 and are one of the most frequent
mutations seen in AML. The FLT3 gene is a member of the
class III receptor tyrosine kinase family including c-kit, cfms, and the platelet derived growth factor
receptors.(15,16) FLT3 expression is normally restricted to
immature hematopoietic progenitor cells and it mediates
stem cell proliferation.(17–20)
They are seen at a frequency of 20%-27% in adult AML,
10-16% in childhood cases and are associated with
progression of myelodysplastic syndrome (MDS) to
secondary AML (s-AML). (18,21,22)(23–26) FLT3-LM
mostly are represented by internal tandem duplications
with/or insertions or deletions in exons 11 and 12 of the
human FLT3 gene on chromosome 13q12, which codes
for the juxtamembrane domain of the FLT3 protein. The
mutations are mostly heterogeneous and consist of internal
tandem duplications of 6-30 amino acids resulting in an
elongated FLT3 protein with constitutive PTK activity.(21)
These mutations lead to autophosphorylation of the
receptor leading to increased proliferation and survival by
decreased apoptosis. Constitutively active FLT3 mutants
have transforming potential in interleukin-3-dependent
cells and activate several signal transduction pathways,
including STAT-5 and MAPK.21-24 FLT3-LM are highly
associated with normal karyotype, t(15;17)/PML-RARA and
t(6;9)/DEK-CAN and are prognostically unfavorable both
in adults and in pediatric patients. (23–25,27,28)
In addition, mutations in the tyrosine kinase domain (FLT3TKD mutations) have been described in AML.(29) FLT389

TKD mutations are small mutations in the activation loop
of FLT3. These mostly are point mutations in codon D835
or deletions of codon I836. They induce constitutive
tyrosine phosphorylation leading to activation of the
receptor tyrosine kinase and are supposed to represent
gain-of-function mutations. (30–32) Many studies have
shown that FLT3-TKD have an incidence of 5.8%-7.7% in
AML and thus are less frequent than FLT3-LM. A number
of selective FLT3 tyrosine kinase inhibitors have
demonstrated in vitro and in vivo activity.(15,33–35).
Typical patient would be a AML with normal or
intermediate risk karyotype and high WBC count with high
percentage of blast in bone marrow. Such patients tend
to achieve remission post induction in frequency similar
to other AML patients but tend to relapse early during
consolidation treatment or immediately after that.

Prognostic implications of
FLT3 mutations:
In the first study evaluating adults with de novo CN-AML
aged <60 years who received dose-intensive treatment,
patients with FLT3-ITD had a significantly shorter diseasefree survival (DFS) than patients without FLT3-ITD, although
the overall survival (OS) was similar in both groups. Notably,
FLT3-ITD-positive cases whose blasts did not express the
FLT3 wild-type (WT) allele had especially poor prognosis,
with DFS and OS significantly shorter than DFS and OS of
patients without FLT3-ITD and of FLT3-ITD-positive patients
concurrently expressing FLT3-ITD and FLT3-WT alleles.(36)
Similarly, in another study that analysed an intermediaterisk cytogenetics group, which contained a large
proportion of karyotypically normal patients, only cases
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with a FLT3 mutant/FLT3-WT allele ratio higher than the
median value of 0.78 had significantly shorter OS and DFS
compared with FLT3-WT patients.(24) Fro¨hling et al
analysed 224 CN-AML patients; they showed both CR
duration (CRD) and OS to be significantly shorter for a
group of patients who carried either FLT3-ITD or FLT3-TKD
than for those without any FLT3 mutation. However, they
concluded that poor outcome was mainly associated with
the impact of FLT3-ITD because there was no difference in
outcome between patients with FLT3-TKD and those with
only FLT3-WT alleles.(37) Importantly, FLT3-ITD has been
found to constitute an independent prognostic factor for
CRD, cumulative incidence of relapse and OS.(37,38)
The clinical significance of FLT3/TKD mutations in AML is
unclear, and different groups have reported either no
significant impact of an FLT3/TKD mutation on overall
survival (OS) or an adverse prognostic impact. The
differences in outcome in these studies may partly be due
to the low incidence of the mutations, such that relatively
small numbers of mutant-positive patients have been
investigated, as well as heterogeneity in both treatment
protocols and characteristics of the patients
included.(9,17,18,24,29)
Adam et al recently shown the most striking difference
between FLT3/ITDs and FLT3/ TKDs in their cohort of
patients and different impact on clinical outcome, which
was highly significant: the 10-year OS for FLT3/TKD
negative patients was 51% compared with 24% for FLT3/
ITD positive patients. This difference in OS is clearly related
to the difference in CIR (CIR at 10 years 37% in FLT3/TKD
negative patients compared with 62% in FLT3/ITD positive
patients. This suggests that any leukemic progenitors that
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remain after induction chemotherapy may be more
chemosensitive if they are FLT3/TKD positive and therefore
more likely to be eradicated, with the converse being likely
in FLT3/ITD positive cases. In univariate analysis, outcome
in FLT3/TKD mutant-positive patients was significantly more
favorable than in FLT3/TKD mutant-negative patients, both
for RFS and OS. However, in multivariate analysis, with
the level of significance set at P _ .01, this difference in OS
was no longer significant (P _ .03). Nevertheless, an adverse
impact of an FLT3/TKD mutation compared with FLT3/WT
disease is clearly excluded. These results are in contrast to
those of previous studies. A recent meta-analysis of the
major studies concluded that FLT3/TKD mutations are
asssociated with inferior disease-free survival, although
there was no significant evidence of TKD mutation
adversely affecting OS.(39) Bacher et al showed recently
in their study which included 3082 AML cases that there
was no influence on OS or EFS in the overall AML
population, in de novo AML, nor in the normal or
intermediate karyotype subgroups in accordance with most
previous studies in adults, in elderly patients, and in
children. This is in contrast to a large recent study which
found a significantly improved survival in the patients with
FLT3-TKD mutations. Another study showed an inferior
outcome in the intermediate cytogenetic subgroup,
whereas there was no impact of the FLT3-TKD mutations
on survival in the poor cytogenetic subgroup. These
different findings may result from selection within the
cohorts. The prognostic effect of the FLT3-TKD is
dependent on additional mutations in single patients
which came out by detailed subgroup analyses that have
not been performed previously.(40)
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Accordingly, if subgroups with defined genetic profiles are
regarded a significant prognostic impact could be worked
out. The only cytogenetic subgroup with an obvious
prognosis effect of the FLT3-TKD – a negative one in this
case – was t(15;17)/PML-RARA. Other negative effects were
detected in AML with FLT3-LM or MLL-PTD which are
themselves are prognostically unfavorable. Paradoxically
in NPM1 and CEPBA mutated cases, which per se have a
favorable prognosis, FLT3- TKD mutations had a further
favorable prognostic impact. These effects were even
stronger when the analysis was restricted to de novo AML
or AML without FLT3-LM. As the case numbers in some of
the double mutated groups were rather small - especially
in the FLT3-TKD/CEBPA double mutated group - these
finding have to be taken with caution and should serve
mainly as working hypothesis for further studies within
clinical trials.

CEBPA and normal granulopoiesis
CEBPA is the founding member of the family of C/EBP
proteins, a group of basic leucine zipper transcription
factors . It is encoded by a single exon gene that is located
on hu-man chromosome 19q13. CEBPA is expressed in
many tissues, including liver, lung, adipose tissue, intestine
and placenta. In the hematopoietic system its expression
is restricted to the myeloid lineage. Experiments in
conditional knockout mice have shown that CEBPA is
particularly critical in early stages of myelopoiesis, more
specifically in the transition from common my-eloid
progenitor to granulocyte-monocyte progenitor cells. The
CEBPA protein contains a conserved basic leucine zipper
(bZIP) domain at the C-terminus. Through this region, it
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binds DNA according to a scissor-grip model that involves
dimerization with other CEBPA molecules
(homodimerization) or with other proteins, that may
include members of the C/EBP family, e.g. C/EBPâ, or other
proteins (heterodimerization). In the N-terminus, at least
two transactivation regions are present while some
researchers recognize three such domains. CEBPA not only
regulates gene expression by DNA binding, but also directly
affects proliferation by interacting with cell cycle control
proteins. These include E2F (40) and possibly also p21
(41) and cdk2 and cdk4 (42).(41,11)
The normal predominant isoform of CEBPA is a full 42
kDa (p42) protein. A shorter 30 kDa isoform is produced
from a downstream translation initiation codon in the same
open reading frame. While p30 CEBPA contains a
functional bZIP domain, and thus can dimerize as well as
bind DNA, it lacks the first transactivation domain and
cannot block cell proliferation. The biological activity of
CEBPA is critically dependent on the ratio of the two CEBPA
proteins within the cell. In normal hematopoiesis, CEBPA
promotes granulocyte lineage commitment. Mice
conditionally lacking the CEBPA gene show an increase in
bone marrow blasts, and fail to generate mature
neutrophils.

CEBPA mutations in acute myeloid
leukemia
CEBPA mutations are seen in approximately 10% of AML.
Most of these AMLs have normal cytogenetics or 9q
deletion. These mutations are seen in the hot spots in the
N-terminus and in the bZIP region. In addition germline
mutations in CEBPA have also been associated with familial
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cases of AML, suggesting that dysregulation of CEBPA
expression can represent a primary initiating event in
AML.(42) Heterozygous CEBPA mutations, sporadic and
familial contribute to leukemogenesis by promoting
proliferation and blocking differentiation of myeloid
lineage.
CEBPA-mutated AML usually displays classical features of
AML with or without cell maturation but some cases may
show monocytic or monoblastic features. Myeloidassociated antigens HLA-DR and CD34 are usually
expressed, as is CD7 in a significant proportion of patients.
About 70% of cases have normal karyotype and
approximately 25% carry concomitant FLT3-ITD mutations.
N- and C-terminal mutations often occur simultaneously.
CEPBA mutations in AML are often biallelic, with an Nterminal mutation on one allele in combination with a Cterminal mutation on the other allele however,
homozygous mutations have also been described.(43) The
most common amino-terminal mutations are insertions
or deletions which create a frameshift and premature stop
codon before the second translational start site. This
prevents translation of the 42 kD form while preserving
the 30 kD form. In contrast, C-terminal mutations are most
often in-frame insertions or deletions in the bZIP domain,
which disrupt DNA binding and affect both the 42 and
30 kD forms. The consistent pattern of biallelic N- and Cterminal mutations in CEBPA strongly suggests that
overproduction of the 30 kD CEBPA protein is the key
molecular event which drives leukemogenesis in CEBPA
mutated AML. Although overexpression of the 30 kD
CEBPA protein provides an attractive molecular mechanism
for the development of AML, it is not yet known precisely
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why biallelic CEBPA mutations result in more favorable
patient prognosis. Gene-expression profiling experiments
have shown that the expression of homeobox gene (HOX)
family members is consistently downregulated in leukemic
blasts with biallelic CEBPA mutations. Therefore, improved
patient prognosis in biallelic CEBPA mutated AML may be
secondary to downregulation of HOX gene family
members, and not a direct result of the activity of the 30
kD CEBPA protein.(44,45)
Interestingly, by using gene expression profiling, a
subgroup of AML could be defined that exhibits a
transcriptional signature which resembles that of AMLs
with CEBPA mutations, while lacking such mutations. In
most, but not all, of these AMLs, the CEBPA gene was
silenced by promoter hypermethylation. Moreover, this
subset of AML showed a strong association with putatively
activating mutations in the NOTCH1 gene. CEBPA encodes
a transcription factor important in neutrophil
differentiation. mutation down-regulates the HOX gene
expression leading to decreased expression of myeloid
differentiation factors, induction of miR181, and decreased
expression of erythroid differentiation gene leading to
elevated hemoglobin [73]. Recently, CEBPA target genes,
the glycolytic enzyme hexokinase 3 (HK3) and the kruppellike factor 5 (KLF5 ) transcription factor, identified as novel
CEBPA-regulated genes in AML and during APL
differentiation underlining their tumor suppressor role in
AML as well as their function in granulopoiesis.(46)
In most studies to date, CEBPA mutations were associated
with relatively favorable treatment response. The survival
data reported are very similar to those of CN-AML patients
with mutant NPM1 without FLT3-ITD. It remains an open
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question whether the presence of a FLT3-ITD impacts on
prognosis in patients with mutant CEBPA. Besides
mutations in the CEBPA gene itself, other mechanisms of
abrogation of its expres-sion or function in leukemia have
now been identified. Yet additional physiological (posttranslational) mechanisms of regulation of CEBPA
functioning have recently been recognized, such as
phosphorylation at sites other than serine 21 and
sumoylation. It remains to be determined whether
impairment at these levels can play a role in
leukemogenesis as well.(37,47,48)

KIT mutations:
Mutations of KIT gene can give prognostic information in
patients of AML with t(8:21) and inv(16). This gene is
located on chromosome band 4q11-12, and it encodes a
145-kD transmembrane glycoprotein, which is amember
of the type III RTK family. Ligand-independent activation
of KIT can be caused by gain-of-function mutations and
has been reported in CBF AML and certain other
malignancies.
In CBFAML, KIT mutations cluster within exon 17 (KIT17),
which encodes the KIT activation loop (A-loop) in the kinase
domain, and in exon 8 (KIT8), which encodes an
evolutionarily highly conserved region in the extracellular
portion of the KIT receptor. Patients who have inv [16] or
t(8;21) together with a CKIT mutation have worse
prognoses than patients without a CKIT mutation and thus
might be candidates for HCT from a matched sibling donor
or for clinical trials involving the CKIT inhibitor.
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Methods for detection of these
mutations:
Numerous assays have been described for the detection
of these abnormalities, including standard agarose gel
electrophoresis, sanger sequencing, high resolution
fragment analysis (Genescan), restriction fragment length
polymorphism (RFLP), denaturing high performance liquid
chromatography (DHPLC) and the highly sensitive real time
polymerase chain reaction (PCR). Also there have been new
next generation assay that use the next generation
platforms for the detection of these mutations in multiple
genes. Described here a commonly used method for
detection of NPM1 and FLT3/ITD mutations by a multiplex
fluorescent PCR.
Genomic DNA extracted from fresh blood or bone marrow
aspirates of AML patients for a multiplex PCR with primer
sets designed to detect the presence or absence of FLT3/
ITD and NPM1 4 base pair insertion mutation. Primers for
FLT3 span 330 bp to include the common internal
duplication site. Primers for NPM1 span 170 bp to cover
the clustered multiple insertional or insertion/deletion sites.
The PCR products are then diluted and analyzed by capillary
electrophoresis on an ABI 310 or ABI 3100 Genetic
Analyzer according to the manufacturer’s protocol. The
expected amplified products for wild type FLT3 (labeled
with FAM), wild type NPM1 (labeled with HEX) are at 328
bp, 167 bp respectively. FLT3/ITD mutation produced larger
peaks with a range from 349 to 409 bp, 21 to 81 bp
larger than the wild type (FIG A, Blue peaks), while NPM1
mutation typically yielded a single peak at 171 bp, 4 bp
larger than the wild type (Fig A, Green Peaks).
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Figure A

Conclusions:
1.

2.

3.

4.

Genetic testing for FLT3/ITD, NPM1 and CEBPA
mutations is recommended for cytogenetically normal
AML.(Level of evidence I)
Genetic testing for CKIT mutations is recommended
for AML with t(8:21) and inv(16).(Level of evidence
IIA)
Genetic testing for FLT3 tyrosine kinase domain (FLT3/
TKD) mutations is not recommended.(Level of
evidence I)
Genetic testing for FLT3 mutations to detect minimal
residual disease is not recommended.(Level of
evidence IIA)
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Acute Promyelocytic Leukemia –
Methodological guidelines for
diagnosis and monitoring
Introduction:
Although targeted therapies are increasingly being
developed in oncology only in few instances they have
resulted in significant outcome improvements. Acute
promyelocytic leukemia (APL) represents one of the best
paradigms of successful targeted therapy by providing the
first example of chemotherapy-free cure of acute leukemia.
APL is in fact one of the rare forms of cancer in which
targeted therapy has proven able to eradicate leukemia
stem cells in the majority of patients.

Molecular architecture of the t(15;17)
and PML-RARA isoforms
Upon cloning of the translocation in the 1990-91, it was
shown that chromosome breakpoints lie within the RARA
locus on chromosome 17 and the PML locus on
chromosome 15, resulting in the fusion of the two genes.
Based on the location of breakpoints within the PML locus,
the PML-RARA transcript isoforms bcr1, bcr2 and bcr3 may
be formed. The bcr1, bcr2 and bcr3 transcripts derive from
PML breakpoints in intron 6, exon 6 and intron 3 and are
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referred to as long (L) isoform, variable (V) and short (S)
isoform, respectively. Breakpoints in RARA invariably occur
in all patients in intron 2. PML-RARA long isoform accounts
for approximately 55% of APL cases, while the S and V
isoforms are detected in approximately 35% and 8% of
patients, respectively. PML breakpoint is generally
established according to the specific band sizes of PCR
products resulting from nested reverse transcriptasepolymerase chain reaction (RT-PCR) in which RNA is
converted to complementary DNA (cDNA) before two
rounds of PCR using appropriate primers.

Diagnostic methods in APL
Morphologic and genetic diagnosis of APL should
preferentially be performed in the bone marrow, especially
in cases with a low WBC count. Morphologic diagnosis is
highly predictive of an underlying PML-RARA aberration,
and immunophenotyping by multiparameter flow
cytometry can improve the accuracy of diagnosis,
particularly in patients with morphologic features
resembling to microgranular subtype. However, patients
with morphologic and/or immunophenotypic features
suggestive of APL without the PML-RARA rearrangement,
and vice versa, have been described in the literature. Due
to the risk of early death (10%–20%) and the high potential
for cure (>80%) by targeted therapies, genetic
confirmation of PML-RARA is mandatory in all cases.
Although genetic confirmation of the diagnosis is
mandatory, treatment should not be delayed and should
be started even before the results of genetic tests are
available. Different methods of APL diagnosis are
summarized in Table 1
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t(15;17)

PML-RARá

PML-RARA

Microspeckled Immunofluorescence 2-3
pattern of
PML nuclear
bodies

RNA

DNA

Protein

Long range PCR

RT-PCR

FISH

15-20

4-6

6-24

16-48

Chromosome

Conventional
karyotyping

t(15;17)

Expensive, time consuming,
direct sequencing is must to
confirm the breakpoint
location, MRD monitoring
very challenging

Poor RNA quantity at
diagnosis, contamination and
artifacts (false positive)

No information on the
type of PML-RARα

24-28h culture required,
low sensitivity, need of good
quality of metaphases

Disadvantages

Rapid, sensitive, Artifacts due to cellular
Easy to perform, degradation, no information
Cost effective
on type of PML-RARA isoform

Very sensitive,
DNA stability,
exact location
of breakpoints
can be identified

Highly sensitive,
rapid, defines
target for MRD

Dividing cells
are not required

Highly specific

Time
Advantages
required
(hrs)

Chromosome

Method

Target

Table1: PML-RARA detection at the chromosome, DNA, RNA, or protein level

Cellular level

Conventional karyotyping and
fluorescent in situ hybridization (FISH):
Sampling and Processing A specific recommendation for
sample banking of all AML cases including APL at diagnosis
has been made in the revised criteria for AML diagnosis
and outcome evaluation. BM aspirate (1-2 mL) should be
collected in heparin. Samples must be processed for
metaphase preparation at room temperature and pelleted
nuclei fixed with methanol and acetic acid (3:1) can be
stored at “20°C.
Karyotyping on G-banded metaphases obtained from BM
samples is usually performed by conventional methods on
direct, 24-hour, and 48-hour cultures. Computer
karyotyping system helps to read the metaphases/
karyotypes and chromosomal abnormalities classified
according to ISCN nomenclature. Although highly specific,
cytogenetic analysis is expensive, very time-consuming,
needs good quality metaphases. However, cytogenetics is
potentially useful in the identification of patients lacking
the t(15;17) such as t(11;17)(q23;q21), t(11;17)
(q13;q21), and t(5;17)(q35;q21).
FISH analysis o f PML-RARA can be carried out using
standard methods and commercially available fluorescently
labeled probes. The protocol for FISH detection of PMLRARA has been described previously. This methodology
is highly specific and sensitive, and much less expensive
and time-consuming than karyotyping. However, it is
important to understand the limitations of some probe
sets used for molecular diagnostics. For example, those
probes which specifically detect the RARA-PML fusion
gene on der(17) will not show fusion signals in the absence
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of reciprocal translocations where RARA-PML is deleted
or where PML-RARA is formed as a result of an insertion.
Cosmid probes are useful in those instances where
small PML-RARA insertions can be missed by FISH using
very large probes. FISH provides no information about
the isoform of PML-RARA, which is required for molecular
monitoring of minimal residual disease. However, FISH can
be useful in identification of suspected APL cases where
PML-RARA fusion is missing, using RARA probes that
span the breakpoint region to investigate for evidence of
a RARA translocation, facilitating the identification of the
fusion partner.

Reverse transcriptase polymerase chain
reaction (RT-PCR)
Currently RT-PCR is the “gold standard” approach for
confirming the diagnosis of APL. RT-PCR analysis of PMLRARA fusion transcript is preferably carried out on RNA
extracted from BM samples. The detailed protocol for RNA
extraction, cDNA synthesis, primer designing and
standardization of RT-PCR assays for detection of the PMLRARA were published by the Biomed-1 Concerted Action.
RT-PCR analysis is essential for defining PML isoforms
thereby establishing the target for reliable monitoring of
MRD. However, poor RNA yield (false negative), prone to
contamination (false positives), and the relatively long
turnaround time (~2 days) are the main drawbacks of
this methodology. In addition, it is advisable that diagnostic
and monitoring samples be analyzed in reference
laboratories by well-trained personnel with considerable
expertise in RT-PCR for PML-RARA.
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Real-time quantitative polymerase chain
reaction (RQ-PCR)
Although RT-PCR based monitoring of PML-RARA is the
most common and widely adopted method but this
technique has several limitations as described before. RTPCR lacks the ability to distinguish between
decreasing and increasing levels of PML-RARA transcripts.
RQ-PCR for detection of PML-RARA can overcome almost
all drawbacks associated with RT-PCR and tends to be a
more sensitive tool. In a prospectively analysis of 6727
serial
blood and marrow
samples
from
406 patients with newly diagnosed APL who were
receiving ATRA and anthracycline-based chemotherapy,
a British group showed that serial molecular monitoring
with RQ-PCR to detect an increasing trend in PML-RARA
transcripts provides the strongest predictor of relapse-free
survival in APL. Standardized RQ-PCR assays for the
quantification of the PML-RARA fusion were established
by Europe Against Cancer (EAC) program [5].

Immunofluorescence
Bone marrow or peripheral blood (if there are excess
circulating blasts) smears subjected to immunostaining
with anti-PML monoclonal antibodies is helpful to achieve
a rapid diagnosis. Indirect immunofluorescence is highly
specific for presence of PML-RARA fusion
protein, indicated by a microspeckled staining pattern (>
30 nuclear dots) in the nuclei of blasts with the PML
antibody, which is able to recognize both PML-RARA and
the normal PML protein. The test will also be positive in
those rare cases where atypical breakpoints occur within
the PML locus, which could potentially be missed by
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standard PCR primers. In normal cells and blasts from other
subtypes of leukemia except classical APL, a wild-type PML
staining pattern is observed with discrete nuclear dots
(typically < 20/nucleus) that relate to organelles known
as PML nuclear bodies. Results from the indirect
immunofluorescence assay can be achieved in only 2 hours.
In view of its high cost effective nature, the assay is
recommended for rapid confirmation of the diagnosis of
APL [10-11]. This test is particularly valuable in small centers
lacking access to a molecular diagnostics laboratory and
in cases in which RNA is not available to confirm a
diagnosis.

Molecular assessment of treatment
response
RT-PCR on regeneration after induction has no clinical
value, because PCR positivity at this early time point may
simply reflect delayed maturation instead of resistance.
Therefore, clinicians should refrain from making
therapeutic decisions on the basis of results at this time
point.
Monitoring of PML-RARA after first course of consolidation
therapy is very relevant to determine the risk of relapse.
Therefore, a negative post consolidation PCR became the
main goal and follow up with repeated PCR tests became
the standard of care in these patients. The achievement
of molecular remission at this point is considered as a
therapeutic milestone. This molecular remission was
obtained using nested RT-PCR approach which is less
sensitive as compared to RQ-PCR, can give false negative
results because of poor quality samples and more prone
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of contamination. RQ-PCR is able to overcome all these
drawbacks of RTR-PCR.
In case of positive PCR results after any stage of
consolidation, it is recommended that a BM is repeated
within 2 weeks. It is now established that patients with
molecular relapse confirmed in two consecutive samples
will invariable relapse until additional therapy is given. The
early intervention while the patient is in molecular relapse
has been shown to improve both relapse free survival (RFS)
and overall survival (OS) compared with treatment during
hematologic relapse.
In low-risk patients (WBC at diagnosis d”10,000/ìL), the
risk of relapse is very low (H”7%), and therefore the
advantage of post consolidation PCR monitoring is the
subject to debate. While in high-risk patients
(WBC>10,000/ìL), the relapse risk is significantly higher
(H”10%-20%), and thus PCR testing should continue
even after establishing post consolidation molecular
remission. Sanz et al recommend that highrisk patients should be monitored every 1 to 2 months
for the first year after consolidation and every 3 months
for the next 2 years. The APL European LeukemiaNet
guidelines recommend that molecular monitoring for MRD
should be performed every 3 months for a total of 3 years
after completion of consolidation therapy. If PCR positivity
is detected, in view of the rapid kinetics, a bone marrow
test should be repeated as soon as possible. A delay of 1
month in the diagnosis of molecular relapse seems to
have a negligible clinical impact. In the mean time while
subsequent PCR results are awaited, using ATRA to prevent
the development of frank disease might be considered.
The NCCN Guidelines leave the decision to “the discretion
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of the treating physician to determine the appropriate
frequency of monitoring for individual patients”.
PB versus BM for PCR monitoring
Grimwade et al [4] reported that, despite having a high
correlation between PB and BM samples in RQ-PCR results
during the early stages of treatment, this does not hold in
the long term sequential monitoring. Molecular conversion
of BM samples preceded that of PB in 7 of 12 patients
evaluated by a median of 29 days (range, 14-72 days).
The increase in RQ-PCR sensitivity in BM was 1.5 logs higher
as compared to PB.

Recommendations:










Diagnosis should be confirmed by molecular detection
of PML-RARA fusion. This evidence is obtained from
well-designed controlled studies without
randomization (Level of evidence IIa)
Conventional karyotyping, FISH and immunostaining
with PML antibody can be used for rapid diagnosis
of APL (Level of evidence IIa)
Molecular assessment at the end induction has no
value. This evidence is obtained from expert
committee reports or opinions and/or clinical
experiences of respected authorities (Level of evidence
IV)
Molecular remission in the bone marrow should be
assessed at completion of consolidation by RT-PCR
assay affording a sensitivity of at least 1 in 104(Level
of evidence IIa).
Bone marrow generally affords greater sensitivity for
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detection of MRD than blood and therefore BM is
the sample type of choice for MRD monitoring to
guide therapy (Level of evidence IIa).
Because early treatment intervention in patients with
evidence of MRD affords a better outcome than
treatment in full-blown relapse, every 3 months MRD
monitoring of bone marrow should be offered to all
patients for up to 3 years after completion of
consolidation therapy. This evidence is obtained from
well-designed quasi-experimental study (Level of
evidence IIb).
For patients testing PCR-positive at any stage after
completion of consolidation, it is recommended that
a bone marrow is repeated for MRD assessment within
2 weeks and that samples are sent to the local
laboratory, as well as to a reference laboratory for
independent confirmation (Level of evidence IV).
For patients with confirmed molecular relapse (defined
as 2 successive PCR-positive assays, with stable or
rising PML-RARA transcript levels detected in
independent samples analyzed in 2 laboratories)
preemptive therapy has to be started promptly to
prevent frank relapse (Level of evidence IIa)
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Quality Control in the
Molecular Laboratory
For the last two decades, genetic studies have had a huge
leap in our understanding of the disease mechanisms and
biology. This has revolutionized the diagnosis, prognosis
and therapeutics of several disorders, not only inherited
but also acquired. Elucidation of molecular pathogenesis
of several cancers has expanded the diagnostic field from
morphology to molecular diagnostics. Newer genetic
markers are being translated into patient care owing to
high throughput technology. With the spectrum of
molecular genetic tests expanding, the number of
laboratories performing these tests is constantly on the
rise. With this background, it is important to have measures
in place that will ensure the quality of the data being
generated.
Most molecular diagnostic laboratories in India have
undergone or may be in process of getting accredited with
ISO 15189:2012. This document discusses important
quality management system issues including management
and technical requirements. Management requirements
include details about the organization (including legal
identity, ethical conduct, laboratory director, commitment
of the management, responsibilities of various staff,
designated quality manager), documentation requirement
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and document control, service agreements, examination
by referral laboratories, external services and supplies,
advisory services, resolution of complaints, identification
and control of non conformities followed by corrective
and preventive actions, continual improvement, regular
internal audits followed by management review board
meetings etc. Technical requirements include personal,
accommodation/environment and laboratory equipment
(including reagents and consumables). It also includes preanalytical, analytical and post-analytical processes which
will be discussed in details in this chapter. Pre analytical
variables are many and may broadly include information
for patient and users, requisition form, primary sample
collection and handling. Examination procedures include
selection/verification and validation of examination
procedures. Ensuring quality of examination results is
extremely important and includes quality control materials,
quality control data, inter laboratory comparisons and
comparability of examination results. Post examination
processes include review of results, storage, detention and
disposal of clinical samples. Reporting of results include
report attributes and report content. Release of reports
may include automated selection and reporting and revised
reports. Laboratory information system should be defined
with authorities and responsibilities. Waste disposal shall
be done as per regional recommendations.
As mentioned, scope of this chapter is limited and will
cover various pre-analytical, analytical and post analytical
variables which start from inappropriate specimen
collection to transportation to test selection and
processing, inadequate quality assurance and
misinterpretation of test results. This chapter tries to
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address these issues and consolidate the recommendations
put forth by several quality control agencies. We will study
quality control in various subheadings as follows:
1.

2.

3.
4.
5.
6.

Pre-analytical variables
a. Sample collection
b. Sample transportation and acceptance
c. Storage of sample prior to extraction
d. Processing of sample
e. Methods for isolation of DNA
f. Methods of Isolation of RNA
g. Assessing quality & quantity of extracted nucleic
acid:
i. Spectrophotometry
ii. Gel Electrophoresis
iii. Amplification of “housekeeping genes”
h. Storage of DNA/ cDNA and RNA
i. Importance of a unidirectional workflow
Analytical variables
Quality control in the polymerase chain reaction (PCR)
including
a. Use of controls in PCR
b. Standard curves and real time PCR
Post Analytical variables:
Reporting and reporting formats
Screening/Analysis of Genetic Variants
Sequencing
Standards for interpretation and reporting of
sequence variations
121

7.

Proficiency testing program (External Quality
Assurance scheme)

1. Pre-analytical variables:
Pre analytical variables address issues that could potentially
affect the sample quality (before analytical tests have
begun) and the end result ultimately. They are most
important component in a quality system. Errors occurring
in this step can be difficult to sort out and error correct
for example; sample mix-ups. The occurrence of potential
errors in the pre-analytical phase must be accounted for
and preventive measures taken when a new assay is being
standardized. The quality of nucleic acid (especially for
RNA based tests) is important for molecular studies and is
influenced by sample handling, collection, transportation
and, extraction protocols.
a. Sample collection: Poor handling of sample may affect
the quality and quantity of nucleic acid and may lead to
erroneous results. This is a primary but most important
step. It is responsibility of the person who is involved in
sample collection to follow standard precaution during
handling of sample, treating each sample as potentially
infectious. After collection the quality and quantity of the
sample is assessed and the collection tube is labeled
accordingly. Sample must be labeled with its unique ID
number, date and time of collection and sample type. As
per the ISO 15189-2012 Medical laboratories - Particular
requirements for quality and competence standard. (http:/
/www.iso.Org/iso /catalogue_detail ?csnumber=56115).
Patient information must be provided on the request form
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either in the mode of paper or electronically and it should
contain:


Patient name, age, sex and unique identification and
accession number

Name/address of the referring doctor

type of primary sample

tests requested

relevant clinical and laboratory findings for
interpretation purposes; including complete blood
counts, morphological impression as well as result of
other ancillary techniques

date and time of primary sample collection

any others
At the time of collection of sample, one must wear the
gloves to avoid contamination in sample as well as protect
from the transmission of any blood borne disease.
Standard safety precautions should be followed while
handing any specimen. Samples are collected in ethylenedi-amine-tetra-acetic acid (EDTA) tubes specially for
molecular hematological testing and in heparin for
cytogenetic testing. Their quantity and anticoagulants must
be different as per the tests. Heparin anticoagulant inhibits
PCR (Zhang, Kermekchiev and Barnes 2010) and is thus
avoided.

b. Sample transportation and acceptance
Transportation of samples is an important pre-analytical
variable. Laboratory should follow the manufactures
guidelines if using a kit based test or as per the requirement
for the tests. Collected samples should be transported to
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the particular laboratory under the defined transport policy.
Important factors are temperature during transport,
transport time, placement of samples within the transport
container, type of packaging, and labeling. It should be
considered that samples for RNA testing must be
transported maintaining a cold chain and should preferably
reach the lab within 24 hours (ideally within 4 hours).
Once the sample reaches the laboratory, it is the
responsibility of the person who receives the sample to
check the quality, quantity and labeling of sample. This
information must be counter checked with the request
form. Wrong information and identification of the patient
raise the serious issues and create difficulty for the
laboratory to release the report. Thus acceptance and
rejection criteria are necessary for every sample as per the
laboratory quality policy. Documentation with a unique
identification number (UIN) of every sample is a must. It
helps trace the sample, maintenance of record and also in
releasing the reports. Electronic medical records act as an
aid in appropriate test selection and interpretation.

c. Storage of sample prior to extraction
For DNA extraction, blood can be stored at room
temperature for up to 24 hours or at 2 to 8 °C for up to
72 hours. RNA is highly unstable thus RNA extraction from
blood is recommended within 4 hours of collection or on
the same day of collection but during that time blood
should be stored at 4°C. Lysis of red blood cells should be
done on the day of blood collection. If a delay is anticipated
then collection of sample in tubes that have RNA stabilizing
additives is recommended (e.g. PAXGene tubes).
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d. Processing of sample
Primary sample might not always be used directly and may
require to undergo further steps like nucleic acid extraction,
cDNA synthesis etc. Precautions should be taken during
aliquoting of sample especially when done manually and
each aliquot be traceable to the original sample. Before
processing the sample for the RNA extraction, it is necessary
to clean the area with RNAse away reagent. All the pipettes
are wiped with the 70% alcohol. In recent years, many of
the pre-analytical processes performed in laboratories have
been automated; leading to a considerable reduction in
error rates(Da Rin 2009). Lippi G et al reported that in
diagnostic laboratories, pre-analytical errors account for
up to 70% of all mistakes made in laboratory, most of
which arise from problems in patient preparation, sample
collection, transportation, and preparation for analysis and
storage(Lippi et al. 2011). Blood/body fluids should always
be processed in the bio safety hood for the protection of
alb staff. Regular monitoring and maintenance and its
documentation is necessary for the Biological Safety
Cabinets (BSC). (Nucleic Acid Amplification Assays for
Molecular Hematopathology; Approved Guideline. NCCLS
guidelines 2003).
e. Methods for isolation of DNA
There are numerous methods available for isolation of
genomic DNA from blood samples like organic extraction
method, salting-out method, silica-based method, anionexchange method, filter paper-based method and
magnetic bead based extraction. In general, all methods
involve disruption and lysis of the sample, followed by
removal of RNA (using RNase A treatment), proteins and
other contaminants, and then elution of purified DNA.
Organic extraction and salting out methods are cheap,
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however, are time consuming and less efficient in terms
of purity of extracted DNA. Commercially available
extraction kits are less time consuming and are amenable
to automation. Every laboratory should evaluate, verify and
implement a DNA extraction method in its own
environment after evaluating for yield, consistency and
purity of the DNA.

f. Methods of Isolation of RNA
As RNA is sensitive to temperature as well as degradation
by RNAses care must be taken to maintain a cold chain as
well as use RNAse free reagents wherever possible.
Homogenization of cells is important to increase the quality
of RNA by using a syringe and needle. This is done by
passing the lysate through 18 to 20-gauge needle,
attached to a sterile plastic syringe, at least five to ten
times or until a homogeneous lysate is found. RNA is very
unstable and degraded easily due to the ubiquitous
presence of RNases in the environment. Care must be taken
to clean the working bench and pipettes with RNAse
decontamination agents (for e.g. RNAse Away). It must
be borne in mind that the quantification of RNA by
spectrophotometer is unreliable as degraded RNA is
quantified as well. The quality of extracted RNA can be
check by gel electrophoresis or quantitation of
housekeeping gene.
g. Assessing quality & quantity of extracted
nucleic acid:
i) Spectrophotometry
It helps to estimate the purity of nucleic acid. Nucleic acids
show its absorbance maxima at 260 and 280 nm,
respectively. The ratio of absorbance at these wavelengths
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has been used as a measure of purity in nucleic acid
extractions. A ratio of 260/280 for pure DNA is usually
~1.8 and pure RNA is generally ~2.0. Significantly altered
ratio of nucleic acid indicates the presence of protein,
phenols or other contamination during the time of
extraction. If these ratios are consistently altered across
multiple samples the isolation technique may need to be
optimized.

2) Gel Electrophoresis
A common method used to assess the quality check of
total RNA is to run on an agarose gel (1%) stained with
ethidium bromide (EtBr). This shows clear 28S and 18S
rRNA bands. The 28S rRNA band should be nearly twice
as the 18S rRNA band. This 2:1 ratio (28S:18S) is a good
indication that the RNA is completely intact and this RNA
can be used for the reverse transcription. Partially degraded
RNA has a smeared appearance. Genomic DNA
contamination into an RNA sample appears as a weak
band of higher molecular weight. Such contamination can
affect the quality of RNA thus DNase treatment is
recommended for the RNA extraction.
3) Amplification of “housekeeping genes”
Before using the cDNA for gene expression analysis it is
better to check the quality of cDNA with the control genes.
There are many genes act as housekeeping e.g. ABL1, B2
microglobulin, G6PD, GUSB, etc. ABL is one of the
housekeeping genes. ABL is the most common control
gene used for fusion gene transcripts, because of its wide
expression level across different cell types and its stability
(Foroni et al. 2011). Poor ABL copy number results suggest
poor sample quality, which can be due to low white cell
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counts, delay in sample processing, poor quality of
reagents, poor handling of samples and degradation of
RNA. Real time PCR is the standard of monitoring of chronic
myeloid leukemia. The ABL copy numbers act as a stringent
quality control measure for MRD detection (Foroni et al.
2011). Every sample should contain > 10,000 molecules
of ABL. In case ABL copy numbers are <5000 the result is
unreliable for assessment of MRD and a repeat sample
must be obtained.

h. Storage of DNA/ cDNA and RNA
Storage of DNA and RNA should be controlled carefully.
Unique identification number and its accession logs can
be used to prevent sample misidentification. Regular
monitoring of deep freezers is necessary thus temperature
logs should be maintained properly. In general, extracted
DNA, or cDNA and RNA samples, clearly labeled, should
be stored at “20°C or “80°C, respectively (DNA can be
stored at 4°C). DNA (or cDNA), is more stable than RNA
and is likely to survive many years under the given
conditions.
i. Importance of a unidirectional workflow
Unidirectional workflow helps to minimize the risk of carryover of amplicon. There must be three separate areas for
PCR: - pre PCR, PCR and post PCR. Pre- PCR area should be
either in a separate room or area with a dedicated PCR
hood which must have the UV radiation to minimize the
aerosol contamination. Only reagents and master-mix
preparation should be allowed in this area and it must be
equipped with its separate instruments like pipettes, tips,
tubes, gloves, lab-coats, mini-centrifuges etc. The second
area is the template addition area must be separate, only
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the template (DNA/cDNA and RNA) should be added in
this area. This area must have their separate instruments
for DNA and RNA both. The last area is post-PCR area in
which the PCR thermal cyclers should be placed as well as
electrophoresis apparatus. This helps maintain the
unidirectional workflow of the laboratory to avoid
contamination and mixing of reagents.

2. Analytical variables:
Quality control in the polymerase chain reaction (PCR):

a. Use of controls in PCR
Positive and negative controls are the quality indicators
which define the successful performance of the assay.
Positive controls (that are known to have the mutation in
question) are used to check that the reagents were
prepared correctly and can amplify the target. Positive
control should be run with each PCR batch (a group of
samples that are processed and amplified at the same time
under the same conditions, using the same PCR master
mix, and in the same thermocycler).Negative control helps
to check that no contamination in nucleic acid that has
been introduced into the master mix. These include
biological negative controls which must be negative when
using mutation specific assays as well as no template
controls. In addition for real time PCR a no reverse
transcription control is also recommended. For
quantitation based assays use of intermediate and low
level precision controls is also recommended. These values
are plotted on a Levy-Jenning chart and Westgard rules
are applied as per the laboratory policy.
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b. Standard curves and real time PCR
If plasmid standards are used care must be taken to use a
dedicated set of pipettes and use a different area for
plasmid addition due to contamination concerns. Standard
curve must be derived from a minimum of three if not
four dilution points. It must be borne in mind that it is not
possible to extrapolate data beyond the dilution points of
the standard curve. The standard range of plasmid dilution
is 106-101 for real time PCR. It is necessary to run control
plasmids every day with every batch of samples using the
same master mix to maintain threshold cycle (Ct) (Beillard
et al. 2003). It is typically set in the log-linear phase of the
amplification curve. For each real time PCR run confirmed
by the two specific criteria i.e slope of standard curve
should be -3.20 to -3.60 and R2 should be >0.98. (Foroni
et al. 2011)

4. Screening/Analysis of Genetic Variants
A genetic variant refers to the alteration in the normal
sequence of a gene. These alterations range from a single
nucleotide change to small or large deletions/insertions.
These genetic variants can be either germline (inherited)
or somatic (acquired). There are several methods to analyse
genetic variants. The selection of the method depends on
various factors which includes feasibility, cost and analytical
sensitivity. Guidelines are available for screening inherited
genetic variants in several diseases (Richards et al. 2002,
Hegde et al. 2014). In acquired diseases like leukemias,
where both normal and oncogenic cells co-exist, analytical
sensitivity of the screening method plays an important role
in detection frequency and thereby clinical impact. Sanger
sequencing may be the gold standard for germline
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mutation detection but has limited sensitivity (10-20%) in
identifying somatic variants. Modified allele specific PCR
has have greater sensitivity in detecting mutations in
tumours(Bakkar et al. 2005). Allele specific quantitative
PCR has been shown to have <1% sensitivity in detecting
JAK2 mutation; other methods like restriction fragment
length polymorphism, denaturing high-performance liquid
chromatography, high-resolution melting-curve analysis,
pyrosequencing, and various allele-specific PCR systems
with electrophoretic analysis have sensitivities in the range
of 5%(Gong et al. 2013). Analysis by capillary
electrophoresis than by agarose gel electrophoresis greatly
enhances the sensitivity of detection (Bench et al.
2013).Any test should be analytically validated (sensitivity,
specificity, reproducibility) using adequate positive and
negative controls before offering it as a diagnostic test for
clinical care. The test performance characteristics should
be compared withan existing “gold standard” assay. In
the absence of “gold standards” split sample comparison
with an established laboratory should be carried out. Each
test run should include appropriate positive and negative
controls (either cell lines or previously tested genetic
material). If positive controls are generated with PCR, it is
important that the laboratory take appropriate precautions
to avoid contamination of patient assays with control PCR
product. For assays that detect more than 1 mutation (eg.
Sequencing), it may be not be practical to runa positive
control for each mutation. Rotation of positive controls
should be carried out. Size standards covering the range
of expected results should be included in each assays.
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5. Sequencing
DNA sequencing, regarded as the gold standard of
molecular analysis, has high specificity and is routinely used
in clinical diagnostics for genetic variant analysis. Recently
newer sequencing technologies that produce enormous
data with higher sensitivity have found their way into
clinical diagnostics.
Both quality and quantity of starting material can have a
critical effect on the success of sequencing. The template
should be free of proteins, RNA, polysaccharides and
genomic DNA. The quality of primers used for amplification
and cycle sequencing also should be very high and specific
to the region of interest. The primers should not form
dimers with themselves. Purification steps before and after
the cycle sequencing reaction are essential. The amplified
products should be removed of the excess primers and
nucleotides efficiently. Several methods are available;
enzymatic methods, column or filtration based and
magnetic bead based methods. Aftercycle sequencing
reaction, the unincorporated dyes should be removed
using any one of the available methods. Caution should
be taken to avoid the loss of the product if precipitation
method is used.
A good quality sequence should have no background
signals, dye-blobs and a minimum average Phred score of
20. A Phred score of 20 corresponds to 99% accuracy in
base calling. The presence of a genetic variant should be
confirmed by bidirectional sequencing. In each plate (96
samples) that is run, a sequencing standard and a pGEM
standard should be included to check the quality of
resolution and base calling in the genetic analyser. A
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previously characterised positive control (heterozygous or
homozygous) also should be included in every plate.

6. Standards for interpretation and
reporting of sequence variations
The standards for reporting of sequence variations provide
a framework for the laboratories for reporting and
interpretation and aid the clinicians to inform the patients
and families appropriately. Molecular genetic test reports
must comply with the CLIA general test report
requirements and should include the additional
information that follows to ensure accurate understanding
and interpretation of test results. Extensive guidelines are
issued by CLIA for reporting and interpreting sequence
variations by AMCG(Sue Richards 2008). The report should
include patient name, a unique patient identifier, name
and address of laboratory where the test was performed,
test report date, test performed, specimen source (when
appropriate), test results and (if applicable) units of
measurement or interpretation and information regarding
the condition and disposition of specimens that did not
meet laboratory criteria for acceptability. Molecular genetic
tests for germline mutations or variants or for other
heritable conditions often are one-time tests, with results
that can have life-time implications for the patients and
family members. The uniform nomenclature for genetic
variations has been explained by the human genome
variation society. Clinical reports should describe the level
at which the mutation is being described, e.g., “g” for
genomic sequence, “c” for complementary DNA sequence,
“p” for protein (http://www.hgvs.org/mutnomen/).All
reports must be signed by trained qualified personnel either
manually or electronically before reports are released.
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7. Proficiency testing program (External
Quality Assurance scheme)
External quality assurance (EQA) is an essential part of
quality management. The EQA program helps the
laboratory staff to identify problems; it also provides insight
into routine laboratory work and promote continuous
improvement in the laboratory (Sciacovelli et al. 2004). It
aids in inter-laboratory comparison, provides improvement
opportunities and instils confidence in the clients. EQA
should be complementary to internal quality assurance
system and other regulations. Few proficiency testing
providers are there for molecular genetic tests: European
Union Molecular Genetics Network (EMQN EQA), College
of American Pathologists (CAP)surveys, Royal college of
Pathologists association (RCPA) are some of them.
Christian Medical College, Vellore offers molecular genetics
EQA program which mainly covers inherited and few
acquired genetic variants.
The quality assurance system must be a dynamic process
which constantly updates itself with the advancements in
the methodology and regulations.
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