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Myeloproliferative 
neoplasms 

Acute myeloid  
leukemias 

Myelodysplastic 
syndromes 

Myeloid 
neoplasms 

 
       myeloid   chronic myelogenous leukemia 

 
       erythroid   polycythemia vera 

 
       platelet   essential thrombocythemia 

 
  
   2o fibroblast +  primary myelofibrosis 

transformed 
stem 

cell 

•  chronic eosinophilic leukemia/hypereosinophilic syndrome 
•  mast cell neoplasms 

•  chronic neutrophilic leukemia 
•  unclassifiable 

Myeloproliferative neoplasms 
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Chronic myelogenous leukemia Chronic myelogenous leukemia 

The Philadelphia story  

Goldman J, N Engl J Med 2001, 344:1084-1086. Copyright © 2001, 

Massachusetts Medical Society. All rights reserved.  

Molecular testing in CML  

Diagnosis 

Monitoring 

Resistance 

Diagnosis 

Monitoring 

Resistance 
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CML diagnosis: t(9;22) and BCR-ABL1  

? CML cytogenetics 

CML ~2.5% -  ~2.5% +  CML 

Avoid term 
―Ph-neg‖ CML 

? CMML 
? aCML 

? BCR-ABL1 

~95% +  

CML 

~5% -  

molecular 
genetics 

? t(9;22) 

CML diagnosis: t(9;22) and BCR-ABL1  
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CML diagnosis: t(9;22) and BCR-ABL1  

? CML cytogenetics 

CML ~2.5% +  

? molecular 
genetics 

        YES! 
molecular target for: 

   1] Rx 
   2] MRD 

? cytogenetics 

YES! 
 - clonal ―evolution‖ 

[Ph+; Ph- with imatinib] 
? BCR-ABL1 

~95% +  

CML 

~5% -  

molecular 
genetics 

? t(9;22) 

CML diagnosis: t(9;22) and BCR-ABL1  

Molecular testing in CML  

Diagnosis 

Monitoring 

Resistance 

CML monitoring  

Two major forms of therapy … 

TKI 

SCT 

• Initial therapy of choice 
• Does not eradicate/cure CML 

• ? Long-term outcome 
• Minimal toxicity1 

1    cytopenias (~40%), cardiotoxicity, ? mutagenicity [inhibit eph tumor suppressor, Ph (-) clones] 
2 indicated when [i] very young, [ii] TKI failure, [iii] AP and BC 
3 10-yr survival ~65% 
4 10-20% mortality even when low risk  

• No longer 1st line Rx2 

• Only Rx that cures CML3 

• Major toxicity and mortality4  

BCR-ABL1  
reduction 

BCR-ABL1  
negativity 

Rx goal 
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CML monitoring: definitions of response   

complete hematologic 

• platelet: < 450 
• WBC:  < 10 
• diff:  no immature granulocytes 

• basos: < 5% 
• clinical: non-palpable spleen 

cytogenetic # Ph+ 

• none:  >95%  
• minimal: 66-95% 

• minor: 36-65%  
• partial: 1-35%  
• complete: 0% 

molecular 

• next slide please … 

{ major 

diagnosis 

complete hematologic remission 
 

complete cytogenetic remission 

major molecular response 

―complete molecular remission‖ 
undetectable transcript 

  1012 

<1010 

<109 

<106 

  100 

<0.1 

<0.0001 

responses 
BCR-ABL1 

ratio 

… yet overall survival ~95% 

imatinib 
responses 

~98% 

~85% 

~75% 

~10% 

@ 5 years 

log 
reduction 

<1011 

>3 

40% @ 12mo 
55% @ 24mo 
75% @ 44mo 

~25% with 800mg 

# cells 

Molecular testing in CML  

Diagnosis 

Monitoring 

Resistance 

Resistance to imatinib (and other TKIs …) 

primary 
• failure to achieve an initial response 

• seen in ~5% of pts 

• bioavailability; not due to mutations  

secondary 
• loss of response, occurs at ~1-4%/year 

• ~10-15% of pts [in chronic phase, no prior Rx] 

• more common if: 

     - prior interferon Rx 

     - accelerated phase [~75%] 

     - blast crisis [~95%] 
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Krause DS, N Engl J Med 2005, 353:172-187. Copyright © 

2005, Massachusetts Medical Society. All rights reserved.  Kinase domain mutations  

P = P loop 

 - ATP-binding site 

 - ? worst mutations 

 

B = Binding domain 

 - where imatinib binds 

 

C = Catalytic domain 

 

A = Activation loop 

 - conformation altered 

 - affects imatinib binding 

 - closed: inactive 

 - open: active 

2-10% of patients  

>10% of patients 

green 

red 

> 100 different mutations 

these 6 account 
for > ~65% of 
all mutations  

Kinase domain mutations  

• most common cause of resistance 

   - 10% [early CP]  30% [late CP]  60% [AP]  90% [BC] 

• not induced by Rx 

    - selected for by Rx [cf antibiotic resistance in bacteria] 

• ? BCR-ABL1 induced  

    - via ROS [escape inhibition by self-mutation; ? add antioxidants to Rx] 

• not all are created equally 

    - initially: all bad … currently: P-loop worst [not all agree] 

    - can overcome most with dose-escalation or other TKI’s [T315I exception] 

    - does not necessarily have a proliferative advantage 

    - presence does not always account for resistance 

Indication for mutation testing  

treatment failure/ 
suboptimal response 

loss of response 

anyone in AP or BC 

• no CHR by 3 months 
• no MCR by 6 months 

• no CCR by 12 months 

• hematologic relapse 
• cytogenetic relapse 
• ↑ing BCR-ABL1 levels [5x] 
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Genetic testing in CML: summary   

Diagnosis 

Monitoring 

Resistance 

CC BM ? PB FISH instead 

RT-PCR PB qualitative vs quantitative 
with characterization 

CC BM 3-6 monthly until CCR 

6-12 monthly thereafter 

FISH PB before achieve CCR 

RQ-PCR PB 3 monthly 

direct 

sequencing 

PB v 

BM 

Rx failure, loss of response, 
accelerated & blast phase 

Molecular and other testing in non-CML MPNs 

karyotype genes PRV1 EEC  mpl 

megas 
GATA1 

megas 

 circ 

CD34+ 

PV 9p+, +8+9 ? + + + ? - 

ET ? ? + 
[50%] 

+ 
[50%] 

+/- ? - 

PMF del(13q14) ? - - +/- + + 

PPMF 1q+ ? ? ? ? ? ? 

pre-2005 … 

Molecular and other testing in non-CML MPNs 

karyotype genes PRV1 EEC  mpl 

megas 
GATA1 

megas 

 circ 

CD34+ 

PV 9p+, +8+9 ? + + + ? - 

ET ? ? + 
[50%] 

+ 
[50%] 

+/- ? - 

PMF del(13q14) ? - - +/- + + 

PPMF 1q+ ? ? ? ? ? ? 

 

   JAK2 V617F mutation (etc) 
 
 

post-2005 … 
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JAK2 is out of the box … 

• Just Another Kinase 
 - one of many cloned at the time (1989) 

• Janus Kinase 
 - two-headed Roman god of gates and 

passages 

• non-receptor tyrosine kinase (TK) 

• has 2 TK domains (hence the name) 
      - most TKs have only 1 

• 4 members of JAK family 
      - JAK1, JAK2, JAK3 and TYK2 

JAK-STAT pathway 

Reproduced from  Steensma , DP J Mol Diagn 2006, 8:397-411  

with permission from the American Society for Investigative Pathology  

and the Association for Molecular Pathology. 

JAK2 structure, function, mutation 

mediates binding 
to receptor 

autoinhibitory  
activity 

*V617F* 

*Mutation* 

~50% ET 
~50% PMF 

~95% PV 

phosphorylated 
after ligand 

binding 

JAK2: wild-type and mutant 

Campbell P, N Engl J Med 2006, 355:2452-2466. Copyright © 2006, Massachusetts Medical Society. All rights reserved.  
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Acute myeloid leukemia 

morphology  

 

 

cytochemistry 

 

 

immunophenotype 

the most important  
diagnostic test in 
acute leukemia  

(cyto)genetics 

Acute leukemia AML: Cytogenetic stratification 

Risk group   Genetics   Frequency           CR             5yr Survival 

 
      t(8;21)      
Favorable      t(15;17)       ~25%                  ~85%               ~60%  
      inv(16) 

 
      normal      
Intermediate      +8, +21       ~50%                  ~80%               ~40%  

      11q23* 
 
      -5, -7      

Unfavorable      3q          ~25%                  ~60%              ~15% 
      complex 

Combined data from CALGB, UK-MRC and US-intergroup for ―young‖ AML 

* t(9;11) only – others = unfavorable 
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AML: Cytogenetic stratification 

100 

60 

80 

40 

20 

1 3 2 4 5 6 7 years 

su
rv

iv
a
l 

intermediate 

unfavorable 

favorable 

AML: Cytogenetics 

   The big 4    sine qua non for WHO© 

 
 
•  t(15;17)  [M3]      ~10% 
•  t(8;21)  [M2]      ~10%  GOOD 
•  inv(16)  [M4Eo]     ~10% 
 

•  t(11q23)* [M4/M5]   ~5 - 10%  not so good 
 

  © 2001  2008 = big 7 [added t(1;22), t(6;9) and inv(3)—all bad; t(9;11) specifically]  

  * promiscuous (>30 partners); FAB for translocations only - PTD [M1/M2]  

} 
} 

AML: Cryptic abnormalities 

MLL 

FLT3 

WT1 

need for alternative genetic targets  
to use in AML diagnosis [big 7 <50%] 

CEBPA 
BAALC 

NPM1 

ERG 

EVI1 

RAS 

RUNX1 
KIT 

MN1 

qualitative 

quantitative  TET2 

 IDH1/2 

 ASXL1 

CBL 

AML 

AML: Cooperative mutations 

FLT3 
RAS 
KIT 

PTPN11 
JAK2 

Class I mutations 

Signal transducers: 
• [+] proliferation 
• [+] survival 

Class II mutations 

PML-RARA 
RUNX1-RUNX1T1 

CBFB-MYH11 
MLL fusions 

?NPM1 

Transcription factors: 
• [-] differentiation 
• [-] apoptosis 
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• 2 types of genetic abnormalities described: 

   -  ITD of JM region     ~23%  PCR 

  -  Asp835 missense mutation    ~7%  RE-PCR 

           ~30% 

 

• thus one of the commonest genetic targets in AML 

  constitutive            switch  

 

ON 

FLT3 

15 16 14 20 19 18 17 

ECD JM       TK2                 TM 

* 

400bp 

300bp 

350bp 

FLT3ITD heterozygous FLT3ITD hemizygous 

+ - 
FLT3WT 

FLT3 : genotyping 

FLT3 : multiplex PCR on CE 

ITD 
e14/e15 

e20/ECoRV D835 

•  One of the most common known molecular targets in AML 
 
•  Possibly most prognostically relevant molecular lesion 
 - quantification is important (mutant:wt) 

 - ? add to cytogenetic stratification groups  
  (also CEBPA - good - ~10%, NPM1 – good - ~50%)    

 
•  A potentially useful MRD target 
 - patient specific primers vs ITD 

 - ITD may [rarely] not be stable between presentation and relapse 

     [+  -]     [-  +]     [+A  +B]     [+  ++]  

 

•  A potential therapeutic target 
 - a la imatinib mesylate in CML 

FLT3 
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NPM1 

• most commonly mutated gene in AML 
- ~60% of cytogenetically normal AML 
- ~30% of all AML 
- shuttles between nucleus and cytoplasm (lives in nucleus) 

- mutations (typically 4bp insertion): 
* lose nucleolar localization signal/creates export signal 
 

 
 

 
 

 

 

- good prognosis: 

 * but only if FLT3 wild type 

 

      without IHC                   IHC—wild type   IHC—mutant 

AML: Cytogenetics vs Molecular 

• each has advantages and disadvantages 
- molecular fewer false negatives [diagnostic sensitivity] 

- cytogenetics more global [see not just what is being PCRed] 

- some lesions never seen cytogenetically [FLT3, NPM1 etc] 

 

• complement rather than supplement one another 
 

• even with + cytogenetics, need molecular for:  
- molecularly targeted Rx [ATRA] 

- subsequent MRD [leukemia fingerprint] 

 

AML: FISH vs Molecular 

• each has advantages and disadvantages 
 

   - diagnostic sensitivity:   FISH ~= molecular 

     (probes bigger than primers) 

 
   - analytic sensitivity:  molecular > FISH 

     (MRD testing) 
 
   - numeric abnormalities:  FISH > molecular 

     (? array CGH)  

AML: Genetics – WHO 2008 

Karyotype Genes Morphology Frequency Prognosis 

t(8;21) RUNX1/RUNX1T1 M2 ~5% good 

t(15;17) PML/RARA M3 ~5-8% good 

inv(16) CBFB/MYH11 M4Eo ~5-8% good 

t(9;11) MLLT3/MLL M4/M5 ~2% intermediate 

t(1;22) RBM15/MKL1 M7 <1% poor 

t(6;9) DEK/NUP214 Basophila ~1% poor 

inv(3) RPN1/EVI1 MLD ~1% poor 

NPM1mutations* M4/M5 ~30% good 

CEBPA mutations* M1/M2 ~10% good 

* AMLs with mutated NPM1 and CEBPA = provisional entities 

  AMLs with FLT3 not an ―entity‖ but testing ―strongly recommended‖ 
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Disease Genotype Rx relevance 

Gastric MALToma API2-MALT1 fusion No value in Rxing H. pylori 

DLBCL ABC profile/NFkB 

activation 

Rx with proteasome 
inhibitors, R-CHOP 

SLL/CLL IGH@ SHM/ZAP70- No need for aggressive Rx 

ALL BCR-ABL1 fusion Only cure with SCT 

Immediate potential Rx applications … 

PTLD BCL6 mutation Will not regress with Is Rx 
withdrawal 

CML BCR-ABL1 Gleevec 

APL PML-RARA ATRA 

MDS 5q- Lenalidomide 

IHC 
CD10 
BCL2 
BCL6 
BCL10 
ZAP70 
ALK 

 
 

Coming full circle? 

Protein 
consequence 

genomics 

• Powerful … but one piece of the puzzle 

 

The last slide … 
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• Powerful … but one piece of the puzzle 

 

• Positive result: not always = neoplastic 

 
• Negative result: not always = not neoplastic 

 

• Integrate: with morphologic, immunophenotypic, clinical data 

 

• Decision to perform/ability to interpret: contextual 

 

• More rational, biologically-based diagnosis: 
  more appropriate, targeted Rx 

 

The last slide … Any questions … 


