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1.1	Introduction
Myeloproliferative	neoplasms	(MPNs)	comprise	a	group	of	clonal	hematopoietic	stem	cell	 (HSC)	disorders	characterized	by	excessive	proliferation	of	at	 least	one	of	erythroid,	megakaryocytic	and	myeloid

lineages,	retaining	the	ability	of	terminal	differentiation.	Thus,	these	disorders	present	with	an	increased	number	of	erythrocytes,	platelets	and	granulocytes.	The	2008	World	Health	Organization	(WHO)	classification

described	these	diseases	according	to	proliferative	features	or	dysplastic	characteristics	[1,2].	In	particular,	three	major	groups	have	been	identified,	namely	i)	myeloproliferative	neoplasms	(MPN),	ii)	overlapping

myelodysplastic/myeloproliferative	syndromes	(MDS/MPN)	and	iii)	myeloid/lymphoid	neoplasms	with	eosinophilia	and	abnormalities	of	PDGFRA/PDGFRB	or	FGFR1	(Table	1).	Philadelphia	positive	Chronic	Myeloid

Leukemia	is	classified	as	an	MPN	disorder,	but	is	generally	considered	as	a	separate	entity,	due	to	its	unique	biological	properties	and	responses	to	therapy.	Philadelphia	negative	MPN	includes	polycythemia	vera

(PV),	essential	thrombocytosis	(ET),	primary	(idiopathic)	myelofibrosis	(PMF),	chronic	neutrophilic	leukemia	(CNL),	chronic	eosinophilic	leukemia	(CEL),	mastocytosis	and	unclassifiable	MPNs.	MDS/MPN	syndromes

include	chronic	myelomonocytic	 leukemia	(CMML),	 juvenile	myelomonocytic	 leukemia	(JMML),	atypical	Chronic	Myeloid	Leukemia	(aCML)	[3]	and	unclassifiable	MDS/MPN	[1,2].	A	2016	revised	classification	has
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Abstract

Myeloproliferative	neoplasms	(MPNs)	are	defined	according	to	the	2008	World	Health	Organization	(WHO)	classification	and	the	recent	2016	revision.	Over	the	years,	several	genetic	lesions	have	been

associated	with	the	development	of	MPNs,	with	important	consequences	for	identifying	unique	biomarkers	associated	with	specific	neoplasms	and	for	developing	targeted	therapies.	Defining	the	genotype-

phenotype	relationship	in	MPNs	is	essential	to	identify	driver	somatic	mutations	that	promote	MPN	development	and	maintenance	in	order	to	develop	curative	targeted	therapies.	While	studies	with	human

samples	can	 identify	putative	driver	mutations,	murine	models	are	mandatory	to	demonstrate	the	causative	role	of	mutations	and	for	pre-clinical	 testing	of	specific	therapeutic	 interventions.	This	review

focuses	on	MPN	mouse	models	specifically	developed	to	assess	the	pathogenetic	roles	of	gene	mutations	found	in	human	patients,	as	well	as	murine	MPN-like	phenotypes	identified	in	genetically	modified

mice.
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been	recently	published,	in	which	molecular	criteria	play	an	increasingly	important	role	[4,5].	Over	the	years,	several	genetic	lesions	have	been	identified	and	associated	with	specific	MPN	diseases,	as	extensively

reviewed	[6–11].	Generally,	most	MPNs	are	characterized	by	aberrant	activation	of	tyrosine	kinases	or	direct	signal	transduction	effectors,	which	are	able	to	promote	and	sustain	proliferation	of	myeloid	progenitor

cells.	Among	the	most	common	genetic	aberrations,	JAK2	mutations	represent	a	hallmark	of	several	MPNs	and	confer	cytokine	hypersensitivity	and	cytokine-independent	growth	to	hemopoietic	cells	[12,13].	The	most

common	JAK2	mutation	 is	V617F,	which	 is	 found	 in	about	95%	of	cases	of	PV,	50%	of	ET,	58%	of	PMF	and	about	50%	of	refractory	anemia	with	ringed	sideroblasts	associated	with	thrombocytosis.	Furthermore,

several	JAK2	V617F	negative	PV	patients	bear	JAK2	mutations	within	the	exon	12	[14].	The	thrombopoietin	tyrosine	kinase	receptor,	MPL,	is	aberrantly	activated	due	to	W515L	or	W515K	mutations,	which	are	found

in	about	10%	of	PMF	and	a	small	proportion	of	ET	patients	 [15].	The	Stem	Cell	Factor	 (SCF)	receptor,	c-KIT,	 is	mutated	 (D816F)	 in	systemic	mastocytosis	 (SM)	 [16],	while	 the	PDGF-receptor	A	and	B	genes	are

aberrantly	activated	or	translocated	(i.e.	FIP1L1-PDGFRA)	in	a	specific	subgroup	of	MPNs	[17].

Table	1	2008	World	Health	Organization	classification	of	myeloid	neoplasia.

alt-text:	Table	1

2008	WHO	classification	of	myeloid	neoplasia

1.	Myeloproliferative	neoplasms	(MPN)

	1.1	Chronic	myelogenous	leukemia,	BCR-ABL-positive	(CML)

	1.2	Polycythemia	vera	(PV)

	1.3	Essential	thrombocythemia	(ET)

	1.4	Primary	myelofibrosis	(PMF)

	1.5	Chronic	neutrophilic	leukemia	(CNL)

	1.6	Chronic	eosinophilic	leukemia,	not	otherwise	specified	(CEL-NOS)

	1.7.	Mast	cell	disease	(MCD)

	1.8	MPN,	unclassifiable

2.	MDS/MPN

	2.1	Chronic	myelomonocytic	leukemia	(CMML)

	2.2	Juvenile	myelomonocytic	leukemia	(JMML)

	2.3	Atypical	chronic	myeloid	leukemia,	BCR-ABL-negative	(aCML)

3.	Myeloid	and	lymphoid	neoplasms	with	eosinophilia	and	abnormalities	of	PDGFRA,	PDGFRB	and	FGFR1

4.	Myelodysplastic	syndromes	(MDS)

5.	Acute	myeloid	leukemia	(AML)

More	recently,	in	addition	to	tyrosine	kinase	mutations,	other	mutations	have	been	recurrently	found	in	MPNs.	In	particular,	the	calcium	binding	protein	calreticulin	was	found	to	be	mutated	in	ET	and	PMF

[18–20];	SETBP1	was	mutated	in	aCML	patients	[21,22];	the	receptor	for	colony-stimulating	factor	3	(CSF3R)	was	mutated	in	CNL	[23,24];	and	ETNK1	was	found	to	be	mutated	in	a	small	portion	of	aCML	patients

[25].	Identifying	these	mutations	has	led	to	an	important	step	forward	for	the	diagnosis	and	the	biological	assessment	of	MPNs.	Also,	mutations	in	genes	involved	in	epigenetic	regulations,	such	as	TET2,	DNMT3A,

ASXL1,	EZH2	and	IDH1/2	[26],	were	 found	to	play	a	role	 in	MPN	pathogenesis	even	 if	mutations	of	 these	genes	are	generally	considered	 insufficient	per	se	 to	drive	a	cancer	phenotype	 [8,27,28].	Each	of	 these

mutations	 can	 be	 considered	 as	 specific	 diagnostic	 markers,	 in	 particular	 for	 the	 unclassifiable	 MPN	 forms.	 Furthermore,	 gene	 mutations	 may	 reveal	 the	 complexity	 of	 the	 pathogenetic	 mechanisms	 of	 MPN

development,	maintenance	and	targeting	with	specific	inhibitors.

While	studies	with	human	samples	are	mostly	correlative	(i.e.	identifying	an	association	between	a	putative	driver	somatic	mutation	with	a	phenotype),	the	only	approach	for	attributing	a	pathogenetic	role	in



cancer	development	and	maintenance	to	a	particularly	mutation	is	the	development	of	specific	mouse	models.	This	review	focuses	on	MPN	mouse	models	that	have	been	generated	to	demonstrate	the	causal	role	of

MPN-associated	 somatic	 mutations	 (Table	2).	 Finally,	 it	 should	 also	 be	 noted	 that	 analyzing	 the	 phenotype	 of	 specific	 knock-out	 models	 has	 sometimes	 been	 unexpectedly	 associated	 with	 the	 development	 of

myeloproliferative	disorders	(MPDs).	Therefore,	this	approach	(i.e.	from	the	mouse	model	to	human	genetics)	has	resulted	in	the	identification	of	new	genes	with	a	role	in	human	MPN.	Thus,	this	review	will	also

summarize	the	‘mouse-to-human’	strategy	to	identify	novel	candidate	genes	in	MPN	pathogenesis.

Table	2	From	human	pathology	to	mouse	models.

Summary	of	mouse	models	developed	to	assess	the	contribution	of	a	given	mutation	in	the	MPN	pathogenesis.

alt-text:	Table	2

Human	pathology Mutated	gene Mouse	model Mouse	phenotype References

PV,	ET,	MF JAK2 Mice	transplanted	with	BM	cells	transduced	with	retrovirus	coding	for	the
human	JAK	V617F

PV,	but	not	ET	or	PMF [29,34–38]

PV,	ET,	MF JAK2 Transgenic	mice	carrying	the	human	JAK2	V617F	cDNA	under	the	control	of
the	vav	gene	promoter

PV,	ET	and	BM	fibrosis	in	aged	mice [39]

PV,	ET,	MF JAK2 Transgenic	mouse	carrying	the	mouse	Jak2	V617F	coding	sequence	under	the
control	of	H-2Kb	MHC	class	I	promoter

First	transgenic	mouse	line:	PV	or	ET.
Second	transgenic	line:	PMF

[40]

PV,	ET,	MF JAK2 Transgenic	mouse	expressing	an	inducible	human	JAK2	V617F	under	the
control	of	the	Vav	promoter

ET [41]

PV,	ET,	MF JAK2 Transgenic	mouse	expressing	an	inducible	human	JAK2	V617F	under	the
control	of	the	MX1	promoter

PV [41]

PV,	ET,	MF Jak2 Knock-in	mouse	for	Jak2	V617F PV [42]

PV,	ET,	MF Jak2 Knock-in	mouse	in	which	mouse	Jak2	V617F	is	constitutively	expressed	under
the	control	of	the	endogenous	Jak2	promoter

PV [43]

PV,	ET,	MF Jak2 Knock-in	mouse	in	which	mouse	Jak2	V617F	is	conditionally	expressed	under
the	endogenous	Jak2	promoter	in	the	early	embryo

PV [44]

PV,	ET,	MF JAK2 Knock-in	mouse	in	which	the	human	mutant	protein	is	conditionally	expressed
under	the	mouse	Jak2	endogenous	promoter

TE,	only	10%	of	mice	display	PV [45]

PMF,	ET,	MF MPL	W515L Mice	transplanted	with	BM	cells	transduced	with	retrovirus	coding	for	the
MPL	W515L	mutant	receptor

ET,	thrombocytosis,	splenomegaly	and	increased	fibrosis [46]

ET,	MF Calreticulin
del52	and	ins5

Mice	transplanted	with	BM	cells	transduced	with	retrovirus	coding	for	the
human	calreticulin	del52	and	ins5

ET [52]

aCML	and	CNL CSF3R-T618I Mice	transplanted	with	BM	cells	transduced	with	retrovirus	coding	for	the
human	CSF3R-T618I

lethal	myeloproliferative	disorder	in	3	months [53]

SM c-Kit	D814V Subcutaneous	injection	in	nude	mice	of	Ba/F3	cells	transduced	with	retrovirus
coding	c-Kit	D814V

Large	tumors	and	lethal	leukemia	in	two	weeks [57]

SM c-KIT	D816V Intravenous	injection	of	Ba/F3	cells	carrying	the	human	c-Kit	D816V	mutation Lethal	leukemia	in	3	months [58]

ISM c-KIT	D816V Rag2−/−	γc−/−	mice	transplanted	with	bone	marrow	cells	carrying	c-KIT	D816V Focal	accumulation	of	mast	cells	in	different	organs [59]

ASM/MCL c-Kit	D814Y Retro-orbital	injection	of	the	murine	mastocytoma	cell	line	P815	cells	in	into
DBA/2	syngeneic	mice

Decreased	platelets,	leukocytosis,	malignant	mast	cells	in	the
blood	and	lethality	in	9	days

[60]

SM c-KIT	D816V Transgenic	mice	with	the	human	c-KIT	D816V	under	the	control	of	a	mast	cell Mastocytosis	with	different	clinical	signs	(from	indolent	mast	cell [61]



specific	promoter	(chymase	promoter) hyperplasia	to	invasive	mast	cell	tumors)

SM c-Kit	D814V KitD814Vflox	bacterial	artificial	chromosome	transgenic	mice	x	Mx1-Cre Severe	mastocytosis	associated	with	other	hematopoietic
neoplasms	and	intestinal	inflammation

[62]

Mild	SM c-Kit	D814V KitD814Vflox	bacterial	artificial	chromosome	transgenic	mice	x	Mcpt5-Cre Mastocytosis [62]

Mainly	JMML,	CMML	and	MF Cbl Cbl	and	Cbl-b	double	knock-out	in	the	HSC Early-onset	lethal	MPD [69]

SM	and	myeloid	and	lymphoid
neoplasms	with	eosinophilia

FIP1L1-
PDGFRα

CD2-IL-5Tg	mice	transplanted	with	BM	cells	transduced	with	retrovirus
coding	for	the	human	FIP1L1-PDGFRα

HES [72]

JMML PTPN11-E76K Conditional	Ptpn11	E76K/+/Mx1-Cre+	mice MPD	evolving	in	AML [79]

JMML PTPN11-D61Y
and	E76K

Mice	transplanted	with	BM	cells	transduced	with	retrovirus	coding	for	Shp2
D61Y	and	E76K	mutants

Fatal	JMML-like	disorder [80]

2.2	Murine	models	of	MPN-associated	somatic	mutations
2.1.2.1	JAK2	mutations
2.1.1.2.1.1	JAK2	V617F

The	JAK2	V617F	mutation	has	been	found	in	most	patients	suffering	from	PV	and	in	about	50%	of	patients	with	ET	or	PMF.	As	mentioned	before,	these	pathologies	show	relevant	clinical	differences,	for	example,	PV	patients

mainly	display	erythroid	hyperproliferation,	while	megakaryocytic	hyperplasia	tends	to	be	prevalent	in	ET	and	PMF.	Interestingly,	this	mutation	is	present	in	homozygosity	in	30%	of	PV	patients	[29],	while	the	homozygous	mutation	is

less	common	in	ET	and	PMF	[30],	suggesting	a	quantitative	effect	in	determining	the	pathological	phenotype.	The	JAK2	V617F	mutation	is	detectable	in	HSCs	[31]	and	progenitor	cells	in	PV	patients	[32].	The	expression	of	JAK2	V617F

in	cell	lines	constitutively	activates	STAT5,	AKT	and	ERK	signaling	pathways,	transforming	cytokine-dependent	cells	into	becoming	cytokine	independent	(Fig.	1)	[29,30].	A	number	of	different	strategies	have	been	established	in	recent

years	to	model	MPNs	driven	by	JAK2	mutations	in	mice	(for	an	extensive	review	see	[33]).	Interestingly,	different	models	may	recapitulate	the	features	of	different	MPNs.	Mice	transplanted	with	bone	marrow	(BM)	cells	transduced

with	a	retrovirus	coding	for	the	human	JAK2	V617F	mutant	were	shown	to	develop	PV,	but	not	ET	or	PMF	[29,34–38],	and	displayed	erythrocytosis,	splenomegaly,	low	erythropoietin	levels,	leukocytosis	and	neutrophilia,	with	little	or	no

effect	on	platelet	counts.	Transplanted	mice	subsequently	developed	anemia,	together	with	fibrosis	in	the	BM	and	in	the	spleen,	resembling	the	“spent”	phase	of	human	PV.	However,	there	was	a	phenotypic	variability	depending	on	the

genetic	background	of	the	mice.	Notably,	in	transplant	models,	JAK2	V617F	expression	is	10	to	40	times	greater	than	the	normal	endogenous	protein.	Different	levels	of	transgene	expression	due	to	different	viral	integration	sites	could

also	account	for	specific	disease	features	in	this	mouse	model.



Transgenic	mice	carrying	the	human	JAK2	V617F	mutant	cDNA	including	the	3’′	untranslated	region	under	the	transcriptional	control	of	the	vav	gene	promoter	have	been	generated	by	pronuclear	injection.	Different	lines	of

transgenic	mice	show	features	of	MPN	with	varying	degrees	of	severity.	The	transgenic	line	expressing	a	lower	level	of	mutated	JAK2	showed	a	moderate	elevation	of	red	cells,	but	there	was	no	PV	or	ET	phenotype.	Conversely,	a

second	line	of	transgenic	mice	expressing	higher	levels	of	mutated	JAK2	developed	PV	and	ET	and	BM	fibrosis	in	older	mice,	demonstrating	a	relationship	between	JAK2	V617F	expression	levels	and	the	severity	of	the	pathology	[39].

A	second	transgenic	mouse	model	was	produced	using	the	mouse	Jak2	V617F	coding	sequence	under	the	control	of	the	H-2Kb	MHC	class	I	promoter.	Half	of	the	first	transgenic	mouse	line	showed	features	of	human	PV	or	ET,

while	the	second	transgenic	line	recapitulated	all	the	feature	of	PMF	[40].	It	 is	unknown	why	distinct	phenotypes	are	manifested	according	to	different	transgenic	 lines,	but	they	may	be	related	to	the	number	of	transgene	copies

integrated	into	the	mouse	genome	as	well	as	the	particular	integration	sites.

Furthermore,	Tiedt	et	al.	produced	a	transgenic	mouse	expressing	JAK2	V617F	in	an	inducible	manner.	A	construct	carrying	a	bacterial	artificial	chromosome	containing	the	5’′	regulatory	region	and	the	first	12	exons	of	the

Figure	1Fig.	1	Signal	transduction	in	myeloproliferative	neoplasms	(MPNs).

MPNs	are	associated	with	the	presence	of	constitutively	active	tyrosine	kinases	or	downstream	effectors	that	lead	to	the	activation	of	various	pathways,	including	PI3K,	JAK/STAT	and	MAPK,	which	are	responsible	for	proliferation	and	survival.	Representative	MPN-associated

mutations	are	shown.

alt-text:	Fig.	1



human	JAK2	gene,	followed	by	a	cDNA	fragment	encoding	mutated	JAK2	exons	13‐–25	plus	a	polyadenylation	signal	from	SV40,	placed	in	the	inverse	orientation	and	flanked	by	antiparallel	lox	sites,	was	used	to	generate	a	transgenic

line	carrying	nine	copies	of	the	transgene	[41].	Expression	of	full-length	wild	type	or	mutated	JAK2	was	induced	by	crossing	these	mice	with	transgenic	mice	carrying	the	Cre	recombinase	coding	gene	under	the	control	of	the	Vav	or

Mx1	promoter.	Due	 to	diverse	possible	recombination	events	between	 the	 lox	sites	 flanking	multiple	 transgene	copies,	various	 JAK2	V617F	expression	 levels	were	obtained	 in	response	 to	different	Cre	activity.	 In	particular,	 JAK2

V617F/VavCre	mice	expressed	lower	levels	of	JAK2	V617F	than	the	endogenous	wild	type	JAK2.	These	mice	displayed	thrombocytosis,	moderate	neutrophilia	and	unchanged	hematocrit,	resembling	ET.	Conversely,	JAK2	V617F/Mx1Cre

mice	displayed	high	transgene	copies	and	showed	increased	erythrocytosis	as	well	as	thrombocytosis,	similar	to	PV,	suggesting	a	dependence	on	the	levels	of	mutant	JAK2	in	determining	a	particular	phenotype	[41].

Mouse	Jak2	V617F	heterozygous	and	homozygous	knock-in	model	reproducing	the	main	features	of	human	PV	have	been	generated	[42].	These	mice	show	increase	in	hematocrit,	hemoglobin,	red	blood	cells,	leukocytes	and

thrombocytes,	splenomegaly	and	reduced	serum	erythropoietin	levels,	with	homozygous	mice	showing	a	worsening	in	pathological	signs	and	an	accelerated	BM	fibrosis	compared	to	heterozygous	mice.

A	second	knock-in	mouse	model	was	generated	by	Marty	et	al.	in	which	the	murine	Jak2	V617F	was	constitutively	expressed	under	the	control	of	the	endogenous	JAK2	promoter.	Similarly	to	the	previous	mouse	model	by	Akada

et	al.,	these	mice	showed	a	clear	PV	phenotype.	They	also	displayed	increased	megakaryopoiesis	and	spleen	hyperplasia,	followed	by	fibrosis	around	9	months	of	age	[43].

A	third	knock-in	mouse	model	was	generated	 in	which	the	murine	JAK2	V617F	was	conditionally	expressed	under	the	endogenous	JAK2	promoter	when	mice	were	crossed	with	E2A	transgenic	Cre	mice,	which	drives	Cre

expression	in	the	early	mouse	embryo	[44].	These	heterozygous	mice	all	develop	a	lethal	MPD	similar	to	human	PV	with	a	median	survival	of	146	days.	The	disease	is	characterized	by	elevated	hematocrit,	splenomegaly	and	splenic

extramedullary	erythropoiesis	without	thrombocythemia,	differences	in	megakaryocytes	ploidy	and	BM	fibrosis	[44].

A	fourth	JAK2	V617F	mouse	model,	 in	which	the	human	mutant	protein	was	conditionally	expressed	under	the	mouse	JAK2	endogenous	promoter	 in	adult	mice,	mainly	developed	ET	phenotypes,	and	only	10%	of	the	mice

showed	erythrocytosis	or	BM	fibrosis	after	26	weeks	[45],	resembling	human	PV.

2.1.2.2.1.2	JAK2	exon	12	mutations
In	addition	to	the	more	common	JAK2	V617F	mutation,	a	JAK2	exon	12	heterozygous	mutation	has	been	described	in	patients	affected	by	PV	or	idiopathic	erythrocytosis	[14].	Similarly	to	JAK2	V617F,	JAK2	exon	12	mutations

are	gain-of-function	mutations	inducing	constitutive	activation	of	JAK2,	STAT5	and	ERK1/2.	Hematopoietic	cell	lines	carrying	exon	12	mutations	acquire	the	ability	to	proliferate	in	the	absence	of	cytokines	[14].	The	Ba/F3	hematological

cell	line	infected	with	a	retrovirus	carrying	the	murine	Jak2	K539L	mutant	transplanted	into	lethally	irradiated	BALB/c	mice	develop	erythrocytosis,	leukocytosis	and	modest	thrombocytosis,	with	a	lower	leukocyte	and	platelet	count

compared	to	mice	transplanted	with	Ba/F3	carrying	the	JAK2	V617F	mutation	[14].

The	extensive	efforts	to	study	and	model	JAK2	mutations	in	mice	have	demonstrated	that	mutant	JAK2	is	sufficient	to	induce	PV	in	vivo	and	has	led	to	the	hypothesis	that	high	levels	of	JAK2	mutant	protein	often	cause	PV,	while

more	physiological	expression	levels	generate	ET-like	phenotypes	[33].	Moreover,	all	three	knock-in	mouse	models	expressing	the	mouse	Jak2	V617F	caused	a	PV	phenotype,	while	the	mouse	model	expressing	the	human	JAK2	mutant

showed	an	ET	phenotype,	suggesting	differences	in	mouse	and	human	JAK2	mutant	activity,	or	in	the	impact	of	the	mutant	receptors	in	an	endogenous	context	[33].

2.2.2.2	MPL
Somatic	 mutations	 in	 the	 thrombopoietin	 receptor	 MPL	 (MPL	 W515L/K)	 have	 been	 found	 in	 approximately	 5%	 of	 patients	 affected	 by	 primary	 myelofibrosis,	 in	 1%	 of	 ET	 patients	 and	 in	 10%	 of	 patients	 with	 post-ET

myelofibrosis,	but	not	in	patients	with	other	MPDs	[15,46].	Similarly	to	JAK2	mutations,	the	expression	of	MPL	mutants	transforms	cytokine-dependent	hematopoietic	cells	into	becoming	cytokine	independent,	and	induces	constitutive

activation	of	JAK-STAT	signaling	(Fig.	1).

A	mouse	model	was	developed	by	transducing	BM	cells	with	a	vector	coding	for	the	MPL	W515L	mutant	receptor	followed	by	transplantation	into	lethally	irradiated	mice	[46].	These	mice	developed	MPD	with	a	short	latency,

characterized	by	thrombocytosis,	splenomegaly	and	increased	fibrosis.

2.3.2.3	Calreticulin
It	has	been	recently	found	that	most	patients	affected	by	ET	or	MF	without	JAK2	or	MPL	mutations	carry	a	mutated	calreticulin	coding	gene.	Calreticulin	is	a	chaperone	protein	located	in	the	endoplasmic	reticulum	(ER)	and

involved	in	regulating	intracellular	Ca2	+	homeostasis	and	the	Ca2	+	capacity	of	the	ER.	Moreover,	calreticulin	plays	a	role	in	folding	and	quality	control	of	newly	synthesized	glycoproteins	[19,47].	Interestingly,	calreticulin	mutations	are

insertions	or	deletions	that	occur	in	the	last	exon	of	the	gene,	where	they	cause	a	specific	frameshift	that	generates	a	common	aberrant	terminal	peptide	and	disrupts	the	acidic	Ca2	+	binding	C-terminus	of	the	protein	and	the	KDEL	ER

retention	sequence	[9].	However,	a	mutant	lacking	the	entire	exon	9	does	not	cause	ET,	indicating	that	the	mutated	C-terminal	polypeptide	plays	an	active	role	in	inducing	megakaryocyte	proliferation.	Recently,	it	has	been	proposed



that	the	oncogenic	feature	of	the	mutant	calreticulin	is	due	to	the	electrostatic	change	of	the	C-terminal	of	the	protein	by	substitution	of	negatively	charged	amino	acids	with	positively	charged	ones.	This	structural	modification	allows

calreticulin	to	bind	MPL	in	the	ER	and	to	be	exported	to	the	cell	surface	where	it	induces	MPL	ligand-independent	activation	of	the	JAK2/STAT/PI3K	and	MAPK	pathways	[48–51]	(Fig.	1).	The	two	most	common	calreticulin	mutations,

present	in	85%	of	cases,	are	a	52-bp	deletion	(del52)	and	a	5-bp	insertion	(ins5).	The	first	mutation	is	more	frequent	in	myelofibrosis,	while	the	second	is	predominantly	associated	with	ET.	Using	retroviral	mouse	models,	it	has	been

demonstrated	that	calreticulin	mutations	cause	ET	in	the	mice	[48,52].	However,	calreticulin	del52	induces	a	higher	level	of	megakaryocyte	proliferation	compared	with	calreticulin	ins5,	and	causes	myelofibrosis	and	osteosclerosis

post-ET	[52].	Moreover,	the	two	mutations	impact	differently	on	HSC	populations,	with	the	calreticulin	del52	mutation	being	advantageous	to	HSCs	[52].

2.4.2.4	CSF3R-T618I
Colony-stimulating	factor	3	receptor	(CSF3R)	 is	 involved	 in	the	control	of	granulocyte	maturation	and	growth.	Upon	stimulation,	CSF3R	promotes	the	activation	of	 the	JAK-STAT	pathway	and	the	SRC	family	member	LYN.

Recently,	it	was	found	that	CSF3R	was	mutated	in	patients	with	chronic	neutrophilic	leukemia	(CNL)	and	aCML	[23,24],	and	in	subsequent	analyses,	CSF3R	mutations	were	predominantly	associated	with	CNL	patients.	Two	classes	of

CSF3R	 mutations	 have	 been	 identified,	 namely	 truncation	 of	 the	 cytoplasmic	 domain	 and	 membrane	 proximal	 point	 mutations.	 While	 truncation	 mutations	 are	 mostly	 associated	 with	 congenital	 neutropenia,	 membrane	 proximal

mutations	are	associated	with	both	CNL	and	aCML.	These	mutations	(and	in	particular	T618I)	constitutively	activate	JAK	and	SRC	signaling	allowing	the	identification	of	putative	targets	with	therapeutic	relevance	in	these	kinases	[53]

(Fig.	1).	The	proof-of-concept	that	CSF3R	mutations	play	an	essential	role	in	CNL	development	was	demonstrated	with	the	transplantation	of	CSF3R-T618I-infected	cells	in	mice	[53].	In	this	model,	mutant	CSF3R	stem	cells	cause	the

development	of	a	lethal	MPN	resembling	human	CNL.

2.5.2.5	c-KIT
c-KIT	is	a	tyrosine	kinase	receptor	involved	in	the	activation	of	signaling	pathways	involved	in	cell	survival,	proliferation	and	migration.	c-KIT	plays	a	physiological	function	in	normal	hematopoiesis,	in	gametocyte	development,

intestinal	motility,	inflammation	and	vasculogenesis.	c-KIT	mutations	have	been	involved	in	a	number	of	human	tumors,	including	gastrointestinal	stromal	tumors,	melanomas,	small	cell	lung	carcinoma,	systemic	mastocytosis	(SM)	and

acute	myeloid	 leukemia	[54].	Activated	mutations	of	c-KIT	are	 found	 in	about	40%	of	patients	with	core–binding	 factor	acute	myeloid	 leukemia	and	 in	almost	all	adult	patients	with	SM.	SM	 is	a	complex	disease	caused	by	clonal

proliferation	of	abnormal	mast	cells	accumulating	in	the	skin,	BM	and	other	organs.	The	disease	has	different	clinical	presentations,	from	cutaneous	and	indolent	forms	to	aggressive	SM	and	mast	cell	leukemia	[55].	The	most	common

c-KIT	mutation	in	hematological	neoplasms	is	D816V,	an	activating	mutation	occurring	in	the	tyrosine	kinase	domain	leading	to	constitutive	autophophorylation	(Fig.	1).	Interestingly,	the	c-KIT	D816V	mutation	is	present	in	patients

with	different	SM	clinical	phenotypes,	suggesting	that	further	mutations	may	account	for	disease	progression	[56].

Different	mouse	models	have	been	generated	to	evaluate	the	ability	of	c-KIT	mutations	to	drive	tumorigenesis,	to	determine	the	molecular	basis	of	the	disease	and	to	test	drug	efficacy.

In	early	studies,	murine	c-Kit	D814V,	corresponding	to	the	human	D816V,	was	shown	to	induce	IL-3	independent	growth	in	pro-B-type	Ba/F3	cells	and	myeloid	FDC-P1	cells.	Moreover,	subcutaneous	injection	of	Ba/F3	cells	in

nude	mice	induced	the	formation	of	large	tumors	in	2	weeks,	and	rapidly	caused	a	lethal	leukemia	with	mutant	cells	infiltrating	the	BM,	spleen	and	liver	[57].	When	injected	intravenously	into	nude	mice,	Ba/F3	cells	carrying	the	human

c-KIT	D816V	mutation	invade	the	BM,	spleen	and	lymph	nodes	and	induce	a	leukemia-like	disease	with	a	latency	of	3	months	[58].	However,	Mayerhofer	et	al.	demonstrated	that	doxycycline-mediated	inducible	expression	of	c-KIT

D816V	in	Ba/F3	cells	does	not	induce	IL-3-independent	growth	or	tumorigenicity	in	nude	mice.	Moreover,	C57BL/6	mice	deficient	for	Rag2	and	the	common	γ-chain,	which	were	transplanted	with	BM	cells	transduced	with	a	retrovirus

coding	for	the	human	c-KIT	D816V,	did	not	develop	an	aggressive	disease,	but	a	focal	accumulation	of	mast	cells	in	different	organs,	resembling	indolent	SM	[59].

A	simple	mouse	model	of	aggressive	SM	and	mast	cell	leukemia	has	been	developed	by	Demehri	et	al.,	by	retro-orbital	injection	of	the	murine	mastocytoma	cell	line	P815	carrying	the	c-Kit	D814Y	mutation	into	DBA/2	syngeneic

mice.	After	8	days,	injected	mice	manifested	a	decreased	platelet	count,	leukocytosis	and	the	appearance	of	malignant	mast	cells	in	the	blood,	and	rapidly	died	[60].

Transgenic	mice	in	which	the	human	c-KIT	D816V	is	expressed	under	the	control	of	a	mast	cell	specific	promoter	have	been	produced	and	characterized.	These	mice	develop	a	disease	similar	to	human	mastocytosis,	presenting

various	clinical	signs	of	the	human	disease,	from	indolent	mast	cell	hyperplasia	to	invasive	mast	cell	tumors	[61].	A	conditional	mouse	model	has	also	been	generated,	in	which	expression	of	the	c-Kit	D814V	mutant	is	driven	by	the	c-Kit

promoter	after	Cre	recombinase	induction	with	poly	(I:C)	injection.	Mutant	c-Kit	expression	was	shown	to	cause	a	severe	form	of	mastocytosis	frequently	associated	with	other	hematopoietic	neoplasms	and	intestinal	inflammation	[62].

Conditional	expression	of	c-Kit	D814V,	specifically	 in	mature	mast	cells	taking	advantage	of	the	Mcpt5Cre	mouse	transgenic	 line,	 induces	mastocytosis	with	slow	kinetics,	probably	due	to	downregulation	of	c-Kit	D814V	transgene

expression	in	differentiated	mast	cells	[62].

In	addition	to	murine	models,	a	zebrafish	model	has	also	been	generated	that	expresses	the	human	c-KIT	D816V	under	the	control	of	the	ubiquitous	zebrafish	beta-actin	promoter.	Around	60%	of	adult	transgenic	fish	manifest	a

myeloproliferative	disease	with	mast	cell	expansion	in	the	kidney	marrow,	which	is	functionally	similar	to	the	BM	in	mammals.	Zebrafish	carrying	the	human	c-KIT	D816V	may	represent	a	useful	tool	for	high	throughput	in	vivo	drug

screening.



2.6.2.6	Cbl
The	family	of	Casitas	B-lineage	Lymphoma	(Cbl)	RING	finger	ubiquitin	ligases	is	composed	of	three	homologous	proteins	in	mammals,	namely	Cbl,	Cbl-b	and	Cbl-c.	The	first	two	members	are	enriched	in	the	hematopoietic

compartment,	while	Cbl-c	is	specifically	expressed	in	epithelial	cells.	Cbl	proteins	are	highly	related	E3	ubiquitin	ligases	that	have	different	ubiquitin-associated	domains;	they	are	involved	in	tyrosine	kinase	receptor	turnover,	leading

to	inhibition	of	signal	transduction	(Fig.	1).	Moreover,	Cbl	also	binds	to	intracellular	signaling	proteins,	which	are	consequently	targeted	for	degradation,	further	inhibiting	intracellular	signaling	[7,63].

Mutations	in	the	Cbl	coding	gene	have	been	reported	by	several	authors	in	patients	affected	by	myeloid	malignancies,	and	in	particular	in	MPNs.	Most	mutations	were	found	in	patients	affected	by	JMML	(19%),	CMML	(5–17%)

and	MF	(6%)	[64–68].	Mutations	in	the	Cbl-b	and	Cbl-c	coding	genes,	however,	are	rarely	detected	[68].

Naramura	 et	 al.	 crossed	 Cbl-b	 null	 mice	 carrying	 a	 conditional	 allele	 for	 Cbl	 with	 an	 MMTV-Cre	 transgenic	 mouse,	 targeting	 the	 Cre	 recombinase	 in	 the	 mammary	 gland	 and	 in	 other	 districts,	 including	 the	 early	 HSC

compartment.	Cbl	and	Cbl-b	double	knock-out	in	the	HSC	compartment	induces	an	early-onset	lethal	myeloproliferative	disease	in	mice	similar	to	human	MPD.	This	disease	is	characterized	by	anemia	and	myeloid	expansion	in	the	BM

and	in	the	periphery,	and	is	fully	penetrant	and	transplantable	[69].	The	MPN	that	develops	likely	depends	on	the	expansion	of	the	HSC	compartment	and	myeloid,	granulocyte/macrophage	and	lymphoid	progenitors	[70].

2.7.2.7	FIP1L1-PDGFRα
According	to	the	2008	WHO	classification	of	MPN,	the	translocation	coding	for	FIP1L1-PDGFRα	is	recurrently	found	in	a	specific	subgroup	of	MPN	disorders	(Table	1),	and	accounts	for	the	second	most	frequent	lesion	in	SM.

This	translocation	causes	constitutive	activation	of	the	PDGF-receptor	[17,71]	(Fig.	1).	Transduction	of	BM	stem	cells/progenitor	cells	with	a	vector	bearing	this	fusion	gene	has	been	shown	to	generate	a	CML-like	disease	that	did	not,

however,	resemble	the	features	of	hyper	eosinophilic	syndrome	(HES).	However,	the	authors	demonstrated	that	transplantation	of	FIP1L1-PDGFRα-infected	cells	in	transgenic	mice	with	aberrant	expression	of	IL-5	caused	a	significant

increase	in	the	aberrant	proliferation	of	eosinophils.	This	work	suggests	that,	while	FIP1L1-PDGFRα	is	associated	with	the	development	of	a	CML-like	MPN,	it	is	not	sufficient	for	promoting	HES	development	and	requires	additional

lesions	[72].

2.8.2.8	SHP2
In	addition	to	mutations	that	activate	tyrosine	kinases,	MPNs	have	also	been	associated	with	aberrant	regulation	of	phosphatases,	which	modulate	the	signal	transduction	of	various	tyrosine	kinase	receptors	[73].

SH2-containing	tyrosine	phosphatase	2	(SHP2)	is	a	ubiquitously	expressed	protein	tyrosine	phosphatase	encoded	by	the	PTPN11	gene,	and	plays	a	crucial	role	in	organism	development	and	homeostasis	[74].	Although	protein

phosphatases	are	usually	considered	to	be	negative	regulators	of	signal	transduction,	SHP2	exerts	a	positive	role	in	sustaining	tyrosine	receptor	signaling,	due	to	dephosphorylation	and	inactivation	of	signaling	inhibitors	[75].	From	a

molecular	point	of	view,	SHP2	plays	a	role	in	activating	the	Ras-MEK,	the	PI3K-AKT	and	the	JAK-STAT	pathways,	in	some	cellular	contexts	[74,75].	In	hematopoiesis,	SHP2	has	been	shown	to	play	an	essential	role	by	regulating	HSC

self-renewal,	as	documented	by	two	independent	mouse	models,	(see	review	[76]).	Germline	gain-of-function	mutations	in	the	PTPN11	gene	were	discovered	in	50%	of	patients	with	Noonan	syndrome,	a	rare	genetic	disorder	causing

craniofacial	and	skeletal	abnormalities,	cardiac	defects	and	short	stature.	Notably,	these	patients	are	predisposed	to	develop	JMML.	The	involvement	of	SHP2	in	sporadic	hematological	cancers,	particularly	in	MPNs,	depends	on	either

gain-of-function	point	mutations	or	overexpression.	In	particular,	SHP2	is	mutated	in	about	35%	of	JMML	cases,	and	more	rarely	in	other	myeloid	neoplasms;	SHP2	has	also	been	shown	to	be	aberrantly	regulated	as	a	downstream

effector	of	mutated	KIT	in	SM	[76].

To	 recapitulate	 the	 phenotype	 of	 PTPN11	 mutations,	 various	 mouse	 models	 have	 been	 developed,	 as	 recently	 reviewed	 [76].	 In	 a	 knock-in	 mouse	 model	 for	 the	 Noonan	 syndrome-associated	 mutation	 Shp2	 D61G,	 viable

heterozygous	mice	displayed	a	 transplantable	MPD,	 in	 addition	 to	 skeletal	 and	 cardiac	 abnormalities	 [77,78].	 The	 pathogenesis	 of	 this	 disease	 depends	 on	 the	 accelerated	 HSC	 cycling	 due	 to	 enhanced	 intracellular	 proliferative

signaling	[78].

Conditional	knock-in	of	 the	most	common	mutation	(PTPN11-E76K)	associated	with	JMML	was	produced	using	different	Cre	transgenic	mice.	While	global	expression	of	 the	Shp2	E76K	mutant	during	early	embryogenesis

causes	 embryonic	 lethality	 at	 11.5	 days,	 the	 presence	 of	 the	 mutation	 in	 the	 HSC	 compartment	 induces	 an	 MPD	 that	 progresses	 to	 an	 accelerated	 phase	 and	 evolves	 into	 AML,	 but	 also	 into	 T	 cell	 acute	 lymphoblastic

leukemia/lymphoma	or	B	cell	acute	leukemia	[79].

In	another	approach,	the	SHP2	D61Y	and	E76K	mutants,	typically	found	in	JMML	and	other	neoplasms,	were	transduced	into	primary	mouse	BM	cells	using	retroviral	vectors,	followed	by	transplantation	into	lethally	irradiated

recipients.	SHP2	mutants	 caused	progressive	 leukocytosis	 in	 transplanted	mice	within	3	months,	with	 some	mice	 also	 showing	 lymphocytosis	 [80].	 From	 these	 models,	 SHP2	 was	 attributed	 to	 play	 a	 role	 in	 leukemogenesis	 and

particularly	in	the	modulation	of	HSCs.

More	recently,	it	has	also	been	shown	that	SHP2	plays	an	essential	role	in	mediating	the	oncogenic	signal	of	mutant	c-KIT	in	SM	[81].	Notably,	treatment	of	primary	human	KITD816V-CD34+	cells	with	the	SHP2	inhibitor	II-B08



was	shown	to	inhibit	their	growth	and	to	prolong	the	survival	of	mice	transplanted	with	myeloid	32D	expressing	the	KITD814V	mutant	[81].

2.9.2.9	Epigenetic	regulators
Various	genes	belonging	to	the	family	of	epigenetic	regulators,	such	as	TET2,	DNMT3A,	ASXL1,	EZH2	and	IDH1/2,	have	been	found	recurrently	mutated	 in	myeloid	 leukemia	and	in	about	5‐–30%	of	MPNs	[9,26,82].These

mutations	have	been	in	general	described	as	passenger	mutations	[8,27,28],	however,	mouse	model	phenotypes	and	recent	evidences	with	human	samples	[82]	suggest	that	their	role	is	much	more	complex	and	that	they	may	also	be

directly	involved	in	MPN	pathogenesis.

Various	mouse	models	have	been	generated	to	assess	the	contribution	of	TET2	[83–87,88,89],	DNMT3A	[90–93],	ASXL1	[94,95,96],	EZH2	[97,98]	and	IDH1/2	[99–101]	genes	 in	hematopoiesis	and	 leukemogenesis.	All	 these

models	demonstrated	that	these	genes	are	involved	in	the	regulation	of	the	HSC	self	renewal	and,	to	some	extent,	in	the	development	of	AML,	MDS	and	MPN.	However,	only	one	DNMT3A	null	mouse	model	was	strongly	associated	with

the	development	of	a	rapid	and	fatal	MPN	disorder	[93].	Conversely,	the	IDH1	R132H	knock-in	mouse	had	normal	lifespan,	even	if	IDH1	mutation	significantly	affected	the	murine	hemopoiesis	[99].	Similarly,	TET2	mutations/deletions

showed	a	low	penetrance	in	promoting	a	MPN	phenotype	[102]	and	some	mutant	strains	did	not	develop	the	disease	even	during	a	2	years	follow	up	[88].	These	observations	were	also	reported	by	a	recent	work,	where	one-third	of

Tet2	null	and	8%	of	Tet2	heterozygous	mice	were	shown	to	die	for	leukemia	or	MPN	in	one	year	follow	up	[87].	Similarly,	the	phenotype	of	ASXL1	mutant	mouse	models	was	highly	variable	being	in	some	cases	associated	with	MDS

development	[96],	and	in	others	with	the	perturbation	of	the	hematopoiesis	but	not	with	the	onset	of	MDS/AML/MPN	[95].	These	data	indicate	that	TET2,	DNMT3A,	ASXL1,	EZH2	and	IDH1	play	a	key	role	in	hematopoiesis.	The	ability

of	epigenetic	regulators	to	shape	chromatin	accessibility,	besides	sustaining	cancer	development	and	cooperating	with	other	mutations,	may	induce	new	genetic	lesions	and	fuel	genomic	instability	[26,103,104].	In	this	view,	a	high

degree	of	variability	is	conceivable	in	mouse	models	carrying	mutant	epigenetic	regulators.	Similarly,	recent	essential	observations	with	human	samples	have	further	expanded	the	landscape	and	complexity	of	epigenetic	regulator

mutations	[105].	The	definition	of	the	role	of	these	genes,	still	highly	challenging,	will	not	be	unfolded	in	detail	in	this	review.

3.3	From	mouse	models	to	novel	human	MPN-associated	genes
3.1.3.1	Morgana

Morgana	 is	 a	 ubiquitous	 chaperone	protein	 [106]	 that	 can	bind	 to	 the	Rho	kinases	ROCKI	 and	ROCKII	 and	 can	 inhibit	 their	 kinase	 activity	 [107,108].	 Rho	 kinases,	 despite	 being	 highly	 homologous	 and	 sharing	 common

substrates,	show	defined	functions	[109],	and	their	deregulation	produces	specific	pathologic	effects.	While	ROCKII	hyperactivation	induces	centrosome	amplification,	causing	aneuploidy	and	genomic	instability	[107,110],	ROCKI	has

been	recently	described	as	a	potent	proliferation	signal	in	myeloid	cells	[111,112].	While	morgana	null	mice	die	very	early	during	embryogenesis	at	a	peri-implantation	stage	[107],	with	age	heterozygous	mice	develop	a	lethal	and

transplantable	MPN	resembling	aCML	[113].	The	disease	onset	is	preceded	by	ROCK	hyperactivation,	centrosome	amplification,	and	aneuploidy	in	the	BM.	Diseased	mice	that	are	morgana	heterozygous	present	myeloproliferation,

leukocytosis,	anemia,	anisocytosis,	circulating	reticulocytes,	and	presence	of	immature	myeloid	cells	in	the	peripheral	blood,	with	no	expansion	of	monocytes	or	eosinophils.	These	mice	also	show	splenomegaly,	hepatomegaly	and,	in

50%	of	cases,	myeloid	infiltration	in	the	liver	[113].

Morgana	deficiency,	by	activating	both	ROCKI	and	ROCKII,	can	confer	a	particularly	aggressive	signal	combination	to	myeloid	cells,	as	ROCKI	hyperactivation	induces	hyperproliferation,	while	ROCKII	fuels	genomic	instability,

thus	inducing	further	oncogenic	hits	able	to	deregulate	cell	cycle	check	points	[114]	(Fig.	2).



Notably,	immunohistochemical	analysis	on	the	BM	of	six	aCML	patients	highlighted	a	very	low	morgana	expression	in	all	samples	[113].	However,	further	analysis	on	a	higher	number	of	aCML	patients	are	needed	to	confirm

the	relevance	of	morgana	downregulation	in	this	pathology.	It	would	be	interesting	to	widen	the	analysis	on	morgana	expression	levels	and	on	possible	mutations	in	the	morgana	coding	gene	(CHORDC1)	in	different	myeloproliferative

diseases.

3.2.3.2	DOK1/DOK2
DOK1	and	DOK2	are	adaptor	proteins	that	are	involved	in	regulating	tyrosine	kinase	signaling.	DOK1,	also	known	as	p62dok,	was	originally	cloned	as	a	BCR-ABL	substrate	in	CML	[115].	DOK	proteins	are	part	of	a	family	of

seven	related	proteins	that	are	substrates	of	relevant	tyrosine	kinases,	such	as	ABL,	EGF-receptor,	PDGF-receptor	and	others.	Exogenous	expression	of	DOK1	and	DOK2	has	been	associated	with	negative	regulation	of	ERK	and	MYC

Figure	2Fig.	2	Novel	human	MPN-associated	genes.

Schematic	representation	of	DOK,	Morgana,	MYBL2	and	NF-E2	aberrant	signaling	in	MPNs.
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signaling.	In	particular,	both	DOK1	and	DOK2	have	been	shown	to	interact	with	RAS-GAP,	which	in	turn	inhibits	RAS	activation	[116]	(Fig.	2).	Murine	knock-out	models	of	dok1,	dok2	and	dok3	were	shown	to	develop	 fatal	MPDs.

Notably,	dok1	and	dok2	oppose	BCR-ABL-mediated	leukemogenesis	[117–119].	Recently,	we	also	demonstrated	that	DOK1	and	DOK2	behave	as	tumor	suppressors	in	lung	cancer,	in	addition	to	MPDs	[120].	In	particular,	DOK1,	DOK2,

and	DOK3	single	and	compound	heterozygous	mice	developed	both	lung	cancer	and	MPD.	The	results	obtained	with	these	murine	models	led	to	the	search	for	dok	gene	mutations	in	a	cohort	of	MPDs.	Currently,	to	our	knowledge,	only

CMML	resulted	positive	for	mutations	in	dok	genes.	In	particular,	mutations	in	dok1	(L60Q	and	D263E)	and	dok2	(R201H,	L238P	and	R215H)	were	identified	in	CMML	and	in	a	myeloproliferative/myelodysplastic	unclassifiable	disease

[121].

3.3.3.3	MYBL2
Heterozygous	deletion	of	the	long	arm	of	chromosome	20	is	a	common	genetic	alteration	in	MPDs,	and	has	also	been	described	in	myelodysplastic	syndromes	(4%)	and	in	acute	myeloid	leukemia	(1%)	[122,123].	MYBL2	has

been	identified	as	a	tumor	suppressor	gene,	residing	in	the	20q	region,	the	deletion	of	which	is	responsible	for	aberrant	myeloproliferation.	In	particular,	MYBL2	haploinsufficiency	confers	an	advantage	to	hematopoietic	progenitor

cells	and	induces	myeloid	malignancies	[124,125].	The	MYBL2	gene	codes	for	MYB-related	protein	B	(MYB-B),	a	transcription	factor	implicated	in	cell	cycle	regulation,	genome	stability	and	senescence	(Fig.	2).	Remarkably,	expression

levels	of	MYB-B	are	reduced,	even	in	patients	affected	by	myeloid	malignancies	carrying	a	normal	pair	of	chromosomes	20,	indicating	that	MYB-B	downregulation	is	a	common	feature	associated	with	the	pathology,	which	may	occur

via	different	modalities	[124,125].

To	model	MYB-B	reduction	in	vivo,	mouse	Lin-	mononuclear	BM	cells	were	infected	with	a	lentivirus	coding	for	shRNAs	against	MYBL2,	followed	by	transplantation	into	lethally	irradiated	syngeneic	mice.	Transplanted	mice

showed	clonal	dominance	 in	a	competitive	reconstitution	assay	with	cells	carrying	control	shRNAs.	Moreover,	after	6	months,	 transplanted	mice	displayed	a	clonal	and	transplantable	MPD	with	dysplastic	 features	associated	with

anemia	and	splenomegaly	[125].

MYBL2	 is	 essential	 for	 inner	 cell	 mass	 formation	 in	 early	 mouse	 development,	 however	 heterozygous	 mice	 are	 viable	 [126].	 Clark	 et	 al.	 took	 advantage	 of	 MYBL2	 heterozygous	 mice	 to	 study	 the	 role	 of	 MYBL2

haploinsufficiency	in	the	development	of	myeloid	malignancies.	They	demonstrated	that	at	22	months	of	age,	the	majority	of	MYBL2	heterozygous	mice	showed	hematological	disorders	and	splenomegaly.	Interestingly,	as	in	human

patients,	the	MYBL2	haploinsufficiency	predisposes	mice	to	multiple	myeloid	disorders.	In	particular,	upon	aging,	46%	of	mice	developed	MDS,	38%	MPN	and	7%	myeloid	leukemia.	Moreover,	of	the	five	mice	affected	by	MPN,	three

showed	leukocytosis,	while	two	developed	severe	thrombocytosis	[124].	Given	that	MYBL2	heterozygous	mice	were	maintained	in	a	pure	C57/B6	background,	the	phenotype	heterogeneity	is	likely	due	to	genome	instability	induced	by

MYBL2	haploinsufficiency.

3.4.3.4	NF-E2
Investigating	the	role	of	nuclear	factor	erythroid-2	(NF-E2)	in	MPN	is	the	paradigm	of	how	murine	models	can	identify	novel	candidate	oncogenes/tumor	suppressors.	NF-E2	was	originally	found	to	be	over-expressed	in	MPN

patients	and	 to	play	an	essential	 role	 in	hemopoiesis	 [127–130].	Following	 these	observations,	 a	 transgenic	murine	model	was	designed	 to	up-regulate	 the	expression	of	NF-E2	 in	 the	BM	 [131].	As	 a	 consequence	of	NF-E2	over-

expression,	mice	developed	an	MPN	disease	that	evolved	into	acute	myeloid	leukemia	(Fig.	2).	Based	on	the	phenotype	of	transgenic	mice,	the	genetic	status	of	NF-E2	in	MPN	patients	was	investigated	and	it	was	found	that	the	NF-E2

gene	is	mutated	in	a	subset	of	patients	with	MF	and	PV	[132].	The	mutations	consist	of	insertions	and	deletions	causing	the	expression	of	truncated	proteins	able	to	potentiate	the	wild	type	NF-E2	transcriptional	activity.	To	clearly

demonstrate	the	causative	role	of	these	mutations,	BM	cells	of	CD45.2	mice	were	infected	with	lentiviruses	expressing	NF-E2	mutations	and	transplanted	into	CD45.1	recipient	mice.	As	a	consequence,	transplanted	animals	developed

an	MPN	disease,	clearly	demonstrating	that	the	NF-E2	mutations	are	responsible	for	MPN	development.

4.4	Discussion
This	review	has	highlighted	the	relevant	contribution	of	mouse	models	for	analyzing	the	MPN	genotype-phenotype	relationship	(Fig.	3).	Mouse	models	have	allowed	the	assessment	of	both	the	causative	role	of

several	genetic	aberrations	found	in	human	MPN	(a	‘human-to-mouse’	direction)	and	the	identification	of	novel	MPN-associated	genes,	serendipitously	discovered	in	genetically	modified	animals	(a	‘mouse-to-human’

direction).



Overall,	the	significant	results	from	these	models	can	be	highlighted	as	follows:

i)	Mouse	models	have	substantially	confirmed	the	causative	role	of	the	majority	of	MPN-associated	gene	mutations.	To	our	knowledge,	no	other	cancer	modeling	has	been	associated	with	such	a	stringent

genotype-phenotype	relationship.	Simplistically,	 it	could	be	speculated	that	several	of	these	MPN	models	are	generated	with	aberrant	expression	of	activated	tyrosine	kinases	and	therefore	the	proliferative	signal

represents	an	‘obvious’	consequential	phenotype.	However,	it	should	also	be	noted	that	expression	of	the	tyrosine	kinases	(i.e.	FLT3-ITD)	associated	with	AML	in	humans	did	not	cause	MPN	in	mouse	models	but	AML

itself.	Therefore,	the	genotype/phenotype	correlations	appear	to	perfectly	match	in	the	myeloid	scenario,	although	the	underlying	reasons	are	unclear.

ii)	Some	human	MPN-associated	mutations	sustain	the	development	of	different	MPN	diseases.	For	example,	JAK2	V617F	is	associated	with	either	PV,	or	ET,	or	PMF;	CSF3R	mutations	with	familiar	disorders,

aCML	and	CNL;	and	many	others.	While	several	speculations	have	been	made	to	explain	this	heterogenic	phenotype,	the	biological	mechanisms	are	almost	unknown.	Notably,	the	same	phenotypical	heterogeneity	is

also	observed	in	JAK2	V617F	mouse	models.	This	stringent	biological	correlation	between	human	and	mouse	models	is	again	remarkable.

Analyzing	the	different	mouse	models,	and	the	fact	that	homozygous	JAK2	V617F	mutations	are	correlated	with	PV	in	human	patients,	while	heterozygosity	is	more	frequent	in	ET	and	PMF	[29,30,133],	suggest

that	the	relative	amount	of	mutated	JAK2	is	relevant	in	determining	the	pathological	manifestation	of	the	disease	[41].	The	impact	of	JAK2	mutation	on	the	different	hematopoietic	lineages	may	depend	on	differences

in	signaling	requirements	during	differentiation.	It	has	been	demonstrated	that	JAK2	signaling	is	essential	for	erythropoiesis,	in	particular	for	the	transition	from	primitive	erythrocytes	to	cKit+	Ter119+	positive	cells

[134,135].	Megakaryocytic	differentiation	also	requires	JAK2	activation	via	the	thrombopoietin	receptor	MPL	[136],	while	granulocytic	differentiation	mainly	occurs	through	JAK1	[137,138].	However,	high	levels	of	the

JAK2	mutant	 interfere	with	megakaryopoiesis,	while	granulopoiesis	 and	erythropoiesis	 are	 less	 sensitive	 [41].	 It	 is	 thus	 conceivable	 that	 subtle	 variations	 in	 JAK2	 signaling	 requirements	 in	 the	differentiation	 of

erythroid	and	megakaryocytic	lineages	may	account	for	the	different	phenotypic	outcomes	(Fig.	4)	[33,133].

Figure	3Fig.	3	Lineage	commitments	and	phenotypic	outcomes	induced	by	different	mutations.

Schematic	representation	of	the	different	lineage	commitments	and	phenotypic	outcomes	induced	by	the	mutations	discussed	in	the	review.
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iii)	Several	MPN	models	develop	a	myeloproliferative	phenotype	in	a	rapid	timeframe,	while	many	acute	myeloid	leukemia	models	require	a	longer	latency.	A	long	latency	indicates	that	additional	lesions	are

required	to	achieve	an	oncogenic	phenotype,	while	the	rapid	onset	observed	in	MPN	models	suggests	that	MPN-associated	lesions	are	sufficient	for	developing	the	disease	in	mice.

A	growing	body	of	research	indicates	that	murine	models	are	extremely	powerful	tools	for	determining	the	oncogenic	potential	of	human	mutations	and	in	order	to	faithfully	recapitulate	the	most	relevant

aspects	of	human	MPN.	However,	it	should	also	be	noted	that	some	of	these	mutations	are	found	in	the	normal	population	[139,140],	raising	the	question	of	which	additional	events	are	required	to	determine	the

human	disease.

Practice	points
- Mouse	models	have	confirmed	the	causative	role	of	the	majority	of	MPN-associated	gene	mutations.

- Phenotypical	heterogeneity	induced	by	certain	mutations	is	remarkably	conserved	between	human	patients	and	mouse	models.

- Mouse	models	allow	the	evaluation	of	the	latency	of	the	pathology	and	often	recapitulate	the	evolution	of	the	human	pathology.

Research	agenda
- Investigation	of	molecular	mechanisms	of	MPN	progression	in	mouse	models.

- Use	of	mouse	models	to	test	innovative	treatments.

- Searching,	in	human	patients,	for	alterations	in	genes	found	to	be	associated	with	the	MPN	phenotype	in	genetically	modified	mice.
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Figure	4Fig.	4	JAK2	mutation	and	differentiation	of	hematopoietic	lineages.

Variations	in	JAK2	signaling	requirements	in	the	differentiation	of	erythroid,	megakaryocytic	and	granulocytic	lineages	may	account	for	the	different	phenotypic	outcomes	in	human	patients	carrying	JAK2	mutations.

alt-text:	Fig.	4



We	thank	Dr.	Enzo	Calautti	for	comments	on	the	manuscript.	This	work	was	supported	by	Progetto	Giovani	Ricercatori	2011	(GR-2011-02351167)	to	AM	and	by	AIRC	(IG	15880	AIRC	2014)	to	MB.

References
[1]	AA.	Tefferi	and	JWJ.W.	Vardiman,	Classification	and	diagnosis	of	myeloproliferative	neoplasms:	the	2008	World	Health	Organization	criteria	and	point-of-care	diagnostic	algorithms,	Leukemia.Leukemia	22,	2008,	14–22

[2]	JWJ.W.	Vardiman,	JJ.	Thiele,	DAD.A.	Arber,	RDR.D.	Brunning,	MJM.J.	Borowitz,	AA.	Porwit,	et	al.,	The	2008	revision	of	the	World	Health	Organization	(WHO)	classification	of	myeloid	neoplasms	and	acute	leukemia:

rationale	and	important	changes,	Blood.Blood	114,	2009,	937–951.

[3]	TIT.I.	Mughal,	NCN.C.	Cross,	EE.	Padron,	RVR.V.	Tiu,	MM.	Savona,	LL.	Malcovati,	et	al.,	An	Iinternational	MDS/MPN	Wworking	group's	perspective	and	recommendations	on	molecular	pathogenesis,	diagnosis	and

clinical	characterization	of	myelodysplastic/myeloproliferative	neoplasms,	Haematologica.Haematologica	100,	2015,	1117–1130.

[4]	DAD.A.	Arber,	AA.	Orazi,	RR.	Hasserjian,	JJ.	Thiele,	MJM.J.	Borowitz,	MMM.M.	Le	Beau,	et	al.,	The	2016	revision	to	the	World	Health	Organization	classification	of	myeloid	neoplasms	and	acute	leukemia,

Blood.Blood	127,	2016,	2391–2405.

[5]	TT.	Barbui,	JJ.	Thiele,	HH.	Gisslinger,	GG.	Finazzi,	AMA.M.	Vannucchi	and	AA.	Tefferi,	The	2016	revision	of	WHO	classification	of	myeloproliferative	neoplasms:	Cclinical	and	molecular	advances,	Blood	Rev.Blood

Rev	2016.

[6]	JJ.	Kota,	NN.	Caceres	and	SNS.N.	Constantinescu,	Aberrant	signal	transduction	pathways	in	myeloproliferative	neoplasms,	Leukemia.Leukemia	22,	2008,	1828–1840.

[7]	K.	Saeidi,	Myeloproliferative	neoplasms:	Ccurrent	molecular	biology	and	genetics,	Crit	Rev	Oncol	Hematol.Crit	Rev	Oncol	Hematol	98,	2016,	375–389.

[8]	RCR.C.	Skoda,	AA.	Duek	and	JJ.	Grisouard,	Pathogenesis	of	myeloproliferative	neoplasms,	Exp	Hematol.Exp	Hematol	43,	2015,	599–608.

[9]	JJ.	Nangalia	and	TRT.R.	Green,	The	evolving	genomic	landscape	of	myeloproliferative	neoplasms,	Hematology	Am	Soc	Hematol	Educ	Program.Hematology	Am	Soc	Hematol	Educ	Program	2014,	2014,	287–296.

[10]	HJH.J.	Kim,	CWC.W.	Choi	and	JHJ.H.	Won,	The	puzzle	of	myeloproliferative	neoplasms:	novel	disease-specific	mutations	and	new	proposals	for	diagnostic	criteria,	Blood	Res.	49,	2014,	211–213.

[11]	KK.	Zoi	and	NCN.C.	Cross,	Molecular	pathogenesis	of	atypical	CML,	CMML	and	MDS/MPN-unclassifiable,	Int	J	Hematol	101,	2015,	229–242.

[12]	RLR.L.	Levine,	AA.	Pardanani,	AA.	Tefferi	and	DGD.G.	Gilliland,	Role	of	JAK2	in	the	pathogenesis	and	therapy	of	myeloproliferative	disorders,	Nat	Rev	Cancer.Nat	Rev	Cancer	7,	2007,	673–683.

[13]	EJE.J.	Baxter,	LML.M.	Scott,	PJP.J.	Campbell,	CC.	East,	NN.	Fourouclas,	SS.	Swanton,	et	al.,	Acquired	mutation	of	the	tyrosine	kinase	JAK2	in	human	myeloproliferative	disorders,	Lancet.Lancet	365,	2005,	1054–1061.

[14]	LML.M.	Scott,	WW.	Tong,	RLR.L.	Levine,	MAM.A.	Scott,	PAP.A.	Beer,	MRM.R.	Stratton,	et	al.,	JAK2	exon	12	mutations	in	polycythemia	vera	and	idiopathic	erythrocytosis,	N	Engl	J	Med.N	Engl	J	Med	356,	2007,	459–468.

[15]	ADA.D.	Pardanani,	RLR.L.	Levine,	TT.	Lasho,	YY.	Pikman,	RAR.A.	Mesa,	MM.	Wadleigh,	et	al.,	MPL515	mutations	in	myeloproliferative	and	other	myeloid	disorders:	a	study	of	1182	patients,	Blood.Blood	108,	2006,

3472–3476.

[16]	MM.	Arock,	KK.	Sotlar,	CC.	Akin,	SS.	Broesby-Olsen,	GG.	Hoermann,	LL.	Escribano,	et	al.,	KIT	mutation	analysis	in	mast	cell	neoplasms:	recommendations	of	the	European	Ccompetence	Nnetwork	on

Mmastocytosis,	Leukemia.Leukemia	29,	2015,	1223–1232.

[17]	JJ.	Cools,	DJD.J.	DeAngelo,	JJ.	Gotlib,	EHE.H.	Stover,	RDR.D.	Legare,	JJ.	Cortes,	et	al.,	A	tyrosine	kinase	created	by	fusion	of	the	PDGFRA	and	FIP1L1	genes	as	a	therapeutic	target	of	imatinib	in	idiopathic

hypereosinophilic	syndrome,	N	Engl	J	Med.N	Engl	J	Med	348,	2003,	1201–1214.

[18]	TT.	Klampfl,	HH.	Gisslinger,	ASA.S.	Harutyunyan,	HH.	Nivarthi,	EE.	Rumi,	JDJ.D.	Milosevic,	et	al.,	Somatic	mutations	of	calreticulin	in	myeloproliferative	neoplasms,	N	Engl	J	Med.N	Engl	J	Med	369,	2013,	2379–2390.

[19]	JJ.	Nangalia,	CEC.E.	Massie,	EJE.J.	Baxter,	FLF.L.	Nice,	GG.	Gundem,	DCD.C.	Wedge,	et	al.,	Somatic	CALR	mutations	in	myeloproliferative	neoplasms	with	nonmutated	JAK2,	N	Engl	J	Med.N	Engl	J	Med	369,	2013,

2391–2405.



[20]	MM.	Cazzola	and	RR.	Kralovics,	JAK	inhibitor	in	CALR-mutant	myelofibrosis,	N	Engl	J	Med.N	Engl	J	Med	370,	2014,	1169.

[21]	RR.	Piazza,	SS.	Valletta,	NN.	Winkelmann,	SS.	Redaelli,	RR.	Spinelli,	AA.	Pirola,	et	al.,	Recurrent	SETBP1	mutations	in	atypical	chronic	myeloid	leukemia,	Nat	Genet.Nat	Genet	45,	2013,	18–24.

[22]	HH.	Makishima,	KK.	Yoshida,	NN.	Nguyen,	BB.	Przychodzen,	MM.	Sanada,	YY.	Okuno,	et	al.,	Somatic	SETBP1	mutations	in	myeloid	malignancies,	Nat	Genet.Nat	Genet	45,	2013,	942–946.

[23]	AA.	Pardanani,	TLT.L.	Lasho,	RRR.R.	Laborde,	MM.	Elliott,	CAC.A.	Hanson,	RAR.A.	Knudson,	et	al.,	CSF3R	T618I	is	a	highly	prevalent	and	specific	mutation	in	chronic	neutrophilic	leukemia,

Leukemia.Leukemia	27,	2013,	1870–1873.

[24]	JEJ.E.	Maxson,	JJ.	Gotlib,	DAD.A.	Pollyea,	AGA.G.	Fleischman,	AA.	Agarwal,	CAC.A.	Eide,	et	al.,	Oncogenic	CSF3R	mutations	in	chronic	neutrophilic	leukemia	and	atypical	CML,	N	Engl	J	Med.N	Engl	J	Med	368,	2013,

1781–1790.

[25]	CBC.B.	Gambacorti-Passerini,	CC.	Donadoni,	AA.	Parmiani,	AA.	Pirola,	SS.	Redaelli,	GG.	Signore,	et	al.,	Recurrent	ETNK1	mutations	in	atypical	chronic	myeloid	leukemia,	Blood.Blood	125,	2015,	499–503.

[26]	AHA.H.	Shih,	OO.	Abdel-Wahab,	JPJ.P.	Patel	and	RLR.L.	Levine,	The	role	of	mutations	in	epigenetic	regulators	in	myeloid	malignancies,	Nat	Rev	Cancer.Nat	Rev	Cancer	12,	2012,	599–612.

[27]	WW.	Vainchenker,	FF.	Delhommeau,	SNS.N.	Constantinescu	and	OAO.A.	Bernard,	New	mutations	and	pathogenesis	of	myeloproliferative	neoplasms,	Blood.Blood	118,	2011,	1723–1735.

[28]	A.	Tefferi,	Myeloproliferative	neoplasms:	Aa	decade	of	discoveries	and	treatment	advances,	Am	J	Hematol.Am	J	Hematol	91,	2016,	50–58.

[29]	CC.	James,	VV.	Ugo,	JPJ.P.	Le	Couedic,	JJ.	Staerk,	FF.	Delhommeau,	CC.	Lacout,	et	al.,	A	unique	clonal	JAK2	mutation	leading	to	constitutive	signalling	causes	polycythaemia	vera,	Nature.Nature	434,	2005,

1144–1148.

[30]	RLR.L.	Levine,	MM.	Wadleigh,	JJ.	Cools,	BLB.L.	Ebert,	GG.	Wernig,	BJB.J.	Huntly,	et	al.,	Activating	mutation	in	the	tyrosine	kinase	JAK2	in	polycythemia	vera,	essential	thrombocythemia,	and	myeloid	metaplasia	with

myelofibrosis,	Cancer	Cell.Cancer	Cell	7,	2005,	387–397.

[31]	CHC.H.	Jamieson,	JJ.	Gotlib,	JAJ.A.	Durocher,	MPM.P.	Chao,	MRM.R.	Mariappan,	MM.	Lay,	et	al.,	The	JAK2	V617F	mutation	occurs	in	hematopoietic	stem	cells	in	polycythemia	vera	and	predisposes	toward	erythroid

differentiation,	Proc	Natl	Acad	Sci	U	S	A.Proc	Natl	Acad	Sci	U	S	A	103,	2006,	6224–6229.

[32]	LML.M.	Scott,	MAM.A.	Scott,	PJP.J.	Campbell	and	ARA.R.	Green,	Progenitors	homozygous	for	the	V617F	mutation	occur	in	most	patients	with	polycythemia	vera,	but	not	essential	thrombocythemia,

Blood.Blood	108,	2006,	2435–2437.

[33]	JJ.	Li,	DGD.G.	Kent,	EE.	Chen	and	ARA.R.	Green,	Mouse	models	of	myeloproliferative	neoplasms:	JAK	of	all	grades,	Dis	Model	Mech.Dis	Model	Mech	4,	2011,	311–317.

[34]	GG.	Wernig,	TT.	Mercher,	RR.	Okabe,	RLR.L.	Levine,	BHB.H.	Lee	and	DGD.G.	Gilliland,	Expression	of	Jak2V617F	causes	a	polycythemia	vera-like	disease	with	associated	myelofibrosis	in	a	murine	bone	marrow

transplant	model,	Blood.Blood	107,	2006,	4274–4281.

[35]	TGT.G.	Bumm,	CC.	Elsea,	ASA.S.	Corbin,	MM.	Loriaux,	DD.	Sherbenou,	LL.	Wood,	et	al.,	Characterization	of	murine	JAK2V617F-positive	myeloproliferative	disease,	Cancer	Res.Cancer	Res	66,	2006,	11156–11165.

[36]	VMV.M.	Zaleskas,	DSD.S.	Krause,	KK.	Lazarides,	NN.	Patel,	YY.	Hu,	SS.	Li,	et	al.,	Molecular	pathogenesis	and	therapy	of	polycythemia	induced	in	mice	by	JAK2	V617F,	PLoS	One.PLoS	One	1,	2006,	e18.

[37]	CC.	Lacout,	DFD.F.	Pisani,	MM.	Tulliez,	FMF.M.	Gachelin,	WW.	Vainchenker	and	JLJ.L.	Villeval,	JAK2V617F	expression	in	murine	hematopoietic	cells	leads	to	MPD	mimicking	human	PV	with	secondary	myelofibrosis,

Blood.Blood	108,	2006,	1652–1660.

[38]	ADA.D.	Pomicter,	AMA.M.	Eiring,	AVA.V.	Senina,	MSM.S.	Zabriskie,	JEJ.E.	Marvin,	JTJ.T.	Prchal,	et	al.,	Limited	efficacy	of	BMS-911543	in	a	murine	model	of	Janus	kinase	2	V617F	myeloproliferative	neoplasm,	Exp

Hematol	43	(537-45),	2015,	e1–11.

[39]	SS.	Xing,	THT.H.	Wanting,	WW.	Zhao,	JJ.	Ma,	SS.	Wang,	XX.	Xu,	et	al.,	Transgenic	expression	of	JAK2V617F	causes	myeloproliferative	disorders	in	mice,	Blood.Blood	111,	2008,	5109–5117.

[40]	KK.	Shide,	HKH.K.	Shimoda,	TT.	Kumano,	KK.	Karube,	TT.	Kameda,	KK.	Takenaka,	et	al.,	Development	of	ET,	primary	myelofibrosis	and	PV	in	mice	expressing	JAK2	V617F,	Leukemia.Leukemia	22,	2008,	87–95.



[41]	RR.	Tiedt,	HH.	Hao-Shen,	MAM.A.	Sobas,	RR.	Looser,	SS.	Dirnhofer,	JJ.	Schwaller,	et	al.,	Ratio	of	mutant	JAK2-V617F	to	wild-type	Jak2	determines	the	MPD	phenotypes	in	transgenic	mice,	Blood.Blood	111,	2008,

3931–3940.

[42]	HH.	Akada,	DD.	Yan,	HH.	Zou,	SS.	Fiering,	RER.E.	Hutchison	and	MGM.G.	Mohi,	Conditional	expression	of	heterozygous	or	homozygous	Jak2V617F	from	its	endogenous	promoter	induces	a	polycythemia	vera-like

disease,	Blood.Blood	115,	2010,	3589–3597.

[43]	CC.	Marty,	CC.	Lacout,	AA.	Martin,	SS.	Hasan,	SS.	Jacquot,	MCM.C.	Birling,	et	al.,	Myeloproliferative	neoplasm	induced	by	constitutive	expression	of	JAK2V617F	in	knock-in	mice,	Blood.Blood	116,	2010,	783–787.

[44]	AA.	Mullally,	SWS.W.	Lane,	BB.	Ball,	CC.	Megerdichian,	RR.	Okabe,	FF.	Al-Shahrour,	et	al.,	Physiological	Jak2V617F	expression	causes	a	lethal	myeloproliferative	neoplasm	with	differential	effects	on	hematopoietic

stem	and	progenitor	cells,	Cancer	Cell.Cancer	Cell	17,	2010,	584–596.

[45]	JJ.	Li,	DD.	Spensberger,	JSJ.S.	Ahn,	SS.	Anand,	PAP.A.	Beer,	CC.	Ghevaert,	et	al.,	JAK2	V617F	impairs	hematopoietic	stem	cell	function	in	a	conditional	knock-in	mouse	model	of	JAK2	V617F-positive	essential

thrombocythemia,	Blood.Blood	116,	2010,	1528–1538.

[46]	YY.	Pikman,	BHB.H.	Lee,	TT.	Mercher,	EE.	McDowell,	BLB.L.	Ebert,	MM.	Gozo,	et	al.,	MPLW515	L	is	a	novel	somatic	activating	mutation	in	myelofibrosis	with	myeloid	metaplasia,	PLoS	Med.PLoS	Med	3,	2006,	e270.

[47]	MM.	Michalak,	JJ.	Groenendyk,	EE.	Szabo,	LIL.I.	Gold	and	MM.	Opas,	Calreticulin,	a	multi-process	calcium-buffering	chaperone	of	the	endoplasmic	reticulum,	Biochem	J.Biochem	J	417,	2009,	651–666.

[48]	SS.	Elf,	NSN.S.	Abdelfattah,	EE.	Chen,	JJ.	Perales-Paton,	EAE.A.	Rosen,	AA.	Ko,	et	al.,	Mutant	Ccalreticulin	Rrequires	Bboth	Iits	Mmutant	C-terminus	and	the	Tthrombopoietin	Rreceptor	for	Ooncogenic

Ttransformation,	Cancer	DiscovCancer	Discov.	6,	2016,	368–381.

[49]	MM.	Araki,	YY.	Yang,	NN.	Masubuchi,	YY.	Hironaka,	HH.	Takei,	SS.	Morishita,	et	al.,	Activation	of	the	thrombopoietin	receptor	by	mutant	calreticulin	in	CALR-mutant	myeloproliferative	neoplasms,

Blood.Blood	127,	2016,	1307–1316.

[50]	II.	Chachoua,	CC.	Pecquet,	MM.	El-Khoury,	HH.	Nivarthi,	RIR.I.	Albu,	CC.	Marty,	et	al.,	Thrombopoietin	receptor	activation	by	myeloproliferative	neoplasm	associated	calreticulin	mutants,	Blood.Blood	127,	2016,

1325–1335.

[51]	M.	Cazzola,	Mutant	calreticulin:	when	a	chaperone	becomes	intrusive,	Blood.Blood	127,	2016,	1219–1221.

[52]	CC.	Marty,	CC.	Pecquet,	HH.	Nivarthi,	MM.	El-Khoury,	II.	Chachoua,	MM.	Tulliez,	et	al.,	Calreticulin	mutants	in	mice	induce	an	MPL-dependent	thrombocytosis	with	frequent	progression	to	myelofibrosis,

Blood.Blood	127,	2016,	1317–1324.

[53]	AGA.G.	Fleischman,	JEJ.E.	Maxson,	SBS.B.	Luty,	AA.	Agarwal,	LRL.R.	Royer,	MLM.L.	Abel,	et	al.,	The	CSF3R	T618I	mutation	causes	a	lethal	neutrophilic	neoplasia	in	mice	that	is	responsive	to	therapeutic	JAK

inhibition,	Blood.Blood	122,	2013,	3628–3631.

[54]	JJ.	Lennartsson	and	LL.	Ronnstrand,	Stem	cell	factor	receptor/c-Kit:	from	basic	science	to	clinical	implications,	Physiol	Rev.Physiol	Rev	92,	2012,	1619–1649.

[55]	A.	Pardanani,	Systemic	mastocytosis	in	adults:	2012	Uupdate	on	diagnosis,	risk	stratification,	and	management,	Am	J	Hematol.Am	J	Hematol	87,	2012,	401–411.

[56]	TT.	Gulen,	HH.	Hagglund,	BB.	Dahlen	and	GG.	Nilsson,	Mastocytosis:	the	puzzling	clinical	spectrum	and	challenging	diagnostic	aspects	of	an	enigmatic	disease,	J	Intern	Med.J	Intern	Med	279,	2016,	211–228.

[57]	HH.	Kitayama,	YY.	Kanakura,	TT.	Furitsu,	TT.	Tsujimura,	KK.	Oritani,	HH.	Ikeda,	et	al.,	Constitutively	activating	mutations	of	c-kit	receptor	tyrosine	kinase	confer	factor-independent	growth	and	tumorigenicity	of

factor-dependent	hematopoietic	cell	lines,	Blood.Blood	85,	1995,	790–798.

[58]	AA.	Chaix,	MLM.L.	Arcangeli,	SS.	Lopez,	EE.	Voisset,	YY.	Yang,	MM.	Vita,	et	al.,	KIT-D816V	oncogenic	activity	is	controlled	by	the	juxtamembrane	docking	site	Y568-Y570,	Oncogene.Oncogene	33,	2014,	872–881.

[59]	MM.	Mayerhofer,	KVK.V.	Gleixner,	AA.	Hoelbl,	SS.	Florian,	GG.	Hoermann,	KJK.J.	Aichberger,	et	al.,	Unique	effects	of	KIT	D816V	in	BaF3	cells:	induction	of	cluster	formation,	histamine	synthesis,	and	early	mast

cell	differentiation	antigens,	J	Immunol.J	Immunol	180,	2008,	5466–5476.



[60]	SS.	Demehri,	AA.	Corbin,	MM.	Loriaux,	BJB.J.	Druker	and	MWM.W.	Deininger,	Establishment	of	a	murine	model	of	aggressive	systemic	mastocytosis/mast	cell	leukemia,	Exp	Hematol.Exp	Hematol	34,	2006,	284–288.

[61]	JPJ.P.	Zappulla,	PP.	Dubreuil,	SS.	Desbois,	SS.	Letard,	NBN.B.	Hamouda,	MM.	Daeron,	et	al.,	Mastocytosis	in	mice	expressing	human	kit	receptor	with	the	activating	Asp816Val	mutation,	J	Exp	Med.J	Exp

Med	202,	2005,	1635–1641.

[62]	AA.	Gerbaulet,	CC.	Wickenhauser,	JJ.	Scholten,	KK.	Peschke,	SS.	Drube,	HPH.P.	Horny,	et	al.,	Mast	cell	hyperplasia,	B-cell	malignancy,	and	intestinal	inflammation	in	mice	with	conditional	expression	of	a

constitutively	active	kit,	Blood.Blood	117,	2011,	2012–2021.

[63]	MM.	Naramura,	VV.	Band	and	HH.	Band,	Indispensable	roles	of	mammalian	Cbl	family	proteins	as	negative	regulators	of	protein	tyrosine	kinase	signaling:	Iinsights	from	in	vivo	models,	Commun	Integr

Biol.	4,	2011,	159–162.

[64]	AJA.J.	Dunbar,	LPL.P.	Gondek,	CLC.L.	O'Keefe,	HH.	Makishima,	MSM.S.	Rataul,	HH.	Szpurka,	et	al.,	250K	single	nucleotide	polymorphism	array	karyotyping	identifies	acquired	uniparental	disomy	and	homozygous

mutations,	including	novel	missense	substitutions	of	c-Cbl,	in	myeloid	malignancies,	Cancer	Res.Cancer	Res	68,	2008,	10349–10357.

[65]	MM.	Sanada,	TT.	Suzuki,	LYL.Y.	Shih,	MM.	Otsu,	MM.	Kato,	SS.	Yamazaki,	et	al.,	Gain-of-function	of	mutated	c-CBL	tumour	suppressor	in	myeloid	neoplasms,	Nature.Nature	460,	2009,	904–908.

[66]	MLM.L.	Loh,	DSD.S.	Sakai,	CC.	Flotho,	MM.	Kang,	MM.	Fliegauf,	SS.	Archambeault,	et	al.,	Mutations	in	CBL	occur	frequently	in	juvenile	myelomonocytic	leukemia,	Blood.Blood	114,	2009,	1859–1863.

[67]	FHF.H.	Grand,	CEC.E.	Hidalgo-Curtis,	TT.	Ernst,	KK.	Zoi,	CC.	Zoi,	CC.	McGuire,	et	al.,	Frequent	CBL	mutations	associated	with	11q	acquired	uniparental	disomy	in	myeloproliferative	neoplasms,

Blood.Blood	113,	2009,	6182–6192.

[68]	HH.	Makishima,	HH.	Cazzolli,	HH.	Szpurka,	AA.	Dunbar,	RR.	Tiu,	JJ.	Huh,	et	al.,	Mutations	of	e3	ubiquitin	ligase	cbl	family	members	constitute	a	novel	common	pathogenic	lesion	in	myeloid	malignancies,	J	Clin

Oncol.J	Clin	Oncol	27,	2009,	6109–6116.

[69]	MM.	Naramura,	NN.	Nandwani,	HH.	Gu,	VV.	Band	and	HH.	Band,	Rapidly	fatal	myeloproliferative	disorders	in	mice	with	deletion	of	Casitas	B-cell	lymphoma	(Cbl)	and	Cbl-b	in	hematopoietic	stem	cells,	Proc	Natl

Acad	Sci	U	S	A.Proc	Natl	Acad	Sci	U	S	A	107,	2010,	16274–16279.

[70]	WW.	An,	SAS.A.	Nadeau,	BCB.C.	Mohapatra,	DD.	Feng,	NN.	Zutshi,	MDM.D.	Storck,	et	al.,	Loss	of	Cbl	and	Cbl-b	ubiquitin	ligases	abrogates	hematopoietic	stem	cell	quiescence	and	sensitizes	leukemic	disease	to

chemotherapy,	Oncotarget	6,	2015,	10498–10509.

[71]	CHC.H.	Heldin,	Targeting	the	PDGF	signaling	pathway	in	tumor	treatment,	Cell	Commun	SignalCell	Commun	Signal.	11,	2013,	97.

[72]	YY.	Yamada,	MEM.E.	Rothenberg,	AWA.W.	Lee,	HSH.S.	Akei,	EBE.B.	Brandt,	DAD.A.	Williams,	et	al.,	The	FIP1L1-PDGFRA	fusion	gene	cooperates	with	IL-5	to	induce	murine	hypereosinophilic	syndrome

(HES)/chronic	eosinophilic	leukemia	(CEL)-like	disease,	Blood.Blood	107,	2006,	4071–4079.

[73]	SS.	Zhao,	DD.	Sedwick	and	ZZ.	Wang,	Genetic	alterations	of	protein	tyrosine	phosphatases	in	human	cancers,	Oncogene.Oncogene	34,	2015,	3885–3894.

[74]	DD.	Xu	and	CKC.K.	Qu,	Protein	tyrosine	phosphatases	in	the	JAK/STAT	pathway,	Front	Biosci.Front	Biosci	13,	2008,	4925–4932.

[75]	MM.	Tajan,	Serra	AS.A.	de	Rocca,	PP.	Valet,	TT.	Edouard	and	AA.	Yart,	SHP2	sails	from	physiology	to	pathology,	Eur	J	Med	Genet	58,	2015,	509–525.

[76]	SCS.C.	Nabinger	and	RJR.J.	Chan,	Shp2	function	in	hematopoietic	stem	cell	biology	and	leukemogenesis,	Curr	Opin	Hematol.Curr	Opin	Hematol	19,	2012,	273–279.

[77]	TT.	Araki,	MGM.G.	Mohi,	FAF.A.	Ismat,	RTR.T.	Bronson,	IRI.R.	Williams,	JLJ.L.	Kutok,	et	al.,	Mouse	model	of	Noonan	syndrome	reveals	cell	type-	and	gene	dosage-dependent	effects	of	Ptpn11	mutation,	Nat	Med.Nat

Med	10,	2004,	849–857.

[78]	DD.	Xu,	SS.	Wang,	WMW.M.	Yu,	GG.	Chan,	TT.	Araki,	KDK.D.	Bunting,	et	al.,	A	germline	gain-of-function	mutation	in	Ptpn11	(Shp-2)	phosphatase	induces	myeloproliferative	disease	by	aberrant	activation	of

hematopoietic	stem	cells,	Blood.Blood	116,	2010,	3611–3621.



[79]	DD.	Xu,	XX.	Liu,	WMW.M.	Yu,	HJH.J.	Meyerson,	CC.	Guo,	SLS.L.	Gerson,	et	al.,	Non-lineage/stage-restricted	effects	of	a	gain-of-function	mutation	in	tyrosine	phosphatase	Ptpn11	(Shp2)	on	malignant	transformation

of	hematopoietic	cells,	J	Exp	Med.J	Exp	Med	208,	2011,	1977–1988.

[80]	MGM.G.	Mohi,	IRI.R.	Williams,	CRC.R.	Dearolf,	GG.	Chan,	JLJ.L.	Kutok,	SS.	Cohen,	et	al.,	Prognostic,	therapeutic,	and	mechanistic	implications	of	a	mouse	model	of	leukemia	evoked	by	Shp2	(PTPN11)	mutations,

Cancer	Cell.Cancer	Cell	7,	2005,	179–191.

[81]	RSR.S.	Mali,	PP.	Ma,	LFL.F.	Zeng,	HH.	Martin,	BB.	Ramdas,	YY.	He,	et	al.,	Role	of	SHP2	phosphatase	in	KIT-induced	transformation:	identification	of	SHP2	as	a	druggable	target	in	diseases	involving	oncogenic	KIT,

Blood.Blood	120,	2012,	2669–2678.

[82]	PP.	Lundberg,	AA.	Karow,	RR.	Nienhold,	RR.	Looser,	HH.	Hao-Shen,	II.	Nissen,	et	al.,	Clonal	evolution	and	clinical	correlates	of	somatic	mutations	in	myeloproliferative	neoplasms,	Blood.Blood	123,	2014,

2220–2228.

[83]	KK.	Moran-Crusio,	LL.	Reavie,	AA.	Shih,	OO.	Abdel-Wahab,	DD.	Ndiaye-Lobry,	CC.	Lobry,	et	al.,	Tet2	loss	leads	to	increased	hematopoietic	stem	cell	self-renewal	and	myeloid	transformation,	Cancer	Cell.Cancer

Cell	20,	2011,	11–24.

[84]	CC.	Quivoron,	LL.	Couronne,	VV.	Della	Valle,	CKC.K.	Lopez,	II.	Plo,	OO.	Wagner-Ballon,	et	al.,	TET2	inactivation	results	in	pleiotropic	hematopoietic	abnormalities	in	mouse	and	is	a	recurrent	event	during	human

lymphomagenesis,	Cancer	Cell.Cancer	Cell	20,	2011,	25–38.

[85]	KK.	Shide,	TT.	Kameda,	HH.	Shimoda,	TT.	Yamaji,	HH.	Abe,	AA.	Kamiunten,	et	al.,	TET2	is	essential	for	survival	and	hematopoietic	stem	cell	homeostasis,	Leukemia.Leukemia	26,	2012,	2216–2223.

[86]	MM.	Ko,	HSH.S.	Bandukwala,	JJ.	An,	EDE.D.	Lamperti,	ECE.C.	Thompson,	RR.	Hastie,	et	al.,	Ten-Eleven-Translocation	2	(TET2)	negatively	regulates	homeostasis	and	differentiation	of	hematopoietic	stem	cells	in

mice,	Proc	Natl	Acad	Sci	U	S	A.Proc	Natl	Acad	Sci	U	S	A	108,	2011,	14566–14571.

[87]	ZZ.	Li,	XX.	Cai,	CLC.L.	Cai,	JJ.	Wang,	WW.	Zhang,	BEB.E.	Petersen,	et	al.,	Deletion	of	Tet2	in	mice	leads	to	dysregulated	hematopoietic	stem	cells	and	subsequent	development	of	myeloid	malignancies,

Blood.Blood	118,	2011,	4509–4518.

[88]	HH.	Kunimoto,	YY.	Fukuchi,	MM.	Sakurai,	KK.	Sadahira,	YY.	Ikeda,	SS.	Okamoto,	et	al.,	Tet2	disruption	leads	to	enhanced	self-renewal	and	altered	differentiation	of	fetal	liver	hematopoietic	stem	cells,	Sci	Rep.Sci

Rep	2,	2012,	273.

[89]	TT.	Kameda,	KK.	Shide,	TT.	Yamaji,	AA.	Kamiunten,	MM.	Sekine,	YY.	Taniguchi,	et	al.,	Loss	of	TET2	has	dual	roles	in	murine	myeloproliferative	neoplasms:	disease	sustainer	and	disease	accelerator,

Blood.Blood	125,	2015,	304–315.

[90]	GAG.A.	Challen,	DD.	Sun,	MM.	Jeong,	MM.	Luo,	JJ.	Jelinek,	JSJ.S.	Berg,	et	al.,	Dnmt3a	is	essential	for	hematopoietic	stem	cell	differentiation,	Nat	Genet.Nat	Genet	44,	2012,	23–31.

[91]	HH.	Celik,	CC.	Mallaney,	AA.	Kothari,	ELE.L.	Ostrander,	EE.	Eultgen,	AA.	Martens,	et	al.,	Enforced	differentiation	of	Dnmt3a-null	bone	marrow	leads	to	failure	with	c-Kkit	mutations	driving	leukemic

transformation,	Blood.Blood	125,	2015,	619–628.

[92]	AA.	Mayle,	LL.	Yang,	BB.	Rodriguez,	TT.	Zhou,	EE.	Chang,	CVC.V.	Curry,	et	al.,	Dnmt3a	loss	predisposes	murine	hematopoietic	stem	cells	to	malignant	transformation,	Blood.Blood	125,	2015,	629–638.

[93]	OAO.A.	Guryanova,	YKY.K.	Lieu,	FEF.E.	Garrett-Bakelman,	BB.	Spitzer,	JLJ.L.	Glass,	KK.	Shank,	et	al.,	Dnmt3a	regulates	myeloproliferation	and	liver-specific	expansion	of	hematopoietic	stem	and	progenitor	cells,

Leukemia.Leukemia	30,	2016,	1133–1142.

[94]	OO.	Abdel-Wahab,	MM.	Adli,	LML.M.	LaFave,	JJ.	Gao,	TT.	Hricik,	AHA.H.	Shih,	et	al.,	ASXL1	mutations	promote	myeloid	transformation	through	loss	of	PRC2-mediated	gene	repression,	Cancer	Cell.Cancer

Cell	22,	2012,	180–193.

[95]	CLC.L.	Fisher,	NN.	Pineault,	CC.	Brookes,	CDC.D.	Helgason,	HH.	Ohta,	CC.	Bodner,	et	al.,	Loss-of-function	Aadditional	sex	combs	like	1	mutations	disrupt	hematopoiesis	but	do	not	cause	severe	myelodysplasia	or

leukemia,	Blood.Blood	115,	2010,	38–46.



[96]	JJ.	Wang,	ZZ.	Li,	YY.	He,	FF.	Pan,	SS.	Chen,	SS.	Rhodes,	et	al.,	Loss	of	Asxl1	leads	to	myelodysplastic	syndrome-like	disease	in	mice,	Blood.Blood	123,	2014,	541–553.

[97]	GG.	Sashida,	HH.	Harada,	HH.	Matsui,	MM.	Oshima,	MM.	Yui,	YY.	Harada,	et	al.,	Ezh2	loss	promotes	development	of	myelodysplastic	syndrome	but	attenuates	its	predisposition	to	leukaemic	transformation,	Nat

Commun.Nat	Commun	5,	2014,	4177.

[98]	YY.	Yang,	HH.	Akada,	DD.	Nath,	RER.E.	Hutchison	and	GG.	Mohi,	Loss	of	Ezh2	cooperates	with	Jak2V617F	in	the	development	of	myelofibrosis	in	a	mouse	model	of	myeloproliferative	neoplasm,

Blood.Blood	127,	2016,	3410–3423.

[99]	MM.	Sasaki,	CBC.B.	Knobbe,	JCJ.C.	Munger,	EFE.F.	Lind,	DD.	Brenner,	AA.	Brustle,	et	al.,	IDH1(R132H)	mutation	increases	murine	haematopoietic	progenitors	and	alters	epigenetics,	Nature.Nature	488,	2012,

656–659.

[100]	MEM.E.	Figueroa,	OO.	Abdel-Wahab,	CC.	Lu,	PSP.S.	Ward,	JJ.	Patel,	AA.	Shih,	et	al.,	Leukemic	IDH1	and	IDH2	mutations	result	in	a	hypermethylation	phenotype,	disrupt	TET2	function,	and	impair	hematopoietic

differentiation,	Cancer	Cell.Cancer	Cell	18,	2010,	553–567.

[101]	CC.	Chen,	YY.	Liu,	CC.	Lu,	JRJ.R.	Cross,	JPtJ.P.	Morris,	ASA.S.	Shroff,	et	al.,	Cancer-associated	IDH2	mutants	drive	an	acute	myeloid	leukemia	that	is	susceptible	to	Brd4	inhibition,	Genes	Dev.Genes	Dev	27,	2013,

1974–1985.

[102]	HH.	Nakajima	and	HH.	Kunimoto,	TET2	as	an	epigenetic	master	regulator	for	normal	and	malignant	hematopoiesis,	Cancer	Sci.Cancer	Sci	105,	2014,	1093–1099.

[103]	DD.	Gao,	JGJ.G.	Herman	and	MM.	Guo,	The	clinical	value	of	aberrant	epigenetic	changes	of	DNA	damage	repair	genes	in	human	cancer,	Oncotarget	2016.

[104]	MM.	Papamichos-Chronakis	and	CLC.L.	Peterson,	Chromatin	and	the	genome	integrity	network,	Nat	Rev	Genet.Nat	Rev	Genet	14,	2013,	62–75.

[105]	CAC.A.	Ortmann,	DGD.G.	Kent,	JJ.	Nangalia,	YY.	Silber,	DCD.C.	Wedge,	JJ.	Grinfeld,	et	al.,	Effect	of	mutation	order	on	myeloproliferative	neoplasms,	N	Engl	J	Med.N	Engl	J	Med	372,	2015,	601–612.

[106]	RR.	Ferretti,	MM.	Sbroggio,	AA.	Di	Savino,	FF.	Fusella,	AA.	Bertero,	WW.	Michowski,	et	al.,	Morgana	and	melusin:	two	fairies	chaperoning	signal	transduction,	Cell	Cycle.Cell	Cycle	10,	2011,	3678–3683.

[107]	RR.	Ferretti,	VV.	Palumbo,	AA.	Di	Savino,	SS.	Velasco,	MM.	Sbroggio,	PP.	Sportoletti,	et	al.,	Morgana/chp-1,	a	ROCK	inhibitor	involved	in	centrosome	duplication	and	tumorigenesis,	Dev	Cell.Dev	Cell	18,	2010,

486–495.

[108]	FF.	Fusella,	RR.	Ferretti,	DD.	Recupero,	SS.	Rocca,	AA.	Di	Savino,	GG.	Tornillo,	et	al.,	Morgana	acts	as	a	proto-oncogene	through	inhibition	of	a	ROCK-PTEN	pathway,	J	Pathol.J	Pathol	234,	2014,	152–163.

[109]	MM.	Morgan-Fisher,	UMU.M.	Wewer	and	AA.	Yoneda,	Regulation	of	ROCK	activity	in	cancer,	J	Histochem	Cytochem.J	Histochem	Cytochem	61,	2013,	185–198.

[110]	ZZ.	Ma,	MM.	Kanai,	KK.	Kawamura,	KK.	Kaibuchi,	KK.	Ye	and	KK.	Fukasawa,	Interaction	between	ROCK	II	and	nucleophosmin/B23	in	the	regulation	of	centrosome	duplication,	Mol	Cell	Biol.Mol	Cell	Biol	26,	2006,

9016–9034.

[111]	RSR.S.	Mali,	BB.	Ramdas,	PP.	Ma,	JJ.	Shi,	VV.	Munugalavadla,	EE.	Sims,	et	al.,	Rho	kinase	regulates	the	survival	and	transformation	of	cells	bearing	oncogenic	forms	of	KIT,	FLT3,	and	BCR-ABL,	Cancer	Cell.Cancer

Cell	20,	2011,	357–369.

[112]	MM.	Wermke,	AA.	Camgoz,	MM.	Paszkowski-Rogacz,	SS.	Thieme,	MM.	von	Bonin,	AA.	Dahl,	et	al.,	RNAi	profiling	of	primary	human	AML	cells	identifies	ROCK1	as	a	therapeutic	target	and	nominates	fasudil	as	an

antileukemic	drug,	Blood.Blood	125,	2015,	3760–3768.

[113]	AA.	Di	Savino,	CC.	Panuzzo,	SS.	Rocca,	UU.	Familiari,	RR.	Piazza,	SS.	Crivellaro,	et	al.,	Morgana	acts	as	an	oncosuppressor	in	chronic	myeloid	leukemia,	Blood.Blood	125,	2015,	2245–2253.

[114]	MM.	Brancaccio,	SS.	Rocca,	LL.	Secli,	EE.	Busso	and	FF.	Fusella,	The	double	face	of	Morgana	in	tumorigenesis,	Oncotarget.	6,	2015,	42603–42612.

[115]	AA.	Bhat,	KJK.J.	Johnson,	TT.	Oda,	ASA.S.	Corbin	and	BJB.J.	Druker,	Interactions	of	p62(dok)	with	p210(bcr-abl)	and	bcr-abl-associated	proteins,	J	Biol	Chem.J	Biol	Chem	273,	1998,	32360–32368.

[116]	NN.	Kashige,	NN.	Carpino	and	RR.	Kobayashi,	Tyrosine	phosphorylation	of	p62dok	by	p210bcr-abl	inhibits	RasGAP	activity,	Proc	Natl	Acad	Sci	U	S	A.Proc	Natl	Acad	Sci	U	S	A	97,	2000,	2093–2098.



[117]	MM.	Niki,	AA.	Di	Cristofano,	MM.	Zhao,	HH.	Honda,	HH.	Hirai,	LL.	Van	Aelst,	et	al.,	Role	of	Ddok-1	and	Ddok-2	in	leukemia	suppression,	J	Exp	Med.J	Exp	Med	200,	2004,	1689–1695.

[118]	TT.	Yasuda,	MM.	Shirakata,	AA.	Iwama,	AA.	Ishii,	YY.	Ebihara,	MM.	Osawa,	et	al.,	Role	of	Ddok-1	and	Ddok-2	in	myeloid	homeostasis	and	suppression	of	leukemia,	J	Exp	Med.J	Exp	Med	200,	2004,	1681–1687.

[119]	AA.	Di	Cristofano,	NN.	Carpino,	NN.	Dunant,	GG.	Friedland,	RR.	Kobayashi,	AA.	Strife,	et	al.,	Molecular	cloning	and	characterization	of	p56dok-2	defines	a	new	family	of	RasGAP-binding	proteins,	J	Biol	Chem.J	Biol

Chem	273,	1998,	4827–4830.

[120]	AHA.H.	Berger,	MM.	Niki,	AA.	Morotti,	BSB.S.	Taylor,	NDN.D.	Socci,	AA.	Viale,	et	al.,	Identification	of	dok	genes	as	lung	tumor	suppressors,	Nat	Genet.Nat	Genet	42,	2010,	216–223.

[121]	EE.	Coppin,	VV.	Gelsi-Boyer,	XX.	Morelli,	NN.	Cervera,	AA.	Murati,	PPP.P.	Pandolfi,	et	al.,	Mutational	analysis	of	the	dok2	haploinsufficient	tumor	suppressor	gene	in	chronic	myelomonocytic	leukemia	(CMML),

Leukemia.Leukemia	29,	2015,	500–502.

[122]	MM.	Aatola,	EE.	Armstrong,	LL.	Teerenhovi	and	GHG.H.	Borgstrom,	Clinical	significance	of	the	del(20q)	chromosome	in	hematologic	disorders,	Cancer	Genet	Cytogenet.Cancer	Genet	Cytogenet	62,	1992,	75–80.

[123]	AJA.J.	Bench,	EPE.P.	Nacheva,	TLT.L.	Hood,	JLJ.L.	Holden,	LL.	French,	SS.	Swanton,	et	al.,	Chromosome	20	deletions	in	myeloid	malignancies:	reduction	of	the	common	deleted	region,	generation	of	a	PAC/BAC

contig	and	identification	of	candidate	genes.	UK	Cancer	Cytogenetics	Group	(UKCCG),	Oncogene.Oncogene	19,	2000,	3902–3913.

[124]	MM.	Clarke,	SS.	Dumon,	CC.	Ward,	RR.	Jager,	SS.	Freeman,	BB.	Dawood,	et	al.,	MYBL2	haploinsufficiency	increases	susceptibility	to	age-related	haematopoietic	neoplasia,	Leukemia.Leukemia	27,	2013,	661–670.

[125]	SS.	Heinrichs,	LFL.F.	Conover,	CEC.E.	Bueso-Ramos,	OO.	Kilpivaara,	KK.	Stevenson,	DD.	Neuberg,	et	al.,	MYBL2	is	a	sub-haploinsufficient	tumor	suppressor	gene	in	myeloid	malignancy,	ElifeElife.	2,	2013,

e00825.

[126]	YY.	Tanaka,	NPN.P.	Patestos,	TT.	Maekawa	and	SS.	Ishii,	B-myb	is	required	for	inner	cell	mass	formation	at	an	early	stage	of	development,	J	Biol	Chem.J	Biol	Chem	274,	1999,	28067–28070.

[127]	PSP.S.	Goerttler,	CC.	Kreutz,	JJ.	Donauer,	DD.	Faller,	TT.	Maiwald,	EE.	Marz,	et	al.,	Gene	expression	profiling	in	polycythaemia	vera:	overexpression	of	transcription	factor	NF-E2,	Br	J	Haematol.Br	J

Haematol	129,	2005,	138–150.

[128]	WW.	Wang,	SS.	Schwemmers,	EOE.O.	Hexner	and	HLH.L.	Pahl,	AML1	is	overexpressed	in	patients	with	myeloproliferative	neoplasms	and	mediates	JAK2V617F-independent	overexpression	of	NF-E2,

Blood.Blood	116,	2010,	254–266.

[129]	NCN.C.	Andrews,	HH.	Erdjument-Bromage,	MBM.B.	Davidson,	PP.	Tempst	and	SHS.H.	Orkin,	Erythroid	transcription	factor	NF-E2	is	a	haematopoietic-specific	basic-leucine	zipper	protein,	Nature.Nature	362,	1993,

722–728.

[130]	CMC.M.	Kiekhaefer,	JAJ.A.	Grass,	KDK.D.	Johnson,	MEM.E.	Boyer	and	EHE.H.	Bresnick,	Hematopoietic-specific	activators	establish	an	overlapping	pattern	of	histone	acetylation	and	methylation	within	a

mammalian	chromatin	domain,	Proc	Natl	Acad	Sci	U	S	A.Proc	Natl	Acad	Sci	U	S	A	99,	2002,	14309–14314.

[131]	KBK.B.	Kaufmann,	AA.	Grunder,	TT.	Hadlich,	JJ.	Wehrle,	MM.	Gothwal,	RR.	Bogeska,	et	al.,	A	novel	murine	model	of	myeloproliferative	disorders	generated	by	overexpression	of	the	transcription	factor	NF-E2,	J

Exp	Med.J	Exp	Med	209,	2012,	35–50.

[132]	JSJ.S.	Jutzi,	RR.	Bogeska,	GG.	Nikoloski,	CAC.A.	Schmid,	TST.S.	Seeger,	FF.	Stegelmann,	et	al.,	MPN	patients	harbor	recurrent	truncating	mutations	in	transcription	factor	NF-E2,	J	Exp	Med.J	Exp	Med	210,	2013,

1003–1019.

[133]	EE.	Chen	and	AA.	Mullally,	How	does	JAK2V617F	contribute	to	the	pathogenesis	of	myeloproliferative	neoplasms?,	Hematology	Am	Soc	Hematol	Educ	Program	2014,	2014,	268–276.

[134]	BAB.A.	Witthuhn,	FWF.W.	Quelle,	OO.	Silvennoinen,	TT.	Yi,	BB.	Tang,	OO.	Miura,	et	al.,	JAK2	associates	with	the	erythropoietin	receptor	and	is	tyrosine	phosphorylated	and	activated	following	stimulation	with

erythropoietin,	Cell.Cell	74,	1993,	227–236.

[135]	HH.	Neubauer,	AA.	Cumano,	MM.	Muller,	HH.	Wu,	UU.	Huffstadt	and	KK.	Pfeffer,	Jak2	deficiency	defines	an	essential	developmental	checkpoint	in	definitive	hematopoiesis,	Cell.Cell	93,	1998,	397–409.



Queries	and	Answers
Query:

Your	article	 is	registered	as	a	regular	item	and	is	being	processed	for	 inclusion	in	a	regular	issue	of	the	journal.	If	this	 is	NOT	correct	and	your	article	belongs	to	a	Special	Issue/Collection	please	contact

p.alexander@elsevier.com	immediately	prior	to	returning	your	corrections.

Answer:	Yes

Query:

The	author	names	have	been	tagged	as	given	names	and	surnames	(surnames	are	highlighted	in	teal	color).	Please	confirm	if	they	have	been	identified	correctly.

Answer:	Yes

Query:

Please	check	whether	the	designated	corresponding	author	is	correct.

Answer:	Both	Mara	Brancaccio	and	Alessandro	Morotti	are	corresponding	authors

Query:

Please	provide	the	volume	number	and	page	range	for	the	bibliography	in	Ref.	[103].

Answer:	Volume	number:	7		Pages:	37331-37346

[136]	YY.	Miyakawa,	AA.	Oda,	BJB.J.	Druker,	HH.	Miyazaki,	MM.	Handa,	HH.	Ohashi,	et	al.,	Thrombopoietin	induces	tyrosine	phosphorylation	of	Stat3	and	Stat5	in	human	blood	platelets,	Blood.Blood	87,	1996,	439–446.

[137]	KK.	Shimoda,	JJ.	Feng,	HH.	Murakami,	SS.	Nagata,	DD.	Watling,	NCN.C.	Rogers,	et	al.,	Jak1	plays	an	essential	role	for	receptor	phosphorylation	and	Sstat	activation	in	response	to	granulocyte	colony-stimulating

factor,	Blood.Blood	90,	1997,	597–604.

[138]	JJ.	Nangalia,	JJ.	Grinfeld	and	ARA.R.	Green,	Pathogenesis	of	Mmyeloproliferative	Ddisorders,	Annu	Rev	Pathol.Annu	Rev	Pathol	11,	2016,	101–126.

[139]	SS.	Jaiswal,	PP.	Fontanillas,	JJ.	Flannick,	AA.	Manning,	PVP.V.	Grauman,	BGB.G.	Mar,	et	al.,	Age-related	clonal	hematopoiesis	associated	with	adverse	outcomes,	N	Engl	J	Med.N	Engl	J	Med	371,	2014,	2488–2498.

[140]	GG.	Genovese,	AKA.K.	Kahler,	RER.E.	Handsaker,	JJ.	Lindberg,	SAS.A.	Rose,	SFS.F.	Bakhoum,	et	al.,	Clonal	hematopoiesis	and	blood-cancer	risk	inferred	from	blood	DNA	sequence,	N	Engl	J	Med.N	Engl	J

Med	371,	2014,	2477–2487.


