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RUNX1 is a member of the core-binding

factor family of transcription factors and

is indispensable for the establishment of

definitive hematopoiesis in vertebrates.

RUNX1 is one of the most frequently

mutated genes in a variety of hematolog-

icalmalignancies.Germ linemutations in

RUNX1 cause familial platelet disorder

with associated myeloid malignancies.

Somatic mutations and chromosomal

rearrangements involving RUNX1 are

frequently observed in myelodysplastic

syndrome and leukemias of myeloid and

lymphoid lineages, that is, acute myeloid

leukemia, acute lymphoblastic leukemia,

and chronic myelomonocytic leukemia.

More recent studies suggest that the

wild-type RUNX1 is required for growth

and survival of certain types of leukemia

cells. The purpose of this review is to

discuss the current status of our under-

standing about the role of RUNX1 in he-

matological malignancies. (Blood. 2017;

129(15):2070-2082)

Introduction

It is timely that Blood publishes a review article on RUNX1 since 2016
marks the 25th anniversary of the identification of RUNX1’s involve-
ment in the t(8;21) translocation in acute myeloid leukemia (AML).
In 1991, Miyoshi et al localized the breakpoints on chromosome 21
to a gene called AML1, which was an unknown gene at the time.1 In
the following two years, groups led byNancy Speck andYoshiaki Ito
independently identified and characterized AML1 in the context of
Moloney murine leukemia virus and polyomavirus, respectively.2-4

It was shown that AML1, also known as CBFa2 and PEBP2aB, is a
mammalian homolog of Drosophila runt, which was cloned and
characterized by Peter Gergen in the 1980s.5,6 Therefore, a unifying
name “Runt-related transcription factor” or RUNX was proposed
and accepted in the field.7 There are three related RUNX genes in
the mammalian genomes, RUNX1, RUNX2, and RUNX3. All RUNX
proteins contain the runt-homology domain (RHD), which is res-
ponsible for DNA-binding and interaction with a common hetero-
dimeric partner, CBFb. The identification of CBFB as the target
of chromosome 16 inversion in human AML by our group in 19938

further indicated this group of genes as key players in leukemia.
It has been demonstrated that the RUNX1-RUNX1T1 (aka ETO
and MTG8) fusion generated by t(8;21) and the CBFB-MYH11
fusion generated by inv(16) are leukemia initiating or driver
mutations.9,10

In addition to t(8;21), more than 50 chromosome translocations
affect RUNX1.11 The more common, recurrent translocations include
t(12;21) inpediatric acute lymphoblastic leukemia (ALL) and t(3;21) in
therapy-related AML and myelodysplastic syndrome (MDS), which
generate ETV6-RUNX1 (also known as TEL-AML1) and RUNX1-
MECOM (includingMDS1 and EVI1) fusions, respectively.12,13

RUNX1 point mutations in leukemia were first identified in 1999.14

Many subsequent studies documented frequent somatic mutations in
RUNX1 in MDS, AML, ALL, and chronic myelomonocytic leukemia
(CMML).15 Germ linemutations ofRUNX1 are associated with familial
platelet disorder with associated myeloid malignancy (FPDMM).16

Finally, recent studies suggest that normal RUNX1 plays an
important role during leukemogenesis. It has been demonstrated that
normalRUNX1 is required for leukemia development by bothRUNX1-
RUNX1T1 and CBFB-MYH11. Similarly, several reports suggest that
RUNX1 is important formixed-lineage leukemia (MLL). The proposed
hypothesis is that wild-type RUNX1 is required for survival of these
leukemia cells.17

Here, we provide a comprehensive review of the recent literature
describing the ways by which RUNX1 is altered that lead to
hematologic diseases, including chromosome translocations, somatic
and germ line point mutations, and the potential role of normalRUNX1
in leukemogenesis.

Genomic organization and functional
domains of RUNX1

The RUNX1 gene spans ;261 kb on the long arm of chromosome
21. Three major isoforms are transcribed by use of two promoters
and alternative splicing (Figure 1A). Isoforms 1A (250 amino acids)
and 1B (453 amino acids) are transcribed from the proximal promoter
P2 and differ at their carboxyl termini (Figure 1A). Isoform 1C (483
amino acids) is transcribed from the distal promoter P1 and is
identical to isoform 1B except for 32 amino acids encoded by
alternative exons at its amino terminus (Figure 1A). The three
isoforms are expressed in a temporal and tissue-specific manner.
Isoform 1C is expressed at the time of emergence of definitive
hematopoietic stem cells, whereas isoforms 1A and 1B are
expressed throughout hematopoietic differentiation.18 All 3 iso-
forms share the conserved 128 amino acid RHD (Figure 1B-C).
Isoforms 1B and 1C share another large domain, termed TAD, which
consists of activating and inhibitory domains that bind to a number
of activating and repressor proteins (Figure 1B). The last five amino
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acids of isoforms 1B and 1C make the VWRPY motif that inter-
acts with mammalian homolog of Groucho, or TLE1.19 Through
interaction with multiple proteins through its domains, RUNX1
controls the expression of its target genes involved in hematopoietic
differentiation, ribosome biogenesis, cell cycle regulation, and p53
and transforming growth factor b signaling pathways.20,21

RUNX1-RUNX1T1, the fusion gene product
of t(8;21)

As mentioned above, RUNX1 and CBFB are frequent targets of chro-
mosome abnormalities in human AML and ALL. In particular,
de novo AMLs with translocations affecting either RUNX1 or
CBFB are known as core-binding factor (CBF) leukemia. The
CBF leukemia chromosomal rearrangements include t(8;21)
(q22;q22) in AML subtype M2 and inv(16)(p13.1;q22)/t(16;16)
(p13.1;q22) in AML subtype M4Eo.22 Both CBF leukemia
subtypes are associated with younger age, with incidence ranging
from 20% in pediatric AML23 to less than 5% in older AML.24

Moreover, CBF leukemias are generally associated with relative-
ly good prognosis.

RUNX1-CBFA2T1 (AML1-eight-twenty one oncoprotein
[ETO]), the protein product of RUNX1-RUNX1T1, contains the
N-terminal 177 amino acids of RUNX1, including the entire
RHD, fusedwith almost the entire CBFA2T1protein (also known as
ETO andmyeloid translocation gene on 8q22 [MTG8]) (Figure 2A).
CBFA2T1 contains four conserved domains termed nervy homol-
ogy regions (NHR) 1 to 4.25 NHR2 mediates oligomerization of
RUNX1–CBFA2T1, a process that is critical for leukemogenesis.26-28

CBFA2T1 also contains a nuclear localization signal between NHR1
and NHR2.29,30

Isoforms of RUNX1-RUNX1T1 have been identified because of
alternative splicing of RUNX1T1 exons. RUNX1T1 contains 14 exons,

including 2 alternative exons, 9a and 11a.31 The RUNX1-CBFA2T19a
protein lacks NHR3 and NHR4 domains and therefore has reduced
capacity to inhibit RUNX1-mediated transcriptional activation.
Surprisingly, RUNX1-CBFA2T19a was a more potent inducer of
leukemia than was the full-length RUNX1-CBFA2T1 in mouse
models.10 It has been hypothesized that the deleted region inhibits
leukemogenic potential of RUNX1-CBFA2T1.10 However, the
functional significance of RUNX1-CBFA2T19a in human leukemia
remains unclear.

RUNX1-CBFA2T1 interacting proteins

ManyRUNX1-CBFA2T1 interacting proteins have been identified.As
was predicted, RUNX1-CBFA2T1 interacts with the heterodimeric
partner of RUNX1, CBFb. However, the importance of the CBFb
interaction for leukemogenesis by RUNX1-CBFA2T1 is still not
completely resolved.26,32 RUNX1-CBFA2T1 forms a corepressor
complex with the nuclear receptor corepressor (NCOR1), histone
deacetylase (HDAC1), and SIN3A/HDAC,33-37 which inhibits
RUNX1 target genes.38 RUNX1-CBFA2T1 also interacts with
transcription coactivators, such as histone acetyltransferases p300
and protein arginine methyltransferase 1 (PRMT1) ,39,40 which may
enhance its transcription activation activities. A recent study in the
RUNX1-CBFA2T1 leukemic cell line Kasumi-1 showed that
RUNX1-CBFA2T1 interacted with coactivators p300 and PRMT1
in physiological conditions, whereas it interacted with corepressors
only weakly.41 In addition, RUNX1-CBFA2T1 interacts with E
proteins and c-Jun.39,42 RUNX1-CBFA2T1 also binds to GATA1
to dysregulate transcriptional activity of GATA1 by preventing
its acetylation.43 Furthermore, RUNX1-CBFA2T1 binds to and
inhibits myeloid transcription factors CCAAT/enhancer bind-
ing protein alpha (CEBPA) and PU.1, which leads to global sup-
pression of myeloid gene expression.44-47
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Figure 1. Domain architect of RUNX1 protein and

its role as a transcription factor. (A) A schematic

depicting the 3 major isoforms of RUNX1 (1A, 1B, and

1C). Isoforms 1A and 1B are transcribed from P2, and

isoform 1C is transcribed from P1, thus differing by 32

amino acids at its 59 end (marked in orange). Isoform

1A contains only the RHD and differs by 9 amino acids

at its 39 end (marked in orange). (B) Schematic of the

protein encoded by the largest isoform, 1C, with major

functional domains marked: RHD and transactivation

domain (TAD). The numbers above the lines repre-

sent the amino acid residues. (C) A schematic of

RUNX1 heterodimerization with its binding partner,

CBFb, and interaction with DNA at promoters of target

genes that carry the specific binding site: YGYGGTY,

where Y is C or T.
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Secondary mutations in RUNX1-RUNX1T1
leukemia

Secondary chromosome abnormalities in RUNX1-RUNX1T1
leukemia have been described.48 RUNX1-RUNX1T1 leukemia
cells frequently (47%) lose the sex chromosomes (either X or Y).
In addition, chromosome 9q deletion and trisomy 8 are re-
latively common findings in RUNX1-RUNX1T1 leukemia.
In fact, del(9q) might be a poor prognostic factor in t(8;21)
AML.49-51

KIT, RAS, and fms-like tyrosine kinase 3 (FLT3) are frequently
mutated in CBF leukemia.51,52,53 In a recent report, 135 adult patients
with RUNX1-RUNX1T1 AML were analyzed for activating mutations
involving signal transduction pathways (FLT3-ITD, FLT3-D835,KIT-
D816, NRAS codons 12/13/61) and MLL partial tandem duplication
(PTD). Strikingly, almost one third of all RUNX1-RUNX1T1 AML
patients had mutations affecting RAS pathway, whereas none showed
MLL-PTD.48 KIT-D816 mutations had adverse prognostic impact on
RUNX1-RUNX1T1 leukemia, whereas the impact of other KIT
mutationswas less significant.48,52,54 Importantly,most reports suggest
an association between these class I mutations55 and worse outcomes
in CBF-AML patients.54 In addition, frequent mutations of epigenetic
genes, such as ASXL1 and ASXL2, have been found in RUNX1-
RUNX1T1 leukemia.48,56 Other genes with frequent mutations include
IDH1 and IDH2, identified in approximately 5%ofRUNX1-RUNX1T1
leukemia.48

We recently performed whole exome sequencing and single
nucleotide polymorphism array analyses of relapsed CBF leukemia
to identify mutations that are responsible for relapse.57 In addition
to mutations in previously knownAML driver genes such as FLT3,
KIT, NRAS, and DNMT3A, we found recurrent mutations in
DHX15, which encodes an RNA helicase implicated in pre-
messenger RNA splicing. Moreover, we found a relapse-specific
deletion on chromosome 3, with a minimal overlap region
containing 3 genes including GATA2, which is a master regulator

of hematopoiesis and also has roles in leukemia.57,58 Our data
suggest two potential mechanisms for leukemia relapse, one with a
therapy-resistant leukemia clone and the other with a therapy-
resistant preleukemia clone, which survived treatments, gained
other mutations, and gave rise to relapse.57

Signaling pathways in RUNX1-RUNX1T1
leukemia

Involvement of signaling pathways such as thrombopoietin/
myeloproliferative leukemia (TPO/MPL), JAK/STAT,Wnt, and
PI3K/AKT in CBF leukemia has been reported. TPO/MPL
signaling was important for survival and leukemogenesis by
RUNX1-CBFA2T1, likely through upregulating Bcl-xL and
activating PI3K/AKT and JAK/STAT pathways.59,60 Loss of
CBL function was shown to enhance TPO-mediated proliferation
of RUNX1-CBFA2T1 cells.61 RUNX1-CBFA2T1 may upre-
gulate the Wnt signaling pathway,62 through upregulation of
g-catenin.63 In addition, RUNX1-CBFA2T1 upregulates COX-
2, which in turn activates Wnt/b-catenin signaling.64 Acetylated
RUNX1-CBFA2T1 phosphorylates AKT1 through upregulation
of ID1, which interacts with AKT1.65 On the other hand, the
PI3K/AKT signaling pathway may be attenuated in RUNX1-
RUNX1T1 leukemia.59 It was also reported that NF-kB signaling
was inhibited by wild-type RUNX1 through interaction with
IkB kinase complex, and RUNX1-CBFA2T1 lost this ability.
Consequently, NF-kB signaling was activated in RUNX1-
CBFA2T1 cells.66

Dysregulation of tumor suppressors has been observed in RUNX1-
RUNX1T1 leukemia. p14ARF (CDKN2A) and NF1 expression were
transcriptionally repressed through dominant inhibition of RUNX1
function.67,68 Antiapoptosis genes BCL2 and Bcl-xL are also directly
or indirectly upregulated by RUNX1-CBFA2T1.60,69
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Figure 2. Schematics of RUNX1 fusion proteins. (A)

Schematic diagram of full-length RUNX1-CBFA2T1,

illustrating the site of fusion between the 2 proteins.

RUNX1-CBFA2T1 comprises the RHD from RUNX1

and 4 Nervy homology regions (NHR1–4) from CBFA2T1.

The location of the nuclear localization signal (NLS) is

also indicated. (B) Schematic diagram of ETV6-RUNX1,

illustrating the site of fusion between the 2 proteins. The

ETV6-RUNX1 fusion protein contains the N-terminal

non-DNA binding moiety of ETV6 fused to almost the

entire RUNX1 protein, including its RHD and TAD

domains, and the VWRPY motif. (C) Schematic dia-

gram of RUNX1-MECOM, illustrating the site of fusion

between the 2 proteins. In the RUNX1-MECOM fusion,

RUNX1 fuses with one or both of the “MDS1 and EVI1

complex locus” genes present at chromosome 3q26.
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Specific microRNA signatures in
RUNX1-RUNX1T1 leukemia

Recent studies revealed the importance of microRNAs (miRNAs) in
the pathogenesis of CBF leukemia. In 2008, 2 groups independen-
tly performed the first genome-wide miRNA analyses in CBF
leukemia.70,71 In both reports the authors identified signaturemiRNAs
expressed in t(8;21) and inv(16) leukemia, ranging from 2 to 10 in
each, that can be used to distinguish them from other types of AML. It
was found that miR-126/126* expression was specifically elevated in
CBF leukemia, which inhibited apoptosis and increased leukemia cell
viability.70

Importantly, miRNAs have been shown to have functional
relevance in leukemogenesis, with somemiRNAs acting as oncogenes
and others as tumor suppressors. Downregulated miRNAs in RUNX1-
RUNX1T1 AML, which were shown to act as tumor suppressors,
include miR-9,72 miR-223,73 and miR-193a.74 Epigenetic suppression
of miR-193a by RUNX1-CBFA2T1 enhances the oncogenic activity
of RUNX1-CBFA2T1 by directly enhancing expression of DNA
methyltransferase3A(DNMT3A),HDAC3,KIT,CCND1,andMMDM2
and indirectly decreasing phosphatase and tensin homolog.74 On
the other hand, miR-24 is downregulated in RUNX1-CBFA2T1
cells.75 Moreover, miR-126 plays a pivotal role in the regulation
of leukemic stem cells and therapeutic resistance in RUNX1-
RUNX1T1 leukemia.76,77

ETV6-RUNX1 (TEL-AML1) in childhood ALL

The most common chromosome abnormality in childhood ALL is
t(12;21), occurring in 17% of the patients78; t(12;21) occurs during
B-cell differentiation prior to the onset of immunoglobulin gene
rearrangement, giving rise to leukemic blasts that appear to be blocked
at the pre-B cell stage79-82. An inframe fusion is generated by t(12;21)
betweenETV6 (also known asTEL) on chromosome12 andRUNX1on
chromosome 21 (Figure 2B). ETV6-RUNX1 encodes the N-terminal
non-DNA–binding moiety of ETV6 and almost the entire RUNX1
protein.12,79,83

ETV6-RUNX1 is able to dimerize with wild-type ETV684 through
interactions between the pointed domains (PD) of both proteins and
disrupt ETV6 activity.85 However, the significance of this interaction is
not clear, because the wild-type ETV6 allele is lost in many t(12;21)
ALL cases.86 Furthermore, ETV6-RUNX1 is able to cooperate with
other transcription factors (such as ETS-1, PU.1, and C/EBPa) to drive
target gene expression.87,88 The transcriptional activities of ETV6-
RUNX1 involve recruitment ofNCOR/HDACcomplexes to theETV6
moiety of the fusion protein.89 The PD of ETV6 may be required
for repression, which can interact with SIN3A.90 A central repres-
sion domain, located between PD and ETS DNA-binding domain,
interacts with NCOR1 and HDACs.91-93 It is likely that oligomeri-
zation of ETV6 allows for stable formation of repressor–corepressor
complexes.94

Studies of identical twins with concordant ALL provide un-
equivocal evidence that ETV6-RUNX1 arises prenatally.95,96 Mono-
zygotic twins share their blood supplies, so a preleukemia clone arising
from one twin will likely be shared with the other twin in utero.
Consequently, it has been observed that the leukemia concordance rate
for identical twins is much higher than for other sibling combina-
tions, reaching 100% for infant leukemia.96 Molecularly, it has been

confirmed that the breakpoints of t(12;21) in the twins are identical
to each other,95 consistent with their derivation from a common
leukemia clone. Interestingly, twins typically have different sets of
secondary mutations in their leukemia cells.97 These findings have
led to the hypothesis that ETV6-RUNX1 leads to the generation and
expansion of a covert preleukemic clone that can persist for many
years before acquiring secondary mutations and producing overt
leukemia.96,98

There might not be an exclusive second genetic “hit,” but at
diagnosis most cases of ETV6-RUNX1 ALL have deletions of the
normal ETV6 allele.99 Deletions are subclonal toETV6-RUNX1100 and
are distinct in their genomic boundaries between twins101 or even
between relapse and diagnostic samples from the same individuals.102

Indeed, in 143 ETV6-RUNX1 patient samples analyzed for ad-
ditional genetic lesions, over half showed complete deletion of the
normal ETV6 allele.103 In addition to ETV6, PAX5, which is essen-
tial for B-cell commitment, is a frequently mutated gene in ETV6-
RUNX1 leukemia.104,105 Deletions have also been found in other
genes encoding for transcription factors important for B-cell dif-
ferentiation and maturation, such as EBF1, IKZF1, E2A, LEF1, and
IKZF3.104

Other chromosomal translocations
affecting RUNX1

RUNX1 is involved in t(3;21)(q26;q22),which is found in both therapy-
related MDS and chronic myeloid leukemia in blast crisis.13 Near the
breakpoints on 3q26, there are two genes called EVI1 andMDS1, both
of which have been demonstrated to form fusions with RUNX1106,107

(Figure 2C). EVI1 andMDS1 are located close to each other, and some
transcripts contain exons from both genes, so they have been recently
designated as MECOM, for “MDS1 and EVI1 complex locus.” EVI1
has been recognized as an important player in leukemogenesis. It is
involved in other chromosome abnormalities affecting 3q26, and its
expression is elevated inmany leukemia cases, even thosewithout 3q26
abnormalities, which predict adverse outcome in AML.108

In addition to these relatively common chromosome translocations
described above, there are over 50 other translocations that also affect
RUNX1.11 However, the partner genes have been identified in less than
half of these translocations.11

RUNX1 somatic mutations in MDS

It took8years since thefirst report ofRUNX1 involvement in leukemias
by chromosomal rearrangements to identify somatic and germ line
RUNX1 mutations in MDS, AML without translocations, and
FPDMM.14,16 Song and colleagues identified a frameshift mutation
in RUNX1 in 1 of 14 patients with sporadicMDS.16 They were unable
to categorize themutation as somatic or inherited because of the lack of
corresponding germ line DNA. Subsequently, Imai et al109 demon-
strated the somatic nature of RUNX1 mutations in 2 out of 37 MDS
patients. Harada et al110 reported an increased incidence of RUNX1
mutations in radiation-associated MDS by screening atomic bomb
survivors from Hiroshima who developed MDS. These earlier studies
did not screen the entire coding region of RUNX1; therefore, the actual
incidence of RUNX1 mutations might be higher than reported in
these MDS patients. Subsequently, several studies reported somatic
mutations in RUNX1 in patients with primary MDS, therapy-related
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Table 1. Inherited RUNX1 mutations in FPD/AML families

Reference No. of families Family ID* RUNX1 mutation (on isoform C) Hematological malignancy

16 6 1 Large deletion AML

2 V118GfsX11 AML

3 R204X AML

4 R201X AML

5 R201Q AML

6 R166Q AML

193 1 D198Y MDS, AML

148 3 1 K110E Myeloblastic leukemia

2 R162fsX AML

3 Y287X AML

194 1 A134P AML

143 1 None† MDS, AML

195 1 V118GfsX11 AML

196, 197, 164 1 T246RfsX8 CMML, AML

198 1 T148HfsX9 AML

199 1 F330SfsX MDS

151 5 A G363fsX227 MDS, AML, ALL

B A55fsX81 AML

C D123H AML

D K117fsX101 MDS, AML, CMML

E R320X MDS, AML

200 1 P263LfsX48 AML

162 1 R201X MDS, AML

163 4 1 A156E AML

2 R204Q AML, T-ALL

3 Q335RfsX259 AML, T-ALL

4 Large deletion MDS, AML

149 1 S388X MDS, AML

170 2 1 Duplication of exons 2-6 AML

2 Deletion of 35 amino acids MDS, AML

153 1 R201X AML, T-ALL

150, 165, 164 2 A R201Q MDS, AML, T-ALL

B R166X AML

147 3 1 G170R MDS, AML

2 Q262X MDS, AML

3 t(16;21)(p13;q22) (de novo) MDS, AML

154 1 G289fsX21 MDS, CMML

201 1 L472fsX123 MDS, AML

159 3 1 G199E None

2 G170W MDS, AML

3 N260fsX50 MDS, AML

155 1 L472P AML, HCL

166 7 16 N260fs None

18 F330fs MDS, AML

19 R201X AML

32 L472P HCL

53 G289fs MDS

54 S167N MDS, AML

57 G199E None

168 1 R166X AML

145 4 4 V118GfsX6 None

5 R166Q (de novo) None

6 D198N (de novo) None

7 R201PfsX12 None

171 9 A R107H AML

B A156E AML

C R201Q AML, T-ALL

D R204Q AML, T-ALL

E T196R MDS, AML

F Q335RfsX261 AML, T-ALL

G I364MfsX230 None

H T148HfsX9 AML

I R166X AML

*Identification of each pedigree is based on the publication describing it.

†Family without RUNX1 mutations.
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MDS, and AML from progression of MDS.111-118 RUNX1 mutations
also occur in ;20% of Fanconi anemia and 64% of congenital
neutropenia (CN) patients who develop MDS.119,120 RUNX1
mutations in MDS are distributed throughout the gene, affecting
both major functional domains. RUNX1 is one of the most
frequently mutated genes in MDS, accounting for roughly 10%
of the cases.115,118,121

Analysis of 132 primary MDS cases115 revealed a positive cor-
relation between RUNX1 mutations and shorter survival (median
survival of 11 months vs 28 months). Tsai et al observed that MDS
patientswithRUNX1mutations had a higher risk and shorter latency for
progression toAML in comparisonwithMDSpatientswithoutRUNX1
mutations.118 The exact role ofRUNX1 in progression ofMDS toAML
is not known. ForMDS cases with mutated RUNX1, it is proposed that
secondary cytogenetic changes, particularly deletion of the entire
chromosome 7 or its long arm (-7/7q-), and activating mutations in
theRTK-RASpathway lead to leukemic transformation.114-116 Several
reports suggest that cooperating mutations in FLT3, MLL, and JAK2
cause leukemic transformation of MDS by providing a growth
advantage to RUNX1-mutated hematopoietic progenitors.117,122 Using
single-cell genomic analysis, Skokowa and colleagues demonstra-
ted that RUNX1 and CSF3R cooperate during leukemogenesis in
CN patients.120 Interestingly, they also identified a germ line RUNX1
mutation in familial CN/AML.

RUNX1 somatic mutations in AML

Osato and colleagues were the first to demonstrate occurrence of
somatic point mutations in RUNX1 in patients with cytogenetically
normal AML (CN-AML).14 They identifiedmissense and nonsense
mutations in RUNX1 in 5 of 109 CN-AML patients. Subsequent
screening of additional AML patients revealed especially high
frequency of RUNX1 mutations in AML-M0, with 27% of AML-
M0 patients showing inactivating RHD mutations.123-127 In-
terestingly, biallelic RUNX1 mutations were observed in many
AML-M0 patients, indicating a complete lack of RUNX1 function
in their leukemic cells.123,124 Greif and colleagues identified
RUNX1 mutations in ;16% of patients with CN-AML.128 The
mutations represent a broad spectrum of missense, nonsense, and
framehshift changes distributed throughout the protein, with a
higher frequency in the RHD.128

Overall, somaticmutations inRUNX1 are detected in approximately
3% of pediatric and 15% of adult de novo AML patients.120,125,128-130

They are associated with older age, male gender, and poor
prognosis when compared with the RUNX1 wild-type AML
patients.120,125,126,128,129 Expression profiling has revealed a distinct
gene expression profile inRUNX1-mutated versusRUNX1wild-type
AML samples.128,129,131 Furthermore, RUNX1 mutations are fre-
quently observed together with FLT3-ITD, FLT3-TKD, and
MLL-PTD.126,128,131,132 In addition, mutations in other AML
driver genes (ASXL1, CEBPA, DNMT3A, NRAS, KIT, IDH1,
IDH2, WT1) are also observed in RUNX1-mutated AML
samples.128,129,131,132 Interestingly, RUNX1 and NPM1 muta-
tions seem to be mutually exclusive.128,129,131 These studies
indicate that leukemogenesis is driven by mutations that provide
a growth advantage to the hematopoietic progenitor cells with
differentiation defects due to mutated RUNX1. Recent studies
have proposed molecular subclassification of AML based on
mutation spectrum that would help in choosing the proper
treatment options.133,134

RUNX1 somatic mutations in ALL

Recently, several independent studies taking different approaches
have identified recurrent somatic mutations inRUNX1 in ALL. First,
Grossman and colleagues performed a systematic screening of
RUNX1 in 128 ALL patients.135 They identified 17 different RUNX1
mutations distributed throughout the RHD and TAD in 15 patients,
13with T-ALL (18%) and 2with B-ALL (7%). Interestingly, 2 of the
13 T-ALL patients had biallelic RUNX1 mutations. They further
demonstrated association of RUNX1 mutations with higher age and
poor prognosis. Next, Della Gatta et al performed global
transcriptional network analysis of T-ALL induced by TLX1 and
TLX3 and identified RUNX1 as a key mediator of T-ALL.136

Prompted by their data, they screened T-ALL samples for RUNX1
mutations and identified mutations in 4 out of 12 T-ALL cell lines
and 5 out of 114 of T-ALL primary samples. A third study137

performed whole-genome sequencing and identified RUNX1 as one
of the recurrentlymutated genes (3 out of 12 patients) in patientswith
ETP-ALL (early T-cell precursor ALL). Screening of additional
patients revealedRUNX1mutations or deletions in 12 cases (10ETP-
ALL and 2 non- ETP-ALL). In these studies, the somatic nature of
RUNX1mutationswas demonstrated in patients inwhomappropriate
germ line samples were available. Furthermore, biallelic mutations
were observed in some patients, indicating the role of RUNX1 as a
tumor suppressor in ALL.

Table 1. (continued)

Reference No. of families Family ID* RUNX1 mutation (on isoform C) Hematological malignancy

202 1 W279X None

164 8 5 P245S None

6 G135V T-ALL

7 D332TfsX AML

8 H404PfsX AML

9 G135V None

10 G170RfsX AML

11 T196R None

14 T148HfsX AML

172 2 32 L472P HCL

58 N465K MDS

*Identification of each pedigree is based on the publication describing it.

†Family without RUNX1 mutations.
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Familial platelet disorder with predisposition
to acute myeloid leukemia (FPDMM)

FPDMM or FPD/AML is a rare autosomal dominant disorder with
clinical symptoms of mild-to-moderate thrombocytopenia, platelet
dysfunction, bleeding propensity, and a significant risk of hematolog-
ical malignancies, especially MDS and AML. In 1969, Weiss and
colleagues138 described the first multigenerational pedigree with
symptoms of FPD/AML. Subsequent studies identified additional
familieswith similar clinical symptoms and performed linkage analysis
and mutation screening to identify germ line mutations in RUNX1 as
the cause of FPD/AML.16,139-142 To date,more than 70FPD/AML fam-
ilies with inherited RUNX1mutations have been identified (Table 1).
At least one family is reported with symptoms of FPD/AMLwithout
a RUNX1 mutation.143 Stockley and colleagues described RUNX1
mutations in 3 families with a phenotype of reduced platelet dense-
granule secretion.144 It is not clear whether these families represent a
spectrum of FPD/AML phenotype or have a different inherited
platelet disorder due toRUNX1mutations. In addition to the inherited
mutations, de novo RUNX1 mutations were reported recently in
patients with thrombocytopenia without a family history of FPD/
AML.145,146 A de novo translocation, t(16;21)(p13;q22), with a
breakpoint in intron 1 of RUNX1, was reported in a patient with
storage pool disease, thrombocytopenia, and AML.147

Most FPD/AML patients carry point mutations or small indels in
RUNX1 that cause missense, nonsense, or frameshift changes in the
protein (Table 1). A few cases with large intragenic deletions and
duplications have also been reported (Table 1). Interestingly,mutations
are clustered in the RHD and TAD domains with a few exceptions
(Table 1, Figure 1). Each FPD/AML pedigree carries a unique
mutation, and recurrent mutations are observed in only a few amino
acid residues (Table 1). Functional studies showed that most mutations
are dominant-negative, loss of function, or hypermorphic.148-150 In
general, missense and nonsense mutations are dominant-negative,
whereas frameshift mutations and large deletions are loss of function,
leading to haploinsufficiency. The broad spectrum of mutations and
their effects on RUNX1 function indicate that a proper RUNX1dosage
is critical for thrombocyte differentiation.

Overall lifetime risk of MDS and AML in FPD patients is 35% to
40%, and average age of onset is 33 years (range, 6–77 years).151,152 In
addition, FPD/AML patients may develop other types of leukemias,
such as T-ALL, Hairy cell leukemia (HCL), and CMML.151,153-155

Interestingly, higher incidence of MDS and AML have been observed
in families with certain types of mutations.148,151 The exact mec-
hanism of thrombocytopenia and leukemia in FPD/AML patients
is not clear. Animal models (mouse and zebrafish) with het-
erozygous RUNX1 knockout alleles do not display FPD/AML
phenotypes.156,157 Therefore, we and others have generated
induced pluripotent stem cells (iPSCs) from FPD/AML patients to
study disease mechanism.158-161 Together, these studies demonstrated
that megakaryopoiesis defects in FPD/AML patients are caused by
RUNX1mutations.

RUNX1 mutations in FPD/AML patients are not sufficient for
leukemogenesis. Progression to malignant disease likely occurs by
acquisition of additional somatic mutations followed by clonal
evolution.162 Several studies have identified loss-of- function somatic
mutations in the normal RUNX1 allele as a frequent second hit during
leukemogenesis in FPD/AML patients.146,163,164 Antony-Debre and
colleagues reported trisomy21with duplication of theRUNX1-mutated
chromosome or loss of the normal RUNX1 allele in 5 FPD/AML

families.164 It is proposed that complete loss ofRUNX1 function, either
by somatic mutations of the normal copy or by dominant-negative
function of the inherited mutations, leads to genome instability.160 In
addition, cooperating somatic mutations in more than 20 genes and
copynumber changes areobserved inMDSand leukemic samples from
FPD/AML patients.154,155,162,164-169 ASXL1, CBL, CDC25C, FLT3,
PHF6, SRSF2, andWT1 were identified as recurrently mutated genes.
Additional studies using unbiased genomic approaches are required to
identify recurrently mutated genes that cooperate with RUNX1.

Diagnosis of FPD/AML can be missed, because not all patients
displayclinical symptomsuntil themalignant diseasedevelops.151,170-172

Furthermore, anticipation leads to occurrence of MDS and AML in
younger individuals in subsequent generations. Therefore, a molecular
diagnosis by sequencing of all RUNX1 coding exons and copy number
analysis for deletions is recommended in families with young patients
with MDS and AML.167,170,173 This is of particular concern if bone
marrow transplantation from a presumably healthy family member is
considered for the treatment of disease. The ability to correct RUNX1
mutation in iPSCs by genome-editing technology may open new
avenues for gene therapy in FPD/AML patients in the near future.158,161

Requirement of normal RUNX1
for leukemogenesis

In recent years there is an increasing recognition of the importance
of normal RUNX1, as well as its heterodimeric partner, CBFb, in
leukemogenesis.

The story starts with CBF leukemia, those with RUNX1-RUNX1T1
and CBFB-MYH11 fusion genes. The initial hint came from clinical
sequencing studies, which showed thatRUNX1mutations do not occur
in CBF leukemia patients, even though such mutations are relatively
common inother subtypes ofAML.125,131,174Experimentally,RUNX1-
RUNX1T1 and CBFB-MYH11 were initially thought to induce
leukemia through inhibiting normal RUNX1/CBFB, because Runx1-
Runx1t1 and Cbfb-MYH11 knockin mice had embryonic hemato-
poietic defects similar to those found in Runx12/2 and Cbfb2/2

embryos.175,176 Molecular studies seemed to support a RUNX1 do-
minant suppression mechanism for the fusion genes as well.177-179

However, more recent studies revealed a complicated picture, because
both fusion genes were found to have RUNX1-independent functions.
For example, Cbfb-MYH11 knockin embryos have defects in pri-
mitive hematopoiesis, which is absent in Runx12/2 and Cbfb2/2

embryos.175,180 Moreover, it was found that the dysregulated genes
by Cbfb-MYH11 were quite different from those dysregulated in
Runx12/2 and Cbfb2/2 mice.180 More important, Cbfb-MYH11
knockin mice with a mutated Runx1 developed leukemia much more
slowly than did those with wild-type Runx1.181 These data suggest that
normal Runx1 is required for leukemogenesis by Cbfb-MYH11.
Interestingly, RUNX1 knockdown in ME-1, a cell line derived from
an inv(16) patient, led to significant apoptosis.17

Similar findings have been reported for the RUNX1 requirement in
leukemia cells with RUNX1-RUNX1T1. Ben-Ami and colleagues
showed that the t(8;21) leukemia cell line, Kasumi-1, required normal
RUNX1 for survival.17 They believed that a delicate balance between
thewild-typeRUNX1 andRUNX1-RUNX1T1 is important for leukemia
cell survival. Similarly, in a model for leukemogenesis using human
CD341 cells transduced with leukemia fusion genes, Goyama and
colleagues showed that wild-type RUNX1 is required for RUNX1-
RUNX1T1–expressing cells to grow.182 Moreover, Ptasinska and
colleagues demonstrated that transcriptional network in t(8;21) leukemia
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cells is regulated by a dynamic equilibriumbetweenRUNX1-CBFA2T1
and RUNX1 complexes, which compete for binding of identical DNA
target sites.46 Li and colleagues showed that RUNX1 was a member
of the transcription factor complex containing RUNX1-CBFA2T1, and
the relative binding signals of RUNX1 and RUNX1- CBFA2T1 on
chromatin determinewhich genes are repressed or activated byRUNX1-
CBFA2T1.39 Recently, Staber and colleagues demonstrated that
functional RUNX proteins are required for maintaining an adequate level
of PU.1 in hematopoietic cells, which is important for leukemia
development byRUNX1-RUNX1T1 in amurine transplantationmodel.183

Interestingly, Goyama and colleagues found that RUNX1may also
be required by leukemia cells with MLL fusion genes.182 Knocking
down RUNX1 in human CD341 cells transduced with MLL-AF9
inhibited the growth of these cells in culture. Moreover, inhibition of
RUNX1, either through short hairpin RNA knockdown or a RUNX1
chemical inhibitor, Ro5-3335,184 suppressed leukemiadevelopment by
MLL-AF9 in a mouse model. They also found that additional MLL
fusion genes require RUNX1 for leukemogenesis.182

Another recent study byWilkinson et al185 showed thatRUNX1 is a
direct target of MLL-AF4. RUNX1 is overexpressed in primary ALLs
with the MLL-AF4 fusion gene,185,186 and knocking down MLL-AF4
leads to downregulation of RUNX1 expression. Moreover, RUNX1 is
required for the growth of MLL-AF4 leukemia cells.185 In addition, it
was found that high RUNX1 expression correlates with a poor clinical
outcome in ALL patients withMLL fusion genes.185

The impact of normalRUNX1 onother hematologicmalignancies is
still unclear. There was a recent study suggesting that high RUNX1
expression is associated with poor prognosis in CN-AML.187 The
authors analyzed several publicly available datasets and determined
thatRUNX1 expression ismarkedly higher in CN-AML than in normal
bone marrow. They also compared the molecular characteristics and
clinical outcome of 157 CN-AML patients between RUNX1high and
RUNX1low groups. They showed that RUNX1high patients were more
likely to carryFLT3-ITD but noCEBPAmutations, and theRUNX1high

patients had poorer overall survival and event-free survival. The
association betweenRUNX1 expression level and disease outcomewas
validated in a separate dataset from 162 CN-AML patients. Further

studies and experimental tests need to be carried out to validate these
findings and understand the underlying mechanisms.

Concluding remarks

From this review it is clear thatRUNX1 is amajor player in hematologic
malignancies (Figure 3). In general, mutations (both somatic and
inherited) are loss of function or dominant-negative. RUNX1 fusion
proteins are able to dominantly repressRUNX1 function aswell.On the
basis of recent molecular studies, it seems that RUNX1 is part of a
transcriptional complex that regulates important target genes in
hematopoiesis, whereas mutated RUNX1 or RUNX1 fusion proteins
disrupt the balance or composition of such a complex. Recent studies
suggest thatwild-typeRUNX1may alsoplay an active role in leukemia
development, at least in the case of CBF leukemia and certain types of
MLL leukemia. These findings are consistent with recent observations
that other transcription factors such as PU.1, GATA1, and CEBPA
also play roles during leukemogenesis.188-190 Overall, these findings
all underscore the importance of RUNX1 in maintaining normal
hematopoiesis and preventing the development of malignancy.

RUNX1 sits at the top of the hematopoietic differentiation cascade.
The high incidence of RUNX1 somatic mutations in multiple types of
hematologic malignancies provides strong support for its essential
function in maintaining the proper balance between lineage-specific
progenitors during hematopoietic differentiation. The key question that
remains to be answered is what mechanisms underlie leukemogenesis
and how they can be harnessed to develop potential targeted therapies
for these patients. In comparisonwith the large numbers of publications
reporting RUNX1 mutations in various hematological malignan-
cies, there have been only a few papers that study the underlying
mechanisms using in vitro or in vivo models.109,148,191,192 Part of the
reason for this lack of mechanistic studies of RUNX1 mutations is the
lack of suitable animal models. A similar issue exists for the study
of FPDMM, because mice and zebrafish heterozygous for RUNX1
knockout mutations do not display the FPDMM phenotype. The
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RUNX1-CFA2TI
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Inherited mutations
FPD/AML

Somatic mutations
MDS and AML
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Cooperating somatic mutations in
RUNX1 and other genes  
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Figure 3. A schematic depicting the various

mechanisms by which RUNX1 gene is altered

in hematological malignancies. Inherited muta-

tions cause FPD/AML. Somatic mutations and

fusion genes with cooperating mutations in other

genes cause hematological malignancies, such as

MDS, AML, ALL, HCL, and CMML.
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application of human-induced pluripotent stem cells and human CD341

cells as models and the recently developed genome-editing technologies
such as CRISPR-Cas9 will, we hope, accelerate the studies of these
important mutations, leading to a better understanding of the patho-
genesis of leukemia and the next generations of targeted treatments.
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49. Marcucci G, Mrózek K, Ruppert AS, et al.
Prognostic factors and outcome of core binding
factor acute myeloid leukemia patients with t(8;
21) differ from those of patients with inv(16): a
Cancer and Leukemia Group B study. J Clin
Oncol. 2005;23(24):5705-5717.

50. Schlenk RF, Benner A, Krauter J, et al. Individual
patient data-based meta-analysis of patients
aged 16 to 60 years with core binding factor
acute myeloid leukemia: a survey of the German
Acute Myeloid Leukemia Intergroup. J Clin
Oncol. 2004;22(18):3741-3750.

51. Wakita S, Yamaguchi H, Miyake K, et al.
Importance of c-kit mutation detection method
sensitivity in prognostic analyses of t(8;21)(q22;
q22) acute myeloid leukemia. Leukemia. 2011;
25(9):1423-1432.

52. Qin YZ, Zhu HH, Jiang Q, et al. Prevalence and
prognostic significance of c-KIT mutations in
core binding factor acute myeloid leukemia: a
comprehensive large-scale study from a single
Chinese center. Leuk Res. 2014;38(12):
1435-1440.

53. Chou FS, Wunderlich M, Griesinger A, Mulloy
JC. N-Ras(G12D) induces features of stepwise
transformation in preleukemic human umbilical
cord blood cultures expressing the AML1-ETO
fusion gene. Blood. 2011;117(7):2237-2240.

54. Tokumasu M, Murata C, Shimada A, et al.
Adverse prognostic impact of KIT mutations in

childhood CBF-AML: the results of the Japanese
Pediatric Leukemia/Lymphoma Study Group
AML-05 trial. Leukemia. 2015;29(12):2438-2441.

55. Gilliland DG. Molecular genetics of human
leukemias: new insights into therapy. Semin
Hematol. 2002;39(4 Suppl 3):6-11.

56. Micol JB, Duployez N, Boissel N, et al. Frequent
ASXL2 mutations in acute myeloid leukemia
patients with t(8;21)/RUNX1-RUNX1T1
chromosomal translocations. Blood. 2014;
124(9):1445-1449.

57. Sood R, Hansen NF, Donovan FX, et al. Somatic
mutational landscape of AML with inv(16) or
t(8;21) identifies patterns of clonal evolution in
relapse leukemia. Leukemia. 2016;30(2):
501-504.

58. Hyde RK, Liu PP. GATA2 mutations lead to MDS
and AML. Nat Genet. 2011;43(10):926-927.

59. Pulikkan JA, Madera D, Xue L, et al.
Thrombopoietin/MPL participates in initiating
and maintaining RUNX1-ETO acute myeloid
leukemia via PI3K/AKT signaling. Blood.
2012;120(4):868-879.

60. Chou FS, Griesinger A, Wunderlich M, et al. The
thrombopoietin/MPL/Bcl-xL pathway is essential
for survival and self-renewal in human
preleukemia induced by AML1-ETO. Blood.
2012;120(4):709-719.

61. Goyama S, Schibler J, Gasilina A, et al.
UBASH3B/Sts-1-CBL axis regulates myeloid
proliferation in human preleukemia induced by
AML1-ETO. Leukemia. 2016;30(3):728-739.

62. Steffen B, Knop M, Bergholz U, et al. AML1/ETO
induces self-renewal in hematopoietic progenitor
cells via the Groucho-related amino-terminal
AES protein. Blood. 2011;117(16):4328-4337.

63. Zheng X, Beissert T, Kukoc-Zivojnov N, et al.
Gamma-catenin contributes to leukemogenesis
induced by AML-associated translocation
products by increasing the self-renewal of very
primitive progenitor cells. Blood. 2004;103(9):
3535-3543.

64. Zhang Y, Wang J, Wheat J, et al. AML1-ETO
mediates hematopoietic self-renewal and
leukemogenesis through a COX/b-catenin
signaling pathway. Blood. 2013;121(24):
4906-4916.

65. Wang L, Man N, Sun XJ, et al. Regulation of AKT
signaling by Id1 controls t(8;21) leukemia
initiation and progression. Blood. 2015;126(5):
640-650.

66. Nakagawa M, Shimabe M, Watanabe-Okochi N,
et al. AML1/RUNX1 functions as a cytoplasmic
attenuator of NF-kB signaling in the repression
of myeloid tumors. Blood. 2011;118(25):
6626-6637.

67. Linggi B, Müller-Tidow C, van de Locht L, et al.
The t(8;21) fusion protein, AML1 ETO,
specifically represses the transcription of the
p14(ARF) tumor suppressor in acute myeloid
leukemia. Nat Med. 2002;8(7):743-750.

68. Yang G, Khalaf W, van de Locht L, et al.
Transcriptional repression of the
neurofibromatosis-1 tumor suppressor by the
t(8;21) fusion protein. Mol Cell Biol. 2005;
25(14):5869-5879.

69. Klampfer L, Zhang J, Zelenetz AO, Uchida H,
Nimer SD. The AML1/ETO fusion protein
activates transcription of BCL-2. Proc Natl Acad
Sci USA. 1996;93(24):14059-14064.

70. Li Z, Lu J, Sun M, et al. Distinct microRNA
expression profiles in acute myeloid leukemia
with common translocations. Proc Natl Acad Sci
USA. 2008;105(40):15535-15540.

71. Jongen-Lavrencic M, Sun SM, Dijkstra MK, Valk
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160. Antony-Debré I, Manchev VT, Balayn N, et al.
Level of RUNX1 activity is critical for leukemic
predisposition but not for thrombocytopenia.
Blood. 2015;125(6):930-940.

161. Iizuka H, Kagoya Y, Kataoka K, et al. Targeted
gene correction of RUNX1 in induced pluripotent
stem cells derived from familial platelet disorder
with propensity to myeloid malignancy restores
normal megakaryopoiesis. Exp Hematol. 2015;
43(10):849-857.

162. Ripperger T, Steinemann D, Göhring G, et al.
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