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Real-time qPCR for assessment of minimal residual disease
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Abstract

Evaluation of minimal residual disease is of major importance in the course of acute leukemia treat-
ment. There are a number of technologies used in this regard, all of them exhibiting different limitations. Real
time gPCR is one of the main technologies enabling gene expression analysis and is well suited for minimal
residual disease monitoring of acute leukemia patients. cDNA of eight most common fusion genes was cloned -
PML-RARa, TEL-AMLI, AML-ETO, E24-PBXI, SIL-TAL1, CBFf-MYHI11, MLL-AF4, BCR-ABLI. Serial dilu-
tion of cloned plasmids were prepared and used as standards for real-time gPCR. Sensitivity and overall perfor-
mance of the method was evaluated as previously described. Overall testing demonstrated robustness of TagMan
technology for gene expression analysis. High reproducibility with low levels of both inter and intra run varia-
tion was obtained. Sensitivity exhibited by the assay was comparable to nested PCR which allowed early relapse
detection for a number of patients.
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Rezumat

Cuantificarea bolii minime reziduale (BMR) este un domeniu de mare interes in studiul si tratamentul
leucemiilor acute. Urmarirea BMR permite evaluarea rdspunsului la tratament a pacientilor dupd curele de
inductie §i separarea lotului de pacienti rezistenti la terapie. De asemenea, urmarirea BMR permite despistarea
timpurie a recaderii. Evaluarea BMR se face prin mai multe metode, fiecare oferind avantaje §i dezavantaje
specifice. Metoda Real Time Quantitative PCR (RT-qPCR) este tehnologia cel mai des folosita pentru evaluarea

*Corresponding author: Dumitru Jardan, Departament of Hematology, Fundeni Clinical Institute, Sos. Fundeni
258, Sector 2, Bucharest, Romania
Tel.: 0735300999, Email: d.jardan@gmail.com



350 Revista Romana de Medicina de Laborator Vol. 19, Nr. 4/4, Decembrie 2011

expresiei genice §i este o metodd robusta si simplda pentru determinarea BMR. Pentru evalurea BMR in
laboratorul nostru a fost implementata o metoda de RT-gPCR ce permite determinarea BMR folosind ca tinta
moleculara expresia a 9 gene de fuziune, cel mai des intalnite in leucemiile acute, atat limfoblastice cat si
mieloblastice: MLL-AF4, MLL-AF9, BCR-ABLI, TEL-AMLI, AMLI-ETO, CBFb-MYH11, PML-RARa, E24-
PBX1 si SIL-TALI. RT-gPCR este o tehnologie robusta si simpla pentru urmarirea BMR la pacientii cu leucemie
acutd. Implementarea acestei metode a permis despistarea recaderii sau a rezistentei la tratament la o parte din

pacientii investigati.

Introduction

Assessment of minimal residual disease
(MRD) in the course of therapy is currently in-
corporated in all treatment protocols used for
acute myeloid (AML) and lymphoid leukemia
(ALL) (1-4). Clinical benefits of MRD monitor-
ing include monitoring response to chemother-
apy, early relapse detection and risk stratifica-
tion based on different MRD levels at different
treatment time points (5,6). Moreover, MRD
studies have the potential to provide novel in-
formation on disease progression, response and
clinical efficacy of novel and established thera-
pies and basic leukemia’s biology (4,6).

There is a number of different strate-
gies described in the literature for MRD moni-
toring - flow cytometry (7), real-time quantita-
tive RT-PCR (RT-qPCR) and FISH analysis for
detection of leukemia specific fusion genes (ex.
AMLI1-ETO) (5,8,9), detection of clonal Ig or
TCR receptor rearrangements (2,10-12),
RT-qPCR detection of gene mutations (ex.
NPMI1, MLL-PTD, FLT3) (13-15).

Flow cytometry is a method of widest
applicability, potentially being able to identify
not only MRD but also any clone change relat-
ed or unrelated to the therapy, which is not easi-
ly detectable by other methods (7,16). On the
other hand, there is a need for a very high tech-
nical expertise for a reliable detection of 1
leukemic cell in 10* normal cells, which is not
applicable to all monitoring centers. Also insta-
bility of antigenic expression on leukemic cells
(lineage switch or loss of antigens) during or af-
ter the treatment is limiting applicability of this
technique (5,16).

FISH and cytogenetics, as methods for
monitoring of MRD, are valuable techniques but
present a very limited sensitivity which hinders
their applicability for sensitive MRD detection (1).

Real-time quantitative RT-PCR is one the
main technologies enabling gene expression analy-
sis today (17). Its use for MRD monitoring in
leukemia is frequently cited in literature due to its
high sensitivity, robustness and relative simplicity
of implementation (5,17,18). RT-qPCR is a very re-
liable method given that large standardization stud-
ies were performed and its limits are well under-
stood (5). For MRD detection, many RT-qPCR tar-
gets have been proposed, mainly due to lack of a
universal molecular marker which can be applied
for all leukemia cases. Such targets include: fusion
genes (ex. PML-RARa) (5), mutations in certain
genes (ex. NPM1) (13), aberrant gene overexpres-
sion (ex. WT-1) (20) and detection of clonal Ig or
TCR receptor rearrangements (10).

In this article we describe the implemen-
tation of a method for MRD monitoring by detec-
tion of fusion gene expression using RT-qPCR.
This method is applicable to 30-40% of both
AML and ALL in children and adult cases (5,18).

Material and methods

Patients and samples

All samples were from patients referred
to Fundeni Clinical Institute, Department of Pe-
diatrics and Department of Hematology, and to
Coltea Hospital, Department of Hematology,
between January 2008 and September 2011. A
total number of 70 patients were identified as
having fusion genes that can be analyzed by our
method — 14 cases of PML-RARa, 5 cases of
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CBFB-MYHI11, 10 cases of AMLI-ETO, 13
cases of TEL-AMLI1, 15 cases of BCR-ABLI,
10 cases of MLL-AF4, 2 cases of E2A-PBX1
and 1 case of SIL-TAL1. Additionally, 120 fol-
low up samples from some of these patients
were available for MRD monitoring. Study pro-
tocol was approved by our institution’s Ethics
committee and informed consent was obtained
for all the clinical samples.

RNA extraction

We used blood for RNA extraction, as it
was shown that blood exhibits comparable fusion
gene expression to bone marrow and sampling is
a lot less invasive (5, 18). All samples were taken
and brought to the laboratory on the same day. All
other sample manipulations were made immedi-
ately after arrival or stored for a maximum of 24h
at 4°C. White blood cells were separated by lysis
of red blood cells using RBC (Red Blood Cell) ly-
sis buffer prepared in house (for 1L of 10x solu-
tion dissolve 8.26 g ammonium chloride (NH4Cl),
1 g potassium bicarbonate (KHCOs) and 0.037 g
EDTA in ddH,O). Cells were pelleted at 3000
rpm for 10 min, and washed once with PBS 1x.
After washing, the pellet was resuspended in 1
mL of PBS and cells counted on COULTER® LH
750 Hematology Analyzer (Beckman Coulter)
and aliquoted 20 000 000 cell /per tube. Cells
were pelleted at 3000 rpm for 10 min. and super-
natant removed. One mL of TRIZOL reagent per
tube was added and cells were lysed by passage
through a fine syringe needle. RNA was extracted
following manufacturer’s protocol. RNA quantity
and purity was assessed using NanoDrop 1000
spectrophotometer. Final RNA concentration var-
ied between 150 ng/uL and 2600 ng/uL. RNA pu-
rity was assessed using A260/A280 ration which
was between 1.9-2.0 for most of the samples (23).
Results for samples which exhibited lower
A260/A280 ratios were interpreted with care.

Reverse transcription

RNA was reverse transcribed as modi-
fied from (5), using MMLYV reverse transcriptase
(Sigma): 4 pg of RNA in 30 ul of H20 were in-
cubated at 65°C for 10 min and other reagents

were added to final volume of 40 pl: RT buffer,
DTT for a final concentration of 10 mM, random
hexamers for a final concentration of 25 pM,
RNAasin 20 units (Promega), RT enzyme
MMLV 200 units (Sigma) and dNTP for a final
concentration of 1 mM (Qiagen). Reaction mix-
ture was incubated for 2h at 37°C and MMLV
was denatured at 95°C for 5 min.

Fusion gene identification

Fusion genes were identified using
primers previously described (21).

Cloning of plasmid standards and
standard dilution preparation

For standard curve preparation, fusion
genes were cloned using TOPO TA cloning kit
(Invitrogen) with pCR2.1 TOPO vector and
TOP10 competent cells. Fusion genes were am-
plified using primers previously described
primers (21) and amplified using HighFidelity
HotStart Taq (Qiagen) using standard protocol.
There were a total of 11 amplicons cloned cor-
responding to PML-RARa berl and ber3 tran-
script, TEL-AML1, AML-ETO, E2A-PBXI,
SIL-TAL1, CBFB-MYHI11 type A, MLL-AF4
ell-e4 and e9-e4, BCR-ABLI1 el-a2 and b3-a2.
For BCR-ABL1 b3-a2 transcript, primers for am-
plification were BCR-b1-A (21) and ENR1063
(18) thus this plasmid can be used as standard
for both M-ber and ABL1 amplification. Am-
plicons were run on 1.5 % agarose gel in 1x
TAE buffer for 1h at 100V. Bands were excised
from gel using a razor blade and purified using
Wizard® SV Gel and PCR Clean-Up System
(Promega) following manufacturer’s protocol.
Extracted DNA quantity was measured on a
NanoDrop 1000 instrument.

For cloning, 4uL of purified amplicon
was added to 1 pL of Salt Solution and 1 pL of
pCR2.1 TOPO vector and incubated 30 min. at
room temperature. For transformation of TOP10
competent cells, 2uL of cloning reaction product
was added to one tube of One Shot Chemically
competent cells and incubated on ice for 5 min.
Further, cells were heat-shocked for 30 seconds at
42°C on a water bath and immediately transferred



352 Revista Romana de Medicina de Laborator Vol. 19, Nr. 4/4, Decembrie 2011

on ice. 250 pL of room temperature S.0.C. medi-
um was added to each tube and incubated for 1h
at 37°C at 200 rpm on a shacking incubator. After
incubation, 50 pL of medium was spread on LB
agar plates. LB agar plates were prepared as pre-
viously described and supplemented with 50
pg/mL of ampicillin (22). 40 pL of 40 mg/mL of
X-gal (Sigma) in dimetyhylformamide (DMF)
was spread on each plate and incubated for 1 h at
37°C before use. Plates were incubated over night
at 37°C and 5 white colonies for each fusion gene
were selected and grown in 5 mL of LB medium
overnight at 37°C with shacking (22). Plasmids
were purified using included extraction kit and in-
sert was confirmed using primers used for cloning
and M13 forward and reverse primers provided
with the kit. Two positive plasmids per fusion
gene were sequenced using M13 forward and re-
verse primers and the sequence analyzed to con-
firm correct insert. Colonies that contained the
correct insert were grown in LB medium for 1h at
37°C at 200 rpm and 1 mL of medium was trans-
ferred to 250 mL of LB and grown overnight at
37°C at 200 rpm. Plasmids were prepared using
Plasmid Maxi Kit (Qiagen) following manufac-
turer’s protocol. Final quantity of extracted plas-
mids varied between 100 and 200 pg. Presence of
insert was checked once again by PCR using
cloning primers (21).

Plasmids were digested using Spel enzyme
(New England BioLabs) — 1 pg of plasmid in
1x NEBuffer 4, supplemented with 100 pg/ml BSA
and 5 U of enzyme. Reaction was incubated
overnight at 37°C. Plasmids were purified using
Wizard® SV Gel and PCR Clean-Up System fol-
lowing the manufacturer’s protocol and quantified
on a NanoDrop 1000 instrument. Linearization was
checked by running 3 pL on 0.8% agarose gel in 1x
TAE for 1h at 100V.

Copy number calculation was done as
described (24):

m = [n] x [1.096x10' g/bp]

where: n = plasmid size in bp, includ-
ing insert; m = calculated mass of the plasmid;
1.096x10! base pair molar mass (average)

[Copy number of interest] x [plasmid
molar mass] = [mass of plasmid needed]

By calculating how much plasmid we need,
we can apply the following formula for dilution:

ClvVl=C2V2

where C1 is the concentration in copy
number of the concentrated plasmid and V1 is
the volume of the concentrated plasmid, C2 is
the desired concentration and V2 volume of the
diluted plasmid. We prepared first dilution of a
stock solution of the plasmid of 10%copies/uL,
from which all the other dilutions were made.
For preparation of dilution series we used
E. coli tRNA 10 ng/uL (Roche). A dilution se-
ries for each plasmid was prepared: 2x10°
copies/uL, 2x10' copies/uL, 2x10* copies/pL,
2x10° copies/uL, 2x10* copies/uL, 2x10°
copies/uL and 2x10° copies/uL thus spanning 6
orders of magnitude which is sufficient to cover
all the spectrum of biological variation of fu-
sion gene expression (5,18).

Real-time quantitative PCR (RT-qPCR)

RT-gPCR reaction was modified from
(5,18). For a final volume of 20 pL, 10 puL of
LightCycler 480 Probes Master, 2 pL of either
cDNA or plasmid standard, 300nM of primers
and 200nM of probe were added as previously
described (5,18).

RT-qPCR program was: 10 min. at 95°C
followed by 45 cycles of 15 sec. at 95°C and 30
sec. at 60°C. Initially we used the published PCR
program (5) which was modified by us to reduce
PCR cycling time, with comparable results with
initial protocol (the same value of Cq was ob-
tained with both protocols for the same standards
and samples); also, 45 cycles where enough even
for 1 copy identification. All standards were run
in triplicate and samples in duplicate (both for
ABLI and specific fusion gene) and 2 NTC (no
template controls) were added per plate. RT-
gPCR was repeated for samples in which a dif-
ference of more than 0.5 Cq between replicates
was found. For low copy number samples, if one
of the replicates was negative and the other posi-
tive, RT-qPCR was repeated. A sample was con-



Revista Romdna de Medicind de Laborator Vol. 19, Nr. 4/4, Decembrie 2011 353

Result normalization — all results

1.00E6
(=]
(=]
= ®
=
&1.00E5-}
— ol e
]
: : g %
o
=
[ H]
- ‘%ﬂ
8 00 [ee )
21.00E4- 000 oo
oo 8
8 o
Q
- Q
1.00E3-

for fusion gene expression were normal-
ized to 10* copies of ABLI. ABLI ex-
pression was evaluated in 25 normal
samples, 50 AML and 50 ALL samples
(Figure I) with corresponding median
values of 21400, 34625 and 29475
copies/ 200 ng of total RNA respectively.
As shown in Figure I, ABL-1 exhibited
comparable expression level for normal
and pathological tissue with more varia-
tion in leukemic cells (18).

Reference ABL1 expression was

Normal blood AML ALL

Figure 1. ABL1 level of expression in 25 samples of normal

blood, 50 AML and 50 ALL samples.

sidered positive if both or only one replicate was
positive in the second run, otherwise the sample
was considered negative (5).

All RT-qPCR experiments were run on a
LightCycler 480 II (Roche). The analysis was per-
formed using the second derivative maximum
method (LightCycler 480 analysis software version
1.5). In our experience this method provided the
most consistency between runs. Using standard
curves we obtained a mean slope value -3.43 (S.D. =
0.1), mean efficiency of 1.953 (S.D.=0.033) and Y
intercept 38.5 (S.D. = 1.3) (calculated for ABL1 and
all fusion genes). The assay was linear for the 6 or-
ders of magnitude tested (between 4 and 4x10°
copies/reaction) for all fusion genes and ABL-1.

The sensitivity of the assay was high, al-
lowing the amplification of 4 target copies per re-
action in all replicates for all fusion genes (using
plasmid standards) thus being near theoretical
limit of detection of 3 (LOD = 3) (27,25). As
shown in (5), this assay allows the detection of fu-
sion gene transcript down to a dilution of 1 in 10°.

The reproducibility was assessed by Cq
variation for 40000 copies/reaction for ABLI
and a mean Cq of 23.55 was obtained with
S.D.=0.22 for inter run variation and S.D.=0.04
for intra run variation.

calculated as previously described (18).
Reference range was defined as the medi-
an of ABL1 expression and 2 limits as
the 3rd and 97th percentile. This allowed
the identification of poor quality samples
and of samples in which ABL1 expression level
was likely overestimated (18). Median expres-
sion of ABL1 in normal, AML and ALL cells
(for a total of 125 samples) was 28400 copies
with expression in 3rd percentile of 4410 copies
and 97th percentile 153000 copies.

Sensitivity was calculated as described (5):
SENS= -loglO(NCN) - logl0(CGCN), where
NCN = normalized copy number of fusion gene
transcript at presentation, CGCN = copy num-
ber of control gene at follow up. Sensitivity was
expressed as 1055,

Results and discussions

Cloned cDNA standards provide a reli-
able mean for standard curve calculation as op-
posed to RNA (5). In our setting, it allowed stan-
dard curve calculation with the mean slope of
-3.43 (S.D. = 0.1), mean efficiency of 1.953 (S.D.
=10.033) and Y intercept 38.5 (S.D. = 1.3) calcu-
lated for ABL-1 and all FGs. These results are
close to theoretical values — slope -3.32, efficien-
cy 2 and Y intercept 36 (25,27), see Figure 2.

Calculation of ABL1 expression limits for
this assay in our setting allowed lowering the num-
ber of standards used for ABL-1 quantification to
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Figure 2. Amplification curve for 6 dilutions (40 to 4.000.000 copies/reaction) of ABL-1 plasmid standards
are shown along with the standard curve (upper left corner)
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Figure 3. Standard curve calculation using 3 standard points. Red curves correspond to actual samples

the minimum of three — 4.000, 40.000 and 400.000
copies/reaction (Figure 3). Three standard points
are sufficient for standard curve calculation and
this interval is sufficient for ABL-1 quantification
as it includes limits of ABL-1 expression between
4410 and 153.000 copies/reaction (18,27). This al-
lowed for a slight cost reduction.

ABL-1 expression limits are very use-
ful indicators of sample quality, and results
with ABL-1 concentration beyond those limits
should be interpreted with care as those concen-
trations are very likely to be inaccurate and
could result in over or under appreciation of the

real FG expression, and can greatly affect the
sensitivity of MRD determination (18).

FG expression was assessed with this
method in 70 presentation and 120 follow-up
samples. Expression of FGs was normalized ver-
sus ABL1 expression — FG/10* ABL1 (Figure 4).

Most of the variation in fusion gene ex-
pression is exhibited by AMLI-ETO, with
MLL-AF4, PML-RARa and TEL-AMLI being
at the opposite end. This can be in part ex-
plained by the fact that gene expression was
calculated for peripheral blood, and blast cell
percentage was not used for correction (the data
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Figure 4. A. Fusion gene expression normalized to 104 ABL1 (E2A-PBX1 and SIL-TALI1 not shown due to
their low prevalence). B. ABL1 gene expression in respective samples from A showing relative homogeneous
expression in samples with different fusion gene types.
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Figure 5. A. Fusion gene expression for follow up samples normalized to ABL-1. B. ABL-1 gene expression for
respective samples showing uniform ABL-1 expression pattern. Results are shown only for a part of FGs for
which many data point are available (for the rest of 4 fusion genes only 12 data points are available).

was not available for all patients) (5). On the
other hand, ABL-1 gene expression was rela-
tively uniform for this set of patients, which
demonstrates once again the feasibility of the
use of ABL1 as a control gene for normaliza-
tion. Gene expression levels of all FGs were
within the described limits (5).

For 121 follow-up samples available for
analysis, results for 109 are shown in Figure 5.

Follow-up results were also correlated
with nested PCR results. In general a good corre-

lation was obtained, with no differences for BCR-
ABL1 (23 samples), MLL-AF4 (2 samples),
E2A-PBX1 (2 samples), AMLI-ETO (14 sam-
ples), SIL-TALI (8 samples). In 4 cases, a nega-
tive result was obtained with this assay as com-
pared to nested PCR for TEL-AMLI1, and 1 posi-
tive that was negative with nested PCR (from a
total of 34 samples). For PML-RARa, in 6 cases a
negative result was obtained and in 2 cases RT-
gPCR was positive and nested PCR negative
(from a total of 38 samples). No follow up sam-
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ples were available for CBFB-MYHI11. These dis-
crepancies can be partially explained by lower
ABL-1 expression for samples which are negative
in real-time PCR and higher nested PCR sensitivi-
ty. On the other hand, positives which are not re-
flected in nested PCR can be explained by the fact
that real-time PCR is performed in duplicate
whereas nested PCR was performed in single tube
and, due to random variation at low copy number,
such differences can occur.

Clinical correlation between positives
and disease evolution was observed, especially
in cases with higher copy number. In general,
positivity was strongly correlated with relapse
or chemotherapy resistance.

Sensitivity of the assay was determined
and a mean SENS of 4.05 (S.D.=0.69, interval
of variation between 2.63 and 5.37) was ob-
tained. As expected, the highest sensibilities
were obtained for AMLI1-ETO (as it has the
highest expression ratio versus ABL-1) and the
lowest were for SIL-TALT (as it has the lowest
expression ratio versus ABL-1) (5).

As described (5) for BCR-ABLI1 expres-
sion, we also obtained levels of FG expression
higher than 1 in 6 samples which theoretically
could not happen as ABL-1 assay also amplifies
BCR-ABL-1 fusion gene. As explained in (5), this
probably is one of the limitations of RT-qPCR, as
small differences in efficiency of FGs versus ABL-1
amplification can add up to important differences
after 25-30 cycles of PCR amplification (25).

Conclusions

As demonstrated by the use of cloned
cDNA standards, the qPCR component of this RT-
gPCR assay is very robust. Cq cycle for all ABL-
1 runs exhibited very small overall variation in
amplification efficiency both intra and inter run.
The wide dynamic range of the assay, of at least
six orders of magnitude, includes all the biologi-
cal variation of fusion gene expression.

This assay exhibited a high level of
sensitivity for the majority of fusion gene types.

The control gene used is a very robust normal-
izer exhibiting comparable level of expression
in normal, AML and ALL cells. This allowed
the normalization for all variations which might
be introduced in different steps of this assay.
Overall, RT-qPCR is a very useful
method for MRD detection, having a high sensi-
tivity, comparable to nested PCR. This allowed
early relapse detection for a number of patients.
MRD monitoring is an integrated part of the to-
day’s treatment protocols and a standardized RT-
gPCR method should be used by all laboratories
involved in leukemia patient investigation.
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Abbreviations list

ALL — Acute Lymphoid Leukemia

AML — Acute Myeloid Leukemia

CGCN - Copy number of control gene

FG — Fusion Gene

FISH —Fluorescent /n Situ Hybridization

MRD — Minimal Residual Disease

NCN -Normalized copy number of fusion gene transcript
RT-qPCR — Real-Time Quantitative PCR

SENS — sensitivity

References

1. Campana D. Minimal Residual Disease Studies in
Acute Leukemia. Am J Clin Pathol 2004,122(Suppl 1):S47-
S5

2. Briiggemann M, Schrauder A, Raff T, Pfeifer H,
Dworzak M, Ottmann O G et al. Standardized MRD quan-
tification in European ALL trials: Proceedings of the Second
International Symposium on MRD assessment in Kiel, Ger-
many, 18-20 September 2008. Leukemia 2010 March, 24,
521-535

3. Campana D. Determination of minimal residual disease
in leukaemia patients. Br J Haematol. 2003 Jun, 121(6):823-
38.

4. Bacher U, Zander AR, Haferlach T, Schnittger S, Fehse
B and Kroger N. Minimal residual disease diagnostics in
myeloid malignancies in the post transplant period. Bone



Revista Romdna de Medicind de Laborator Vol. 19, Nr. 4/4, Decembrie 2011 357

Marrow Transplantation, 2008, 42, 145157

5. Gabert J, Beillard E, van der Velden VHIJ, Bi W,
Grimwade D, Pallisgaard N et al. Standardization and quali-
ty control studies of ‘real-time’ quantitative reverse tran-
scriptase polymerase chain reaction of fusion gene tran-
scripts for residual disease detection in leukemia — A Europe
Against Cancer Program. Leukemia 2003, 17, 2318-2357

6. Madzo J, Zuna J, Muzikova K, Kalinova M, Krejci O,
Hrusak O et al. Slower molecular response to treatment pre-
dicts poor outcome in patients with TEL/AMLI1 positive
acute lymphoblastic leukemia. Cancer, 2002, 97, Issue 1

7. Al-Mawali A, Gillis D and Lewis 1. The Role of Multi-
parameter Flow Cytometry for Detection of Minimal Resid-
ual Disease in Acute Myeloid Leukemia. American Journal
of Clinical Pathology, 2009, 131, 16-26

8. van der Velden VHJ, Hochhaus A, Cazzaniga G,
Szczepanski T, Gabert J and van Dongen JJM. Detection of
minimal residual disease in hematologic malignancies by
real-time quantitative PCR: principles, approaches, and lab-
oratory aspects. Leukemia, 2003, 17, 1013-1034

9. Li A-H, Forestier E, Rosenquist R, Roos G Minimal
residual disease quantification in childhood acute lym-
phoblastic leukemia by real-time polymerase chain reaction
using the SYBR green dye. Experimental Hematology, 2002
Oct, 30, 1170-1177

10. Li A, Zhou J, Zuckerman D, Rue M, Dalton V, Lyons
C et al. Sequence analysis of clonal immunoglobulin and T-
cell receptor gene rearrangements in children with acute
lymphoblastic leukemia at diagnosis and at relapse: implica-
tions for pathogenesis and for the clinical utility of PCR-
based methods of minimal residual disease detection. Blood,
2003 Dec, 102, no.13, 4520-4526

11. Campana D. Minimal Residual Disease in Acute Lym-
phoblastic Leukemia. Hematology 2010

12. van der Velden VH, van Dongen JJ. MRD detection in
acute lymphoblastic leukemia patients using Ig/TCR gene
rearrangements as targets for real-time quantitative PCR.
Methods Mol Biol. 2009, 538:115-50

13. Kronke J, Schlenk RF, Jensen KO, Tschiirtz F, Corba-
cioglu A, Gaidzik VI et al. Monitoring of minimal residual
disease in NPM1-mutated acute myeloid leukemia: a study
from the German-Austrian acute myeloid leukemia study
group. J Clin Oncol. 2011 Jul, 29(19):2709-16.

14. Beretta C, Gaipa G, Rossi V, Bernasconi S, Spinelli O,
Dell'Oro M G et al. Development of a quantitative-PCR
method for specific FLT3/ITD monitoring in acute myeloid
leukemia. Leukemia, 2004, 18, 1441-1444

15. Weisser M, Kern W, Schoch C, Hiddemann W, Hafer-
lach T, Schnittger S. Risk assessment by monitoring expres-
sion levels of partial tandem duplications in the MLL gene
in acute myeloid leukemia during therapy. Haematologica
2005, 90:881-889

16. Thorn I, Forestier E, Botling J, Thuresson B,

Wasslavik C, Bjorklund E et al. Minimal residual disease
assessment in childhood acute lymphoblastic leukaemia: a
Swedish multi-centre study comparing real-time polymerase
chain reaction and multicolour flow cytometry. B J Haema-
tol, 2011, 152, 743-753

17. Bustin S A, Benes V, Garson J A, Hellemans J,
Huggett J, Kubista M et al. The MIQE Guidelines: Mini-
mum Information for Publication of Quantitative Real-Time
PCR Experiments. Clinical Chemistry 2009, 55:4, 611-622
18. Beillard E, Pallisgaard N, van der Velden VHJ, Bi W,
Dee R, van der Schoot E. et al. Evaluation of candidate con-
trol genes for diagnosis and residual disease detection in
leukemic patients using ‘real-time’ quantitative reverse-tran-
scriptase polymerase chain reaction (RQ-PCR) — a Europe
against cancer program. Leukemia 2003, 17, 24742486

19. Lee S, Kim DW, Cho B, Kim YJ, Kim YL, Hwang JY,
et al. Risk factors for adults with Philadelphia-chromosome-
positive acute lymphoblastic leukaemia in remission treated
with allogeneic bone marrow transplantation: the potential
of real-time quantitative reverse-transcription polymerase
chain reaction. Br J Haematol. 2003 Jan, 120(1):145-53.

20. Cilloni D, Renneville A, Hermitte F, Hills R K, Daly
S, Jovanovic J V et al. Real-Time Quantitative Polymerase
Chain Reaction Detection of Minimal Residual Disease by
Standardized WT1 Assay to Enhance Risk Stratification in
Acute Myeloid Leukemia: A European LeukemiaNet Study.
J. Clin. Oncology, 2009, 27

21. van Dongen JIM, Macintyre EA, Gabert JA, De-
labesse E, Rossi V, Saglio G et al. Standardized RT-PCR
analysis of fusion gene transcripts from chromosome aber-
rations in acute leukemia for detection of minimal residual
disease Report of the BIOMED-1 Concerted Action: Inves-
tigation of minimal residual disease in acute leukemia.
Leukemia, 1999, 13, 1901-1928

22. J. Sambrook and Russell. Molecular cloning: a labora-
tory manual. Third edition. Cold Spring Harbor Laboratory
Press, Jan. 15, 2001

23.  http://www.nanodrop.com/Library/T009-NanoDrop
%201000-&-NanoDrop%208000-Nucleic-Acid-Purity-Ra-
tios.pdf

24. http://wwwo6.appliedbiosystems.com/support/tutorials/
pdf/quant_pcr.pdf

25.  http://www.rdml.org/Eur Pharm_Rev 2008 Bustin.p
df

26. Bruggemann M, Raff T, Flohr T, Gokbuget N, Nakao
M, Jo Droese et al. Clinical significance of minimal residual
disease quantification in adult patients with standard-risk
acute lymphoblastic leukemia. Blood, 2006 Feb, 107

27. Morley A A, Latham S, Brisco M J, Sykes P J, Sutton
R, Hughes E et al. Sensitive and Specific Measurement of
Minimal Residual Disease in Acute Lymphoblastic
Leukemia. Journal of Molecular Diagnostics, 2009, 11



