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Abstract

Acute myeloid leukemia (AML) is a neoplastic disease characterized by the uncontrolled
proliferation and accumulation of immature myeloid cells. A common mutation in AML is the
inversion of chromosome 16 [inv(16)], which generates a fusion between the genes for core
binding factor beta (CBFB) and smooth muscle myosin heavy chain gene (MYH11), forming the
oncogene CBFB-MYH11. The expressed protein, CBFp-SMMHC, forms a heterodimer with the
key hematopoietic transcription factor RUNX1. Although CBFp-SMMHC was previously thought
to dominantly repress RUNX1, recent work suggests that CBFp-SMMHC functions together with
RUNX1 to activate transcription of specific target genes. However, the mechanism of this activity
or a requirement for additional cofactors is not known. Here, we show that the epigenetic regulator
histone deacetylase 1 (HDACL) forms a complex with CBFp-SMMHC, co-localizes with RUNX1
and CBFB-SMMHC on the promoters of known fusion protein target genes, and that Haac1 is
required for expression of these genes. These results imply that HDAC1 is an important
component of the CBFB-SMMHC transcriptional complex, and that leukemia cells expressing the
fusion protein may be sensitive to treatment with HDACL inhibitors. Using a knock-in mouse
model expressing CBFB-SMMHC, we found that /n7 vivo treatment with the HDAC1 inhibitor
entinostat decreased leukemic burden, and induced differentiation and apoptosis of leukemia cells.
Together, these results demonstrate that HDACL is an important cofactor of CBFp-SMMHC and a
potential therapeutic target in inv(16) AML.

Implications: This report describes a novel role for HDACL1 as a cofactor for the leukemogenic
fusion protein CBFpB-SMMHC and shows that inhibitors of HDACL1 effectively target leukemia
cells expressing the fusion protein /n vivo.
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Introduction

Acute myeloid leukemia (AML) with inv(16)(p13.1g22) or the related translocation t(16;16)
(p13.1;022) represents 8-10% of all AML cases and usually shows monocytic/ granulocytic
differentiation and abnormal eosinophils (1-4). The chromosomal breakpoints for inv(16)
occur within the genes CBFB and MYH11, which encode core binding factor beta (CBFp)
and smooth muscle myosin heavy chain (SMMHC), respectively (3,5). The inverted
chromosome results in an in-frame fusion between CBFB and the C-terminal coiled-coil
region of MYH11to generate the oncogene CBFB-MYH11. Expression of this oncogene,
which produces the protein CBF-SMMHC, is the initiating event in inv(16) AML, but
additional cooperating mutations are required for transformation to a frank leukemia (6,7).

Core binding factor (CBF) is a heterodimeric transcription factor consisting of one CBFa
subunit, which binds DNA, in a complex with CBFp, which stabilizes the CBFa/DNA
interaction. CBFa can be any of the three members of the Runt-related transcription factor
family, which includes RUNX1 (AML1, CBFa2), RUNX2 and RUNX3. While the roles of
RUNX2 and RUNX3 in blood cells are currently poorly understood, RUNX1 is a well-
established, critical regulator of hematopoiesis (8-11). CBFp-SMMHC retains the RUNX
binding site in CBFp and gains a second high affinity binding domain (HABD) within the
SMMHC region (12,13).

Initial models of CBFp-SMMHC activity proposed that the fusion protein acts by
dominantly repressing normal RUNX1 activity. If this model fully described the fusion
protein’s activity, one would predict that loss of RUN.XZ would be equivalent to expression
of the fusion protein. However, knock-in mice expressing Cbfb-MYH11 from the
endogenous Cbfb locus (CbMYHIL) have a more severe block in hematopoietic
differentiation and show deregulated expression of a unique set of genes as compared to
mice homozygous for a null allele of Runxl (Runx1™'=) (14). These findings imply that
CBFB-SMMHC activity is not solely based on RUNX1 repression and raises the possibility
that RUNX1 may be dispensable for the fusion protein’s effect. To test this possibility, we
generated mice expressing Cbfb-MYH11, but with significantly reduced RUNX1 activity
(15). We found that loss of RUNX1 activity impaired Cofb-MYH11 induced changes in
gene expression and myeloid differentiation. Collectively these findings support a new
model of CBFB-SMMHC activity in which the fusion protein doesn’t repress RUNX1, but
alters its activity, resulting in the changes in gene expression that lead to leukemogenesis. In
support of this model, chromatin immunoprecipitation experiments show that RUNX1 and
CBFp-SMMHC co-localize in the inv(16) cell line, ME-1. Interestingly, the epigenetic
modifier histone deacetylase | (HDAC1) was also found to co-localize with RUNX1 and
CBFB-SMMHC, raising the possibility that HDAC1 may contribute to the fusion protein’s
transcriptional activity (16).
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HDAC1 is a known binding partner of RUNX1 and a member of the class | HDAC family,
which also includes HDAC2, HDAC3, and HDACS. These family members are classified
together based on their homology to yeast RPD3, with HDAC1 and 2 being the most similar,
and HDACS the most divergent (17,18). Class | HDACs’ canonical roles are as epigenetic
modifiers associated with transcriptional repression. By removing acetyl groups from lysine
residues in histone tails, HDACs create a closed chromatin structure which is inaccessible to
the transcriptional machinery (19,20). More recently, Class | HDACs have been shown to
have additional roles including participation in transcriptional activation and deacetylation of
non-histone proteins (21,22).

Based on these findings, we hypothesize that HDACL is part of the RUNX1:CBFp-SMMHC
complex and contributes to the gene expression changes associated with inv(16) AML. In
this report, we show that HDAC1 binds to CBF-SMMHC and contributes to gene
expression changes, maintenance of the differentiation block, and colony growth. In
addition, we show that pharmacological inhibition of HDAC1 impairs the growth of CBF-
SMMHC-expressing leukemia cells /n7 vitroand in vivo, implying that HDACL1 inhibitors
may be effective for the treatment of inv(16) AML.

Materials and Methods

Mice

Histology

Cell culture

Cbio™5M, Mx1-Cre* or Cbft™5M, Mx1-Cre?,

GU(ROSA)26S0rMHACTB-tdTomato, -EGFF/Luo/j) ( Rosa26T/GFP) (Jackson Laboratory, Bar
Harbor, ME) mice were maintained on a mixed C57BI6/129S6 background, genotyped, and
treated to develop leukemia, as previously described (15,23-25). Leukemia cells from
primary mice were expanded by transplantation into congenic C57BI16/129S6 F1 6-10 week
old mice (Taconic, Hudson, NY), as previously described (14). For /n vivo studies, 1x10° —
1x108 cells from Cbfb*”M, Mx1-Cre*, Rosa26%T/GFF mice were transplanted into sub-
lethally irradiated congenic mice. When GFP in peripheral blood averaged 10-20%, mice
were treated by IP injection or oral gavage with 10 mg/kg/day entinostat (Cayman Chemical,
Ann Arbor, MI) prepared in PBS with 2.5% DMSO,1% Tween-80 and 5.1% PEG-400, or
vehicle alone. All procedures were performed in accordance with guidelines and protocols
approved by the Institutional Animal Care and Use Committee (IACUC) of the University of
Nebraska Medical Center.

Tissues were fixed in 4% paraformaldehyde, embedded in paraffin, sectioned, and stained
with hematoxylin and eosin. Slides and were examined using a Leica DM4000 B LED
microscope at 20X magnification. Cytospins were prepared by centrifugation of cells in a
Shandon Cytospin 3 (Thermo Fisher), staining with Wright-Giemsa (Protocol Hema 3 kit,
Thermo Fisher), and examined using an Olympus BX51 microscope at 100X magnification.

Cbity™>6M, Mix1-Cre* cells were cultured in RPMI-1640 (ATCC, Manassas, Virginia)
supplemented with 20% ES cell qualified fetal bovine serum (Thermo Fisher Scientific,
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Waltham, MA) 1% penicillin/streptomycin, 1% L-glutamine, 10 ng/mL IL-3, 10 ng/mL
IL-6, 20 ng/mL SCF (Peprotech, Rocky Hill, NJ) and cryopreserved in RPMI-1640
supplemented with 50% FBS and 10% DMSO. COS-7 cells (ATCC) and HEK293T cells
(ATCC) were maintained in DMEM supplemented with 10% fetal bovine serum, 1%
penicillin/streptomycin, and 1% L-glutamine. ME-1 cells (kindly provided by P. Liu,
NHGRI/NIH) were maintained in RPMI-1640 supplemented with 20% fetal bovine serum,
2.5% of a 10% (w/v) glucose solution, 1% penicillin/streptomycin, 1% L-glutamine, 1%
sodium pyruvate, and 2.5% 1M HEPES. Kasumi-1 cells (ATCC) were maintained according
to ATCC recommended protocol. Leukemia cell lines were validated by karyotype analysis
by the UNMC Human Genetics Laboratory and/or western blot analysis. Cells were
maintained in culture for less than 3 months at 37°C, 5% CO» and routinely monitored for
Mycoplasma contamination using MycoAlert PLUS Mycoplasma Detection Kit (Lonza).

Site Directed Mutagenesis

pPMIG-CBFB-MYH11a179_221, (provided by P. Liu, NHGRI/NIH) (26), was mutated to
CBFB-MYH11ng3k, N104K, A179-221 USing the QuikChangell Site Directed Mutagenesis Kit
(Agilent Technologies, Santa Clara, CA) according to the manufacturer’s recommendations.
Primer sequences used in the mutagenesis reaction are available upon request.

Immunoprecipitation and Western Blot

Nuclear lysates were prepared from cells for IP as follows:10mM HEPES pH 7.5, 1.5mM
MgCl,,10mM KCI, 0.5mM DTT, and protease inhibitors (Sigma, St. Louis, MO) were
added to the cell pellet and incubated on ice for 15 minutes. Cells were centrifuged for 30
seconds at 12,000 rpm and supernatant removed. Next, the previous buffer with the addition
of 0.05% NP-40 was added to the cell pellet, vortexed, and centrifuged again. The pellet was
resuspended in 20mM HEPES pH 7.5, 25% glycerol, 0.42M NaCl, 0.2mM EDTA, 0.5mM
DTT, and protease inhibitors. The samples were alternately incubated on ice for 5 minutes
and vortexed a total of five times, then centrifuged for 15 minutes at 13,000 rpm. The
nuclear extract was removed for IP. 1 ug (transfected cells) or 2 pg (CM*, ME-1 cells) of the
pulldown antibody was added to each sample and incubated with the lysates overnight with
rotation. Lysates were incubated for 40 minutes with protein A Dynabeads (Thermo Fisher
Scientific), washed five times with 150mM NaCl, 20mM HEPES pH 7.5, 0.2% NP-40, 0.1%
Tween and protease inhibitors. Beads were resuspended in 2x Laemmli buffer and boiled at
95°C for 5 minutes. Western blotting was performed as previously described (14). A list of
primary and secondary antibodies used can be found in Supplemental Table 1.

Chromatin Immunoprecipitation

Chromatin Immunoprecipitation (ChlP) was performed using MagnaChip A Chromatin
Immunoprecipitation Kit (EMD Millipore, Billerica, MA) with some modifications. 10x108
cells were crosslinked with 1.5 mM final concentration of ethylene glycol-bis
(succinimidylsuccinate) (EGS) for 30 minutes followed by 10 minutes crosslinking with 1%
final concentration paraformaldehyde. Chromatin was sheared using a Bioruptor Plus
(Diagenode, Denville, NJ) for 30 total cycles of 30 seconds on/30 seconds off. 5 g of
antibody was used in each pulldown with lysate from approximately 2x10 cells and
incubated overnight with 20 pL protein A magnetic beads. The following day, beads were
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washed as indicated in kit instructions. Reverse crosslinking was achieved with a 5 hour
incubation at 62°C. ChIP was followed by gRT-PCR with primers for COKN1A, MPO,
CSFIR, CEBPD, and a negative control gene desert region, as described previously (27,28).

shRNA Knockdown

HEK?293 cells were transfected with third generation lentiviral plasmids and Sigma Mission
3xLacO-IPTG plasmid engineered to contain GFP for selection and either HDAC1 shRNA
or control with no known target (NTShRNA) (29). HDACL1 and control ShRNA were a gift
from Saverio Minucci, University of Milan (30). For transduction, CM* cells were cultured
as above with the addition of 57 UM beta-mercaptoethanol and 8 pg/mL polybrene. Cells
were spinfected at 2,000 rpm for 90 minutes, followed by a six hour incubation and a second
spinfection. 24 hours after the start of transduction, Isopropyl p-D-1-thiogalactopyranoside
(IPTG) was added to a final concentration of 1 mM in each well. 48 hours after the start of
transduction, cells were sorted on a BD FacsAria (BD Biosciences, Franklin Lakes, NJ).

Quantitative Real-time PCR

RNA was extracted from cells using TRIzol Reagent (Thermo Fisher Scientific) according to
manufacturer’s instructions. First strand cDNA synthesis was accomplished using EcoDry
Premix (Clontech, Mountain View, CA) according to manufacturer’s instructions.
Quantitative real-time PCR (QRT-PCR) was performed on an ABI-PRISM 7000 (Applied
Biosystems, Foster City, CA) using SybrGreen 2x Mastermix (Thermo Fisher Scientific)
according to manufacturer’s instructions. Primers sequences for Cadknla, Mpo, Csflr, and
Cebpd and Actb were described previously (27). Hdac primer sequences: forward-
TGAAGCCTCACCGAATCCG, reverse-GGGCGAATAGAACGCAGGA.

Flow Cytometry

Cells were stained with the indicated fluorophore-conjugated antibody or dye according to
manufacturer’s recommendations. Antibodies used in flow cytometry experiments can be
found in Supplemental Table 1. Prior to flow cytometry analysis, mouse peripheral blood
was incubated in ACK buffer (Gibco) and bone marrow was lineage depleted with the
EasySep Mouse Hematopoietic Progenitor Cell Isolation Kit (StemCell Technologies)
according to manufacturer protocols. Flow cytometry analysis or sorting was performed on a
BD LSRII or FACSAria (BD Biosciences), respectively. Data was analyzed in FlowJo v.
10.0.8 (FlowJo, LLC, Ashland, OR).

Colony-forming Assays

Colony-forming assays (CFA) were performed using MethoCult GF M3434 and SmartDish
meniscus-free plates (Stemcell Technologies, Vancouver, Canada). Cells were plated in
triplicate in MethoCult mixed with a final concentration of 1 M entinostat (Cayman
Chemical) vorinostat (Active Motif, Carlsbad, CA), RGFP966 (Selleck Chemicals, Houston,
TX) or Ro5-3335 (EMD Millipore) or equivalent DMSO control. Cells were incubated at
37°C, 5% CO,, for 14 days and colonies were counted or stained as indicated.
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Viability Assay

Statistics

Results

Cells were treated with increasing doses of Entinostat or RGFP966 and viability was
assessed using PrestoBlue Cell Viability Reagent (Thermo Fisher Scientific) according to
the manufacturer’s instructions after 72 hours in culture. Fluorescence was detected on a
Tecan Infinite M200 (Tecan, Mannedorf, Switzerland). ECsq was calculated using GraphPad
Prism 7 (GraphPad Software, La Jolla, CA).

All experiments were performed at least three times. Data was analyzed using either the
Student’s t-test or ANOVA with Tukey post-hoc test, as appropriate and indicated in the
figure legends. Sample size for /in vivo experiments was determined by Power Analysis. All
statistical tests were performed in GraphPad Prism 7. Data was considered statistically
significant at a p-value < 0.05.

HDACL1 is a member of the CBFB-SMMHC:RUNX1 complex

Because HDACL1 co-localizes with RUNX1 and CBFB-SMMHC on gene promoters, it is
possible that HDACL1 is part of the RUNX1:CBFp-SMMHC complex. Before testing this,
we confirmed that HDAC1 is expressed in leukemia cells from knock-in mice with a
conditional Cbfb-MYH11 allele (Cbfb*”26M) under the control of the MxI-Cre Recombinase
(Mx1- Cre*) transgene, (hereafter CM* cells) and in the human inv(16) cell line, ME-1
(14,15,23,31). We detected increased levels of HDACL in three different CA/* mouse
samples as compared to bone marrow from wild type mice. HDAC1 was also readily
detectable in ME-1 cells (Figure 1A). As HDAC1 and HDAC?2 are known to have
overlapping functions in normal hematopoiesis, we also analyzed the expression of HDAC2
in CM* and ME-1 cells (32). HDAC2 was also expressed highly in all three CM* leukemia
samples and in ME-1 cells, similar to HDACL1 (Figure 1B).

We next tested if HDAC1 and 2 can interact with CBFp-SMMHC in COS-7 cells transfected
with plasmids containing either HDAC1 or HDAC?2 fused with a FLAG tag (HDACI-FLAG,
HDAC2-FLAG) and CBFB-MYH11. Using nuclear lysates, we performed co-
immunoprecipitations (co-IP’s). IP with an anti-SMMHC antibody resulted in the pulldown
of HDAC1-FLAG in cells expressing both CBFp-SMMHC and HDAC1-FLAG, but not in
cells expressing HDAC1-FLAG alone (Figure 1C). In a reciprocal experiment, pulldown
with an antibody against FLAG immunoprecipitated CBFB-SMMHC in cells expressing
HDAC1-FLAG and CBFB-SMMHC, but not in cells expressing HDAC1-FLAG only (Figure
1D). In contrast, immunoprecipitation with anti-SMMHC did not pull down HDAC2
(Supplemental Figure 1). These results suggest that CBF-SMMHC can interact with
HDAC1 but not HDAC2.

We next tested if endogenous CBFB-SMMHC and HDACL1 form a complex. Nuclear lysates
from leukemic cells from three independent CAM* mice were incubated with either anti-
SMMHC or normal rabbit 1gG. We observed HDAC1 was immunoprecipitated with anti-
SMMHC, but not with 1gG, indicating that endogenous CBFp-SMMHC and HDAC1
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interact in mouse leukemia cells (Figure 1E). To confirm this interaction in human leukemia
cells, we performed co-IPs using lysates from ME-1 cells and Kasumi-1 cells, a leukemia
cell line which expresses HDACL1 but not CBFg-SMMHC. HDAC1 and CBFB-SMMHC co-
IP’d in ME-1 cells but not in Kasumi-1 cells (Figure 1F). Together, these results indicate that
endogenous CBFB-SMMHC and HDAC1 interact in mouse and human leukemia cells.

HDACL is known to bind RUNX1, raising the possibility that RUNX1 mediates the
interaction between HDAC1 and CBFB-SMMHC (33). To test this, we performed IP’s with
mutant constructs of CBFB-MYH11 lacking the RUNX1 High Affinity Binding Domain
(HABD) in the MYH11 tail (CBFB-MYH114;79-221), or with point mutations in the CBFp
domain as well as deletion of the HABD (CBFB-MYH11ns3x N104K, A179-221)
(Supplemental Figure 2) (34,35). In transfected cells, IP with anti-FLAG was able to pull
down both CBFB-SMMHC mutants, even though the double mutant was not able to pull
down RUNX1 (Figure 2A). This indicates that RUNX1 is not required for the interaction
between HDAC1 and CBF-SMMHC.

We next tested the ability of HDACL1 to interact with two other important regions of the
fusion protein: the CBFp region and the c-terminal 95 amino acids, a part of the co-repressor
domain. In nuclear lysates from cells expressing HDAC1-FLAG and wild-type CBFB, IP
with anti-FLAG did not co-precipitate detectable CBF, and neither did the reciprocal
pulldown with anti-CBFp, although the precipitation of the known CBFf binding partner
RUNX1 was readily apparent (Figure 2B and Supplemental Figure 3). These findings
indicate that HDAC1 and wild-type CBF do not form a complex. We next tested whether
CBFB-SMMHC’s c-terminus is required for interaction with HDAC1. Nuclear lysates from
cells expressing HDAC1-FLAG and a c-terminal deletion mutant of CBFp-SMMHC
(CBFB-SMMHCags) were immunoprecipitated with anti-FLAG. We found that IP of
HDAC1 was able to pulldown CBFB-SMMHCags (Figure 2C), indicating that the final 95
residues of SMMHC are not required to form a complex with HDAC1. This is in contrast to
what has been shown for the interaction between CBFB-SMMHC and HDACS, implying
that the fusion protein interacts with HDAC1 and HDACS through distinct domains (36).

HDACL1 is required for CBFR-SMMHC target gene expression

In the inv(16) AML cell line ME-1, HDAC1 co-localizes with RUNX1 and CBF-SMMHC
in the promoter regions of target genes (16). To confirm that HDAC1, CBF-SMMHC and
RUNX1 co-localize in primary CM* mouse leukemia cells, we performed chromatin
immunoprecipitation (ChlP) followed by quantitative real-time PCR for four known target
genes: cyclin-dependent kinase inhibitor 1A (Caknla) which encodes p21Wafl/Cipl
myeloperoxidase (Mpao), colony-stimulating factor 1 receptor (Csfir), and CCAAT/enhancer
binding protein delta (Cebpad) (27). We found that HDAC1, CBFp-SMMHC, and RUNX1
were each significantly enriched at the promoters of Mpo, Csflr, and Cebpdas compared to
control. On the promoter of Cdknia, RUNX1 and HDAC1 were significantly enriched, and
CBFB-SMMHC showed a trend towards enrichment, although it did not reach the level of
statistical significance (p=0.06) (Figure 3A). To confirm specificity, we tested a gene desert
region as a negative control and did not observe enrichment for RUNX1, CBFg-SMMHC, or
HDAC1 (Figure 3A) (28).
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To test if HDACL1 activity is required for CBFB-SMMHC-induced expression of these target
genes, we used two different short hairpin RNA (shRNAs) to knockdown HDAC1 in CM*
mouse leukemia cells. Cells were transduced with lentiviral vectors expressing control or
HDAC1 shRNAs under an IPTG inducible promoter and GFP from an internal ribosomal
entry site (IRES). The cells were treated with IPTG to induce ShRNA expression, and
twenty-four hours later were sorted for GFP expression. Both shRNAs against HDAC1
caused significant knockdown of Hdac1 as compared to cells transduced with the control
shRNA. (Figure 3B). Both shRNAs against HDACL also resulted in significant decreases in
Cdknla, Mpo, Csflr, and Cebpd expression (Figure 3B). Furthermore, expression of Mpo,
Csf1r, and Cebpd appeared to show an HDAC1 dose dependency. This suggests that HDAC1
is required for expression of CBFp-SMMHC target genes.

To determine if HDACL1 is required for the CBFp-SMMHC induced block in differentiation,
we stained Hdac knockdown and control CM* leukemia cells for expression of Gr-1
(Ly-6G) and Mac-1 (CD11b), which are both markers of mature myeloid cells. Haoac1
knockdown in CM* cells showed increased expression of Gr-1 and to a lesser extent Mac-1,
implying that HDACL is required for the CBFp-SMMHC induced block in differentiation
(Figure 3C, Supplemental Figure 4). Cytospins of these cells showed a smaller nuclei to
cytoplasmic ratio with more condensed chromatin in the HDAC1 KD cells compared to
control, indicating that loss of HdacZ increased morphological differentiation (Figure 3D).
To test if loss of HDAC1 affects the survival of CM* leukemia cells, we performed staining
with annexin V, a marker of apoptosis. In Hdac knockdown cells, we did not observe a
difference in annexin V staining compared to control, indicating that HDAC1 is likely not
regulating cell survival in CM* leukemia cells (Figure 3E). To test if knockdown of HDAC1
affected colony forming ability, we induced HdacZ KD in transduced CM* leukemia cells
for 24 hours, then sorted for live GFP positive cells, and plated equal numbers of cells in
methylcellulose containing vehicle or IPTG. After 14 days, we observed significantly fewer
colonies in the Hdac1 KD plates compared to control (Figure 3F), suggesting that HDACL1 is
important for leukemia stem cell activity.

HDACL1 inhibitors impair growth of CBFB-SMMHC* leukemia cells in vitro

Our results indicate that HDACL1 is important for CBFE-SMMHC activity, implying that
inv(16) AML cells may be particularly sensitive to treatment with an HDACL1 inhibitor. To
test this possibility, we performed colony assays in the presence of entinostat (MS-275), an
HDAC1 selective inhibitor (37,38). Equal humbers of cells were plated in the presence of 1
UM entinostat or vehicle and cultured for 14 days. We observed significantly fewer colonies
in entinostat treated plates compared to control plates (Figure 4A). The individual colonies
also appeared smaller and more diffuse (Figure 4B). After culture, the cells were stained for
Gr-1 and Mac-1 expression. There was a large increase in Mac-1*Gr-1* staining, indicating
a more differentiated phenotype (Figure 4C). Cytospins of these cells after colony assay
confirmed morphological differentiation with entinostat treated cells exhibiting a greater
number of cells with high granularity and convoluted nuclei. (Figure 4D). Similar results
were obtained using the class | and Il HDAC inhibitor vorinostat (Suberoylanilide
Hydroxamic Acid, SAHA) (Supplemental Figure 5A,B).
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To test the effect of HDACI’s on normal hematopoiesis, we performed colony-forming
assays with bone marrow cells from wild type mice. Importantly, there was no significant
difference in the growth of any type of colony in the presence of either entinostat or
vorinostat, as compared to DMSO (Figure 4E, Supplemental Figure 5C). These results
indicate CBFB-SMMHC-expressing leukemia cells are more sensitive to the effects of
HDAC inhibitors than normal hematopoietic cells.

To test if HDACI had a similar effect on gene expression as HDAC1 KD, we treated CM*
mouse leukemia cells with entinostat. Similar to the HDAC1 knockdown, we saw a trend of
decreased gene expression for Mpo, Csflr, and Cebpd, although not for Caknla
(Supplemental Figure 6). We tested additional myeloid differentiation genes to determine if
some genes were upregulated by HDACL inhibition, and found that Cebpe, Cebpa, Gr-1
(Ly6g), and Mac-1 (Itgam) mRNA expression showed a trend towards upregulation in
entinostat treated cells, although not to levels of statistical significance, while the early
granulopoiesis marker Csf3r (Colony stimulating factor 3 receptor), was significantly
downregulated (Supplemental Figure 6). This data demonstrates that entinostat causes
changes in gene expression similar to our results above with Hdac1 knockdown, and to
previous findings with loss of CBFp-SMMHC (16).

To test the effect of HDACi on human inv(16) cells, we treated ME-1 cells with increasing
doses of entinostat and assayed for cell viability. ME-1 cells showed a dose-dependent
decrease in viability over the range of concentrations tested, with an ECgg of 0.85 pM
(Figure 4F). This indicates that human CBFp-SMMHC-expressing cells are also sensitive to
treatment with HDACI. Entinostat can also target HDACS3 activity, although less effectively
that HDAC1, raising the possibility that inhibition of HDAC3 may contribute to the
entinostat’s effect (39). To test this, we treated ME-1 and CM* cells with the HDAC3
specific inhibitor RGFP966 (40). ME-1 cells were much less sensitive to HDAC3 inhibition,
with an ECgq of 7.1 UM (Supplemental Figure 7A). In addition, RGFP966 did not have an
effect on the colony-forming ability of CM* cells (Supplemental Figure 7B). While we have
not ruled out a role for HDAC3 in CM* leukemia, these results indicate that any effect on
HDACS3 activity by entinostat is likely minor and that the anti-leukemic effect in CM*
leukemia cells is primarily due to HDACL inhibition.

Our data indicates that HDACL is required for CBFp-SMMHC induced gene expression,
implying that HDAC1 and RUNX1 are acting in the same pathway. To test this, we treated
leukemia cells with either entinostat, the RUNX1 inhibitor Ro5-3335, or both entinostat and
R05-3335 (41). Either Ro5-3335 or entinostat alone significantly reduced colony growth, as
compared to control (Figure 5A). The combination of Ro5-3335 and entinostat significantly
reduced the number of colonies compared to DMSO and Ro5-3335 alone but did not further
inhibit colony growth compared to entinostat alone, suggesting that these drugs are
inhibiting the same pathway (Figure 5A). Neither drug, alone or in combination, had any
significant effect on the colony growth of normal bone marrow cells, indicating that CBFp-
SMMHC-expressing leukemia cells are more sensitive to loss of either RUNX1 or HDAC1
activity than normal blood cells (Figure 5B).
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Entinostat decreases leukemic burden in vivo

Entinostat treatment reduced CM* colony growth /n vitro, suggesting that it may be effective
against CM* leukemia /n vivo. To test this, we transplanted CAM* primary mouse leukemia
samples that also express GFP from the Rosa26 locus (Cbfb*2M, Mx1-Cre?,
Rosa26"7/GFP) into wild-type recipient mice (25). This system allows us to analyze the
effects of drug treatment on both the transplanted, GFP* leukemia cells, and the recipient
mouse’s GFP~ normal blood cells.

Leukemia cells from 3 independent Cbfb*"2M, Mx1-Cre*, Rosa26"7/GFF mice were
transplanted into congenic recipient mice. Approximately 2—3 weeks later, peripheral blood
was analyzed to confirm leukemia engraftment, and mice were treated for 7 days with 10
mg/kg/day entinostat or vehicle. Twenty-four hours after the last treatment, mice were
sacrificed, and blood and tissue were harvested (Figure 6A). Mice treated with entinostat
showed significant reductions in the number of leukemia cells in the peripheral blood, as
determined by GFP or Kit expression (Figure 6B-D). In the entinostat treated mice, the
remaining GFP* leukemia cells in the peripheral blood showed increased expression of both
Mac-1 and Gr-1, consistent with our /in vitro data (Figure 6E). There was a trend towards
increased annexin V* staining in the GFP* leukemia cells in the peripheral blood, although
this difference did not achieve statistical significance (Figure 6F). There was a parallel
decrease in GFP* cells in the lineage-depleted (lin") bone marrow of entinostat treated mice
(Figure 6G). The remaining GFP* cells in the bone marrow showed a small, but statistically
significant increase in annexin V* staining (Figure 6H). Entinostat treated mice also had
smaller spleens and significantly decreased spleen weights (Figure 61). Histological
examination showed decreased leukemic infiltration in the spleen (Figure 6J). Entinostat
treatment did not cause an increase in annexin V, Mac-1, or Gr-1 staining in the GFP~ cells,
indicating that entinostat does not induce apoptosis or differentiation of normal blood cells
(Supplemental Figure 8A,B). These findings indicate that entinostat specifically targets
CBFB-SMMHC-expressing leukemia cells and promotes their differentiation /n vivo.

In this study, we show that HDAC1 co-localizes with CBF-SMMHC and RUNX1, helps to
regulate CBFB-SMMHC target genes, and that either knockdown or pharmacological
inhibition of HDAC1 prevents leukemia cell growth and promotes differentiation. Based on
these observations, we propose that HDACL is a required cofactor for CBFg-SMMHC
induced changes in gene expression and block in differentiation (Figure 6K). Taken together,
this data indicates that inhibition of HDAC1 indirectly blocks key leukemogenic activities of
CBFB-SMMHC and is a potential therapeutic strategy for patients with inv(16) AML.

Discussion

CBFB-SMMHC expression is known to be the initiating event in inv(16) AML, but it is less
clear what role the fusion protein has after leukemic transformation. Early models suggested
that CBFB-SMMHC acts as a repressor of RUNX1 by outcompeting CBF for binding
(13,42-44). More recent work indicates that CBFB-SMMHC has a direct role in gene
expression, likely acting as part of a transcription factor complex requiring RUNX1 (14-16).
This raises the possibility that other transcriptional regulators may be recruited to the
RUNX1:CBFp-SMMHC complex and be required for the gene expression changes
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associated with inv(16) AML. Indeed, the chromatin remodeling factor Chromodomain
Helicase DNA Binding Protein 7 (CHD?7) is recruited to the RUNX1:CBFB-SMMHC
complex through an interaction with RUNX1 and plays a role in the transactivation activity
of the complex in the context of leukemia initiation (45). Our work expands this model,
demonstrating that the RUNX1:CBFp-SMMHC complex includes the epigenetic modifier
HDACI.

We show here a previously unrecognized interaction between HDAC1 and the fusion protein
CBFB-SMMHC in mouse and human leukemia cells. Previous work by others failed to
detect this interaction, likely due to the use of whole cell lysates rather than nuclear extracts,
as were used in this study (33,36). In fact, we were unable to detect co-IP of HDAC1 and
CBFB-SMMHC from whole cell extracts (data not shown), possibly because HDACL1 is only
expressed in the nucleus, whereas CBFB-SMMHC can localize to the cytoplasm when
overexpressed (44). Surprisingly, this interaction was not mediated solely by RUNX1, as
evidenced by the retention of HDAC1 binding to CBFp-SMMHC upon deletion of the high
affinity binding domain alone (CBFB-MYHI11p179-_221) Or in combination with the CBFp
binding domain (CBFB-MYHI11Ine3k, N104K, A179-221)- Because the related HDAC family
member, HDACS, can bind to CBF-SMMHC on the c-terminal 95 amino acids, we
specifically tested this region for HDAC1 binding (33,36). We show that this region is not
required for the interaction between HDAC1 and CBFp-SMMHC, implying that HDAC1
and HDACS interact with the fusion protein through distinct domains. We also show that
HDAC1 does not form a complex with wild-type CBFp. Based on these observations it is
tempting to conclude that HDACL1 is interacting with the central region of the SMMHC tail.
However, it is also possible that HDACL interacts with multiple regions of the CBFp-
SMMHC protein or is recruited by multiple CBFp-SMMHC cofactors. Sin3A, a
transcriptional cofactor typically associated with repression, is a known binding partner of
both CBFB-SMMHC and HDACY, so it could mediate the association between HDACL1 to
the fusion protein complex (19,33).

Previous work demonstrates that HDAC1 co-localizes with RUNX1 and CBF-SMMHC on
chromatin in ME-1 cells (16). We have extended this finding by showing their co-
localization in primary mouse CM* cells on the promoters of genes that are regulated by
CBFB-SMMHC (16). We also show that knockdown of HDAC1 results in a 2-fold or greater
downregulation of Caknla, Mpo, and Cebpdin CM* leukemia cells, suggesting cooperation
between HDAC1 and CBFB-SMMHC in regulating gene expression changes (16). This data
is consistent with the previous finding that knockdown of CBFp-SMMHC decreased
expression of MPO, CDKN1A, and CEBPD in ME-1 cells (16). While a decrease in
expression of myeloid genes seems paradoxical to the observed myeloid differentiation
induced by HDAC1 knockdown or inhibition, the maturation of myeloid cells consists of
multiple phases of gene expression and repression. The MPO, CSF1R, and CSF3R genes are
all expressed during the initial steps of myelopoiesis, but their expression decreases with
further differentiation. In contrast, CEBPE, GR-1and MAC-1 expression is restricted to
more mature myeloid cells (46). Therefore, it is not necessarily surprising that loss of MPO
and CSF1R expression would accompany terminal myeloid differentiation.
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Our findings also support the model of the RUNX1:CBFB-SMMHC complex acting as an
active transcription factor complex in inv(16) AML. It is noteworthy that knockdown of
HDAC1 resulted in decreased expression of target genes, since HDACs are traditionally
thought to function only as transcriptional co-repressors. However, this assumption is
challenged in recent reports showing HDACL is associated with the promoters of highly
expressed genes, and that genetic depletion or inhibition of HDAC activity results in
increased gene expression (21,22). These findings suggest that HDACs may have non-
canonical roles in transcriptional activation as well. Currently, the mechanism of HDACs’
role in transcriptional activation is unclear, but has been proposed to involve deacetylation of
non-histone proteins or the turnover of acetylation marks between rounds of transcription
(21,22).

The requirement of HDAC1 for CBFB-SMMHC activity implies that HDAC inhibitors may
be able to inhibit the fusion protein indirectly. In fact, we observed that treatment with either
entinostat, which is selective for HDAC1, or the pan-HDAC inhibitor vorinostat significantly
reduced the growth of CBFB-SMMHC-expressing leukemia cells. It is significant that the
combination of entinostat and the RUNX1 inhibitor Ro5-3335 did not have an increased
effect as compared to treatment with entinostat alone. This is consistent with a model in
which HDAC1 and RUNX1 are both required for CBFg-SMMHC’s ability to regulate gene
expression. While much work has focused on finding an inhibitor of the RUNX1:CBF or
RUNX1:CBFp-SMMHC interaction, our results indicate that HDACL inhibitors, which are
already in use clinically, can have a similar effect on CBFp-SMMHC activity.

As strong support for this hypothesis, entinostat treatment of mice with CM* leukemia had a
strong anti-leukemic effect, reducing the number of leukemic cells and promoting their
differentiation. Entinostat was much more potent against leukemia cells than normal blood
cells, implying a more stringent requirement for HDAC1 in CBFp-SMMHC-expressing
leukemia cells than in normal hematopoietic cells. This may in part be due to HDAC2,
which is known to have overlapping functions with HDAC1 in normal hematopoietic cells so
may be able to compensate for HDACL inhibition. We did not detect an interaction between
HDAC?2 and CBFB-SMMHC, implying that HDAC?2 does not contribute to the fusion
protein’s activity. Currently, we cannot rule out a role for HDAC3 in CBF-SMMHC-
expressing leukemia cells. While our gene expression, cell morphology, and colony-forming
assay data demonstrate that entinostat treatment mirrors HDAC1 knockdown, inhibition of
HDACS3 or other yet unknown proteins in addition to HDAC1 may explain the subtle
phenotypic differences we observed in HDAC1 knockdown and entinostat treated CM* cells.

Our data parallels what has been shown in the related CBF leukemia defined by the t(8;21)
rearrangement. The resultant fusion protein, AML1-ETO, is known to bind the HDAC1
corepressor complex (47). In addition, treatment with entinostat or the HDACI valproic acid
causes differentiation and/or apoptosis in RUNX1-ETO expressing leukemia cells.
Entinostat has also been shown to cause differentiation and apopotosis in leukemia cells
expressing the fusion gene MLL-AF9. Although this fusion protein is not known to interact
with HDAC1, it does require RUNX1 expression for its leukemogenic activity (48-50).
These results may imply a common role for HDAC1 in RUNX1-dependent leukemia.
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In summary, our results show that HDAC1 forms a complex with CBFp-SMMHC and plays
an important role in the fusion protein’s activity. We also show that pharmacological
inhibition of HDAC1 blocks the growth of CBFp-SMMHC-expressing leukemia cells and
promotes their differentiation, indicating that the use of HDAC inhibitors may be useful for
the treatment of inv(16) AML.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. HDAC1 bindsto CBFB-SMMHC.
(A) HDAC1, (B) HDAC2, or GAPDH protein expression was probed in wild-type mouse

bone marrow, CM* mouse cells, and ME-1 cells by western blot. (C) COS-7 cells were
transfected with plasmids expressing CBFB-MYH11 or HDACI-FLAG and IP’s were
performed on the lysates with anti-SMMHC or (D) anti-FLAG, followed by western blot.
Total inputs are shown below. (E) Lysates from three independent CAM/* mice were separated
into two equal fractions and incubated with either anti-SMMHC or anti-1gG, followed by
western blot to probe for HDAC1. The dotted line indicates separation between two different
gels. (F) Lysates from ME-1 cells or Kasumi-1 cells were subjected to IP with anti-
SMMHC, followed by western blot for HDAC1. Arrows indicate HDACI at its expected
size and a non-specific band observed in both lanes. Total input is shown below.
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Figure 2. HDAC1 bindsto a central SMMHC region in a RUNX1-independent manner.
(A) COS-7 cells were transfected with plasmids containing the indicated construct and the

lysates were subjected to IP’s with anti-FLAG, followed by western blot for SMMHC. The
dotted line indicates a division between two different regions of the same gel. Total input is
shown below. (B) COS-7 cells were transfected with plasmids containing HDACI-FLAG,
CBFB, or RUNX1, and the lysates were subjected to IP with anti-CBFp antibody followed
by western blot for RUNX1 (left side top), HDACL (right side top) or CBFp (bottom). The
dotted line indicates where the membrane was cut. (C) COS-7 cells were transfected with
plasmids containing HDACI-FLAG, CBFB-MYH11or CBFB-MYH11495and the lysates
were subjected to IP with anti-FLAG followed by western blot for SMMHC. Total inputs are

shown below.
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Figure 3 HDAC1 co-localizes with CBFB-SMMHC and RUNX1 and regulates tar get gene
expression.

(A) Chromatin immunoprecipitation (ChIP) was performed on cell lysates from at least three
independent CM* mice with antibodies against normal rabbit 1gG, RUNX1, SMMHC, or
HDACL. Quantitative real-time PCR was used to detect transcript levels of the indicated
genes using Actb as a reference control. Data is plotted as fold enrichment compared to IgG.
(B) Cells from three independent CAM/* mice were transduced with either a control shRNA
with no target (shNT) or one of two different ShRNA constructs targeting HDAC1
(shHDAC1). RNA/cDNA expression from sorted cells was analyzed using quantitative real-
time PCR using Actb as a reference control. Data is plotted as relative gene expression
compared to the control shRNA. (C) CM* cells were lentivirally transduced with control or
HDACL1 shRNA constructs, and shRNA expression was induced after sorting. Twenty-four
hours later, cells were analyzed for cell surface expression of Gr-1 and Mac-1 by flow
cytometry. Data is plotted as fold change in the percentage of total Gr-1 positive, total Mac-1
positive, or Gr-1,Mac-1 double positive cells, compared to control sShRNA. (D) Cells from
(C) were adhered to slides using a cytospin, stained with Wright-Giemsa and imaged at 100x
magnification. (E) Cells from (C) were also stained with an antibody against annexin V,
analyzed by flow cytometry, and plotted as fold change compared to control shRNA. (F) CM
* cells were transduced with an shRNA construct targeting HDAC1, induced with IPTG and
sorted for live, transduced cells 24 hours later. Cells were plated in triplicate in MethoCult
mixed with either IPTG or PBS. Colonies were manually counted 14 days later and plotted
as relative colony forming units compared to DMSO control. Data is from two independent
experiments. Error bars represent the standard error of the mean (SEM). ANOVA (A,B) or
Student’s t-test (C,D) was used to calculate statistical significance. * = p<0.05, ** = p<0.01,
n.s. = not significant.
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Figure4. HDACL1 inhibitorsreduce growth of CM™ cellsin vitro.
(A) CM* cells from three independent mice were plated in triplicate in MethoCult mixed

with either 1 uM entinostat or DMSO. Colonies were manually counted 14 days later and
plotted as relative colony forming units compared to DMSO control. (B) Representative
images of colonies from DMSQO treated (top) or entinostat (bottom) plates. Scale bar
represents 200 um. (C) CM* cells were stained following the colony-forming assay for
myeloid differentiation markers Gr-1 and Mac-1 and analyzed by flow cytometry. (D) Cells
from (C) were adhered to slides using a cytospin, stained with Wright-Giemsa and imaged at
100x magnification. (E) Wild-type mouse bone marrow was plated as in (A), and colonies
were counted and classified according to their constituent cells. Data is plotted as total
colony forming units (CFU) for each type of colony. All entinostat bars are not significant
(n.s.) compared to DMSO. (F) ME-1 cells were treated with increasing doses of entinostat
and cell viability was analyzed with PrestoBlue viability reagent. ECgy was calculated using
GraphPad Prism. Error bars represent SEM. Student’s t-test was used to calculate statistical
significance. *** = p<0.001. Abbreviations: GEMM, granulocyte-erythrocyte-monocyte-
megakaryocyte; GM, granulocyte-macrophage; G, granulocyte; M, macrophage.
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Figure5. RUNX1 or HDAC1 inhibition likely target the same pathway in CM* cells.
(A) CM* cells from three independent mice were plated in triplicate in MethoCult mixed

with 1 pM of the indicated combinations of Ro5-3335, entinostat, or DMSO. Colonies were
manually counted 14 days later and plotted as relative colony forming units (CFU) compared
to DMSO control. (B) Wild-type mouse bone marrow was plated as in (A) and colonies were
counted and classified according to their constituent cells. Data is plotted as total CFU’s for
each type of colony. All bars are not significant (n.s.) compared to DMSO. Error bars
represent SEM. ANOVA was used to calculate statistical significance. ** = p<0.01, n.s = not
significant. Abbreviations: GEMM, granulocyte-erythrocyte-monocyte-megakaryocyte; GM,

granulocyte-macrophage; G, granulocyte; M, macrophage.
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Figure 6. Entinostat treatment decreases |leukemic burden in micewith CM* leukemia.
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(A) Schematic of treatment protocol. (B) Representative plots from flow cytometry analysis
of Kit and GFP in peripheral blood. (C) Flow cytometry analysis of GFP* cells in the
peripheral blood after treatment with vehicle or entinostat (left) and in each mouse pre-
treatment (pre) and post-treatment (post) (right). Each line represents one individual mouse.
(D) Percentage of Kit* cells in peripheral blood (left) and percentage of Kit* cells pre- and
post-treatment (right). Each line represents one individual mouse. (E) Flow cytometry
analysis of the percentage of Mac-1*Gr-1* cells within the GFP* cell compartment. (F)
Flow cytometry analysis of the percentage of annexin V* cells within the GFP* cell
compartment. (G) Flow cytometry analysis of the percentage of GFP* cells in lin bone
marrow. (H) Flow cytometry analysis of the percentage of annexin V* cells in the GFP*
compartment of the lin~ bone marrow. (1) Representative images of vehicle or entinostat
treated spleens (left) and quantification of spleen weights (right). (J) Representative H&E
stained images of spleen sections after treatment taken at 20x magnification. Scale bar = 50
um. (K) Proposed model of the activity of HDAC1 in CBFpB-SMMHC-expressing cells
before (top) and after treatment with entinostat (bottom). Each dot on bar graphs represents
one individual mouse. Error bars represent SEM. Student’s t-test was used to calculate
statistical significance. * = p<0.05, ** = p<0.01, *** = p<0.001, n.s. = not significant.
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