
Real-time PCR in Hematology

Marleen BakkusMarleen Bakkus
BVAC/ABCA WorkshopBVAC/ABCA Workshop

18/11/0418/11/04



Leukemia
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MM B-ALL CLL



Introduction

Molecular biological techniques : radical Molecular biological techniques : radical 
improvement in the evaluation of hematological improvement in the evaluation of hematological 
disorders. disorders. 
Current treatment protocols for acute or chronic Current treatment protocols for acute or chronic 
leukemia are based on prognostic factors, like leukemia are based on prognostic factors, like 
aberrant fusion transcripts.aberrant fusion transcripts.
MRD or minimal residual disease information is MRD or minimal residual disease information is 
important for prediction of relapse and early important for prediction of relapse and early 
therapeutic intervention. therapeutic intervention. 



Effect of therapy on tumor cell number
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Recognition I
Unique DNA/RNA markers due to Unique DNA/RNA markers due to translocationtranslocation

t(9;22) CML 100%   
ALL <40%

t(8;21) AML 5-10%
t(15;17) AML 5-10%
inv16 AML 5-10%
t(14;18) FL >90%

DLBCL 10-20%
t(11;14) MCL >90%
t(11;18) MALT 30%
t(2;5) ALTL

unfavourableunfavourable

favourablefavourable

classificationclassification

favourablefavourable

favourablefavourable



Translocations: fusiontranscripts

t(1;19):E2A/PBX1t(1;19):E2A/PBX1
t(3;5):NPM/MLF1t(3;5):NPM/MLF1
t(3;21):AML1/MDS1t(3;21):AML1/MDS1
t(5;12):TEL/PDGFRbt(5;12):TEL/PDGFRb
t(5;17):NPM/RARAt(5;17):NPM/RARA
t(6;9):DEK/CANt(6;9):DEK/CAN
t(8;21):AML1/MGT8t(8;21):AML1/MGT8
t(9;9):SET/CANt(9;9):SET/CAN
t(9;12):TEL/ABLt(9;12):TEL/ABL
t(9;22):BCR/ABLt(9;22):BCR/ABL
t(11;17):PLFZ/RARAt(11;17):PLFZ/RARA
t(12;21):TEL/AML1t(12;21):TEL/AML1
t(12;22):TEL/MN1t(12;22):TEL/MN1
t(15;17):PML/RARAt(15;17):PML/RARA
t(16;21):TLS/ERG

Inv16:CBFb/MYH11Inv16:CBFb/MYH11
t(17;19):E2A/HLFt(17;19):E2A/HLF
TAL1D:SIL1/TAL1TAL1D:SIL1/TAL1

MLL1 translocatiesMLL1 translocaties
t(1;11):MLL1/AF1pt(1;11):MLL1/AF1p
t(1;11):MLL1/AF1qt(1;11):MLL1/AF1q
t(4;11):MLL1/AF4t(4;11):MLL1/AF4
t(6;11):MLL1/AF6t(6;11):MLL1/AF6
t(9;11):MLL1/AF9t(9;11):MLL1/AF9
t(10;11):MLL1/AF10t(10;11):MLL1/AF10
t(11;17):MLL1/AF17t(11;17):MLL1/AF17
t(11;19):MLL1/ENLt(11;19):MLL1/ENL
t(X;11):MLL1/AFX)t(X;11):MLL1/AFX)

t(16;21):TLS/ERG



Recognition II
Unique DNA due to Unique DNA due to gene rearrangementgene rearrangement

Immunoglobulin (Ig) T-cell receptor (TCR)

germlinegermline
VHVH DD JHJH

rearranged generearranged gene
LeaderLeader FR1FR1 FR2FR2 FR3FR3 FR4FR4

VHVH JHJH
NN--DD--NN

CDR3CDR3CDR2CDR2CDR1CDR1



PCR targets : Ig en TCR

ALLALL VH >95%VH >95%
TCR 70%TCR 70%

BB--CLLCLL VH >95%VH >95%
BB--Lymphoma’sLymphoma’s VH >80%VH >80%
TT--Lymphoma’sLymphoma’s TCR>95%TCR>95%
Multiple Multiple MyelomaMyeloma VH >85%VH >85%



Recognition III

OverexpressionOverexpression
WT1: Wilms’ tumor gene 1 (AML, CML, WT1: Wilms’ tumor gene 1 (AML, CML, 
ALL, MDS)ALL, MDS)
Cyclin D1: due to t(11;14) (MCL, CLL, Cyclin D1: due to t(11;14) (MCL, CLL, 
MM)MM)
PRVPRV--1:  polycythemia rubra vera1:  polycythemia rubra vera--1, 1, 
(polycethemia vera vs secondary (polycethemia vera vs secondary 
erythrocytosis) erythrocytosis) 



Quantification I
10-0 10-1 10-2 10-3 10-4

sample
competitor

5/55/5 4/54/5 1/51/5 0/50/5

HistoryHistory
Competitive PCRCompetitive PCR

Limiting dilutionLimiting dilution



Quantification II

RealReal--time quantitative PCR: RQtime quantitative PCR: RQ--PCRPCR
Since 1996 Since 1996 TaqMan TaqMan probesprobes

Real time quantitative PCR. Real time quantitative PCR. Genome Res. 1996 Oct;6(10):986Genome Res. 1996 Oct;6(10):986--9494

HeidHeid CA, Stevens J, CA, Stevens J, LivakLivak KJ, Williams PM.KJ, Williams PM.
BioAnalyticalBioAnalytical Technology Department, Technology Department, GenentechGenentech, Inc., South San Francisco, , Inc., South San Francisco, 
California 94080, USA.California 94080, USA.

We have developed a novel "real time" quantitative PCR method. TWe have developed a novel "real time" quantitative PCR method. The method measures he method measures 
PCR product accumulation through a dualPCR product accumulation through a dual--labeled fluorogeniclabeled fluorogenic probe (i.e., probe (i.e., TaqManTaqMan
Probe). This method provides very Probe). This method provides very accurate and reproducible accurate and reproducible quantitationquantitation of gene of gene 
copiescopies. Unlike other quantitative PCR methods, real. Unlike other quantitative PCR methods, real--time PCR does time PCR does not require postnot require post--
PCR sample handlingPCR sample handling, preventing potential PCR product carry, preventing potential PCR product carry--over contamination and over contamination and 
resulting in resulting in much faster and higher throughput assaysmuch faster and higher throughput assays. The real. The real--time PCR method has a time PCR method has a 
very large dynamic rangevery large dynamic range of starting target molecule determination (at least of starting target molecule determination (at least five orders five orders 
of magnitudeof magnitude). Real). Real--time quantitative PCR is time quantitative PCR is extremely accurate and less extremely accurate and less laborlabor--
intensiveintensive than current quantitative PCR methods.than current quantitative PCR methods.



Comparative method
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Standard-curve method
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Housekeeping genes I

Stable expressionStable expression
Normalises for differences in amount, Normalises for differences in amount, 
quality of starting material, RNA prep, quality of starting material, RNA prep, 
cDNA cDNA synthesissynthesis
Transcription level in same range as target Transcription level in same range as target 
genegene

Vandesompele J. et al: Genome Biology, 2002
http://http://medgenmedgen..ugentugent.be/~.be/~jvdesompjvdesomp//genormgenorm//



Houskeeping genes II

Abl for peripheral blood and bone marrow Abl for peripheral blood and bone marrow 
FG analysis and overexpression (diagnosis FG analysis and overexpression (diagnosis 
and MRD), recommended by the EAC and MRD), recommended by the EAC 
groupgroup
Albumin for DNA (from the guidelines of Albumin for DNA (from the guidelines of 
the ESGthe ESG--MRDMRD--ALL)ALL)



BCR/ABL gene



Treatment options CML

Chemotherapy Chemotherapy 
InterferonInterferon
BMT plus DLI BMT plus DLI (MRD monitoring is essential)(MRD monitoring is essential)

Novel : STI571/Novel : STI571/GlivecGlivec//ImatinibImatinib



Bcr-abl tyrosine kinase



RQ-PCR for Bcr-Abl

Primers and probes for MPrimers and probes for M--bcr and mbcr and m--bcr bcr 
breakpointsbreakpoints
TaqMan Probe: FAMTaqMan Probe: FAM--TAMRATAMRA
Reference gene: Abl (TexasRedReference gene: Abl (TexasRed--BHQ)BHQ)
Standards: plasmid dilutions (10Standards: plasmid dilutions (10--100100--10001000--
10,000 copies/5µl) (Ipsogen) or cDNA from 10,000 copies/5µl) (Ipsogen) or cDNA from 
K562 cell line diluted in cDNA from HL60 K562 cell line diluted in cDNA from HL60 
cell line.cell line.
Platform: iCycler from BioradPlatform: iCycler from Biorad



RQ-PCR Bcr-abl

TaqMan probe: FAM-TAMRA
Standards: K562 cDNA in HL60 cDNA
Sensitivity: 10-5

unknown 1
#cop: 1420

unknown 2
#cop: 169



Control gene Abl

Quality of cDNA/RNA sample is good, quantification possible

unknown 1
#cop: 92900

unknown 2
#cop: 94800



Quantification

0.18%0.18%94,80094,800169169UNK 2UNK 2

1.5%1.5%92,90092,90014201420UNK 1UNK 1

BcrBcr--Abl/Abl Abl/Abl Abl copiesAbl copiesBcrBcr--Abl Abl 
copiescopies



Example RQ-PCR bcr-abl
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Example QR-PCR bcr-abl
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MRD post SCT

=14)

61)

86%

43%

17%

Test: 3-5 mnd post SCT
High-level: > 0.02% bcr-abl/abl
Low-level: < 0.02% bcr-abl/abl
Ref: Olavaria E., Blood, 2001, 97, 1560.



Imatinib treatment

Survival of 261 pt after failed Survival of 261 pt after failed 
response to IFNresponse to IFN--αα and 251 and 251 
historical  pt treated with other historical  pt treated with other 
regimens. 

Cumulative rates of major (BCRCumulative rates of major (BCR--
ABL/ABL less than 0.05%) and ABL/ABL less than 0.05%) and 
complete (undetectable) complete (undetectable) 
molecular responses.regimens. molecular responses.

Kantarjian HM et al, Blood, 2004Kantarjian HM et al, Blood, 2004



Most frequently used FG in RQ-PCR

??ALLALLE2A/PBX1E2A/PBX1t(1;19)t(1;19)

??ALLALLTEL/AMLTEL/AMLt(12;21)t(12;21)

??AML/ALLAML/ALLMLL/AF4MLL/AF4t(4;11)t(4;11)

-- 0%0%AMLAML--M3M3PML/RARAPML/RARAt(15;17)t(15;17)

++             0.02++             0.02--0.05%0.05%CML/ALL/AMLCML/ALL/AMLBCR/ABLBCR/ABLt(9;22)t(9;22)

??AMLAML--M4neoM4neoCBFB/MYH11CBFB/MYH11Inv(16)Inv(16)

??AMLAML--M2M2ETO/AML1ETO/AML1t(8;21)t(8;21)

MRD quantification MRD quantification 
useful?useful?

MalignancyMalignancyFGFGaberrationaberration



Ig/TCR RQ-PCR

MRD detection in childhoodMRD detection in childhood--ALLALL
High sensitivity and specificityHigh sensitivity and specificity
alleleallele--specific oligo (ASO) required for specific oligo (ASO) required for 
each patienteach patient



MRD studies in childhood-ALL
EORTC

EORTC 58 881 
(median follow up>5years)    

EORTC 58 951 
(median follow up 2 years)    
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23 120

Number of patients at risk :
117 112 105 100

O N
37 554

Number of patients at risk :
343 249 97 1

15 41 19 8 2 0

May 2003

9 12 7 5 4 4 MRD > 10-2
MRD < 10-2

MRD > 10-2
MRD < 10-2



ASO-primers in RQ-PCR

VH DH                 JH                                           Vδ2                       Dδ3

ASOASO

Vγ Jγ Vk Kde

ASO junctional region
Probe
Consensus primer

ASOASO

ASOASO

IgH TCRδ

TCRγ Igκ

n=6n=3 n=1 n=1

n=1 n=2 n=1 n=1
ASOASO

Ref: Verhagen et al., Leukemia 2000, Van der Velden et al. Leukemia 2002



Sequencing

a. PCR-products on agarose gel b. Sequence on ABI-sequencer

Junction regionSample 88 controlSample56

design ASO



ASO-RQ-PCR

Temperature gradient test of diagnostic sample Temperature gradient test of diagnostic sample 
1/100 and healthy control sample (pool of at least 1/100 and healthy control sample (pool of at least 
5 healthy colunteers) 5 healthy colunteers) 
MgClMgCl22 optimizationoptimization
Standard curve test (diagnostic sample in healthy Standard curve test (diagnostic sample in healthy 
control 10control 10--11, 10, 10--22, 10, 10--33, 5.10, 5.10--44, 10, 10--44, 5.10, 5.10--55, 10, 10--55) : ) : 
sensitivity and quantifyable rangesensitivity and quantifyable range
Quantify unknown by standard curve method, Quantify unknown by standard curve method, 
control gene is Albumin.control gene is Albumin.



Temperature gradiënt

60°C

63°C

Vγ1

patient

healthy controls



Optimalisation MgCl2 I

Vδ2
Patient  5 mM

Patient  3 mM

Control  5 mM
Control  3 mM



Optimalisation MgCl2 II

Vγ1

patient

3 mM

5 mM

3 mM
5 mM



d35  RQ-ASO PCR

Sensitivity: 1.10-5

Vδ2

d35 
undiluted
1.14%

d35 1/10
0.07%



Control gene Albumin

Standard: Control DNA from healthy volunteers



Failure

FR2 temperature gradient 58-66



Ig/TCR RQ-PCR results

>>1.101.10--447575TCRTCRγ (γ (nn=4)=4)

>>1.101.10--44100100TCRTCRδ (δ (nn=4)=4)

>>1.101.10--449191IgKIgK--Kde (n=11)Kde (n=11)

>>5.105.10--445050IgH (n=6)IgH (n=6)

sensitivitysensitivitySuitable Suitable 
ASO (%)ASO (%)

PCR targetPCR target



Quantification with RQ-ASO-
PCR and Genescan

P = 0.549
P = 0.382
P = 0.335

Combined results of  1/100
and 1/1000 dilution

0.01

0.10

1.00

10.00

Morfology
QR-ASO-PCR
Genescan

Patients with Vδ 2-Dδ 3 marker

%
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el
ls

⇒ No differences



RQ-PCR Ig/TCR interpretation guidelines
(recommenden by the European study group on MRD detection in ALL)

Standard curve: 10Standard curve: 10--11, 10, 10--22, 10, 10--33, 10, 10--44, 10, 10--55 dilutions in DNA from dilutions in DNA from 
normal PB MNC (mixture of at least 5 healthy controls) in at leanormal PB MNC (mixture of at least 5 healthy controls) in at least st 
duplicate. Slope between duplicate. Slope between ––3.1 and 3.1 and ––3.9 (E= 80,5% 3.9 (E= 80,5% –– 110%) and 110%) and 
corr.coefficient corr.coefficient >> 0.980.98
At least 250 ng DNA and maximally 1.0 µg of DNA in each PCR tubeAt least 250 ng DNA and maximally 1.0 µg of DNA in each PCR tube
(we use 300 ng which corresponds to +/(we use 300 ng which corresponds to +/-- 50.000 cells). 50.000 cells). Triplicate analyse Triplicate analyse 
evaluates ~1evaluates ~1--5x105x1055 cells.cells.
Quantitative rangeQuantitative range: lowest dilution, that:: lowest dilution, that:

Gives reproducible amplification: Gives reproducible amplification: ∆∆Ct Ct replicates replicates << 1.51.5
Has highest Ct Has highest Ct >> 3 lower than lowest Ct of background signal3 lower than lowest Ct of background signal

SensitiviySensitiviy: lowest dilution , that:: lowest dilution , that:
Has at least one well positive (Has at least one well positive (∆∆CT replicates not relevant)CT replicates not relevant)
Has the highest Ct Has the highest Ct > > 1 lower than the lowest Ct of the background 1 lower than the lowest Ct of the background 
signalssignals



PFS in MM according to tumor load at 3 months 
post PBSCT (n=60)

Time [Months]

Pr
op

or
tio

n 
Su

rv
iv

in
g 

Pr
og

re
ss

io
n-

Fr
ee

 [%
]

0

10

20

30

40

50

60

70

80

90

100

0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90

n=22

n=38

< 0.015%

> 0.015%

p=0.001

Bakkus et al, Brit.J.Haematol. 2004



WT1

A panleukemic marker for MRD detection?A panleukemic marker for MRD detection?
Highly expressed in haematopietic Highly expressed in haematopietic 
precursor cells and in AML, ALL, CML precursor cells and in AML, ALL, CML 
and MDS.and MDS.
Prediction of relapse?Prediction of relapse?



RQ-PCR WT1

Primer and probe design in exon 6 and 7.
Standard : K562 cDNA, 50-5.104 pg/well
Control gene: PBGD or Abl

ALL BM
34.6% 
K562



Results
TaqMan methode

Peripheral bloodBone marrow

Significant in AML and ALL Significant in AML and CML
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Follow-up after SCT
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Comparison with other tumor markers
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WT1 after SCT

WT1 as panleukemic MRD marker is interestingWT1 as panleukemic MRD marker is interesting
But sensitivity is low due to background But sensitivity is low due to background 
expression and increase in WT1 is usually found expression and increase in WT1 is usually found 
at time of relapse, no predictive valueat time of relapse, no predictive value
Our policy: use it when no other markers are Our policy: use it when no other markers are 
availableavailable



Communication to the clinic

Negative?  Negative?  
Better: below the detection level.Better: below the detection level.

Positive? Positive? 
Information about increase or decrease to Information about increase or decrease to 
previous sample may be important and normal previous sample may be important and normal 
background levels as well.background levels as well.



Standardisation
Sample transport Sample transport 
Sample treatmentSample treatment
Sample storageSample storage
DNA/RNA extractionDNA/RNA extraction
RT stepRT step
Primer and probe design Primer and probe design 
and productionand production
Housekeeping genes Housekeeping genes 

Participation in national
and international QC rounds:
-CMD (B)
-MODHEM (NL)
http://www.modhem.nl/
-ESG-MRD-ALL

Further reading: Further reading: Gabert FGabert F., ., Standardization and quality control studies of 'realStandardization and quality control studies of 'real--
time' quantitative reversetime' quantitative reverse transcriptase polymerasetranscriptase polymerase chain reaction of fusion chain reaction of fusion 
gene transcripts for residual disease detection ingene transcripts for residual disease detection in leukemialeukemia -- a Europe Against a Europe Against 
Cancer program. Cancer program. Leukemia 2003, 1Leukemia 2003, 1--4040..

http://www.modhem.nl/




RQ-PCR

Ct

threshold cycle (=22.1)



3500 kopieën

RQ-PCR

Ideal: slope (s)= -3.32
PCR efficiency = 100%



Fluorescence
Sybr green Probe Primers

Taq -
polymerase

TaqMan probe

Fluorescent 
signal

Quencher



QC for RQ-PCR Bcr-Abl

1.221.220.0120.0120.760.760.0050.0050.0380.03856.4356.43TestTest
BcrBcr--AblAbl %%
AblAbl

TOM1 TOM1 
1010--33

TOM1 TOM1 
1010--55

TOM1TOM1
1010--33

K562 K562 
1010--66

K562 K562 
1010--55

K562 K562 
1010--22

SendSend



t(14;18) and t(11;14)

Used in classification of lymphoma Used in classification of lymphoma 
t(14;18) in 80t(14;18) in 80--90% of FL, 2090% of FL, 20--30% of DLBCL30% of DLBCL
t(11;14) in 100% of MCLt(11;14) in 100% of MCL

No fusion transcript but deregulation of adjacent No fusion transcript but deregulation of adjacent 
genes (Bclgenes (Bcl--2 and cyclinD1 resp.)2 and cyclinD1 resp.)
Breakpoints are widely scattered.Breakpoints are widely scattered.

t(14;18) PCR positive in 60t(14;18) PCR positive in 60--80%80%
t(11;14) PCR positive in 50t(11;14) PCR positive in 50--60% 60% 



t(14;18) en t(11;14) PCR

Nested PCR at diagnosis and MRDNested PCR at diagnosis and MRD
Primers t(14;18): consensus JH + MBR Primers t(14;18): consensus JH + MBR 
or MCRor MCR
Primers t(11;14): consensus JH + MTC, Primers t(11;14): consensus JH + MTC, 
or cyclinD1 overexpression (also in CLL or cyclinD1 overexpression (also in CLL 
and MM)and MM)

Sensitivity: 10Sensitivity: 10--55--1010--66



t(11;14) en t(14;18) PCR
t(11;14) ~ bclt(11;14) ~ bcl--11

t(14;18) MBR ~ bclt(14;18) MBR ~ bcl--22

t(14;18) MCR ~ t(14;18) MCR ~ bclbcl--22
~75%

~50%

t(14;18) in healthy persons
complicates MRD test!
Sizing is useful. 



RQ-PCR t(11;14) and t(14;18)

0.087%
MTC: 19.2 cop
Alb: 22100 cop

28.68%
MTC: 4960cop
Alb: 17300 cop

Standard: JVM-2 cell line DNA diluted in healthy control DNA
150-300 ng DNA/well ~25,000-50,000 cells/well
Sensitivity: 10-3-10-4



QC for t(14;18)

0.02%0.02%0.08%0.08%1.2%1.2%testtest

0.02%0.02%
MBR cellsMBR cells

0.04%0.04%
MBR cellsMBR cells

1.0% 1.0% 
MBR cellsMBR cells

sendsend



RQ-PCR for t(14;18) and t(11;14)

Useful?Useful?
Lack of correlation of t(14;18)+ cells and Lack of correlation of t(14;18)+ cells and 
response to first line treatment (n=43) response to first line treatment (n=43) 
((Mandigers Mandigers et al. Blood 2001)et al. Blood 2001)
Correlation between  t(14;18)+ cells in Correlation between  t(14;18)+ cells in 
BM or blood and achieving CR (Lee et BM or blood and achieving CR (Lee et 
al. Int. J. al. Int. J. HematolHematol. 2004 and Chang et al. . 2004 and Chang et al. 
BMT 2003, threshold 0.01%) BMT 2003, threshold 0.01%) 



ASO design

Primer expres and Oligo softwarePrimer expres and Oligo software
3’ end in or a few bases past the CDR3 region3’ end in or a few bases past the CDR3 region
Tm +/Tm +/-- the same as reverse primerthe same as reverse primer
Avoid stretches of G’s and C’sAvoid stretches of G’s and C’s
No more than 2 G’s or C’s in last 5 ntNo more than 2 G’s or C’s in last 5 nt
No T endingNo T ending
Avoid primerAvoid primer--dimer formation and selfdimer formation and self--
complementarity as much as possiblecomplementarity as much as possible


	Real-time PCR in Hematology
	Leukemia
	Introduction
	Effect of therapy on tumor cell number
	Recognition I
	Translocations: fusiontranscripts
	Recognition II
	PCR targets : Ig en TCR
	Recognition III
	Quantification I
	Quantification II
	Comparative method
	Standard-curve method
	Housekeeping genes I
	Houskeeping genes II
	BCR/ABL gene
	Treatment options CML
	Bcr-abl tyrosine kinase
	RQ-PCR for Bcr-Abl
	RQ-PCR Bcr-abl
	Control gene Abl
	Quantification
	Example RQ-PCR bcr-abl
	Example QR-PCR bcr-abl
	MRD post SCT
	Imatinib treatment
	Most frequently used FG in RQ-PCR
	Ig/TCR RQ-PCR
	MRD studies in childhood-ALLEORTC
	ASO-primers in RQ-PCR
	Sequencing
	ASO-RQ-PCR
	Temperature gradiënt
	Optimalisation MgCl2 I
	Optimalisation MgCl2 II
	d35  RQ-ASO PCR
	Control gene Albumin
	Failure
	Ig/TCR RQ-PCR results
	Quantification with RQ-ASO-PCR and Genescan
	RQ-PCR Ig/TCR interpretation guidelines(recommenden by the European study group on MRD detection in ALL)
	PFS in MM according to tumor load at 3 months post PBSCT (n=60)
	WT1
	RQ-PCR WT1
	ResultsTaqMan methode
	Follow-up after SCT
	Comparison with other tumor markers
	WT1 after SCT
	Communication to the clinic
	Standardisation
	RQ-PCR
	RQ-PCR
	Fluorescence
	QC for RQ-PCR Bcr-Abl
	t(14;18) and t(11;14)
	t(14;18) en t(11;14) PCR
	t(11;14) en t(14;18) PCR
	RQ-PCR t(11;14) and t(14;18)
	QC for t(14;18)
	RQ-PCR for t(14;18) and t(11;14)
	ASO design

