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In vitro studies demonstrate that the expression of 

JAK2V617F activates multiple downstream signalling 

pathways8,36, including the Stat family of transcription 

factors, the mitogen activated protein kinase (MAPK) 

signalling pathway, and the phosphotidylinositol 3-kinase 

(PI3K)–Akt signalling pathway (FIG. 2). Most activated 

tyrosine kinases that have been identified in human 

malignancies activate these same signalling cascades, 

and the role and requirement of the Stat, MAPK and 

PI3K–Akt signalling pathways in JAK2V617F-mediated 

transformation of haematopoietic cells has not been fully 

elucidated. However, several lines of evidence suggest 

that activation of the Stat family of transcription factors 

is important in JAK2V617F-mediated transformation. 

First, expression of either constitutively active STAT5 or 

its anti-apoptotic target gene BCL-X
L

 in human haemat-

opoietic progenitors results in EPO-independent colony 

formation37, a hallmark of human PV. Moreover, STAT3 

activation and BCL-X
L

 overexpression are observed in 

most PV patient samples38,39. These data imply that Stat 

pathway activation is important in JAK2V617F-mediated 

transformation, but do not indicate whether Stat pathway 

activation is necessary and/or sufficient for JAK2V617F-

mediated transformation. Murine bone marrow trans-

plantation (BMT) assays using Stat5a;Stat5b-deficient 

mice have been used to show that STAT5 is required 

for haematopoietic transformation by the constitutively 

active TEL–JAK2 fusion tyrosine kinase40, and future 

experiments will ultimately determine whether the same 

is true for JAK2V617F. In addition, the activation of sig-

nalling by the JAK2V617F kinase might in part be due to 

escape from negative-feedback mechanisms important 

in attenuating JAK2 signalling. Jak activity is negatively 

regulated by the Socs family of proteins, which normally 

bind to the Jak kinases and result in their degradation. In 

particular, SOCS1 and SOCS3 have been shown to bind 

to JAK2 and inhibit JAK2 catalytic activity41,42, and over-

expression of SOCS1 results in abrogation of in vitro and 

in vivo transformation by TEL–JAK2 (REF. 43). Although 

expression of SOCS1 results in JAK2 and JAK2V617F deg-

radation and inhibition of kinase activity, the expression 

of SOCS3 paradoxically results in increased JAK2V617F 

protein stability, increased SOCS3 phosphorylation and 

increased JAK2V617F phosphorylation44. These data 

demonstrate that regulation of JAK2 kinase activity by 

SOCS3 is altered in the context of the V617F substitution, 

and suggest the possibility that therapeutic inhibition of 

SOCS3 might selectively attenuate JAK2V617F, but not 

wild-type JAK2 signalling.

In vivo data from murine BMT experiments have 

provided important insights into the role of JAK2 activa-

tion in the pathogenesis of MPD. James et al. noted that 

the expression of JAK2V617F, but not wild-type JAK2, in 

a murine BMT assay results in significant erythrocytosis 

in recipient mice 28 days after transplantation8,9, and  

Figure 1 | Classification and molecular pathogenesis of the MPD. The different 

myeloproliferative disorders (MPD) can be classified by the predominant terminally 

differentiated myeloid cell involved in the disorder, and for each terminally differentiated 

myeloid cell there is a clinically distinct MPD. Different approaches have been used to 

identify the activating alleles that cause these disorders, and in all cases these alleles result 

in constitutive tyrosine kinase signalling. HSC, haematopoietic stem cell; JAK2, Janus 

kinase 2; MPL, thrombopoietin receptor; PDGFR, platelet derived growth factor receptor.

Box 1 | Myeloproliferative diseases

Myeloproliferative diseases (MPD) are proliferative syndromes that present with increased numbers of functional, mature, 

terminally differentiated myeloid elements. Thus, in contrast to impaired myeloid differentiation that is characteristic of 

myelodysplastic syndromes (MDS) and acute myeloid leukaemia (AML), patients with MPD rarely present with infectious 

complications related to leucopaenia, or complications related to anaemia that are observed in MDS and AML. In addition, 

although these MPD can be associated with bleeding tendencies (diatheses) that are observed in MDS and AML owing to 

thrombocytosis and platelet dysfunction, they are often associated with specific clinical sequelae that include thrombotic 

diatheses that are not observed in MDS or AML. However, MDS and AML are thought to be stem cell disorders, based on 

clonality analyses using X-inactivation-based assays in females or cytogenetic analyses that demonstrate the clonal 

involvement of the different haematopoietic lineages111,112.

The first MPD allele to be identified and characterized was the BCR-ABL fusion oncogene in chronic myeloid leukaemia 

(CML) that arises as a consequence of the 9:22 translocation2, a causative agent for this disease, and recurrent 

translocations led to the discovery of different fusion tyrosine kinases, including platelet derived growth factor receptor- 

(PDGFRB) fusions in patients with chronic myelomonocytic leukaemia (CMML) and other MPD3. The observation that KIT is 

highly expressed in mast cells led to the discovery of the KITD816V allele in systemic mastocytosis (SM)5, and imatinib 

responses in patients with chronic eosinophilic leukaemia (CEL) and SM led to the discovery of an interstitial deletion that 

gives rise to the FIP1L1–PDGFRA fusion4. Most recently, investigators have identified Janus kinase 2 (JAK2) and 

thrombopoietin receptor mutations in polycythaemia vera (PV), essential thrombocythaemia (ET) and primary 

meylofibrosis (PMF) that result in the activation of JAK2 signalling8–11,53,55.
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In vitro studies dem
onstrate that the expression of 

JAK2V617F activates m
ultiple downstream

 signalling 

pathways
8,36 , including the Stat fam

ily of transcription 

factors, the m
itogen activated protein kinase (M

APK) 

signalling pathway, and the phosphotidylinositol 3-kinase 

(PI3K)–Akt signalling pathway (FIG. 2). M
ost activated 

tyrosine kinases that have been identified in hum
an 

m
alignancies activate these sam

e signalling cascades, 

and the role and requirem
ent of the Stat, M

APK and 

PI3K–Akt signalling pathways in JAK2V617F-m
ediated 

transform
ation of haem

atopoietic cells has not been fully 

elucidated. However, several lines of evidence suggest 

that activation of the Stat fam
ily of transcription factors 

is im
portant in JAK2V617F-m

ediated transform
ation. 

First, expression of either constitutively active STAT5 or 

its anti-apoptotic target gene BCL-X L in hum
an haem

at-

opoietic progenitors results in EPO-independent colony 

form
ation

37 , a hallm
ark of hum

an PV. M
oreover, STAT3 

activation and BCL-X L overexpression are observed in 

m
ost PV patient sam

ples
38,39 . These data im

ply that Stat 

pathway activation is im
portant in JAK2V617F-m

ediated 

transform
ation, but do not indicate whether Stat pathway 

activation is necessary and/or sufficient for JAK2V617F-

m
ediated transform

ation. M
urine bone m

arrow trans-

plantation (BM
T) assays using Stat5a;Stat5b-deficient 

m
ice have been used to show that STAT5 is required 

for haem
atopoietic transform

ation by the constitutively 

active TEL–JAK2 fusion tyrosine kinase
40 , and future 

experim
ents will ultim

ately determ
ine whether the sam

e 

is true for JAK2V617F. In addition, the activation of sig-

nalling by the JAK2V617F kinase m
ight in part be due to 

escape from
 negative-feedback m

echanism
s im

portant 

in attenuating JAK2 signalling. Jak activity is negatively 

regulated by the Socs fam
ily of proteins, which norm

ally 

bind to the Jak kinases and result in their degradation. In 

particular, SO
CS1 and SO

CS3 have been shown to bind 

to JAK2 and inhibit JAK2 catalytic activity
41,42 , and over-

expression of SOCS1 results in abrogation of in vitro and 

in vivo transform
ation by TEL–JAK2 (REF. 43). Although 

expression of SOCS1 results in JAK2 and JAK2V617F deg-

radation and inhibition of kinase activity, the expression 

of SOCS3 paradoxically results in increased JAK2V617F 

protein stability, increased SO
CS3 phosphorylation and 

increased JAK2V617F phosphorylation
44 . These data 

dem
onstrate that regulation of JAK2 kinase activity by 

SOCS3 is altered in the context of the V617F substitution, 

and suggest the possibility that therapeutic inhibition of 

SO
CS3 m

ight selectively attenuate JAK2V617F, but not 

wild-type JAK2 signalling.

In vivo data from
 m

urine BM
T experim

ents have 

provided im
portant insights into the role of JAK2 activa-

tion in the pathogenesis of M
PD. Jam

es et al. noted that 

the expression of JAK2V617F, but not wild-type JAK2, in 

a m
urine BM

T assay results in significant erythrocytosis 

in recipient m
ice 28 days after transplantation

8,9 , and  

Figure 1 | Classification and m
olecular pathogenesis of the M

PD. The different 

m
yeloproliferative disorders (M

PD) can be classified by the predom
inant term

inally 

differentiated myeloid cell involved in the disorder, and for each term
inally differentiated 

myeloid cell there is a clinically distinct M
PD. Different approaches have been used to 

identify the activating alleles that cause these disorders, and in all cases these alleles result 

in constitutive tyrosine kinase signalling. HSC, haematopoietic stem
 cell; JAK2, Janus 

kinase 2; M
PL, thrombopoietin receptor; PDGFR, platelet derived growth factor receptor.

Box 1 | M
yeloproliferat ive diseases

M
yeloproliferative diseases (M

PD) are proliferative syndrom
es that present with increased num

bers of functional, m
ature, 

term
inally differentiated m

yeloid elem
ents. Thus, in contrast to im

paired m
yeloid differentiation that is characteristic of 

m
yelodysplastic syndrom

es (M
DS) and acute m

yeloid leukaem
ia (AM

L), patients with M
PD rarely present with infectious 

com
plications related to leucopaenia, or com

plications related to anaem
ia that are observed in M

DS and AM
L. In addition, 

although these M
PD can be associated with bleeding tendencies (diatheses) that are observed in M

DS and AM
L owing to 

throm
bocytosis and platelet dysfunction, they are often associated with specific clinical sequelae that include throm

botic 

diatheses that are not observed in M
DS or AM

L. However, M
DS and AM

L are thought to be stem
 cell disorders, based on 

clonality analyses using X-inactivation-based assays in fem
ales or cytogenetic analyses that dem

onstrate the clonal 

involvem
ent of the different haem

atopoietic lineages
111,112 .

The first M
PD allele to be identified and characterized was the BCR-ABL fusion oncogene in chronic m

yeloid leukaem
ia 

(CM
L) that arises as a consequence of the 9:22 translocation

2 , a causative agent for this disease, and recurrent 

translocations led to the discovery of different fusion tyrosine kinases, including platelet derived growth factor receptor-
 

(PDGFRB) fusions in patients with chronic m
yelom

onocytic leukaem
ia (CM

M
L) and other M

PD
3 . The observation that KIT is 

highly expressed in m
ast cells led to the discovery of the KITD816V allele in system

ic m
astocytosis (SM

)
5 , and im

atinib 

responses in patients with chronic eosinophilic leukaem
ia (CEL) and SM

 led to the discovery of an interstitial deletion that 

gives rise to the FIP1L1–PDGFRA fusion
4 . M

ost recently, investigators have identified Janus kinase 2 (JAK2) and 

throm
bopoietin receptor m

utations in polycythaem
ia vera (PV), essential throm

bocythaem
ia (ET) and prim

ary 

m
eylofibrosis (PM

F) that result in the activation of JAK2 signalling
8–11,53,55 .

REV
IEW

S

NATU
RE REVIEW

S | C
A
N
C
ER 

 VO
LU

M
E 7 | SEPTEM

BER 2007 | 675

© 2007 Nature Publishing G
roup 

N
ature Review
s | C
ancer

N
eutro
phils

M
o
no
cytes

M
yelo
id 

pro
genito
r

H
SC

M
PD

A
ctivating 

m
utatio
n

C
hro
nic m
yelo
id

leukaem
ia

C
hro
nic 

m
yelo
m
o
no
cytic

leukaem
ia

Prim
ary

m
yelo
fibro
sis

M
ast 

cell

System
ic

m
asto
cyto
sis

KITD
816V

FIP1L1–PD
G
FR
A

Red 

blo
o
d cells

Po
lycythaem
ia

vera

JA
K2V
617F

JA
K2 Exo
n 12

Platelets

Essential

thro
m
bo
-

cythaem
ia

JA
K2V
617F

M
PLW
515L/ K

JA
K2V
617F

M
PLW
515L/ K

Eo
sino
phils

C
hro
nic

eo
sino
philic

leukem
ia

FIP1L1–PD
G
FRA

BC
R-A
BL

TEL–PD
G
FRB

BC
R–PD
G
FRA

TEL–JA
K2

o
ther fusio
n TK
s

Leu
co
p
aen
ia

Lo
w
 w
hite b
lo
o
d
 cell co
unt.

E
ryth
ro
cyto
sis

Increased
 red
 b
lo
o
d
 cell co
unt.

In vitro studies dem
on
strate that the expression

 of 

JA
K
2V
617F activates m
ultiple dow
nstream
 sign
allin
g 

pathw
ays

8,36 , in
cluding the Stat fam

ily of tran
scription
 

factors, the m
itogen
 activated protein

 kin
ase (M
A
P
K
) 

signalling pathw
ay, and the phosphotidylinositol 3-kinase 

(P
I3K
)–A
kt sign
allin
g pathw
ay (FIG
. 2
). M
ost activated 

tyrosin
e kin
ases th
at h
ave been
 iden
tified
 in
 hu
m
an
 

m
align
an
cies activate these sam

e sign
allin
g cascades, 

an
d the role an
d requirem
ent of the Stat, M

A
P
K
 an
d 

PI3K
–A
kt signalling pathw

ays in JA
K
2V
617F-m
ediated 

transform
ation of haem
atopoietic cells has not been fully 

elucidated. H
ow
ever, several lin
es of evidence suggest 

that activation of the Stat fam
ily of transcription factors 

is im
portant in
 JA
K
2V
617F-m
ediated transform

ation
. 

First, expression of either constitutively active STA
T
5 or 

its anti-apoptotic target gene B
C
L-X

L in hum
an haem
at-

opoietic progenitors results in E
P
O
-independent colony 

form
ation

37 , a hallm
ark of hum
an P
V
. M
oreover, STA
T
3 

activation
 an
d B
C
L-X

L overexpression
 are observed in
 

m
ost P
V
 patient sam
ples

38,39 . T
hese data im
ply that Stat 

pathw
ay activation is im
portant in JA
K
2V
617F-m
ediated 

transform
ation, but do not indicate w

hether Stat pathw
ay 

activation is necessary and/or sufficient for JA
K
2V
617F-

m
ediated transform

ation
. M
urine bon
e m
arrow
 trans-

plantation
 (B
M
T
) assays usin
g Stat5a;Stat5b-deficient 

m
ice h
ave been
 used to show
 that ST
A
T
5 is required 

for haem
atopoietic transform

ation by the constitutively 

active T
E
L–JA
K
2 fusion
 tyrosin
e kin
ase

40 , an
d future 

experim
ents w
ill ultim
ately determ
ine w
hether the sam
e 

is true for JA
K
2V
617F. In
 addition, the activation of sig-

nalling by the JA
K
2V
617F kinase m
ight in part be due to 

escape from
 negative-feedback m

echan
ism
s im
portant 

in attenuating JA
K
2 signalling. Jak activity is negatively 

regulated by the Socs fam
ily of proteins, w
hich norm
ally 

bind to the Jak kinases and result in their degradation. In
 

particular, SO
C
S1 and SO
C
S3 have been show

n to bind 

to JA
K
2 and inhibit JA
K
2 catalytic activity
41,42 , and over-

expression of SO
C
S1 results in abrogation of in vitro and 

in vivo transform
ation by T
E
L–JA
K
2 (R
E
F. 4
3
). A
lthough 

expression of SO
C
S1 results in JA
K
2 and JA
K
2V
617F deg-

radation and inhibition of kinase activity, the expression
 

of SO
C
S3 paradoxically results in increased JA

K
2V
617F 

protein stability, increased SO
C
S3 phosphorylation and 

in
creased JA
K
2V
617F phosph
orylation
44 . T
hese data 

dem
on
strate that regulation

 of JA
K
2 kin
ase activity by 

SO
C
S3 is altered in the context of the V

617F substitution, 

and suggest the possibility that therapeutic inhibition of 

SO
C
S3 m
ight selectively attenuate JA

K
2V
617F, but not 

w
ild-type JA
K
2 signalling.

In
 vivo d
ata from
 m
urin
e B
M
T
 exp
erim
en
ts h
ave 

provided im
portant insights into the role of JA

K
2 activa-

tion in the pathogenesis of M
P
D
. Jam
es et al. noted that 

the expression of JA
K
2V
617F, but not w
ild-type JA
K
2, in
 

a m
urine B
M
T
 assay results in
 significant eryth

ro
cyto
sis 

in
 recipient m
ice 28 days after tran

splantation
8,9 , an

d  

Figure 1 | C
lassificatio
n
 an
d
 m
o
lecu
lar p
ath
o
g
en
esis o
f th
e M
P
D
. The different 

m
yeloproliferative disorders (M

PD
) can be classified by the predom

inant term
inally 

differentiated m
yeloid cell involved in the disorder, and for each term

inally differentiated
 

m
yeloid cell there is a clinically distinct M

PD
. D
ifferent approaches have been used to 

identify the activating alleles that cause these disorders, and in all cases these alleles result 

in constitutive tyrosine kinase signalling. H
SC
, haem
atopoietic stem
 cell; JA
K
2, Janus 

kinase 2; M
PL, throm
bopoietin receptor; PD

G
FR
, platelet derived grow

th factor receptor.

B
ox 1 | M
yelo
p
ro
liferat ive d
iseases

M
yeloproliferative diseases (M

PD
) are proliferative synd

rom
es that present w
ith increased num

bers of functional, m
ature, 

term
inally differentiated m

yeloid elem
ents. Thus, in contrast to im

paired m
yeloid differentiation that is characteristic of 

m
yelodysplastic syndrom

es (M
D
S) and
 acute m
yeloid leukaem
ia (A
M
L), patients w
ith M
PD
 rarely present w
ith infectious 

com
plications related to leuco

p
aenia, or com
plications related

 to anaem
ia that are observed in M

D
S and A
M
L. In add
ition, 

although these M
PD
 can be associated w

ith bleeding tendencies (diatheses) that are observed in M
D
S and
 A
M
L ow
ing to 

throm
bocytosis and platelet dysfunction, they are often associated w

ith specific clinical sequelae that include throm
botic 

diatheses that are not observed in M
D
S or A
M
L. H
ow
ever, M
D
S and A
M
L are thought to be stem

 cell disorders, based
 on 

clonality analyses using X
-inactivation-based

 assays in fem
ales or cytogenetic analyses that dem

onstrate the clonal 

involvem
ent of the different haem

atopoietic lineages
111,112 .

The first M
PD
 allele to be identified and characterized w

as the BC
R-A
BL fusion oncogene in chronic m

yeloid leukaem
ia 

(C
M
L) that arises as a consequence of the 9:22 translocation

2 , a causative agent for this disease, and recurrent 

translocations led to the discovery of different fusion tyrosine kinases, including platelet derived grow
th factor receptor-

 

(PD
G
FRB
) fusions in patients w

ith chronic m
yelom
onocytic leukaem

ia (C
M
M
L) and other M
PD

3 . The observation that K
IT is 

highly expressed in m
ast cells led to the discovery of the K

ITD
816V
 allele in system
ic m
astocytosis (SM
)5 , and im
atinib 

responses in patients w
ith chronic eosinophilic leukaem

ia (C
EL) and SM
 led to the discovery of an interstitial deletion that 

gives rise to the FIP1L1–PD
G
FRA
 fusion

4 . M
ost recently, investigators have identified Janus kinase 2 (JA

K
2) and
 

throm
bopoietin receptor m

utations in polycythaem
ia vera (PV
), essential throm
bocythaem
ia (ET) and prim
ary 

m
eylofibrosis (PM
F) that result in the activation of JA

K
2 signalling
8–11
,53,55 .
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In vitro studies demonstrate that the expression of 

JAK2V617F activates multiple downstream signalling 

pathways8,36, including the Stat family of transcription 

factors, the mitogen activated protein kinase (MAPK) 

signalling pathway, and the phosphotidylinositol 3-kinase 

(PI3K)–Akt signalling pathway (FIG. 2). Most activated 

tyrosine kinases that have been identified in human 

malignancies activate these same signalling cascades, 

and the role and requirement of the Stat, MAPK and 

PI3K–Akt signalling pathways in JAK2V617F-mediated 

transformation of haematopoietic cells has not been fully 

elucidated. However, several lines of evidence suggest 

that activation of the Stat family of transcription factors 

is important in JAK2V617F-mediated transformation. 

First, expression of either constitutively active STAT5 or 

its anti-apoptotic target gene BCL-X
L
 in human haemat-

opoietic progenitors results in EPO-independent colony 

formation37, a hallmark of human PV. Moreover, STAT3 

activation and BCL-X
L
 overexpression are observed in 

most PV patient samples38,39. These data imply that Stat 

pathway activation is important in JAK2V617F-mediated 

transformation, but do not indicate whether Stat pathway 

activation is necessary and/or sufficient for JAK2V617F-

mediated transformation. Murine bone marrow trans-

plantation (BMT) assays using Stat5a;Stat5b-deficient 

mice have been used to show that STAT5 is required 

for haematopoietic transformation by the constitutively 

active TEL–JAK2 fusion tyrosine kinase40, and future 

experiments will ultimately determine whether the same 

is true for JAK2V617F. In addition, the activation of sig-

nalling by the JAK2V617F kinase might in part be due to 

escape from negative-feedback mechanisms important 

in attenuating JAK2 signalling. Jak activity is negatively 

regulated by the Socs family of proteins, which normally 

bind to the Jak kinases and result in their degradation. In 

particular, SOCS1 and SOCS3 have been shown to bind 

to JAK2 and inhibit JAK2 catalytic activity41,42, and over-

expression of SOCS1 results in abrogation of in vitro and 

in vivo transformation by TEL–JAK2 (REF. 43). Although 

expression of SOCS1 results in JAK2 and JAK2V617F deg-

radation and inhibition of kinase activity, the expression 

of SOCS3 paradoxically results in increased JAK2V617F 

protein stability, increased SOCS3 phosphorylation and 

increased JAK2V617F phosphorylation44. These data 

demonstrate that regulation of JAK2 kinase activity by 

SOCS3 is altered in the context of the V617F substitution, 

and suggest the possibility that therapeutic inhibition of 

SOCS3 might selectively attenuate JAK2V617F, but not 

wild-type JAK2 signalling.

In vivo data from murine BMT experiments have 

provided important insights into the role of JAK2 activa-

tion in the pathogenesis of MPD. James et al. noted that 

the expression of JAK2V617F, but not wild-type JAK2, in 

a murine BMT assay results in significant erythrocytosis 

in recipient mice 28 days after transplantation8,9, and  

Figure 1 | Classification and molecular pathogenesis of the MPD. The different 

myeloproliferative disorders (MPD) can be classified by the predominant terminally 

differentiated myeloid cell involved in the disorder, and for each terminally differentiated 

myeloid cell there is a clinically distinct MPD. Different approaches have been used to 

identify the activating alleles that cause these disorders, and in all cases these alleles result 

in constitutive tyrosine kinase signalling. HSC, haematopoietic stem cell; JAK2, Janus 

kinase 2; MPL, thrombopoietin receptor; PDGFR, platelet derived growth factor receptor.

Box 1 | Myeloproliferat ive diseases

Myeloproliferative diseases (MPD) are proliferative syndromes that present with increased numbers of functional, mature, 

terminally differentiated myeloid elements. Thus, in contrast to impaired myeloid differentiation that is characteristic of 

myelodysplastic syndromes (MDS) and acute myeloid leukaemia (AML), patients with MPD rarely present with infectious 

complications related to leucopaenia, or complications related to anaemia that are observed in MDS and AML. In addition, 

although these MPD can be associated with bleeding tendencies (diatheses) that are observed in MDS and AML owing to 

thrombocytosis and platelet dysfunction, they are often associated with specific clinical sequelae that include thrombotic 

diatheses that are not observed in MDS or AML. However, MDS and AML are thought to be stem cell disorders, based on 

clonality analyses using X-inactivation-based assays in females or cytogenetic analyses that demonstrate the clonal 

involvement of the different haematopoietic lineages111,112.

The first MPD allele to be identified and characterized was the BCR-ABL fusion oncogene in chronic myeloid leukaemia 

(CML) that arises as a consequence of the 9:22 translocation2, a causative agent for this disease, and recurrent 

translocations led to the discovery of different fusion tyrosine kinases, including platelet derived growth factor receptor-  

(PDGFRB) fusions in patients with chronic myelomonocytic leukaemia (CMML) and other MPD3. The observation that KIT is 

highly expressed in mast cells led to the discovery of the KITD816V allele in systemic mastocytosis (SM)5, and imatinib 

responses in patients with chronic eosinophilic leukaemia (CEL) and SM led to the discovery of an interstitial deletion that 

gives rise to the FIP1L1–PDGFRA fusion4. Most recently, investigators have identified Janus kinase 2 (JAK2) and 

thrombopoietin receptor mutations in polycythaemia vera (PV), essential thrombocythaemia (ET) and primary 

meylofibrosis (PMF) that result in the activation of JAK2 signalling8–11,53,55.
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In vitro studies demonstrate that the expression of 

JAK2V617F activates multiple downstream signalling 

pathways8,36, including the Stat family of transcription 

factors, the mitogen activated protein kinase (MAPK) 

signalling pathway, and the phosphotidylinositol 3-kinase 

(PI3K)–Akt signalling pathway (FIG. 2). Most activated 

tyrosine kinases that have been identified in human 

malignancies activate these same signalling cascades, 

and the role and requirement of the Stat, MAPK and 

PI3K–Akt signalling pathways in JAK2V617F-mediated 

transformation of haematopoietic cells has not been fully 

elucidated. However, several lines of evidence suggest 

that activation of the Stat family of transcription factors 

is important in JAK2V617F-mediated transformation. 

First, expression of either constitutively active STAT5 or 

its anti-apoptotic target gene BCL-X
L
 in human haemat-

opoietic progenitors results in EPO-independent colony 

formation37, a hallmark of human PV. Moreover, STAT3 

activation and BCL-X
L
 overexpression are observed in 

most PV patient samples38,39. These data imply that Stat 

pathway activation is important in JAK2V617F-mediated 

transformation, but do not indicate whether Stat pathway 

activation is necessary and/or sufficient for JAK2V617F-

mediated transformation. Murine bone marrow trans-

plantation (BMT) assays using Stat5a;Stat5b-deficient 

mice have been used to show that STAT5 is required 

for haematopoietic transformation by the constitutively 

active TEL–JAK2 fusion tyrosine kinase40, and future 

experiments will ultimately determine whether the same 

is true for JAK2V617F. In addition, the activation of sig-

nalling by the JAK2V617F kinase might in part be due to 

escape from negative-feedback mechanisms important 

in attenuating JAK2 signalling. Jak activity is negatively 

regulated by the Socs family of proteins, which normally 

bind to the Jak kinases and result in their degradation. In 

particular, SOCS1 and SOCS3 have been shown to bind 

to JAK2 and inhibit JAK2 catalytic activity41,42, and over-

expression of SOCS1 results in abrogation of in vitro and 

in vivo transformation by TEL–JAK2 (REF. 43). Although 

expression of SOCS1 results in JAK2 and JAK2V617F deg-

radation and inhibition of kinase activity, the expression 

of SOCS3 paradoxically results in increased JAK2V617F 

protein stability, increased SOCS3 phosphorylation and 

increased JAK2V617F phosphorylation44. These data 

demonstrate that regulation of JAK2 kinase activity by 

SOCS3 is altered in the context of the V617F substitution, 

and suggest the possibility that therapeutic inhibition of 

SOCS3 might selectively attenuate JAK2V617F, but not 

wild-type JAK2 signalling.

In vivo data from murine BMT experiments have 

provided important insights into the role of JAK2 activa-

tion in the pathogenesis of MPD. James et al. noted that 

the expression of JAK2V617F, but not wild-type JAK2, in 

a murine BMT assay results in significant erythrocytosis 

in recipient mice 28 days after transplantation8,9, and  

Figure 1 | Classification and molecular pathogenesis of the MPD. The different 

myeloproliferative disorders (MPD) can be classified by the predominant terminally 

differentiated myeloid cell involved in the disorder, and for each terminally differentiated 

myeloid cell there is a clinically distinct MPD. Different approaches have been used to 

identify the activating alleles that cause these disorders, and in all cases these alleles result 

in constitutive tyrosine kinase signalling. HSC, haematopoietic stem cell; JAK2, Janus 

kinase 2; MPL, thrombopoietin receptor; PDGFR, platelet derived growth factor receptor.

Box 1 | Myeloproliferat ive diseases

Myeloproliferative diseases (MPD) are proliferative syndromes that present with increased numbers of functional, mature, 

terminally differentiated myeloid elements. Thus, in contrast to impaired myeloid differentiation that is characteristic of 

myelodysplastic syndromes (MDS) and acute myeloid leukaemia (AML), patients with MPD rarely present with infectious 

complications related to leucopaenia, or complications related to anaemia that are observed in MDS and AML. In addition, 

although these MPD can be associated with bleeding tendencies (diatheses) that are observed in MDS and AML owing to 

thrombocytosis and platelet dysfunction, they are often associated with specific clinical sequelae that include thrombotic 

diatheses that are not observed in MDS or AML. However, MDS and AML are thought to be stem cell disorders, based on 

clonality analyses using X-inactivation-based assays in females or cytogenetic analyses that demonstrate the clonal 

involvement of the different haematopoietic lineages111,112.

The first MPD allele to be identified and characterized was the BCR-ABL fusion oncogene in chronic myeloid leukaemia 

(CML) that arises as a consequence of the 9:22 translocation2, a causative agent for this disease, and recurrent 

translocations led to the discovery of different fusion tyrosine kinases, including platelet derived growth factor receptor-  

(PDGFRB) fusions in patients with chronic myelomonocytic leukaemia (CMML) and other MPD3. The observation that KIT is 

highly expressed in mast cells led to the discovery of the KITD816V allele in systemic mastocytosis (SM)5, and imatinib 

responses in patients with chronic eosinophilic leukaemia (CEL) and SM led to the discovery of an interstitial deletion that 

gives rise to the FIP1L1–PDGFRA fusion4. Most recently, investigators have identified Janus kinase 2 (JAK2) and 

thrombopoietin receptor mutations in polycythaemia vera (PV), essential thrombocythaemia (ET) and primary 

meylofibrosis (PMF) that result in the activation of JAK2 signalling8–11,53,55.
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identify the activating alleles that cause these disorders, and in all cases these alleles result 

in constitutive tyrosine kinase signalling. HSC, haematopoietic stem cell; JAK2, Janus 
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myelodysplastic syndromes (MDS) and acute myeloid leukaemia (AML), patients with MPD rarely present with infectious 

complications related to leucopaenia, or complications related to anaemia that are observed in MDS and AML. In addition, 

although these MPD can be associated with bleeding tendencies (diatheses) that are observed in MDS and AML owing to 

thrombocytosis and platelet dysfunction, they are often associated with specific clinical sequelae that include thrombotic 

diatheses that are not observed in MDS or AML. However, MDS and AML are thought to be stem cell disorders, based on 

clonality analyses using X-inactivation-based assays in females or cytogenetic analyses that demonstrate the clonal 

involvement of the different haematopoietic lineages111,112.

The first MPD allele to be identified and characterized was the BCR-ABL fusion oncogene in chronic myeloid leukaemia 

(CML) that arises as a consequence of the 9:22 translocation2, a causative agent for this disease, and recurrent 

translocations led to the discovery of different fusion tyrosine kinases, including platelet derived growth factor receptor-  

(PDGFRB) fusions in patients with chronic myelomonocytic leukaemia (CMML) and other MPD3. The observation that KIT is 

highly expressed in mast cells led to the discovery of the KITD816V allele in systemic mastocytosis (SM)5, and imatinib 

responses in patients with chronic eosinophilic leukaemia (CEL) and SM led to the discovery of an interstitial deletion that 

gives rise to the FIP1L1–PDGFRA fusion4. Most recently, investigators have identified Janus kinase 2 (JAK2) and 

thrombopoietin receptor mutations in polycythaemia vera (PV), essential thrombocythaemia (ET) and primary 
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elucidated. However, several lines of evidence suggest 

that activation of the Stat family of transcription factors 
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First, expression of either constitutively active STAT5 or 

its anti-apoptotic target gene BCL-X
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opoietic progenitors results in EPO-independent colony 

formation37, a hallmark of human PV. Moreover, STAT3 

activation and BCL-X
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 overexpression are observed in 

most PV patient samples38,39. These data imply that Stat 

pathway activation is important in JAK2V617F-mediated 

transformation, but do not indicate whether Stat pathway 

activation is necessary and/or sufficient for JAK2V617F-

mediated transformation. Murine bone marrow trans-

plantation (BMT) assays using Stat5a;Stat5b-deficient 

mice have been used to show that STAT5 is required 

for haematopoietic transformation by the constitutively 

active TEL–JAK2 fusion tyrosine kinase40, and future 

experiments will ultimately determine whether the same 

is true for JAK2V617F. In addition, the activation of sig-

nalling by the JAK2V617F kinase might in part be due to 

escape from negative-feedback mechanisms important 

in attenuating JAK2 signalling. Jak activity is negatively 

regulated by the Socs family of proteins, which normally 

bind to the Jak kinases and result in their degradation. In 

particular, SOCS1 and SOCS3 have been shown to bind 

to JAK2 and inhibit JAK2 catalytic activity41,42, and over-

expression of SOCS1 results in abrogation of in vitro and 

in vivo transformation by TEL–JAK2 (REF. 43). Although 

expression of SOCS1 results in JAK2 and JAK2V617F deg-

radation and inhibition of kinase activity, the expression 

of SOCS3 paradoxically results in increased JAK2V617F 

protein stability, increased SOCS3 phosphorylation and 

increased JAK2V617F phosphorylation44. These data 

demonstrate that regulation of JAK2 kinase activity by 

SOCS3 is altered in the context of the V617F substitution, 

and suggest the possibility that therapeutic inhibition of 

SOCS3 might selectively attenuate JAK2V617F, but not 

wild-type JAK2 signalling.

In vivo data from murine BMT experiments have 

provided important insights into the role of JAK2 activa-

tion in the pathogenesis of MPD. James et al. noted that 

the expression of JAK2V617F, but not wild-type JAK2, in 

a murine BMT assay results in significant erythrocytosis 

in recipient mice 28 days after transplantation8,9, and  

Figure 1 | Classification and molecular pathogenesis of the MPD. The different 

myeloproliferative disorders (MPD) can be classified by the predominant terminally 

differentiated myeloid cell involved in the disorder, and for each terminally differentiated 

myeloid cell there is a clinically distinct MPD. Different approaches have been used to 

identify the activating alleles that cause these disorders, and in all cases these alleles result 

in constitutive tyrosine kinase signalling. HSC, haematopoietic stem cell; JAK2, Janus 

kinase 2; MPL, thrombopoietin receptor; PDGFR, platelet derived growth factor receptor.

Box 1 | Myeloproliferat ive diseases

Myeloproliferative diseases (MPD) are proliferative syndromes that present with increased numbers of functional, mature, 

terminally differentiated myeloid elements. Thus, in contrast to impaired myeloid differentiation that is characteristic of 

myelodysplastic syndromes (MDS) and acute myeloid leukaemia (AML), patients with MPD rarely present with infectious 

complications related to leucopaenia, or complications related to anaemia that are observed in MDS and AML. In addition, 

although these MPD can be associated with bleeding tendencies (diatheses) that are observed in MDS and AML owing to 

thrombocytosis and platelet dysfunction, they are often associated with specific clinical sequelae that include thrombotic 

diatheses that are not observed in MDS or AML. However, MDS and AML are thought to be stem cell disorders, based on 

clonality analyses using X-inactivation-based assays in females or cytogenetic analyses that demonstrate the clonal 

involvement of the different haematopoietic lineages111,112.

The first MPD allele to be identified and characterized was the BCR-ABL fusion oncogene in chronic myeloid leukaemia 

(CML) that arises as a consequence of the 9:22 translocation2, a causative agent for this disease, and recurrent 

translocations led to the discovery of different fusion tyrosine kinases, including platelet derived growth factor receptor-  

(PDGFRB) fusions in patients with chronic myelomonocytic leukaemia (CMML) and other MPD3. The observation that KIT is 

highly expressed in mast cells led to the discovery of the KITD816V allele in systemic mastocytosis (SM)5, and imatinib 

responses in patients with chronic eosinophilic leukaemia (CEL) and SM led to the discovery of an interstitial deletion that 

gives rise to the FIP1L1–PDGFRA fusion4. Most recently, investigators have identified Janus kinase 2 (JAK2) and 

thrombopoietin receptor mutations in polycythaemia vera (PV), essential thrombocythaemia (ET) and primary 
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pathways8,36, including the Stat family of transcription 
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tyrosine kinases that have been identified in human 

malignancies activate these same signalling cascades, 

and the role and requirement of the Stat, MAPK and 
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transformation of haematopoietic cells has not been fully 

elucidated. However, several lines of evidence suggest 

that activation of the Stat family of transcription factors 
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First, expression of either constitutively active STAT5 or 

its anti-apoptotic target gene BCL-X
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 in human haemat-

opoietic progenitors results in EPO-independent colony 

formation37, a hallmark of human PV. Moreover, STAT3 

activation and BCL-X
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most PV patient samples38,39. These data imply that Stat 

pathway activation is important in JAK2V617F-mediated 

transformation, but do not indicate whether Stat pathway 

activation is necessary and/or sufficient for JAK2V617F-

mediated transformation. Murine bone marrow trans-

plantation (BMT) assays using Stat5a;Stat5b-deficient 

mice have been used to show that STAT5 is required 
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active TEL–JAK2 fusion tyrosine kinase40, and future 

experiments will ultimately determine whether the same 

is true for JAK2V617F. In addition, the activation of sig-

nalling by the JAK2V617F kinase might in part be due to 

escape from negative-feedback mechanisms important 

in attenuating JAK2 signalling. Jak activity is negatively 

regulated by the Socs family of proteins, which normally 

bind to the Jak kinases and result in their degradation. In 

particular, SOCS1 and SOCS3 have been shown to bind 

to JAK2 and inhibit JAK2 catalytic activity41,42, and over-

expression of SOCS1 results in abrogation of in vitro and 

in vivo transformation by TEL–JAK2 (REF. 43). Although 

expression of SOCS1 results in JAK2 and JAK2V617F deg-

radation and inhibition of kinase activity, the expression 
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myeloproliferative disorders (MPD) can be classified by the predominant terminally 

differentiated myeloid cell involved in the disorder, and for each terminally differentiated 

myeloid cell there is a clinically distinct MPD. Different approaches have been used to 

identify the activating alleles that cause these disorders, and in all cases these alleles result 

in constitutive tyrosine kinase signalling. HSC, haematopoietic stem cell; JAK2, Janus 
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although these MPD can be associated with bleeding tendencies (diatheses) that are observed in MDS and AML owing to 

thrombocytosis and platelet dysfunction, they are often associated with specific clinical sequelae that include thrombotic 

diatheses that are not observed in MDS or AML. However, MDS and AML are thought to be stem cell disorders, based on 

clonality analyses using X-inactivation-based assays in females or cytogenetic analyses that demonstrate the clonal 

involvement of the different haematopoietic lineages111,112.

The first MPD allele to be identified and characterized was the BCR-ABL fusion oncogene in chronic myeloid leukaemia 

(CML) that arises as a consequence of the 9:22 translocation2, a causative agent for this disease, and recurrent 

translocations led to the discovery of different fusion tyrosine kinases, including platelet derived growth factor receptor-  

(PDGFRB) fusions in patients with chronic myelomonocytic leukaemia (CMML) and other MPD3. The observation that KIT is 

highly expressed in mast cells led to the discovery of the KITD816V allele in systemic mastocytosis (SM)5, and imatinib 

responses in patients with chronic eosinophilic leukaemia (CEL) and SM led to the discovery of an interstitial deletion that 
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factors, the mitogen activated protein kinase (MAPK) 
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tyrosine kinases that have been identified in human 

malignancies activate these same signalling cascades, 

and the role and requirement of the Stat, MAPK and 
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transformation of haematopoietic cells has not been fully 

elucidated. However, several lines of evidence suggest 

that activation of the Stat family of transcription factors 

is important in JAK2V617F-mediated transformation. 
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its anti-apoptotic target gene BCL-X
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formation37, a hallmark of human PV. Moreover, STAT3 

activation and BCL-X
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bind to the Jak kinases and result in their degradation. In 

particular, SOCS1 and SOCS3 have been shown to bind 

to JAK2 and inhibit JAK2 catalytic activity41,42, and over-

expression of SOCS1 results in abrogation of in vitro and 

in vivo transformation by TEL–JAK2 (REF. 43). Although 

expression of SOCS1 results in JAK2 and JAK2V617F deg-

radation and inhibition of kinase activity, the expression 

of SOCS3 paradoxically results in increased JAK2V617F 

protein stability, increased SOCS3 phosphorylation and 

increased JAK2V617F phosphorylation44. These data 

demonstrate that regulation of JAK2 kinase activity by 

SOCS3 is altered in the context of the V617F substitution, 

and suggest the possibility that therapeutic inhibition of 

SOCS3 might selectively attenuate JAK2V617F, but not 

wild-type JAK2 signalling.

In vivo data from murine BMT experiments have 

provided important insights into the role of JAK2 activa-

tion in the pathogenesis of MPD. James et al. noted that 

the expression of JAK2V617F, but not wild-type JAK2, in 

a murine BMT assay results in significant erythrocytosis 

in recipient mice 28 days after transplantation8,9, and  

Figure 1 | Classification and molecular pathogenesis of the MPD. The different 

myeloproliferative disorders (MPD) can be classified by the predominant terminally 

differentiated myeloid cell involved in the disorder, and for each terminally differentiated 

myeloid cell there is a clinically distinct MPD. Different approaches have been used to 

identify the activating alleles that cause these disorders, and in all cases these alleles result 

in constitutive tyrosine kinase signalling. HSC, haematopoietic stem cell; JAK2, Janus 

kinase 2; MPL, thrombopoietin receptor; PDGFR, platelet derived growth factor receptor.

Box 1 | Myeloproliferat ive diseases

Myeloproliferative diseases (MPD) are proliferative syndromes that present with increased numbers of functional, mature, 

terminally differentiated myeloid elements. Thus, in contrast to impaired myeloid differentiation that is characteristic of 

myelodysplastic syndromes (MDS) and acute myeloid leukaemia (AML), patients with MPD rarely present with infectious 

complications related to leucopaenia, or complications related to anaemia that are observed in MDS and AML. In addition, 

although these MPD can be associated with bleeding tendencies (diatheses) that are observed in MDS and AML owing to 

thrombocytosis and platelet dysfunction, they are often associated with specific clinical sequelae that include thrombotic 

diatheses that are not observed in MDS or AML. However, MDS and AML are thought to be stem cell disorders, based on 

clonality analyses using X-inactivation-based assays in females or cytogenetic analyses that demonstrate the clonal 

involvement of the different haematopoietic lineages111,112.

The first MPD allele to be identified and characterized was the BCR-ABL fusion oncogene in chronic myeloid leukaemia 

(CML) that arises as a consequence of the 9:22 translocation2, a causative agent for this disease, and recurrent 

translocations led to the discovery of different fusion tyrosine kinases, including platelet derived growth factor receptor-  

(PDGFRB) fusions in patients with chronic myelomonocytic leukaemia (CMML) and other MPD3. The observation that KIT is 

highly expressed in mast cells led to the discovery of the KITD816V allele in systemic mastocytosis (SM)5, and imatinib 

responses in patients with chronic eosinophilic leukaemia (CEL) and SM led to the discovery of an interstitial deletion that 

gives rise to the FIP1L1–PDGFRA fusion4. Most recently, investigators have identified Janus kinase 2 (JAK2) and 

thrombopoietin receptor mutations in polycythaemia vera (PV), essential thrombocythaemia (ET) and primary 

meylofibrosis (PMF) that result in the activation of JAK2 signalling8–11,53,55.
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In vitro studies demonstrate that the expression of 

JAK2V617F activates multiple downstream signalling 

pathways8,36, including the Stat family of transcription 

factors, the mitogen activated protein kinase (MAPK) 

signalling pathway, and the phosphotidylinositol 3-kinase 

(PI3K)–Akt signalling pathway (FIG. 2). Most activated 

tyrosine kinases that have been identified in human 

malignancies activate these same signalling cascades, 

and the role and requirement of the Stat, MAPK and 

PI3K–Akt signalling pathways in JAK2V617F-mediated 

transformation of haematopoietic cells has not been fully 

elucidated. However, several lines of evidence suggest 

that activation of the Stat family of transcription factors 

is important in JAK2V617F-mediated transformation. 

First, expression of either constitutively active STAT5 or 

its anti-apoptotic target gene BCL-X
L
 in human haemat-

opoietic progenitors results in EPO-independent colony 

formation37, a hallmark of human PV. Moreover, STAT3 

activation and BCL-X
L
 overexpression are observed in 

most PV patient samples38,39. These data imply that Stat 

pathway activation is important in JAK2V617F-mediated 

transformation, but do not indicate whether Stat pathway 

activation is necessary and/or sufficient for JAK2V617F-

mediated transformation. Murine bone marrow trans-

plantation (BMT) assays using Stat5a;Stat5b-deficient 

mice have been used to show that STAT5 is required 

for haematopoietic transformation by the constitutively 

active TEL–JAK2 fusion tyrosine kinase40, and future 

experiments will ultimately determine whether the same 

is true for JAK2V617F. In addition, the activation of sig-

nalling by the JAK2V617F kinase might in part be due to 

escape from negative-feedback mechanisms important 

in attenuating JAK2 signalling. Jak activity is negatively 

regulated by the Socs family of proteins, which normally 

bind to the Jak kinases and result in their degradation. In 

particular, SOCS1 and SOCS3 have been shown to bind 

to JAK2 and inhibit JAK2 catalytic activity41,42, and over-

expression of SOCS1 results in abrogation of in vitro and 

in vivo transformation by TEL–JAK2 (REF. 43). Although 

expression of SOCS1 results in JAK2 and JAK2V617F deg-

radation and inhibition of kinase activity, the expression 

of SOCS3 paradoxically results in increased JAK2V617F 

protein stability, increased SOCS3 phosphorylation and 

increased JAK2V617F phosphorylation44. These data 

demonstrate that regulation of JAK2 kinase activity by 

SOCS3 is altered in the context of the V617F substitution, 

and suggest the possibility that therapeutic inhibition of 

SOCS3 might selectively attenuate JAK2V617F, but not 

wild-type JAK2 signalling.

In vivo data from murine BMT experiments have 

provided important insights into the role of JAK2 activa-

tion in the pathogenesis of MPD. James et al. noted that 

the expression of JAK2V617F, but not wild-type JAK2, in 

a murine BMT assay results in significant erythrocytosis 

in recipient mice 28 days after transplantation8,9, and  

Figure 1 | Classification and molecular pathogenesis of the MPD. The different 

myeloproliferative disorders (MPD) can be classified by the predominant terminally 

differentiated myeloid cell involved in the disorder, and for each terminally differentiated 

myeloid cell there is a clinically distinct MPD. Different approaches have been used to 

identify the activating alleles that cause these disorders, and in all cases these alleles result 

in constitutive tyrosine kinase signalling. HSC, haematopoietic stem cell; JAK2, Janus 

kinase 2; MPL, thrombopoietin receptor; PDGFR, platelet derived growth factor receptor.

Box 1 | Myeloproliferat ive diseases

Myeloproliferative diseases (MPD) are proliferative syndromes that present with increased numbers of functional, mature, 

terminally differentiated myeloid elements. Thus, in contrast to impaired myeloid differentiation that is characteristic of 

myelodysplastic syndromes (MDS) and acute myeloid leukaemia (AML), patients with MPD rarely present with infectious 

complications related to leucopaenia, or complications related to anaemia that are observed in MDS and AML. In addition, 

although these MPD can be associated with bleeding tendencies (diatheses) that are observed in MDS and AML owing to 

thrombocytosis and platelet dysfunction, they are often associated with specific clinical sequelae that include thrombotic 

diatheses that are not observed in MDS or AML. However, MDS and AML are thought to be stem cell disorders, based on 

clonality analyses using X-inactivation-based assays in females or cytogenetic analyses that demonstrate the clonal 

involvement of the different haematopoietic lineages111,112.

The first MPD allele to be identified and characterized was the BCR-ABL fusion oncogene in chronic myeloid leukaemia 

(CML) that arises as a consequence of the 9:22 translocation2, a causative agent for this disease, and recurrent 

translocations led to the discovery of different fusion tyrosine kinases, including platelet derived growth factor receptor-  

(PDGFRB) fusions in patients with chronic myelomonocytic leukaemia (CMML) and other MPD3. The observation that KIT is 

highly expressed in mast cells led to the discovery of the KITD816V allele in systemic mastocytosis (SM)5, and imatinib 

responses in patients with chronic eosinophilic leukaemia (CEL) and SM led to the discovery of an interstitial deletion that 

gives rise to the FIP1L1–PDGFRA fusion4. Most recently, investigators have identified Janus kinase 2 (JAK2) and 

thrombopoietin receptor mutations in polycythaemia vera (PV), essential thrombocythaemia (ET) and primary 

meylofibrosis (PMF) that result in the activation of JAK2 signalling8–11,53,55.
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In vitro studies dem
onstrate that the expression of 

JAK2V617F activates m
ultiple downstream

 signalling 

pathways
8,36 , including the Stat fam

ily of transcription 

factors, the m
itogen activated protein kinase (M

APK) 

signalling pathway, and the phosphotidylinositol 3-kinase 

(PI3K)–Akt signalling pathway (FIG. 2). M
ost activated 

tyrosine kinases that have been identified in hum
an 

m
alignancies activate these sam

e signalling cascades, 

and the role and requirem
ent of the Stat, M

APK and 

PI3K–Akt signalling pathways in JAK2V617F-m
ediated 

transform
ation of haem

atopoietic cells has not been fully 

elucidated. However, several lines of evidence suggest 

that activation of the Stat fam
ily of transcription factors 

is im
portant in JAK2V617F-m

ediated transform
ation. 

First, expression of either constitutively active STAT5 or 

its anti-apoptotic target gene BCL-X L in hum
an haem

at-

opoietic progenitors results in EPO-independent colony 

form
ation

37 , a hallm
ark of hum

an PV. M
oreover, STAT3 

activation and BCL-X L overexpression are observed in 

m
ost PV patient sam

ples
38,39 . These data im

ply that Stat 

pathway activation is im
portant in JAK2V617F-m

ediated 

transform
ation, but do not indicate whether Stat pathway 

activation is necessary and/or sufficient for JAK2V617F-

m
ediated transform

ation. M
urine bone m

arrow trans-

plantation (BM
T) assays using Stat5a;Stat5b-deficient 

m
ice have been used to show that STAT5 is required 

for haem
atopoietic transform

ation by the constitutively 

active TEL–JAK2 fusion tyrosine kinase
40 , and future 

experim
ents will ultim

ately determ
ine whether the sam

e 

is true for JAK2V617F. In addition, the activation of sig-

nalling by the JAK2V617F kinase m
ight in part be due to 

escape from
 negative-feedback m

echanism
s im

portant 

in attenuating JAK2 signalling. Jak activity is negatively 

regulated by the Socs fam
ily of proteins, which norm

ally 

bind to the Jak kinases and result in their degradation. In 

particular, SO
CS1 and SO

CS3 have been shown to bind 

to JAK2 and inhibit JAK2 catalytic activity
41,42 , and over-

expression of SOCS1 results in abrogation of in vitro and 

in vivo transform
ation by TEL–JAK2 (REF. 43). Although 

expression of SOCS1 results in JAK2 and JAK2V617F deg-

radation and inhibition of kinase activity, the expression 

of SOCS3 paradoxically results in increased JAK2V617F 

protein stability, increased SO
CS3 phosphorylation and 

increased JAK2V617F phosphorylation
44 . These data 

dem
onstrate that regulation of JAK2 kinase activity by 

SOCS3 is altered in the context of the V617F substitution, 

and suggest the possibility that therapeutic inhibition of 

SO
CS3 m

ight selectively attenuate JAK2V617F, but not 

wild-type JAK2 signalling.

In vivo data from
 m

urine BM
T experim

ents have 

provided im
portant insights into the role of JAK2 activa-

tion in the pathogenesis of M
PD. Jam

es et al. noted that 

the expression of JAK2V617F, but not wild-type JAK2, in 

a m
urine BM

T assay results in significant erythrocytosis 

in recipient m
ice 28 days after transplantation

8,9 , and  

Figure 1 | Classification and m
olecular pathogenesis of the M

PD. The different 

m
yeloproliferative disorders (M

PD) can be classified by the predom
inant term

inally 

differentiated myeloid cell involved in the disorder, and for each term
inally differentiated 

myeloid cell there is a clinically distinct M
PD. Different approaches have been used to 

identify the activating alleles that cause these disorders, and in all cases these alleles result 

in constitutive tyrosine kinase signalling. HSC, haematopoietic stem
 cell; JAK2, Janus 

kinase 2; M
PL, thrombopoietin receptor; PDGFR, platelet derived growth factor receptor.

Box 1 | M
yeloproliferat ive diseases

M
yeloproliferative diseases (M

PD) are proliferative syndrom
es that present with increased num

bers of functional, m
ature, 

term
inally differentiated m

yeloid elem
ents. Thus, in contrast to im

paired m
yeloid differentiation that is characteristic of 

m
yelodysplastic syndrom

es (M
DS) and acute m

yeloid leukaem
ia (AM

L), patients with M
PD rarely present with infectious 

com
plications related to leucopaenia, or com

plications related to anaem
ia that are observed in M

DS and AM
L. In addition, 

although these M
PD can be associated with bleeding tendencies (diatheses) that are observed in M

DS and AM
L owing to 

throm
bocytosis and platelet dysfunction, they are often associated with specific clinical sequelae that include throm

botic 

diatheses that are not observed in M
DS or AM

L. However, M
DS and AM

L are thought to be stem
 cell disorders, based on 

clonality analyses using X-inactivation-based assays in fem
ales or cytogenetic analyses that dem

onstrate the clonal 

involvem
ent of the different haem

atopoietic lineages
111,112 .

The first M
PD allele to be identified and characterized was the BCR-ABL fusion oncogene in chronic m

yeloid leukaem
ia 

(CM
L) that arises as a consequence of the 9:22 translocation

2 , a causative agent for this disease, and recurrent 

translocations led to the discovery of different fusion tyrosine kinases, including platelet derived growth factor receptor-
 

(PDGFRB) fusions in patients with chronic m
yelom

onocytic leukaem
ia (CM

M
L) and other M

PD
3 . The observation that KIT is 

highly expressed in m
ast cells led to the discovery of the KITD816V allele in system

ic m
astocytosis (SM

)
5 , and im

atinib 

responses in patients with chronic eosinophilic leukaem
ia (CEL) and SM

 led to the discovery of an interstitial deletion that 

gives rise to the FIP1L1–PDGFRA fusion
4 . M

ost recently, investigators have identified Janus kinase 2 (JAK2) and 

throm
bopoietin receptor m

utations in polycythaem
ia vera (PV), essential throm

bocythaem
ia (ET) and prim

ary 

m
eylofibrosis (PM

F) that result in the activation of JAK2 signalling
8–11,53,55 .
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In vitro studies dem
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strate that the expression
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factors, the m
itogen
 activated protein
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m
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in
creased JA
K
2V
617F phosph
orylation
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hese data 
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strate that regulation
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S3 is altered in the context of the V
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and suggest the possibility that therapeutic inhibition of 
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ight selectively attenuate JA

K
2V
617F, but not 
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In
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Figure 1 | C
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. The different 
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yeloproliferative disorders (M
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) can be classified by the predom

inant term
inally 

differentiated m
yeloid cell involved in the disorder, and for each term

inally differentiated
 

m
yeloid cell there is a clinically distinct M

PD
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ifferent approaches have been used to 

identify the activating alleles that cause these disorders, and in all cases these alleles result 

in constitutive tyrosine kinase signalling. H
SC
, haem
atopoietic stem
 cell; JA
K
2, Janus 

kinase 2; M
PL, throm
bopoietin receptor; PD
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FR
, platelet derived grow

th factor receptor.
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inally differentiated m
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yeloid differentiation that is characteristic of 
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S) and
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ith infectious 
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 can be associated w

ith bleeding tendencies (diatheses) that are observed in M
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bocytosis and platelet dysfunction, they are often associated w

ith specific clinical sequelae that include throm
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diatheses that are not observed in M
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L. H
ow
ever, M
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S and A
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L are thought to be stem

 cell disorders, based
 on 

clonality analyses using X
-inactivation-based

 assays in fem
ales or cytogenetic analyses that dem

onstrate the clonal 

involvem
ent of the different haem
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ia 
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L) that arises as a consequence of the 9:22 translocation

2 , a causative agent for this disease, and recurrent 

translocations led to the discovery of different fusion tyrosine kinases, including platelet derived grow
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(PD
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) fusions in patients w

ith chronic m
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L) and other M
PD

3 . The observation that K
IT is 

highly expressed in m
ast cells led to the discovery of the K
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816V
 allele in system
ic m
astocytosis (SM
)5 , and im
atinib 

responses in patients w
ith chronic eosinophilic leukaem
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EL) and SM
 led to the discovery of an interstitial deletion that 

gives rise to the FIP1L1–PD
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 fusion
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ost recently, investigators have identified Janus kinase 2 (JA

K
2) and
 

throm
bopoietin receptor m
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ia vera (PV
), essential throm
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ia (ET) and prim
ary 

m
eylofibrosis (PM
F) that result in the activation of JA
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2 signalling
8–11
,53,55 .

R
E
V
IE
W
S

N
A
T
U
R
E
 R
E
V
IE
W
S | C
A
N
C
E
R
 

 V
O
L
U
M
E
 7
 | SE
P
T
E
M
B
E
R
 2
0
0
7
 | 675

© 2007 N
a
tu
re P
u
b
lis
h
in
g
 G
ro
u
p
 

N
ature Review

s | C
ancer

N
eutrophils

M
onocytes

M
yeloid 

progenitor

H
SC

M
PD

A
ctivating 

m
utation

C
hronic m

yeloid

leukaem
ia

C
hronic 

m
yelom

onocytic

leukaem
ia

Prim
ary

m
yelofibrosis

M
ast 

cell

System
ic

m
astocytosis

KITD
816V

FIP1L1–PD
G
FRA

Red 

blood cells

Polycythaem
ia

vera

JA
K2V617F

JA
K2 Exon 12

Platelets

Essential

throm
bo-

cythaem
ia

JA
K2V617F

M
PLW

515L/ K

JA
K2V617F

M
PLW

515L/ K

Eosinophils

C
hronic

eosinophilic

leukem
ia

FIP1L1–PD
G
FRA

BC
R-A
BL

TEL–PD
G
FRB

BC
R–PD

G
FRA

TEL–JA
K2

other fusion TK
s

Leucop
aenia

Low
 w
hite blood cell count.

E
rythrocytosis

Increased red blood cell count.

In vitro studies dem
onstrate that the expression of 

JA
K
2V
617F activates m

ultiple dow
nstream

 signalling 

pathw
ays
8,36 , including the Stat fam

ily of transcription 

factors, the m
itogen activated protein kinase (M

A
PK
) 

signalling pathw
ay, and the phosphotidylinositol 3-kinase 

(PI3K
)–A
kt signalling pathw

ay (FIG
. 2
). M
ost activated 

tyrosine kinases that have been identified in hum
an 

m
alignancies activate these sam

e signalling cascades, 

and the role and requirem
ent of the Stat, M

A
PK
 and 

PI3K
–A
kt signalling pathw

ays in JA
K
2V
617F-m

ediated 

transform
ation of haem

atopoietic cells has not been fully 

elucidated. H
ow
ever, several lines of evidence suggest 

that activation of the Stat fam
ily of transcription factors 

is im
portant in JA

K
2V
617F-m

ediated transform
ation. 

First, expression of either constitutively active STA
T
5 or 

its anti-apoptotic target gene BC
L-X

L in hum
an haem

at-

opoietic progenitors results in EPO
-independent colony 

form
ation
37 , a hallm

ark of hum
an PV. M

oreover, STA
T
3 

activation and B
C
L-X

L overexpression are observed in 

m
ost PV

 patient sam
ples
38,39 . T

hese data im
ply that Stat 

pathw
ay activation is im

portant in JA
K
2V
617F-m

ediated 

transform
ation, but do not indicate w

hether Stat pathw
ay 

activation is necessary and/or sufficient for JA
K
2V
617F-

m
ediated transform

ation. M
urine bone m

arrow
 trans-

plantation (B
M
T
) assays using Stat5a;Stat5b-deficient 

m
ice have been used to show

 that STA
T
5 is required 

for haem
atopoietic transform

ation by the constitutively 

active T
E
L–JA

K
2 fusion tyrosine kinase

40 , and future 

experim
ents w

ill ultim
ately determ

ine w
hether the sam

e 

is true for JA
K
2V
617F. In addition, the activation of sig-

nalling by the JA
K
2V
617F kinase m

ight in part be due to 

escape from
 negative-feedback m

echanism
s im

portant 

in attenuating JA
K
2 signalling. Jak activity is negatively 

regulated by the Socs fam
ily of proteins, w

hich norm
ally 

bind to the Jak kinases and result in their degradation. In 

particular, SO
C
S1 and SO

C
S3 have been show

n to bind 

to JA
K
2 and inhibit JA

K
2 catalytic activity

41,42 , and over-

expression of SO
C
S1 results in abrogation of in vitro and 

in vivo transform
ation by T

EL–JA
K
2 (R

EF. 4
3
). A
lthough 

expression of SO
C
S1 results in JA

K
2 and JA

K
2V
617F deg-

radation and inhibition of kinase activity, the expression 

of SO
C
S3 paradoxically results in increased JA

K
2V
617F 

protein stability, increased SO
C
S3 phosphorylation and 

increased JA
K
2V
617F phosphorylation

44 . T
hese data 

dem
onstrate that regulation of JA

K
2 kinase activity by 

SO
C
S3 is altered in the context of the V

617F substitution, 

and suggest the possibility that therapeutic inhibition of 

SO
C
S3 m

ight selectively attenuate JA
K
2V
617F, but not 

w
ild-type JA

K
2 signalling.

In vivo data from
 m
urine B

M
T
 experim

ents have 

provided im
portant insights into the role of JA

K
2 activa-

tion in the pathogenesis of M
PD
. Jam

es et al. noted that 

the expression of JA
K
2V
617F, but not w

ild-type JA
K
2, in 

a m
urine B

M
T
 assay results in significant erythrocytosis 

in recipient m
ice 28 days after transplantation

8,9 , and  

Figure 1 | C
lassification

 and m
olecular pathogenesis of the M

PD
. The different 

m
yeloproliferative disorders (M

PD
) can be classified by the predom

inant term
inally 

differentiated m
yeloid cell involved in the disorder, and for each term

inally differentiated 

m
yeloid cell there is a clinically distinct M

PD
. D
ifferent approaches have been used to 

identify the activating alleles that cause these disorders, and in all cases these alleles result 

in constitutive tyrosine kinase signalling. H
SC
, haem

atopoietic stem
 cell; JA

K2, Janus 

kinase 2; M
PL, throm

bopoietin receptor; PD
G
FR, platelet derived grow

th factor receptor.

Box 1 | M
yeloproliferat ive diseases

M
yeloproliferative diseases (M

PD
) are proliferative syndrom

es that present w
ith increased num

bers of functional, m
ature, 

term
inally differentiated m

yeloid elem
ents. Thus, in contrast to im

paired m
yeloid differentiation that is characteristic of 

m
yelodysplastic syndrom

es (M
D
S) and acute m

yeloid leukaem
ia (A

M
L), patients w

ith M
PD
 rarely present w

ith infectious 

com
plications related to leucopaenia, or com

plications related to anaem
ia that are observed in M

D
S and A

M
L. In addition, 

although these M
PD
 can be associated w

ith bleeding tendencies (diatheses) that are observed in M
D
S and A

M
L ow

ing to 

throm
bocytosis and platelet dysfunction, they are often associated w

ith specific clinical sequelae that include throm
botic 

diatheses that are not observed in M
D
S or A

M
L. H
ow
ever, M

D
S and A

M
L are thought to be stem

 cell disorders, based on 

clonality analyses using X
-inactivation-based assays in fem

ales or cytogenetic analyses that dem
onstrate the clonal 

involvem
ent of the different haem

atopoietic lineages
111,112 .

The first M
PD
 allele to be identified and characterized w

as the BC
R-A
BL fusion oncogene in chronic m

yeloid leukaem
ia 

(C
M
L) that arises as a consequence of the 9:22 translocation

2 , a causative agent for this disease, and recurrent 

translocations led to the discovery of different fusion tyrosine kinases, including platelet derived grow
th factor receptor-

 

(PD
G
FRB) fusions in patients w

ith chronic m
yelom

onocytic leukaem
ia (C

M
M
L) and other M

PD
3 . The observation that K

IT is 

highly expressed in m
ast cells led to the discovery of the KITD

816V
 allele in system

ic m
astocytosis (SM

)
5 , and im

atinib 

responses in patients w
ith chronic eosinophilic leukaem

ia (C
EL) and SM

 led to the discovery of an interstitial deletion that 

gives rise to the FIP1L1–PD
G
FRA

 fusion
4 . M

ost recently, investigators have identified Janus kinase 2 (JA
K2) and 

throm
bopoietin receptor m

utations in polycythaem
ia vera (PV

), essential throm
bocythaem

ia (ET) and prim
ary 

m
eylofibrosis (PM

F) that result in the activation of JA
K
2 signalling

8–11,53,55 .
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onstrate that the expression of 

JA
K
2V

617F activates m
ultiple dow

nstream
 signalling 

pathw
ays8,36 , including the Stat fam

ily of transcription 

factors, the m
itogen activated protein kinase (M

A
PK

) 

signalling pathw
ay, and the phosphotidylinositol 3-kinase 

(PI3K
)–A

kt signalling pathw
ay (FIG

. 2
). M

ost activated 

tyrosine kinases that have been identified in hum
an 

m
alignancies activate these sam

e signalling cascades, 

and the role and requirem
ent of the Stat, M

A
PK

 and 

PI3K
–A

kt signalling pathw
ays in JA

K
2V

617F-m
ediated 

transform
ation of haem

atopoietic cells has not been fully 

elucidated. H
ow

ever, several lines of evidence suggest 

that activation of the Stat fam
ily of transcription factors 

is im
portant in JA

K
2V

617F-m
ediated transform

ation. 

First, expression of either constitutively active STA
T
5 or 

its anti-apoptotic target gene BC
L-X
L in hum

an haem
at-

opoietic progenitors results in EPO
-independent colony 

form
ation

37 , a hallm
ark of hum

an PV. M
oreover, STA

T
3 

activation and B
C
L-X
L overexpression are observed in 

m
ost PV

 patient sam
ples38,39 . T

hese data im
ply that Stat 

pathw
ay activation is im

portant in JA
K
2V

617F-m
ediated 

transform
ation, but do not indicate w

hether Stat pathw
ay 

activation is necessary and/or sufficient for JA
K
2V

617F-

m
ediated transform

ation. M
urine bone m

arrow
 trans-

plantation (B
M

T
) assays using Stat5a;Stat5b-deficient 

m
ice have been used to show

 that STA
T
5 is required 

for haem
atopoietic transform

ation by the constitutively 

active T
E
L–JA

K
2 fusion tyrosine kinase40 , and future 

experim
ents w

ill ultim
ately determ

ine w
hether the sam

e 

is true for JA
K
2V

617F. In addition, the activation of sig-

nalling by the JA
K
2V

617F kinase m
ight in part be due to 

escape from
 negative-feedback m

echanism
s im

portant 

in attenuating JA
K
2 signalling. Jak activity is negatively 

regulated by the Socs fam
ily of proteins, w

hich norm
ally 

bind to the Jak kinases and result in their degradation. In 

particular, SO
C
S1 and SO

C
S3 have been show

n to bind 

to JA
K
2 and inhibit JA

K
2 catalytic activity41,42 , and over-

expression of SO
C
S1 results in abrogation of in vitro and 

in vivo transform
ation by T

EL–JA
K
2 (R

EF. 4
3
). A

lthough 

expression of SO
C
S1 results in JA

K
2 and JA

K
2V

617F deg-

radation and inhibition of kinase activity, the expression 

of SO
C
S3 paradoxically results in increased JA

K
2V

617F 

protein stability, increased SO
C
S3 phosphorylation and 

increased JA
K
2V

617F phosphorylation
44 . T
hese data 

dem
onstrate that regulation of JA

K
2 kinase activity by 

SO
C
S3 is altered in the context of the V

617F substitution, 

and suggest the possibility that therapeutic inhibition of 

SO
C
S3 m

ight selectively attenuate JA
K
2V

617F, but not 

w
ild-type JA

K
2 signalling.

In vivo data from
 m

urine B
M

T
 experim

ents have 

provided im
portant insights into the role of JA

K
2 activa-

tion in the pathogenesis of M
PD

. Jam
es et al. noted that 

the expression of JA
K
2V

617F, but not w
ild-type JA

K
2, in 

a m
urine B

M
T
 assay results in significant erythrocytosis 

in recipient m
ice 28 days after transplantation

8,9 , and  

Figure 1 | C
lassification

 and m
olecular pathogenesis of the M

PD
. The different 

m
yeloproliferative disorders (M

PD
) can be classified by the predom

inant term
inally 

differentiated m
yeloid cell involved in the disorder, and for each term

inally differentiated 

m
yeloid cell there is a clinically distinct M

PD
. D

ifferent approaches have been used to 

identify the activating alleles that cause these disorders, and in all cases these alleles result 

in constitutive tyrosine kinase signalling. H
SC

, haem
atopoietic stem

 cell; JA
K2, Janus 

kinase 2; M
PL, throm

bopoietin receptor; PD
G
FR, platelet derived grow

th factor receptor.

Box 1 | M
yeloproliferative diseases

M
yeloproliferative diseases (M

PD
) are proliferative syndrom

es that present w
ith increased num

bers of functional, m
ature, 

term
inally differentiated m

yeloid elem
ents. Thus, in contrast to im

paired m
yeloid differentiation that is characteristic of 

m
yelodysplastic syndrom

es (M
D
S) and acute m

yeloid leukaem
ia (A

M
L), patients w

ith M
PD

 rarely present w
ith infectious 

com
plications related to leucop

aenia, or com
plications related to anaem

ia that are observed in M
D
S and A

M
L. In addition, 

although these M
PD

 can be associated w
ith bleeding tendencies (diatheses) that are observed in M

D
S and A

M
L ow

ing to 

throm
bocytosis and platelet dysfunction, they are often associated w

ith specific clinical sequelae that include throm
botic 

diatheses that are not observed in M
D
S or A

M
L. H

ow
ever, M

D
S and A

M
L are thought to be stem

 cell disorders, based on 

clonality analyses using X
-inactivation-based assays in fem

ales or cytogenetic analyses that dem
onstrate the clonal 

involvem
ent of the different haem

atopoietic lineages111,112 .

The first M
PD

 allele to be identified and characterized w
as the BC

R-A
BL fusion oncogene in chronic m

yeloid leukaem
ia 

(C
M
L) that arises as a consequence of the 9:22 translocation

2 , a causative agent for this disease, and recurrent 

translocations led to the discovery of different fusion tyrosine kinases, including platelet derived grow
th factor receptor-

 

(PD
G
FRB) fusions in patients w

ith chronic m
yelom

onocytic leukaem
ia (C

M
M
L) and other M

PD
3 . The observation that K

IT is 

highly expressed in m
ast cells led to the discovery of the KITD

816V
 allele in system

ic m
astocytosis (SM

)5 , and im
atinib 

responses in patients w
ith chronic eosinophilic leukaem

ia (C
EL) and SM

 led to the discovery of an interstitial deletion that 

gives rise to the FIP1L1–PD
G
FRA

 fusion
4 . M
ost recently, investigators have identified Janus kinase 2 (JA

K2) and 

throm
bopoietin receptor m

utations in polycythaem
ia vera (PV

), essential throm
bocythaem

ia (ET) and prim
ary 

m
eylofibrosis (PM

F) that result in the activation of JA
K
2 signalling

8–11,53,55 .
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. The different 
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inant term
inally 

differentiated m
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inally differentiated 
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yeloid cell there is a clinically distinct M
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K2, Janus 

kinase 2; M
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S and A

M
L. In addition, 

although these M
PD

 can be associated w
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diatheses that are not observed in M
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L are thought to be stem
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clonality analyses using X
-inactivation-based assays in fem

ales or cytogenetic analyses that dem
onstrate the clonal 

involvem
ent of the different haem
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L) that arises as a consequence of the 9:22 translocation
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In vitro studies demonstrate that the expression of 

JAK2V617F activates multiple downstream signalling 

pathways8,36, including the Stat family of transcription 

factors, the mitogen activated protein kinase (MAPK) 

signalling pathway, and the phosphotidylinositol 3-kinase 

(PI3K)–Akt signalling pathway (FIG. 2). Most activated 

tyrosine kinases that have been identified in human 

malignancies activate these same signalling cascades, 

and the role and requirement of the Stat, MAPK and 

PI3K–Akt signalling pathways in JAK2V617F-mediated 

transformation of haematopoietic cells has not been fully 

elucidated. However, several lines of evidence suggest 

that activation of the Stat family of transcription factors 

is important in JAK2V617F-mediated transformation. 

First, expression of either constitutively active STAT5 or 

its anti-apoptotic target gene BCL-X
L
 in human haemat-

opoietic progenitors results in EPO-independent colony 

formation37, a hallmark of human PV. Moreover, STAT3 

activation and BCL-X
L
 overexpression are observed in 

most PV patient samples38,39. These data imply that Stat 

pathway activation is important in JAK2V617F-mediated 

transformation, but do not indicate whether Stat pathway 

activation is necessary and/or sufficient for JAK2V617F-

mediated transformation. Murine bone marrow trans-

plantation (BMT) assays using Stat5a;Stat5b-deficient 

mice have been used to show that STAT5 is required 

for haematopoietic transformation by the constitutively 

active TEL–JAK2 fusion tyrosine kinase40, and future 

experiments will ultimately determine whether the same 

is true for JAK2V617F. In addition, the activation of sig-

nalling by the JAK2V617F kinase might in part be due to 

escape from negative-feedback mechanisms important 

in attenuating JAK2 signalling. Jak activity is negatively 

regulated by the Socs family of proteins, which normally 

bind to the Jak kinases and result in their degradation. In 

particular, SOCS1 and SOCS3 have been shown to bind 

to JAK2 and inhibit JAK2 catalytic activity41,42, and over-

expression of SOCS1 results in abrogation of in vitro and 

in vivo transformation by TEL–JAK2 (REF. 43). Although 

expression of SOCS1 results in JAK2 and JAK2V617F deg-

radation and inhibition of kinase activity, the expression 

of SOCS3 paradoxically results in increased JAK2V617F 

protein stability, increased SOCS3 phosphorylation and 

increased JAK2V617F phosphorylation44. These data 

demonstrate that regulation of JAK2 kinase activity by 

SOCS3 is altered in the context of the V617F substitution, 

and suggest the possibility that therapeutic inhibition of 

SOCS3 might selectively attenuate JAK2V617F, but not 

wild-type JAK2 signalling.

In vivo data from murine BMT experiments have 

provided important insights into the role of JAK2 activa-

tion in the pathogenesis of MPD. James et al. noted that 

the expression of JAK2V617F, but not wild-type JAK2, in 

a murine BMT assay results in significant erythrocytosis 

in recipient mice 28 days after transplantation8,9, and  

Figure 1 | Classification and molecular pathogenesis of the MPD. The different 

myeloproliferative disorders (MPD) can be classified by the predominant terminally 

differentiated myeloid cell involved in the disorder, and for each terminally differentiated 

myeloid cell there is a clinically distinct MPD. Different approaches have been used to 

identify the activating alleles that cause these disorders, and in all cases these alleles result 

in constitutive tyrosine kinase signalling. HSC, haematopoietic stem cell; JAK2, Janus 

kinase 2; MPL, thrombopoietin receptor; PDGFR, platelet derived growth factor receptor.

Box 1 | Myeloproliferat ive diseases

Myeloproliferative diseases (MPD) are proliferative syndromes that present with increased numbers of functional, mature, 

terminally differentiated myeloid elements. Thus, in contrast to impaired myeloid differentiation that is characteristic of 

myelodysplastic syndromes (MDS) and acute myeloid leukaemia (AML), patients with MPD rarely present with infectious 

complications related to leucopaenia, or complications related to anaemia that are observed in MDS and AML. In addition, 

although these MPD can be associated with bleeding tendencies (diatheses) that are observed in MDS and AML owing to 

thrombocytosis and platelet dysfunction, they are often associated with specific clinical sequelae that include thrombotic 

diatheses that are not observed in MDS or AML. However, MDS and AML are thought to be stem cell disorders, based on 

clonality analyses using X-inactivation-based assays in females or cytogenetic analyses that demonstrate the clonal 

involvement of the different haematopoietic lineages111,112.

The first MPD allele to be identified and characterized was the BCR-ABL fusion oncogene in chronic myeloid leukaemia 

(CML) that arises as a consequence of the 9:22 translocation2, a causative agent for this disease, and recurrent 

translocations led to the discovery of different fusion tyrosine kinases, including platelet derived growth factor receptor-  

(PDGFRB) fusions in patients with chronic myelomonocytic leukaemia (CMML) and other MPD3. The observation that KIT is 

highly expressed in mast cells led to the discovery of the KITD816V allele in systemic mastocytosis (SM)5, and imatinib 

responses in patients with chronic eosinophilic leukaemia (CEL) and SM led to the discovery of an interstitial deletion that 

gives rise to the FIP1L1–PDGFRA fusion4. Most recently, investigators have identified Janus kinase 2 (JAK2) and 

thrombopoietin receptor mutations in polycythaemia vera (PV), essential thrombocythaemia (ET) and primary 

meylofibrosis (PMF) that result in the activation of JAK2 signalling8–11,53,55.
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transformation of haematopoietic cells has not been fully 

elucidated. However, several lines of evidence suggest 

that activation of the Stat family of transcription factors 

is important in JAK2V617F-mediated transformation. 

First, expression of either constitutively active STAT5 or 

its anti-apoptotic target gene BCL-X
L
 in human haemat-

opoietic progenitors results in EPO-independent colony 

formation37, a hallmark of human PV. Moreover, STAT3 

activation and BCL-X
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 overexpression are observed in 

most PV patient samples38,39. These data imply that Stat 

pathway activation is important in JAK2V617F-mediated 

transformation, but do not indicate whether Stat pathway 

activation is necessary and/or sufficient for JAK2V617F-

mediated transformation. Murine bone marrow trans-

plantation (BMT) assays using Stat5a;Stat5b-deficient 

mice have been used to show that STAT5 is required 

for haematopoietic transformation by the constitutively 

active TEL–JAK2 fusion tyrosine kinase40, and future 

experiments will ultimately determine whether the same 

is true for JAK2V617F. In addition, the activation of sig-

nalling by the JAK2V617F kinase might in part be due to 

escape from negative-feedback mechanisms important 

in attenuating JAK2 signalling. Jak activity is negatively 

regulated by the Socs family of proteins, which normally 

bind to the Jak kinases and result in their degradation. In 

particular, SOCS1 and SOCS3 have been shown to bind 

to JAK2 and inhibit JAK2 catalytic activity41,42, and over-

expression of SOCS1 results in abrogation of in vitro and 

in vivo transformation by TEL–JAK2 (REF. 43). Although 

expression of SOCS1 results in JAK2 and JAK2V617F deg-

radation and inhibition of kinase activity, the expression 

of SOCS3 paradoxically results in increased JAK2V617F 

protein stability, increased SOCS3 phosphorylation and 
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demonstrate that regulation of JAK2 kinase activity by 

SOCS3 is altered in the context of the V617F substitution, 

and suggest the possibility that therapeutic inhibition of 

SOCS3 might selectively attenuate JAK2V617F, but not 

wild-type JAK2 signalling.

In vivo data from murine BMT experiments have 

provided important insights into the role of JAK2 activa-

tion in the pathogenesis of MPD. James et al. noted that 

the expression of JAK2V617F, but not wild-type JAK2, in 

a murine BMT assay results in significant erythrocytosis 

in recipient mice 28 days after transplantation8,9, and  

Figure 1 | Classification and molecular pathogenesis of the MPD. The different 

myeloproliferative disorders (MPD) can be classified by the predominant terminally 

differentiated myeloid cell involved in the disorder, and for each terminally differentiated 

myeloid cell there is a clinically distinct MPD. Different approaches have been used to 

identify the activating alleles that cause these disorders, and in all cases these alleles result 

in constitutive tyrosine kinase signalling. HSC, haematopoietic stem cell; JAK2, Janus 

kinase 2; MPL, thrombopoietin receptor; PDGFR, platelet derived growth factor receptor.

Box 1 | Myeloproliferat ive diseases

Myeloproliferative diseases (MPD) are proliferative syndromes that present with increased numbers of functional, mature, 

terminally differentiated myeloid elements. Thus, in contrast to impaired myeloid differentiation that is characteristic of 

myelodysplastic syndromes (MDS) and acute myeloid leukaemia (AML), patients with MPD rarely present with infectious 

complications related to leucopaenia, or complications related to anaemia that are observed in MDS and AML. In addition, 

although these MPD can be associated with bleeding tendencies (diatheses) that are observed in MDS and AML owing to 

thrombocytosis and platelet dysfunction, they are often associated with specific clinical sequelae that include thrombotic 

diatheses that are not observed in MDS or AML. However, MDS and AML are thought to be stem cell disorders, based on 

clonality analyses using X-inactivation-based assays in females or cytogenetic analyses that demonstrate the clonal 

involvement of the different haematopoietic lineages111,112.

The first MPD allele to be identified and characterized was the BCR-ABL fusion oncogene in chronic myeloid leukaemia 

(CML) that arises as a consequence of the 9:22 translocation2, a causative agent for this disease, and recurrent 

translocations led to the discovery of different fusion tyrosine kinases, including platelet derived growth factor receptor-  

(PDGFRB) fusions in patients with chronic myelomonocytic leukaemia (CMML) and other MPD3. The observation that KIT is 

highly expressed in mast cells led to the discovery of the KITD816V allele in systemic mastocytosis (SM)5, and imatinib 

responses in patients with chronic eosinophilic leukaemia (CEL) and SM led to the discovery of an interstitial deletion that 

gives rise to the FIP1L1–PDGFRA fusion4. Most recently, investigators have identified Janus kinase 2 (JAK2) and 

thrombopoietin receptor mutations in polycythaemia vera (PV), essential thrombocythaemia (ET) and primary 

meylofibrosis (PMF) that result in the activation of JAK2 signalling8–11,53,55.
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Knochenmark-Fibrose

• Behandlungsziele

• Aktuelle Standard-Therapie

• Neue medikamentöse Therapien



Behandlungsziele bei PV: 

Verbesserung der Anämie und Reduktion der Allellast

• Verhinderung von Thrombosen / Embolien

• Reduktion der Allgemeinbeschwerden

• Reduktion der Splenomegalie

• Abnahme der Allellast

(Krankheitsmodifikation)

Myeloproliferative neoplasms:

Progressive marrow fibrosis and extramedullary hematopoiesis

A. Wacker 2014

Myeloproliferative Neoplasien
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Aktueller Therapie-Standard bei PV

Einteilung gemäss Thromboembolie-Risiko

Niedriges Risiko

• Alter <60 J und keine Thrombosen bisher

Hohes Risiko

• Alter >60J oder

• Vorgeschichte von Thrombosen oder Embolien

Barbui et al, Leukemia 2018; Landolfi NEJM 2004 ECLAP; Marchioli NEJM 2013 CYTO-PV; Vannucchi NEJM 2015, RESPONSE; 

Gisslinger et al, Lancet Haematol 2020 PROUD-PV 

ELN (European Leukemia Net)

Alle Patienten
• Niedrig dosiertes Aspirin

• Phlebotomie bis Hämatokrit <0.45

Hohes Risiko: 

Zusätzlich Zytoreduktion

Erstlinien-Therapie:

• Hydroxyurea

• Pegyliertes Interferon alpha:
      RoPEG-INFa, PEG-INFa

Zweitlinien-Therapie: 

• Ruxolitinib



Marchetti, Lancet Haematol 2022 (schematically by Onkopedia)

ELN Leitlinien für die zytoreduktive Therapie bei der PV



Neue Therapie-Optionen bei der PV: Ropeg-Interferon alpha-2b

Supplementary material: Gisslinger et al., 2023   
 

JAK2V617F allele burden 

Figure S2: Median JAK2V617F allele burden over 72 months (last observation carried forward) 

 

 

Hematologic response 

Figure S3: Complete hematologic response rate over 72 months (last observation carried 

forward) 
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Neue Therapie-Optionen bei der PV: Ropeg-Interferon alpha-2b

Gisslinger H et al, Lancet Haematol 2020; Gisslinger H et al, Leukemia 2023

Supplementary material: Gisslinger et al., 2023   
 

JAK2V617F allele burden 

Figure S2: Median JAK2V617F allele burden over 72 months (last observation carried forward) 

 

 

Hematologic response 

Figure S3: Complete hematologic response rate over 72 months (last observation carried 

forward) 

 

 

  

37
28

24

20

15 15
12

10 10 10
9 8 8 9

39

20
18

20

25

31

39

45 44
45 45

48

52
50

0

10

20

30

40

50

60

M
e
d
ia

n
 J

A
K

2
V

6
1

7
F

 a
lle

le
 b

u
rd

e
n
 L

O
C

F
 (

%
)

Ropeginterferon alfa-2b Control

%
 o

f 
re

s
p

o
n

d
e

rs

   0

  10

  20

  30

  40

  50

  60

  70

  80

  90

 100

 

M
3-

A

M
6-

A

M
9-

A

M
12

-A
 (E

O
T in

 P
R
)

M
15

-A
 (C

O
-M

3)

M
18

-A
 (C

O
-M

6)

M
21

-A
 (C

O
-M

9)

M
24

-A
 (C

O
-M

12
)

M
27

-A
 (C

O
-M

15
)

M
30

-A
 (C

O
-M

18
)

M
33

-A
 (C

O
-M

21
)

M
36

-A
 (C

O
-M

24
)

M
39

-A
 (C

O
-M

27
)

M
42

-A
 (C

O
-M

30
)

M
45

-A
 (C

O
-M

33
)

M
48

-A
 (C

O
-M

36
)

M
51

-A
 (C

O
-M

39
)

M
54

-A
 (C

O
-M

42
)

M
57

-A
 (C

O
-M

45
)

M
60

-A
 (C

O
-M

48
)

M
63

-A
 (C

O
-M

51
)

M
66

-A
 (C

O
-M

54
)

M
69

-A
 (C

O
-M

57
)

M
72

-A
 (C

O
-M

60
)

 AOP2014

Control

AOP2014 (stat. significant RR)

Control (stat. significant RR)

 

19

39

45

62 61

65

74 74
71

77
79

77
75 74 74

72

77 76 76
73 74 74 73 73

20

72 70

76

72 73

62

54 54

61 59

54
51

43

49 49

43 45 46

51

42

47
45

47

RR:0.90   0.56      0.65      0.85      0.87      0.89      1.15      1.32      1.30      1.26      1.33      1.41      1.46      1.74      1.54      1.51      1.80      1.75      1.70      1.47      1.80      1.59      1.68      1.54      

RopegIFN alfa-2b 

RopegIFN alfa-2b (stat sig. RR) 

(stat sig. RR) 

Event-free survival 

incl. death, progression and thromboembolic events

74 74 74 74 74 74 74 73 70 70 69 68 67 67 66 65 64 62 60 59 58 56 55 55 52 42 31 21 11 5 0

95 94 94 94 93 91 88 88 86 85 85 83 82 80 79 75 74 74 73 70 68 68 68 68 65 50 39 24 11 1 0

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

Time since first administration in PROUD-PV (month)

0.5

0.6

0.7

0.8

0.9

1.0

P
ro

b
a

b
il

it
y
 o

f 
e

v
e

n
t-

fr
e

e
 s

u
rv

iv
a

l

Control

AOP2014

AOP2014ControlTreatment group

74 74 74 74 74 74 74 73 70 70 69 68 67 67 66 65 64 62 60 59 58 56 55 55 52 42 31 21 11 5 0

95 94 94 94 93 91 88 88 86 85 85 83 82 80 79 75 74 74 73 70 68 68 68 68 65 50 39 24 11 1 0

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

Time since first administration in PROUD-PV (month)

0.5

0.6

0.7

0.8

0.9

1.0

P
ro

b
a

b
il

it
y
 o

f 
e

v
e

n
t-

fr
e

e
 s

u
rv

iv
a

l

Control

AOP2014

AOP2014ControlTreatment group

+ Censored

p=0.04 (Log-Rank)

RopegIFN α-2b

Control

RopegIFN alfa-2b

Control

JAK2V617F allele burden



Neue Entwicklungen bei der PV: 

Ruxolitinib reduziert JAK2 Allellast und verbessert Event-freies Ueberlegen

Harrison et al, JCO 2023 (MAJIC-PV)

Ruxolitinib vs. Standardtherapie bei PV mit Resistenz oder Intoleranz auf Hydroxyurea:

Reduktion der Allellast geht mit verbessertem Event-freiem Ueberlegen einher



Neue Therapie-Optionen bei der PV: Hepcidin-Mimetika wie Rusfertide

Kremyanskaya et al, NEJM 2024, REVIVE Studie

PV: niedriges Hepcidin, hohe 

Eisenverfügbarkeit, gesteigerte Erythropoese

Hepcidin Mimetika: niedrige 

Eisenverfügbarkeit



Kremyanskaya et al, NEJM 2024, REVIVE

Reduktion der Phlebotomien (28 Wochen) Longer-term Follow up (3 Jahre)

K. Pettit, EHA 2024

Neue Therapie-Optionen bei der PV: Hepcidin-Mimetika wie Rusfertide



Behandlungsziele bei MF: 

Verbesserung der Anämie und Reduktion der Allellast

• Reduktion der Allgemeinbeschwerden

• Reduktion der Splenomegalie

• Verbesserung der Anämie

• Abnahme der Allellast (Krankheitsmodifikation)

Myeloproliferative neoplasms:

Progressive marrow fibrosis and extramedullary hematopoiesis

A. Wacker 2014

Myeloproliferative Neoplasien
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Behandlungs-Standard bei Myelofibrose

Risikoscores:

DIPSS-plus

MIPSS70

MIPSS70-plus

Prognose
Hämatopoietische Stammzell-

Transplantation

JAK2 Hemmer

Pegyliertes Interferon alpha

Behandlung der Blutarmut

ELN guidelines Barbui T et al, Leukemia 2018; 

NCCN guidelines, Gerds A et al, J Natl Compr Canc Netw 2022; EBMT/ELN  guidelines Kröger et al, Lancet Haematol 2023

zB Ruxolitinib

zB Erythropoetin



Neue Therapie-Optionen bei Myelofibrose: Momelotinib neu kassenzulässig

Mesa R et al, JCO 2017, SIMPLIFY-1 and SIMPLIFY-2 Studie

Momelotinib: JAK1/JAK2 Inhibitor (analog Ruxolitinib) sowie ACVR1 Inhibitor



Neue Therapie-Optionen bei Myelofibrose: Momelotinib neu kassenzulässig

Momelotinib:
Differentiated Heme Profile Allows High Dose Intensity
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Gupta et al. EHA Poster EP1103. 2020. 

Average Dose Intensity by Week

SIMPLIFY-1

MMB

SIMPLIFY-1

RUX

SIMPLIFY-1

SIMPLIFY-1

Place video here
Hämoglobinwert

Verstovsek S et al, Lancet 2023, MOMENTUM Studie

Bluttransfusionen

Mesa R et al, JCO 2017, SIMPLIFY-1 and SIMPLIFY-2 Studie

Momelotinib: Zulassung nach Verlust des Ansprechens auf Ruxolitinib (2. Therapie-Linie)



Neue Therapie-Optionen bei Myelofibrose: 

Studien ab 2025 (Inselspital Bern)

• JAK2 V617F – selektiver JAK2 Inhibitor (Phase 1 Studie)

Stubbs MC et al, Blood 2023



• JAK2 V617F – selektiver JAK2 Inhibitor (Phase 1 Studie)

• Kombination Ruxolitinib + Navtemadlin bei neu diagnostizierter MF (Phase 3 Studie)

Neue Therapie-Optionen bei Myelofibrose: 

Studien ab 2025 (Inselspital Bern)



• JAK2 V617F – selektiver JAK2 Inhibitor (Phase 1 Studie)

• Kombination Ruxolitinib + Navtemadlin bei neu diagnostizierter MF (Phase 3 Studie)

• Kombination Ruxolitinib + Trametinib bei MF vor allogener Stammzell-Transplantation 

(Phase 1 / 2 Studie)

• Immun- / zelluläre Therapien bei CALR-mutierter MF

− Monoklonaler Antikörper

− CART-Zellen

Neue Therapie-Optionen bei Myelofibrose: 

Studien ab 2025 (Inselspital Bern)



Neue Therapie-Optionen bei Myelofibrose mit Calreticulin-Mutation: 

monoklonale Antikörper & CAR-T Zellen in Entwicklung

Monoklonaler Ak INCA033989 gegen mutiertes CALR 

Rais E et al, Blood 2024 A. Rampotas, C. Roddie, M. Pule, EHA 2024

CAR-T Zellen gegen mutiertes CALR 



Behandlungen der Myelofibrose mit kurativem Potential: 

Allogene hämatopoietische Stammzelltransplantation

Konditionierung:

Vorbereitende Chemotherapie

Allogene Transplantation:

Infusion von blutbildenden 

Stammzellen eines Spenders



Behandlungen der Myelofibrose mit kurativem Potential: 

Allogene hämatopoietische Stammzelltransplantation

Stetige Zunahme der allogenen 

Stammzelltransplation für MF

Bessere Spendersituation 

aufgrund zunehmend häufiger 

haploidentischer Transplantation

Alter >70 Jahre stellt keine strikte Alters-Limite dar



Neue Therapie-Optionen bei ET

SURPASS-ET study: Ropeg-INF-alfa-2b

Immun- / Zelluläre Therapien: gegen mutiertes CALR gerichtet

− Monoklonaler Antikörper

− CART-Zellen



MPN-Betroffenenanlass 16.05.2025

Vielen Dank!

Medikamentöse Behandlung der MPN: Was gibt es Neues?
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