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Aims of „modern“ diagnostic work-up

• fast, comprehensive diagnosis

• treatment stratification

• prognostic parameter

• markers for follow-up (MRD)



Balanced translocations leading to fusion genes

Genomic gains and losses

Molecular mutations

Altered gene expression

Altered protein expression

Altered protein processing

Abnormalities to be detected



Conventional Cytogenetics
(Chromosome banding analysis)

Fluorescence in situ Hybridization
(FISH)

Molecular Genetics (PCR, sequencing)

Gene Expression Analysis

Genomic Arrays

Next Generation Sequencing

Genetic Methods



Complementation of Methods

• So far no single method can provide all information
necessary for optimal patient care

• Efficient work flow necessary to obtain relevant data with
lowest costs

• Hierarchical work-up is most efficient
• Different methods have different informative value in 

various clinical settings
• High through-put diagnostics allows optimization based

on increased knowledge and automation
• Therefore, a combination of knowledge about disease

and methods is mandatory for optimal diagnostics



Chromosome banding analysis

• Overview of all microscopic visible chromosome
aberrations

• necessary at diagnosis for risk classification in and 
therapeutic stratification in AML, MDS, ALL and CML

• shortcomings: 
– limited resolution (approx. 10 Mbp)
– viable cells with sufficient proliferation activity in 

vitro mandatory
– at least 48h before result is available
– labor-intensive



FISH analysis

• Preknowledge about suspected aberrations necessary
for selection of specific probes

• Only a limited amount of loci can be analyzed

• Viable cells not mandatory

• quick, result can be obtained within 4h, if necessary



Molecular Genetics

• Preknowledge about diagnosis necessary to perform
reasonable analysis of most likely affected genes

• Only a limited number of genes can be analyzed

• Viable cells not mandatory

• quick, result can be obtained within 3 to 48h



Acute Myeloid Leukemia
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Schoch et al. Haematologica, 2004

Prognosis in AML according to karyotype



Cytogenetics - a powerful prognostic factor

t(15:17)

CBF 
leukemia

t(9;11)

inv(3)/t(3;3)

MDS-related
Other MLL

t(6;9)
t(3;5)

-5/del(5q)
-7(del(7q)

Grimwade D et al., Blood 2010



Overall survival in AML with t(8;21)

Schlenk et al., JCO 2004



Impact of KITD816 in t(8;21)/AML1-ETO

KITD816-: n=72
KITD816+: n=14

p=0.003

Overall survival

KITD816-: n=72
KITD816+: n=14

p=0.007

Event free survival

Schnittger et al ., Blood , 2006



Frequencies and Distribution of the NPM1, CEBPA, MLL, 
FLT3, and NRAS Mutations, According to Mutation Class 

Schlenk et al. NEJM 2008
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Pre-treatment cytogenetic and molecular entities pr edicting 
disease outcome in multivariable analysis studies

Grimwade D., ASH 2009



Suggestion for standardized reporting for correlation of 
cytogenetic and molecular genetic data in AML with clinical data

Döhner H.et al. for the ELN, Blood 2010



Renneville, Leukemia 2008

Proposal for a molecular screening in AML



New molecular markers in AML

• IDH1/2
• TET2
• DNMT3A
• CBL
• ASXL1
• WT1

Schnittger et al., Blood 2010



New molecular markers in AML

• IDH1/2
• TET2
• DNMT3A
• CBL
• ASXL1
• WT1

Metzeler et al., JCO 2011



New molecular markers in AML

• IDH1/2
• TET2
• DNMT3A
• CBL
• ASXL1
• WT1

Ley et al., NEJM 2010



Highexpression of BAALC, ERG, or MN1 predicts shorter overall survival
(OS) in cytogenetically normal acute myeloid leukemia.

Kaplan-Meier plots show the OS of patient subgroups with high versus low
transcript levels of (A) BAALC, (B) ERG, and (C) MN1.

K. H. Metzeler, JCO, 27(30), 5031-5038, 2009 

BAALC, ERG and MN1 expression in NK-AML



Quantitative RT-PCR MRD markers in AML

Hokland et al., Blood 117, 2577-2584, 2011



MRD in normal Karyotype AML
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Proposed guidelines for MRD follow-up

Hokland et al., Blood 117, 2577-2584, 2011



Acute Lymphoblastic Leukemia



Impact of cytogenetics in ALL

Moorman et al. Blood 2007



Impact of cytogenetics in ALL

Moorman et al. Blood 2007



Brüggemann et al. Blood 2006

Impact of MRD in standard risk ALL



Myelodysplastic Syndromes



WHO classification of Myelodysplastic Syndromes



Greenberg et al., Blood 1997

IPSS



Frequency and median survival of cytogenetic
prognostic subgroups

Haase et al., Blood 2007



Impact of Cytogenetics in MDS

www.mll-online.com

 

Risk group Karyotype Karyotype Karyotype  
 IPSS (Greenberg, 1997) Sole (Haematologica 2005) Haase (Blood 2007) 
favorable normal karyotype,  

or as sole aberration:  
-Y, del(5q), del(20q)  

normale karyotype,   
or as sole aberration:  
-Y, del(5q), del(20q), 11q-, 
12p-  

normale  karyotype,  
or as sole aberration:  
-Y, del(5q), del(20q) 
if not in complex 
Karyotype: +1/+1q, 
t(1q), t(7q), del(9q), 
del(12p), 15q-, t(15q), 
t(17q), -21, +21, -X 

intermediate all not classified as 
favorable or unfavorable 

3q21q26 rearrangements,  
+8, +9, t(11q),17p- 

3q Rear., +8, 11q-, 
Anomalies of chr. 19, 
-7/7q- , -5,  
all with 3 aberrations        

unfavorable Aberrationen von Chr. 7 
komplex (�  3 
Aberrationen) 

-7/7q-, i(17q), 
complex (�  3 Aberrationen) 

t(5q), 
complex (> 3 
aberrations)  
 

unknown - all with 1-2 aberrations  



Molecular aberration in MDS



Chen et al., Br J Haematol 2007

RUNX1 mutations in MDS



Chronic Lymphocytic Leukemia



• interphase-FISH detects all established prognostic relevant 
cytogenetic abnormalities

• chromosome banding analysis identifies additional aberrations with
potential prognostic impact

• IgVH mutation status is an important prognostic factor in addition
to cytogenetic abnormalities

• modern therapeutic strategies are based on genetic parameters

Diagnostic workup in CLL



Impact of FISH in CLL

Döhner et al. N Engl J Med 2000



Impact of Genetics in CLL

Stilgenbauer et al., Leukemia 16: 993-1007, 2002





13q14 deletion  in reciprocal translocation

WCP#13G + D13S25 WCP#13G + WCP#1R







Translocation partners in t(13)(q14) (n=38)



Chronic Myeloid Leukemia



Impact of Genetics in CML

Baccarani et al., ELN recommendations for CML, JCO 2009

chromosome analysis

quantitative PCR

sequencing



Myeloproliferative Neoplasms



CMML specific cytogenetic risk classification

• Low risk: normal , -Y
• Intermediate risk: all other abnormalities
• High risk: +8, abnormalities of chromosome 7, complex

Such et al., Haematologica 2011



Molecular mutations in CMML

Kohlmann A et al., J Clin Oncol. 2010; 28:3858-65 

Karyotype

CMML

TET2
CBL 
NRAS
KRAS 
JAK2
RUNX1
MPL

normal karyotype (incl. -Y) aberrant karyotype data not available

CMML-1 CMML-2

-Y)

-1 -2

no mut.

[22.2%]
[22.2%]
[12.3%]
[9.9%]
[8.7%]
[0%]

[44.4%] 

[27.1%]

Cohort of 81 patients previously studied: overall mutation rate 72.8% 



Karyotype

CMML type

aberrant karyotype normal karyotype (incl. -Y) data not available CMML-1 CMML-2

TET2 [36/81, 44.4%]

JAK2 [8/81, 9.9%]

NPM1 [1/81, 1.2%]

EZH2 [9/81, 11.1%]

CBL [18/81, 22.2%]

NRAS [18/81, 22.2%]

KRAS [10/81, 12.3%]

RUNX1 [7/81, 8.7%]

ASXL1 [27/79, 34.2%]

IDH1 [1/81, 1.2%]

no mutation [15/81, 18.5%]
MPL [0/81]

IDH2 [3/81, 3.7%]

Mutation rate: IDH1 (1.2%; 1/81), IDH2 (3.7%; 3/81), NPM1 (1.2%; 1/81), 

ASXL1 (34.2%; 27/79) and EZH2 (11.1%; 9/81)

� overall mutation rate 81.5% (66/81 cases)

Großmann V et al., Leukemia 2011

More molecular mutations in CMML



Impact of TET2 mutations on survival in CMML

TET2-mutated (n=36)

TET2 unmutated (n=45)
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• Median overall survival: 130.4 vs. 53.6 months

• Alive at 2 years: 81.2% vs. 58.9%

Kohlmann A et al., J Clin Oncol. 2010; 28:3858-65 



Impact of EZH2 and TET2 mutations in CMML

Großmann V et al., Leukemia 2011



Gene expressionDNA arrays

Next-gen sequencing

Diagnostic Methods of the Future



Specific Gene Expression Profile

ALL AML CLL CML nBM

1 2 3 4 5 6 7 8 9 10 11 12 13

1: precursor B-ALL
2: ALL with t(11q23)/MLL
3: ALL with t(8;14)

4: precursor T-ALL

5: AML with complex kt.
6: AML with inv(16)
7: AML normal/other

8: AML with t(11q23)/MLL

9: AML with t(15;17)
10: AML with t(8;21)
11: CLL

12: CML

13: nBM

T. Haferlach et al., BLOOD, 2005



Class:

C18C17C16C15C14C13C12C11C10C9C8C7C6C5C4C3C2C1

Haferlach T et al., MILE Study JCO 2010

MILES dataset from Stage I: heatmap (n=2096)



MILE study Stage I data: Samples (n=2096)

Class Diagnosis #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 SUM
C1 mature B-ALL with t(8;14) 2 2 2 5 1 1 13
C2 Pro-B-ALL with t(11q23)/MLL 6 12 10 1 33 5 1 2 70
C3 c-ALL/Pre-B-ALL with t(9;22) 27 10 15 7 8 39 4 12 122
C4 T-ALL 42 1 19 17 4 38 44 9 174
C5 ALL with t(12;21) 16 23 1 18 58
C6 ALL with t(1;19) 5 11 2 9 3 1 5 36
C7 ALL with hyperdiploid karyotype 1 14 2 14 2 7 40
C8 c-ALL/Pre-B-ALL without t(9;22) 50 29 28 2 59 42 3 24 237
C9 AML with t(8;21) 7 1 2 13 5 1 11 40
C10 AML with t(15;17) 2 2 8 5 4 3 13 37
C11 AML with inv(16)/t(16;16) 6 4 3 4 6 3 2 28
C12 AML with t(11q23)/MLL 4 4 5 6 17 1 1 38
C13 AML with normal karyotype + other abnormalities 2 60 1 12 63 113 19 9 41 27 347
C14 AML complex aberrant karyotype 4 3 2 32 2 1 6 2 52
C15 CLL 15 35 41 81 45 32 199 448
C16 CML 5 44 15 12 76
C17 MDS 28 71 3 1 57 44 3 207
C18 Non-leukemia and healthy bone marrow 19 19 16 16 3 73

2096total

1. Overall 2143 samples were included in Stage I

2. 47/2143 samples (2.2%) had to be excluded due to low technical quality of 
the gene expression profiles

Haferlach et al., MILE Study, JCO 2010



C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 C17 C18 IDC N CR Se Sp
C1/P 9.3 - - - - - - 0.7 - - - - 0.3 - - - 0.3 1 1.3 13 0.897 0.800 0.999

C2/P - 70 - - - - - - - - - - - - - - - - 0 70 1.000 1.000 0.998
C3/P - - 114.3 - - - 0.3 7.3 - - - - - - - - - - 0 122 1.000 0.937 0.997

C4/P - - - 166.3 - - - 1.7 - - - - 4 - - - 0.3 0.7 1 174 0.994 0.961 0.997

C5/P - - - - 53.7 - - 4.3 - - - - - - - - - - 0 58 1.000 0.925 0.997

C6/P - 2 - - - 33 - 1 - - - - - - - - - - 0 36 1.000 0.917 1.000

C7/P - - - - - - 30.3 9.7 - - - - - - - - - - 0 40 1.000 0.758 0.995
C8/P 1 3 5.3 1 6 - 10.7 205.3 - - - - 0.3 1 1 - 1.7 - 0.7 237 0.997 0.869 0.985

C9/P - - - - - - - - 40 - - - - - - - - - 0 40 1.000 1.000 1.000

C10/P - - - - - - - - - 35 - - 1 - - - 1 - 0 37 1.000 0.946 1.000

C11/P - - - - - - - - - - 28 - - - - - - - 0 28 1.000 1.000 1.000

C12/P - - - 1 - - - - - - - 32 5 - - - - - 0 38 1.000 0.842 0.999
C13/P 1 - - 4.3 - - - 3 - 1 - 2 311.3 9.7 1.3 0.7 15.3 - 1.3 351 0.996 0.890 0.982

C14/P - - - - - - - - - - - - 9 35.7 - - 2.7 - 0.7 48 0.986 0.754 0.995

C15/P - - - - - - - - - - - - 1 - 446 - 0.3 - 0.7 448 0.999 0.997 0.998
C16/P - - 1 - - - - - - - - - - - - 72 0.3 2.7 0 76 1.000 0.947 0.999

C17/P - - - - - - - - - - - - 11.3 - - - 184.7 7.7 2.3 206 0.989 0.907 0.981
C18/P - - - - - - - 1 - - - - - - 1 1 14 57 0 74 1.000 0.770 0.994

1. 2096 samples from stage I

2. Classification analysis of whole-genome gene expression profiles 

3. Overall, in 92.1% the gene expression classification was concordant with the initial 
"Gold Standard" diagnosis

4. Median specificity was 99.7%

MILES data set from Stage I: Classification

Haferlach et al., MILE Study, JCO 2010



Future of Gene expression arrays

• More research necessary before introduction in routine
diagnostics possible because specifiv profiles for
disease subtypes have to be defined and the
robustness prospectively evaluated

• Shortcomings:
– Only defined entities can be identified
– Tumor load >30% required



Genomic arrays

• Genome wide view on imbalances
• Copy neutral loss of heterozygosity
• Very high resolution







Partial tandem duplication within the MLL gene



Karyotype: 
49,XX,+8,i(10)(q10),t(11;19)(q23;p13),+19,+21 [19]
46,XX [1]

FISH:
MLL-rearrangement in 90 of 100 interphase nuclei



O‘Keefe et al. Blood 2010

Molecular mutations and copy neutral loss of heterozygosity



Future of Genomic arrays

• Validity of method needs to be clarified
• Read out easy

• Shortcomings:
– Balanced rearrangements can not be detected
– Tumor load >40% required



Next generation sequencing

• Allows sequencing of a whole genome
• Molecular mutations and rearrangements can be detected
• Also genomic imbalances seem to be detectable
• Also small subclones can be detected
• 2 options: deep sequencing vs sequencing of large regions
• Problems to be solved

– Data mangement has to be improved
– Work flow has to be optimized
– Costs have to be reduced

Most likely to change diagnostics in future!



Comparison of sequencing methodologies

Next-generation Sanger sequencing



Molecular markers in AML with 
normal karyotype (45% of patients)

T. Haferlach et al., Curr Op Hematol, 14, 90-97, 2007



MTHFRPTPN11PAX5MYCNMLLT1

MPOPRG4PAX3MYCMAL

NUP214WT1NUP98MYBKRAS

NRASTP53KITETV6BRAF

PMLTOP1JAK2ERGBCR

PICALM TLX3HOXA9EP300BCL6

PDGFRBTLX1HFEELLBCL2

PDGFRATET2GATA1EGFATM

PBX1TET1FUSDPYD AFF1 

NPM1TCL1A FOXO1DEKACSL6

NOTCH1TCF3FLT3DDX10ABL1

NF1TAL1FLT1CREBBPABI1

MYST3STILFIP1L1CHIC2ABCC1

MYH11SPI1FGFR3CDX2ZMYM2

MPLSPENFGFR1CDKN2AMDS1

MLLT6RUNX1T1FDX1CCND1IKZF1 

MLLT4 RDXEWSR1CCDC6MLL

MLLT3RB1EVI1CBLCBFB

MLLT10RARAFLI1CEBPARUNX1 

NimbleGen: 92 + 3 genes in one single assay

all exons

exons & introns



NPM1 MLL

chr11: 118,307,205 – 118,395,934chr5: 170,814,708 – 170,837,887

”exon design“ contiguous capture probes

introns

exons

NGS Coverage and Capture Array Design



insertio
n

deletion

point mutation

insertion at: 27,506,303 Coverage: 13-fold; 7 reads with variances

FLT3

63 bp

deletion at 55,284,794

KIT

D419del

point mutation at 25,289,552

KRAS

G� C

One Assay to Detect Molecular Mutations

Coverage: 28-fold, 3 reads with variances

Coverage: 20-fold, 10 reads with variances



GS Image/Signal Processing

Local alignment to reference genome
(dBWT-SW algorithm)

Raw sequences

Extraction of chimeric reads

Region 1 : mapped to chr. 9

Region 2 : mapped to chr. 11

FZY3Q2K01DYY0A

TCGATCATGAAAAGAGAAATGGCAGGTAAAGCACTTAAC
ACAGTTCCAGTTACAAAGTAAGCACCAATATGTGTTAGCG
GCTGTGAGTTAAAATGAACTTGTCAAGGGTTAGTGTTTGG
ATTCTGTGCTTTCCACGCCTATTTCTATGGGTATTTCAAGA
ATCATCTGTTTGTAATGATGTGCATAACTTGTCTGTTTCTT
TTCAGAGTTAGCTTAAGTGATGGCAGCGATAGTGAAAGC
AGTTCTGCTTCTTCACCCCTACATCACG GCTAGTCTCTTTT
AAAAAAAATTCAAAGATTATTTGTTTATGTTGGAAACATGT
TTTTAGATCTATTAATAAAATTTGTCATTTGCATTATTATCT
GTTGCAAATGTGAAGGCAAATAGGGTGTGATTTTGTTCTA
TATTCATCTTTTGTCTCCTTAGGAAAAACCNCCTCCGGTC
AATAAGCAGGAGAATGCAGGCACTTTGAACATCCTCAGC
ACTCTCTCC

t(9;11)(p22;q23)

MLLT3

MLL

Locally aligned 
sequences

Chimeric Reads Detect Balanced Aberrations



FZY3Q2K01B5VCA 436 296 436 chr11 117859810 117859950 (140/141 ident) chr11 OK MLL
FZY3Q2K01B5VCA 1 294 436 chr9 20350483 20350776 (294/294 ident) chr9 OK MLLT3
FZY3Q2K01B8QD8 164 1 401 chr11 117859951 117860114 (164/164 ident) chr11 OK MLL
FZY3Q2K01B8QD8 168 401 401 chr9 20350778 20351012 (233/235 ident) chr9 OK MLLT3
FZY3Q2K01BD33N 163 1 278 chr11 117859951 117860113 (163/163 ident) chr11 OK MLL
FZY3Q2K01BD33N 167 278 278 chr9 20350778 20350889 (112/112 ident) chr9 OK MLLT3
FZY3Q2K01BKCX8 91 425 425 chr11 117859951 117860281 (330/336 ident) chr11 Ok MLL
FZY3Q2K01BKCX8 87 1 425 chr9 20350778 20350864 (87/87 ident) chr9 OK MLLT3
FZY3Q2K01DYY0A 270 490 490 chr11 117859951 117860173 (220/223 ident) chr11 Ok MLL
FZY3Q2K01DYY0A 266 1 490 chr9 20350778 20351043 (266/266 ident) chr9 Ok MLLT3
FZY3Q2K01EA4NF 480 345 480 chr11 117859815 117859950 (135/136 ident) chr11 Ok MLL
FZY3Q2K01EA4NF 1 343 480 chr9 20350432 20350776 (343/345 ident) chr9 Ok MLLT3
FZY3Q2K01EGIDJ 237 492 492 chr11 117859951 117860208 (255/258 ident) chr11 Ok MLL
FZY3Q2K01EGIDJ 233 1 492 chr9 20350778 20351010 (233/233 ident) chr9 Ok MLLT3
FZY3Q2K01EGUDE 62 381 381 chr11 117859951 117860270 (318/322 ident) chr11 Ok MLL
FZY3Q2K01EGUDE 58 1 381 chr9 20350778 20350835 (58/58 ident) chr9 Ok MLLT3
FZY3Q2K01BK258 179 1 461 chr11 131482112 131482291 (179/180 ident) chr11 Ok
FZY3Q2K01BK258 180 461 461 chr9 20343363 20343644 (282/282 ident) chr9 OK MLLT3
FZY3Q2K01CULEF 68 1 384 chr11 117899302 117899369 (68/68 ident) chr11 Ok MLL

t(9;11)(p22;q23)

Chimeric reads allow the identification of fusion partners from balanced 
chromosomal aberrations

454/shotgun: Chimeric Reads in AML with t(9;11)



CBL

JAK2

KRAS

MPL

NRAS

Results: Deep-Sequencing of Mutations



Deep-Sequencing Sensitivity

• 606 reads 

• 1.16% mutated

JAK2 V617F 

GTC ==> TTC

codon 617          

NGS
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Mutation

• Melting curve 
analysis *

• ~1% mutated

*  Schnittger S. et al., Leukemia. 2006 Dec;20(12):2195-7. 



Selected Proof-of-Concept Studies 

Ley T, NEJM 2011Mardis E, NEJM 2009

IDH1 mutations in AML DNMT3A mutations in AML



4 - 7 daysNext-generation Sequencing (454)

2 - 3 daysSNP/CNV Profiling

48 hGene Expression Profiling

1 - 8 daysNPM1 or other genes for MRD

5 - 7 days24-Color-FISH (including cytogenetics)

3 - 5 daysMetaphase Cytogenetics

2 - 5 daysquantitative real-time PCR 

3 h – 48 hFISH 

3 - 48 h Moleculargenetics

6 (to 24) hFACS 

1 - 3 hCytomorphology, Cytochemistry

timeMethods

Turn-around time 2011



Future Perspectives

• Individualized medicine is the future goal

• Prognostic parameters at diagnosis and during the
course of the disease become very important

• Diagnostics of today have to be optimized in order to
– save costs
– shorten turnaround time



Future Perspectives
• The currently used methods for the characterization of 

hematological malignancies such as
– chromosome banding analysis
– FISH
– RT-PCR especially quantitative
will continue to play an important role in diagnostics

• High through put sequencing will be added to 
diagnostic work-up of diseases with a large spectrum
of molecular mutations with impact on therapeutic
decisions

• Most likely a sequential diagnostic work-up using the
methods that most efficiently answer the questions
necessary to select the most effective therapy will be
the future of modern diagnostics
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