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Making a Meal of Multiple Mutations 
(and other Morphologic and 

Molecular Maladies) in Myeloid 
Malignancies: Myeloproliferative 

neoplasms (and MDS/MPN, 
Mastocytosis andMALNAWEAROPPFPCM1JAK2)
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Myeloproliferative -vs- Myelodysplastic
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Flavors of myeloproliferative neoplasms 
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Classical MPNs (things in common)

• true stem cell disorders
- no maturation arrest 
- cells increase in number due to:

proliferation
cell death

- cells mature and maturing
• multilineage differentiation
• splenomegaly
• extramedullary hematopoiesis
• basophilia
• acute leukaemia (variable)



CML – a peripheral blood diagnosis



Chronic myelogenous leukaemiaOID



CML – bone marrow helpful (but PB better!)
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Doc

Sleepy

Bashful Happy



The Philadelphia story 



Modified from—
Woessner et al
Cancer J 2011:
17; 477-486

ROS

Genomic Instability

Progression

TKD
mutations
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CML diagnosis: t(9;22) and BCR-ABL1 
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? CML cytogenetics

CML ~2.5% +

? molecular
genetics

YES!
molecular target for:

1] Rx
2] MRD

? cytogenetics

YES!
- clonal “evolution” (ACA)
[Ph+; Ph- with imatinib]? BCR-ABL1

~95% +

CML

~5% -

molecular
genetics

? t(9;22)

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

ACAs in Ph’- cells
~3-10% pts
on TKIs
monosomy 7
complex
 bad
trisomy 8
 neutral



CML metamorphosis: accelerated (and blast) phase 

Cytogenetics
• +Ph’
• iso(17q)
• +8
• +19
• recurrent AML

Molecular
AML 

• RUNX1 (~40%)
• TP53 (~25%)

ALL 
• IKZF1 (~55%)
• CDKN2A (~50%)



CML accelerated phase: cytogenetics 

at presentation emerging

+8

+19

complex

i(17q)

+Ph’

3q26.2

major
route

major
route

minor
route

all others

*

* may not be associated with 
adverse prognosis with TKI Rx

**

** 3q26.2, i(17q), -7/7q- particularly high
risk with short AP and rapid progression to BP



What’s going on at the DNA level … 

No longer true!
• ~100% CMLs involve M-bcr
• ~60% adult ALLs involve m-bcr, but ~40% involve M-bcr
• ~90% pediatric ALLs involve m-bcr, ~10% involve M-bcr

Classical CMLCML-monocytosis CML-neutrophilia
**

*e1 and e19: 
worse than e13/e14



poor prognosis/
risk of BP 

Mutations other than ABL1

ASXL1

IKZF1

RUNX1

SETD1B

at diagnosis

IDH1

BCOR1
blast phase

*

* seen in ~10% adults, ~30% of children and young adults
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CML monitoring 

sensitivities…modalities…

CBC ~10% [~10-1]
conventional cytogenetics ~5% [~10-2]

D-FISH ~0.5% [~10-3]

RT-PCR [quantitative] ~0.001% [~10-5]
RQ-PCR [qualitative] ~0.001%* [~10-5]

* non-nested; can reach 10-8 with nested RT-PCR



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 , cardiotoxicity, effusions, pancreatitis, thrombosis  
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

?

? ?

?



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



1012

<1010

<109

<107-8

100

<0.1

<0.003

diagnosis

complete hematologic remission

complete cytogenetic remission

major molecular response

“complete molecular remission”
undetectable transcript

responses BCR-ABL1
ratio

… yet overall survival ~95%

<1011

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

~25% with 800mg

# cells log
reduction

>3

>4.5

imatinib
responses

~98%

~85%

~75%

~10%~30-40%

MR3.0

MR4.5



Beyond MMR in CML

EMR

DMR

TFR

early molecular response
o 1-log reduction (<10%) at 3 months
o 2-log reduction (<1%) at 6 months
o VEMR: decrease 50% in 11 days (!)

beneficial

deep molecular response
o currently >4.5-log reduction
o attained in ~30-40%

- both 1st and 2nd generation TKIs
- latter faster and deeper  

o gateway to TFR

benefit
controversial

treatment free remission
o after being in DMR for 2 years
o sustained in ½ of patients (~15-20% overall)
o do better with shorter time to and longer time in DMR



Molecular testing in CML 
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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 phase [~95%]



Mechanisms of resistance to imatinib 

BCR-ABL1
independent

BCR-ABL1
dependent

1. Kinase domain mutations:
- most common cause of resistance [~40-90%]
- spans ~240 aa’s 

2. BCR-ABL1 amplification:
- genomic > transcriptional [~10%]

3. Clonal evolution:
- other genetic/cellular pathways [LYN]

4. ↓Bioavailability:
- absorption
- metabolism [hepatic]
- plasma binding [1acid glycoprotein sequestration]
- ↓influx ↑efflux [MDR1, PGP, BCRP2/ABCG2, hOCT1, MRP1]



Mechanisms of resistance to imatinib 



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 

Soverini S et al. Clin Lymphoma Myeloma Leuk. 2015;15 Suppl:S120-8. 



Kinase domain mutations 

• driver vs passenger mutations
- may switch roles

• any mutation (driver/passenger) is bad
- sign of genetic instability [and associated with risk of progression]

• beware of (constitutional) SN(and other)Ps
- at least 6 reported [exon 7 deletion; pseudo-exon 8, via 35bp into intron 8]
- novel mutation  analyze constitutional tissue to exclude a SNP



Methods of mutation testing 

Technology Sensitivity Specificity Bias

Direct sequencing 15-25 ++ no
Subcloning and sequencing 10 +++ no
D-HPLC 0.1-10 ++ no
Pyrosequencing 5 ++ no
Double-gradient denat. electroph. 5 ++ no
Fluorescence PCR – PNA clamping 0.2 ++ yes
ASO-PCR 0.01 ++ yes

Small clones (<20%) may not be clinically significant
 direct sequencing (current) method of choice

High resolution melting
Nanofluidics
Next generation sequencing Likely to become method of choice (~1%)



Indication for mutation testing 

treatment failure/
suboptimal response

loss of response

anyone in AP or BP

• no CHR by 3 months
• no MCR by 6 months
• no CCR by 12 months

• hematologic relapse
• cytogenetic relapse
• ↑ing BCR-ABL1 levels [1-log]



Survival in newly-diagnosed CP CML by year of Rx  

<1975
1975-1982

>2001

1991-2000

1983-1990

Modified from Kantarjian H et al. 
Blood 2012;119:1981-1987

HU

IFN

SCT

TKI
approximates
age-matched

controls



Genetic testing in CML: summary  

Diagnosis

Monitoring

Resistance

CC BM ?? PB FISH instead (no)

RT-PCR PB qualitative vs quantitative 
with characterization

CC BM 3-6 monthly until CCR
6-12 monthly thereafter

FISH PB ?? before achieve CCR (no)

RQ-PCR PB 3 monthly

direct
sequencing

PB v
BM

Rx failure, loss of response, 
accelerated & blast phase



Beyond (RT) RQ-PCR in CML (and other neoplasms)

DNA PCR o Patient-specific primers
o 1-2 logs more sensitive

digital PCR o dilution and partitioning 
o up to 10,000,000 partitions
o 2-3 logs more sensitive  

flow based assays isothermal amplification

quantum dots
o not new
o LAMP
o NASBA
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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 …



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

JAK2 V617F

MPL W515



JAK structure, function, mutation

mediates binding
to receptor

phosphorylated
after ligand

binding

autoinhibitory 
activity

*Mutation*
~50% ET
~60% PMF
~95% PV



But wait, there’s more …

• JAK2 exon 12 mutations
- only in PV (thus ~100% PV have a JAK2 mutation)

• CALR mutations
- calreticulin protein normally located in ER, cytosol, cell surface
- functions:

* Ca++ homeostasis
* protein folding
* chaperone
* cell adhesion

- mutations cluster in exon 9
- frameshift -- >80% are either:

* type 1    52bp del (predominates in PMF)
* type 2    5bp ins (predominates in ET)

loss of ER retention signal
no longer bind Ca

MPL activation
evasion from phagocytosis
acquired MPO deficiency

good
prognosis



Mutations in Ph-negative MPNs

JAK2 CALR MPL

PV      ~100% ~0% ~0%     

3 drivers

ET       ~50% ~20-25% ~5-10%
PMF     ~60% ~20-25% ~5-10%

others

epigenetic
modifiers

TET2
EZH2

ASXL1

SRSF2

DNMT3A
IDH1/2

LNK TP53CBL

logical 
testing 

sequence

U2AF1

test for
prognosis
in PMF



3 yrs

18 yrs

9 yrs

Rumi E et al. Blood 2014:124; 1062

PMF: driver mutations are prognostic



Flavor of MPN affects survival: need to distinguish

Tefferi A et al. Blood 2014; 124:2507



can mimic ET, but:
• clusters denser
• cloud-like nuclei

cellular/
prefibrotic phase

of PMF

Non-CML myeloproliferative neoplasms: histology matters!





Eosinophilic neoplasms and mastocytosis
• myeloid & lymphoid neoplasms with eosinophilia & abnormalities of: 

- ~95% KIT mutation
- D816V
- imatinib resistant

Systemic mastocytosis

- most often cryptic FIP1LI-PDGFRA fusion on 4q12 [CHIC2 deletion]
- increased marrow mast cells and elevated serum tryptase

- most often t(5;12), fused to ETV6
- monocytosis, mimics CMML

- most often t(8;13), fused to ZNF198
- often presents with T-ALL or AML

** PDGFRA (4q12):

** PDGFRB (5q31~33):

** FGFR1 (8p11):

** JAK2 (9q14):
- t(8;9), fusing PCM1-JAK2
- rarely presents with T-LBL or B-ALL
- left-shifted erythroid predominance and lymphoid aggregates

TKI
sensitive

TKI
sensitive

TKI
resistant

?JAK2i
sensitive

other 
partners

bad mutations
• SRSF2
• ASXL1
• RUNX1



What’s new in WHO for MPNs in 2016/7

• mastocytosis no longer a subgroup

• CML: chronic myelogenous  chronic myeloid

• CML AP: failed responses to TKIs, ≥2 mutations

• CML AP: any lymphoblastic expansion

• CALR mutations added

• CSF3R mutations for CNL



• lower HGB and HCT levels for PV with pos histology
HGB > 16.5 in men (previously 18.5)
HGB > 16 in women (previously 16.5)
HCT > 49 in men (previously 55.5)
HCT > 48 in women (previously 49.5)

• CMML: added CMML-0 (<2% PB blasts, <5% BM blasts)

• RARS-T no longer provisional  MDS/MPN with RS +T

• t(8;9)(p22;q24); PCM1-JAK2 now added to MLNAWEAROPPFOWPCM1JAK2

What’s new in WHO for MPNs in 2016/7



Mast cell

SM

MALNWEA
AOPPFOPJ

CML

PV ET PMF

BCR-ABL1

JAK2
JAK2

KIT

PDGFRA
PDGFRB
FGFR1

CEL

CNL

CMML JMML aCML

TET2
ASXL1

SRSF2

PTPN11
RAS NF1CALR

CSF3R

SETBP1
ETNK1

PCM1-JAK2

RS-T

JAK2
SF3B1 MPL



Any questions …


