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SUMMARY
CCS1477 (inobrodib) is a potent, selective EP300/CBP bromodomain inhibitor which induces cell-cycle ar-
rest and differentiation in hematologic malignancy model systems. In myeloid leukemia cells, it promotes
rapid eviction of EP300/CBP from an enhancer subset marked by strong MYB occupancy and high H3K27
acetylation, with downregulation of the subordinate oncogenic network and redistribution to sites close to
differentiation genes. In myeloma cells, CCS1477 induces eviction of EP300/CBP from FGFR3, the target
of the common (4; 14) translocation, with redistribution away from IRF4-occupied sites to TCF3/E2A-occu-
pied sites. In a subset of patients with relapsed or refractory disease, CCS1477 monotherapy induces differ-
entiation responses in AML and objective responses in heavily pre-treated multiple myeloma. In vivo preclin-
ical combination studies reveal synergistic responses to treatment with standard-of-care agents. Thus,
CCS1477 exhibits encouraging preclinical and early-phase clinical activity by disrupting recruitment of
EP300/CBP to enhancer networks occupied by critical transcription factors.
INTRODUCTION

EP300 and CREBBP are paralogous genes coding for multi-

domain acetyltransferases targeting diverse proteins.1–3 EP300/

CBP is an attractive therapeutic target in cancer due to its roles

in promoting growth and transformation. Its activity is increased

by chromosomal translocation in acute myeloid leukemia (AML)

(e.g., MLL-EP300 or MOZ-CBP) and point mutations in the

inhibitory RING domain.2,4 While other mutations in EP300/CBP

are frequent (e.g., in skin squamous cell carcinoma or lymphoid

malignancies), most reduce rather than increase activity, in

keepingwith a role for EP300/CBPas a tumor suppressor. Intrigu-

ingly, however, CBP mutant lymphoma cells exhibit enhanced

sensitivity to EP300/CBP inhibitors by comparison with wild-

type counterparts.5 Thus, EP300/CBP inhibition may be effective

not just in tumorswhere EP300/CBP is highly expressed, but also

where EP300/CBP mutation enhances dependency on residual

alleles.

Development of clinical-grade acetyltransferase inhibitors

has been challenging but targeting the EP300/CBP bromodo-

main has been more fruitful:6 CCS1477 (inobrodib) is a highly
2136 Cancer Cell 41, 2136–2153, December 11, 2023 ª 2023 The Au
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selective EP300/CBP bromodomain inhibitor initially evaluated

in castration-resistant prostate cancer.7 Evidence that EP300/

CBP bromodomain inhibition might be effective in hematologic

malignancy comes from tool compound and domain-focused

CRISPR screening preclinical studies in AML or multiple

myeloma.8–10 We therefore set out to evaluate the activity of

CCS1477 in hematologic malignancy.

RESULTS

In vitro sensitivity of diverse hematologic cell line and
primary samples to CCS1477
We evaluated the response of human hematologic malignancy

cell lines to treatment with CCS1477, a drugwhichwas highly se-

lective for EP300/CBP bromodomains versus all others evalu-

ated in BROMOscan analyses (Table S1). We observed that a

wide range of AML, acute lymphoblastic leukemia, non-Hodgkin

lymphoma, and multiple myeloma cell lines, including OPM-2

cells resistant to lenalidomide, exhibited dose-dependent

growth inhibition in liquid and/or semisolid culture conditions

(Figures 1A and S1A–S1C). For selected AML lines, we evaluated
thor(s). Published by Elsevier Inc.
commons.org/licenses/by/4.0/).

mailto:tim.somervaille@cruk.manchester.ac.uk
https://doi.org/10.1016/j.ccell.2023.11.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ccell.2023.11.001&domain=pdf
http://creativecommons.org/licenses/by/4.0/


A

B

C

D

F

E

G

H I J

Figure 1. Sensitivity of hematologic malignancy cell lines, primary samples, and mouse models to CCS1477
(A) CellTiter-Glo GI50 values for cell lines exposed in duplicate to nine-point dosing of CCS1477 for 120 h. AML, acute myeloid leukemia; ALL, acute lymphoblastic

leukemia; MM, multiple myeloma; NHL, non-Hodgkin lymphoma; Len R, cells resistant to lenalidomide.

(legend continued on next page)
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cell cycle, differentiation, and apoptosis and noted that growth

inhibition was due to cell-cycle arrest with upregulation of cell

surface differentiation markers, and only modest levels of

apoptosis (Figures S1D–S1F). Similar findings were noted in

both human myeloma (Figure S1G) and murine AML cell lines

(Figures S1H–S1K).

To extend the evaluation, we performed experiments with pri-

mary AML samples and observed that across a wide range of

molecular subtypes there was again dose-dependent growth in-

hibition in liquid and/or semisolid culture conditions (Figures 1B–

1D; Table S2) due to cell-cycle arrest (Figure 1E) without

increased apoptosis (Figure 1F). Importantly, 72% (13/18) of

evaluated AML samples upregulated expression of differentia-

tion-associated cell surface markers (CD11b and/or CD86) by

more than 1.5-fold, including those with MLL translocations

(BB104, BB148, BB160, BB419), complex karyotype (BB79,

BB205, BB682), t(6; 9) (BB685), an NPM1 mutation (BB122,

BB191), t(8; 21) (BB27, BB163), and t(15; 17) (BB149) (Figure 1G).

In vivo sensitivity of AML andmyelomamurinemodels to
CCS1477
We next evaluated CCS1477 in murine models of AML and

myeloma. In a syngeneic model of human MLL-translocated

AML, we performed secondary transplantation of 106 AML cells

into sublethally irradiated C57BL/6 mice. Two weeks later, mice

were treated with 30 mg/kg CCS1477 daily by oral gavage for

42 days. All mice receiving CCS1477, whether the leukemia

was initiated by MLL-AF9 or MLL-AF10, survived to experiment

termination on day 220. In contrast, all mice treated with vehicle

died of short latency AML (Figures 1H and S2A–S2D). CCS1477

did not induce weight loss in treatedmice (Figure S2E). In subcu-

taneous xenograft models, there was dose-dependent growth

inhibition of both MOLM16 AML and OPM-2 myeloma

tumors with the highest dose inducing tumor regression and

no tumor regrowth until 14 days following CCS1477 withdrawal

(Figures 1I and 1J). We assessed the effect of CCS1477 on

normal hematopoiesis in Crl:WI(Han) rats and observed throm-

bocytopenia but no change in hemoglobin or white cells over a

two-week treatment at a dose level which modestly impaired

weight gain of the treated cohort (Figures S2F and S2G).

These data demonstrate that CCS1477 induces dose-depen-

dent growth inhibition due to cell-cycle arrest across a range of

AML and myeloma model systems, with induction of differentia-

tion in AML samples.

Rapid but selective eviction of EP300 from enhancers
after CCS1477 treatment of AML cells
To explore the molecular correlates of cellular phenotypes, we

initially focused on AML and assessed EP300 genome-wide dis-
(B) Representative dose-response curves of primary AML cells (left panel,MLL-rea

days). BB, Biobank identifier.

(C) alamarBlue GI50 values, primary AML samples.

(D) Mean + SD clonogenic frequencies of primary human AML cells (triplicate in

percentage primary AML cells (E) in SG2M (n = 15) or (F) annexin V+ (n = 19) after fo

representative cell cycle profiles (paired t test).

(G) Graphs show fold change in mean cell fluorescence (MCF) for CD11b (middle

stromal coculture with vehicle or 100 nM CCS1477. Left panel, exemplar flow cy

(H) Survival curves (n = 7 mice/cohort). Gray boxes indicate CCS1477 treatment.

OPM-2 myeloma (n = 5 mice/cohort). Gray boxes indicate CCS1477 treatment. S
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tribution using chromatin immunoprecipitation with next-gener-

ation sequencing (ChIP-seq) in the absence or presence of

CCS1477 in THP1 AML cells. THP1 cells respond to drug treat-

ment with cell-cycle arrest and differentiation (Figure S1). As ex-

pected, consistent with roles at enhancer elements, EP300

peaks in both steady state and drug-treated cells were predom-

inantly distributed at intronic and intergenic sites (Figures 2A and

S3A). In steady state, MEME-ChIP11 revealed the four strongest

centrally enriched transcription factor binding motif clusters un-

der strong EP300-binding peaks to be those for ETS, bZIP,MYB/

SANT, and Runt factor classes (Figure 2B). Transcription factors

SPI1, CEBPA, MYB, and RUNX1 are respective exemplar

members of these classes with high expression in THP1 cells

(Table S3).

Next, we compared EP300 ChIP signal in drug versus vehicle-

treated cells at multiple time points and identified sites of

substantial differential EP300 occupancy. Such sites were

defined as those with both an absolute change in ChIP signal

(±300 bps from peak summit) ofR25 RPKM (reads per kilobase

per million mapped reads) and a fold change in ChIP signal of

R1.25. This allowed categorization of EP300 sites at each

time point into those with relative loss of EP300 ChIP signal

(‘‘EP300 Y’’ sites), those with gain in EP300 ChIP signal

(‘‘EP300 [’’ sites) and those with lower or no change in EP300

ChIP signal (‘‘EP300 4’’ sites). Over the 48 h time course, we

observed an evolving pattern of change which began within

1 h (Figure 2C): over the first 2 h, there was loss of EP300

ChIP signal at <2% of EP300-binding sites whereas by 48 h

there was a mixed pattern of loss and gain, again limited to a

subset (<10%) of EP300-occupied sites.

By comparison with strong EP300-binding peaks in steady

state (Figure 2B), relative to the enrichment for motifs of other

factors there was stronger enrichment for MYB motifs under

‘‘EP300 Y’’ sites at each time point (Figures 2D and S3B). This

prompted us to assess MYB levels by western blot and ChIP-

seq. MYB is a critical transcription factor in hematopoiesis with

essential functions in normal and leukemic blood cell prolifera-

tion and differentiation.12 Over the first 2 h, there was no reduc-

tion in MYB protein (Figures 2E and S3C). At 6 h (Figure 2E),

there was a significant although transient reduction in MYB

protein, restored to baseline by 24 h (Figure 2F). In contrast, pro-

tein levels of SPI1, CEBPA, RUNX1, and EP300 were unchanged

(Figures 2E and S3C). ChIP-seq gave similar results; in particular,

after both one and 2 h, at ‘‘EP300Y’’ sites, therewas no concom-

itant loss ofMYBChIP signal (Figures 2A, 2G, and 2H) whereas at

6 h, consistent with transient reduction in MYB protein levels by

western blot, at ‘‘EP300 Y’’ sites there was both reduced EP300

and reduced MYBChIP signal (Figures 2I and 2J). Reflecting this

evolving pattern of change in EP300 occupancy, there was
rranged; right panel, t(8; 21) cases; quintuplicate alamarBlue assay after seven

semisolid culture, 10 days); right panel, representative images. Mean + SEM

ur days in stromal coculture with vehicle or 100 nMCCS1477; right panel in (E),

panel) and CD86 (right panel) for n = 18 primary AML samples after four days in

tometry plot. Samples with >2-fold increase in MCF are indicated.

Growth curves show mean + SEM tumor volume for (I) MOLM16 AML and (J)

ee also Figures S1 and S2, Tables S1 and S2.
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Figure 2. CCS1477 induces rapid but selective loss of EP300 from enhancers in THP1 AML cells

(A) Exemplar ChIP-seq tracks.

(B) Transcription factor motifs under apices of strongest 20% EP300-binding peaks, with MEME-ChIP E-values.

(legend continued on next page)
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already significant reduction in EP300 ChIP signal at the 1406

‘‘EP300 Y’’ sites identified at 2 h when ChIP signal at the same

sites was considered at the 1h time point; and likewise, subse-

quently at 6 h (Figure 2G). Further, at the 3527 ‘‘EP300 Y’’ sites

identified at 6 h, there was already significant reduction of

EP300 ChIP signal 2 h following addition of CCS1477 (Figure 2I).

To further characterize EP300-occupied sites disrupted by

treatment of cells with CCS1477, and to link to transcription fac-

tor occupancy, histone acetylation, and chromatin accessibility,

we performed concomitant assay for transposase-accessible

chromatin with sequencing (ATAC-seq) and ChIP-seq for

CEBPA, CBP, and H3K27Ac, andmade use of our prior datasets

for SPI1 ChIP-seq in THP1 cells,13 and RUNX1 in Fujioka AML

cells14 (Figure 2J). The violin plots (Figure 3A) demonstrate that

shortly after exposure of cells to CCS1477, EP300 is in particular

lost from sites with among the highest levels of EP300, CBP, and

MYB occupancy, chromatin accessibility, and surrounding

H3K27 acetylation. By comparison with signal observed at the

strongest 20% of EP300-binding sites found genome-wide,

there was significantly more ChIP signal for MYB, EP300, CBP,

and H3K27Ac at ‘‘EP300 Y’’ sites identified at 1 and 2 h (Fig-

ure 3A). This was further emphasized by consideration of the

highest confidence ‘‘EP300 Y’’ sites (i.e., those identified as

EP300 Y at both one and 2 h; n = 125). Notably, these early

‘‘EP300 Y’’ sites did not display increased CEBPA or SPI1

ChIP signal by comparison with signal observed at the strongest

20% of EP300-binding sites- (Figure 3A). This at least suggests

the possibility that CCS1477 destabilizes recruitment of

EP300/CBP at MYB-dominated sites where there is a relative

paucity of recruitment of other transcription factors.

6 h following addition of CCS1477, at ‘‘EP300 Y’’ sites there

was also reduced occupancy of CBP, reduced ATAC-seq

signal, and reduced surrounding histone acetylation (Figure 2J).

Indeed, fold change in ChIP signal for EP300 correlated

strongly genome-wide with fold change in CBP (Figure S3D)

and H3K27Ac (Figure S3E) ChIP signals, as well as fold change

in ATAC-seq signal (Figure S3F), while western blotting showed

no change in global H3K27 acetylation and other histone acet-

ylation marks over 48 h (Figure S3G). Strength of ChIP-seq

signal for CBP and EP300 at baseline also correlated strongly

genome-wide (Figure S3H) indicating that EP300 and CBP

occupy the same sites on chromatin with similar strength and

are lost from the same subset of genomic regions after addition

of CCS1477.

At 48 h, with MYB protein levels returned to baseline

(Figures 2F and S4A), a genome-wide redistribution of EP300

binding was evident (Figures 3B and 3C). At ‘‘EP300 Y’’ sites

identified at 48 h, as with earlier time points, there was

stronger enrichment for MYB motifs (Figure S3B) by compari-

son with motifs under the strongest 20% of EP300-binding

peaks in steady state (Figure 2B) and stronger MYB occupancy

(Figure 3A). Once more, fold change in EP300 ChIP signal
(C) Graph shows percentage EP300-binding sites with change in EP300 occupa

(D) MEME-ChIP motif enrichment plot for ‘‘EP300 Y’’ sites at 1 h. Western blots

fractionation and (F) prolonged treatment with drug. Violin plots show distribution,

sites’’ after (G) 2 and (I) 6 h of 100 nM CCS1477 in indicated conditions. Statistic

show ATAC or ChIP signal ±2.5 kB from the summit of ‘‘EP300 Y’’ peaks after (H)

Graphs above heatmaps show mean ChIP signal for the indicated peak group. S
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correlated strongly with change in chromatin accessibility

(Figures 3C and S4B).

At 4,659 ‘‘EP300[’’ sites identified at 48 h there was, in partic-

ular, strong enrichment for RFX5 motifs (Figures 3D and 3E), as

well as once more for motifs representative of ETS, bZIP,

MYB/SANT, and Runt factor classes, although ChIP signal for

MYB, RUNX1, CEBPA, and SPI1 was either lower or no different

from that observed at ‘‘EP300 Y’’ sites (Figure 3A). Both ATAC-

seq signal and ChIP signal for H3K27Ac at ‘‘EP300 [’’ sites

were significantly higher than that observed at the strongest

20% of EP300-binding peaks in steady state, at least suggesting

the possibility that that the redistribution of EP300/CBP was to

sites primed for activation (Figure 3A). Making use of ENCODE

ChIP-seq data for RFX5 in the erythroblastic leukemia line

K562,15 we observed that some sites to which EP300 was re-

cruited in THP1 cells were occupied by RFX5 in K562 cells (Fig-

ure 3E). RFX5 is a transcription factor known to regulate

myeloid differentiation genes.16 Expression of RFX5, RUNX1,

and ETS factor proteins such as FLI1, ELF1, and ETV6 was unaf-

fected by treatment of cells with 100 nM CCS1477 over 48 h

(Figures S4C and S4D). Of note, in additional ChIP-seq experi-

ments where THP1 cells were treated with 1000 nM CCS1477,

the pattern of EP300 redistribution at both 6 and 48 h was similar

to that observed for cells treated with 100 nM (Figure S4E) indi-

cating a dose-level plateau at least as far as redistribution of

EP300-binding sites is concerned, and further enhancing

confidence in the specificity of CCS1477 for the EP300/CBP

bromodomains.

Reflecting the significance of the transcription factor MYB in

AML, MYB knockdown (KD)—as with CCS1477 treatment—

also induced cell-cycle arrest, differentiation, and minimal

apoptosis (Figures S4F–S4I). Further, ChIP PCR confirmed evic-

tion of EP300 from a selection of profiled MYB-occupied sites

(Figures S4J) and genome-wide there was a strong correlation

between baseline MYB occupancy and loss of surrounding

H2K27Ac ChIP signal (Figures S4K and S4L) following MYB KD.

In summary, within 1 to 2 h, CCS1477 induced eviction of

EP300 from a subset of sites in THP1 AML cells marked by

strong MYB, EP300, and CBP occupancy, high chromatin

accessibility, and strong surrounding H3K27 acetylation; and

downstream there evolved over time a widespread redistribution

of EP300 occupancy away from sites occupied by MYB and to-

ward those occupied by RFX5, and other factors.

CCS1477-induced eviction of EP300/CBP disables an
oncogenic enhancer network
Next, we explored the transcriptional consequences of 100 nM

CCS1477 treatment on THP1 cells. At 6 h, and considering

7,299 expressed protein-coding genes (i.e., those with expres-

sion levels of 0.5 fragments per kilobase per million mapped

reads (FPKM) in at least one of the four bulk RNA sequencing

(RNA-seq) samples), 842 were differentially expressed: 227
ncy after 100 nM CCS1477 by time.

from THP1 AML cells treated with 100 nM CCS1477 following (E) cellular sub-

median (thick dotted line) and interquartile range (light dotted lines) of ‘‘EP300Y

al significance (t test) is denoted by * (p < 0.01); NS, not significant. Heatmaps

2 and (J) 6 h of 100 nM CCS1477 for indicated factors in indicated conditions.

ee also Figures S3 and S4.
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Figure 3. Redistribution of EP300-binding sites upon extended CCS1477 exposure in THP1 AML cells

(A) Violin plots show distribution, median (thick dotted line) and interquartile range (light dotted lines) of ChIP signal for indicated proteins or ATAC signal at

indicated genomic regions in THP1 AML cells. Statistical significance is by one-way ANOVA, Tukey post hoc test (* indicates both p < 0.01 and >1.2 mean fold

change in ChIP signal; NS, not significant).

(B) Exemplar ChIP-seq and ATAC-seq tracks.

(C) Heatmaps showATAC or ChIP signal ±2.5 kB from summit of EP300-binding peaks in THP1 cells treated for 48 hwith 100 nMCCS1477 for indicated factors in

indicated conditions. EP300-binding sites are grouped in ranked order of loss (‘‘EP300Y’’ sites) or gain (‘‘EP300[’’ sites) of EP300ChIP signal from sites after 48 h

of 100 nM CCS1477 treatment. Graphs above heatmaps show mean ChIP signal for indicated peak group.

(D) MEME-ChIPmotif enrichment plot for ‘‘EP300[’’ sites at 48 h CCS1477 (100 nM) treatment. (E) Exemplar ChIP-seq and ATAC-seq tracks. See also Figure S4.
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genes were upregulated and 615 downregulated (Figure 4A;

Table S3; 1.66-fold change in mean expression). Gene ontology

(GO) analysis17 revealed significant enrichment of genes

with biological process terms ‘‘inflammatory response’’ (p =
10�12), ‘‘signal transduction’’ (p = 10�8), ‘‘phagocytosis’’ (p =

10�7), and ‘‘positive regulation of transcription from RNA poly-

merase II promoter’’ (p = 10�6) among downregulated genes.

There were no significantly enriched terms among upregulated
Cancer Cell 41, 2136–2153, December 11, 2023 2141
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Figure 4. CCS1477-induced changes in EP300 occupancy alter enhancer activity and associated transcriptional program

(A) Heatmap shows differentially expressed genes in THP1 AML cells after 6 h of 100 nM CCS1477; transcription factor genes with high expression (>10 FKPM)

are highlighted.

(legend continued on next page)

ll
OPEN ACCESS Article

2142 Cancer Cell 41, 2136–2153, December 11, 2023



ll
OPEN ACCESSArticle
genes. We made use of gene set enrichment analysis (GSEA)

and the Molecular Signatures Database Hallmark Gene Set

collection (each of which conveys a specific biological state

or process and displays coherent expression)18 and, in keeping

with the GO analysis, noted significant enrichment among

downregulated genes of gene sets associated with both MYC,

and myeloid lineage identity and function (Figure 4B) (e.g.,

INFLAMMATORY_RESPONSE, ALLOGRAFT REJECTION).

After 48 h, of 7,361 expressed protein-coding genes, 763 were

differentially expressed: 150 were upregulated and 613 downre-

gulated (Figure 4C; Table S3; 1.66-fold change in mean expres-

sion). GO analysis revealed significant enrichment of genes with

biological process terms ‘‘DNA replication’’ (p = 10�19), ‘‘DNA

repair’’ (p = 10�15), ‘‘cholesterol biosynthetic process’’ (p =

10�7), and ‘‘inflammatory response’’ (p = 10�6), among downre-

gulated genes. Among upregulated genes, there was enrichment

of genes with biological process terms ‘‘defense response to

virus’’ (p = 10�7) and ‘‘cell adhesion’’ (p = 10�6). GSEA showed

significant enrichment among downregulated genes of gene

sets associated with MYC, cell cycle, and mTORC1 and, among

upregulated genes, an INTERFERON_ALPHA_RESPONSE gene

set (Figure 4D) which includes genes upregulated in monocyte/

macrophage differentiation.

To evaluate this further, we performed qPCR for critical tran-

scription factor genes including MYB,MYC, and CEBPA at mul-

tiple time points (Figure 4E). Results were in keeping with the

RNA-seq data but further demonstrated, as we had observed

for EP300 occupancy (Figure 2), that the rapid and substantial

drop in gene expression started within 1 h and deepened over

time with a nadir at 4–6 h. The fall in MYB protein levels noted

at 6 h (Figure 2E) was due to the fall in MYB transcripts: experi-

ments with MG132 to inhibit proteasomal degradation (Fig-

ure S5A), or cycloheximide to block translation (Figure S5B),

showed no significant difference in MYB degradation or turnover

in the presence of CCS1477.

To integrate changes in transcription with sites of EP300 loss,

we mapped peak locations to the single nearest gene using

Genomic Regions Enrichment of Annotations Tool.19 Within the

limitations of this approach—enhancers do not necessarily con-

trol expression of the nearest gene—we noted significant enrich-

ment of genes close to the 250 EP300-binding sites with the

greatest loss in ChIP signal at each time point among downregu-
(B) GSEA plots. NES, normalized enrichment score; FDR, false discovery rate.

(C) Heatmap shows differentially expressed genes in THP1 cells after 48 h of 10

(D) GSEA plots.

(E) Graph shows expression relative to control cells by time for indicated genes

(F) and (G) GSEA plots.

(H) Graph shows expression relative to control cells by time for enhancer RNAs

100 nM CCS1477 (qPCR; mean + SEM, n = 3).

(I) Exemplar ChIP-seq tracks. (J and K) Protein-coding genes were grouped accor

body decreased by R 2-fold, increased R2-fold, or exhibited little or no change

phospho-S2 RNA-Pol II ChIP signal across gene bodies, (K) mean RNA-Pol II ChI

ChIP signal surrounding promoters (lower panel) for indicated gene groupings in

(L) Violin plots show distribution, median (thick dotted line) and interquartile range

S2 RNA-Pol II:RNA-Pol II surrounding promoter) for previously mentioned gen

significant.

(M) GSEA plots.

(N) Exemplar ChIP-seq tracks.

(O) Relationship of fold change in signal surrounding 552 intronic and intergenic

baseline by RNA-Pol II (R5.6 RPKM), for RNA-Pol II (±300 bps) and EP300 (±300
lated genes at 6 h (Figure 4F), whereas there was no enrichment

of genes close to the 250 EP300-binding sites with the greatest

gain in ChIP signal at 6 h. Likewise, there was significant enrich-

ment of genes close to the 250 EP300-binding sites with the

greatest loss or gain in ChIP signal at both 6 and 48 h among

genes down- or upregulated respectively at 48 h (Figure 4G).

Thus, changes in EP300 occupancy at enhancers mirror

changes in expression of nearby genes.

In keeping with this, there was reduced expression of enhancer

RNAs (eRNA) at both 2 and 6 h at a selection of sites (Figure 4H),

although again this evolved over time. For example, expression of

an eRNA close to GFI1 increased at 48 h (Figure 4H), correlating

both with increased expression of GFI1 (Table S3), increased

enhancer occupancy by EP300, and increased chromatin acces-

sibility (Figure 4I).

To further evaluate enhancer activity and the link to transcrip-

tion of nearby genes, we performed ChIP-seq for RNA polymer-

ase II (total RNA-Pol II), phospho-S5 RNA-Pol II (the initiated

form), and phospho-S2 RNA-Pol II (the elongating form)

(Figures S5C and S5D) after 6 h. While interpretation is compli-

cated by coincident reduction in MYB protein levels over-and-

above the CCS1477-induced displacement of EP300 from chro-

matin, we nevertheless observed heterogeneous change in ChIP

signal for the initiated and elongating forms of RNA-Pol II

following exposure of cells to CCS1477. For example, while

phospho-S2 and S5 RNA-Pol II ChIP signal was similar in control

and drug-treated cells at genes such as HOXA9, HOXA10,

and CEBPG (Figure S5C), there was a substantial reduction in

phospho-S2 and S5 RNA-Pol II ChIP signal at genes such as

MEF2D, CITED4, and ZEB2 and the non-coding RNA gene

CCDC26 which sits downstream of MYC and within the latter’s

regulatory control region (Figures S5C–S5E). Available Hi-C

data20 confirmed that MYB-occupied sites where EP300 was

evicted made contact with nearby target genes (Figures S5C,

S5D, and S6A), providing further evidence for the direct link be-

tween CCS1477-induced changes in EP300 enhancer occu-

pancy and activity of nearby genes.

We grouped protein-coding genes into three categories:

those where phospho-S2 RNA-Pol II ChIP signal over the distal

50% of the gene increased by > 2-fold (‘‘[ sites’’) in CCS1477-

treated versus control cells, those where it decreased by > 2-

fold (‘‘Y sites’’), and the remainder (‘‘4 sites’’) (Figure 4J).
0 nM CCS1477; transcription factor genes are highlighted.

in THP1 cells treated with 100 nM CCS1477 (qPCR; mean ± SEM, n = 3).

(eRNAs) transcribed from MYB-bound enhancers in THP1 cells treated with

ding to whether ChIP signal for phospho-S2 RNA-Pol II over distal 50% of gene

in THP1 cells following 6 h with 100 nM CCS1477. Line plots show (J) mean

P signal surrounding promoters (upper panel) or mean phospho-S5 RNA-Pol II

indicated conditions.

(light dotted lines) of the traveling ratio (log2) (ratio of distal gene body phospho-

e categories in indicated conditions. Significance, unpaired t test. NS, not

‘‘EP300 Y’’ sites identified after 6 h of 100 nM CCS1477 and co-occupied at

bps) or H3K27ac (±1000 bps) signal. See also Figures S5 and S6 and Table S3.
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Figure 5. CCS1477 induces loss of EP300 from IRF4 and MYB-bound enhancers in myeloma cells

(A) Heatmap shows differentially expressed genes in OPM-2 myeloma tumors from xenoengrafted mice after five days of 20 mg/kg CCS1477 (see Figure 1J).

Transcription factor genes are highlighted; those in red have high expression (among the top 6.5% of all protein coding genes, i.e., R6 FPKM).

(legend continued on next page)
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Note that while ChIP signal for phospho-S2 RNA-Pol II over distal

gene bodies was markedly reduced (by 2.6-fold on average;

Figures 4J and S5E), overall there was no significant reduction

in ChIP signal for RNA-Pol II at the promoters of the same genes

(Figures 4K and S5E) and only a modest albeit significant reduc-

tion (by 1.5-fold) surrounding promoters in phospho-S5 RNA-Pol

II ChIP signal (Figures 4K and S5E). The ChIP signal traveling ra-

tio (distal gene body phospho-S2 RNA-Pol II:RNA-Pol II sur-

rounding the promoter) was unchanged for the great majority

of genes, whereas for those where phospho-S2 RNA-Pol II

ChIP signal decreased, the traveling ratio was also decreased,

and vice versa (Figure 4L). This indicates that treatment of leuke-

mia cells with CCS1477 induces stalling of RNA-Pol II with failure

of transcription elongation at a discrete subset of genes close to

enhancers exhibiting EP300 eviction.

To evaluate the link between geneswith RNA-Pol II stalling and

nearby EP300 and transcription factor-bound regulatory regions,

we ranked protein-coding genes according to fold change in

phospho-S2 RNA-Pol II ChIP signal across the distal 50%of pro-

tein-coding genes after 6 h of treatment with CCS1477 100 nM

and performed GSEA. This confirmed an exceptionally strong

link between loss of elongating RNA-Pol II and loss of EP300

binding at nearby enhancer sites (Figure 4M). Importantly,

among genes with reduced elongating RNA-Pol II after 6 h, there

was strong enrichment of genes close to ‘‘EP300 Y’’ sites iden-

tified at 1, 2, 6, and 48 h (Figure 4M). At 552 intronic and inter-

genic ‘‘EP300 Y’’ sites identified at 6 h which were co-occupied

at baseline by above-threshold levels of RNA-Pol II (R5.6

RPKM), there was a significant positive correlation of fold

change in Pol II occupancy with fold change in occupancy of

EP300, CBP, phospho-S2 RNA-Pol II, and phospho-S5 RNA-

Pol II, but not MYB (Figures 4N, 4O, and S6B). There was also

a significant positive correlation of fold change in Pol II occu-

pancy with fold change in ATAC signal and notably a strong pos-

itive correlation with fold change in surrounding H3K27Ac ChIP

signal (Figures 4N, 4O, and S6B).

These data directly link CCS147-induced eviction of EP300

from a critical subset of enhancers to reduced enhancer activity

and reduced expression of subordinate genes.

CCS1477-induced redistribution of EP300/CBP from
IRF4 to TCF3/E2A-occupied sites in myeloma
Next, we considered the response of myeloma cells to CCS1477

and performed comparative bulk RNA-seq analysis of OPM-2 tu-

mors recovered from mice five days after the start of 20 mg/kg

CCS1477 treatment (Figure 1J). Considering 8,330 expressed

protein-coding genes (i.e., those with mean expression of 0.5

FPKM in the control or drug-treated samples, n = 4 per cohort),
(B) GSEA plots.

(C) Mean + SEM relative expression of indicated genes in OPM-2 tumors from x

refers to samples collected at euthanasia (days 36 and 39, respectively, for 10 a

(D) Mean relative expression (normalized to GAPDH) of indicated genes by time

(E) Transcription factor motifs under apices of EP300-binding peaks in OPM-2 c

(F) Percentage EP300-binding sites showing changes in EP300 occupancy after 1

plots for ‘‘EP300 Y’’ sites and ‘‘EP300 [’’ sites after 6 (G) and 48 h (H) of 100 nM

(I and J) Western blots in OPM-2 cells treated for 6 and 48 h with 100 nM CCS14

(K) Heatmaps show ATAC or ChIP signal ±2.5kB from the summit of EP300-bind

factors in indicated conditions. EP300-binding sites are grouped in ranked order

those sites after 6 h of 100 nM CCS1477. Graphs above heatmaps show mean C
694 were differentially expressed: 161 upregulated and 533

downregulated (Figure 5A; Table S3; p < 0.005, t test, 2-fold

change in mean expression). GO analysis revealed that among

the set of downregulated genes there was significant enrichment

of genes mapping to the biological process term ‘‘cell division’’

(p = 10�48) and derivative terms. There were no terms among up-

regulated genes enriched to similar significance.Wemade use of

GSEA and noted significant enrichment among downregulated

genes of gene sets associated with both MYC and E2F targets,

consistent with drug-induced proliferative arrest (Figure 5B).

Among downregulated transcription factor genes were MYB,

MYC, IRF4, E2F1, and FOXM1 (Figure 5A) and we confirmed a

subset of these gene expression changes from in vivo and

in vitro material by qPCR (Figures 5C and 5D).

Next, we performed ChIP-seq for EP300 in OPM-2 cells at 6

and 48 h after treatment of cells with 100 nMCCS1477. In steady

state, the five strongest centrally enriched transcription factor-

binding motif clusters under EP300-binding peaks were those

for IRF, Runt, bHLH, bZIP, and MYB/SANT factor classes (Fig-

ure 5E). Transcription factor genes IRF4, TCF3 (E2A), CEBPB,

and MYB are exemplar members of these classes with high

expression in OPM-2myeloma cells;RUNX genes are expressed

at lower level (Table S3).

We again identified sites of substantial differential EP300 oc-

cupancy as those with both an absolute change in ChIP signal

(±300bps from peak summit) of R25 RPKM and a fold change

in ChIP signal of R1.25. Once more, there was an evolving

pattern of altered EP300 occupancy affecting a subset of bound

sites (Figure 5F). 6 h following addition of CCS1477 100 nM to

OPM-2 cells, there was particular enrichment for IRF4, RUNX1,

and MYB motifs at ‘‘EP300 Y’’ sites and for IRF4, RUNX1,

TCF3, and CEBPB at ‘‘EP300 [’’ sites (Figure 5G). At 48 h

‘‘EP300 Y’’ sites, there was much more prominent enrichment

for the IRF4 motif, with those for RUNX1, TCF3, IRF4, and

MEF2B being enriched under ‘‘EP300 [’’ sites (Figure 5H).

IRF4 is a critical regulator of plasma cell differentiation.21,22

Western blotting showed that at 6 h there was minimal change

in expression of IRF4, TCF3, RUNX1, EP300, or CBP, although

there was once more reduction in MYB protein levels.

H3K27Ac levels also remained unchanged. By 48 h, relative to

vinculin and histone H4, there was reduced expression of

MYB, IRF4, RUNX1, TCF3, and, to lesser extent, EP300 and

CBP (Figures 5I and 5J).

To link motif enrichment to EP300, CBP, and transcription

factor occupancy as well as histone acetylation and chromatin

accessibility, we performed ChIP-seq and ATAC-seq (Figures

5K and 6A–6C). Sites exhibiting reduced EP300 occupancy at

6 h included those within intronic sequences of FGFR3 which
enoengrafted mice by time and CCS1477 dose (n = 4 mice/cohort). Post-drug

nd 20 mg/kg doses).

in in vitro cultured OPM-2 cells after 100 nM CCS1477 (n = 3).

ells, with MEME-ChIP E-values.

00 nM CCS1477 for 6 and 48 h in OPM-2 cells. MEME-ChIP motif enrichment

CCS1477.

77.

ing peaks in OPM-2 cells treated for 6 h with 100 nM CCS1477 for indicated

of loss (‘‘EP300 Y’’ sites) or gain (‘‘EP300 [’’ sites) of EP300 ChIP signal from

hIP signal for indicated peak group. See also Figure S6.
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Figure 6. Longer CCS1477 treatment induces redistribution of EP300 in OPM-2 myeloma cells

(A) Exemplar ChIP-seq and ATAC-seq tracks.

(B) Heatmaps show ATAC or ChIP signal ±2.5 kB from the summit of EP300-binding peaks in OPM-2 myeloma cells after 48 h of 100 nM CCS1477 for indicated

factors in indicated conditions. EP300-binding sites are grouped in ranked order of loss (‘‘EP300 Y’’ sites) or gain (‘‘EP300 [’’ sites) of EP300 ChIP signal from

those sites after 48 h of 100 nM CCS1477. Graphs above heatmaps show mean ChIP signal for the indicated peak group.

(C) Violin plots show distribution, median (thick dotted line) and interquartile range (light dotted lines) of ChIP signal for indicated proteins or ATAC signal at

indicated genomic regions in OPM-2 cells. Statistical significance, one-way ANOVA, Tukey post hoc test (* indicates both p < 0.01 and >1.2 mean fold change in

ChIP signal; NS, not significant). See also Figure S6.
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Figure 7. CCS1477-induced granulocytic differentiation responses in poor prognosis patients with AML
(A) and (B) Exemplar disease and treatment response trajectories; in (A) asterisks indicate timing of azacitidine cycles.

(C) UMAP visualizations by time for samples from the patient in Figure S7A.

(legend continued on next page)
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is under the control of the active IGH promoter in the intergenic

t(4; 14) exhibited by OPM-2 cells; and IRF4- and MYB-occupied

intronic sequences within DUSP22 which are known to make

contact with the IRF4 promoter in Hi-C analyses of spleen cells20

(Figure 6A). Compared to the strongest 20% of EP300-binding

sites in steady state, and in keeping with the motif analysis (Fig-

ure 5G), ‘‘EP300 Y’’ sites at 6 h exhibited significantly stronger

ChIP signal for both IRF4 and MYB. In contrast, ‘‘EP300 [’’ sites

at 6 h exhibited in steady state significantly lower ChIP signal for

IRF4 and significantly higher ChIP signal for TCF3/E2A, MYB,

CBP and H3K27Ac, as well as for ATAC-seq signal (Figures 5K

and 6C). At ‘‘EP300 Y’’ sites, there was loss of IRF4 and MYB

ChIP signal, with reduced chromatin accessibility (Figure 5K)

whereas at ‘‘EP300 [’’ sites there was increased histone acety-

lation, TCF3/E2A, and RUNX1 occupancy (Figure 5K). While

MYB occupies acetylated, open sites in OPM-2 cells as it does

in THP1 cells (Figure 3A), it likely plays a less significant role

perhaps related to different levels of expression, or co-expres-

sion of alternate transcriptional regulators.

By 48 h, there was a more extensive redistribution of EP300

binding (Figures 5F and 6A–6C) with respective reductions or in-

creases in ATAC-seq signal andChIP signal for EP300, CBP, and

H3K27Ac at ‘‘EP300 Y’’ and ‘‘EP300 [’’ sites (Figure 6B). In

keeping with western blotting (Figures 5I and 5J), ChIP signal

for all four transcription factors was reduced, although the rela-

tive fall was least at ‘‘EP300 [’’ sites. Fold change in ChIP signal

for EP300 again correlated strongly genome-wide with fold

change in CBP (Figure S6C) andH3K27Ac (Figure S6D) ChIP sig-

nals, as well as fold change in ATAC-seq signal (Figure S6E).

Likewise, strength of ChIP-seq signal for CBP and EP300 at

baseline also correlated strongly genome-wide (Figure S6F)

indicating that as for THP1 cells, EP300 and CBP occupy the

same sites on chromatin in OPM-2 cells with similar strength

and are lost from the same subset of genomic regions after

addition of CCS1477. As forMYB KD in THP1 cells, we observed

that IRF4 KD in OPM-2 cells also induced cell-cycle arrest

(Figures S6G and S6H).

Altogether, these data demonstrate that in OPM-2 myeloma

cells CCS1477 induces within hours a redistribution of EP300/

CBP away from both FGFR3 at the t(4; 14) breakpoint and sites

occupied by IRF4, and toward sites occupied by TCF3/E2A.

Evidence of activity of CCS1477 in MDS/AML
CCS1477 is in phase 1 evaluation (NCT04068597) in relapsed or

refractory hematologic malignancies, a challenging group of pa-

tients who have exhausted standard-of-care therapies. The

following selected clinical cases demonstrate that CCS1477

monotherapy shows clinical activity, in keeping with our preclin-

ical data.

A patient in his 70s with myelodysplasia with excess blasts 2

(MDS-EB2), a 45XY, del5q, �7 karyotype, and an ASXL1

p.Tyr591* variant received three cycles of azacitidine but pro-

gressed to AML. The six months following diagnosis were

complicated by four admissions for neutropenic sepsis. While
(D) Proportional cell type composition.

(E) UMAP visualization of blast cells by time.

(F) Violin plots show expression of indicated genes by time.

(G) GSEA plots. See also Figure S7.
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initiation of therapy with oral CCS1477 led to a brief admission

for management of splenic infarction in the first week of treat-

ment, he remained well for the next five months with no infec-

tive episodes. Most notably, CCS1477 treatment was associ-

ated with a substantial increase in blood neutrophil count

(Figure 7A), which may have been responsible for the reduced

frequency of septic episodes. Treatment was later discontin-

ued in view of a rising total leukocyte count; hydroxycarba-

mide was commenced but the patient died shortly thereafter

of AML.

A patient in his 60s with normal karyotype AML was treated

with three cycles of daunorubicin and cytarabine before relaps-

ing six months later. He then received fludarabine, idarubicin,

and high-dose cytarabine salvage therapy. At second relapse,

tenmonths later he receivedCCS1477. Therewere two episodes

of neutropenic sepsis at the start and the end of treatment when

the neutrophil count was <0.5x109/l; the latter resulted in study

withdrawal. Treatment was well tolerated and again character-

ized by a significant increase in blood neutrophil count, sus-

tained for 3–4 months. Intriguingly, in the three months following

therapy withdrawal, in the absence of further therapy, there was

a further unexpected recovery of neutrophil and platelet count

(Figure 7B).

Trial samples were available from a third patient (a man in his

70s with MDS-EB2 and a 46XY del12p karyotype who had failed

azacitidine in view of prolonged, severe cytopenias) who also ex-

hibited a neutrophil response to CCS1477 treatment (Fig-

ure S7A). This permitted single-cell RNA-seq analysis of blood

mononuclear cells from screening (marrow was unavailable)

and bone marrow following two and four months of treatment.

As expected, based on the profoundly cytopenic blood counts

(Figure S7A) in the screening sample, cluster annotation showed

there to be plentiful myeloblasts but few maturing and mature

myeloid cells (Figure 7C). By contrast, in the bone marrow sam-

ples during treatment (where there was recovery to normal levels

of peripheral blood neutrophils), there was substantial myeloid

activity (Figures 7C and 7D). Dimensionality reduction and visu-

alization using uniform manifold approximation and projection

and unsupervised clustering showed that while blast cell tran-

scriptomes clustered together at all time points (Figures 7E,

S7B, and S7C), there were clear differences in gene expression

within the blast cluster. Consistent with our in vitro results

demonstrating that CCS1477 promotes differentiation of primary

AML samples across a range of molecular subtypes, there was

downregulation of exemplar stem cell genes such as CD34

and BAALC, and upregulation of differentiation genes S100A9

and EGR1 (Figure 7F). Indeed, when single-cell transcriptomes

within the blast cluster were integrated and ranked by fold

change in expression, GSEA revealed upregulation of amultiline-

age differentiation program and downregulation of a stem cell

program during treatment with CCS1477 (Figure S7D). Further-

more, and in keeping with our in vitro cell line analyses, there

was also upregulation of genes induced by MYB KD in THP1

AML cells (Figure 7G).
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Thus, in selected neutropenic patients with AML with relapsed

or refractory high-risk disease, CCS1477 monotherapy in addi-

tion to being well tolerated, induced differentiation responses

in blast populations and in blood counts that were potentially

therapeutically useful.

Evidence of activity of CCS1477 in multiple myeloma
Patientswithmyelomawhohave failed treatmentwithall threema-

jor drug classes (proteasome inhibitors, immunomodulatory

drugs, and anti-CD38 antibodies) have exceptionally poor prog-

nosis.23 As for AML, selected case studies illustrate that

CCS1477 monotherapy shows clinical activity in keeping with

our preclinical data. A patient in his 60s was treated over 18 years

with six lines of therapy for light-chain myeloma, receiving dexa-

methasone, vincristine, doxorubicin, two melphalan autografts,

bortezomib, lenalidomide, radiotherapy to a sacral plasmacy-

toma, pomalidomide, and bendamustine with thalidomide.

At enrollment, there was widespread but patchy myeloma

throughout the skeleton. FISH analysis showed an IGH gene rear-

rangement with an unknown partner gene and gain of chromo-

some1q21.Despite rapidlyprogressivediseaseduring screening,

CCS1477monotherapy conferred a sustained reduction in urinary

free light chains over five months before disease progression and

study withdrawal (Figure 8A). Treatment was free of significant

complication save for an admission shortly after starting therapy

for fever and low back pain, and moderate thrombocytopenia at

the beginning of cycle 3 where treatment was held for a week.

A patient in his 50s treated over nine years for kappa light-

chain myeloma (with an IGH gene rearrangement with an un-

known partner gene) with four lines of therapy including bortezo-

mib, cyclophosphamide, thalidomide, twomelphalan autografts,

ixazomib, lenalidomide, isatuximab, and pomalidomide, ex-

hibited progressive disease as evidenced by rising serum kappa

light chains. Oral therapy at the recommended phase 2 dose of

35 mg twice daily for four days each week, which was well toler-

ated, induced substantial falls in both serum and urinary free

kappa light chains sustained past 12 months (Figure 8B).

A third patient in her 60s with IgG kappa myeloma (with no ev-

idence of an IGH rearrangement by FISH) had received bortezo-

mib, daratumumab, and a melphalan autograft over six years

and was unable to tolerate thalidomide, lenalidomide, or panobi-

nostat. She exhibited a sustained response to CCS1477 over

11 months which began to wane with time (Figure S8A). A fourth

patient in her 60s with light-chain myeloma (with no evidence of

an IGH rearrangement by FISH) had received over 12 years

thalidomide, cyclophosphamide, bortezomib, two melphalan

autografts, ixazomib, lenalidomide, pomalidomide, and isatuxi-

mab. CCS1477 monotherapy was sufficient to maintain stable

disease past 12 months. In each of these four cases, CCS1477

induced amodest thrombocytopenia without adversely affecting

hemoglobin or white cells (Figures 8A, 8B, S8A, and S8B).

Thus, in line with our preclinical data, CCS1477 induces ther-

apeutic responses in selected patients with heavily pre-treated

myeloma.

In vivo synergy of CCS1477 with standard-of-care
agents in MDS/AML and multiple myeloma
Finally, while the previously described case histories represent

encouraging evidence of single-agent activity in some cases,
most successful regimens in blood cancer therapy are combina-

torial. We therefore evaluated the activity of CCS1477 in xeno-

graft models in combination with existing standard-of-care

agents. Azacitidine and CCS1477 in particular demonstrated

synergistic growth inhibitory activity in the MOLM16 model (Fig-

ure 8C), as did venetoclax in MOLM16 and MV(4; 11) models

(Figures 8D and 8E). In anOPM-2 xenograft model, therewas ad-

ditive or synergistic growth inhibitory activity with each of borte-

zomib, lenalidomide, and vorinostat in combination with

CCS1477 (Figure 8F). Combination treatment was not associ-

ated with significant reduction in mean body weight of any

cohort, save formice treatedwith the azacitidine/CCS1477 com-

bination where there was a 5%–10% reduction in mean body

weight over the 14-day treatment (Figures S8C–S8F).

DISCUSSION

While selective EP300/CBP bromodomain inhibitors are re-

ported, only CCS1477 and FT705124 have moved to clinical

evaluation. The in vitro cellular phenotypes—growth arrest and

differentiation with minimal apoptosis—differ from those

observed in leukemia cells treated with BET bromodomain

inhibitors where apoptosis predominates.25 Along with our

BROMOscan data, this emphasizes that CCS1477 exhibits

distinctive activity.

In AML and myeloma cells, CCS1477 induced EP300/CBP

redistribution away from sites occupied by cell-type-specific

master transcription factors, leading to downregulation of the

oncogenic program. In AML, MYB is a critical component of

the MLL-translocated leukemia stem cell program;26,27 we

observed remarkable responses to CCS1477 in experimentally

initiatedmurineMLL leukemias. In THP1AML cells (which exhibit

a t(9; 11)MLL translocation), EP300/CBP is strongly and propor-

tionally recruited to MYB-occupied sites and, within 1 h of

CCS1477 exposure, with MYB protein levels unchanged,

EP300 eviction from a subset of strongly acetylated, open en-

hancerswas already detected.We hypothesize that through bro-

modomain binding, CCS1477 reduces the efficiency of EP300/

CBP recruitment to some of its most strongly bound sites

thereby reducing enhancer activity and expression of subordi-

nate genes. In THP1 cells, this leads to a cascading decrease

in activity of the MYB-centered enhancer network and abrupt

reduction in transcription of subordinate genes. MYB protein,

with its short half-life, is transiently depleted as a consequence

of reduced transcripts. While MYB interacts with EP300/CBP

through the EP300/CBP KIX domain, the EP300/CBP bromodo-

main is required for MYB acetylation which increases DNA bind-

ing and transactivation.28,29 Thus, CCS1477 may potentially

disrupt interaction of the EP300/CBP bromodomain with acety-

lated MYB, although recruitment of EP300/CBP to chromatin by

other acetylated proteins may also be important.

Intriguingly, genes with reduced expression include MEF2D

and IRF8 which form a core regulatory circuit in AML;10,30 our

data suggest this circuits sits downstream of MYB, which may

in AML be present on chromatin as part of an aberrant com-

plex.31 Our data also suggest that MYB-bound enhancers pro-

mote RNA-Pol II pause release from subordinate promoters,

perhaps in collaboration with MYC.32 Furthermore, loss of

EP300 and MYB from MYB-bound enhancers is associated
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Figure 8. Responses in patients with heavily pre-treated myeloma and evaluation of combination therapy with standard-of-care agents

(A) and (B) Exemplar disease and treatment response trajectories. Growth curves show mean + SEM tumor volume in xenograft experiments (n = 5 mice/cohort)

with (C), (D) MOLM16 AML cells, (E) MV(4; 11) AML cells, and (F) OPM-2myeloma cells with CCS1477, the indicated standard-of-care agents, or a combination of

the two. See also Figure S8.
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with reduced chromatin accessibility although this seems

peculiar to EP300/CBP bromodomain rather than catalytic

inhibitors.33

In OPM-2 myeloma cells, CCS1477 rapidly reduced dense

EP300 occupancy at intronic FGFR3 sites close to the t(4; 14)

breakpoint, and at sites occupied by the myeloma oncogenic

factor IRF4. There follows a redistribution toward sites occupied

by TCF3/E2A, an essential B cell lineage transcription factor.34

IRF4 and MYC function in an autoregulatory circuit in
2150 Cancer Cell 41, 2136–2153, December 11, 2023
myeloma8,22 and our data indicate that CCS1477 downregulates

this activity, as has been reported for CBP30 in LP-1 myeloma

cells.8

Our findings contrast with those for EP300/CBP bromodomain

tool compound GNE-049 in MOLM16 AML cells and LP1

myeloma cells. While sensitivity across hematologic cell line

models was noted, global reduction in production of enhancer

RNAs and H3K27Ac (but not H3K18Ac) was reported, the latter

within 5 min, but without changes in EP300 occupancy.35 The
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reasons for these marked differences between studies remain

unclear.

A feature of our preclinical studies was dose dependency: at

higher doses in xenograft models tumors regressed, with

resumed growth taking 10 days after drug discontinuation. Our

data highlight extensive enhancer rewiring and the resultant

epigenetic barrier to tumor growth as a potential explanation.

While preclinical studies permit sustained exposure of target

cells in vitro and in vivo to fixed drug concentrations, in early-

phase trials safety is paramount. Thrombocytopenia was dose

limiting in animal models and so an intermittent dosing strategy

was adopted in humans. Typical Cmax plasma concentrations

achieved for 35 and 50 mg oral doses are 1400–2400 nM with

Tmax of 1 h and t(1/2) of 6 h which are comparable to doses

achieved preclinically.

Finally, selected clinical cases demonstrate that EP300/CBP

bromodomain targeting has therapeutic potential. Patients with

relapsed or refractory AML often die as a result of infection asso-

ciated with severe neutropenia. In some patients, prominent

granulocytic responses were noted, with CCS1477 inducing up-

regulation of a differentiation program within the blast popula-

tion. In a subset of heavily pre-treated patients with multiple

myeloma, there was stabilization or even substantial reduction

in serum and/or urinary free light chains, in some cases sus-

tained past 12months. These encouraging signs in a challenging

population together with evidence of synergistic activity in pre-

clinical AML and myeloma models of CCS1477 with standard-

of-care agents set the scene for future clinical development. In

AML, CCS1477 will be tested in combination with azacitidine

and venetoclax, and in myeloma in combination with pomalido-

mide and dexamethasone. Future predictive biomarker studies

will help define populations most likely to benefit from CCS1477.
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Antibodies

anti-acetyl H3K9 Abcam Cat# ab4441; RRID: AB_2118292

anti-acetyl H3K18 Cell Signaling Technology Cat# 9675;

RRID: AB_331550

anti-acetyl H3K27 Abcam Cat# ab4729;

RRID: AB_2118291

anti-Histone H3 Cell Signaling Technology Cat# 3638;

RRID: AB_1642229

anti-acetyl H4K5 Cell Signaling Technology Cat# 8647;

RRID: AB_11217428

anti-Histone H4 Cell Signaling Technology Cat# 2935;

RRID: AB_1147658

anti-a Tubulin This study In house

anti-EP300 Active Motif Cat# 61401;

RRID: AB_2716754

anti-MYB Millipore Cat# 05-175;

RRID: AB_11213983

anti-CEBPA Diagenode Cat# C15410225;

RRID: AB_2737367

anti-SPI1 Cell Signaling Technology Cat# 2258;

RRID: AB_2186909

anti-RUNX1 Abcam Cat# ab23980;

RRID:AB_2184205

anti-IRF4 Cell Signaling Technology Cat# 4964;

RRID:AB_10698467

anti-TCF3/E2A Cell Signaling Technology Cat# 12258;

RRID: AB_2797860

anti-RFX5 Rockland Cat# 200-401-194;

RRID: AB_2253725

anti-FLI1 Abcam Cat# ab133485;

RRID: AB_2722650

anti-ETV6 Atlas Antibodies Cat# HPA000264;

RRID: AB_611466

anti-ELF1 Santa Cruz Biotechnology Cat# sc-133096;

RRID: AB_2262155

anti-Vinculin Sigma-Aldrich Cat# V9131;

RRID: AB_477629

anti-MYB Abcam Cat# ab45150;

RRID: AB_778878

anti-RNA polymerase II Abcam Cat# ab26721;

RRID: AB_777726

anti-RNA polymerase II (phospho S2) Abcam Cat# ab5095;

RRID:AB_304749

anti-RNA polymerase II (phospho S5) Abcam Cat# ab5408;

RRID: AB_304868

anti-CREBBP Abcam Cat# ab253202;

RRID:AB_2939015

anti-EP300 Bio-Rad Cat# MCA6390;

RRID: AB_2939018
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Goat anti-Rabbit IgG (H+L) Cross-Adsorbed

Secondary Antibody, HRP

ThermoFisher Cat# 31462;

RRID: AB_228338

Amersham ECL Mouse IgG, HRP-linked

whole Ab (from sheep)

Cytiva Cat# NA931;

RRID:AB_772210

anti-CD86-PerCP-eFlour710 ThermoFisher Cat# 46086282;

RRID: AB_2815140

Anti-CD11b-PE BD Pharmingen Cat# 555388;

RRID: AB_395789

Anti-Mac1 PE Invitrogen Cat# 12-0112-82;

RRID: AB_2734869

Anti-GR1 PE-CY7 Invitrogen Cat# 25-5931-82;

RRID: AB_469663

Anti-CD117-APC Invitrogen Cat# 17-1171-83;

RRID: AB_469431

Anti-TCRb-APC-eF780 Invitrogen Cat# 47-5961-80;

RRID: AB_1272209

Anti-B220-eF450 Invitrogen Cat# 48-0452-80;

RRID: AB_1548763

Bacterial and virus strains

One shot Stbl3 Chemically Competent E.Coli ThermoFisher Cat# C737303

DH5a Chemically Competent E.Coli ThermoFisher Cat# 18265017

Stellar� Competent Cells TAKARA BIO Cat# 636766

Biological samples

Primary human AML samples Manchester Cancer Research

Centre Tissue Biobank

the-christie.biobank@nhs.net

Chemicals, peptides, and recombinant proteins

Puromycin Sigma Cat# P8833

b-Mercaptoethanol Sigma Cat# M3148

Hydrocortisone Sigma Cat# H0135

Minimum Eagles Medium – Alpha modification Gibco Cat# 12561-056

Dulbecco’s Modified Eagles Medium Sigma Cat# D6546

RPMI-1640 medium Sigma Cat# R0883

RPMI-1640 medium phenol red free Sigma Cat# R7509

Foetal Bovine Serum Sigma Cat# F7524

Heat inactivated Foetal Bovine Serum Gibco Cat# 10500064

Heat inactivated Horse Serum Gibco Cat# 26050-088

Trypsin EDTA Sigma Cat# T3924

L-glutamine Sigma Cat# G7513

Penicillin/Streptomycin Sigma Cat# P0781

Human recombinant IL3 Peprotech Cat# 200-03

Human recombinant GCSF Peprotech Cat# 300-23

Human recombinant TPO Peprotech Cat# 300-18

Murine recombinant IL3 Peprotech Cat# 213-13

Murine recombinant GM-CSF Peprotech Cat# 315-03

Murine recombinant SCF Peprotech Cat# 250-03

Murine recombinant IL-6 Peprotech Cat# 216-16

Venetoclax Selleck Chemicals Cat# S8048

Bortezomib Meilun Biotech Cat# MB1040-2

Lenalidomide Meilun Biotech Cat# MB1136-1

Cytarabine MedChemExpress Cat# HY-13605

Azacytidine Sigma Cat# A2385
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Vorinostat Meilun Biotech Cat# MB1265-1

Human MethoCult Stem Cell Technologies Cat# 04230

Mouse MethoCult Stem Cell Technologies Cat# M3231

Resazurin Sodium Salt Sigma Cat# R7017

Dynabeads Protein G Invitrogen Cat# 10004D

T4 DNA Ligase NEB Cat# M0202L

T4 DNA Ligase Roche Cat# 799009

Polybrene Milipore Cat# TR1003G

Trypan Blue Solution GIBCO Cat# 15250-061

Formaldehyde Sigma-Aldrich Cat# F8775

ChIP cross-link Gold Diagenode Cat# C01019027

SYBR Green PCR Master Mix ThermoFisher Cat# 4309155

May-Grunwald Giemsa Sigma Cat# MG500

cOmplete EDTA-free Protease Inhibitor Cocktail Roche Cat# 11873580001

Benzonase Nuclease Millipore Cat# E1014

NuPAGE LDS Sample Buffer Invitrogen Cat# NP0007

NUPAGE 4-12% Bis-Tris GEL 1.0MM10W Invitrogen Cat# NP0321BOX

NUPAGE 4-12% Bis-Tris GEL 1.0MM12W Invitrogen Cat# NP0322BOX

Bovine Serum Albumin Sigma-Aldrich Cat# A4503

TWEEN20 Sigma-Aldrich Cat# P1379

Amersham Protran Supported 0.2um NC 300mm x 4m roll Cytiva Cat# 10600015

Clarity Western ECL Substrate Bio-Rad Cat# 1705060

SuperSignal West Femto Maximum Sensitivity Substrate ThermoFisher Cat# 34095

Restore Western Blot Stripping Buffer ThermoFisher Cat# 21059

TaqMan Gene Expression Assay (FAM) Primer-probe mix ThermoFisher Cat# 4331182

TaqMan Fast Universal PCR Master Mix (2X) ThermoFisher Cat# 4367846

RNAlater Solutions for RNA Stabilization and Storage ThermoFisher Cat# AM7020

RNAse A Roche Cat# 10109169001

Recombinant Proteinase K Solution ThermoFisher Cat# AM2546

Phenol:Chloroform:Isoamyl Alcohol 25:24:1 Sigma-Aldrich Cat# P2069

Chloroform:Isoamyl alcohol 24:1 Sigma-Aldrich Cat# C0549

Glycogen Roche Cat# 10901393001

AMPure XP Reagent Beckman Coulter Cat# A63881

Tagmentase (Tn5 transposase) - loaded Diagenode Cat# C01070012

Tagmentation Buffer (2x) Diagenode Cat# C01019043

NEBNext High-Fidelity 2X PCR Master Mix NEB Cat# M0541

CCS1477 CellCentric N/A

DIMETHYL SULFOXIDE (DMSO) VWR Chemicals Cat# 0231

Cycloheximide (CHX) Sigma-Aldrich Cat# 01810

MG-132 Sigma-Aldrich Cat# M7449

Propidium iodide solution Sigma-Aldrich Cat# P4864

SYBR Green I Nucleic Acid Gel Stain ThermoFisher Cat# S7563

NdeI NEB Cat# R0111L

NheI HF NEB Cat# R3131L

AgeI HF NEB Cat# R3552L

EcoRI HF NEB Cat# R3101L

Critical commercial assays

RNeasy Plus Micro Kit QIAGEN Cat# 74034

RNeasy Plus Mini Kit QIAGEN Cat# 74134

High-Capacity cDNA Reverse Transcription ThermoFisher Cat# 4368814
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APC Annexin Kit BD Pharmigen Cat# 550474

DNeasy blood and tissue kit QIAGEN Cat# 69504

QIAamp DNA Blood Mini Kit QIAGEN Cat# 51104

QIAshredder QIAGEN Cat# 79656

QIAquick PCR Purification Kit QIAGEN Cat# 28104

MinElute PCR Purification Kit QIAGEN Cat# 28004

Pierce BCA protein assay Kit ThermoFisher Cat# 23225

Subcellular Protein Fractionation Kit for Cultured Cells ThermoFisher Cat# 78840

Microplex Library Preparation Kit Diagenode Cat# C05010012

NEB Next Ultra II DNA Library Prep Kit for Illumina NEB Cat# E7645S

NEBNext Ultra II Directional RNA Library Prep Kit for Illumina NEB Cat# E7760

NEBNext rRNA Depletion Kit v2 (Human/Mouse/Rat)

with RNA Sample Purification Beads

NEB Cat# E7405

KAPA RNA HyperPrep Kit with RiboErase (HMR) Roche Cat# KK8560

Chromium Next GEM Single Cell 3ʹ Reagent Kit v3.1 10x Genomics Cat# PN-1000121

SureSelect Strand - Specific RNA Library

Preparation kit for Illumina

Agilent Cat# G9691A

Kapa Library Quantification Kit for Illumina sequencing Roche Cat# 07960140001

Deposited data

TS50_3_DMSO_3_SPI1_S3 Maiques-Diaz et al.13 GSM3057096

TS120_RUNX1_NTC Simeoni et al.14 GSM4837708

ENCSR000EGO ENCODE Project Consortium et al.15 GSM935565

DNA and RNA sequencing data produced in this study This study GEO: GSE207357

TS163_01_6h_DMSO_rep1 This study GSM6284883

TS163_02_6h_CCS1477_100nM_rep2 This study GSM6284884

TS163_03_6h_DMSO_rep2 This study GSM6284885

TS163_04_6h_CCS1477_100nM_rep1 This study GSM6284886

TS181_07_48hDMSOREP2_S7 This study GSM7441201

TS181_08_48hCCS1477REP2_S8 This study GSM7441202

TS181_09_48hDMSOREP1_S9 This study GSM7441203

TS181_10_48hCCS1477REP1_S10 This study GSM7441204

TS50_5_DMSO_5_CEBP_a This study GSM6284887

TS162_05_H3K27ac-CCS1477_6h_100nM This study GSM6284890

TS162_09_H3K27ac-DMSO_6h This study GSM6284891

TS162_10_Input-THP1 This study GSM6284892

phosphoS2Pol2CCS1477_6h_100nM This study GSM6284893

phosphoS2Pol2DMSO_6h This study GSM6284894

phosphoS5Pol2CCS1477_6h_100nM This study GSM6284895

phosphoS5Pol2DMSO_6h This study GSM6284896

Pol2CCS1477_6h_100nM This study GSM6284897

Pol2DMSO_6h This study GSM6284898

TS171_01_THP1_p300_48h_CCS1477_100nM This study GSM6284899

TS171_02_THP1_p300_6h_CCS1477_100nM This study GSM6284900

TS171_03_THP1_p300_6h_DMSO This study GSM6284901

TS171_04_THP1_p300_48h_DMSO This study GSM6284902

TS172_01_OPM2_p300_48h_DMSO This study GSM6284903

TS172_02_OPM2_p300_48h_CCS1477_100nM This study GSM6284904

TS172_03_OPM2_INPUT This study GSM6284905

TS172_04_OPM2_p300_6h_DMSO This study GSM6284906

TS172_05_OPM2_p300_6h_CCS1477_100nM This study GSM6284907
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TS179_01_p300_1h_CCS1477_S13 This study GSM7441260

TS179_02_MYB_1h_CCS1477_S14 This study GSM7441261

TS179_03_p300_2h_CCS1477_S15 This study GSM7441262

TS179_04_MYB_2h_DMSO_S16 This study GSM7441263

TS179_05_MYB_6h_CCS1477_S17 This study GSM7441264

TS179_06_MYB_1h_DMSO_S18 This study GSM7441265

TS179_07_MYB_6h_DMSO_S19 This study GSM7441266

TS179_09_MYB_2h_CCS1477_S21 This study GSM7441267

TS179_11_p300_1h_DMSO_S23 This study GSM7441268

TS179_14_p300_2h_DMSO_S26 This study GSM7441269

TS180_01_IRF4_6h_CCS1477_OPM2_S1 This study GSM7441270

TS180_02_IRF4_6h_DMSO_OPM2_S2 This study GSM7441271

TS180_03_IRF4_48h_DMSO_OPM2_S3 This study GSM7441272

TS180_04_IRF4_48h_CCS1477_OPM2_S4 This study GSM7441273

TS181_01_OPM2CBP48hDMSO_S1 This study GSM7441274

TS181_02_OPM2CBP48hCCS1477_S2 This study GSM7441275

TS181_03_THP1CBP6hCCS1477_S3 This study GSM7441276

TS181_04_OPM2CBP6hCCS1477_S4 This study GSM7441277

TS181_05_THP1CBP6hDMSO_S5 This study GSM7441278

TS181_06_OPM2CBP6hDMSO_S6 This study GSM7441279

TS183_02_p300_48h_CCS1477_1000nM_S2 This study GSM7441280

TS183_04_p300_48h_DMSO_1000nM_S4 This study GSM7441281

TS183_05_p300_6h_DMSO_1000nM_S5 This study GSM7441282

TS183_07_p300_6h_CCS1477_1000nM_S7 This study GSM7441283

TS186_05_shx_H3K27ac_THP1_S5 This study GSM7506239

TS186_07_MYB_KD6_H3K27ac_THP1_S7 This study GSM7506240

TS184_01_E2A_48h_DMSO_OPM-2_S9 This study GSM7441284

TS184_02_E2A_6h_DMSO_OPM-2_S10 This study GSM7441285

TS184_03_RUNX1_48h_CCS1477_OPM-2_S11 This study GSM7441286

TS184_04_RUNX1_48h_DMSO_OPM-2_S12 This study GSM7441287

TS184_05_RUNX1_6h_CCS1477_OPM-2_S13 This study GSM7441288

TS184_06_RUNX1_6h_DMSO_OPM-2_S14 This study GSM7441289

TS184_07_E2A_6h_CCS1477_OPM-2_S15 This study GSM7441290

TS184_08_E2A_48h_CCS1477_OPM-2_S16 This study GSM7441291

TS186_01_H3K27ac_6h_DMSO_OPM-2_S1 This study GSM7441292

TS186_02_MYB_48h_DMSO_OPM-2_S2 This study GSM7441293

TS186_03_H3K27ac_6h_CCS1477_OPM-2_S3 This study GSM7441294

TS186_04_H3K27ac_48h_DMSO_OPM-2_S4 This study GSM7441295

TS186_06_MYB_6h_DMSO_OPM-2_S6 This study GSM7441296

TS186_09_MYB_6h_CCS1477_OPM-2_S9 This study GSM7441297

TS186_10_MYB_48h_CCS1477_OPM-2_S10 This study GSM7441298

TS186_11_H3K27ac_48h_CCS1477_OPM-2_S11 This study GSM7441299

TS169_05_THP1_CCS1477_6h_100nM This study GSM6284908

TS169_06_THP1_DMSO_48h This study GSM6284909

TS169_07_THP1_DMSO_6h This study GSM6284910

TS169_08_THP1_CCS1477_48h_100nM This study GSM6284911

TS185_01_OPM-2_DMSO_6h_S1 This study GSM7441300

TS185_02_OPM-2_CCS1477_6h_S2 This study GSM7441301

TS185_03_OPM-2_DMSO_48h_S3 This study GSM7441302

TS185_04_OPM-2_CCS1477_48h_S4 This study GSM7441303

(Continued on next page)

ll
OPEN ACCESS Article

e5 Cancer Cell 41, 2136–2153.e1–e13, December 11, 2023



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

D5_veh_S2071_00001 This study GSM7506252

D5_veh_S2071_00002 This study GSM7506253

D5_veh_S2071_00003 This study GSM7506254

D5_veh_S2071_00004 This study GSM7506255

CCS20_D5_S2071_00009 This study GSM7506256

CCS20_D5_S2071_00010 This study GSM7506257

CCS20_D5_S2071_00011 This study GSM7506258

CCS20_D5_S2071_00012 This study GSM7506259

TS173_04_Sample_D_screening_pretreatment This study GSM6284912

TS173_05_Sample_E_treatment_timepoint2_Cycle2_Day3 This study GSM6284913

TS173_06_Sample_F_treatment_timepoint4_Cycle4_Day1 This study GSM6284914

Experimental models: Cell lines

THP1 (M) DSMZ RRID:CVCL_0006

HEK293 (F) Invitrogen RRID:CVCL_0045

OPM2 (F) DSMZ RRID:CVCL 1625

X63Ag8-653 (F) DSMZ RRID:CVCL 4032

ATN-1 (M) RIKEN RRID:CVCL_1073

CCRF-CEM (F) ATCC RRID:CVCL_0207

CTB-1 (M) RIKEN RRID:CVCL_1149

EB1 (F) ATCC RRID:CVCL_2027

GA-10 (M) ATCC RRID:CVCL_1222

HEL (M) HSRRB RRID:CVCL_0001

HEL92.1.7 (M) ATCC RRID:CVCL_2481

HL-60 (F) ATCC RRID:CVCL_0002

IM-9 (F) HSRRB RRID:CVCL_1305

JeKo-1 (F) ATCC RRID:CVCL_1865

Jurkat (M) ATCC RRID:CVCL_0065

KG-1 (M) ATCC RRID:CVCL_0374

KMS.11 (F) HSRRB RRID:CVCL_2989

KMS.12-PE (F) DSMZ RRID:CVCL_1333

KMS.28BM (F) HSRRB RRID:CVCL_2994

KMS-20 (F) HSRRB RRID:CVCL_2990

Loucy (F) ATCC RRID:CVCL_1380

LP-1 (F) DSMZ RRID:CVCL_0012

MAVER-1 (M) ATCC RRID:CVCL_1831

MLMA (F) HSRRB RRID:CVCL_1419

MM.1R (F) ATCC RRID:CVCL_8794

MOLM16 (F) DSMZ RRID:CVCL_2120

MOLT-4 (M) NCI RRID:CVCL_0013

NAMALWA (M) ATCC RRID:CVCL_0067

NOMO-1 (F) HSRRB RRID:CVCL_1609

OCI-AML-3 (M) DSMZ RRID:CVCL_1844

OPM-2 (F) DSMZ RRID:CVCL_1625

OPM-2_LenR (F) This study N/A

P116 (M) ATCC RRID:CVCL_6429

Pfeiffer (M) ATCC RRID:CVCL_3326

Raji (M) ATCC RRID:CVCL_0511

REH (F) ATCC RRID:CVCL_1650

RPMI8226 (M) ATCC RRID:CVCL_0014

(Continued on next page)
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SUP.T1 (M) ATCC RRID:CVCL_1714

THP-1 (M) ATCC RRID:CVCL_0006

U266B1 (M) ATCC RRID:CVCL_0566

MLL-AF9 mouse cells (M and F) Generated in house N/A

MLL-ENL mouse cells (M and F) Generated in house N/A

E2A-PBX1 mouse cells (M and F) Generated in house N/A

MOZ-TIF2 mouse cells (M and F) Gift from G Lacaud N/A

Oligonucleotides

See Table S4 This study N/A

Recombinant DNA

pLKO.1 - TRC cloning vector Addgene Cat# 10878, RRID:Addgene_10878

pLKO.1 (SHC002): NTC Sigma Aldrich Cat# SHC002

pLKO.1: MYB KD This study N/A

pLKO.1: IRF4 KD1 This study N/A

pLKO.1: IRF4 KD2 This study N/A

EF1a_MCS_SV40_puro Generated in house N/A

pCMVR8.74 Addgene Cat# #22036

RRID:Addgene_22036

pMD2.G Addgene Cat# #12259

RRID:Addgene_12259

Software and algorithms

STAR v2.4.2a Dobin et al.42 N/A

BWA-MEM v0.7.15 Li et al.56 N/A

Cell Ranger v5.0.1 10x Genomics Cell Ranger 5.0.1 N/A

Seurat package Satija et al.45 N/A

Louvain algorithm Waltman et al.46 N/A

Scanorama Hie et al.48 N/A

Samtools v0.1.9 Li et al.57 N/A

MACS2 Zhang et al.50 N/A

Homer v4.10 Heinz et al.51 N/A

GenomicRanges v1.30.1 Lawrence et al.52 N/A

FASTQC v0.11.3 Andrews et al.54 N/A

Cutadapt Martin et al.55 N/A

DESeq2 Love et al.43 N/A

SDS software v2.1 Applied Biosystems N/A

GSEA v2.0.14 Subramanian et al.59 N/A

Microsoft Excel 2016 N/A N/A

StatsDirect software v.1.9.7 StatsDirect N/A

GREAT Liberzon et al.18 N/A

MEME-ChIP Machanick et.11 N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Tim Som-

ervaille (tim.somervaille@cruk.manchester.ac.uk).

Materials availability
d This study did not generate new unique reagents.

d All plasmids listed in the key resources table are available upon request.
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Data and code availability
d ChIPseq and RNAseq data have been deposited at GEO and are publicly available as of the date of publication. Accession

numbers are listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact on request.

d The accession number for high-throughput sequencing data files reported in this paper is GSE207357.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal studies
Transplantation experiments usingmice were approved by the AnimalWelfare and Ethics ReviewBody at Cancer Research UKMan-

chester Institute and performed under a project license issued by the United Kingdom Home Office, in keeping with the Home Office

Animal Scientific Procedures Act of 1986. Cryopreserved female bone marrow cells from female mice with experimentally initiated

AML (retroviral transduction and transplantation of KIT+ BM stem and progenitor cells)27 were thawed and cultured for seven days

before 1x106MLL-AF9 or MLL-AF10 AML cells were injected into the tail veins of sub-lethally irradiated (2 x 200cGy) female recipient

C57BL/6 mice which were 8-10 weeks old (Harlan, Huntingdon, UK). Cells were allowed to engraft for two weeks following which

mice were dosed with CCS1477 (30mg/kg) or DMSO containing vehicle by oral gavage daily for 42 days. Transplanted mice exhibit-

ing signs of ill health, or healthy mice at the end of the study (Day 220), were euthanized using a Schedule 1 method. Cells from BM

were cryopreserved for later analysis. In preparation of figures, no animals were excluded.

In vivo xenograft studies were performed by Crown Bioscience (Beijing, People’s Republic of China). Animals were housed in path-

ogen-free facilities and all studies were reviewed and approved ahead of time by Crown Bioscience’s Institutional Animal Care and

Use Committee (IACUC). During the study, the care and use of animals was conducted in accordance with the regulations of the As-

sociation for Assessment and Accreditation of Laboratory Animal Care (AAALAC). Xenograft tumours were established by subcu-

taneous injection of MOLM16, OPM-2 or MV(4,11) cells into female 7-10 week old NOD.CB17-Prkdcscid (NOD/SCID) mice sourced

from AK Bioscience C., Ltd (Beijing, People’s Republic of China). Once tumours had reached approximately 150mm3, animals were

randomized into control and treated groups. CCS1477 was administered by oral gavage once daily. In all studies, tumour volume

(measured by calliper), animal body weight, and condition were monitored at least twice weekly. At various time points, blood (for

serum or plasma) and tumour samples were collected for bioanalysis of CCS1477 concentrations and analysis of pharmacodynamic

(PD) biomarkers. In preparation of figures, no animals were excluded.

Assessment of normal hematopoiesis in rats treated with CCS1477 was performed by Sequani Limited (Ledbury, UK) under au-

thority of a Project Licence in compliance with the Animals (Scientific Procedures) Act 1986. Male Crl:WI(Han) rats were dosed

with 0 (vehicle) or 7.5 mg/kg/day CCS1477 once daily (n=6 per cohort). The vehicle consisted of 5% v/v DMSO, 5% v/v Ethanol

and 18% w/v Vitamin E D-a-tocopheryl polyethylene glycol succinate (TPGS) in ultra-high purity water. Both groups were dosed

by gavage at a dose volume of 5 mL/kg for 14 days. All animals were assessed for clinical observations, body weights and food

intake. Blood samples were taken during the acclimatisation period, and on days 7 and 14 of dosing. There were no deaths during

the study and no clinical signs of toxicity. In preparation of figures, no animals were excluded.

For clonogenic assays of murine (M3231, Stem Cell Technologies) AML cells, cells were cultured at 2.5x103 cells/ml in methylcel-

lulose medium supplemented with IL3, IL6, GM-CSF (10ng/ml) and SCF (20ng/ml). Colonies were enumerated after 5-10 days in

culture.

Murine MLL-AF9, MLL-ENL, E2A-PBX1 leukemias or MOZ-TIF2 immortalized cells were generated by retroviral transduction and/

or transplantation as described.27,36,37 Cryopreserved leukemia cells from these previously published cohorts were thawed and then

cultured in RPMI with 10% FBS and 10% X-63 conditioned medium38 supplemented with 2mM L-glutamine.

Human participants
Human participants were treated on CCS1477-02 which is an ongoingmulti-centre, open-label, non-randomized, multicohort, phase

I/IIa study (ClinicalTrials.gov identifier: NCT04068597) in which subjects with a range of advanced hematological malignancies are

treated with CCS1477 (Data S1 and S2). During the Phase I monotherapy dose escalation portion of this study, CCS1477was admin-

istered in 28-day cycles at doses ranging from 25-50mg once or twice daily in a continuous or intermittent schedule. The study and all

associated documentation received ethical approval from South Central Berkshire Research Ethics Committee (Reference 19/SC/

0221). The study was conducted in accordance with the study protocol, local guidelines and regulations, and in keeping with the

ethical principles of the Declaration of Helsinki. All patients gave their written informed consent ahead of participation. Treatment

was continued until disease progression, unacceptable toxicity or consent withdrawal.

Eligible patients were over 18 years of age, male or female. Patients had confirmed (as per standard disease specific diagnostic

criteria) relapsed or refractory AML or myeloma and had exhausted appropriate standard-of-care treatment options. Patients had to

have adequate hematologic function (unless the diagnosis was AML) which was defined as an absolute neutrophil count of R1.0 x

109/L, platelet countR75 x 109/L and hemoglobin levelR80 g/L. For AML, theWBC had to be <10 x 109/L. All patients had to have an

Eastern Cooperative Oncology Group performance status of%2 and adequate organ function, defined as defined as: serum aspar-

tate aminotransferase (AST) and alanine aminotransferase (ALT) %3 x upper limit of normal (ULN), or AST/ALT %5 x ULN, total
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bilirubin%1.5 xULN; creatinine clearanceR50mL/min and serum albumin >2.5 g/dL. Safety evaluationswere performed throughout

the study.

Here we report exemplar cases treated sinceMarch 2021 from three centers in the United Kingdom to illustrate how the in vitro and

in vivo pre-clinical activity of CCS1477 extends into patients; a full trial report will be published separately in due course.

Cell lines
Cell lines (see key resources table) were cultured in RPMI 1640, alpha-MEM or IMDM containing 10-20% fetal bovine serum (FBS),

varying according to the recommendations of ATCC or DMSZ. Where possible cell line authentication was performed by STR anal-

ysis. Cell line sex is shown in the key resources table.

For growth assays, cells were exposed in duplicate or quintuplicate to a nine-point dosing with CCS1477 (top dose 10mM). The

effects of CCS1477 were evaluated using CellTiter-Glo (Promega, Madison, WI) or alamarBlue (ThermoFisher, Waltham, MA), ac-

cording to the manufacturer’s instructions. For semisolid clonogenic assays, human AML cells were cultured at a density of

1x104 cells/ml in methylcellulose medium (H4320, Stem Cell Technologies).

To generate FUCCI THP1 AML cells, the coding sequences for the two FUCCI fluorescent fusion proteins mKO2-CDT1 and

mAG-GMNN were PCR amplified from commercially available plasmid templates (Amalgaam, Japan) and cloned into an

EF1a_MCS_SV40_puro lentiviral plasmid using NdeI and NheI restriction endonucleases. Lentivirus was generated in 293FT cells

(ThermoFisher) as described14,39 and THP1 cells transduced with lentiviral particles in the presence of 8mg/ml polybrene. To isolate

a single clone of THP1 cells expressing both the CDT1 and GMNN FUCCI constructs sequentially as cells moved through the cycle,

cells were plated in semisolid culture at low density following infection with both lentiviruses and then single colonies containing a

mixture of red and green cells were plucked from the medium and expanded.

Primary cells
Use of primary human tissue was in compliance with the ethical and legal framework of the UK’s Human Tissue Act, 2004. Primary

human AML samples were from Manchester Cancer Research Centre’s Tissue Biobank (instituted with the approval of the South

Manchester Research Ethics Committee (18/NW/0092) and licensed by the Human Tissue Authority (licence number: 30004)). Their

use was authorized following ethical review by the Tissue Biobank’s scientific sub-committee (approval reference 08_TISO-02) and

with the informed consent of the donor. Donor sex and age are shown in Table S2.

Cryopreserved primary patient AML samples from blood or bone marrow were thawed and recovered on MS5 stromal cells for

7-10 days in alpha-MEM medium supplemented with 12.5% heat-inactivated FBS, 12.5% heat-inactivated horse serum, 2mM

L-glutamine, 57.2mM b-mercaptoethanol, 1 mM hydrocortisone and 20 ng/ml IL3, G-CSF and TPO (Peprotech, London, UK), as

described.40 Primary AML cells for growth assays using alamarBlue were then switched to liquid culture in StemSpan (Stem Cell

Technologies, Vancouver, Canada) supplemented with IL3, G-CSF and TPO (all at 20ng/ml) (Peprotech, London, UK). Cell cycle,

apoptosis and differentiation assays of primary AML cells were performed in stromal coculture.

For clonogenic assays of human primary AML cells, cells were cultured at 2x104 cells/ml in methylcellulose medium supplemented

with IL3, G-CSF and TPO (20ng/ml). Colonies were enumerated after 5-10 days in culture.

METHOD DETAILS

Flow cytometry, apoptosis and cell cycle analysis
Flow cytometric analyses were performed using an LSR Model II flow cytometer (BD Biosciences, Oxford, UK) using the

following antibodies: CD11b PE (ICRF44), CD86 PerCP-EF710 (B7-2), CD11b-PE (M-170), Ly-6G (GR1) PE-Cy7 (RB6-8C5),

CD117-APC (2B8), TCRb APC-EF780 (H57-597) and B220 EF450 (RA3-6B2) (ThermoFisher). Apoptosis assays were performed

by Annexin V/7-AAD staining according to the manufacturer’s instructions (ThermoFisher). Cell cycle analysis was performed as

described.41

Virus particle manufacture
Lentiviral and retroviral supernatants were prepared, and leukemic human and murine cells were infected with viral particles, as

described.39 Briefly, 4.5x106 293FT cells were plated overnight in 10mls DMEM with 10% FBS in 10cm dishes and transfected

with 4mg lentiviral vector, 2mg pCMVR8.74 and 1mg of pMD2.G precomplexed with 21mg of PEI in serum free DMEM for 30 minutes

at room temperature. Medium was changed the following day and 106 target cells sequentially transduced with 10ml of viral super-

natant collected at 24hr and 48hr post transfection in the presence of 8mg/ml polybrene. Cells were selected using 3mg/ml puromycin

for 24hrs prior to use.

shRNA cloning
2mM of forward and reverse complementary oligonucleotides were synthesised (Integrated DNA Technologies) and annealed in 1x

CutSMART buffer by incubating at 95�C for 5 minutes and allowing to cool slowly to room temperature. 0.2mM of annealed oligo-

nucleotides were then ligated into 50ng pLKO.1 predigested with EcoRI/AgeI restriction endonucleases at 16�C overnight and trans-

formed into Stbl3 chemically competent cells.
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Western blotting
Cells were harvested, washed twice with PBS and re-suspended in modified RIPA buffer (50mM Tris-HCl pH7.4, 100mM NaCl, 1%

NP-40, 1% sodium deoxycholate, 0.1% Sarkosyl, 5mM MgCl2, 3% glycerol) supplemented with 1x EDTA-free protease inhibitors

(Roche, Basel, Switzerland), 0.5mM PMSF, 1mMDTT, 5mM sodium butyrate, 5mM sodium fluoride and 1:250 benzonase (Millipore,

Burlington, MA). Re-suspended cells in lysis buffer were incubated for 50 minutes at room temperature on a rotating wheel and vor-

texed briefly every 10 minutes to facilitate cell lysis and protein extraction. Samples were then spun down at 20,817g for 30 minutes,

at 4�C in a bench top centrifuge and supernatants (corresponding to thewhole protein extracts) were collected and quantified byBCA

assay (ThermoFisher). For protein subcellular fractionation a ThermoFisher kit (78840) was used, according to the manufacturer’s

instructions. Between 10 and 30mg of protein extract was mixed with NuPAGE LDS Sample buffer (ThermoFisher) and 100mM

DTT and denatured for 5 minutes at 95�C before loading on an SDS-PAGE gel. Transfer of proteins to nitrocellulose membrane

(Cytiva, Marlborough, MA) was carried out at 80V for 1 hour and 30 minutes at 4�C, or at 30V overnight at 4�C in Transfer buffer

(Tris-Glycine) containing 10%methanol. Membranes were blocked in 5%milk in TBS/0.1%Tween for one hour at room temperature.

Primary antibodies were diluted in 5%BSA dissolved in TBS/0.1% Tween and incubated with the membrane either overnight at 4�C,
or for three hours at room temperature. After three washes with TBS/0.1% Tween (5 minutes each), membranes were incubated with

the appropriate secondary antibodies diluted in 5% BSA in TBS/0.1% Tween for one hour at room temperature. After a further three

washes, protein signals were detected by the Enhanced Chemo Luminescence (ECL) method (Bio-Rad, Hercules, CA) and images

were acquired with the Chemidoc� Touch Imaging System (Bio-Rad). Wherever possible western membranes were cut to facilitate

probing for proteins of different molecular weights with different antibodies. Where protein sizes were similar (e.g. Figures 2E or 5J),

membranes were stripped with Restore Western Blot Stripping Buffer (ThermoFisher) and reprobed with a different antibody. The

following antibodies were used for western blot analysis at the indicated dilutions: anti-H3K9ac (ab4441, Abcam (Cambridge,

UK), 1:10000), anti-H3K18ac (9675S, Cell Signaling Technology (Danvers, MA), 1:2000), anti-H3K27ac (ab4729, Abcam, 1:1000),

anti-Total H3 (3638S, Cell Signaling Technology, 1:1000), anti-H4K5ac (8647S, Cell Signaling Technology, 1:1000), anti-Total H4

(2935S, Cell Signaling Technology, 1:1000), anti a-Tubulin (in house, 1:500), anti-EP300 (61401, Active Motif (Carlsbad, CA),

1:1000), anti-MYB (05-175, Merck Millipore (Burlington, MA), 1:1000 and ab45150, Abcam, 1:1000), anti-CEBPA (C15410225, Dia-

genode (Denville, NJ), 1:1000), anti-SPI1 (2258S, Cell Signaling Technology, 1:1000), anti-RUNX1 (ab23980, Abcam, 1:1000), anti-

IRF4 (4964S, Cell Signaling Technology, 1:1000), anti-TCF3/E2A (12258S, Cell Signaling Technology, 1:1000), anti-CBP

(ab253202, Abcam, 1:1000), anti-RFX5 (200-401-194, Rockland (Pottstown, PA), 1:1000), anti-FLI1 (ab133485, Abcam, 1:1000),

anti-ETV6 (HPA000264, Atlas Antibodies (Bromma, SE, 1:500), anti-ELF1 (sc-133096, Santa Cruz Biotechnology (Dallas, TX),

1:100) and anti-Vinculin (V9131, Sigma Aldrich (St Louis, MO), 1:5000).

RNA sequencing
For experiments on THP1 AML cells, total RNAwas extracted using the RNeasy PlusMini Kit (Qiagen, Hilden, Germany), according to

manufacturer’s instructions. RNA quality was assessed using a Bioanalyzer 2100 (Agilent Technologies). Indexed poly-adenylated

RNA libraries were prepared with an input of 500ng of total RNA using the SureSelect Strand-Specific RNA Library Prep System

(G9691A, Agilent Technologies) or the NEB Next Ultra II Directional RNA Library Prep Kit (E7760, New England Biolabs) following

ribosomal RNA depletion using the NEB Next rRNA Depletion Kit v2 (E7405, New England Biolabs) according to the manufacturer’s

instructions. Library quality was assessed using a Fragment Analyzer 5200 (Agilent Technologies). Libraries were quantified by qPCR

using the KAPA Library Quantification Kit for Illumina (Roche). Sequencing was performed on a NovaSeq 6000 platform (Illumina)

using NovaSeq SP consumables (2x100 cycles, paired-end, 30 million per sample). Reads were aligned to the human genome

(GRCh38) and gene annotated with its corresponding GTF files (GENCODE GRCh38) using STAR version 2.4.2a with the

settings–outFilterMultimapNmax 20,–outFilterType BySJout,–alignSJoverhangMin 8,–quantMode GeneCounts.42 DESeq2 was

used to perform differential gene expression analysis and calculate FPKM (fragments per kilobase of transcript per million mapped

reads) values for each gene, counting only reads that mapped to exonic regions.43

For experiments on OPM-2 myeloma xenografts, tumour samples were collected into RNAlater (ThermoFisher) and incubated for

24h at 4�C before long term storage at -70�C. RNA was extracted from tumour samples using an RNeasy Plus Mini Kit (Qiagen), ac-

cording to manufacturer’s instructions. Nanodrop spectrophotometric QC was performed on extracted nucleic acids to determine

concentration and purity. Bioanalyzer/Tapestation QC was performed on tumour RNA to assess integrity of the sample. Libraries

were prepared with the KAPA RNA HyperPrep with RiboErase kit (Roche). Paired end 2x75 bp sequencing achieved an average

of 50M reads per sample. Reads were aligned and FPKM calculated as above.

Single cell RNA sequencing (scRNA) library preparation and sequencing
Cryopreserved primary patient blood and BM samples pre- and post- treatment with CCS1477 were thawed and washed in 0.04%

BSA/PBS. For single-cell RNA sequencing, libraries were prepared using the Chromium Single Cell 3’ Reagent Kit using v3.1 chem-

istry in accordancewith themanufacturer’s (10x Genomics) protocol. Briefly, 25,000 cells from each sample were loaded on separate

channels with a target output of 10000 single cells. Reverse transcription and library preparation were performed on a Veriti 96-well

PCR (Applied Biosystems). The amplified cDNA and final libraries were evaluated on an Agilent Fragment Analyzer 5200 using the HS

NGS Fragment kit. Libraries were pooled and sequenced on a NovaSeq6000 platform (Illumina) with a final loading concentration of

360pM using 28+10+10+90 cycles. Between 40,000 and 50,000 reads per cell were obtained.
Cancer Cell 41, 2136–2153.e1–e13, December 11, 2023 e10



ll
OPEN ACCESS Article
10x Genomics scRNA sequencing processing and analysis
Cell Ranger (version 5.0.1) was used to align reads to human genome GRCh38-2020-A and for detecting cells using default param-

eters. Downstream high-level scRNAseq analysis was performed using the Seurat suite (version 4.1.1). Each sample was assessed

separately and cells with high mitochondrial gene percentage (>0.10), low number of detected genes (<300) or a high UMI count,

which potentially represents multiplets (>30,000), were removed. Counts were then normalised, scaled, and centered using sctrans-

form methodology, as described.44

Highly variable genes were detected through dispersion of binned variance tomean expression ratios using the FindVariableGenes

function of the Seurat package.45 Principal component analysis was then performed on normalized expression values using top 3000

HVGs as input. To visualise and explore the data further, non-linear dimensionality reduction was performed using Uniform Manifold

Approximation and Projection (UMAP) plots using the top 30 principal components of each dataset. Clustering of cells was

performed using Seurat’s shared-nearest neighbour (SNN) graph-based approach. Briefly, we first constructed and refined a

K-nearest neighbour graph based on the Euclidean distance in PCA space using the FindNeighbors function, with the same 30

PCs as input, then applied the Louvain algorithm as the modularity optimization technique for grouping cells together into transcrip-

tionally similar ‘‘communities’’, as described.46

Cluster specific markers were calculated using the FindMarkers function from the Seurat package with the following parameters:

min.pct = 0.25, logfc.threshold = 0.25. This function uses the nonparametric Wilcoxon test on the log transformed, normalized UMIs

to compare expression level. Cluster cell identities were then inferred by assessing canonical gene expression patterns in each clus-

ter and by assessing cluster specific genes. Cell signature gene sets were collated by curating known canonical cell markers selected

from multiple hematopoiesis datasets. To confirm our output, we used SingleR for automatic cluster annotation using the single-cell

datasets described.47

For the integration of single-cell datasets, we used a combination of the Scanpy and Scanorama packages, which use Mutual

Nearest Neighbour method (MNN) for sample alignment, then visualised them through dimensionality reduction.48 Cluster annotation

was repeated using the same method described above. For the assessment of transcriptional changes in the blasts across the

different timepoints, we aggregated the raw counts of this cell population in each sample to obtain pseudo-bulk datasets. We

then normalised the datasets using the normalisation framework provided by the DESeq2 package.

Quantitative PCR analysis
Reverse transcription of total RNAwas carried out with the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, Wal-

tham, MA), according to the manufacturer’s instructions. Real time (RT) PCR was performed in triplicate, in a 10ml final reaction vol-

ume composed of 5ml TaqMan Fast Universal PCR Master Mix (Applied Biosystems), 25ng of cDNA, and 0.5ml of TaqMan premixed

primers with probes (Hs00358836_m1 for KLF4, Hs00269972_s1 for CEBPA, Hs00153408_m1 forMYC, Hs00920556_m1 for MYB,

Hs00180031_m1 for IRF4, Hs02786624_g1 or Hs01922876_u1 for GAPDH, and Hs02598545_g1 for H3F3A). Quantitative PCR am-

plifications were carried out in a QuantStudio� 5 instrument (Applied Biosystems), using the following protocol: 1) 95�C for 20 sec-

onds, 2) 40 cycles at 95�C for 1 second and 60�C for 20 seconds. To assess enhancer RNAs (eRNA), RT-PCR was performed by

mixing 45ng of cDNA (using the High-Capacity cDNA Reverse Transcription kit) with 5ml of 2X SYBR green Master Mix

(ThermoFisher, 4309155) and 0.5mM of each primer mix in a final reaction volume of 10ml. Quantitative PCR amplifications were per-

formed in the QuantStudio� 5 instrument (Applied Biosystems, A28140), using the following protocol: 1) 50�C for 2 minutes, 2) 95�C
for 10minutes, 3) 40 cycles at 95�C for 15 seconds and 60�C for 1minute. Primers were designed either on the H3K27ac or the phos-

phoS2 Pol II peak (at intronic or intergenic regions) closest to the EP300 binding region at the selected enhancers. The primer se-

quences used are shown in Table S4.

Chromatin immunoprecipitation (ChIP) and next generation sequencing
For chromatin immunoprecipitation experiments with THP1 AML and OPM-2 myeloma cells, 70x106 cells were treated for 1, 2, 6 or

48 h with CCS1477 (100nM and 1000nM), or DMSO vehicle. Cells were cross-linked using 1% formaldehyde (Sigma Aldrich) in PBS

for 10 minutes (for H3K27ac, RNA-Pol II, phosphoS2 RNA-Pol II, phosphoS5 RNA-Pol II and CEBPA), or double cross-linked (for

EP300, MYB, IRF4, CBP, TCF3/E2A and RUNX1) with ChIP cross-link Gold (Diagenode) for 30 minutes in PBS containing 1mM

MgCl2 and thenwith 1% formaldehyde for 10minutes. The reaction was stopped by addition of 0.125Mglycine for 5mins. Cell pellets

were then washed twice with cold PBS containing protease inhibitors (Complete EDTA-free tablets, Roche). ChIP was performed as

described.49 Briefly, nuclear lysates were sonicated by using a Bioruptor Pico for 8 and 16 cycles (30 seconds ON, 30 seconds OFF

settings) for THP1 and OPM-2 cells, respectively. Chromatin Immunoprecipitation was carried out overnight at 20 rpm, 4�C in a

rotating wheel with 180ml Dynabeads Protein G (10004D, Invitrogen) previously conjugated with 15mg antibody.

The antibodies used for ChIPseq analysis were: anti-EP300 (61401 from Active Motif and MCA6390 from Bio-Rad), anti-H3K27ac

(ab4729 from Abcam), anti-CEBPA (C15410225 from Diagenode), anti-MYB (ab45150 from Abcam), anti-IRF4 (4964S from Cell Sig-

nalling Technology), anti-CBP (ab253202 from Abcam), anti-TCF3/E2A (12258S from Cell Signalling Technology), anti-RUNX1

(ab23980 from Abcam), anti-Total RNA-Pol II (ab26721 from Abcam), anti-phospho S2 RNA-Pol II (ab5095 from Abcam) and anti-

phospho S5 RNA-Pol II (ab5408 from Abcam).

Beads were then washed six times with RIPA buffer (50mM HEPES pH7.5, 1mM EDTA, 0.7% Na deoxycholate, 1% NP-40, 0.5M

LiCl) and once with TE buffer (10mM Tris pH8.0, 1mM EDTA). Next, chromatin IP-bound fractions were extracted and de-crosslinked

with Odom elution buffer (50mM TrisHCl pH8.0, 10mM EDTA, 1% SDS) and incubated in a thermomixer at 65�C and 900 rpm
e11 Cancer Cell 41, 2136–2153.e1–e13, December 11, 2023



ll
OPEN ACCESSArticle
overnight. The day after, RNaseA (0.2mg/ml) and proteinase K (0.2 mg/ml) were added to remove any RNA and protein from the sam-

ples. Finally, DNA was extracted using phenol:chloroform:isoamyl alcohol extraction and precipitated with ethanol: two volumes of

ice-cold 100%ethanol, glycogen (0.075mg/ml) and 200mMNaCl were added to each sample. Samples were then incubated overnight

at �80�C. Pellets were washed with 70% ethanol and resuspended in 30ml 10mM TrisHCl pH8.0.

ChIP DNA samples were prepared for sequencing using the NEB Next UltraII kit (New England Biolabs) starting from 1-5ng of ChIP

DNA, according to the manufacturer’s instructions. Libraries were size selected with AMPure XP beads (Beckman Coulter, USA) for

200-800 base pair size range and quantified by qPCR using a KAPA Library Quantification Kit for Illumina (Roche). Sequencing was

performed on a NovaSeq 6000 platform (Illumina) using NovaSeq SP consumables (2x100 cycles or 2x150 cycles, paired-end, 50-

100million reads per sample). Readswere aligned to the human genome (hg38) using BWA-MEM v0.7.15. Readswere further filtered

using Samtools v0.1.9 and Bedtools v2.25.0 to keep only reads that mapped to standard chromosomes and to remove reads map-

ped to blacklisted regions defined by ENCODE (http://mitra.stanford.edu/kundaje). MACS2 (Model-based Analysis of ChIPseq,

version 2.1.0) software was used to call peaks.50 A cutoff of 0.01 False Discovery Rate (FDR) was used as a threshold and five du-

plicates were allowed (callpeak –t ChIP.bam -f BAMPE -c input.bam –keep-

dup 5 -g hs -B -q 0.01). Annotation of peakswas performedwith Homer version 4.10.51 The genomic coordinates of peak apiceswere

set at the centers of 100 bp regions to create BED files using the package GenomicRanges (version1.30.1) (R/Bioconductor).52 Then

they were used for evaluating the intersection of peaks between different ChIPseq experiments with the BEDtools package (version

2.25.0). All high throughput sequencing data files are available at the Gene Expression Omnibus: GSE207357.

ChIP-qPCR
ChIP-qPCR was performed as follows: 2.5ml ChIP DNA (prepared as described in the paragraph ‘‘Chromatin immunoprecipitation

(ChIP) and next generation sequencing’’) and input samples (all diluted 1:5) wasmixedwith 5 ml of 2X SYBRgreenMasterMix (Applied

Biosystems, 4309155) and 0.5 mM of each primer mix in a final reaction volume of 10ml. Quantitative PCR amplifications were per-

formed in the QuantStudio� 5 instrument (Applied Biosystems, A28140), using the following protocol: 1) 50�C for 2 minutes, 2) 95�C
for 10 minutes, 3) 40 cycles at 95�C for 15 seconds and 60�C for 1 minute. The primer sequences used are shown in Table S4.

ATAC sequencing
THP1 AML andOPM-2myeloma cells were treated with DMSO or 100nMCCS1477 for 6h and 48h. Cells were washed once with ice-

cold PBS and Assay for Transposase Accessible Chromatin (ATACseq53) was performed using 50,000 viable cells. Cell pellets were

re-suspended in 50mL ice-cold lysis buffer (10mM Tris-HCl pH7.4, 10mM NaCl, 3mMMgCl2, 0.1% IGEPAL CA-630) and nuclei were

pelleted by centrifugation for 10 minutes at 500g. Supernatant was discarded and nuclei were suspended in 25mL reaction buffer

containing 2mL Tn5 transposase (Diagenode, C01070012) and 12.5ml Tagmentation buffer (Diagenode, C01019043). The reaction

was incubated for 45 minutes at 37�C and 300rpm and purified using a MinElute PCR Purification Kit (QIAGEN). Library fragments

were amplified using 2x NEB Next High-Fidelity PCR master mix and 1.25mM of custom PCR primers and conditions.53 The PCR

reaction was monitored to reduce GC and size bias by amplifying the full libraries for five cycles and taking an aliquot to run for

20 cycles using the same PCR cocktail and 0.6x SYBR Green (ThermoFisher). The remaining 45ml reaction was amplified for addi-

tional cycles as determined by qPCR. Libraries were finally purified using aMinElute PCR Purification Kit. Libraries were size selected

with AMPure beads for 200-800 base pair size range and quantified by qPCR using a Kapa Library Quantification Kit. ATACseq data

were generated using the NovaSeq platform from Illumina with a 2x100bp output.

Sequencing reads were quality checked using FASTQC v0.11.3.54 Any adaptor sequences present in the data were removed using

Cutadapt.55 The cleaned and trimmed FASTQ files were mapped to the hg38 reference assembly using BWA-MEM v0.7.1556 and

processed using Samtools v0.1.9.57 The data were cleaned for duplicates, lowmapping quality reads (i.e., MAPQ< 30), non-uniquely

mapped reads, not properly paired reads and reads mapped to non-conventional chromosomes and mitochondrial DNA.

Bromodomain assays
Bromoscanning was performed by DiscoverX Corporation (Fremont, CA) using methodology adapted from.58 BROMOscan employs

a proprietary ligand binding site-directed competition assay to quantitatively measure interactions between test compounds and

bromodomains. As an overview, assay components (cell-expressed bromodomain labeled with DNA tag for qPCR readout, a known

control bromodomain ligand immobilized on a solid support, and CCS1477 test compound or control) were assembled and equili-

brated, and then the solid support was washed to remove unbound bromodomains. Bromodomains captured on the solid support

were quantified by qPCR and captured bromodomain levels in test and control conditions were then compared.

In detail, T7 phage strains displaying bromodomains were grown in parallel in 24-well blocks in an E. coli host derived from the

BL21 strain. E. coli were grown to log-phase and infected with T7 phage from a frozen stock (multiplicity of infection = 0.4) and incu-

bated with shaking at 32�C until lysis (90-150 minutes). The lysates were centrifuged (5,000 x g) and filtered (0.2mm) to remove cell

debris. Streptavidin-coated magnetic beads were treated with biotinylated small molecule or acetylated peptide ligands for 30 mi-

nutes at room temperature to generate affinity resins for bromodomain assays. The liganded beads were blocked with excess biotin

andwashedwith blocking buffer (SeaBlock (Pierce), 1%BSA, 0.05%Tween 20, 1mMDTT) to remove unbound ligand and to reduce

non-specific phage binding. Binding reactions were assembled by combining bromodomains, liganded affinity beads, and test com-

pounds in 1x binding buffer (16 % SeaBlock, 0.32x PBS, 0.02%BSA, 0.04 % Tween 20, 0.004% Sodium azide, 7.9 mM DTT). Test

compounds were prepared as 1000X stocks in 100% DMSO and subsequently diluted 1:25 in monoethylene glycol (MEG). The
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compounds were then diluted directly into the assays such that the final concentrations of DMSO and MEG were 0.1% and 2.4%,

respectively. All reactions were performed in polypropylene 384-well plates in a final volume of 0.02 ml. The assay plates were incu-

bated at room temperature with shaking for 1 hour and the affinity beads were washed with wash buffer (1x PBS, 0.05% Tween 20).

The beadswere then re-suspended in elution buffer (1x PBS, 0.05%Tween 20, 2 mMnon-biotinylated affinity ligand) and incubated at

room temperature with shaking for 30 minutes. The bromodomain concentration in the eluates was measured by qPCR.

QUANTIFICATION AND STATISTICAL ANALYSIS

Gene set enrichment analysis
Pre-ranked gene set enrichment analysis was performed with GSEA v2.0.14 software from https://www.broadinstitute.org/gsea.59

Genes were rank ordered according to log2 fold change in expression.

Statistics
Statistical analyses were performed using Microsoft Excel 2016 or StatsDirect software (v.1.9.7). Details of the statistical tests used

for each analysis shown may be found in the figure legends.
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