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Abstract

Growing evidence links abnormal epigenetic control to the development of hematological
malignancies. Accordingly, inhibition of epigenetic regulators is emerging as a promising
therapeutic strategy. The acetylation status of lysine residues in histone tails is one of a number of
epigenetic post-translational modifications that alter DNA-templated processes, such as
transcription, to facilitate malignant transformation. Although histone deacetylases are already
being clinically targeted, the role of histone lysine acetyltransferases (KAT) in malignancy is less
well characterized. We chose to study this question in the context of acute myeloid leukemia
(AML), where, using in vitro and in vivo genetic ablation and knockdown experiments in murine
models, we demonstrate a role for the epigenetic regulators CBP and p300 in the induction and
maintenance of AML. Furthermore, using selective small molecule inhibitors of their lysine
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acetyltransferase activity, we validate CBP/p300 as therapeutic targets in vitro across a wide range
of human AML subtypes. We proceed to show that growth retardation occurs through the
induction of transcriptional changes that induce apoptosis and cell-cycle arrest in leukemia cells
and finally demonstrate the efficacy of the KAT inhibitors in decreasing clonogenic growth of
primary AML patient samples. Taken together, these data suggest that CBP/p300 are promising
therapeutic targets across multiple subtypes in AML.

INTRODUCTION

Acute myeloid leukemia (AML) is an often fatal hematological malignancy? characterized
by abnormal transcriptional programs and driven by a plethora of heterogeneous mutations.?
A central and recurrent theme is mutation of epigenetic regulators.> Among these are the
transcriptional co-activators CREB (cyclic-AMP response element binding protein)-binding
protein (CREBBP or KAT3A, hereafter referred to as CBP) and its paralogue EP300
(KATS3B, hereafter referred to as p300). CBP and p300 modulate locus-specific transcription
via a number of separate mechanisms.* These include direct lysine acetyltransferase (KAT)
catalytic activity, where CBP and p300 can acetylate both histone and non-histone proteins,®
as well as through multiple protein—protein interactions between CBP or p300 and
transcription factors, chromatin remodelling complexes and the basal transcriptional
machinery.8 Cbp and p300 are required during development for the generation and function
of normal hematopoietic stem cells’ and we have recently shown that Cbp is also required
for adult hematopoietic stem cell maintenance and function.8 Recently, inactivating
mutations in CBP and p300 have been described in a number of hematological
malignancies®-1! and this, together with the description of germline mutations of CBP in the
cancer predisposition syndrome Rubinstein-Taybi syndrome2 and of hematological
malignancies in Cbp-deficient mice,813 identify CBP and p300 as tumor suppressor genes.
However, in AML, there have been reports of rearrangements of both CBP and p300 with
the MLL (mixed lineage leukemia) gene and of CBP with the MOZ (MYST3) gene, all
leading to the generation of leukemogenic fusion proteins.1415 Additionally, many
oncogenes have been demonstrated to interact with CBP, including the oncogenic fusions
MOZ-TIF2 and NUP98-HOXA9, MLL-AFX and TCF3-PBX.16-1° Furthermore, structure
function analysis of these fusions has demonstrated that removal of the protein domains that
interact with CBP abrogates transformation.16-17 These apparently counterintuitive data
suggest that CBP and p300 may also function as oncogenes, as has been described for other
tumor suppressor genes,20 and facilitate transformation in certain types of AML.

AML remains a disease with an overall dismal outlook, with over 70% of patients eventually
succumbing to the disease.2! In addition, the mainstays of AML therapy are unchanged for
the last 20 years.! Therefore, novel therapeutics are urgently required to improve the long-
term outlook in this aggressive disease. To this end, agents targeting epigenetic regulators,
particularly those with catalytic function, such as DNA methyltransferases and histone
deacetylase inhibitors, have recently been used with some success in AML and other
hematological malignancies.22 In addition, we and others have recently targeted so-called
‘epigenetic readers’,3 through the inhibition of protein—protein interactions between
acetylated histone tails and the BET protein family of transcriptional activators.23 However,
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the role of histone acetyltransferase activity has not been systematically investigated, nor
targeted in AML. In this report, we support this strategy by demonstrating that Cbp and
p300 are genetically required for efficient leukemogenesis. Moreover, we demonstrate that
pharmacologically targeting the catalytic activity of the lysine acetyltransferases (KAT)
CBP and p300 has pre-clinical efficacy in many subtypes of AML. This occurs via the
induction of cell-cycle arrest and apoptosis, while sparing normal hematopoietic progenitors
in similar assays. Mechanistically, cell-cycle arrest and apoptosis appear to be mediated
through alteration of a transcriptional program associated with genomic integrity. Finally we
demonstrate a significant decrement of clonogenic growth in AML patient samples
following CBP/p300 KAT inhibition. Taken together, these data suggest targeting CBP/
p300 activity as a promising clinical strategy in AML.

Cbp is required for efficient immortalization in vitro and induction and maintenance of

AML in vivo

To assess the requirement for Cbp during transformation, we retrovirally transduced c-kit*
bone marrow (BM) cells from Chbpfl/fl; Mx1-Cre™ mice (hereafter Cbp wt) or Chbpfl/fl; Mx1-
Cre* mice following administration of poly-I poly-C (pIpC) (hereafter Cbp™~), with AML-
associated oncogenes MOZ-TIF2 (MT2) or NUP98-HOXA9 (NHA9), both of which are
known to interact with CBP. Transformation was assessed in standard serial replating and
growth in liquid culture assays.?# No differences in colony numbers or growth were
demonstrated between MT2 and NHA9 Chp wt or Cbp™~ progenitor cells (Figure 1a),
suggesting that in vitro immortalization by MT2 and NHA9 is not absolutely dependent on
Cbp expression, and may proceed in its absence. We next examined whether Cbp is required
for continued in vitro self-renewal in cell lines expressing MT2 and NHA9. Chpfl/fl c-kit*
progenitor cells were first transduced with either MT2 or NHA9 and serially replated in
methylcellulose. Similar cells expressing MLL-ENL (ME), a fully transforming fusion
protein not documented to interact with CBP, were included as a control. Following the third
round of plating, cells were transduced with pBabe-Cre-puro retrovirus to excise Cbpin
vitro, or with a puro-empty vector as a control, before further serial plating under initial
puromycin selection. Although transduction with Cre recombinase did not significantly alter
the self-renewal potential in any cell line at the population level (Figure 1b and data not
shown), genotyping of the cells revealed preferential growth by cells that lacked
recombination and therefore still expressed Cbp, demonstrating its involvement in
transformation. Importantly, by the third and fourth round of plating, almost all cells
immortalized by NHA9 and MT2 demonstrated the non-recombined allele, suggesting a
selective advantage for cells that retained Cbp (Figure 1c). In contrast, cells expressing ME
demonstrated efficient and sustained excision of Cbp (Figure 1c and data not shown). Taken
together, these strongly suggest that loss of Cbp may affect the self-renewal programs
maintained by oncogenes that interact with it, including MT2 and NHA9, but not by those
that do not interact with Chp, as exemplified by ME.

We next assessed the requirement for Cbp during the initiation and maintenance of leukemia
in vivo, using the short latency MT2 AML model.1624 To test the requirement for Chp
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during leukemia initiation, c-kit* BM cells from previously plpC-treated Cbp wt or Cbp™/~
mice were transduced with MSCV-MT2-IRES-GFP (Figure 2a). The transduction efficiency
between Cbp wt and Cbp™~ cells (as measured by the percentage of GFP* cells) was similar
and genotyping of the transduced cells revealed excision of the Cbp allele (Figure 2a) before
transplantation. All MT2 mice succumbed to disease within 2—4 months after
transplantation, with a similar macroscopic and histological AML phenotype (Figure 2a;
Supplementary Figure 1). However, similarly to the findings in vitro, genotyping from
various heavily infiltrated tissues of the leukemic mice from the Cbp™~ group demonstrated
that the majority of cells actually retained the non-recombined Cbpfl/fl allele and therefore
expressed Cbp. Indeed, when these populations were enriched for leukemic cells, by sorting
for GFP, all cells lacked recombination at the Cbp allele (Figure 2a). Thus, in agreement
with our in vitro studies, there is a significant growth advantage during leukemia induction
for cells that continue to express Cbp.

We next examined whether Cbp is required for maintenance of leukemia. c-kit* BM cells
were isolated from Chpfl/fl; Mx1-Cre* mice (not previously treated with plpC). These cells
were transduced with MSCV-MT2-IRES-GFP and transplanted into lethally irradiated
recipient mice (Figure 2b). Leukemic cells were harvested from primary mice and further
transplanted into sub-lethally irradiated secondary recipients. Five doses of plpC were
administered to half of the recipient mice, starting at 10 days post-transplantation to allow
for proper engraftment, with control mice receiving no treatment. Mice from the untreated
group succumbed to disease between 19 and 35 days later (Figure 2b). By contrast, only
40% of the mice from the plpC-treated group died from disease, although they did so with a
similar latency. In the remaining plpC-treated mice, no GFP-positive cells could be detected
in the peripheral blood on serial testing, nor were Cbpfl/fl or recombined alleles detected by
genotyping and no disease was evident at the termination of the experiment on day 120
(Figure 2b and data not shown). Thus, similarly to our in vitro replating assays, loss of Cbp
in vivo compromises effective induction and maintenance of MT2-associated AML.

Functional redundancy exists between Cbp and p300 during myeloid transformation

Chp and its closely related paralogue p300 have similar, but also unique functions.” We
hypothesized that p300 may partially compensate for Cbp loss and explain why Cbp was not
an absolute requirement for immortalization in vitro. To test this hypothesis, we knocked
down p300, using two lentiviral SARNAs (sh747 and sh1945) in Cbp wt and Cbp~/~ cells
immortalized by MT2 or NHA9. Modest knockdown (up to 60% of mMRNA, sh747, Figure
3a) of p300 in Cbp wt MT2 expressing cells decreased the numbers of colonies in
methylcellulose culture, in comparison with cells expressing a control ShRNA construct that
targets luciferase (Figure 3b). This decrease was even more marked in Cbp™~ cells (Figure
3b), with similar results also demonstrated in the NHAQ cell line (Figure 3b). Taken
together, our data suggest functional redundancy between Cbp and p300, which cooperate to
facilitate the maintenance of self-renewal programs in cells immortalized by the AML-
associated fusion proteins MT2 and NHAO.
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Inhibition of the KAT activity of CBP/p300 suppresses the growth of multiple AML
subtypes through the induction of cell-cycle arrest and apoptosis

To bypass the functional redundancy between Cbp and p300 and to determine whether other
subtypes of AML also require CBP/p300, we employed a pharmacological strategy that
utilized a highly selective small molecule inhibitor of CBP and p300 KAT activity, C646
(Supplementary Figure 2A).25 Initially, all experiments were conducted with both an
inactive structural analog of C646, C37 and vehicle control (DMSO), but as responses to
C37 and DMSO were identical, we continued only with DMSO as a control (Supplementary
Figure 2B and data not shown). We first demonstrated that C646 treatment was not
associated with any significant toxicity to normal murine hematopoietic stem and progenitor
cells in colony formation, colony composition and in serial replating assays up to a dosage
of 30 uM (Figure 4a and data not shown). All subsequent assays were therefore performed at
a dosage of 20 uM. At this dosage, we demonstrated significant inhibition of growth for
MT2 and NHA9 immortalized cell lines in liquid culture and in methylcellulose colony
assays (Figure 4b and Supplementary Figure 3A). We extended this analysis to a panel of
human AML cell lines representative of common oncogenic driver mutations (Figure 4c and
Supplementary Table 1). Growth rates for 10 separate cell lines were assessed in liquid
culture assays (DMSO vs C646). As demonstrated in Figure 4c, 8 cell lines demonstrated a
significant reduction in growth, with 7/10 cell lines demonstrating a greater than 50%
reduction in growth in liquid culture following C646 treatment. Similarly, in methylcellulose
assays, colony growth was significantly reduced in 8/10 and by greater than 50% in 5/10 cell
lines (Figure 4d). Taken together, these results demonstrate significant efficacy for CBP/
p300 KAT inhibition across a number of AML subtypes.

To further determine the cellular consequences of KAT inhibition, we performed apoptosis
and cell-cycle analysis post-C646 treatment. Inhibition with C646 was associated with a
variable induction of apoptosis at 72 h (Figure 4e and Supplementary Figure 3C). There was
no induction of apoptosis in normal human CD34* cells in liquid culture at similar dosage
(Figure 6b). A modest alteration of cell cycle was observed with induction of G1/Gg arrest in
the responsive, but not in the resistant cell lines (Figure 4f).

Inhibition of CBP/p300 lysine acetyltransferase (KAT) activity in human leukemia cells
alters a transcriptional program associated with genomic integrity

To determine the critical transcriptional programs altered in AML cells that mediate cell-
cycle arrest and cell death, we analyzed global gene expression patterns following treatment
with C646 or DMSO control, in two sensitive (Kasumi-1 and KG-1) and one resistant
(K562) cell lines. Gene expression was assessed 24 h post treatment, a time point before the
induction of significant apoptosis or cell-cycle alteration (Supplementary Figure 4).
Significant differential gene expression changes (false discovery rate < 5%; fold change:
1.5-fold (Log, scale)) were noted for 348 and 231 genes in the sensitive cells lines KG-1 and
Kasumi-1, respectively, and for 47 genes for the resistant cell line K562 (Figure 5a). There
was a high correlation between the deregulated genes in the two sensitive cell lines (KG-1
and Kasumi-1, (P < 2.2 16) (Figure 5b), suggesting that KAT inhibition generates specific
rather than general transcriptional changes. Ninety-eight genes were commonly
differentially expressed in the two sensitive cell lines. To further prioritize gene expression
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changes associated with sensitivity to C646, 11 genes that were also differentially expressed
in the resistant cell line K562 were subtracted from this gene list (Figure 5¢). When the GO
terms for the remaining 87 genes (57 genes downregulated and 30 genes upregulated, Figure
5d and Supplementary Table 2) were examined, there was significant enrichment for genes
involved in DNA replication, DNA repair, the control of mitosis and the cell cycle (Figure
5d). Moreover, 43% (38/87) of these genes have been previously identified as direct p300
targets (p300 chromatin immunoprecipitation (ChlP) data from the ENCODE project,26
Supplementary Table 2). In agreement with the histone acetyltransferase function of CBP/
p300, transcriptional repression was accompanied by reduced H3K18Ac levels in the
promoter region of selected candidate genes, as validated by ChIP-PCR (Figure 5e) 24 h
post KAT inhibition. The differential (and sensitive cell line-specific) expression pattern fits
well with the cellular consequences observed following HAT inhibition. These findings are
also in agreement with previous observations of a cell-cycle defect upon Chp deletion in
normal hematopoietic stem and progenitor cells.8 Gene set enrichment analysis corroborated
that DNA replication and cell-cycle progression are affected upon KAT inhibition, as the
treated vs untreated profiles were significantly enriched for genes involved in those
processes (Supplementary Figure 5).

CBP/p300 KAT inhibitors decrease growth of primary human AML samples

Finally, the efficacy of KAT inhibition was tested in primary human AML samples.
Importantly, no evidence of C646 toxicity to normal CD34* cells was seen in
methylcellulose or apoptosis assays (Figures 6a and b). However, in primary blasts from a
large set of AML patients a markedly different pattern was demonstrated. C646 was tested
on 29 AML cases harboring a number of differing molecular and cytogenetic abnormalities.
Similar to the effects seen in AML cell lines, a significant reduction in clonogenic potential
was demonstrated in the majority of patient samples (P = 0.0004, Figure 6c). Indeed, 65% of
samples (19/29) across a number of AML molecular subtypes, including those associated
with a poor prognosis, demonstrated a significant (>50%) reduction in colony number
(Figure 6d and Supplementary Figure 6).

DISCUSSION

Survival rates for AML patients are dismal, with over 70% of patients eventually
succumbing to the disease. This statistic has not been helped by the recent lack of novel
therapeutics developed for AML. Agents with efficacy against specific molecular subtypes,
including ATRA for acute promyelocytic leukemia,3 the toxin-conjugated anti-CD33
antibody Myelotarg for core-binding factor mutated AMLZ2” and FLT3 inhibitors for patients
with activating FLT3 mutations?® have shown promising effects in specific subtypes of
AML. However, agents with effects against a wider number of AML subtypes have failed to
emerge. Recently, inhibitors of epigenetic regulators have demonstrated promise in
hematopoietic malignancies. In this report, we present data supporting the role of the
epigenetic regulators CBP/p300 in AML pathogenesis and, using pharmacological inhibition
of their KAT activity in preclinical studies identify these proteins as therapeutic targets
across a wide range of AML subtypes.
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Our genetic experiments using in vitro and in vivo murine models of leukemia were strongly
suggestive of a Cbp role in AML induction and maintenance. This was further supported by
our shRNA assays, which suggested and addressed the compensatory role of p300 following
Cbp loss. To bypass the limitations of these genetic approaches and therapeutically validate
these results, we utilized a small molecule inhibitor that specifically targets both CBP and
p300 KAT activity, thus allowing dissection of the relative roles of their catalytic activity
and their non-catalytic protein scaffold functions in leukemogenesis. We encountered no
evidence of toxicity to normal hematopoiesis (murine and human cells) in our in vitro
assays. This is in keeping with the mild hematopoietic phenotype we observed in vivo under
homeostatic conditions following acute Cbp deletion.8 Of note, the hematopoietic phenotype
of mice carrying a KAT defective mutant of p300 is minimal, whereas mice with a p300
KIX-domain mutant allele, predicted to abrogate multiple protein-protein interactions,
demonstrate a marked hematopoietic phenotype.2°

Also supportive of a lack of general toxicity were the specific gene expression changes
observed following treatment. Pharmacological inhibition of CBP and p300 affected specific
and partially overlapping programs in two sensitive cell lines. Many of these differentially
expressed genes are involved in DNA integrity and cell-cycle control. These alterations are
in keeping with the proposed role of CBP and p300 in other DNA-templated processes,
including repair, replication and recombination.3? In particular, multiple members of the
minichromosome maintenance pre-replication complex (MCM3, MCM4 and MCM5), as
well as its interacting proteins (MCM10) and loading/regulatory factors for replication
origin licensing (CDT1 and GMNN) were downregulated in sensitive, but not in resistant
cell lines. These data would also, at least partially, explain the observed altered cellular
phenotype of cell-cycle arrest and apoptosis.

Although the exact mechanism(s) whereby CBP and p300 inhibition alter transcription in
AML remains unknown, a number of non-mutually exclusive mechanisms could be
envisaged. CBP and p300 are known to interact with multiple hematopoietic transcription
factors and also with known oncogenes, therefore inhibition of direct co-activator function
for driver oncogenes may underlie effects in certain AML subtypes. Our genetic
experiments in MOZ-TIF2 and NUP98-HOXAZ9 support this, as do reports of the efficacy in
acute leukemias of small molecule inhibitors that directly target the interaction between
CBP and/or p300 and p-Catenin3! and the observation that nearly half of the differentially
expressed genes following CBP/p300 KAT inhibition are direct targets of p300, as shown by
ChlIP-Seq data deposited in the ENCODE database. Another possibility is that these
inhibitors target CBP and p300 co-activator activity at critical transcriptional mediators
downstream of oncogenic mutations. Finally, lysine acetylation of non-histone proteins
mediated by CBP and/or p300 has been suggested to facilitate leukemogenesis. In support of
this concept, targeting KAT activity in AML1-ETO positive leukemia cells led to decreased
leukemia growth associated with decreased site-specific AML1-ETO acetylation.32
Furthermore, AML1-ETO proteins mutated to prevent site-specific acetylation were poorly
transforming in vivo and AML1-ETO positive patient samples and cell lines are sensitive to
CBP/p300 inhibition.33 Thus, acetylation of both histone and non-histone proteins by CBP
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and p300 may facilitate leukemogenesis. Further investigations are warranted, therefore, to
address the specific role of these mechanisms in transformation in individual AML subtypes.

Unfortunately, the C646 HAT inhibitor lacks sufficient potency and shows unfavorable
pharmacokinetic properties (unpublished data) to allow effective dosing in vivo. However,
Cbp ablation in vivo significantly impeded leukemic growth. In addition, the majority of
AML cell lines and most AML patient samples, including those with a number of poor risk
genetic characteristics (including FLT3-ITD, TP53, DNMT3A, TET2 and ASXL1 mutations
and EVI-1 and TP53 rearrangements, as documented by directed NGS in some patients,
Figure 6d), demonstrated a significant decrease in clonogenic growth upon inhibitor
treatment in vitro. Importantly, no significant toxicity was seen in normal murine and human
hematopoietic cells treated with the same dose of inhibitor. Taken together, our in vivo
genetic data and pharmacological in vitro data suggest promising efficacy in targeting CBP
and p300 function in AML. Therefore, novel potent and specific agents, optimized for in
Vivo use, are urgently required to validate the promising efficacy and lack of toxicity of
CBP/p300 KAT inhibition, and to move this potential treatment paradigm toward clinical
testing in AML. However, as a note of caution, if efficacy is demonstrated, due to the
association of CBP and p300 loss with tumor induction and a chemo-resistant
phenotype,®-11 caution will be warranted as to how CBP/p300 inhibitors can best be
integrated into combination therapies for AML.

MATERIALS AND METHODS

Retroviral transduction assays

Retroviral transduction protocols and constructs (MSCV-NUP98-HOXA9-neo, MSCV-
NUP98-HOXA9-IRES-GFP, MSCV-MOZ-TIFF2-neo and MSCV-MOX-TIFF2-IRES-
GFP) have been previously described.1% Cre cDNA was subcloned into a pBabe-puro vector.
BM cells were harvested from 6- to 8-week-old Chpfl/fl;wt(wt) or Chpfl/fl;Mx(Mx) mice
that had been treated with five doses of plpC (Sigma-Aldrich Ltd, Dorset, UK; 300 pg/dose).
c-kit* BM cells were selected using CD117MicroBeads (Miltenyi Biotec, Bergisch
Gladbach, Germany). For the serial replating assays, 10* transduced cells were plated in
duplicate in methylcellulose. Suspension culture was established by growing cells from the
third plating in RPMI with 10% FBS (Sigma-Aldrich Ltd) and 10 ng/pl of mIL3 (Peprotech
EC Ltd, London, UK). To excise Chp in vitro, cells with Cbpfl/fl;wt background from the
third plating were collected and transduced with pBabe-puro or pBabe-Cre-puro. Serial
replating assays were set up as described above with 2 ug/ml puromycin.

Mouse disease model

The Cbp;Mx1-Cre mouse model, transplantation procedures and tissue processing have been
previously described.8:34 To examine the requirement of Cbp for leukemia initiation, 1 x 108
Cbp-wt or Cbp-excised myeloid progenitor cells, which had been transduced with MSCV-
MT2-IRES-GFP, were injected intravenously into lethally irradiated (2 x 550rads) C57BL/6
recipients. To examine the role of Cbp in the maintenance of leukemia, we first established
MT2 induced AML by transplanting Chpfl/fl;Mx* (with no plpC treatment) cells that had
been transduced with MSCV-MT2-IRES-GFP into lethally irradiated recipients. When mice
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demonstrated illness, spleen cells were collected and 10° cells were transplanted into sub-
lethally irradiated (550 rads) C57BL/6 recipients. To excise Cbp in vivo, 10 days after
transplantation, five doses of plpC were injected intraperitoneally. GFP* cells were sorted
using a MoFlo Cell Sorter (Beckman Coulter Ltd, High Wycombe, UK). PCR primers for
Cbp genotyping were GGGGAAATTTTGGTCTGGTAAG (Forward), and
CTGCTCTACCTAAATTCCC AG (Reverse). All mice were housed in a pathogen-free
animal facility. Experiments were conducted under UK Home Office regulations.

RNAI experiments

p300 shRNA in pLKO.1 lentiviral vector and control vector targeting the Luciferase
sequence (SHCO007) were obtained from Sigma-Aldrich Ltd. Lentiviral supernatants were
produced in 293T cells with packaging plasmids psPAX2 and pMD2G (Sigma-Aldrich Ltd)
using TransIT-LT1 reagent. Transduction of leukemia cell lines was performed using
standard protocols24 with puromycin (2 ug/ml final concentration) as a selection marker. 104
transduced cells were plated in methylcellulose and suspension cultures were set up. To
assess p300 expression, total MRNA was prepared using Trizol reagent. cDNA was
synthesized using Super-Script cDNA synthesis kit (Life Technologies Ltd, Paisley, UK).
Quantitative RT-PCR was carried out with SYBR Green PCR mastermix using the ABI
Prism 7000 system (Life Technologies Ltd). RNA expression levels were normalized to
beta-actin.

Cell culture and methylcellulose assays

Kasumi-1, KG-1, ME-1, HEL, U937, SKM-1, Nomo-1, MOLM-13, OCI-AML3 and K562
cells were grown in RPMI-1640 medium supplemented with FBS (10-20% final
concentration, Sigma-Aldrich Ltd). Human CD34+ cells were maintained in liquid culture
using StemSpan Serum-free media and CC100 cytokine cocktail (STEMCELL
Technologies, Vancouver, BC, Canada). All growth media also contained 1% penicillin/
streptomycin. Unless otherwise stated, mouse BM, MT2 and NHA9 mouse immortalized
progenitors, leukemic cell lines and human control CD34* and AML patient primary cells
were plated at a concentration of 10 000-20 000 cells/plate (in duplicate) using the
MethoCult H4531, MethoCult H4435 Enriched (for human cells) or MethoCult GF M3434
(for mouse cells) (STEMCELL Technologies). Colonies were scored at 7-12 days.

CBP/p300 KAT inhibitor (C646)

Mouse and human cells were treated with the CBP/p300 HAT inhibitor C646 (whose
properties are described in detail in Bowers et al.25), at various concentrations. The inactive
form C37 and DMSO vehicle were included as controls. For the liquid growth experiments,
cells were re-suspended at a concentration of 0.5 x 108 cells/ml, and the appropriate amount
of drug was added. At the appropriate time points, wells were counted, washed in PBS and
re-suspended at the same concentration, with fresh drug added each time.

Western blotting

Western blotting was performed using standard protocols (15% SDS-PAGE gels).
Antibodies used were Histone 4 (17036, Abcam, Cambridge, UK) and Anti-acetyl-Histone
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H3 (06-599, Millipore Limited, Nottingham, UK). IRDye 680RD and IRDye 800CW were
used as secondary antibodies (LI-COR Biosciences Ltd, Cambridge, UK). Immunoblots
were scanned using an Odyssey Infrared Imaging system (LI-COR Biosciences Ltd).

Flow-cytometry assays

The apoptosis assays were performed using the BD Pharmingen Apoptosis Detection kit
(Becton Dickinson Ltd, Oxford, UK). Cell-cycle experiments were performed on 80%
EtOH-fixed cells, using Propidium lodide (Sigma-Aldrich Ltd). Flow cytometry was
performed on a CyAn ADP Flow-Cytometer (Dako UK Ltd, Ely, UK) or a BD LSRFortessa
cell analyser (Becton Dickinson Ltd) and all data were analyzed with FloJo software (Tree
Star, Inc., Ashland, OR, USA).

ChlIP and ChIP-PCR assays

ChIP was performed on KG-1 cells harvested 24 h post treatment as previously described.34
1gG (15006, Sigma-Aldrich Ltd) or H3K18Ac (ab1191, Abcam) antibodies were used (2.5
mg/reaction). ChIP-PCR was carried out with SYBR Green PCR mastermix using the ABI
Prism 7000 system (Applied Biosystems). The following primers were used: CCNEZ2:
CCTTGCTTCCTCTCTT CTCCA (Forward)/ GTGGTGGCGATCTTTCTTCC (Reverse),
CDT1: TCGCTACGA GGATTGAGCG (Forward)/ CCTGCAGCTGTCAAAGTAGG
(Reverse), GMNN: TC GCTACGAGGATTGAGCG (Forward)/
CCTGCAGCTGTCAAAGTAGG (Reverse), MCM3: GTGGACCGGATCTGTTTGG
(Forward)/GGTGCCGGGAAGTTTAAGTC (Reverse), MCM5:
GGTTCTTGTCTCCCCTGGTT (Forward)/ CCGGACTCCAACCC CAGT (Reverse).

Patient material

Control CD34* human cells, patient BM or peripheral blood cells (480% blasts) were
obtained following donor/patient consent and under full ethical approval at each involved
institute. Mutations were determined by solution capture hybridization followed by deep
sequencing with baits and mutation calling as defined in Papaemmanuil et al.3°

Statistical analysis

Unless otherwise stated, all statistical analyses used Student’s t-test on raw data. Values
equal to, or less than 0.05 were considered as statistically significant. Survival curves were
constructed using the Kaplan—-Meier method. Error bars represent s.e.m. Symbols: *P <
0.05; **P < 0.01; ***P < 0.0001.

ENCODE mining, GEP and bioinformatic analysis

I1lumina human whole genome 6 V2 gene expression data from all three cell lines were
normalized using RMA algorithm and analyzed in R.3¢ P300 peaks for CREBBP in the
K562 AML cell line were downloaded from the ENCODE project (http://genome.ucsc.edu/
ENCODE)).
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hment analysis and leading edge analysis

Gene set enrichment analysis tools were obtained from http://www.broadinstitute.org/gsea/
index.jsp. Default settings and all curated gene sets (c2.All.v3.0.symbols.gmt) were used for
the analysis.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cbp~'~ cells are rapidly outcompeted by Cbp wt cells, under selective in vitro conditions, in

MT2- and NHA9-driven AML. (a) Serial replating assays of MT2- and NHA9-driven
leukemias demonstrate no difference in colony number or serial replating activity between
transduced Cbp wt and Cbp™~ progenitor cells. (b) Similar replating assays demonstrate no
differences in the in vitro self-renewal potential of MT2 and NHA9 AML murine cell lines
generated from Cbpfl/fl progenitors following expression of either Cre-puro or an empty
puro vector, as both cell lines retained serial replating potential post-Cbp excision. (c)
Genotyping of pooled colonies at the end of each round of replating revealed serial re-
emergence of the un-excised Cbp allele, in the NHA9 and MT2, but not in the ME
immortalized murine cell lines. *P < 0.05.
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Figure2.

Cbp confers a selective advantage during initiation/progression of MT2-driven AML, under
selective in vivo conditions. (a) Cbp wt and Cbp™~ progenitor cells were transduced with
MT2 and transplanted into lethally irradiated recipients. Genotyping of the Cbp wt and
Cbp™~ progenitor cells post-transduction confirmed almost complete excision of the Cbp
allele. However, genotyping of leukemic cells revealed reemergence and clonal expansion of
the un-excised Cbp allele. Furthermore, enrichment of leukemic cells via GFP sorting
demonstrated only non-recombined cells, suggesting that Cbp loss confers a significant
growth disadvantage during leukemia induction. All recipient mice succumbed to AML
within 4 months post-transplantation. (b) c-kit™ Cbpfl/fl; Mx1-Cre™ BM cells were
transduced with MT2 and transplanted into lethally irradiated recipients. The leukemias that
arose in the primary recipients were transplanted into secondary animals. Excision of the
Cbp allele in the secondary recipient animals resulted in decreased penetration of disease
(only 40% of animals developed AML). Representative flow cytometry demonstrates that no
GFP* cells could be detected in the peripheral blood of non-diseased animals at the end of
the experiment (d120).
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Figure 3.

Functional redundancy of Cbp and p300 during myeloid transformation. (a) p300 expression
following lentiviral transduction of Cbp™~ cells, using two different sShnRNAs. Expression
was assessed by g-PCR using beta-actin as a reference gene. (b) sh-mediated knockdown of
p300 decreases clonogenic potential of MT2 and NHA9 AML cell lines, particularly on a
Cbp~'~ background. **P < 0.01.
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Figure4.

Pharmacological inhibition of CBP and P300 suppresses the growth and decreases

clonogenic potential of multiple AML cell lines in vitro. (a) C646 treatment of normal
murine BM cells (n = 3) does not lead to significant changes of the number, or the types of
colonies produced in serial replating assays. (b) C646 suppresses the growth of the NHA9
immortalized murine cell line in liquid culture and in methylcellulose assays. (c) Ten
different human AML cell lines were tested against C646, over a period of 12 days in liquid
culture conditions. The majority of these were responsive to C646 treatment (e.g.,
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Kasumi-1), with 7/10 cell lines demonstrating a >50% decrease in cell numbers on day 12,
compared with DMSO control. Two cell lines showed no response to CBP/p300 KAT
inhibition (K562 and MOLM13). (d) Similarly, methylcellulose assays revealed a
significant decrease in clonogenic potential in 8/10 human AML cell lines treated with
C646. (e) Treatment with C646 induces apoptosis in the sensitive (Kasumi-1) but not in the
resistant (K562) cell lines, as measured by Annexin/7-AAD staining. (f) Induction of
apoptosis in the sensitive cell lines is accompanied by a modest G1 cell-cycle arrest
(assessed by PI staining), however this is lacking in the resistant K562 cell line. *P < 0.05;
**P < 0.01; ***P < 0.0001.
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Figureb.

C646 treatment results in distinct transcriptional and chromatin acetylation changes
associated with genomic integrity in sensitive AML cell lines. (a) Volcano plots for C646 vs
DMSO treated samples (KG-1, Kasumi-1 and K562), showing fold-change (logy) and P-
value significance level (logyg) for all genes. A larger number of genes are differentially
regulated in the sensitive (KG-1 and Kasumi-1) versus the resistant (K562) cell line. (b) Log
fold change correlation plot for all genes between the sensitive KG-1 and Kasumi-1
following treatment, demonstrating a high degree of similarity in the transcriptional changes
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induced by C646. (c) Venn diagram of genes significantly differentially regulated (1.5 FC; <
0.05 adj. P-value) upon C646 treatment, between the different cell lines (left panel).
Heatmap for the common list of genes (87 genes) found to be deregulated upon treatment in
KG-1 and Kasumi-1 but not in K562 cells (right panel). (d) The ’common’ gene list was
subjected to a Gene Ontology (Molecular Function) over-representation analysis. The
significant results were displayed using a heatmap to highlight the percentage of shared gene
between the categories, and demonstrates enrichment for processes including cell-cycle
control, mitosis and DNA replication and repair. (€) ChIP-PCR analysis of H3K18
acetylation levels (24 h post-treatment) in the promoter regions of selected candidates from
the list of the 87 downregulated genes. *P < 0.05; **P < 0.01.
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C646 treatment decreases growth of primary human AML samples. (a) C646 treatment of
normal human CD43+cells (n = 2) did not alter their clonogenic potential. (b) No induction
of apoptosis was observed following treatment of normal CD34+ cells with C646, as
measured by Annexin/7-AAD staining. (c) By contrast, a significant reduction in colony
numbers was seen in 19/29 primary AML samples exposed to the C646 compound. (d) A
number of primary AML samples (n = 29), covering a range of molecular subtypes, with
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variable karyotypic mutational and prognostic status, as shown in this table were assessed
for sensitivity to C646 (see text and Supplementary Figure 6).
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