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CANCER

A MYC inhibitor selectively alters the MYC and MAX
cistromes and modulates the epigenomic landscape
toregulate target gene expression

Austin G. Holmes', J. Brandon Parker’, Vinay Sagarz, Mihai I. Truica?, Pritin N. Soni’,
Huiying HanZt, GaryE. Schiltz>*°, Sarki A. Abdulkadir®*%*, Debabrata Chakravarti*>*#

MYC regulates multiple gene programs, raising questions about the potential selectivity and downstream transcrip-
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tional consequences of MYC inhibitors as cancer therapeutics. Here, we examined the effect of a small-molecule
MYC inhibitor, MYCi975, on the MYC/MAX cistromes, epigenome, transcriptome, and tumorigenesis. Integrating
these data revealed three major classes of MYCi975-modulated gene targets: type 1 (down-regulated), type 2
(up-regulated), and type 3 (unaltered). While cell cycle and signal transduction pathways were heavily targeted by
MYCi, RNA biogenesis and core transcriptional pathway genes were spared. MYCi975 altered chromatin binding
of MYC and the MYC network family proteins, and chromatin accessibility and H3K27 acetylation alterations
revealed MYCi975 suppression of MYC-regulated lineage factors AR/ARv7, FOXA1, and FOXM1. Consequently,
MYCi975 synergistically sensitized resistant prostate cancer cells to enzalutamide and estrogen receptor—positive
breast cancer cells to 4-hydroxytamoxifen. Our results demonstrate that MYCi975 selectively inhibits MYC target
gene expression and provide a mechanistic rationale for potential combination therapies.

INTRODUCTION

MYC functions as a transcription factor that regulates a diverse set
of gene networks including ribosome biogenesis, mRNA transla-
tion, microRNA regulation, cell cycle progression, DNA replication
and repair, immune response, metabolism, and apoptosis (1-3).
Dysregulated MYC expression is strongly implicated in tumorigenesis
and is a hallmark of various types of cancer (4-6); however, thera-
peutic targeting of MYC has been challenging due to the difficulty
of generating high-quality small-molecule inhibitors for what is an
intrinsically disordered protein. In addition, it remains unclear
whether MYC’s key role in regulating basic cellular processes will
undermine cancer cell selectivity and thus tolerability of MYC
inhibitors. Attempts to target MYC directly have focused on the
MYC/MAX heterodimerization domain. A dominant-negative
mutant MYC peptide (OmoMYC) was developed that binds directly
to MYC and abrogates MYC function (7, 8). Several small-molecule
inhibitors (e.g., 10075-G5 and 10058-F4) disrupt MYC/MAX di-
merization and have been shown to reduce MYC activity (9, 10).
Other approaches have included the use of covalent inhibitors to
disrupt MYC function (11). Use of various inhibitors as molecular
probes has led to a substantial increase in knowledge regarding
MYC function and a continued focus on the potential of MYC
inhibitors as cancer therapeutics (10).
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Given that MYC generally functions as a transcription factor, it
is critical to understand the molecular mechanisms by which MYC
inhibitors limit chromatin binding of MYC and the formation of
MAX heterodimers and the subsequent effects on target gene
expression. Whether MYC inhibitors selectively modulate MYC
binding and/or target gene expression is not clear but has important
implications for tolerability as a cancer therapeutic. Investigations
of MYC function on transcriptional output demonstrate both global
and selective gene regulation (12-15). Experimental and mathematical
modeling studies have suggested that higher levels of oncogenic
MYC promote chromatin binding to activate and repress transcrip-
tion of specific genes (16). The specificity of MYC chromatin binding
and gene expression changes in models of MYC overexpression
suggest that variations in promoter affinities and cofactors are
underlying determinants that regulate distinct biological processes
(17). The genomic distribution of MYC at target gene promoters
and enhancers can provide additional clues to the transcriptionally
oncogenic properties of MYC. In models of MYC/MAX heterodimer
inhibition with OmoMYC peptide, promoter occupancy of MYC
target genes was found to be significantly altered (18). Histone H3
lysine 27 acetylation (H3K27ac) is a mark of active promoters and
enhancers, and MYC has been shown to recruit histone acetyltrans-
ferases and induce genome-wide chromatin acetylation at H3K27
(19, 20). Binding of MYC at enhancers in models of MYC amplifi-
cation demonstrates enhancer invasion and a variant MYC DNA
binding profile (14).

We recently developed and characterized a small-molecule MYC
inhibitor, MYCi975, that binds directly to MYC, disrupts MYC/
MAX dimerization, and promotes proteasomal-mediated MYC
degradation, resulting in decreased tumor growth in vivo (21, 22).
MYCi975 was also well tolerated in animal models. In this work, we
examined the sensitivity of MYC/MAX binding sites and the global
epigenomic landscape to MYCi975, established the extent to which
MYCi975 limits MYC genomic function, and provide evidence
supporting the rationale for combination cancer therapies.
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RESULTS

The MYC cistrome is altered at canonical targets

and genome wide in response to MYCi975 to regulate
specific gene expression programs

To profile changes in MYC occupancy and target gene expression
in response to MYCi975 treatment, we first evaluated the kinetics of
MYC protein down-regulation in response to 10 uM MYCi975 for 1,
4, 8, 24, and 48 hours in the high-MYC-expressing 22Rv1 prostate
cancer cell line. In a time-dependent manner, MYCi975 induced
MYC protein down-regulation, achieving approximately >90%
decrease in MYC protein levels by 48 hours (Fig. 1A and fig. S1A).
Protein levels of MYC heterodimeric binding partner MAX and
related protein MNT were also reduced (~20 to 30% at 48 hours),
while MXD1 protein levels remained relatively stable (Fig. 1A and
fig. S1A). MYCi975 (10 pM) reduced 22Rv1 cell proliferation by
half, representing the median inhibitory concentration (ICsy) of
22Rv1 cells, suppressing cell growth and colony formation after
4 days, and reducing cell viability (Fig. 1B and fig. S1, B to D).
MYCi975 treatment induced poly(ADP-ribose) polymerase (PARP)
cleavage, a hallmark of apoptosis, in 22Rv1 cells (fig. S1E), suggesting
apoptosis as a possible mechanism for MYCi975-induced cell death.
On the basis of these results, we chose to perform genome-wide
analysis on cells treated with MYCi975 for up to 48 hours.

Next, we performed MYC chromatin immunoprecipitation
sequencing (ChIP-seq) in 22Rv1 cells treated with MYCi975 for 1,
4,8,24, and 48 hours. Principal components analysis (PCA) demon-
strated clustering of the early time points (1-, 4-, and 8-hour
groups), whereas continued treatment led to a maximum separa-
tion of the 24- and 48-hour groups (fig. S1F). This suggested that
the effects of MYCi975 on MYC chromatin occupancy are coinci-
dent with MYC protein degradation. Consistent with this possibility,
we found that after 1 hour of MYCi975 treatment, both the total
peak number and ChIP efficiency remained relatively stable; at all
other time points, these values were significantly reduced (fig. S1,
G and H). Differential binding analysis comparing each MYCi975
time point to the dimethyl sulfoxide (DMSO)-treated control group
revealed time-dependent effects of MYCi975 treatment on MYC
chromatin occupancy. Significant changes in MYC ChIP-seq signal
were evident as early as 8 hours after MYCi975 treatment [327
differentially bound peaks, false discovery rate (FDR) < 0.01].
Maximal differential MYC binding was found in the 48-hour
MYCi975-treated cells (28,056 peaks, FDR < 0.01) where more than
62% of the total MYC cistrome was altered (Fig. 1, C and D). We
defined the peaks with statistically significant changes (FDR < 0.01)
in MYC occupancy as “MYCi975-sensitive” sites. To investigate
both MYCi975-sensitve sites and those with FDR > 0.01 (“MYCi975
insensitive”), we analyzed both MYC and the well-characterized
MYC cofactor WDR5 (23). We plotted the normalized tag density
of both MYC and WDR5 chromatin binding at MYCi975-sensitive
and MYCi975-insensitive peaks and found that both MYC and
WDR5 tag density are significantly lower at MYCi975-insensitive
sites (fig. S1I). Genome-wide distribution analysis of both peak
sets revealed that MYC-bound MYCi975-insensitive sites were
predominantly promoter distal (fig. S1J). Unexpectedly, both peak
sets contained significant motif enrichment for the canonical c-Myc
motif (fig. S1K). MYCi975-insensitive peaks annotated to promoters
were used as input for gene ontology analysis demonstrating signifi-
cant enrichment for nervous system development and cell differen-
tiation, suggesting that downstream MYC-regulated gene pathways
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may remain unaltered (fig. S1L). Further analysis is focused on the
statistically significant MYCi975-sensitive sites. Genome distribution
analysis showed that early MYCi975-sensitive sites are significantly
enriched for promoter-distal [>2 kb from the nearest transcription
start site (TSS)] bound MYC and have low c-Myc motif significance
compared to later time points (Fig. 1E). To analyze the global changes
in the MYC-bound promoter network in response to MYCi975, we
integrated promoter annotation and gene set enrichment analysis
(GSEA) (24). MYC consensus peaks were annotated in reference to
the nearest TSS to define promoter-proximal (+2 kb from the TSS)
and promoter-distal (more than +2 kb from the TSS) MYC binding
sites. MYC-bound promoter-proximal sites were ranked on the basis
of fold change and FDR from differential peak analysis. Differential
MYC-bound promoters revealed significant loss of canonical MYC
target gene programs (‘HALLMARK_MYC_TARGETS_V2”; Fig. 1F).

Our previous study of transcriptomic profiles after exposure
to MYCi975 demonstrated disruption of canonical MYC gene pro-
grams (21). To determine the time-dependent effects of MYCi975
on gene expression, we treated 22Rv1 cells with MYCi975 for 24
and 48 hours to induce extensive MYC chromatin occupancy loss
and then performed RNA sequencing (RNA-seq). To control for
RNA abundance levels, we included a spike-in control and isolated
the same number of cells for each MYCi975 treatment time point.
We filtered gene expression based on the lower limit of detection
determined by the spike-in control. We found no significant differ-
ence in total RNA yield in 22Rv1 cells treated with MYCi975 for
24 or 48 hours compared to controls (fig. S2, A and B). As a quality
control, we used a Euclidean sample distance matrix to assess
sample similarity [log,-normalized counts, DESeq2 (25)], which
confirmed that the MYCi975-treated samples were similar to each
other and distinct from controls (fig. S2C).

We next performed differential gene expression analysis com-
paring DMSO control versus 24-hour MYCi975 or DMSO control
versus 48-hour MYCi975 treatment. The 24- and 48-hour MYCi975-
treated cells had 6973 and 9080 differentially expressed (DE) genes,
respectively (FDR < 0.01) (table S1). Differential gene expression
data were preranked (—log;o FDR x log, fold change) and used as
input for GSEA (24, 26). The top differential gene program
HALLMARK_MYC_TARGETS_V2 was suppressed in both 24- and
48-hour MYCi975-treated cells; we found that the same gene set
contained promoter-proximal MYCi975-sensitive sites (Fig. 1G
and table S1). Together, these findings suggest that MYCi975 treat-
ment results in the loss of MYC chromatin occupancy and associated
gene expression at hallmark MYC target genes, including the key
cell cycle-associated genes MCM2 (Fig. 1H) and MCM10 (Fig. 11).
From analysis of the 327 MYC lost peaks at 8 hours, 93 are promoter
proximal. Gene ontology on the 93 genes reveals the following gene
sets that are weakly significant (FDR < 0.01): DNA metabolic
process (GO:0006259), heterocycle metabolic process (GO:0046483),
and DNA replication (GO:0006260), and MCMI10 is identified as
one of these early MYCi975 response genes.

To further analyze the MYCi975-regulated transcriptome and
identify common dysregulated genes in multiple cancer cell models,
we integrated our RNA-seq results comparing DMSO versus 10 uM
MYCi975 for 24 hours in 22Rv1 cells with previously reported
RNA-seq datasets (PC3: 8 uM for 24 hours; P493-6: 6 uM for
24 hours) (21)). Overlapping DE genes (FDR < 0.01) for each dataset
were visualized using a Venn diagram (fig. S2D, top). A total of
1183 genes were dysregulated by MYCi975 in all three datasets.
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Fig. 1. MYC cistrome is altered at canonical MYC targets and genome wide in response to MYCi975. (A) 22Rv1 cells were treated with 10 uM MYCi975 for the indi-
cated times followed by immunoblot analyses for the indicated proteins. (B) Total cell number of 22Rv1 cells as determined by trypan blue exclusion assay for both vehicle
control and 10 uM MYCi975-treated 22Rv1 cells (n =4, errors bars represent means + SEM). (C) Percentage of differential MYC binding peaks lost in response to MYCi975
compared to MYC consensus peaks (n=4). (D) Total number of differentially bound MYC peaks following differential binding analysis (n = 4) for each time point. (E) Pie
chart distribution of 8-, 24-, and 48-hour differential MYC-bound peaks significantly altered (FDR < 0.01) by MYCi975 and MYC consensus peaks from control conditions.
The cumulative distribution function of the hypergeometric distribution was used to test for significant differences in differential peak set distribution [promoter proximal
(£2 kb from TSS) and promoter distal (>+2 kb from TSS)] using each time point versus MYC consensus peaks. Each peak set was used as input for motif enrichment and
the statistical P value reported (right). (F) All MYC-bound annotated promoters were ranked on the basis of differential binding analysis in DMSO- versus 48-hour
MYCi975-treated cells (-logqo FDR X log; fold change) and used as input for GSEA. (G) Differential gene expression analysis was preranked (same as for ChIP-seq data) and
used as input for GSEA. Results demonstrated significant enrichment for canonical MYC target genes. (H and 1) Gene loci analysis of MCM2 and MCM10 reveals MYC
chromatin occupancy loss (green) with associated RNA level loss (black) in response to MYCi975 in 22Rv1 cells.

Gene ontology analysis of this common gene list revealed signifi-
cant enrichment for regulation of nucleic acid metabolism, DNA
replication, and cell cycle pathways (fig. S2D, bottom). These data
suggest that MYCi975 has a significant effect on a core set of DNA

synthesis and cell cycle progression genes.
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MYCi975 selectively affects MYC binding to promoters

and target gene expression

To analyze the global binding patterns of MYC and the downstream
transcriptional impact in response to MYCi975, we integrated differ-
ential binding analysis at MYC-bound promoters with differential
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gene expression analysis. We categorized MYC-bound sites into
“types” based on whether MYCi975 led to loss of MYC binding and
changes/no changes in the RNA levels of target genes (Fig. 2A and
table S2). Among the MYC-bound promoters within MYCi975-
sensitive sites, we found that associated target gene expression was
either decreased (type 1), increased (type 2), or unchanged (type 3)
(Fig. 2, A and B). In addition, we investigated the MYCi975-insenstive
promoter proximal peaks and integrated differential expression levels.
There was a final type (type 4, consisting of MYCi975-insensitive
peaks) of target genes that had far fewer tag density when compared
to the other three types and for which MYC binding and target gene
expression remained unchanged after MYCi975 treatment (fig. S2,
E to G). MYC binding and gene expression changes in type 4 were
not statistically significant (both differential binding and RNA levels
with FDR > 0.01) when compared to the other three types and there-
fore were not further investigated. Figure 2C shows representative
examples of MYCi975 target gene types 1 to 3. Using gene ontology

analysis, we found that type 1 genes were significantly enriched for
cell cycle and DNA replication gene programs generally important
for conferring proliferative advantages to cancer cells (Fig. 2D, top,
and table S2). Type 2 genes were strongly enriched for kinase and
signal transduction pathways (Fig. 2D). Notably, type 2 genes
among others included RORo, a transcription factor known to play
a tumor-suppressive role in breast cancer by stabilizing p53 and
activating p53 gene transcription (27, 28). Type 3 genes, which
demonstrated changes in MYC promoter occupancy with no change
in RNA levels, were significantly enriched for basic RNA metabolic
processes and core transcriptional pathways important for normal
cell function (Fig. 2D, bottom). Overall, these data indicate that the
effects of MYCi975 on MYC binding to target gene promoters and
subsequent changes in RNA levels are not uniform, with MYC target
genes representing cell cycle and DNA replication genes more
sensitive to the effects of MYCi975 than MYC target genes involved
in basic RNA metabolic and gene transcription processes.
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Fig. 2. MYCi975 selectively affects MYC binding to promoters and target gene expression. (A) Heatmap representation of ChIP-seq signal at annotated promoters
of MYCi975-sensitive sites (types 1, 2, and 3). (B) Log,(fold change) of genes for each type as calculated from differential gene expression analysis of DMSO- versus 48-hour
MYCi975-treated 22Rv1 cells. These genes have an occurrence of MYC bound at or near the promoter. The red dotted line indicates the mean log,(fold change) for each
type. (C) Genome browser tracks of representative genes for each MYCi975 gene type, demonstrating outcomes of MYC ChiP-seq data (green) and RNA-seq data (black).
(D) Type 1 to 3 genes were used as input for gene ontology enrichment (http://geneontology.org). The top five results for each gene type are displayed.
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The MYCi975-sensitive MYC cistrome differs at
promoter-proximal and promoter-distal regions

To further analyze MYC chromatin occupancy at genomic regions
beyond promoters, we split MYC-bound sites into promoter-proximal
and promoter-distal peaks (29). MYC-bound sites in 22Rv1 cells
consisted of 20,915 promoter-proximal and 27,108 promoter-distal
peaks. To determine the extent to which MYCi975 sensitivity en-
compasses both genomic regions, we plotted read coverage in both
vehicle control and MYCi975-treated cells at MYC-bound promoter-
proximal and promoter-distal sites (Fig. 3A). MYC occupancy
was reduced at both regions following MYCi975 treatment. Motif

analysis of MYC promoter-proximal peaks demonstrated signifi-
cant enrichment for canonical E-box sequences (Fig. 3B), whereas
MYC promoter-distal peaks demonstrated significant enrichment
for CTCF and FOX motifs, along with canonical MYC motif
enrichment (Fig. 3C), suggesting a possible transcription factor
cooperativity at promoter-distal sites in regulating target genes.

To validate these findings and enhance rigor, we used an alternative
MYC antibody (clone 9E11; see Materials and Methods). More than
90% of 9E11 MYC-bound peaks overlapped with those identified
with the clone Y69 antibody used above (19,110 peaks recovered
with 9E11 and 45,141 with Y69; fig. S3A). Although the total peak
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Fig. 3. MYC-bound promoter-distal and MYCi975-sensitive chromatin accessibility sites exhibit significant CTCF and FOX factor motif enrichment. (A) MYC
consensus peaks were separated into promoter proximal (+2 kb from TSS) or promoter distal (>+2 kb from TSS). The mean MYC ChlIP-seq read coverage is plotted at both
promoter-proximal and promoter-distal MYC-bound sites in vehicle control and 48-hour MYCi975-treated 22Rv1 cells. (B) Motif enrichment analysis of MYC-bound
promoter-proximal peaks, listing the top five enriched motifs, in addition to CTCF (#19) and FOXA1 (#55) for contrast (%TWM, percentage of targets with motif;
%BWM, percentage of background with motif). (C) Motif enrichment analysis of MYC-bound promoter-distal peaks, listing the top five and including c-MYC (#17).
(D) Heatmap representation of all MYC-bound sites separated into promoter-proximal and promoter-distal sites, showing MYC ChIP-seq coverage and 22Rv1 ATAC-seq
coverage in DMSO- versus 48-hour MYCi975-treated 22Rv1 cells. (E) Venn diagram demonstrating overlap of the differential MYCI975 types 1 to 3 with differential ATAC-seq
peaks in DMSO- versus 48-hour MYCi975-treated 22Rv1 cells. (F) Motif enrichment analysis of the differentially lost ATAC-seq peaks (left) in MYCi975-treated 22Rv1 cells.
Motif enrichment analysis was run on differential ATAC-seq peaks outside of the MYC cistrome, showing enrichment for both CTCF and FOX factors (right).
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number for the clone 9E11 antibody was lower, motif analysis of
both promoter-proximal and promoter-distal sites recapitulated
the CTCF and FOX factor enrichment at promoter-distal regions
demonstrated with Y69 (fig. S3, B and C). To directly test the extent
to which MYC-bound promoter-distal sites are enriched for CTCF,
we performed CTCF ChIP-seq following 48-hour MYCi975 treat-
ment, given that MYC occupancy is significantly reduced at tens of
thousands of sites at the 48-hour MYCi975 treatment time point. In
total, CTCF chromatin occupancy was altered at only 4719 peaks,
comprising 6.91% of the CTCF cistrome (4719 of 68,274). To deter-
mine whether MYC binding affects CTCF occupancy, we plotted
both MYC and CTCEF signals centered at MYC-bound MYCi975-
sensitive sites (fig. S3, D and E). Differential binding analysis
demonstrated that CTCF occupancy at MYC-bound MYCi975-
sensitive sites remains relatively stable and unaltered after 48 hours
of MYCi975 treatment, suggesting that CTCF binding is not depen-
dent on co-occupancy of MYC (fig. S3E). Of the differential lost
CTCEF sites, only 85 (0.3%) overlapped with MYCi975-sensitive
sites (fig. S3F). To further examine the general occurrence of motif
enrichment at promoter-distal MYC peaks in independent datasets,
we analyzed motif enrichment for MYC, FOXA1, FOXMI, and
CTCEF in publicly available MYC ChIP-seq datasets from multiple
cancer cell lines representing diverse tissues of origin. Of the 10 cell
lines analyzed, 22Rv1 cells from our study and 5 cell lines (MCF?7,
breast; MCF10A, breast; NB4, leukemia; P493-6, lymphoma; and
Hela, cervical) (30-32) displayed significant motif enrichment for
CTCF at MYC-bound promoter-distal peaks, whereas 22Rv1, MCF?7,
MCF10A, and MycCap cancer cell lines also showed motif enrich-
ment of FOX factors (fig. S3G). Together, these results suggest that
binding of MYC, CTCF, and FOX family transcription factors to
promoter-distal sites may be necessary for MYC target gene expres-
sion in nuclear hormone receptor—positive prostate and breast cancer
cells. Supporting our observations, FOX factors have been shown to
function as pioneering factors for chromatin accessibility by nuclear
receptors such as the androgen receptor (AR) and estrogen receptor
(ER) in prostate and breast cancer cells (33, 34). CRISPR-based
deletion and HiC-based chromatin looping assays will be necessary
to address the possibility of factor cooperativity in future studies.
Chromatin accessibility is a key event in gene regulation. To
independently assess the chromatin accessibility changes induced by
MYCi975 and determine whether differential MYC binding alters chro-
matin accessibility, we performed assay for transposase-accessible
chromatin with high-throughput sequencing (ATAC-seq) in 48-hour
MYCi975-treated 22Rv1 cells. At both promoter-proximal and
promoter-distal MYC-bound sites, the majority of ATAC-seq signal
remained relatively unchanged, with <9% of the MYCi975-sensitive
sites (2381 of 28,056) and <0.3% of MYCi975 type 1 to 3 target
genes (37 of 13,200) overlapping with differential ATAC peaks
(36,238 differentially lost; Fig. 3, D and E). Given that a large por-
tion of differential ATAC-seq peaks did not overlap with differen-
tial MYC binding, we used motif enrichment analysis to investigate
the differential ATAC-seq peaks. We found both Forkhead/FOX
factor and CTCF motif enrichment (Fig. 3F). To determine whether
a similar feature is observed in ER-positive MCF7 breast cancer
cells, in which Forkhead factors are critical for ER chromatin occu-
pancy and transcriptional response, we performed ATAC-seq in
MCF7 cells and determined whether large-scale chromatin accessi-
bility also changed in response to MYCi975. We found that both
CTCF and FOX factors were among the most enriched motifs at
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differential ATAC sites in MCF7 cells (22,038 differentially lost
peaks; fig. S3H). These results suggest that MYCi975 has minimal
effects on chromatin accessibility at MYC-only binding sites but
alters chromatin accessibility at sites enriched with CTCF and FOX
TF binding sites.

MAX cistrome changes in response to MYCi975

MAX is the key heterodimeric partner of MYC and can also form
homodimers and heterodimerize with MNT, MGA, and MXDI.
Since ATAC signal did not change significantly at MYC-only bind-
ing sites, it was critical to determine the chromatin occupancy of MAX
and its heterodimeric partners. In 24- and 48-hour MYCi975-treated
cells, we showed that while MYC level decreased significantly, MAX
and MNT protein levels decreased slightly, and MXDI1 remained
relatively stable at varying levels when compared to DMSO-treated
control cells (Fig. 1A and fig. S1A). To determine MAX chromatin
occupancy in response to MYCi975, we performed MAX ChIP-seq,
using the same time points as in the MYC ChIP-seq studies. The
total peak number and ChIP efficiency significantly decreased only
after 48 hours of MYCi975 treatment (fig. S4, A and B). PCA of
differential MAX binding analysis revealed clustering at 24 and
48 hours after MYCi975 treatment (fig. S4C). Considering that MYC
heterodimerizes with MAX, we examined whether MYC loss on
chromatin is associated with MAX loss. We also determined the
extent to which MAX heterodimeric binding partners MNT, MGA,
and MXD1 are altered by ChIP-seq (see below). MAX occupancy
overlapped with greater than 80% of the MYC consensus cistrome
(Fig. 4A), suggesting that MYC-MAX complex is a predominant
component of the MYC cistrome. The MAX cistrome was disrupted
after 24 and 48 hours of MYCi975 treatment versus DMSO, with
31.3% (15,153 peaks) of the total MAX cistrome altered after 48 hours
of MYCi975 treatment (Fig. 4, B and C). These results also indicate
that ~70% of the MAX cistrome remained unaltered upon MYCi975
treatment. We next investigated the overlap of MYCi975-sensitive
MYC and differential MAX peaks. In MYCi975-treated cells, the total
number of differentially bound MYC peaks (28,056) was greater
than the number of differentially bound MAX (15,153) peaks,
suggesting stable MAX chromatin binding irregardless of signifi-
cant MYC loss. Peak overlap analysis using a Venn diagram demon-
strated that differential MAX occupancy is largely predicted by
differential MYC occupancy (Fig. 4D). As expected, at a subset of
MYCi975-sensitive MYC sites, MAX occupancy was lost along with
MYC occupancy.

To analyze MAX sites co-occupied by MYC and its binding
sensitivity to MYCi975, we used the promoter-proximal and
promoter-distal MYC peak datasets. MAX occupancy was reduced
at both MYC-bound promoter-proximal and promoter-distal peaks
(fig. S4D). MYC-independent MAX lost sites (6812 sites) upon
MYCi975 treatment may represent MAX homodimer or MAX-MGA/
MNT/MXD1 heterodimer binding due to the partial degradation of
these proteins in MYCi975-treated cells (Fig. 1A). Given that chro-
matin accessibility at MYC binding sites remained largely unaffected,
it is possible that DNA remains accessible to binding of MAX and
its heterodimeric binding partners (as determined by ATAC) upon
MYC loss induced by MYCi975 treatment. We identified 6812
MYC/MAX binding sites by overlapping MYCi975-sensitve MYC
peaks and unaltered (FDR > 0.01) MAX binding sites (DMSO
versus 48-hour MYCi975). Figure 4E shows MAX-retained sites
where MAX occupancy (FDR > 0.01) was relatively insensitive to
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Fig. 4. Differential MAX, MGA, and MNT chromatin binding alterations in MYCi975-treated cells. (A) Peak overlap analysis of MYC and MAX consensus peaks (n =4).
(B) Percentage of differential MAX binding peaks lost in response to MYCi975 compared to MAX consensus peaks (n =4). (C) Total number of differentially bound MAX
peaks following differential binding analysis (n=4). (D) Peak overlap analysis of differential MYC- and MAX-bound sites (MYCi975 sensitive) in MYCi975-treated 22Rv1
cells. (E) Heatmap representation of MYC, MAX, MGA, MNT, and MXD1 at MYCi975-sensitive sites demonstrating no significant change in MAX occupancy (6812 peaks in
total). (F) Log,(normalized tag counts) for MYC, MAX, MGA, MNT, and MXD1 at MAX-retained peaks in 22Rv1 cells. The middle dashed line represents the sample median,
and the upper and lower dotted lines represent the upper and lower quartiles, respectively. (G) Differential gene expression analysis of MAX-retained peaks annotated to
promoters (+2 kb from the TSS). (H) Gene ontology analysis of promoter-bound MAX-retained peaks. () Gene browser tracks of AURKB showing loss of MYC (green),
retention of MAX (blue), an increase in MXDT1 (red), and loss of AURKB mRNA (black) in 48-hour MYCi975-treated cells. MGA (gray) and MNT (yellow) are also displayed.

MYCi975 treatment within the MYCi975-sensitive MYC cistrome.
At these sites, it is possible that MAX occupancy is stabilized by
MAX/MAX homodimers or bound by MAX/MAX family member
heterodimers. We plotted MGA, MNT, and MXD1 signal at MAX-
retained sites (Fig. 4E). To analyze the occupancy of MYC, MAX,
MGA, MNT, and MXDI1 at the 6812 MAX-retained peaks, we
plotted the log;(normalized tag counts) in DMSO- and 48-hour
MYCi975-treated 22Rv1 cells (Fig. 4F). By selecting for MAX-
retained sites (differential binding FDR > 0.01), occupancy analysis
of both MGA and MNT decreased, whereas that of MXD1 increased
(Fig. 4F). These data suggest that MAX retention despite MYC loss
is coupled to alterations in canonical MAX heterodimeric partners.
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In particular, MXD1 increase in tag density suggests a change in the
MAX heterodimeric complex formation at MAX-retained sites. To
further determine binding overlap between all five transcription
factors (MYC, MAX, MNT, MGA, and MXD1), we performed
ChIP-seq and used the datasets in an upset plot to analyze replicate
peak calls from each transcription factor (35). As expected, the top
overlapping result was MYC/MAX; MAX-only sites were extensive,
followed by the MYC and MAX heterodimeric binding partners
(fig. S4E). We also analyzed globally the occupancy of these factors
upon MYCi975 treatment at sites where MYC binding was lost
(Fig. 4E). We find that while MAX and MGA remained relatively
stable overall, MNT occupancy decreased, whereas MXD1 occupancy
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increased. Of the MAX-retained binding sites, RNA expression data
from promoter-proximal peaks were plotted and demonstrated
both down- and up-regulated RNA levels (Fig. 4G). Gene Ontology
analysis of promoter-proximal MAX-retained peaks demonstrated
enrichment for developmental, cell differentiation, and neurogenesis
pathways (Fig. 4H). These data suggest that the loss of MYC ac-
companied by MAX retention is not uniformly associated with
either RNA up- or down-regulation. This is not unexpected, since
at these MAX-retained sites, the MYC/MAX complex is no longer
predominant, and potentially MAX/MAX homodimers and MAX
heterodimers will act antagonistically. In a gene-specific analysis
of AURKB, which is highly sensitive to MYCi975 with regard to
MYC promoter-proximal occupancy, MAX remained bound af-
ter MYCi975 treatment (Fig. 4I). In particular, at the AURKB
promoter-proximal site loci, MGA occupancy is lost, whereas MNT
remains bound, and MXDI increases (Fig. 4I). Together, MAX
binding and canonical MAX heterodimeric partner binding at
MYC binding sites were significantly affected by MYCi975
treatment, although a subset of sites showed relatively stable MAX
binding.

Alterations in FOXA1, AR, and global chromatin H3K27
acetylation in response to MYCi975

Transcription factors such as MYC regulate gene transcription by
recruiting histone acetyltransferases to promote H3K27ac, a mark
of active promoters and enhancers (20, 36). To determine the effect
of MYCi975 treatment on global H3K27ac, we performed H3K27ac
ChIP-seq in MYCi975-treated cells at the same time points used for
the MYC and MAX ChIP-seq studies above. PCA analysis demon-
strated that maximal H3K27ac signal separation occurred in cells
treated with MYCi975 for 24 and 48 hours (fig. S4F). Overall, the
total H3K27ac peak number (~37,000 peaks) remained relatively
stable; however, IP efficiency significantly increased, suggesting
that some H3K27ac peaks increase in occupancy (fig. S4, G and H).
We reasoned that type 2 peaks, where RNA levels are up-regulated
upon MYCi975 treatment, represent candidate sites for increases in
H3K27ac. Heatmap representation of H3K27ac signal at MYCi975
type 2 sites demonstrates an increase in H2K27ac, which is consistent
with the IP efficiency increase observed upon MYCi975 treatment
(fig. S4I). To integrate changes in MYC/MAX occupancy with
changes in H3K27ac, we overlapped MYCi975-sensitive sites in
48-hour-treated cells with the differential H3K27ac signal. At 2218
MYCi975-sensitive sites, we observed significant co-loss of H3K27ac
and MYC and MAX occupancy in response to MYCi975 (Fig. 5A).
These data suggest that loss of chromatin-bound MYC/MAX induced
by MYCi975 leads to specific dysregulation of H3K27ac. Next, we
annotated the MYCi975-sensitive differential H3K27ac peaks with
MYC/MAX co-loss to promoters, overlapped with DE genes in
48-hour MYCi975-treated cells (304 of 2218). H3K27ac loss at pro-
moters induced by MYCi975 was associated with down-regulation
of gene expression, including that of key cell cycle genes (e.g.,
MCM2 and MCM3; Fig. 5B and see also Fig. 1, H and I.

We next investigated motif enrichment of the differential H3K27ac
peaks to identify MYC targets modulated by MYCi975 treatment.
We analyzed the 8386 promoter-proximal and promoter-distal sites
where H3K27ac was lost (Fig. 5C). We reasoned that these sites
might represent binding sites of MYC and MYC-regulated tran-
scription factor(s) whose down-regulation after MYCi975 treatment
leads to a loss of the H3K27ac active chromatin mark. We performed
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motif enrichment analysis and found that the most significantly
enriched motifs were the FOX family of proteins and nuclear receptors
such as AR and glucocorticoid receptor (GR), among others (Fig. 5D).
Given that the differential ATAC signal in MYCi975-treated cells
also revealed CTCF and FOX factor enrichment, we overlapped
both the differential H3K27ac and differential ATAC-seq peaks in
MYCi975-treated 22Rv1 cells (Fig. 5E) and found that almost half
of differential H3K27ac peaks overlapped with differential ATAC
peaks. Notably, CTCF motif enrichment was only within differen-
tial ATAC peaks and not within differential H3K27ac peaks (Fig. 5D),
whereas FOX factor enrichment was found in both differential
ATAC and H3K27ac peaks (Figs. 3F and 5D), suggesting multiple
genome-wide chromatin alterations at FOX factor motifs. On the
basis of the extensive loss of FOX factor and AR motifs in differen-
tial H3K27ac peaks, we performed AR and FOXA1 ChIP-seq in
control and 48-hour MYCi975-treated 22Rv1 cells. Peak overlap
analysis demonstrated that more than half of the differential AR
peaks overlap with differential FOXA1 peaks (Fig. 5F). In total,
5049 AR peaks were lost (~25% of the AR cistrome) while 6640
FOXAI1 peaks were lost (~10% of the FOXA1 cistrome) in response
to MYCi975 treatment. Plotting the read coverage in heatmap
representation of differential AR peaks for both AR and FOXA1
signal demonstrated co-loss of both FOXA1 and AR (Fig. 5G). Both
the differential AR and FOXA1 peaks were annotated, and for both
factors, peaks were predominantly promoter distal with less than
5% of peaks annotated to promoter-proximal regions. Given that
both 22Rv1 and MCF?7 cells demonstrated differential chromatin
accessibility enriched for FOX factor motifs, we also performed
FOXA1 ChIP-seq in 48-hour MYCi975-treated MCEF?7 cells. Differ-
ential binding analysis revealed 2557 differential FOXA1 peaks
(~4% of the FOXAL cistrome; Fig. 5H). To determine whether the
differential FOXA1 peaks overlapped with co-occurring ERa. peaks,
publicly available ERo ChIP-seq data were obtained from cistromeDB
[http://cistrome.org/db/#/, cistromeDB: 68875 (37)]. Nearly 60% of
the differential FOXA1 peaks overlapped with ERa peaks, and the
differential FOXA1 peaks were enriched for both FOXA1 and ERa
motifs (Fig. 5, I and J). Together, in both prostate and breast cancer
models, we found that FOXA1 binding is altered at hormone receptor
co-occupied sites in response to MYCi975 treatment.

MYCi975 enhances the efficacy of antihormone therapy

Our RNA-seq results indicated down-regulation of key prostate
AR-related lineage transcription factors FOXAI, FOXM]I, and AR
(table S1), which may contribute to MYCi975 efficacy in the pros-
tate cancer cell model used here. We verified AR, FOXM1, and
FOXAL1 protein loss in the nuclear fraction of 22Rv1 cells (Fig. 6A).
We also found that FOXM1, FOXALI, AR, and the AR splice variant
AR variant 7 (ARv7) were all significantly reduced after MYCi975
treatment (Fig. 6A and fig. S4]). Next, we assessed the protein levels
of FOXM1, FOXA1, and ERa in MCF7 cells (fig. S4, K and L) and
found that FOXM1 was down-regulated, whereas FOXA1 and ERa
remained relatively stable. To determine whether the relative loss of
these key transcription factors is due to transcriptional regulation
by MYC binding, we analyzed MYC occupancies at the promoters
of FOXAI, FOXM1, and AR genes in both DMSO- and 48-hour
MY Ci975-treated 22Rv1 cells. For each target gene, MYC occupied
both the proximal and distal sites and was significantly lost in
MYCi975-treated cells (Fig. 6B). These results show that MYC
occupies regulatory regions of FOXA1, FOXM]1, and AR genes, and
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Fig. 5. MYCi975 alters H3K27ac activity and FOXA1 chromatin occupancy in cancer cells. (A) Heatmap representation of MYC (green), MAX (blue), and H3K27ac
(purple) ChiIP-seq signals at overlapping sites, with loss of signal in MYCi975-treated cells (2218 peaks). (B) Differential binding analysis of H3K27ac ChIP-seq was performed
and overlapped with MYCi975-sensitive sites. Sites annotated to promoters were cross-referenced with differential gene expression data consisting of 304 genes. The plot
demonstrates that loss of MYC/MAX occupancy and H3K27ac signal results in down-regulated gene expression. (C) Heatmap representation of H3K27ac loss of signal in
MYCi975-treated cells (8385 peaks). ChIP-seq signal in the MYCi975 column represents 48-hour MYCi975 treatment. (D) Motif enrichment analysis was performed to
assess the differential H3K27ac signal, showing enrichment for FOX factors and nuclear receptors [AR, GR, and progesterone receptor (PGR)]. Each P value reported was
converted to —logso(P value). (E) Venn diagram representing differential H3K27ac and differential ATAC-seq peak overlap in MYCi975-treated 22Rv1 cells (H2K27ac, n=2;
ATAC-seq, n=3). (F) Venn diagram representing differential AR and FOXA1 peak overlap in MYCi975-treated 22Rv1 cells. (G) Heatmap representation of AR and FOXA1
ChIP-seq signal at differential AR peaks in MYCi975-treated 22Rv1 cells (n = 3). (H) FOXA1 ChIP-seq signal in MCF7 cells at differential FOXA1 peaks found in MYCi975-treated
MCF7 cells (n=2). () MCF7 differential FOXA1 peak overlap with publicly available MCF7 ERa: ChIP-seq peaks (http://cistrome.org/db/#/, PMID: 27062924). (J) Motif
enrichment analysis results of the differential FOXA1 peaks.

MYCi975 leads to a decrease in MYC occupancy and a subsequent
decrease in their respective mRNA and protein levels.

On the basis of the above results, we reasoned that AR occupancy
and gene expression changes induced by MYCi975 may enhance the
efficacy of the clinically used AR-targeting compound enzalutamide
(ENZ) to suppress cell viability. Using adenosine triphosphate
(ATP) luminescence as a surrogate for cell viability (CellTiter-Glo
2.0, Promega, catalog no. G9242), we determined the Bliss index
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score in 22Rv1l, LNCaP, and C4-2B prostate cancer cell lines after
treatment with ENZ and MYCi975, alone or in combination (Fig. 6C)
(38). These results show that MYCi975 acted synergistically with
ENZ to decrease prostate cancer cell viability in all three cell lines.
Given that MCF?7 cells also exhibit sensitivity to MYCi975 and
demonstrate differential FOXA1 occupancy at ER-bound sites
(thereby altering ER activity), we also tested for synergy of MYCi975
with clinically used anti-estrogen 4-hydroxytamoxifen (4-OHT). As
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Fig. 6. MYCi975 enhances the efficacy of antihormone therapy. (A) Inmunoblot showing loss of FOXM1, FOXA1, AR, and AR variant protein levels in sonicated nuclear
fractions of MYCi975-treated 22Rv1 cells. Replicates (1 and 2) represent biological replicates of cells treated with 10 uM MYCi975 for 48 hours. (B) Genome browser tracks
of MYC (green) ChIP-seq data at the FOXAT, FOXM1, and AR gene loci in MYCi975-treated 22Rv1 cells. TSS of each gene is indicated by an arrow. (C) Representative 4 x 5
dose-response matrices showing percentage viability (left) and Bliss index (right) analysis of predicted versus observed cell viability of prostate cancer cells (LNCaP, C4-2B,
and 22RV1) treated with MYCi975 and ENZ or the breast cancer line MCF-7 treated with MYCi975 and 4-OHT (n = 3). Bliss scores > 0 indicate synergy, scores close to zero
indicate additivity, and scores < 0 denote antagonism. (D) Fold change tumor volumes of 22Rv1 xenografts in nude mice treated with MYCi975 (100 mg/kg BID p.o.) or
vehicle, 5 days a week for 3 weeks. n=4 to 7 grafts per group (from three to four mice). (E) Fold change tumor volumes of 22Rv1 xenografts in nude mice treated with
MYCi975 (100 mg/kg QD p.o.), ENZ (25 mg/kg QD i.p.), combination of MYCi975/ENZ, or vehicle for 18 days. n =7 to 8 grafts per group (from four to five mice). Error bars
represent means + SEM and analyzed by two-way analysis of variance (ANOVA) in GraphPad Prism for (D) and (E) (*P < 0.05; ****P < 0.0001).

with the prostate cancer cell lines, MYCi975 and 4-OHT synergized = MYCi975 (100 mg/kg BID). This treatment led to a significant inhi-
to decrease MCF7 breast cancer cell viability as determined by the  bition of tumor growth without any adverse effect on mouse body
Bliss index (Fig. 6C, bottom). Together, both anti-androgen and  weight (Fig. 6D and fig. S4M). We then examined the effect of a
anti-estrogen treatment enhanced MYCi975 efficacy in prostate lower dose of MYCi975 [100 mg/kg QD (Quaque Die: Once Daily)]
and breast cancer cellular models, respectively. These results also  alone or in combination with ENZ (25 mg/kg QD) in the same
suggest that dysregulation of MYC, AR, and FOX gene expression ~ 22RV1 xenograft mouse model. MYCi975 enhanced ENZ efficacy
by MYCi975 contributes to decreased cell proliferation and viability ~ in this model without affecting mouse body weight (Fig. 6E and
and increased cell death (see Fig. 1 and fig. S1). fig. S4N). These results support our in vitro cell-based studies and

To extend these observations in vivo, we first assessed MYCi975  provide a plausible mechanism for future development of combina-
efficacy in 22RV1 xenograft-bearing nude mice, treated with torial therapeutics for cancer.
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DISCUSSION

Successful and specific targeting of MYC has the potential to signifi-
cantly advance cancer therapeutics. In this study, we leveraged a
small-molecule MYC inhibitor, MYCi975, to probe the effects of MYC
inhibition on chromatin binding of MYC, MAX, heterodimeric
MAX binding partners, the chromatin landscape, and associated gene
regulation and cell fate in cancer cells. Through comprehensive
profiling of altered chromatin occupancy of MYC, MAX, MNT,
MGA, MXD1, AR, and FOXA1; epigenomic H3K27ac marks and
chromatin accessibility; and transcriptional response, we charac-
terized selective modulation of chromatin and MYC target genes
by MYCi975, yielding important insights into its mechanism of
action. In particular, our results indicate a differential effect on
mRNA levels of MYC target genes despite uniform chromatin occu-
pancy loss. Type 1 gene targets showed loss of MYC binding and
decreased gene expression after MYCi975 treatment. Type 2 targets
showed loss of MYC binding and increased gene expression. Type 3
genes showed no change in gene expression after MYCi975, despite
loss of MYC binding. Differential effects of MYCi975 on some
canonical MYC functions and not others support the concept of the
“coalition model” (39), which aims to reconciliate the wide variety
of MYC interactors (40) and resultant MYC complexes. In this
model, MYC protein complexes, while exhibiting independent
functions, cooperate to achieve a collective transcriptional output
that reflects the overall MYC function in cells. The fact that some
genes, particularly those involved in RNA biogenesis in normal cell
function and viability, were not significantly affected by MYCi975 in
terms of MYC binding and target gene RNA levels provides sup-
port for MYCi975 selectivity and tolerability as a potential cancer
therapeutic.

It is notable, by contrast, that MYCi975-sensitive type 1 target
genes were enriched for pathways that are hijacked by cancer cells
such as cell cycle progression, DNA replication, and DNA repair.
The significant loss of MYC binding and reduced gene expression
after MYCi975 treatment are consistent with previous work identi-
fying these genes as low-affinity MYC targets (17). The MYCi975
mechanism of action in tumor cells is thus likely to be dependent on
the suppression of these pathways. Our findings argue for rational
approaches to enhancing MYCi975 function, e.g., by combining
them with agents whose efficacy is dependent on suppressing the
cell cycle or DNA replication. Alternatively, type 2 genes were highly
affected by MYC inhibition with regard to loss of MYC binding but
were up-regulated. These genes were enriched for signal transduction
and protein ubiquitination/phosphorylation pathways. MYCi975-
up-regulated genes, such as pyruvate dehydrogenase kinase 4 (PDK4),
has been associated with cancer aggressiveness and positive meta-
bolic regulation of glycolysis (41-43). In addition, the MYCi975-
up-regulated gene FTHI has been identified as a tumor suppressor
in both breast (44) and ovarian (45) cancer. Type 3 target genes
included members of MYC-regulated pathways that are spared by
MYCi975, e.g., RNA metabolism, which could be targeted with
other agents in future therapeutic or preclinical studies. Outside
of active promoters, particularly in high-MYC-expressing cancer
cells, MYC binds low-affinity variant E-box enhancers (14). Our
results demonstrated alterations in predominantly promoter-distal
H3K27ac-marked sites where MYC/MAX heterodimer binding is
significantly lost in MYCi975-treated cells, suggesting a role for
MYC/MAX heterodimer binding and H3K27ac at putative enhancers.
However, gene expression changes that occur as a consequence of
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MYCi975-induced loss of putative enhancer-bound MYC/MAX
heterodimers and H3K27ac marks have yet to be determined. Alter-
ations in long-range contacts between promoter-distal and promoter-
proximal MYC binding, driven by MYC/MAX enhancers, may
be induced by MYCi975. Further investigation into the differential
enhancer-promoter contacts induced by MYCi975 using promoter
capture Hi-C (46, 47) may reveal the role of enhancer-bound MYC/
MAX heterodimers in MYCi975-sensitive gene regulation.

Another key finding of this study was the discovery of CTCF and
FOX transcription factor enrichment at promoter-distal MYCi975-
sensitive sites in a cell type-specific manner. These findings suggest
that lineage-specific transcription factors cooperate with MYC in
regulating gene programs and may be sensitive to MYCi975. As our
study primarily focused on prostate cancer cells, we showed that AR
and the AR pioneer factor FOXA1 may collaborate with MYC to
promote tumorigenesis (48). MYCi975 treatment reduced the ex-
pression of AR, AR splice variant A7 [which is important in driving
anti-androgen resistance (49)], and FOXA1. Furthermore, MYCi975
predominantly reduced chromatin occupancy of both AR and
FOXAL at putative enhancers. MYCi975 directly influences the
expression of these lineage-specific factors, which, in turn, regulates
their target genes, thereby exerting a robust cumulative effect on
overall gene expression reprogramming leading to cell proliferation
defects and cell death. Consistent with that premise, we found that
the loss of AR upon MYCi975 treatment synergistically sensitized
multiple prostate cancer cell lines, including castration- and
treatment-resistant cells, to the second-generation anti-androgen
ENZ. In addition, ENZ antitumor efficacy in 22Rv1 xenografts,
which are intrinsically resistant to ENZ due to ARv7 expression,
was enhanced by MYCi975 combination treatment. In prostate
cancer tumors, c-MYC levels positively correlate with AR isoforms
including ARv7, and suppression of c-MYC sensitizes ENZ-resistant
cells to ENZ (50). Studies have suggested that FOXA1 plays a role in
not only prostate cancer but also breast cancer as a mediator of hor-
mone response (51, 52). Although MYCi975 did not reduce FOXA1
or ERa protein levels in breast cancer cells, FOXA1 occupancy was
reduced at co-occurring ERo binding sites, and MYCi975 synergis-
tically sensitized ERa-positive MCF7 cells to anti-estrogen 4-OHT.
The mechanism underlying this cell-specific effect of MYCi975 is
not currently clear.

MYC and MAX are part of an extended network of transcription
factors (53). While the obligate MYC heterodimerization partner
MAX is highly sensitive to chromatin loss of MYC caused by
MYCi975 treatment, we also observed sites where MYC loss was
not associated with MAX loss. This was expected since MAX bind-
ing to chromatin, unlike MYC, may occur through multiple di-
merization partners and homodimerization (54). Our upset plot of
the binding profiles of MYC, MAX, and its heterodimeric partners
throughout the genome clearly established MAX homodimer binding
as a key event along with MYC-MAX binding. In addition, observed
peaks of MYC, MAX, and MAX heterodimeric partners in genomic
loci by bulk ChIP-seq may represent cellular heterogeneity of MYC
factor binding rather than all factors binding to the same locus.
Such an observation underscores the limits of bulk ChIP-seq and
suggests that single-cell sequencing approaches may better identify
differences in transcription factor occupancy in individual cells.
Analysis of MAX heterodimers with MNT and MGA suggests occu-
pancy loss at MYCi975 MAX-retained target genes; however,
MXD1 shows a slight increase, and retention of MAX at these sites
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suggests a role for active repression by MAX homo- and het-
erodimers (53, 55). Notably, MAX binding to DNA independent of
MYC has been associated with differentiation and cell arrest gene
programs, competition with canonical MYC/MAX E-box motifs,
and interaction with different transcriptional co-regulators (54).
Our results are consistent with the notion that MYCi975 establishes
a new MAX regulatory cistrome and gene program that promotes
cell cycle arrest, cell differentiation, and development. In the context
of disease, MAX could function as a tumor suppressor independent
of MYC, e.g., in small cell lung cancer (56). Stabilization of the
MAX homodimer disrupts MYC function (57). Therefore, use of
MAX homodimer-stabilizing compounds along with MYCi975
may establish a dysregulated gene expression network that decreases
cell proliferation and promotes cell death.

In summary, this work highlights the impact of a small-molecule
inhibitor of MYC on the genome and epigenome of cancer cells,
leading to differential regulation of gene programs. As MYC regulates
a myriad of gene programs in normal and cancer cells in a pleiotropic
manner, our findings highlight the importance of carrying out
detailed unbiased molecular analyses to obtain a more complete
picture of the mechanism of action of MYC-targeting agents as
future cancer therapeutics.

MATERIALS AND METHODS

Cell lines

22Rvl (CRL-2505), DU145 (HTB-81), MCF7 (HTB-22), MycCap
(CRL-3255), and LNCaP (CRL-1740) cells were purchased from the
American Type Culture Collection. The C4-2B cell line was a gift
from H. Chen of the University of California, Davis. All cell lines in
this study were maintained in RPMI (Thermo Fisher Scientific,
catalog no. 11875093) supplemented with 10% Gibco fetal bovine
serum (FBS; REF:26140-079) in a humidified incubator at 37°C
with 5% CO,. All cell lines in this study were maintained at maxi-
mum until passage 20 and then discarded.

Antibodies and reagents

Antibodies used in this study were CTCF (Active Motif, catalog no.
61932), c-MYC (Abcam, ab56-9E11), c-MYC (Abcam, ab32072-Y69),
WDR5 (Proteintech, catalog no. 15544-1-AP), FOXA1 (Bethyl
Laboratories, A305-249A), H3K27ac (Active Motif, catalog no. 39685),
AR (Abcam, ab108341), MAX (Proteintech, catalog no. 10426-1-AP),
full-length PARP (Cell Signaling Technologies, 46D11, catalog no.
9532T), cleaved PARP (Cell Signaling Technologies, D64E10,
catalog no. 5625T), MNT (Bethyl Laboratories, A303-627A), MXD1
(Proteintech, catalog no. 17888-1-AP), MGA (Bethyl Laboratories,
A302-865A), FOXM1 (Diagenode, catalog no. C15410232), histone
H3 (Abcam, ab10799), and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH; Sigma-Aldrich, G9545). MYCi975 was syn-
thesized as described (21).

Whole-cell extraction and immunoblotting

Cells were washed with ice-cold 1x phosphate-buffered saline (PBS)
three times and isolated by cell scraping into ice-cold 1x PBS. Cell
pellets were frozen in liquid nitrogen briefly, allowed to thaw for
2 min, and then resuspended in five cell pellet volumes of whole-cell
extract lysis buffer (LB) [20 mM tris-HCI (pH 7.6), 150 mM NaCl,
1 mM EGTA, 1 mM EDTA, 1% IGEPAL-CA630, 0.5% sodium
deoxycholate, and 0.1% SDS]. The cell resuspension was kept on ice
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for 20 min with brief vortexing every 5 min. Cell debris was cleared
by centrifugation at >20,000¢ for 25 min at 4°C, and samples were
assessed for protein concentration with Bicinchoninic acid (BCA)
(Thermo Fisher Scientific, catalog no. 23209). For each sample, 20 pg
of protein was separated by SDS-polyacrylamide gel electrophoresis,
transferred onto a nitrocellulose blotting membrane (Amersham
Protran, catalog n0.10600001), and probed with antibodies in PBS,
0.1% Tween 20, and 5% nonfat dry milk [dilutions: (Y69) MYC,
1:10,000; MAX, 1:2000; MNT, 1:2000; MXD1, 1:2000; GAPDH,
1:20,000]. For immunoblotting solubilized nuclear fractions, 15 ug
of ChIP input was separated and probed with antibodies exactly as
described above [dilutions: (Y69) MYC, 1:10,000; FOXM1, 1:500;
FOXA1, 1:1000; AR, 1:2000; histone H3, 1:10,000]. To quantify
Western blot exposure, densitometric analysis was conducted with
the Image] (58) gel analyzer tool and quantified using the area under
the curve. Gel loading control protein was set to 100% to quantify
the percent changes in protein as compared to loading control.

Crystal violet staining

Cells were plated into six-well plates at 25,000 cells per well, and the
medium was supplemented in triplicate with either DMSO (0.2%) or
10 uM MYCi975 unless noted otherwise. Cells were treated for
4 days with a medium change 48 hours after plating. The medium was
aspirated, and ice-cold PBS was carefully added to the side of the
wells. The PBS was aspirated, and cell washing was performed once
more. After the last wash, 1 ml of crystal violet solution (0.1% crystal
violet in 20% ethanol) was added, and the plate was gently rocked
for 5 min. Crystal violet was discarded, wells were washed with
deionized water three to five times until clear, and then plates were
inverted to dry.

Cell viability and IC5, determination

22Rvl, LNCaP, and C4-2B cells were plated into 96-well plates at
2500 cells per well supplemented in triplicate with either DMSO,
MYCi975, ENZ (Selleckchem, catalog no. S1250), or both drug
treatments (n = 2). 22Rv1 cells were treated with 25 uM ENZ, while
LNCaP and C4-2B cells were treated with 10 uM ENZ. Both the
LNCaP and C4-2B cell lines express full-length AR, whereas 22Rv1
cells express both full-length and ligand-independent ARv7, which
drives a mechanism of anti-androgen resistance (49). Given these
differences, cells were treated with different concentrations of ENZ
to reflect sensitivity. The plates were incubated at 37°C for 4 days.
Medium from wells was removed, 50 pl of CellTiter-Glo 2.0 reagent
(Promega, catalog no. G9241) was added, and the plate was protected
from light while shaking for 20 min. A 1:1 addition of culture medium
was added and allowed to equilibrate for 5 min while shaking, and
then the solution was read for luminescence signal. For ICs curves,
22Rv1 cells were seeded at 2000 cells per well in 96-well plates and
analyzed in quadruplicate. Cells were plated and allowed to attach
for 24 hours and then treated with the indicated concentration of
MYCi975 for 72 hours. ICsy curves were extrapolated from the ATP
content signal from 22Rv1 cells using nonlinear regression.

Bliss index analysis

LNCaP, 22RV1, C4-2B, and MCEF-7 cell lines were cultured in
RPMI 1640 (Gibco) supplemented with 10% heat-inactivated FBS
(Gibco) and 1% penicillin-streptomycin (10,000 U/ml; Life Tech-
nologies) and grown in a 37°C incubator with 5% CO,. While the
prostate cancer lines were plated for drug combination experiments
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in the same medium, the MCEF-7 cell line was plated in phenol red-
free RPMI 1640 (Gibco) supplemented with 10% charcoal-stripped
FBS 24 hours before drug treatment. ENZ or 4-OHT was combined
with MYCi975 in 4 x 5 dose-response matrices in 96-well plates.
The prostate cancer lines (LNCaP, 22RV1, and C4-2B) were seeded
at 1000 cells per well, while the breast cancer line MCF-7 was seeded
at 2000 cells per well. Relative cell viability was determined using
the CellTiter-Glo 2.0 Cell Viability Assay (Promega, G9242) after
72 hours of drug treatment as shown, and luminescence signals
were acquired using a plate reader (PerkinElmer Victor 3V). For the
Bliss matrix synergy experiments, the tested concentrations of the
two drugs were chosen such that the effect on cellular viability after
72 hours of treatment is similar for both drugs over the tested con-
centrations. The goal was to choose a range of concentrations with
effects spanning 30 to 100% viability. Concentrations that affect the
cell at more than 30% viability were reasoned to be unlikely to show
synergy, since most of the effect is due to one drug in this scenario.
For the prostate cancer cell lines, the range used for MYCi975 was
very similar, which is a result of MYCi975 showing similar ICsg
values in these lines. However, these lines behave very differently
toward ENZ alone, with LNCaP being ENZ sensitive (ICs value of
~35 uM), while C42B and 22RV1 are ENZ-resistant lines (ICsq
value of ~60 to 70 uM for both). The ENZ concentrations used in
this study reflect this behavior, as can be seen in the percent viability
matrices. Drug combination data were assessed using the Synergy-
Finder package using the Bliss independence model (38), which
converts percent viability values to fraction affected (Fa). The
predicted fractional growth inhibition of the drug combination is
calculated using the equation Fp + Fg — (F5 % Fp), where Fa and Fp
are the fractional growth inhibitions of the drugs A and B at a given
dose. Bliss excess is the difference between the expected growth
inhibition and the observed inhibition. A Bliss excess score of >0 in-
dicates synergy, close to zero indicates additivity, and <0 denotes
antagonism (59).

Chromatin immunoprecipitation sequencing

Cells were plated into 15-cm” plates at a density of 5 million cells
per plate, and MYCi975 was supplemented such that cells would be
isolated at the same time. Accordingly, the total number of plates
equaled the total number of samples on day 0 of plating (DMSO
and 1, 4, 8, 24, and 48 hours). Twenty-four hours after cell plating,
MYCi975 was added to one plate for the 48-hour time point.
Another 24 hours later (48 hours after cell plating), all plates were
given fresh medium. At this time, the plate that was previously treated
(48-hour time point) was supplemented with MYCi975 immediately,
along with a new plate as the 24-hour time point. On the third day,
the 1-, 4-, and 8-hour plates were given MYCi975 such that the end
of all time points occurred at the same time. ChIP was carried out as
previously described (60) with slight modifications. Once all plates
were treated at their respective time points, 1% formaldehyde
cross-linking was performed by an addition of 2 ml of 16% parafor-
maldehyde (Electron Microscopy Sciences, catalog no. 15710) to
each plate, which contains 30 ml of culture medium, for 10 min.
Glycine was added to a final concentration of 119 mM (1.6 ml of
2.5 M glycine) for 5 min to quench cross-linking. Cells were washed
with ice-cold 1x PBS three times and then scraped into PBS and
pelleted by centrifugation at 1000g for 10 min at 4°C. The cell pellet
was flash-frozen with liquid nitrogen, allowed to thaw on ice, and
resuspended in 1 ml of LB1 [50 mM Hepes-KOH (pH 7.6), 140 mM
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NaCl, 1 mM EDTA, 0.5 mM EGTA, 10% glycerol, 0.5% IGEPAL-
CA630, and 0.25% Triton X-100]. Then, 2 ml of LB1 was added to
the cell resuspension and mixed end over end for 10 min at 4°C and
then pelleted by centrifugation at 2000g for 5 min at 4°C. The pellet
was resuspended in 1 ml of LB2 [10 mM tris-HCI (pH 8.0), 200 mM
NaCl, 1 mM EDTA, and 0.5 mM EGTA], and then 2 ml of LB2 was
added to cell resuspension and mixed end over end for 10 min at
4°C. The nuclei pellet was resuspended in 0.9 ml of LB3 [10 mM
tris-HCI (pH 8.0), 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA,
0.1% sodium deoxycholate, and 0.5% sarkosyl] and sonicated with a
Misonix microtipped sonicator at ~5 W for 12 cycles for 15 s of
sonication then 45 s of cooling (tubes are immersed in an ice-water
bath). Triton X-100 (10%) was added for a final concentration of
1%. The sonicated nuclear fraction was pelleted for cell debris by
centrifugation (>20,000g) for 25 min at 4°C. Protein concentration
was determined by BCA (Thermo Fisher Scientific, catalog no.
23209), and 300 pg of chromatin was used for ChIP [c-MYC (Y69),
1 pg; c-MYC (ab56), 2 pg; WDR5, 2 pg; MAX, 2 pg; MNT, 2 ug;
MXD1, 2 ug; MGA, 2 ng; H3K27ac, 2 ug; CTCF, 2 ug; FOXAL, 2 ug;
AR, 1 pg]. In addition, input DNA was obtained from 10% of ChIP
(30 pg) and used as a control.

IP was performed at 4°C with end-over-end mixing for 12 to
16 hours. Protein G Dynabeads (Life Technologies, catalog no.
10004D_3641869636) were used to pull down antibody (20 pl)
bound to DNA fragments. IPs were washed four times with ice-cold
ChIP-RIPA (radioimmunoprecipitation assay) [50 mM Hepes-KOH
(pH 7.6), 500 mM LiCl, 1 mM EDTA, 1.0% IGEPAL-CA630, and
0.7% sodium deoxycholate, filter (0.2 pm)-sterilized before use].
For the fifth wash, 1 ml of TE (Tris-HCI-EDTA)-NaCl [10 mM tris-HCI
(pH 8.0), 1 mM EDTA, and 50 mM NaCl, filter (0.2 pm)-sterilized
before use] was added to IPs and fully resuspended by end-over-end
mixing. Beads were aggregated using a magnet rack, and TE-NaCl
was completely aspirated. DNA was eluted with addition 50 ul of
elution buffer (0.1 M NaHCOj3 and 1% SDS), held at 65°C with
vigorous circular mixing for 15 min, and the eluate was collected.
Beads were incubated with another 50 ul for a total of two elution
steps followed by pooling. Cross-links were reversed by bringing
the sample to 65°C in 190 mM NaCl (5 pl of 4 M NaCl into 100 pl of
eluate) for 12 hours with vigorous circular mixing. Proteinase K
(Invitrogen, catalog no. 25530-015) and ribonuclease (Worthington
Biochemical Corp., catalog no. LS002132) digestion was carried out
followed by DNA isolation with a Qiagen miniElute polymerase
chain reaction (PCR) kit (catalog no. 28004). As input for library
preparation, <1 to 5 ng of immunoprecipitated DNA were used.
Library preparation was carried out with the KAPA Hyper Prep Kit
(catalog no. KK8502). Adapter ligation was carried out for 60 min
followed by 0.7 to 0.9x double-sided size selection with Ampure XP
beads (catalog no. A63880) and a final 1x cleanup after library
amplification (12 cycles in total). Library concentration was deter-
mined with Qubit, and library profile was analyzed by an Agilent 2100
Bioanalyzer. Libraries were sequenced in multiplex, and library
pool concentrations were calculated with a KAPA Biosystems
library quantification kit (catalog no. KK4835). Single-end reads
[76 base pairs (bp)] were sequenced using an Illumina NextSeq500.

RNA sequencing

Cells were plated into six-well plates and, 24 hours later, treated
with either 10 pM MYCi975 or DMSO (0.2%). Cells were trypsinized
and counted in duplicate using Countess II (Thermo Fisher Scientific,
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catalog no. AMQAF1000) and 0.4% trypan blue (Thermo Fisher
Scientific, catalog no. T10282), and 2 x 10° cells from each treat-
ment group were washed in ice-cold PBS and centrifuged at 500g
for 5 min at 4°C. RNA was isolated from cell pellets from biological
quadruplicates (cells from different passages) with a Qiagen RNeasy
kit (catalog no. 74134). For each sample, ~500 ng (equal aliquots of
RNA to control for abundance) of RNA was used as input for
RNA-seq library preparation. Into each sample, a 1:100 dilution of
ERCC92 Spike-In Mix 1 (Thermo Fisher Scientific, catalog no.
4456740) was added and incorporated into the analysis pipeline. To
capture a broader scope of RNA species, ribosome depletion library
kits were used (KAPA Biosystems, catalog no. KK8560). RNA libraries
were multiplexed, and final concentration was calculated with the
same method as ChIP-seq. Next-generation sequencing was performed
with paired-end reads (2 x 42 bp) on an Illumina NextSeq500.

Assay for transposase-accessible chromatin with
high-throughput sequencing (ATAC-seq)

Cells were plated in 10-cm? plates and treated with 10 uM MYCi975
or DMSO (0.2%) for 48 hours. ATAC-seq libraries were generated
as previously described with slight modifications (61, 62). Treated
and control cells were trypsinized, and 1 million cells were washed
in ice-cold PBS. Cells were pelleted at 500g for 5 min at 4°C and
resuspended in 1 ml of lysis reaction mix [0.1% Tween 20, 0.1%
IGEPAL (Sigma-Aldrich, catalog no. 18896), and 0.01% Digitonin
(Promega, catalog no. G9441)] in ATAC resuspension buffer [10 mM
tris-HCI (pH 8.0), 10 mM NaCl, and 3 mM MgCl,]. The lysis reac-
tion was carried out on ice for 3 min, and then 4 ml of wash buffer
(0.1% Tween 20 in ATAC resuspension buffer) was added and
mixed end over end. Nuclei were pelleted at 500g for 10 min at
4°C. The pellet was resuspended in 125 pl of ice-cold PBS, and the
nuclei were counted and inspected for quality. In total, 12,500
nuclei were aliquoted into the transposase tagmentation mix [2.5 pl
of TDEI enzyme and 25 pl of TD buffer (Illumina, FC-121-1030),
16.5 ul of nuclei in ice-cold PBS, 0.5 ul of 1% Digitonin, 0.5 ul of
10% Tween 20, and 5 pl of molecular biology-grade water]. Tag-
mentation was carried out at 37°C for 30 min in a Thermomixer
(Eppendorf) at 300 rpm. DNA was isolated using the Zymo DNA
clean and concentrator (catalog no. D4013) and amplified for 9
cycles with New England Biosystems High Fidelity 2X PCR Master
Mix (NEB, catalog no. M0541S) as described (61). PCR-amplified
ATAC-seq libraries were purified using the Zymo kit (catalog no.
D4013), and Ampure XP beads (catalog no. A63880) were used for
0.6x to 1.8x size selection. Library distribution was analyzed with
an Agilent 2100 Bioanalyzer. Paired-end sequencing was performed
(2 x 42 bp) using an Illumina NextSeq500.

Data analysis

For single-end ChIP-seq reads, raw fastq files were aligned with
bowtie (v1.2.2, settings: -t --best -m 1) using prebuilt genome indexes
[National Center for Biotechnology Information (NCBI)] for both
hg38 and mm10, downloaded from http://bowtie-bio.sourceforge.
net/manual.shtml. For paired-end ATAC-seq, reads were aligned
with bowtie2 (v2.2.6, settings: --very-sensitive -X 800). For paired-end
RNA-seq, reads were aligned to the hg38 reference genome (NCBI,
GRCh38.p12) using STAR (v2.7.5, settings: --alignIntronMin
20 --alignIntronMax 500000) (63). All fastq files were analyzed for
quality control using FastQC (version 0.11.9). ERCC92 controls
were aligned to the “ERCC92.fa” genome and processed though the
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RNA-seq pipeline (64). ChIP- and ATAC-seq sequence alignment
files were converted to binary format using samtools (version 1.9).
ChIP-seq files were used as input for creating HOMER (65) (v4.11.1)
tag directories and subsequent peak calling (settings: -tbp 1, style =
factor/histone). For ATAC-seq, MACS2 (v2.2.6) (66) was used
for peak calling using the DNase-seq enriched cut site method
(--nomodel --shift -75 --extsize 150 --nolambda -p 0.01). Using
DiffBind [v3.12, settings: minMembers = (# of biological replicates),
score=sDBA_SCORE_TMM_MINUS_FULL] for differential binding
analysis, each time point (1, 4, 8, 24, and 48 hours) was compared to
DMSO, and peaks called by HOMER were used to define a consen-
sus peak list (67). Using DESeq2 (25), differences in RNA levels
were determined by comparing DMSO versus 24 hours and DMSO
versus 48 hours (default settings). Table S2 provides differential
binding and differential RNA level results for all MYCi975 target
gene types comparing DMSO versus 48-hour MYCi975-treated
22Rv1 cells. To determine the genomic region distribution, we used the
HOMER annotatePeaks.pl (hg38) function with the appropriate refer-
ence genomes and selected for promoter proximal (+2 kb from TSS)
or promoter distal (>+2 kb from TSS). Motif enrichment databases
and statistics were calculated using the HOMER findMotifsGenome.
pl function.

Visualization for ChIP-seq data including bigwigs, heatmaps, and
read coverage histograms was generated with deeptools bamCoverage
(settings: --binSize 1 --normalizeUsing RPGC -effectiveGenomeSize
mouse/human --extendReads 120 —ignoreDuplicates), plotHeatmap,
and plotProfile function (68). Replicates were merged with bigWigMerge
(kentUtils, v302), and bedGraphs were converted back to normal-
ized bigwigs with bedGraphToBigWig function using the chrom.
sizes file downloaded from UCSC (https://hgdownload.cse.ucsc.
edu/goldenpath/hg38/bigZips/). Gene count matrices were generated
using featureCounts (69) with the following NCBI reference ge-
nome annotation GTF: “hg38.ncbiRefSeq.gtf” (http://hgdownload.
soe.ucsc.edu/goldenPath/hg38/bigZips/genes/) (subread v1.6.1).
Bigwig files for RNA-seq visualization were created using a similar
method as ChIP-seq with merging both the forward and reverse
strands using the recommended methods from deeptools (addi-
tional commands: samtools sort; bamCoverage —effectiveGenomeSize
2913022398 -e -normalizeUsing CPM v3.3.0) (68). For genome
browser tracks, we used pyGenomeTracks (70, 71) with merged
bigwig files from biological replicates to display occupancy at cer-
tain gene loci. Scale settings were normalized for each experimental
ChIP-seq or RNA-seq group (i.e., DMSO and 24 and 48 hours). For
any overlapping peaks analyzed (i.e., MYCi975 sensitive versus
MYCi975 H3K27ac loss), we used the function mergePeaks (-d 200
when comparing MYC and MAX, -d 200 when comparing ATAC
peaks with TF peaks, and -d 1000 when comparing with H3K27ac
peaks, HOMER v4.11.1). Tag densities for ChIP-seq signals at each
MYCi975 gene target type were calculated with annotatePeaks.pl
(settings: hg38, -size 400, -norm 0) using tag directories for each
DMSO-treated biological replicate. To compare tag densities of
multiple peak sets, each peak tag density (normalized by total tag
counts in directory) was log, transformed. MYCi975 gene target
types were selected from MYC-bound annotated promoters. For
each peak, differential binding analysis and differential RNA levels
were overlapped for the annotated promoters. The differential
binding data were sorted on the basis of FDR, and peaks with
FDR < 0.01 were used to select MYCi975 gene target types 1 to 3.
Type 1 and 2 genes represent all differentially lost MYC-bound
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promoters with either up- or down-regulated RNA levels, respective-
ly. MYCi975 type 3 genes represent all differentially MYC-bound
promoters with differential RNA level data such that FDR > 0.01.
Type 4 consists of “MYCi-insensitive” promoter-proximal MYC-
bound peaks that represent genes with low tag density, no differen-
tial MYC binding, and no differential gene expression (FDR > 0.01).
Differential MAX binding was overlapped with MYC binding sites
and sorted on the basis of FDR. Of the differential MYC binding
sites (MYCi975 sensitive), overlapping MAX analysis determined
6812 peaks where no significant changes in MAX were determined
(differential MAX binding FDR > 0.01) and are described as the
MAX-retained sites. ATAC-seq alignment files were filtered for
mitochondrial reads using sed, and adapters were removed with
NGmerge (v0.2_dev) (72). Differential ATAC analysis was carried
out using DiffBind with the same score setting as above. MACS2
ATAC-seq peaks were used from each individual replicate for
diffBind. Visualization tracks were generated from readpilup files
(.bdg, MACS2) from peak calling, and all replicates were merged
with the same protocol as above. For GSEA (24) analysis of
RNA-seq, each gene was assigned a rank metric (-log;o FDR X
log, fold change), and this preranked list was used as input for GSEA
hallmarks v7.4 database. For ChIP-seq data, the rank metric was
calculated for promoter-proximal MYC-bound genes and differen-
tial MYC binding data using the same hallmarks database as above.
For multiple peaks that annotate to a single promoter, the average
rank metric of each “multipeak promoter” was used as input in the
final preranked list for GSEA.

ENCODE/cistromeDB analysis

Using the ENCODE ChIP-seq matrix (www.encodeproject.org) to
locate deposited MYC ChIP-seq datasets, bed files were downloaded.
The following is a list of cell lines with MYC ChIP-seq peak datasets
that were downloaded from ENCODE using the “transcription
factor” and “cell line” tabs selected: NB4 (ENCFF002CZO), K562
(ENCFF002CWTI), HeLa (ENCFF950LQM), A549 (ENCFF542GMN),
and MCF7 (ENCFF370EQ)]). In addition, two MYC ChIP-seq peak
datasets were downloaded from the Cistrome Data Browser (http://
cistrome.org/db/#/): P493-6 (encode: GSM1036404) and MCF10A
(encode: GSM935491). All other cell lines (22Rv1, DU145, and
MycCap) were analyzed according to the ChIP-seq protocol above.
Peaks were then called with HOMER (v.4.11.1, findPeaks -style
factor). All reference genomes were converted to hg38 using CrossMap
(v0.3.6) with the “over.chain” files downloaded from source (http://
crossmap.sourceforge.net) (73). Once all peaks were converted to
the hg38 reference genome, peak files were annotated with HOMER
annotatePeaks.pl and then split into either promoter-proximal
(HOMER promoter annotated) or promoter-distal (all other HOMER
annotations) regions. HOMER motif analysis was run on all peak
sets with default settings. Motif enrichment results are displayed
as log;o(P value) for CTCF, FOXA1, FOXM1, and ¢c-MYC motifs
from HOMER.

In vivo experiments

All animal experiments and procedures were performed in compli-
ance with ethical regulations and the approval of the Northwestern
University Institutional Animal Care and Use Committee. CD1-
Foxnlnu (086) mice were obtained from Charles River Laboratories.
All mice were housed in a pathogen-free animal barrier facility. All
in vivo experiments were initiated with mice at 6 to 8 weeks of age.
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The 22Rv1 prostate cancer cells (2 x 10°) suspended in 100 ul of BD
Matrigel were subcutaneously injected into flanks of mice. Tumor
volume (in cubic millimeters) was calculated by the formula (length
x width?)/2. When the tumor size reached 150 to 200 mm°, mice
were then randomized into groups with similar average tumor size
in each group. MYCi975 was prepared and administered as described
(21). ENZ was purchased from MedChem Express (HY-70002),
prepared in 5% DMSO in corn oil, and given by p.o. (per oral). Tumors
were harvested after 18 or 21 days of treatment. Mouse body weight
was monitored every 2 to 3 days.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abh3635

View/request a protocol for this paper from Bio-protocol.
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