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FMS-	like	 tyrosine	kinase	3	 (FLT3)	 is	 one	of	 the	most	 frequently	mutated	genes	 in	
hematological	malignancies.	FLT3	internal	tandem	duplication	(FLT3-	ITD)	mutations	
located	 in	 juxtamembrane	domain	 (JMD)	and	tyrosine	kinase	domain	1	 (TKD1)	re-
gions	account	for	two-	thirds	of	all	FLT3	mutations.	The	outcome	of	patients	remains	
unsatisfactory,	with	low	survival	rates.	It	is	not	yet	known	whether	the	different	mu-
tations	within	the	FLT3	gene	are	all	associated	with	patient	outcome.	In	addition,	the	
cause	of	FLT3-	ITD	in-	frame	duplication	events	remains	unknown.	Although	there	are	
some	published	studies	investigating	the	FLT3-	ITD	mutation	and	its	clinical	implica-
tions	in	Chinese	acute	myeloid	leukemia	(AML)	patients,	sample	sizes	tend	to	be	small	
and	detailed	molecular	profiles	of	FLT3	mutations	are	lacking	in	these	studies.	In	our	
study,	227	FLT3-	ITD	sequences	were	analyzed	from	227	Chinese	de	novo	AML	pa-
tients.	ITD	were	next	classified	into	3	types	based	on	molecular	profiles	of	insertion	
DNA	sequences:	DNA	complete	duplication	(type	I),	DNA	partial	duplication	(type	II)	
and	complete	random	sequence	(type	III).	From	the	154	patients,	we	confirmed	that	
high	ITD	allelic	ratio	(≥.5)	and	allogeneic	stem	cell	transplant	treatment	under	CR1	are	
independent	prognostic	 factors.	We	also	presented	evidence	 that	 ITD	 integration	
sites	in	the	hinge	region	or	beta1-	sheet	region	are	an	unfavorable	prognostic	factor	
in	adult	AML	patients	with	FLT3-	ITD	mutations.	These	findings	may	help	to	decipher	
the	mechanisms	of	FLT3-	ITD	in-	frame	duplication	events	and	stratify	patients	when	
considering	different	therapeutic	combinations.
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1  | INTRODUC TION

FMS-	like	tyrosine	kinase	3	(FLT3)	belongs	to	the	class	III	receptor	
tyrosine	kinase	 (RTK)	 family.	FLT3	mutations	have	been	 found	 in	
15%-	35%	of	acute	myeloid	leukemia	(AML)	patients,	making	FLT3 
one	of	the	most	frequently	mutated	genes	in	hematological	malig-
nancies.1,2 FLT3	mutations	consist	of	2	major	types:	FLT3	 internal	
tandem	duplications	(FLT3-	ITD)	and	point	mutations	within	the	ac-
tivation	loop	of	the	second	tyrosine	kinase	domain	(FLT3-	TKD).2,3 
FLT3-	ITD	 mutations	 located	 in	 juxtamembrane	 domain	 (JMD)	
and	 TKD1	 regions	 account	 for	 two-	thirds	 of	 all	 FLT3	 mutations.	
Meanwhile,	FLT3-	ITD	 vary	 in	mutant/wt	 ratio,	 number	 of	 clones	
and	ITD	insertion	sites,	which	range	from	3	to	more	than	400	base	
pairs.4-7	 However,	 the	 cause	 of	 FLT3-	ITD	 in-	frame	 duplication	
events	remains	unknown.

FLT3-	ITD	mutation	 has	 been	 indicated	 as	 an	 independent	
variable	 in	most	 of	 the	 retrospective	 data	 that	 confer	 a	 poor	
prognosis	in	AML.8-10	Furthermore,	previous	studies	observed	
a	 prognostic	 role	 for	 the	 mutant/wt	 ratio,	 size,	 number	 of	
clones,	and	location	of	the	ITD.	Multiple	retrospective	studies	
consistently	suggest	a	high	mutant/wt	ratio	to	be	an	indepen-
dent	 prognostic	 factor.11-13	 Kayser	 et	al14	 observed	 that	 pa-
tients	with	non-	JMD	ITD	are	associated	with	worse	prognosis	
than	those	with	JMD	ITD.	However,	there	is	no	published	data	
confirming	this	result.	Reports	on	the	prognostic	impact	of	ITD	
size	 or	 clone	 number	 are	 also	 controversial.5,15-17	 According	
to	 studies	of	 the	2017	European	Leukemia	Net	 (ELN),	NPM1-	
mutated	AML	with	 an	 FLT3-	ITD	 allelic	 ratio	 (AR)	 of	 below	 .5	
has	a	favorable	prognosis,	and	allo-	HSCT	in	CR1	is	not	actively	
recommended.18	 In	 contrast,	 the	 guidelines	 of	 the	 National	
Comprehensive	Cancer	Network	(NCCN)	classify	the	FLT3-	ITD	
gene	mutation	as	a	poor	prognostic	factor.	Conflicting	results	
are	also	 reported	 in	 the	 literature	about	 the	 role	of	FLT3-	ITD	
gene	mutation	 in	 prognosis.19-22	 Thus,	 further	 studies	 are	 re-
quired	 to	 clarify	 these	 issues.	 Although	 there	 are	 some	 pub-
lished	studies	 investigating	FLT3-	ITD	mutation	and	 its	clinical	
implications	in	Chinese	AML	patients,	the	sample	sizes	tend	to	
be	small	and	detailed	molecular	profiles	of	FLT3	mutations	are	
lacking	in	these	studies.

In	 the	present	 study,	we	analyzed	227	 ITD	sequences	 from	227	
AML	patients	and	classified	them	into	different	types.	In	addition,	from	
the	154	selected	patients,	we	examined	the	insertion	sites	of	ITD,	the	
mutant/wt	ratio	of	ITD,	cytogenetic	risk	types	and	other	related	gene	
mutations,	and	correlated	these	variables	with	clinical	outcome.

2  | METHODS

2.1 | Patients and treatment

Between	 July	 2010	 and	 October	 2015,	 1101	 consecutive	 pa-
tients	were	diagnosed	with	de	novo	AML	based	on	WHO	criteria	
at	 the	Department	of	Hematology	 in	 the	First	Affiliated	Hospital	
of	 Soochow	 University.	 Diagnostic	 bone	 marrow	 samples	 were	

collected	 and	analyzed	 for	 genetic	mutation	 in	 these	patients.	 In	
the	present	study,	154	de	novo	adult	AML	patients	 (18-	65	years,	
excluding	APL)	with	FLT3-	ITD	mutations	were	 included	 for	 prog-
nostic	analysis.

Standard	induction	chemotherapy	comprising	anthracycline	and	
cytarabine,	 3	+	7	 regimen	and	 consolidation	 therapies	were	 given	
to	all	154	patients.	If	patients	failed	to	achieve	complete	remission	
after	 2	 courses	 of	 standard	 induction	 therapy,	 a	 priming	 regimen	
or	a	decitabine-	based	regimen	with	or	without	sorafenib	was	given	
for	 remission	 reinduction.	 Patients	with	 a	matched	 related	 donor	
(MRD),	 a	matched	 unrelated	 donor	 (MUD)	 or	 a	 haploidentical	 re-
lated	donor	were	referred	for	allogeneic	stem	cell	transplant	(Allo-	
SCT)	(Figure	S1).

This	study	was	approved	by	 the	Ethics	Committee	of	 the	First	
Affiliated	 Hospital	 of	 Soochow	 University	 (2014-	048).	 Patients’	
samples	were	collected	after	 informed	consent	in	accordance	with	
the	Declaration	of	Helsinki.

2.2 | Detection of FLT3- ITD and other 
gene mutations

All	samples	investigated	in	this	study	were	obtained	at	the	time	of	
diagnosis.	 Genomic	 DNA	 was	 extracted	 from	 bone	 marrow	 sam-
ples	 according	 to	 the	 manufacturer’s	 protocols	 (QIAGEN,	 Hilden,	
Germany).	FLT3-	ITD	detection	was	performed	using	the	method	de-
scribed	by	Meshinchi	et	al.8	PCR	products	were	sequenced	using	an	
ABI	3730	automated	DNA	sequencer	 (Applied	Biosystems,	Foster	
City,	CA,	USA).

To	detect	 the	 ITD	sequences	at	mRNA	 level,	RT-	PCR	was	per-
formed	 for	 all	 samples	 with	 intron-	contained	 ITD.	 Screening	 for	
NPM1,	DNMT3A and CEBPA	mutations	was	performed	as	described	
elsewhere.23-25

2.3 | Genescan analysis

For	Genescan	analysis,	an	ABI	3730	automated	sequencer	was	used.	
PCR	setup	and	PCR	conditions	were	the	same	as	described	above	ex-
cept	 that	PCR	primer	 “FLT3-	F”	was	 labeled	with	HEX	and	amplified	
for	25	cycles	here.	For	allele	 ratio	calculation,	we	used	 the	value	of	
mutant/wt	ratio	(Figure	S2),	while	in	the	case	of	2	or	more	different	
FLT3-	ITD	mutations	presenting	in	1	individual	patient,	the	allelic	loads	
were added up.

2.4 | Statistical analysis

Statistical	 analysis	 was	 performed	 with	 SPSS	 Statistics	 for	
Macintosh,	Version	20.0.	The	χ2	or	the	Fisher	exact	test	was	used	
to	compare	the	categorical	variables,	while	the	Mann-	Whitney	test	
was	used	for	continuous	variables.	The	Kaplan-	Meier	method	with	
the	 log-	rank	 test	was	 used	 in	 analyzing	 the	 differences	 in	 over-
all	 survival	 (OS)	 and	 disease-	free	 survival	 (DFS).	 Cox	 regression	
models	were	used	to	analyze	the	correlation	of	OS	and	DFS	with	
other	variables.	Variables	 that	were	 significantly	 associated	with	
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prognosis	 or	 had	 a	P-	value	<.05	were	 added	 to	 the	multivariate	
analysis. P-	values	 <.05	 were	 considered	 statistically	 significant.	
When	 cross	 effects	 occured	between	variables,	 landmark	 analy-
ses	were	performed	according	 to	 a	 landmark	point	 at	6	months,	
with	 the	 hazard	 ratio	 (HR)	 calculated	 separately	 for	 events	 that	

occurred	up	to	6	months	after	study	initiation	and	events	that	oc-
curred	 between	 6	months	 and	 the	 end	 of	 the	 follow-	up	 period.	
We	 then	 performed	 a	 test	 for	 the	 interaction	 between	 variable	
and	time	(first	6	months	vs	subsequent	period).	The	last	observa-
tion	was	19	July	2016.

F IGURE  1 Molecular	characteristics	and	classification	of	FLT3-	ITD.	All	227	ITD	insertion	base	sequences	were	divided	into	3	types	or	5	
subtypes	based	on	their	molecular	profiles.	Based	on	the	functional	regions	from	Griffith	and	Kayser,	ITD	were	categorized	into	8	subgroups.	
The	black	color	regions	stand	for	duplicated	amino	acid	sequences,	the	blue	color	regions	stand	for	random	amino	acid	sequences	or	amino	
acids	translated	by	transcripted	partial	intron	sequences.	ITD,	internal	tandem	duplication
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3  | RESULTS

3.1 | Molecular characteristics and classification of 
FLT3- internal tandem duplication

We	screened	1101	de	novo	AML	patients	for	the	presence	of	FLT3-	
ITD	mutations,	among	which	227	patients	(20.6%)	were	found	to	
harbor	1	or	more	ITD	mutations.	From	all	the	227	ITD	mutated	pa-
tients,	285	ITD	were	quantified	by	Genescan	analysis	and	227	ITD	
sequences	were	analyzed	by	PCR	and	automated	DNA	sequencer.	
Interestingly,	the	results	showed	that	if	the	ITD	contain	the	whole	
intron	DNA	sequences,	 the	 intron	sequences	would	be	 removed	
after	 the	 DNA	 transcription	 process.	 However,	 if	 the	 ITD	 have	
partial	intron	DNA	sequences,	the	intron	would	be	retained	after	
DNA	transcription	 (Figure	S3).	Here,	72.7%	 (N	=	165)	of	 the	 ITD	
were	 inserted	in	the	JMD	and	27.3%	(N	=	62)	of	the	ITD	had	the	
insertion	sites	in	the	TKD1.	The	FLT3-	ITD	mutant	to	wild	type	ratio	
ranged	from	.010	to	75.846,	with	a	median	of	.568.	Interestingly,	
FLT3-	ITD	size	was	strongly	correlated	with	the	insertion	site:	the	
more	C-	terminal	the	location	of	the	insertion	site,	the	longer	the	
size	of	the	inserted	fragment	(P	<	.001)	(Table	S1	and	Figure	S4).

Based	 on	 the	 profiles	 of	 ITD	 sequences	 (genomic	 DNA	 and	
transcripted	 mRNA	 sequences),	 all	 the	 227	 ITD	 base	 sequences	
were	divided	into	3	types:	DNA	complete	duplication	(type	I),	DNA	
partial	 duplication	 (type	 II)	 and	 complete	 random	 sequence	 (type	
III)	(Figure	1).	A	total	of	145	ITD	(63.9%)	were	classified	into	type	I	
mutations,	and	they	can	be	subdivided	into	triplet	codon	complete	
duplication	 (subtype	 I)	and	triplet	codon	partially	duplication	 (sub-
type	II)	due	to	changed	triplet	codon	in	the	insertion	site	or	mRNA	
sequences	 containing	 partial	 intron	 sequences.	 Type	 II	 mutations	
consisted	 of	 80	 ITD	 and	 can	 also	 be	 subdivided	 into	2	 subgroups	
according	to	mRNA	similarity	with	template	sequences:	1	codon	dif-
ference	(subtype	III)	and	more	than	1	codon	difference	(subtype	IV).	
Interestingly,	2	 ITD	showed	no	 similarity	with	adjacent	DNA	 tem-
plate	 sequences,	which	were	categorized	as	 type	 III	or	 subtype	V.	
Y591-	Y599	 tyrosine-	rich	 amino	 acid	 stretch	plays	 a	 particular	 role	
in	 intracellular	 signaling	pathways;26	 among	 the	227	 analyzed	 ITD	
sequences,	206	of	them	(90.3%)	 involved	at	 least	1	residue	 in	this	
specific	motif	and	68	(30%)	of	them	including	this	whole	motif;	21	
ITD	sequences	were	not	involved	in	any	amino	acid	of	this	specific	
motif	(Figure	1).

3.2 | Clinical significance of FLT3- internal tandem 
duplication mutant level

The	clinical	data	of	the	154	de	novo	adult	AML	patients	(18-	65	years,	
excluding	APL)	with	FLT3-	ITD	mutations	 are	 given	 in	Table	1.	 The	
average	duration	of	follow-	up	time	was	22.4	months,	and	the	mini-
mum	follow-	up	time	was	5.2	months,	respectively.	The	last	observa-
tion	was	19	July	2016.	To	analyze	the	 impact	of	the	FLT3	mutant/
wt	ratio,	patients	were	grouped	according	to	a	FLT3	allelic	ratio	(AR)	
below	or	above	the	cut-	off	value	of	.5,	identified	as	low	(<.5)	and	high	
(≥.5)	mutant	level,	respectively.	Based	on	the	analysis,	patients	with	

high	mutant	level	had	significantly	worse	OS	than	those	with	a	low	
mutant	level	(19.8%	vs	31.7%)	(P	=	.010)	(Figure	2A).	After	induction	
therapy,	125	of	154	patients	achieved	complete	remission	(CR),	and	
were	 included	 in	the	analysis	 for	DFS.	The	estimated	DFS	rates	at	
3	years	for	high	and	low	mutant	level	groups	were	18.7%	vs	28.7%,	
respectively	(P	=	.035)	(Figure	2B).

3.3 | Clinical significance of FLT3- internal tandem 
duplication insertion site

Internal	tandem	duplication	insertion	sites	were	divided	into	JMD	and	
TKD1	subgroups	to	evaluate	the	impact	of	the	FLT3-	ITD	insertion	site	

TABLE  1 Characteristics	of	154	acute	myeloid	leukemia	patients	
with	FLT3-	ITD	mutation

Variables Median (Min- Max)/N(%)

Mutation/wt .54	(.01-	75.85)

Localization	of	ITD	integration

JM-	S	or	JM-	Z 83	(53.90%)

Hinge	region 27	(17.53%)

Beta1-	sheet 35	(22.73%)

Other-	TKD1 9	(5.84%)

Median	age,	y	(range) 46	(19-	65)

Sex

Female 77	(50.0%)

Male 77	(50.0%)

Marrow	blast	(range,	%) 73.0	(21.5-	97.5)

Median	WBC	count,	×109/L	(range) 52.7	(1.0-	441.5)

Median	HB	level,	g/L	(range) 84	(36-	147)

Median	PLT	count,	×109/L	(range) 48	(4-	587)

Cytogenetic	risk	group

Favorable	risk 12	(7.79%)

Intermediate	risk 129	(83.77%)

High	risk 13	(8.44%)

NPM1

Negative 81	(52.60%)

Positive 73	(47.40%)

CEBPA

Negative 136	(88.31%)

Single 9	(5.84%)

Double 9	(5.84%)

DNMT3A

Negative 120	(77.92%)

Positive 34	(22.08%)

Allo-	HSCT	under	CR1

No 109	(70.78%)

Yes 45	(29.22%)

CEBPA,	CCAAT/enhancer	binding	protein	alpha;	DNMT3A,	DNA	methyl-
transferases	 3A;	 HB,	 hemoglobin;	 ITD,	 internal	 tandem	 duplication;	
NPM1,	nucleophosmin	1;	PLT,	platelet;	WBC,	white	blood	cell.
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on	clinical	outcome.	JMD	subgroup	patients	(29.5%)	achieved	a	better	
OS	rate	at	3	years	compared	to	the	TKD1	subgroup	(16.6%)	(P	=	.038)	
(Figure	3A)	 (Table	 S2).	 The	 difference	 of	 DFS	 rate	 at	 3	years	 for	
JMD	and	TKD1	subgroups	was	not	statistically	significant	(P	=	.130)	
(Figure	3B).	Because	the	DFS	curves	crossed,	we	selected	6	months	
as	a	cut-	off	point	and	ran	landmark	analysis.	From	the	results,	JMD	
subgroup	patients	(66.0%)	achieved	a	better	DFS	rate	within	6	months	
compared	to	the	TKD1	subgroup	 (43.8%)	 (P	=	.006).	However,	after	
6	months,	the	difference	of	DFS	rate	for	JMD	and	TKD1	subgroups	
was	not	statistically	significant	(P	=	.430)	(Figure	3C).

Then,	 based	 on	 functional	 region,	 ITD	 insertion	 sites	were	 di-
vided	 into	 4	 subgroups:	 JM-	S	 or	 JM-	Z,	 hinge	 region,	 beta1-	sheet,	
and	other	TKD1.	The	results	showed	that	patients	with	 ITD	 inser-
tion	 sites	 in	 the	hinge	 region	or	 the	beta1-	sheet	 region	had	 a	 sig-
nificantly	worse	OS	rate	at	3	years	than	patients	with	ITD	in	other	
regions	(P	=	.005),	with	estimated	OS	rates	of	16.4%	and	32.4%,	re-
spectively	(Figure	3D).	Although	patients	with	ITD	insertion	sites	in	
the	hinge	region	or	the	beta1-	sheet	region	had	an	inferior	DFS	rate	
at	3	years	compared	with	patients	with	ITD	in	other	regions	(19.2%	
vs	 26.6%);	 this	 difference	 is	 not	 statistically	 significant	 (P	=	.140)	
(Figure	3E).	From	the	landmark	analysis,	within	6	months,	hinge	re-
gion	or	beta1-	sheet	 subgroup	patients	 (46.50%)	 achieved	a	worse	
DFS	rate	compared	to	the	other	region	subgroup	(67.2%)	(P	=	.016),	
and	after	6	months,	 the	difference	was	not	 statistically	 significant	
(P	=	.601)	(Figure	3F).

3.4 | Efficacy of allogeneic stem cell transplant 
in FLT3- internal tandem duplication mutated acute 
myeloid leukemia

To	determine	the	efficacy	of	Allo-	SCT	in	patients	with	FLT3-	ITD,	patients	
were	divided	 into	Allo-	SCT	under	CR1	 (N	=	45)	and	others	 subgroups	
(N	=	109).	The	results	revealed	that	patients	with	Allo-	SCT	under	CR1	
achieved	significantly	better	OS	and	DFS	rates	at	3	years	compared	to	
the	others	subgroup	(P	<	.001;	P	<	.001),	with	the	estimated	OS	and	DFS	
52.1%	vs	14.2%	and	44.2%	vs	12.0%,	respectively	(Figure	4A,	B).

3.5 | Efficacy of NPM1 mutation on FLT3- internal 
tandem duplication mutated acute myeloid leukemia

To	analyze	the	prognosis	of	NPM1-	mutated	AML	with	FLT3-	ITD	low	
AR,	 patients	were	 divided	 into	 3	 subgroups	 according	 to	 the	 2017	
ELN	recommendations:	a	low-	risk	subgroup	(NPM1MUT	with	FLT3-	ITD	
low	AR),	a	medium-	risk	subgroup	(NPM1WT	with	FLT3-	ITD	low	AR	or	
NPM1MUT	with	FLT3-	ITD	high	AR)	and	a	high-	risk	subgroup	(NPM1WT 
with	FLT3-	ITD	high	AR).	The	OS	and	DFS	rates	at	3	years	were	23.1%	
vs	34.1%	vs	8.7%	and	22.8%	vs	28.8%	vs	13.1%,	respectively,	and	the	
difference	was	statistically	significant	 (P	=	.014,	P	=	.013)	 (Figure	5A,	
B).	However,	the	prognosis	of	NPM1-	mutated	AML	with	FLT3-	ITD	low	
AR	(low-	risk	subgroup)	was	similar	to	that	of	the	medium-	risk	subgroup	
(NPM1WT with FLT3-ITD low AR,	or	NPM1MUT	with	FLT3-	ITD	high	AR).

F IGURE  2 Survival	analysis	for	FLT3-	ITD-	mutated	acute	myeloid	leukemia	(AML)	according	to	mutant/wt	ratio.	A,	Estimated	3	y	overall	
survival	(OS)	rate	for	patients	with	mutant/wt	ratio	>.5	vs	<.5;	the	group	differences	were	examined	using	a	log-	rank	test.	B,	Estimated	3	y	
disease-free	survival	(DFS)	rate	for	patients	with	mutant/wt	ratio	>.5	vs	<.5;	the	group	differences	were	examined	using	a	log-	rank	test



3986  |     LIU et aL.



     |  3987LIU et aL.

To	 further	 analyze	 the	 effect	 of	 Allo-	SCT	 under	 CR1	 for	 the	
NPM1-	mutated	AML	 patients	with	FLT3-	ITD	 low	AR,	 67	 patients	
with	FLT3-	ITD	low	AR	were	picked	out,	33	of	which	were	mutated	
on	 NPM1	 gene.	 From	 the	 analysis,	 NPM1-	mutated	 patients	who	
achieved	Allo-	SCT	under	CR1	had	better	DFS	rates	(53.3%	vs	10.9%)	
at	3	years	(P	=	.019);	however,	the	difference	of	OS	rates	(53.3%	vs	
13.6%)	was	not	statistically	significant	(P	=	.074)	(Figure	5C,	D).	The	
NPM1WT	 patients	 achieved	 better	OS	 (55.1%	vs	 27.3%)	 and	DFS	
(56.3%	vs	11.7%)	than	other	patients	(P	=	.044,	P	=	.008)	(Figure	5E,	
F).

3.6 | Prognostic factors

Prognostic	factors	were	evaluated	for	OS	and	DFS	using	Cox	regres-
sion	models.	 In	 the	 univariate	model,	 age	was	 another	 significant	
factor	 for	worse	OS	 rate	with	HR	of	1.02	 (P	=	.027).	High	cytoge-
netic	risk	was	a	significant	factor	for	worse	OS	rate	with	an	HR	of	
4.17	 (P	=	.009),	 but	 it	was	not	 statistically	 significant	 for	DFS	 rate	
(P	=	.064).	The	presence	of	NPM1	mutations	or	CEBPA	mutations	or	
DNMT3A,	Sex,	and	LogWBC	were	not	associated	with	clinical	out-
come	in	this	univariate	model	(Table	S3).	In	the	multivariate	model,	

F IGURE  3 Survival	analysis	for	FLT3-	ITD-	mutated	acute	myeloid	leukemia	(AML)	according	to	insertion	sites.	A,	Estimated	3	y	overall	
survival	(OS)	rate	for	FLT3-	ITD	insertion	sites	within	JMD	vs	TKD1	region;	the	group	differences	were	examined	using	a	log-	rank	test.	B,	
Estimated	3	y	disease-	free	survival	(DFS)	rate	for	FLT3-	ITD	insertion	sites	within	JMD	vs	TKD1	region;	group	differences	were	examined	
using	a	log-	rank	test.	C,	Estimated	6	month	and	6	month-	3	y	DFS	rate	for	FLT3-	ITD	insertion	sites	within	JMD	vs	TKD1	region;	the	group	
differences	were	examined	by	landmark	analysis.	D,	Estimated	3	y	OS	rate	for	FLT3-	ITD	insertion	sites	within	the	beta1-	sheet	or	hinge	region	
vs	all	other	insertion	sites;	the	group	differences	were	examined	using	a	log-	rank	test.	E,	Estimated	3	y	DFS	rate	for	FLT3-	ITD	insertion	sites	
within	the	beta1-	sheet	or	hinge	region	vs	all	other	insertion	sites;	the	group	differences	were	examined	using	a	log-	rank	test.	F,	Estimated	
6	month	and	6	month-	3	y	DFS	rate	for	FLT3-	ITD	insertion	sites	within	the	beta1-	sheet	or	hinge	region	vs	all	other	insertion	sites,	the	group	
differences	were	examined	by	landmark	analysis.	ITD,	internal	tandem	duplication

F IGURE  4 Efficacy	of	allogeneic	stem	cell	transplant	(Allo-	SCT)	for	FLT3-	ITD-	Hmutated	acute	myeloid	leukemia	(AML)	patients.	A,	
Overall	survival	(OS)	rate	for	patients	received	Allo-	SCT	under	first	complete	remission	(CR1)	and	others.	The	group	differences	were	
examined	using	a	log-	rank	test.	B,	Disease-	free	survival	(DFS)	rate	for	received	Allo-	SCT	under	CR1	and	others.	The	group	differences	were	
examined	using	a	log-	rank	test.	ITD,	internal	tandem	duplication
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a	 high	 FLT3-	ITD	mutant/wt	 ratio	 and	 high	 cytogenetic	 risk	 group	
were	 still	 independent	 prognostic	 factors	 for	 an	 inferior	 outcome	
for	OS	and	for	DFS	in	different	models	(P	<	.05).	Furthermore,	Allo-	
SCT	under	CR1	was	an	independent	prognostic	factor	for	better	OS	
and	DFS	rates	 in	different	models	 (P	<	.05).	For	OS	and	DFS	rates,	
FLT3-	ITD	located	in	beta1-	sheet	or	hinge	regions	was	worse	than	in	
other	regions;	however,	the	differences	were	not	significant	(P	>	.05,	
P	>	.05)	(Table	2).

4  | DISCUSSION

As	most	 frequently	mutated	 gene	 in	 AML,	 FLT3	 and	 its	 activated	
mutations	have	been	systematically	studied	over	the	past	20	years.	
Studies	related	to	FLT3-	ITD	are	focused	on	the	cause	of	these	dupli-
cation	events,	signaling	pathways	involved	in	pathogenesis,	molecu-
lar	 characterization	 and	 correlation	with	 clinical	 outcome	 and	 the	
potential	as	a	drug	target.	In	the	present	study,	we	analyzed	227	ITD	

F IGURE  5 Efficacy	of	NPM1	mutation	on	FLT3-	ITD-	mutated	acute	myeloid	leukemia	(AML).	A,	Overall	survival	(OS)	rate	for	patients	in	
low-	risk	subgroup	(NPM1MUT	with	FLT3-	ITD	low	AR),	medium	risk	subgroup	(NPM1WT	with	FLT3-	ITD	low	AR,	or	NPM1MUT	with	FLT3-	ITD	high	
AR),	and	high-	risk	subgroup	(NPM1WT	with	FLT3-	ITD	high	AR).	The	group	differences	were	examined	using	a	log-	rank	test.	B,	Disease-free	
survival	(DFS)	rate	for	patients	in	low	risk	subgroup	(NPM1MUT	with	FLT3-	ITD	low	AR),	medium	risk	subgroup	(NPM1WT	with	FLT3-	ITD	low	
AR,	or	NPM1MUT	with	FLT3-	ITD	high	AR),	and	high	risk	subgroup	(NPM1WT	with	FLT3-	ITD	high	AR).	The	group	differences	were	examined	
using	a	log-	rank	test.	C,	OS	rate	for	NPM1-	mutated	patients	who	achieved	allogeneic	stem	cell	transplant	(Allo-	SCT)	under	CR1	and	others.	
The	group	differences	were	examined	using	a	log-	rank	test.	D,	DFS	rate	for	NPM1-	mutated	patients	who	achieved	Allo-	SCT	under	CR1	and	
others.	The	group	differences	were	examined	using	a	log-	rank	test.	E,	OS	rate	for	NPM1WT	patients	who	achieved	Allo-	SCT	under	CR1	and	
others.	The	group	differences	were	examined	using	a	log-	rank	test.	F,	DFS	rate	for	NPM1WT	patients	who	achieved	Allo-	SCT	under	CR1	and	
others.	The	group	differences	were	examined	using	a	log-	rank	test.	ITD,	internal	tandem	duplication

TABLE  2 Multivariate	Cox	regression	models	about	association	between	variables	and	survival

Overall survival PFS time (≤6 months) PFS time (>6 months)

P for 
interaction

Hazard ratio 
(95%CI) P- value

Hazard ratio 
(95%CI) P- value

Hazard ratio 
(95%CI) P- value

Model	1

Mutation/wt	(≥.5	vs	<.5) 1.70	(1.13-	2.56) .011 1.98	(1.09-	3.58) .025 1.30	(.67-	2.51) .438

Localization	of	ITD	
integration	(TKD1	vs	
JMD)

1.26	(.82-	1.92) .294 2.05	(1.13-	3.71) .018 .50	(.21-	1.20) .122 .011

Age	(continuous	
variable)

1.01	(.99-	1.02) .616 — —

Cytogenetic	risk	group

Favorable	risk 1.0 1.0 1.0

Intermediate	risk 1.82	(.73-	4.55) .201 4.44	(.61-	32.59) .143 1.69	(.58-	4.89) .335

High	risk 3.52	(1.16-	10.64) .026 3.39	(.34-	34.01) .300 5.65	
(1.30-	24.47)

.021

HSCT	under	CR1	(yes	vs	
no)

.34	(.20-	.58) <.001 .27	(.13-	.59) .001 .35	(.18-	.71) .003

Model	2

Mutation/wt	(≥.5	vs	<.5) 1.72	(1.14-	2.59) .010 1.92	(1.06-	3.49) .032 1.30	(.67-	2.53) .442

Localization	of	ITD	
integration	(beta1-	
sheet	and/or	hinge	
region	vs	others)

1.48	(1.00-	2.20) .052 1.66	(.94-	2.93) .083 .73	(.34-	1.56) .415 .085

Age	(continuous	
variable)

1.01	(.99-	1.03) .498 — —

Cytogenetic	risk	group

Favorable	risk 1.0 1.0 1.0

Intermediate	risk 1.67	(.66-	4.21) .276 4.53	(.62-	33.29) .138 1.52	(.53-	4.39) .439

High	risk 3.37	(1.12-	10.11) .030 4.14	(.42-	41.02) .224 4.71	
(1.11-	20.08)

.036

HSCT	under	CR1	(yes	vs	
no)

.35	(.21-	.59) <.001 .28	(.13-	.59) <.001 .39	(.20-	.77) .007

ITD,	internal	tandem	duplication;	PFS,	progression-	free	survival.
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sequences	from	227	AML	patients	and	classified	them	into	different	
types.	 In	 addition,	 from	 the	154	patients,	we	 confirmed	 that	 high	
mutant/wt	ratio	and	Allo-	SCT	treatment	under	CR1	were	independ-
ent	 prognostic	 factors.	Moreover,	 we	 identified	 that	 ITD	 integra-
tion	sites	in	the	hinge	region	or	beta1-	sheet	region	appear	to	be	an	
unfavorable	prognostic	factor	in	adult	AML	patients	with	FLT3-	ITD	
mutations.

The	 cause	 of	FLT3-	ITD	 in-	frame	 duplication	 events	 remains	 un-
known.	To	decipher	 the	mechanisms,	 it	 is	 important	 to	characterize	
the	 ITD	molecular	profiles,	 such	as	 the	duplication	pattern,	 the	size	
and	the	insertion	site).	In	this	paper,	we	found	that	when	ITD	contained	
the	whole	intron	in	genomic	DNA,	the	whole	intron	was	removed	after	
transcription,	which	was	confirmed	by	PCR	and	sequencing	detection.	
However,	 when	 ITD	 contains	 part	 of	 the	 intron,	 the	 partial	 intron	
would	 remain	during	DNA	transcription	 (Figure	S3).	Although	some	
of	study	groups	also	used	cDNA	as	a	detection	template,7,27,28	 they	
did	not	claim	to	attain	different	results	compared	with	genomic	DNA	
template.	For	the	first	time,	we	observed	this	intron	transcription	rule	
during	ITD	duplication	events.	Moreover,	we	found	that	there	are	3	
patterns	of	ITD.	Based	on	the	profiles	of	ITD	sequences,	we	divided	all	
the	identified	ITD	into	3	types	and	5	subtypes	(Figure	1).

The	molecular	 characteristics	 of	 ITD,	 such	 as	mutant/wt	 ratio	
and	insertion	sites,	are	considered	to	correlate	with	clinical	outcome	
in	previous	reports.	In	a	large	retrospective	study	of	adult	AML	pa-
tients	with	FLT3-	ITD	mutations,	patients	with	a	high	mutant/wt	ratio	
had	 significantly	 shorter	 OS	 and	 DFS.4	 Subsequent	 retrospective	
studies	of	pediatric	de	novo	AML	patients	 showed	worse	progno-
sis	with	mutant/wt	ratio	higher	 than	 .4	or	 .51.12,13,28	 In	 this	paper,	
we	confirmed	that	patients	with	mutant/wt	ratio	of	higher	than	.5	
had	significantly	worse	OS	and	DFS	based	on	multivariate	models.	
Therefore,	the	mutant/wt	ratio	as	an	independent	variable	is	recom-
mended	for	use	in	clinical	trials	for	adult	AML	patients	in	the	future.	
It	 is	worth	mentioning	that	 there	 is	another	allele	ratio	calculation	
method	 used	 by	 other	 groups	 (such	 as	 Gale	 et	al15),	 mutant/(mu-
tant+wt),	caution	should	be	used	in	comparing	the	results.	Following	
Breitenbuecher	and	colleagues	demonstrating	that	nearly	one-	third	
of	 ITD	 integrate	 into	TKD1	but	not	all	 in	 JMD,	 the	 functional	 and	
clinical	relevance	of	ITD	locations	were	determined	by	study	groups.	
Kayser	et	al14	observed	that	adult	AML	patients	with	an	ITD	in	the	
beta-	1	 sheet	 had	 significantly	 inferior	 OS	 and	 DFS	 compared	 to	
those	with	ITD	located	in	other	regions.	However,	Blau’s	group29 did 
not	find	significantly	worse	clinical	outcomes	in	patients	with	non-	
JMD	 ITD	mutations.	 According	 to	 our	 results,	 27.3%	of	 ITD	were	
located	 in	 TKD1,	 and	 patients	with	 ITD	 in	 TKD1	 showed	 obvious	
worse	OS	than	ITD	in	JMD	group	(P	=	.038).	This	result	was	consis-
tent	with	 results	of	previous	studies.	When	we	performed	a	 land-
mark	analysis,	we	found	that	the	 impact	of	different	 ITD	 insertion	
sites	(JMD	vs	TKD1)	on	DFS	was	more	different	during	the	6	months	
after	study	initiation,	with	interactions	between	time	and	insertion	
site,	suggesting	that	the	benefit	of	JMD	on	DFS	or	longer	remission	
duration	may	disappear	with	an	increasing	duration	of	follow-	up.

After	we	divided	 JMD	and	TKD1	domains	 into	 different	 func-
tional	regions,	we	found	that	ITD	located	in	the	hinge	region	or	the	

beta-	1	sheet	region	achieved	inferior	OS	in	analysis	models.	By	land-
mark	 analysis,	 although	 there	was	no	 statistic	 difference,	 a	worse	
trend	of	DFS	or	lower	remission	duration	could	be	seen	in	patients	
with	FLT3-	ITD	located	in	beta1-	sheet	or	hinge	regions,	with	an	HR	
of	1.66	and	 .73	for	2	time	periods	 (≤6	months	vs	>6	months,	P	 for	
interaction	=	.085).	It	appeared	that	when	the	duration	of	follow-	up	
was	increased,	the	different	effects	disappeared	too.

FLT3-	ITD-	mutated	AML	patients	are	often	referred	for	allo-	SCT	
in	first	complete	remission,	which	is	becoming	the	preferred	thera-
peutic	option.30	From	our	data,	Allo-	SCT	under	 the	CR1	subgroup	
achieved	significant	better	OS	and	DFS	survival	and	this	approach	
can	be	considered	as	an	independent	favorable	factor	in	multivariate	
models.	Mutations	of	NPM1 and CEBPA	are	generally	associated	with	
a	trend	for	better	clinical	outcomes;	however,	most	studies	indicate	
that	this	benefit	is	lost	in	the	presence	of	FLT3-	ITD.31-34	In	our	study,	
the	presence	of	NPM1 or CEBPA	mutation	is	not	significant	for	OS	
and	DFS	rates.	For	AML	cases,	both	with	NPM1	mutant	and	FLT3-	
ITD	low	AR,	although	DFS	can	be	improved	by	Allo-	SCT	under	CR1	
(P	=	.014),	these	advantages	did	not	translate	into	eventual	survival	
benefits	 (P	=	.074),	 which	 may	 be	 due	 to	 higher	 transplantation-	
related	mortality	(TRM)	in	patients	after	Allo-	SCT.	For	another	group	
of	patients	both	with	NPM1WT and FLT3-	ITD	low	AR,	not	only	DFS	
but	 OS	 benefited	 from	 Allo-	SCT	 under	 CR1.	 Therefore,	 Allo-SCT	
under	CR1	is	recommended	for	FLT3-	ITD	low	AR	AML	with	NPM1WT,	
and	decisions	of	transplant	under	CR1	need	to	be	taken	with	great	
care	for	NPM1MUT	AML	with	FLT3-	ITD	low	AR.	These	results	are	in	
line	with	 previous	 studies.15,19	 Because	FLT3-	ITD	mutation	 causes	
ligand-	independent	constitutive	kinase	activation	and	cell	survival,	
there	has	been	significant	interest	in	targeting	the	FLT3	receptor	ty-
rosine	kinase	with	small	molecule	 inhibitors	 for	many	years.34,35 A 
number	of	FLT3	inhibitors	(like	quizartinib,	midostaurin	or	sorafenib)	
have	been	evaluated	or	undergone	evaluation	 in	clinical	 trials,	and	
exciting	responses	have	been	achieved;	on	28	April	2017,	 the	U.S.	
Food	and	Drug	administration	approved	midostaurin	for	the	treat-
ment	of	FLT3-	mutated	adult	AML	patients.36,37	 In	our	study,	FLT3	
inhibitors	were	not	recommended	to	the	patients,	so	we	did	not	an-
alyze	the	effects	of	FLT3	 inhibitors	on	FLT3-	ITD	mutation-	positive	
patients.

In	summary,	the	results	of	this	study	demonstrate	that	ITD	can	be	
classified	into	3	types:	DNA	complete	duplication	(type	I),	DNA	partial	
duplication	(type	II)	and	complete	random	sequence	(type	III).	High	ITD	
allelic	ratio	(≥.5)	and	Allo-	SCT	treatment	under	CR1	are	 independent	
prognostic	factors.	ITD	integration	sites	in	the	hinge	region	or	beta1-	
sheet	region	are	an	unfavorable	prognostic	factor	in	adult	AML	patients	
with	FLT3-	ITD	mutations.	Taken	together,	these	findings	may	help	to	
decipher	the	mechanisms	of	FLT3-	ITD	in-	frame	duplication	events	and	
stratify	patients	when	considering	different	therapeutic	combinations.

5 | E THIC S APPROVAL AND CONSENT TO 
PARTICIPATE

This	 study	 was	 approved	 by	 the	 Ethics	 Committee	 of	 the	 First	
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     |  3991LIU et aL.

samples	were	collected	after	 informed	consent	in	accordance	with	
the	Declaration	of	Helsinki.

CONFLIC T OF INTERE S TS

The	authors	declare	no	competing	financial	interests.

ORCID

Song-Bai Liu  http://orcid.org/0000-0002-3920-1032 

R E FE R E N C E S

	 1.	 Stirewalt	DL,	Radich	JP.	The	role	of	FLT3	in	haematopoietic	malig-
nancies. Nat Rev Cancer.	2003;3(9):650-665.

	 2.	 Nakao	 M,	 Yokota	 S,	 Iwai	 T,	 et	 al.	 Internal	 tandem	 duplication	
of	 the	 flt3	 gene	 found	 in	 acute	 myeloid	 leukemia.	 Leukemia. 
1996;10(12):1911-1918.

	 3.	 Abu-Duhier	FM,	Goodeve	AC,	Wilson	GA,	Care	RS,	Peake	IR,	Reilly	
JT.	 Identification	of	novel	FLT-	3	Asp835	mutations	 in	adult	acute	
myeloid	leukaemia.	Br J Haematol.	2001;113(4):983-988.

	 4.	 Thiede	C,	Steudel	C,	Mohr	B,	et	al.	Analysis	of	FLT3-	activating	mu-
tations	in	979	patients	with	acute	myelogenous	leukemia:	associa-
tion	with	FAB	subtypes	and	identification	of	subgroups	with	poor	
prognosis.	Blood.	2002;99(12):4326-4335.

	 5.	 Meshinchi	 S,	 Stirewalt	 DL,	 Alonzo	 TA,	 et	 al.	 Structural	 and	
numerical	 variation	 of	 FLT3/ITD	 in	 pediatric	 AML.	 Blood. 
2008;111(10):4930-4933.

	 6.	 Kottaridis	PD,	Gale	RE,	Frew	ME,	et	al.	The	presence	of	a	FLT3	
internal	 tandem	 duplication	 in	 patients	 with	 acute	 myeloid	
leukemia	 (AML)	 adds	 important	 prognostic	 information	 to	
cytogenetic	 risk	group	and	response	to	the	first	cycle	of	che-
motherapy:	analysis	of	854	patients	from	the	United	Kingdom	
Medical	 Research	 Council	 AML	 10	 and	 12	 trials.	 Blood. 
2001;98(6):1752-1759.

	 7.	 Breitenbuecher	 F,	 Schnittger	 S,	 Grundler	 R,	 et	 al.	 Identification	
of	 a	 novel	 type	 of	 ITD	 mutations	 located	 in	 nonjuxtamem-
brane	 domains	 of	 the	 FLT3	 tyrosine	 kinase	 receptor.	 Blood. 
2009;113(17):4074-4077.

	 8.	 Meshinchi	S,	Woods	WG,	Stirewalt	DL,	et	al.	Prevalence	and	prog-
nostic	significance	of	Flt3	internal	tandem	duplication	in	pediatric	
acute	myeloid	leukemia.	Blood.	2001;97(1):89-94.

	 9.	 Andersson	 A,	 Johansson	 B,	 Lassen	 C,	 Mitelman	 F,	 Billstrom	 R,	
Fioretos	T.	Clinical	impact	of	internal	tandem	duplications	and	acti-
vating	point	mutations	in	FLT3	in	acute	myeloid	leukemia	in	elderly	
patients.	Eur J Haematol.	2004;72(5):307-313.

	10.	 Boissel	 N,	 Cayuela	 JM,	 Preudhomme	 C,	 et	 al.	 Prognostic	 signifi-
cance	of	FLT3	internal	tandem	repeat	in	patients	with	de novo	acute	
myeloid	leukemia	treated	with	reinforced	courses	of	chemotherapy.	
Leukemia	2002;16(9):1699-1704.

	11.	 Whitman	 SP,	 Archer	 KJ,	 Feng	 L,	 et	 al.	 Absence	 of	 the	wild-	type	
allele	predicts	poor	prognosis	 in	adult	de novo	acute	myeloid	 leu-
kemia	 with	 normal	 cytogenetics	 and	 the	 internal	 tandem	 dupli-
cation	of	FLT3:	a	cancer	and	 leukemia	group	B	study.	Cancer Res. 
2001;61(19):7233-7239.

	12.	 Meshinchi	 S,	 Alonzo	 TA,	 Stirewalt	 DL,	 et	 al.	 Clinical	 im-
plications	 of	 FLT3	 mutations	 in	 pediatric	 AML.	 Blood. 
2006;108(12):3654-3661.

	13.	 Schlenk	RF,	Kayser	S,	Bullinger	L,	et	al.	Differential	impact	of	allelic	
ratio	and	 insertion	site	 in	FLT3-	ITD-	positive	AML	with	respect	to	
allogeneic	transplantation.	Blood.	2014;124(23):3441-3449.

	14.	 Kayser	S,	Schlenk	RF,	Londono	MC,	et	al.	 Insertion	of	FLT3	 inter-
nal	 tandem	duplication	 in	 the	 tyrosine	kinase	domain-	1	 is	 associ-
ated	with	resistance	to	chemotherapy	and	inferior	outcome.	Blood. 
2009;114(12):2386-2392.

	15.	 Gale	RE,	Green	C,	Allen	C,	et	al.	The	impact	of	FLT3	internal	tandem	
duplication	mutant	level,	number,	size,	and	interaction	with	NPM1	
mutations	in	a	large	cohort	of	young	adult	patients	with	acute	my-
eloid	leukemia.	Blood.	2008;111(5):2776-2784.

	16.	 Stirewalt	DL,	 Kopecky	KJ,	Meshinchi	 S,	 et	 al.	 Size	 of	 FLT3	 inter-
nal	tandem	duplication	has	prognostic	significance	in	patients	with	
acute	myeloid	leukemia.	Blood.	2006;107(9):3724-3726.

	17.	 Kim	Y,	Lee	GD,	Park	J,	et	al.	Quantitative	fragment	analysis	of	FLT3-	
ITD	efficiently	identifying	poor	prognostic	group	with	high	mutant	
allele	burden	or	long	ITD	length.	Blood Can J.	2015;5:e336.

	18.	 Dohner	H,	Estey	E,	Grimwade	D,	et	al.	Diagnosis	and	management	
of	AML	in	adults:	2017	ELN	recommendations	from	an	international	
expert	panel.	Blood.	2017;129(4):424-447.

	19.	 Linch	 DC,	 Hills	 RK,	 Burnett	 AK,	 Khwaja	 A,	 Gale	 RE.	 Impact	 of	
FLT3(ITD)	mutant	 allele	 level	 on	 relapse	 risk	 in	 intermediate-	risk	
acute	myeloid	leukemia.	Blood.	2014;124(2):273-276.

	20.	 Pratcorona	M,	Brunet	S,	Nomdedeu	J,	et	al.	Favorable	outcome	of	
patients	with	acute	myeloid	leukemia	harboring	a	low-	allelic	burden	
FLT3-	ITD	mutation	and	concomitant	NPM1	mutation:	relevance	to	
post-	remission	therapy.	Blood.	2013;121(14):2734-2738.

	21.	 Schnittger	 S,	 Bacher	 U,	 Kern	 W,	 Alpermann	 T,	 Haferlach	 C,	
Haferlach	T.	Prognostic	impact	of	FLT3-	ITD	load	in	NPM1	mutated	
acute	myeloid	leukemia.	Leukemia.	2011;25(8):1297-1304.

	22.	 Ho	AD,	Schetelig	J,	Bochtler	T,	et	al.	Allogeneic	stem	cell	transplan-
tation	 improves	 survival	 in	 patients	with	 acute	myeloid	 leukemia	
charactedrized	by	a	high	allelic	ratio	of	mutant	FLT3-	ITD.	Biol Blood 
Marrow Transplant.	2016;22(3):462-469.

	23.	 Schnittger	S,	Schoch	C,	Kern	W,	et	al.	Nucleophosmin	gene	muta-
tions	are	predictors	of	 favorable	prognosis	 in	acute	myelogenous	
leukemia	with	a	normal	karyotype.	Blood.	2005;106(12):3733-3739.

	24.	 Schlenk	RF,	Dohner	K,	Krauter	 J,	 et	 al.	Mutations	 and	 treatment	
outcome	in	cytogenetically	normal	acute	myeloid	leukemia.	N Engl J 
Med.	2008;358(18):1909-1918.

	25.	 Yan	XJ,	Xu	J,	Gu	ZH,	et	al.	Exome	sequencing	identifies	somatic	mu-
tations	of	DNA	methyltransferase	gene	DNMT3A	in	acute	mono-
cytic	leukemia.	Nat Genet.	2011;43(4):309-315.

	26.	 Vempati	S,	Reindl	C,	Kaza	SK,	et	al.	Arginine	595	is	duplicated	in	patients	
with	 acute	 leukemias	 carrying	 internal	 tandem	duplications	of	 FLT3	
and	modulates	its	transforming	potential.	Blood.	2007;110(2):686-694.

	27.	 Kusec	R,	Jaksic	O,	Ostojic	S,	Kardum-Skelin	I,	Vrhovac	R,	Jaksic	B.	
More	on	prognostic	significance	of	FLT3/ITD	size	in	acute	myeloid	
leukemia	(AML).	Blood	2006;108(1):405-406;	author	reply	406.

	28.	 Manara	E,	Basso	G,	Zampini	M,	et	al.	Characterization	of	children	
with	FLT3-	ITD	acute	myeloid	 leukemia:	 a	 report	 from	 the	AIEOP	
AML-	2002	study	group.	Leukemia	2016;1:18-25.

	29.	 Blau	O,	 Berenstein	 R,	 Sindram	A,	 Blau	 IW.	Molecular	 analysis	 of	
different	 FLT3-	ITD	 mutations	 in	 acute	 myeloid	 leukemia.	 Leuk 
Lymphoma.	2013;54(1):145-152.

	30.	 Pratz	 KW,	 Levis	 M.	 How	 I	 treat	 FLT3-	mutated	 AML.	 Blood. 
2017;129(5):565-571.

	31.	 Dohner	K,	Schlenk	RF,	Habdank	M,	et	 al.	Mutant	nucleophosmin	
(NPM1)	predicts	favorable	prognosis	in	younger	adults	with	acute	
myeloid	leukemia	and	normal	cytogenetics:	interaction	with	other	
gene	mutations.	Blood.	2005;106(12):3740-3746.

	32.	 Verhaak	RG,	Goudswaard	CS,	van	Putten	W,	et	al.	Mutations	in	nucleophos-
min	(NPM1)	in	acute	myeloid	leukemia	(AML):	association	with	other	gene	
abnormalities	and	previously	established	gene	expression	signatures	and	
their	favorable	prognostic	significance.	Blood.	2005;106(12):3747-3754.

	33.	 Brown	P,	McIntyre	E,	Rau	R,	et	al.	The	 incidence	and	clinical	 sig-
nificance	 of	 nucleophosmin	 mutations	 in	 childhood	 AML.	 Blood. 
2007;110(3):979-985.

http://orcid.org/0000-0002-3920-1032
http://orcid.org/0000-0002-3920-1032


3992  |     LIU et aL.

	34.	 Larrosa-Garcia	 M,	 Baer	 MR.	 FLT3	 Inhibitors	 in	 Acute	 Myeloid	
Leukemia:	Current	Status	and	Future	Directions.	Mol Cancer Ther. 
2017;16(6):991-1001.

	35.	 Sudhindra	A,	Smith	CC.	FLT3	inhibitors	in	AML:	are	we	there	yet?	
Curr Hematol Malig Rep.	2014;9(2):174-185.

	36.	 Stone	RM,	Mandrekar	SJ,	Sanford	BL,	et	al.	Midostaurin	plus	che-
motherapy	for	acute	myeloid	leukemia	with	a	FLT3	mutation.	N Engl 
J Med.	2017;377(5):454-464.

	37.	 Zarrinkar	 PP,	 Gunawardane	 RN,	 Cramer	 MD,	 et	 al.	 AC220	 is	 a	
uniquely	potent	and	selective	inhibitor	of	FLT3	for	the	treatment	of	
acute	myeloid	leukemia	(AML).	Blood.	2009;114(14):2984-2992.

SUPPORTING INFORMATION

Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	the	article.							

How to cite this article:	Liu	S-B,	Qiu	Q-C,	Bao	X-B,	et	al.	
Pattern	and	prognostic	value	of	FLT3-	ITD	mutations	in	
Chinese	de	novo	adult	acute	myeloid	leukemia.	Cancer Sci. 
2018;109:3981–3992. https://doi.org/10.1111/cas.13835

https://doi.org/10.1111/cas.13835

