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Key Points

• CHD7 interacts with CBFb-
SMMHC through RUNX1 and
modulates their gene
expression regulation.

• CHD7 is important for CBFB-
MYH11 leukemogenesis in
the mouse model.

Inversion of chromosome 16 is a consistent finding in patients with acute myeloid

leukemia subtype M4 with eosinophilia, which generates a CBFB-MYH11 fusion gene.

Previous studies showed that the interaction between CBFb-smooth muscle myosin

heavy chain (SMMHC; encoded by CBFB-MYH11) and RUNX1 plays a critical role in

the pathogenesis of this leukemia. Recently, it was shown that chromodomain helicase

DNA-binding protein-7 (CHD7) interacts with RUNX1 and suppresses RUNX1-induced

expansion of hematopoietic stem and progenitor cells. These results suggest that CHD7

is also critical for CBFB-MYH11–induced leukemogenesis. To test this hypothesis, we

generatedChd7f/fMx1-CreCbfb1/56M mice, which expressed the Cbfb-MYH11 fusion gene

and deactivated Chd7 in hematopoietic cells upon inducing Cre with polyinosinic-

polycytidylic acid. The Lin–Sca1–c-Kit1 (LK) population was significantly lower in Chd7f/fMx1-CreCbfb1/56M mice than in Mx1-

CreCbfb1/56Mmice. In addition, therewere fewer 5-bromo-29-deoxyuridine–positive cells in theLKpopulation inChd7f/fMx1-CreCbfb1/56M

mice, and genes associated with cell cycle, cell growth, and proliferation were differentially expressed betweenChd7f/fMx1-CreCbfb1/56M

and Mx1-CreCbfb1/56M leukemic cells. In vitro studies showed that CHD7 interacted with CBFb-SMMHC through RUNX1 and that CHD7

enhanced transcriptional activity of RUNX1 andCBFb-SMMHConCsf1r, a RUNX1 target gene. Moreover, RNA sequencing of c-Kit1 cells

showed that CHD7 functions mostly through altering the expression of RUNX1 target genes. Most importantly, Chd7 deficiency delayed

Cbfb-MYH11–induced leukemia inbothprimaryandtransplantedmice.Thesedata indicate thatChd7 is important forCbfb-MYH11–induced

leukemogenesis by facilitating RUNX1 regulation of transcription and cellular proliferation. (Blood. 2017;130(22):2431-2442)

Introduction

Inversion of chromosome 16 (inv(16)) is associatedwith acute myeloid
leukemia (AML) subtypeM4with eosinophilia and generates aCBFB-
MYH11 fusiongene.CBFB-MYH11 encodes theCBFb-smoothmuscle
myosin heavy chain (SMMHC) chimeric protein,whichmakes upmost
of CBFb (165 amino acids of a total of 187 amino acids) and the
C-terminal coiled-coil domain of the SMMHC.1-3Mousemodel studies
have shown that CBFb-SMMHC is necessary but not sufficient for
leukemogenesis.4,5

CBFb binds with RUNX1 (also known as AML1), a key
hematopoietic transcription factor, leading to stabilization of the
RUNX1-DNAinteraction and enhancedgene expression regulation.6,7

CBFb-SMMHC is thought to initiate leukemogenesis by blocking
normal hematopoietic differentiation through inhibition of RUNX1. In
vitro studies have shown that CBFb-SMMHC may serve as a tran-
scriptional repressor and that CBFb-SMMHCmay sequester RUNX1
in the cytoplasm.7-9 In vivo,Cbfb-MYH11 heterozygous knockinmice
(Cbfb1/MYH11) have a complete block in definitive hematopoiesis
and severe central nervous system hemorrhaging at embryonic

day 12.5 (E12.5), which contributes to lethality by E13.5.10 This
phenotype is very similar to that of Runx1 null (Runx12/2) or Cbfb
null (Cbfb2/2) mice,11-15 suggesting that CBFb-SMMHC acts as
a dominant repressor of RUNX1 and CBFb functions during
embryogenesis.

To more directly test whether RUNX1 is important for leukemo-
genesis by CBFb-SMMHC, we generated mice expressing Cbfb-
MYH11 but having reduced RUNX1 activity. The results showed that
RUNX1 activity is required for Cbfb-MYH11–induced differentia-
tion defects during both primitive and definitive hematopoiesis.
Importantly, we found that insufficient RUNX1 activity delayed
Cbfb-MYH11–induced leukemia.16 Chromatin immunoprecipitation
sequencing experiments revealed that in theCBFB-MYH11–expressing
ME-1 cells, 89% of CBFb-SMMHC binding regions co-localize with
RUNX1 binding sites.17 These results indicate that RUNX1 activity is
required forCBFB-MYH11–induced leukemogenesis. Thus,molecules
that modulate RUNX1 activity may also be important for CBFB-
MYH11–induced leukemogenesis.
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Chromodomain helicase DNA-binding protein-7 (CHD7) is a
chromatin remodeling factor that regulates transcription in an
adenosine triphosphate (ATP)–dependent manner18 and also in a
cell type and tissue-specific manner.19 De novo heterozygous
mutations of CHD7 cause the inherited CHARGE syndrome and
potentially a subgroup of Kallmann syndrome.18,20,21 Mutations
and copy number variations of CHD7 have been found in hema-
tologic, lung, renal, gastrointestinal, gynecologic, and central ner-
vous system cancers.22 Recent results showed that CHD7 interacts
with RUNX1, and hematopoietic-specific Chd7 deficiency in mice
with Vav1-Cre resulted in myeloid lineage expansion and
increased granulocytes and/or monocytes, as well as increased
numbers of Lin–Sca11c-Kit1 (LSK) cells,23 which are similar to
hematopoietic defects in Runx1-deficient mice,24 suggesting that
CHD7 is an important modulator of the activity of RUNX1.
Because our previous results have shown that RUNX1 activity is
required for CBFB-MYH11–induced leukemogenesis,16Chd7may
also be important for Cbfb-MYH11–induced functional changes in
vivo, including leukemogenesis.

To test this hypothesis, we generated Cbfb-MYH11 knockin mice
with homozygousChd7 deletion.We found thatChd7 deficiency led to
altered transcriptional activityof theRUNX1/CBFb-SMMHCcomplex,
inhibition of the proliferation ability of the Cbfb-MYH11– expressing
leukemic cells, and delayed leukemogenesis by Cbfb-MYH11. These
results indicate that Chd7 is important for Cbfb-MYH11–induced
leukemogenesis and may be a good target for developing novel
treatments of inv(16) leukemia.

Methods

Animals and plasmids

All animals used in this study were approved by the National Human
Genome Research Institute Animal Care and Use Committee, and all the
procedures performed followed relevant National Institutes of Health
guidelines and regulations. Cbfb-MYH11 conditional knockin (Cbfb1/56M)25,
Mx1-Cre mice26, and Chd7 conditional knockout (Chd7f/f) mice23 have
been previously described. All mice were genotyped by polymerase chain
reaction (PCR) with gene-specific primers (sequences available upon request)
using tail-snip DNA prepared with DNeasy Blood and Tissue Kit (Qiagen).
Eight- to 12-week-old mice and their littermate controls were injected
intraperitoneally with 250 mg of poly(I:C) (pIpC; InvivoGen) to induce the
expressionofCbfb-MYH11and/or knockout ofChd7 everyother day for 3doses.
To accelerate leukemia development, these mice were treated with N-ethyl-N-
nitrosourea (ENU) (100 mg/kg) 2 weeks before pIpC injection as previously
described.4 All mice were observed for leukemia development for 12 months.

Flag-tagged PCMV6-CHD7 and Flag-tagged MigR1-CHD7 plasmids
were gifts from Peter Scambler (Institute of Child Health, University
College, London, London, United Kingdom). RUNX1 cDNA was cloned into
PCDNA3.1(1) and PEGFP-C1 vector respectively. CBFB, and CBFB-MYH11
cDNAs were cloned in to PGEM vector (Promega).

Assays

Peripheral blood cells, spleen and bonemarrow cells frommice were isolated and
stained as previously described for flow cytometry assay.16 See supplemental
Methods, available on theBloodWebsite, for details regarding the antibodies used
in this study.Cell proliferationwasdeterminedbyBrdUincorporationassaywith a
BrdU Flow kit (BDBiosciences), and Cell apoptosis was determined by Annexin
V Apoptosis Detection Kit (BD Biosciences) according to the manufacturer’s in-
struction. Annexin V1/72AAD2 cells were defined as apoptotic cells.

Coimmunoprecipitation and Western blot analysis were performed with
standard protocols. Nuclear extracts were prepared from 293T cells which were

transiently transfected with the indicated plasmids as previously described.27

Immunofluorescence staining of transfected 293T cells and Cbfb-MYH11
leukemic cells from mice were performed with standard protocols. The CSF1R
promoter reporter assay was performed as previously described.28

QuantitativePCRwasperformedbyusingPowerSYBRGreenPCRMaster
Mix (Applied Biosystems) according to the manufacturer’s instructions. Chd7
unexcised primers were used to detect unexcised Chd7 flox allele; Exon5/6
primers were used to detect unexcised Cbfb-MYH11 flox allele. Genomic
control primers were used to as internal control for genomic DNA. Primers are
listed in Supplemental Table 1.RNA-sequencing (RNA-seq)was performed on
messenger RNA (mRNA) isolated from c-Kit1 bone marrow cells of mice
treated with poly(I:C) for twoweeks. The RNA-seq data set has been deposited
at Gene Expression Omnibus (accession number GSE102388). Microarray
analysis was performed on mRNA isolated from c-Kit1 leukemic cells. The
microarray data set has been deposited toGeneExpressionOmnibus (accession
number GSE103367). Details on all of the above procedures and data analysis
are provided in supplemental Methods.

Statistical analysis

Data were analyzed by using GraphPad Prism. Results are expressed as mean6
standarderrorof themean.Differencesbetween2groupswere testedwithaStudent
t test. The survival times ofmicewere analyzedwith theKaplan-Meiermethod and
log-rank test. A value of P, .05 was considered statistically significant.

Results

Generation of Chd7f/fMx1-CreCbfb1/56M mice

To determine the functional significance of Chd7 in Cbfb-MYH11–
induced leukemia, we crossed Cre-based conditional Cbfb-MYH11
knockin mice (Mx1-CreCbfb1/56M)25 with Cre-based conditional
Chd7 knockout mice (Chd7f/f)23 to generate Chd7f/fMx1-CreCbfb1
/56M mice. These mice would express Cbfb-MYH11 but not Chd7
after poly(I:C) treatment to induce the expression of Cre recombi-
nase. The excision efficiency in the bone marrow cells 4 weeks after
poly(I:C) treatment was nearly complete for both the Cbfb-MYH11
and Chd7 floxed alleles (supplemental Figure 1A). Moreover, the
Cbfb-MYH11 or the Chd7 flox allele was completely excised in
.95%of the colonies ofmethylcellulose-cultured bonemarrow cells
(supplemental Figure 1B). These results suggested high induction
efficiency of Cbfb-MYH11 expression and Chd7 deletion treatment
with poly(I:C).

Chd7 deficiency delays Cbfb-MYH11– induced leukemia

WetreatedadultMx1-CreCbfb1/56M (n515),Chd7f/fMx1-CreCbfb1/56M

(n5 15), Chd7f/fMx1-Cre (n5 6), and their littermate control mice
(wild-type; Mx1-Cre or other genotypes without Mx1-Cre, n 5 24)
with low-dose (100 mg/kg) ENU to induce additional mutations that
would accelerate leukemia development as shown previously,4

followed by poly(I:C) treatment 2 weeks later. As expected, Mx1-
CreCbfb1/56M mice succumbed to AML with a median survival of
62 days (Figure 1A). Chd7f/fMx1-CreCbfb1/56M mice also developed
AML (Figure 1A) but with a significantly longer survival time
(85days;P, .001).No leukemiawas observed in theChd7f/fMx1-Cre
mice or the control mice (Figure 1A).

At the end stage, both Mx1-CreCbfb1/56M and Chd7f/f

Mx1-CreCbfb1/56M mice showed marked leukocytosis, severe
thrombocytopenia, and progressive anemia (supplemental Figure 2A)
and had a large c-Kit1 population in the peripheral blood (Figure 1B;
supplemental Figure 2C). Morphologic examination of the peripheral
blood showed the presence ofmany blast cells (Figure 1C). Both groups
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were characterized by marked splenomegaly, with infiltration of c-Kit1

blasts and a decrease in mature hematopoietic cells (Figure 1D;
supplemental Figure 2B-C). Similar results were observed in the bone
marrow, lungs, and liver (supplemental Figure 2C-D). All together,
these results suggested that Mx1-CreCbfb1/56M and Chd7f/fMx1-
CreCbfb1/56M mice developed a similar type of leukemia.

To exclude the possibility that the delayed leukemia development in
Chd7f/fMx1-CreCbfb1/56M mice was the result of inefficient excision
of the Chd7 or the Cbfb-MYH11 flox allele, quantitative PCR was
performed to determine the excision efficiency of Chd7 and Cbfb-
MYH11floxalleles in c-Kit1 leukemic cells in end-stagemice.The data
confirmed that the excisions were complete (supplemental Figure 3A).
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Figure 1. Chd7 deficiency delays Cbfb-MYH11–induced leuke-

mia. (A-D) Mice were treated with ENU to induce mutations and

then with poly(I:C) to induce the expression of Cbfb-MYH11 and/

or Chd7 deficiency, and leukemia development in these mice

was monitored. (A) Kaplan-Meier survival curves of mice with

indicated genotypes during a 5-month observation of leukemia

development. (B) Representative FACS plots of peripheral blood

cells stained with c-Kit and Mac1. (C) Representative Wright-

Giemsa–stained peripheral blood smears. (D) Representative

hematoxylin and eosin–stained spleen sections (upper panel,

350; bottom panel, 3400) from control, end-stage Mx1-

CreCbfb1/56M, and Chd7f/fMx1-CreCbfb1/56M mice. (E) Kaplan-

Meier survival curves of mice transplanted with 1 million spleen

cells from end-stage Mx1-CreCbfb1/56M and Chd7f/fMx1-

CreCbfb1/56M mice. *P , .05; ***P , .001, each comparing the

Chd7f/fMx1-CreCbfb1/56M group with the Mx1-CreCbfb1/56M

group.
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To further determine whether Chd7 deficiency delays the develop-
ment of leukemia, we performed transplantations with spleen cells
isolated from end-stage leukemic mice. Even though all the recipients
transplanted with cells from Mx1-CreCbfb1/56M or Chd7f/fMx1-
CreCbfb1/56M mice developed leukemia, recipients transplanted with

cells from Chd7f/fMx1-CreCbfb1/56M leukemic mice had a longer
survival than those transplanted with cells from Mx1-CreCbfb1/56M

mice (median survival, 75 vs 60 days; P, .05; Figure 1E). Again, the
excisions of Chd7 allele and Cbfb-MYH11 flox alleles were complete
in leukemic cells (supplemental Figure 3B). To exclude the possibility
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that the delayed development of leukemia in recipients receiving cells
from Chd7f/fMx1-CreCbfb1/56M mice was the result of lower engraft-
ment capacity of the cells,weperformed ahoming assay, and the results
showed no difference between leukemic cells fromMx1-CreCbfb1/56M

and Chd7f/fMx1-CreCbfb1/56M mice in terms of percentage of
donor-derived cells in the spleen and bone marrow of the recipients
(supplemental Figure 4). Taken together, these results suggest that
Chd7-deficient Cbfb-MYH11 leukemic cells are transplantable and
that Chd7 deficiency delays Cbfb-MYH11–induced leukemia.

Chd7 deficiency delays leukemia initiation induced

by Cbfb-MYH11

Aswe showed previously,Cbfb-MYH11 expression in adult mice causes
definitive hematopoiesis defects before leukemic transformation, and
these defects include an increase of lineage negative (Lin–) cells and
Lin–c-Kit1Sca1– (LK) cells in the bone marrow.25 More recently, we

showed that Runx1 insufficiency rescued the increase of Lin– cells by
Cbfb-MYH11,16 which may be associated with the ability of Runx1 defi-
ciency to delay leukemia induced by Cbfb-MYH11. We were therefore
interested in determining whether Chd7 deficiency had a similar effect.

At 2 weeks after poly(I:C) treatment (before leukemia started),
examination of bone marrow LK, LSK, granulocyte-macrophage
progenitor (GMP; Lin–Sca11c-Kit1CD341FcgII/IIIhigh), common
myeloid progenitor (CMP; Lin–Sca11c-Kit1CD341FcgII/III1), and
megakaryocyte-erythroid progenitor (MEP; Lin–Sca11c-Kit1CD34–

FcgII/III–) populations (supplemental Figure 5A-B), in vitro colony-
forming ability (supplemental Figure 5C), and the proliferation ability
of the LK and LSK populations (supplemental Figure 5D) demon-
strated a slight difference betweenwild-type andChd7f/fMx1-Cremice,
suggesting that CHD7 has limited effect on hematopoiesis. In addition,
there was no difference betweenMx1-CreCbfb1/56M and Chd7f/fMx1-
CreCbfb1/56Mmice in terms of bonemarrow LK and LSK populations
(supplemental Figure 5A-B). Interestingly, within the LK population,
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the presence of RUNX1. (C-E) 293T cells were transfected with the indicated plasmids, and immunofluorescence assay was performed to detect the interaction between the
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unlike control and Chd7f/fMx1-Cre mice, an abnormal myeloid
progenitor (AMP) population (Lin–c-Kit1Sca1–CD34–FcgRII/III1),
which has a CMP-like differentiation potential and the ability to induce
leukemia,16,25 accumulated in bothMx1-CreCbfb1/56M andChd7f/fMx1-
CreCbfb1/56M mice. The AMP population had similar percentage
(supplemental Figure 5A-B) and morphology (supplemental
Figure 5E) in both groups of mice. Altogether, the above results
suggest thatChd7 deficiency does not affect the differentiation block
induced by Cbfb-MYH11. Interestingly, more than 95% of c-Kit1

leukemic cells in both Mx1-CreCbfb1/56M and Chd7f/fMx1-
CreCbfb1/56M leukemic mice are CD34– FcgRII/III1, similar to
AMP, suggesting that the leukemia cells arose from this AMP
population (supplemental Figure 5F). In conclusion, these results
suggested that Chd7 deficiency has no effect on Cbfb-MYH11–
induced hematopoietic defects before leukemia transformation.

The percentage of c-Kit1Sca1– cells in the peripheral blood was
significantly increased in both Mx1-CreCbfb1/56M and Chd7f/fMx1-
CreCbfb1/56M mice compared with control mice (Figure 2A) by
3 weeks after ENU and poly(I:C) treatments, indicating that leukemia
was developing in these mice. However, the percentage of the c-Kit1

Sca1– cells in peripheral blood was significantly lower in Chd7f/fMx1-
CreCbfb1/56M mice than in Mx1-CreCbfb1/56M mice (Figure 2A). In
the bone marrow,Chd7f/fMx1-CreCbfb1/56M mice also had a lower per-
centage of the Lin– LK population and the AMP population when
comparedwithMx1-CreCbfb1/56Mmice (Figure 2B-C). Conversely, the
LSKpopulationwas not significantly different between these 2 groups of
mice (Figure 2B-C).These results suggest thatChd7deficiency slows the
expansion of the AMP population and the initiation of leukemia.

Chd7 deficiency inhibits proliferation of Cbfb-MYH11 Lin– and

LK populations

We then investigated the possibility that CHD7 regulates proliferation
and apoptosis of the preleukemic population. BrdU incorporation assay

was performed and showed that there were significantly fewer BrdU1

of the Lin– and LK populations in Chd7f/fMx1-CreCbfb1/56M mice
than in Mx1-CreCbfb1/56M mice (Figure 3A-D). Conversely, no
significant difference in apoptosis was observed between these 2
groups of mice (supplemental Figure 6). These results suggested
that Chd7 deficiency inhibits proliferation of Lin– cells and LK cells,
which contribute to the delayed leukemia initiation induced by the
Cbfb-MYH11 oncogene.

CHD7 interacts with RUNX1/CBFb and

RUNX1/CBFb-SMMHC complexes

To further explore the mechanism of delayed leukemogenesis by
Cbfb-MYH11 in theChd7-deletedmice,we determinedwhetherCHD7
interacted with CBFb-SMMHC. Co-immunoprecipitation assay
showed that, as expected, CHD7 interacted with RUNX1 (Figure 4A).
AlthoughCHD7wasnot able to interactwithCBFb orCBFb-SMMHC
directly (Figure 4A), in the presence of RUNX1, CHD7 could
immunoprecipitate CBFb or CBFb-SMMHC (Figure 4B). In addition,
immunofluorescencemicroscopy assay showed that CHD7was co-
localized with RUNX1 in the nucleus when 293T cells were
transfectedwith these 2 proteins together (Figure 4C). But CHD7did not
co-localize with CBFb or CBFb-SMMHC, suggesting that CHD7 did
not directly interact with CBFb or CBFb-SMMHC in the transfected
293T cells (Figure 4D-E). However, when CHD7, RUNX1, and CBFb
or CBFb-SMMHC were cotransfected, CBFb and CBFb-SMMHC
localized to the nuclei, and therewere clear co-localization signals among
CHD7, RUNX1, and CBFb and among CHD7, RUNX1, and CBFb-
SMMHC (Figure 4D-E). The interaction among CHD7, RUNX1, and
CBFb/CBFb-SMMHC was also confirmed with endogenous proteins.
As shown in Figure 4F, CHD7 could immunoprecipitate RUNX1,
CBFb, and CBFb-SMMHC in the CBFb-SMMHC–expressing
cell line ME-1.29 In Figure 4G, clear co-localization signals were
observed between RUNX1 and CBFb/CBFb-SMMHC (upper panel)
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Figure 5. CHD7 regulates RUNX1/CBFb and RUNX1/CBFb-SMMHC transactivation activity. (A) Luciferase reporter assay in 293T cells transfected with a CSF1R

promoter-driven luciferase reporter plasmid and plasmids encoding the indicated proteins. Relative activities (mean 6 SEM) were determined on the basis of 3 independent

experiments. (B) Representative expression levels of the transfected proteins for this reporter assay. *P , .05.

Figure 4 (continued) indicated proteins. The labels on the left of the photomicrographs indicate the transfected plasmids; labels on the top indicate the observed proteins at the

appropriate microscope filter settings. (F) Co-immunoprecipitation assay was performed in ME-1 cells with anti-CHD7 antibody, and western blot was performed with the indicated

antibodies. (G) Immunofluorescent staining of leukemic cells from the spleen of an end-stage Mx1-CreCbfb1/56M mouse to detect the co-localization between RUNX1 and CHD7 (top

panel) and between RUNX1 and CBFb/CBFb-SMMHC (bottom panel). Scale bars, 10 mm. DAPI, 49,6-diamidino-2-phenylindole; IgG, immunoglobulin G; IP, immunoprecipitate.
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and betweenRUNX1 andCHD7 (lower panel) in primary leukemia cells
isolated from the Mx1-CreCbfb1/56M leukemic mice. Taken together,
these results suggest that CHD7 assembles in the same complex with
RUNX1/CBFb or RUNX1/CBFb-SMMHC in a RUNX1-dependent
manner.

CHD7 regulates RUNX1/CBFb and RUNX1/CBFb-SMMHC

transactivation activity

We then tested the effect of CHD7 on the transcriptional activity of
CBFb-SMMHCwith a luciferase reporter assay inwhich the expression
of luciferase was driven by the promoter of CSF1R, the gene encoding
the macrophage colony-stimulating factor receptor.30 As can be seen in
Figure 5A, RUNX1/CBFb activated this reporter activity, which was
repressed by CBFb-SMMHC. Interestingly, CHD7 enhanced trans-
activationof theCSF1R reporterbyRUNX1/CBFb andRUNX1/CBFb-
SMMHC (Figure 5A). Representative protein expression levels of the
transfected constructs for this reporter assay are shown in Figure 5B.
Taken together, these results suggest that CHD7 interacts with RUNX1
and regulates RUNX1/CBFb and RUNX1/CBFb-SMMHC trans-
activation activity.

Effect of Chd7 deficiency on Cbfb-MYH11–induced gene

expression changes by RNA-seq

To further understand how CHD7 regulates RUNX1/CBFb-SMMHC
transactivation activity, we examined global gene expression changes
in Chd7f/fMx1-CreCbfb-MYH11 mice at the preleukemia stage
(2 weeks after treatment with poly(I:C)) with RNA-seq. Three-
dimensional principal component analysis showed a clear separation of
the 4 tested groups: Mx1-CreCbfb1/56M, Chd7f/fMx1-CreCbfb1/56M,
Chd7f/fMx1-Cre, and the control (Figure 6A). Consistent with the
enhanced CSF1R-luciferase activity when CHD7 was overexpressed
in cultured 293T cells (Figure 5A), the expression of Csf1r was
lower in Chd7f/fMx1-CreCbfb1/56M cells when compared with
Mx1-CreCbfb1/56M cells and lower inChd7f/fMx1-Cre cells compared
with control cells (Figure 6B).

Compared with genes in the control mice, only 43 genes in
Chd7f/fMx1-Cre mice were differentially expressed with Padj , .05
and absolute fold changes $2 (Figure 6C; supplemental Table 2),
suggesting a limited effect of Chd7 on normal hematopoiesis,
which is consistent with the fluorescence-activated cell sorting
(FACS) data that a slight difference was observed between control
and Chd7f/fMx1-Cre bone marrow cells 2 weeks after poly(I:C)
injection (supplemental Figure 5A-B). But compared with Mx1-
CreCbfb1/56Mmice, 1617 genes inChd7f/fMx1-CreCbfb1/56Mmice
were differentially expressed (Figure 6D; supplemental Table 3),
suggesting a synergistic effect between Chd7 deficiency and Cbfb-
MYH1 expression. Interestingly, 68.1% of these differentially
expressed genes (DEGs; clusters D1 and D3) had attenuated
changes in expression levels in Chd7f/fMx1-CreCbfb1/56M cells
compared withMx1-CreCbfb1/56M cells (Figure 6D; supplemental
Figure 7A; supplemental Table 4). These results suggest that Chd7
mostly modulates the magnitude rather than the direction of gene
expression changes by Cbfb-MYH11, even though FACS data
showed no significant difference between Mx1-CreCbfb1/56M and
Chd7f/fMx1-CreCbfb1/56M bone marrow cells at the preleukemia
stage (supplemental Figure 5A-B). Consistent with the observation
that most of the CHD7 target sites are associated with active gene
enhancer elements,31 most (66.4%) of the DEGs between Mx1-
CreCbfb1/56M and Chd7f/fMx1-CreCbfb1/56M cells were down-
regulated by Chd7 loss (Figure 6D; supplemental Table 3). In

addition, 31.1% of these DEGs overlapped with RUNX1 target
genes in ME-1 cells17,32 (Figure 6E; supplemental Table 3).

Gene set enrichment analysis (GSEA) of the DEGs between
Chd7f/fMx1-CreCbfb1/56M andMx1-CreCbfb1/56M cells shows that only
7 gene sets are significantly enriched (supplemental Table 5). Among
them, the TORCHIA_TARGETS_OF_EWSR1_FLI1_FUSION_UP
gene set, which contains genes upregulated in leukemic progeni-
tor cells expressing the EWSR-FLI1 fusion gene, is negatively
correlated with DEGs upregulated in Chd7f/fMx1-CreCbfb1/56M

cells (Figure 6F; supplemental Table 3), suggesting that Chd7
deficiency delays Cbfb-MYH11–induced leukemia at least in part
through inhibiting EWSR-FLI1 activity on gene expression.
Ingenuity pathway analysis (IPA) showed that genes associated
with hematologic system development and function, hematopoi-
esis, and hematologic disease were significantly enriched in DEGs
between Mx1-CreCbfb1/56M and Chd7f/fMx1-CreCbfb1/56M mice
(supplemental Figure 7B).

Because Mx1-CreCbfb1/56M and Chd7f/fMx1-CreCbfb1/56M mice
developed a similar leukemia (Figure 1) and expressed similar cell
surface markers at the preleukemia stage (supplemental Figure 5A-B),
we identified a common set ofDEGs (n5 1710) inMx1-CreCbfb1/56M

and Chd7f/fMx1-CreCbfb1/56M cells that should contain genes critical
for Cbfb-MYH11–induced leukemogenesis (supplemental Figure 7C ;
supplemental Table 6). Among these 1710 DEGs common to both
genotypes were Il1rl1 and Csf2rb,which were previously shown to be
expressed in Cbfb-MYH11–expressing preleukemic cells33 (supple-
mental Table 6). Interestingly, 85.2% of these commonDEGs (clusters
G2andG3)betweenMx1-CreCbfb1/56MandChd7f/fMx1-CreCbfb1/56M

mice had attenuated changes in expression levels in the Chd7f/fMx1-
CreCbfb1/56M cells compared with Mx1-CreCbfb1/56M cells (Figure
6G; supplemental Figure 7D), suggesting Chd7 mainly regulates the
magnitude rather than the direction of gene expression changes. In
addition, consistent with the result that Runx1 is required for Cbfb-
MYH11–induced defects, we found that 35.5% of these common
DEGs overlapped with RUNX1 target genes in ME-1 cells17,32

(Figure 6H).Moreover, IPA showed that genes associatedwith cancer,
hematologic system development and function, hematopoiesis, and
hematologic disease were significantly enriched in these overlapped
DEGs (Figure 6I). Taken together, these results suggest that CHD7
regulates RUNX1/CBFb-SMMHC transactivation activity for leuke-
mia initiation.

CHD7 alters expression levels of genes associated with cell

cycle and proliferation in leukemic cells

We also performed microarray analysis on c-Kit1 leukemic
cells to determine gene expression differences between Mx1-
CreCbfb1/56M and Chd7f/fMx1-CreCbfb1/56M mice. Compared
with genes inMx1-CreCbfb1/56M mice, 634 genes in Chd7f/fMx1-
CreCbfb1/56M mice were differentially expressed with Padj , .05
and absolute fold changes $1.2; 247 genes were upregulated and
387 genes were downregulated in the Chd7f/fMx1-CreCbfb1/56M

mice (Figure 7A; supplemental Table 7). IPA analysis showed that
genes associated with cell cycle, hematologic system development
and function, cell growth, and proliferation were significantly
enriched in these DEGs (Figure 7B). IPA analysis also pre-
dicts that JAK-STAT and CDKN1A pathways are inhibited by
DEGs in Chd7f/fMx1-CreCbfb1/56M leukemic cells (supplemental
Table 8). Again, many of these DEGs (25.4%) are potential
targets of RUNX1, whereas only 3.4% of these DEGs are CBFb-
SMMHC target genes (Figure 7C) identified in the inv(16)
leukemia cell line ME-1.17,32 However, only 33 DEGs were found
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between Mx1-CreCbfb1/56M and Chd7f/fMx1-CreCbfb1/56M leu-
kemic cells when more stringent criteria were used (Padj , .05;
absolute fold changes$2; supplemental Table 7), with 45.4% and
18.2% of them overlapping with RUNX1 and CBFb-SMMHC

target genes in ME-1 cells, respectively. These results demon-
strated that leukemia cells in the Chd7f/fMx1-CreCbfb1/56M mice
had a gene expression profile similar to that inMx1-CreCbfb1/56M

mice.
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Discussion

It has been shown that RUNX1 activity is required for CBFB-
MYH11–induced leukemogenesis. Therefore, molecules that
modulate RUNX1 activity may also be important for CBFB-MYH11–
induced leukemogenesis. Recently, it was demonstrated that CHD7
interacted with RUNX1 to regulate hematopoiesis,23 suggesting
that CHD7 may also be important for leukemogenesis by CBFb-
SMMHC. In this study, we performed experiments to test this
hypothesis.

In vitro studies showed that CHD7 was not only a partner of the
RUNX1/CBFb complex, but it was also associated with the RUNX1/
CBFb-SMMHC complex in a RUNX1-dependent manner. RNA-seq
analysis showed that many genes affected by CHD7 deficiency were
RUNX1 target genes, suggesting that CHD7 modulates the trans-
activation activity of RUNX1. However, formal functional demon-
stration of CHD7 regulation of RUNX1 transactivation activity would
requireperturbingRUNX1expression in theChd7f/fMx1-CreCbfb1/56M

andMx1-CreCbfb1/56M cells.
The gene expression profile at the preleukemic stage (2 weeks

after poly(I:C)) was distinctly different between Mx1-CreCbfb1/56M
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and Chd7f/fMx1-CreCbfb1/56M mice. It is possible that such large
difference in gene expression was the result of the cellular composition
of the c-Kit1 cells, which were used for RNA-seq. However, this is not
likely becausenodifferencewas observedbetweenMx1-CreCbfb1/56M

and Chd7f/fMx1-CreCbfb1/56M mice in terms of the percentage of LK,
LSK, GMP, CMP, MEP, and AMP compartments by FACS analysis,
or in terms of the morphology of the AMPs in these 2 groups of mice.

Notably, as shown in Figure 6D,G, many DEGs had reduced
magnitudeofgeneexpressionchanges in theChd7f/fMx1-CreCbfb1/56M

cells compared with Mx1-CreCbfb1/56M cells, suggesting that CHD7
only modulates other transcription factors such as RUNX1 rather than
regulating gene expressions directly. Moreover, at the preleukemic
stage, 35.5% of the common DEGs between Mx1-CreCbfb1/56M and
Chd7f/fMx1-CreCbfb1/56M cells, which are likely responsible for leu-
kemia development, overlapped with RUNX1 target genes in ME-1
cells (Figure 6H). At leukemic stage, 25.4% DEGs in the Chd7f/fMx1-
CreCbfb1/56M mice were potential RUNX1 target genes in ME-1 cells.
These results suggest that CHD7 alters RUNX1 target gene expression
(Figure 7C). Altogether, our results support the notion that CHD7most
likely functions through interacting with the RUNX1/CBFb-SMMHC
complex and altering the expression of its target genes. However,
CHD7 has been reported to function as an ATP-dependent chromatin
remodeler, so many of the DEGs may result from indirect effects of
altered chromatin state. Additional experiments are needed to formally
demonstrate that the effects of CHD7 loss are through its ability to bind
RUNX1, such as perturbingRunx1 in the context ofMx1-CreCbfb1/56M

and Chd7f/fMx1-CreCbfb1/56M mice.
At the preleukemic stage, the proliferation ability of the LK cells

from Mx1-CreCbfb1/56M cells is similar to that from Chd7f/fMx1-
CreCbfb1/56M cells. Consistently, genes associated with proliferation
or cell cycle were not significantly enriched when the RNA-seq data
were analyzed with GSEA and IPA. Conversely, IPA analysis showed
that genes associated with cell cycle, hematologic system development
and function and cell growth and proliferation were significantly
enriched in the DEGs between Mx1-CreCbfb1/56M and Chd7f/fMx1-
CreCbfb1/56M leukemic cells, supporting the observation that Chd7
deficiency inhibited the proliferation of the leukemic cells. A similar
effect of Chd7 on proliferation was also observed in murine neural
stem/progenitor cells,34 olfactory neural stem cells,35 and inner ear
neuroblasts.36 Therefore, we postulate that the ability of Chd7
deficiency to delay Cbfb-MYH11–induced leukemogenesis in both
primary and transplantedmicewas at least in part through inhibiting the
proliferation of leukemia-initiating cells and leukemic cells.

Currently, the treatment of inv(16) AML is nonselective cytotoxic
chemotherapy, which results in a good initial response,37 but ap-
proximately 50% of patients will eventually relapse.38 Because of the
importance of CBFb-SMMHC in leukemogenesis, several efforts
were made to develop targeted inhibitors for CBFb-SMMHC activity,
such as inhibitors that disrupt the CBFb-SMMHC and RUNX1
interaction39,40 and inhibitors for HDAC8, which is also required for
CBFb-SMMHC activity.41 Our results show that CHD7 also contrib-
utes to CBFb-SMMHC activity, providing another potential candidate
target for treating this type of leukemia.
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