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1. Current molecular diagnostics of acute myeloid leukemia (AML)

Cytogenetics
Mutations
Expression markers

2. Genome-wide molecular approaches and molecular diagnostics 
of AML
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AML diagnostics
Morphology Cytogenetics
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Grimwade en Hills, 2009

AML survival and cytogenetics
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Heterogeneity AML – molecular aberrations

Dohner et al., 2010



RQ-PCR NPM1 mutation ABD

Molecular diagnostics FLT3 ITD and NPM1 mutation

dHPLC WAVE– NPM1 mutation

RT-PCR FLT3 ITD

normal allele
FLT3 ITD
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Most common types of CEBPA mutations in AML

TAD2 BR LZ

Basic region 
(DNA binding)

Leucine zipper 
(dimerization)

Transactivation 
domains

In-frame insertion or deletion in bZIP

TAD1 TAD2 BR LZ

TAD2 BR LZ

N-terminal truncation mutation

TAD1

TAD1



dHPLC assay to detect CEBPA mutations



Clinical outcome of AML patients with CEBPA mutations

Preudhomme C. et al. (Blood 2002)



Risk-stratification HOVON102

Risk Definition % pts
(n=424)

Good G1
G2
G3
G4

t(8;21), WBC<=20 
inv16   
MI-, CEBPA+
MI-, FLT3ITD-/NPM1+, CRe

5.4 %
7.3 %
5.2 %

10.1 %

Intermediate I1
I2

t(8;21), WBC>20   
CN –X –Y, CRe     

2.8 %
15.8 %

Bad B1
B2

CN –X –Y, not CRe      
CA, non CBF, MI-, no abn3q, EVI1-

22.9 %
13.0 %

Very Bad VB1
VB2
VB3

Non CBF, MI+ or abn3q26 
Non CBF, abn3q26
Non CBF, EVI1+

6.4 %
1.7 %
9.4 %



Mutations

NPM1 (FLT3 wild type) FLT3 ITD
CEBPA c-KIT (t(8;21)/inv(16))

MLL PTD

Overexpression

EVI1
BAALC

AML: (cyto)genetic aberrations and prognosis

Good Poor

Cytogenetics

t(8;21) normal -7, -5
inv(16) -Y t(3;3), inv(3)
t(15;17) t(9;11) t(6;9), t(v;11)

complex

TET2
ASXL1
IDH1



Microarrays and molecular diagnostics of AML

Can we use microarrays and possibly other types of genome-wide 
analyses to simplify AML diagnostics?

Can we use microarrays and possibly other types of genome-wide 
analyses to improve AML diagnostics?



Affymetrix gene expression profiling



Class discovery in AML
Omniviz correlation view
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Gene expression profiling AML
Unsupervised clustering of AML cases is driven by 

underlying molecular abnormalities
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Class prediction in AML (<60 years)
Cytogenetic and molecular abnormalities

Are we able to predict outcome or the prognostically relevant (cyto)genetic 
abnormalities using representative AML cohorts?

Affymetrix U133 Plus2.0 GeneChip



Prediction by gene expression profiling in AML

Training set (n=247 AML)

Test set (n=214 AML)Signature



Conclusion gene expression profiling AML

- Complete classification into good and poor treatment outcome            
possible based on gene expression profiling as single assay?

Classification error of 40% and higher

Class prediction



Gene expression signatures associated with OS in CN-AML

86 probe set signature

Metzeler et al 2008

101 probe set signature

Radmacher et al 2006



Conclusion gene expression profiling AML

- Particular genetically defined subgroups, i.e., t(8;21), inv(16) and 
t(15;17) are predicted with high accuracy (positive and negative 
predictive value: 100%).

- NPM1 and CEBPA mutations are predicted less accurate  (positive 
predictive value: 94% and 70% and negative predictive value: 98 and 
99%, respectively).

- Other recurrent molecular abnormalities are not accurately predictable 
using gene expression signatures.

Class prediction

Verhaak et al., 2009



Treatment outcome of AML single and bi-allelic CEBPA mutations  

Preudhomme C. et al. (Blood 2002)
Waalwijk van Doorn B. et al. (Hematology 
2003)
Fröhling et al. (JCO 2003)
Schlenk, R.F et al. (NEJM 2008)

Wouters B. et al, (Blood 2009)
Dufour, A., et al. (J. Clin. Oncol. 2009)
Hou, H.A., et al. (Br. J. Cancer 2009)
Pabst, T., et al. (Br. J. Cancer, 2009)
Green, C.L., et al. (J. Clin. Oncol. 2010)



Survival of CEBPAsm follows the same trend as in CEBPAwt

FLT3 wt / NPM1 mutant (n=11)

FLT3 ITD / NPM1 mutant (n=10)

FLT3 ITD / NPM1 wt (n=8)

CEBPAsm

FLT3 wt / NPM1 wt (n=21)
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Clinical outcome of smCEBPA depends on concurrent mutations

Four composite subgroups: FLT3(wt/ITD) / NPM1(wt/mutant)



Clinical outcome in CEBPA subgroups

The presence of a double CEBPA mutation is an independent 
prognostic factor whereas a single CEBPA mutation is not



AML with CEBPAdm versus CEBPAsm mutations

Is AML with CEBPAdm different to AML with CEBPAsm?
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520 patients from HOVON SAKK-cohort (EMC)
154 patients from AMLSG-cohort (University of ULM)



All CEBPAdm cases are correctly 
classified

No CEBPAsm or CEBPAwt cases 
are classified as CEBPAdm

Supervised analyses: prediction of CEBPAdm

• Independent datasets (train: HOVON SAKK-, test: AMLSG-cohort)
• Logistic regression model with lasso regularization
• 25 probe set predictive signature

CEBPAdm

CEBPAsm100% sensitivity and specificity



Conclusions
• CEBPAdm

• Is a unique subtype within AML

• Is a prognostic factor which is associated with favorable clinical outcome

• Significant lower incidence of concurrent mutations than wild-type CEBPA

• Strong homogeneity in gene expression profile between patients

• Classified with maximum specificity and sensitivity using GEP



Mutations

NPM1 (FLT3 wild type) FLT3 ITD
CEBPA c-KIT (t(8;21)/inv(16))

MLL PTD

Overexpression

EVI1
BAALC
……..

AML: (cyto)genetic aberrations and prognosis

Good Poor

Cytogenetics

t(8;21) normal -7, -5
inv(16) -Y t(3;3), inv(3)
t(15;17) t(9;11) t(6;9), t(v;11)

complex



Gene expression markers in AML

EVI1

BAALC

ERG

CD34

INDO1

FLT3
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WT1

ABCB1

Affymetrix U133Plus2.0



Prognostic gene expression markers in AML
Mutation and expression markers in intermediate risk AML



Prognostic gene expression markers in AML
Mutation and expression markers in intermediate risk AML



Prognostic gene expression markers in AML
Association between mutation and expression markers in intermediate risk AML



Prognostic gene expression markers in AML
Association between expression markers in intermediate risk AML

BAALC

CD34

MN1

ERG

FLT3



Prognostic gene expression markers in AML
Univariate survival analysis



Prognostic gene expression markers in AML
Multivariate survival analysis



Prognostic gene expression markers in AML
Risk-stratification modeling



Prognostic gene expression markers in AML
Risk-stratification in intermediate-risk AML



Conclusions



microRNAs in AML

Small conserved RNAs (20-23 nt)

Non-protein coding

Regulate translation

Bind 3’ UTR mRNA



MicroRNA Expression Profiling (GEP) in AML
Unsupervised clustering and class comparison

Jongen et al., 2008



Methylation profiling of AML
HELP Assay voor genoom-brede 5me-Cy detectie

HpaII

Ligation of Linkers

PCR

MspI 

Differential Restriction Digestion

A            B            C               D                             E

A            B            C                D                             E

HpaII

MspI 

2000 bp

200 bp

………………………………………………………………………………………………………………………………………………………………………………………………

HpaII Amplifiable fragment array



Figueroa ME et al. 2010

Methylation profiling AML



NspI (250K)

StyI (250K)

Genome wide genotyping of AML                  
Identification of novel (recurrent) abnormalities

Genotype

Copy number (normal diploid genome as reference)

Affymetrix 500K Mapping SNP GeneChips
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Genome-wide genotyping of ALL

Mullighan et al., 2007



Sample 1

Sample 2

Sample 3

Sample 4

n = 4
n = 3
n = 2
n = 1
n = 0

Genome-wide genotyping and gene expression 
SNPExpress

Sanders et al., BMC Genomics 2008



Deletion : tumor suppressor gene

Amplification : oncogene

Uni parental dysomy : recessive mutations

‘Cryptic’ translocations?

Genome-wide genotyping and gene expression of AML 
SNPExpress



Genome-wide genotyping
AML versus ALL

ALL many recurrent aberrations present 

(PAX5 and IKAROS)

AML few (recurrent) aberrations present

(Downing/Young/others)

RAG-mediated rearrangements in ALL



Whole genome sequencing AML

1000 mutations per 
AML

‘driver’ versus 
‘passenger’ 
mutations

IDH1 mutations



General conclusions

All genome-wide approaches are strongly associated with the know (cyto)genetic 
subgroups (genetics and epi-genetics)

A number of novel subtypes of AML have been identified using the novel 
technologies

Validation of these novel subtypes in independent studies is essential, but difficult

Integrated analyses of the various genome-wide data sets

AML is not a single disease, one should study AML within relatively homogeneous 
subsets, such as t(8;21) inv(16) or mutant CEBPA

Next generation sequencing may replace microarray analyses

Gene/microRNA expression
Methylation profiling
Novel markers



Genome-wide Approaches to Identify New Subtypes of AML

Primary 
AML 

(subtype(s))

Gene/Exon 
Expression 

Profiling
Affymetrix 
GeneChips

Methylation 
profiling
Nimblegen

Mutation 
Detection
Sequencing 
and dHPLC 

WAVE

Diagnostics
of AML

Array CGH
Affymetrix 
GeneChips

MicroRNA
profiling

Applied 
Biosystems

Fundamental 
Research
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