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Abstract

MYC regulates multiple gene programs, raising questions about the potential selectivity
and downstream transcriptional consequences of MYC inhibitors as cancer therapeutics. MYC
functions to either globally amplify RNA production or selectively regulates genes by repression
or activation. In models of MY C inhibition by small molecules the functionality of MYC is greatly
reduced although specific MYC function may be more sensitive than others. Here, we examined
the effect of a small molecule MYC inhibitor, MYCi975, on the MYC/MAX cistromes, epige-
nome, transcriptome and tumorigenesis. These data revealed three major classes of MYCi975-
modulated gene targets: Type 1 (downregulated), Type 2 (upregulated) and Type 3 (unaltered).
While cell cycle and signal transduction pathways were heavily targeted by MYCi975, RNA bio-
genesis and core transcriptional pathway genes were spared. MYCi975 altered chromatin binding
of MYC, and the MYC network family proteins including MAX and MAX heterodimeric binding
partners. Both genome-wide chromatin accessibility and H3K27-acetylation was altered by
MYCi975, and motif analysis revealed enrichment of MY C-regulated lineage factors AR/ARvV7,
FOXA1 and FOXM1. Subsequently, chromatin occupancy analysis following MY Ci975 treatment
demonstrated loss of lineage factors overlapping differential chromatin accessibility and H3K27ac
sites. Consequently, MYCi975 synergistically sensitized resistant prostate cancer cells to enzalu-
tamide and estrogen receptor-positive breast cancer cells to 4-hydroxytamoxifen. Although MYC
inhibition induced a loss of chromatin occupancy and expression of many transcription factors, the
MYCi975 activated cistrome has yet to be elucidated. MYCi975 induced ATF4 protein stability
and downstream ATF4 signaling promoting apoptosis. Using MYC knockdown and knockout

models we determined that MYCi975 induction of ATF4 is dependent on MYC expression levels



however MYC canonically functions to regulate ATF4 induction. These results demonstrate that
MY Ci975 selectively inhibits MYC target gene expression and provide a mechanistic rationale for

potential combination therapies.
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Chapter 1: introduction
The MYC transcription factor and rationale for therapeutic targeting

MYC is one of the most widely investigated genes throughout human history. The discov-
ery of MYC is coupled to its functional role in transforming normal cells into malignant disease
(I-5). First identification of the nucleotide sequence was found in avian erythroblastosis retrovi-
ruses and further characterized to originate from the host genome (7, 5). MYC localization in cells
was determined to be nuclear with some insights into functions of gene expression (2, 3). The
function of MY C nuclear localization was demonstrated to have a high affinity for binding double-
stranded DNA (6). It was then determined that MYC binds double stranded DNA in a sequence
specific manner (7). This landmark article predicted the now well characterized sequence specific
E-box motif (CACGTG) for MYC. A primary domain of MYC is the basic-helix-loop-helix
(bHLH) zipper which classically mediates homo- and/or hetero-dimerization of other bHLH motif
containing proteins. Given this domain presence within the MYC protein, it is likely that MYC
functions through homo- or hetero-dimerization or both and thus finding MYC binding partners
was critical. MYC associated proteins were later found with the use of chemical cross-linkers
which led to the discovery of MAX, for which the MYC/MAX heterodimeric nucleoprotein com-

plex was further characterized for its role in neoplastic growth (§—10).

Major technological advances since then have uncovered normal and malignant functions
of MYC. In normal biology, mitogenic growth signals temporally up-regulate MYC activity in a
cell-cycle dependent manner (/7). In part, mitogenic signals alter the protein stability of MYC and

thus functional activity. Mitogenic signals activate downstream protein kinases subsequently phos-



phorylating the MYC protein at a cluster of serine and threonine residues which regulate the sta-
bility and nuclear localization of MYC proteins (/2, 13). In particular, the up-regulated activity of
MYC is associated with regulation of cell growth pathways (/4). Multiple gene pathways are re-
lated to cell growth and further understanding of the distinct cell pathways regulated by MYC is

imperative to understanding its role in tumor biology.

As studies have continued, MY C primarily functions as a putative transcription factor and
regulates many gene pathways including ribosome biogenesis, mRNA translation, miRNA regu-
lation, cell cycle progression, DNA-replication and -repair, immune response, metabolism and
apoptosis (/5—17). When cells divide it is necessary to relatively double its size and genome and
MYC has been implicated in both processes. MYC target genes include ribosomal proteins, RNA
biogenesis machinery and additional factors they are necessary for ribosome biogenesis and as-
sembly (/7). Thereby stimulation of MYC may induce cell growth through increased expression
of protein synthesis associated genes. In models of MYC induced cell growth using chimeric
MYC-ER (estrogen receptor) protein expression, when MYC is activated protein synthesis occurs

first and precedes DNA synthesis (/4).

MYC has been shown to associate with DNA synthesis complexes such as the preinitiation
complex and play a major role at origins of replication on DNA during DNA replication (/8). In
addition, MYC transcriptional control of cell cycle factors such as E2Fs and cyclins promote cell
cycle entry and subsequent DNA synthesis (/9). MYC thus binds chromatin at sites of both cell

cycle gene regulatory elements and DNA origins of replication in a cell cycle dependent manner.
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In the context of cancer, MY C regulates the immune response by transcriptional regulation
of programmed death ligand-1 (PD-L1) which is linked to immune evasion, a hallmark of cancer
(20). Importantly, upon inactivation of MYC in tumor cells, an immune response is reinvigorated
leading to significant increase in tumor regression (20, 217). In this way, tumor cells with high
MYC expression have high PD-L1 which disrupts the canonical immune response, hence immune
evasion, and MYC inhibition can reverse these effects. MYC is regulated by the dominant nutrient
sensor mammalian target of rapamycin complex 1 (mTORCT) at the level of translational regula-
tion (22). mTORCI inactivation can thus increase MYC nuclear localization and transcription of
key metabolic genes. MYC has the potential to regulate miRNA processing through the regulation
of Drosha, a canonical component of the miRNA processing machinery (23). In addition, MYC
targets miRNAs and regulates their gene expression. In one example, MYC has been implicated
to directly control the expression of oncogenic miRNAs in Burkitt Lymphoma (24). Taken alto-
gether, MYC has a vast repertoire of gene targets that are not apparently related. MYC’s control
of many gene pathways has led to further studies to elucidate whether MYC functions to alter

transcription globally or selectively.

Investigations of MYC function on transcriptional output demonstrate both global and se-
lective gene regulation (25-28). In models of lymphomagenesis MYC occupies the promoter of
nearly all transcribed genes and functions to selectively regulate genes by both down- and up-
regulation (25). To this end, an alternative model demonstrates MYC functions as a global ampli-
fier of transcription and thus increasing total RNA production (27). Another hallmark of the global
amplifier model is the concept of MYC enhancer invasion where increased levels of MYC are

correlated with increase enhancer occupancy (27). Although two competing paradigms of MYC
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function exists; a third model includes the observation that MYC can act as a transcriptional re-
pressor and activator, and gene pathways controlled by MY C can feedback to increase global RNA
production (2§). In the context of cancer, MYC amplification causes a global increase in MYC
mRNA. It is necessary to model MYC-driven tumors in the context of increased expression and
understand the downstream chromatin binding events and transcriptional outcomes. Experimental
and mathematical modeling studies have suggested that higher levels of oncogenic MY C promote
chromatin binding to activate and repress transcription of specific genes (29). The specificity of
MY C chromatin binding and gene expression changes in models of MYC overexpression suggest
that variations in promoter affinities and cofactor recruitment are underlying determinants that
regulate distinct biological processes (30). These models suggest that a predisposed or potentially
activated set of factors may underlie the binding sites and downstream transcriptomic or cellular
changes. These models include MYC amplification, however models of MYC inhibition are in-
deed informative as well. Given that a comparison of low-to-high MYC levels accounts for en-
hancer invasion and a discrete set of transcriptional changes, it is therefore plausible that a high-
to-low MYC study, such as using a MYC inhibitor, will inform of high MYC sites and low-MYC
sites. If MYC inhibition is partial, or results in downregulation of MYC protein the remaining
MYC functionality could inform drug efficacy. In addition, MYC co-factors such as WDRS, may
predispose the affinity for MYC binding to certain loci on chromatin (30). Taken together, the
alteration of MY C occupancy and thus potential for transcriptional regulation depend on multiple

protein factors and models of MYC regulation.

Dysregulated MY C expression is strongly associated with tumorigenesis and is considered

a hallmark of cancer, effecting numerous cancer types (3/-33). Gene amplification is one of the
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most common mechanisms of MYC deregulation in cancer. Considering that MY C activity is up-
regulated transiently by mitogenic signals, in the amplification setting MY C may remain constitu-
tively active even in the absence of growth signals. Some of the first findings of MYC amplifica-
tion were in human cell models of leukemia (34). Copy number amplifications of the genome that
include MYC are typically associated with upregulated MYC mRNA expression levels. MYC am-
plification has been reported in numerous cancer types and is characterized by somatic copy num-
ber alterations (SCNA) (35). Utilizing the cancer genome atlas, MYC amplification is present in

nearly all cancer types and among the highest amplified are ovary, breast and prostate (36).

For primary prostate cancer the overexpression of MYC by amplification predicts cancer
recurrence (37). n-MYC, a homolog of c-MYC, is associated with neuroendocrine phenotype pros-
tate cancer and controls specific genes programs (38). For the majority of prostate cancers, andro-
gen receptor (AR) signaling is the primary driver of disease progression. In prostate cancer tissue
both the expression of the AR is positively correlated with MYC expression (39). The androgen
receptor functions as a ligand dependent nuclear hormone receptor and in prostate cancer AR sig-
naling increases. Molecular targeting of AR and molecular approaches to reduce systemic andro-
gens (i.e., androgen deprivation therapy) blunt the AR signaling capacity and have served as a
standard of care for prostate cancer. However, mechanisms of resistance arise in which androgen
signaling can persist even in the presence of AR targeted therapy and are associated with more
aggressive prostate cancer attributes like castration resistance (40). A common mechanism of re-
sistant for prostate cancer is the expression of isoforms of AR that are ligand independent which

are prognostic markers for disease progression and resistance (47). These AR isoforms maintain
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the DNA binding capacity of AR full lengths but lack the ligand binding activation domain. There-
fore, the ligand binding site for androgens and anti-androgens is lost and provides a mechanism
for sustained AR signaling even with androgen deprivation therapy. The binding profile on chro-
matin for these isoforms is similar to AR-full length although there tends to be a more repressive
effect by the recruitment of repressive complexes to chromatin at key tumor suppressor genes (42).
Taken together, in the context of MYC amplification, AR and AR isoform levels tend to correlate
and contribute to a more aggressive disease. Therefore, the study of MYC in prostate cancer is
directly related to that of AR, and in models where AR signaling is bypassed, MYC amplification

1s enriched.

MYC dysregulation in cancer has always prompted extended search of small molecules for
therapeutic targeting. Throughout the process, however small molecule inhibitors have been diffi-
cult to generate for an otherwise intrinsically disordered protein. Many studies have focused on
binding to MYC and disrupting the MYC/MAX heterodimerization domain. A dominant-negative
mutant MYC peptide (Omomyc) was developed that binds directly to MYC and abrogates MYC
function by disrupting MYC/MAX heterodimerization (43, 44). Omomyc peptides specifically
bind to both c-MYC, n-MYC and MAX and it prevents the chromatin binding of MY C at canonical
E-box containing motifs and reduces target gene expression (43). MYC function includes induc-
tion of apoptosis. In the Ep-myc transgenic mouse model, experiments suggests that progression
of MYC-driven tumors may require inactivation of p53 to suppress the apoptotic signaling en-
hanced by MYC overexpression (75, 45). These data suggest that MYC regulation of apoptosis

must be attenuated by down regulation of key factors such as p53. Importantly for the study of
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Omomyc, MYC inhibition occurs at cancer specific genes and the remaining MYC function en-
hances apoptosis (44). 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 (46). These data suggest a therapeutic opportunity for
the inhibition of MYC in cell and tumor models of MYC driven cancers. Achieving a deliverable
expression of Omomyc peptides or future iterations in the clinical setting seems implausible, and
thus small molecule inhibitors have been generated to probe MYC function as well as test the

potential efficacy of therapeutically targeting MYC.

Inhibition of MYC has been difficult due to multiple factors. There is no defined ligand
binding domain and therefore identifying a pharmacophore for MYC has been a major challenge
(47). Conceptually, given that MY C regulates multiple cell processes how could the effects of an
inhibitor spare the normal cell function of MYC while specifically targeting cancer cells. Small
molecule MYC inhibitors aim to alter oncogenic MYC activity and disrupt the MYC/MAX heter-
odimerization. Several small molecule inhibitors (e.g. 10075-GS5, 10058-F4) disrupt MYC/MAX
dimerization and have been shown to reduce MYC activity (48, 49). Some of the inhibitors have
known putative MY C binding sites that have been determined and pharmacophores identified (50).
Other approaches have included the use of covalent inhibitors to disrupt MYC function (57). Use
of various inhibitors as molecular probes has led to a significant increase in knowledge regarding
MYC function and a continued focus on the potential of MYC inhibitors as cancer therapeutics
(49). Small molecule inhibitors of the transcription of MYC have also been demonstrated to inhibit

MY C-driven cancers (52). JQI1 is a bromodomain and extraterminal (BET) inhibitor specifically
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targeting BRD2, BRD3 and BRD4 and disrupts their function (52). BRDs function by binding
acetylated chromatin which has subsequent effects on downstream transcriptional activation, in
particular MYC transcription. Thus, in MYC-driven cancers inhibition of chromatin recruitment
of BET domain binding to regulatory elements of MY C will inhibit MYC transcription and down-
stream MYC processes. In addition, small molecules have been generated that promote MAX-
MAX homodimerization and function to inhibit MYC (53). MAX-MAX homodimers and
MYC/MAX heterodimers have affinity for the same E-box sequence genome wide, although each
nucleoprotein complex has been implicated in contrasting transcriptional roles. KI-MS2-008, a
small molecule MAX homodimerizing compound, promoters MAX binding at sites where MYC
occupancy is lost on chromatin and induces further gene repression (53). The major challenge is
the development of MY C inhibitors with clinical applicability. Although MYC inhibition has been
utilized as a non-genetic tool to understand MYC inhibition and MYC biology, the extended re-
search has yet to find clinical applicability. In fact, many of the small molecules developed over
the years have failed to be approved, due to a multitude of reasons including toxicity, low potency
and selectivity (49). Continued research and development of MYC inhibitors has a heightened

awareness of their clinical challenges and aims to address these hurdles.

Given that MY C 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 for-
mation of MAX heterodimers, and the subsequent effects on target gene expression. Given MYC
has a wide range of gene networks, understanding the total cistromic and transcriptomic changes
that transpire as a result of MYC inhibition may give insight into potential selectivity and rational

combination therapies. In addition, unbiased approaches that aim to recover MYC alterations as
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well as additional factors and processes that are inhibited will elucidate the complete mechanism
of small molecule inhibitors. Drug efficacy may be further elucidated by the discovery of primary
and secondary effects. It is important to understand that pharmacology is within an exaggerated
mechanism paradigm, by which a majority of cancer therapeutics tested demonstrate drug efficacy
is driven by off-target effects (54—57). Using CRISPR/Cas9 mediated knockout there was no effect
on the proliferation of cells when the intended drug target was completely deleted (57). Off-target
effects can help understand drug efficacy and further their advancement by way of alleviating or
enhancing the process the off-target effect induces. For example, cells resistant to OTS964, a pu-
tative PBK inhibitor, demonstrated inactivating mutations for CDK11 which led to the discovery
OTS964 binding to CDK 11 and further advancement in treating cancer by CDK11 inhibition (57).
Off-target effects of safe drugs may lead to further advancement of cancer treatment models, and
they may explain the treatment efficacy which can be leveraged. In an age of high-volume genomic
sequencing and personalized medicine, expression markers need to match drug targets and there
is a need to find cause not just correlation. For novel small molecule MYC inhibitors, the full
spectrum of effects and potential targets needs to be identified. Models of cancer therapeutics and
targets have demonstrated that on average for hundreds of small molecules there are numerous
targets per molecule. It is therefore naive and extremely exaggerated to discuss small molecules
as binding one target. Rather the likelihood is multiple targets, and it is up to researchers to find

out which targets drive efficacy.

In the context of small molecule inhibitors, there will always be a partial defect to the
targets of interests, whereby the drugs limit the function of their intended target without complete

loss of function. Whether MYC inhibitors selectively modulate MYC binding and/or target gene
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expression is not clear but has important implications for tolerability as a cancer therapeutic. Fur-
thermore, the histone epigenetic landscape may provide further mechanistic insight into the effects
of MYC inhibition. Histone H3 lysine 27 acetylation (H3K27ac) is an epigenetic mark of active
promoters and enhancers, and MYC has been shown to recruit histone acetyltransferases and in-
duce genome-wide chromatin acetylation at histone H3K27 (58, 59). Binding of MYC at enhanc-
ers in models of MYC amplification demonstrate enhancer invasion and a variant MYC DNA
binding profile (27). Unbiased approaches that are integrated with multiple datasets provides a
more complete picture into the effects of small molecules as therapeutic and the mechanism of
action. Understanding the epigenetic landscape overlapping MY C binding sites indicates associ-
ated active chromatin marks, and in the context of MY C inhibition sites with co-loss of MYC and
H3K27ac will likely decrease transcriptional activity. MYC inhibition induced alterations of

H3K27ac outside of the MYC cistrome may represent secondary effects of MYC target genes.

We recently developed and characterized a small molecule MYC inhibitor, MY Ci975, that
binds directly to MYC, disrupts MYC/MAX dimerization, and promotes proteasomal mediated
MY C degradation resulting in decreased tumor growth in vivo (60, 61). MYCi975 was rigorously
tested for mechanisms of action and has been shown to induce MY C protein proteasomal mediated
degradation (60). In addition, in vivo tolerability of MYCi975, which has been a common pitfall
of developed MYC inhibitors, allowed for the fundamental understanding that MYCi975 induces
an immune response in syngeneic mouse prostate tumors. The immune response induced by
MYCi975 can be leveraged and combination treatment with anti-PD1 potentiates immune therapy
in mouse prostate tumors, of which checkpoint therapy in prostate cancer has been largely unsuc-

cessful (60, 62). To further understand the efficacy of MYCi975 and the potential MYC regulated
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pathways spared in the MYC inhibitor setting, we elucidated the epigenomic and transcriptomic
changes induced by MYCi975 in prostate cancer cells. 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. We also provide analysis of secondary transcription
factor activation that contributes to apoptotic signaling in cancer cells treated with MYCi975 and

provide additional pathways that in part explain MYCi975 efficacy.

Chapter 2: MYCi975 selectively inhibits the MYX and MAX cistromes to modulate target gene ex-

pression

All panels from figures 1-15 are references from the original (63). Figures 1-14 were generated
in original format by Austin G. Holmes. Figure 15A was data generated by Mihai I. Truica and
Figures 15B-E were data generated from Vinay Sagar.
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 MY C 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 of MYC protein levels by 48 hours (Figure 1A). Protein levels of
MYC heterodimeric binding partner MAX and related protein MNT were also reduced (~20-30%
at 48h), while MXD1 protein levels remained relatively stable; (Figure 1A, B). 10 uM MYCi975

reduced 22Rv1 cell proliferation by half, represents the ICso of 22Rv1 cells, suppressing cell
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growth and colony formation after 4 days and reducing cell viability (Figure 1C-F). MYCi975
treatment induced poly(ADP-ribose) polymerase (PARP) cleavage, a hallmark of apoptosis, in
22Rvl1 cells (Figure 1G) suggesting apoptosis as a possible mechanism for MY Ci975-induced cell
death. Based on these results we chose to perform genome-wide analysis on cells treated with

MY Ci975 for up-to 48 hours.
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Figure 1. MYCi975 induces MYC down-regulation and cell growth defects in 22Rv1 cells.
(A) 22Rv1 cells were treated with 10 uM MY Ci975 for the indicated times followed by immunob-
lot analyses for the indicated proteins. (B) Densitometry analysis of MYC family proteins (n=2)
processed by ImageJ (64) with the area under the curve method repesenting the signal as a
percentage of loading control protein GAPDH for two biological replicates. Loading control
GAPDH was set to 100% and each timepoints was compared relative to GAPDH (individual
values shown, bars represents sample mean). (C) Total cell number of 22Rv1 cells as determined
by trypan blue exclusion assay for both vehicle control and 10 uM MY Ci975-treated 22Rv1 cells
(n = 4, errors bars represent = SEM). (D) ICso curve analysis of 22Rv1 cells treated for 3 days.
ICso values were calculated using logio(uM MYCi975) vs. response sigmoidal curves and
nonlinear regression. (E) 22Rv1 cells were plated in 6-well plates at low density (25,000
cells/well), treated with MY Ci975 (10 uM) for 4 days, and visualized by staining with 0.1% crystal
violet. (F) Cell viability as determined by trypan blue exclusion assay of both vehicle control and
10 uM MY Ci975-treated 22Rv1 cells (n = 4, individual values shown, bar represents sample mean,
error bars = standard deviation). (G) 22Rvl cells were treated with 10 uM MYCi975 for 48 hrs
and 20 pg of whole cell protein extract was used to determine poly(ADP-ribose) polymerase

(PARP) and cleaved-PARP protein levels (individual values shown, bar represents sample mean).
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Next, we performed MYC chromatin immunoprecipitation (ChIP)-seq in 22Rvl cells
treated with MYCi975 for 1, 4, 8, 24, and 48 hours. Principal component analysis (PCA) demon-
strated clustering of the early timepoints (1-, 4- and 8-hour groups), whereas continued treatment
led to a maximum separation of the 24- and 48-hour groups (Figure 2A). This suggested that the
effects of MYCi975 on MY C chromatin occupancy are coincident with MY C 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 timepoints, these values
were significantly reduced (Figure 2B-C). Differential binding analysis comparing each MYCi975
timepoint to the DMSO-treated control group revealed time-dependent effects of MYCi975 treat-
ment 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, FDR < 0.01). Max-
imal 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 MY C cistrome was altered (Figure 2D). We defined
the peaks with statistically significant changes (FDR < 0.01) in MYC occupancy as “MYCi975-
sensitive” sites. Genome distribution analysis showed that early MY Ci975-sensitive sites are sig-
nificantly enriched for promoter-distal (>2kb from nearest transcription start site [TSS]) bound
MY C and have low c-Myc motif significance compared to later timepoints (Figure 2E). To analyze
the global changes in the MY C-bound promoter network in response to MYCi975, we integrated

promoter annotation and gene set enrichment analysis (GSEA) (65). MYC consensus peaks were
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annotated in reference to the nearest TSS to define promoter-proximal (+2kb from the TSS) and
promoter-distal (more than £2kb from the TSS) MYC binding sites. MY C-bound promoter-prox-
imal sites were ranked based on 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”, Figure 2F). Cell cycle gene pathways are among the ca-
nonical MYC target gene lists and figure 2 G-H demonstrates downregulation of MY C occupancy

and RNA at both cell cycle genes MCM2 and MCM 0.
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Figure 2. Analysis of differential MYC binding in 22Rv1 cells demonstrates loss of occupancy
at canonical MYC target genes. (A) PCA analysis of differential peaks of all MYC ChIP-seq
biological replicates for each timepoint (n = 4 for each timepoint). (B) Immunoprecipitaton (IP)
efficiency (% of reads within peaks) of all MYC ChIP-seq biological replicates. (C) Total peak
number in all biological replicates of MYC ChIP-seq samples. (individual values shown, bar
represents sample mean, error bars represent mean = SEM, *p < 0.05; ***p < 0.0001) (D)

Percentage of differential MYC binding peaks lost in response to MYCi975 compared to MYC
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consensus peaks (n = 4, left panel). Total number of differentially bound MYC peaks following
differential binding analysis (n = 4, right panel) for each timepoint. (E) Pie chart distribution of 8-
, 24- and 48-hr differential MY C-bound peaks significantly altered (FDR < 0.01) by MYCi975
and MYC consensus peaks from control conditions. The cumulative distribution function (CDF)
of the hypergeometric distribution was used to test for significant differences in differentital peak
set distribution (promoter-proximal [£2kb from TSS], promoter-distal [> +2kb from TSS) using
each timepoint vs. MYC consensus peaks. Each peak set was used as input for motif enrichment
and the statistical p-value reported (right panel). (F) Differential gene expression analysis was pre-
ranked (same as for ChIP-seq data) and used as input for GSEA. Results demonstrated significant
enrichment for canonical MYC target genes. (G, H) Gene loci analysis of MCM2 and MCM10
reveals MY C chromatin occupancy loss (green) with associated RNA level loss (black) in response

to MYCi975 in 22Rv1 cells.

To investigate both MY Ci975-sensitve sites and those with an FDR > 0.01 (“MYCi975-
insensitive”) we analyzed both MY C and well characterized MYC co-factor WDRS (66). We plot-
ted the normalized tag density of both MYC and WDRS chromatin binding at MY Ci975-sensitive
and MY Ci975-insensitive peaks and found that both MYC and WDRS tag density is significantly
lower at MY Ci975-insensitive sites (Figure 3A). Genome wide distribution analysis of both peak
sets revealed that MYC bound MYCi975-insensitive sites were predominantly promoter distal
(Figure 3B). Surprisingly, both peak sets contained significant motif enrichment for the canonical
c-Myc motif (Figure 3C). MYCi975-insensitive peaks annotated to promoters were used as input

for gene ontology analysis demonstrating significant enrichment for nervous system development
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and cell differentiation suggesting downstream MY C regulated gene pathways may remain unal-
tered (Figure 3D). Further analysis is focused on the statistically significant MY Ci975-sensitive

sites.
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Figure 3. Genomic distribution and co-factor WDRS occupancy at MYCi975 sensitive and
insensitive sites. (A) Log(tag-counts) of MYC (shaded green) and WDRS5 (shaded brown) ChIP-
seq signal at both MYCi975-sensitive (blue) and peaks where differential MYC binding analysis
in MYCi975 treated 22Rv1 cells was insignificant (MYCi975-insensitive, red). A two-tailed
unpaired parametric t-test was run on MYCi975-sensitive vs. MYCi975-insensitive logx(tag-
counts). (***p < 0.0001) (B) Both MYCi975-sensitve and MY Ci975-insensitive peaks were split
into promoter-proximal (£2kb from TSS) or promoter distal (> +2kb from TSS). (C) Canonical c-

Myc motif enrichment analysis of both MYCi975-sensitive and MY Ci975-insensitive sites. (D)
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Gene ontology analysis (http://geneontology.org) of promoter proximal annotated MYC peaks
where differential binding was insignificant (MY Ci975-insensitive, 5,073 peaks from right panel
(B)).

Our previous study of transcriptomic profiles after exposure to MYCi975 demonstrated
disruption of canonical MYC gene programs (60). To determine the time-dependent effects of
MY Ci975 on gene expression, we treated 22Rv1 cells with MY Ci975 for 24 and 48 hours to induce
extensive MYC chromatin occupancy loss, and then performed 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 timepoint. We filtered gene expression based on the lower limit of detection
determined by the spike-in control and plotted the lower limits of detection (Figure 4A). We found
no significant difference in total RNA yield in 22Rv1 cells treated with MYCi975 for 24 or 48
hours compared to controls (Figure 4B). As a quality control, we used a Euclidean sample distance
matrix to assess sample similarity (log> normalized counts, DESeq2 (67)), which confirmed that
the MY Ci975-treated samples were similar to each other and distinct from controls (Figure 4C).

We next performed differential gene expression analysis comparing DMSO control vs. 24-
hour MYCi975 or DMSO control vs. 48-hour MYCi975 treatment. The 24- and 48-hour
MY Ci975-treated cells had 6,973 and 9,080 differentially expressed (DE) genes, respectively
(FDR < 0.01) (Table 1). Differential gene expression data was pre-ranked (-log1 0OFDRxlog2Fold-
Change) and used as input for GSEA (65, 68). The top differential gene program, “HALL-
MARK MYC TARGETS V2”, was suppressed in both 24- and 48-hour MY Ci975-treated cells;
we found that the same gene set contained promoter-proximal MY Ci975-sensitive sites (Figure

4D, Table 1). Taken together, these findings suggest that MYCi975 treatment results in the loss of



27

MY C chromatin occupancy and associated gene expression at hallmark MY C target genes, includ-
ing the key cell cycle-associated genes MCM?2 (Figure 2G) and MCM 10 (Figure 2H). Interestingly,
from analysis of the 327 MYC lost peaks at 8h, 93 are promoter proximal. Gene ontology on the
93 genes reveals the following gene sets are weakly significant (FDR < 0.01): DNA metabolic
process (GO:0006259), heterocycle metabolic process (GO:0046483) and DNA replication
(GO:0006260) and MCMI0 is identified as one of these early MYCi975 response genes.

To further analyze the MYCi975-regulated transcriptome and identify common dysregu-
lated genes in multiple cancer cell models, we integrated our RNA-seq results comparing DMSO
vs. 10 uM MY Ci975 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) (60)). Overlapping differentially expressed genes
(FDR < 0.01) for each dataset were visualized using a Venn diagram (Figure 4E). A total of 1,183
genes were dysregulated by MYCi975 in all three datasets. Gene ontology analysis of this common
gene list revealed significant enrichment for regulation of nucleic acid metabolism, DNA replica-
tion, and cell cycle pathways (Figure 4E, right panel). 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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Figure 4. Differential gene expression induced by MYCi975 in 22Rvl1 cells. (A) Correlation
plot for logo(ERCC92 transcript molecules) detected within RN A-seq samples and the logz(known
transcripts molecules) to assess the lower limits of gene expression detection. (B) Total RNA yield
from 2x10° 22Rv1 cells treated with either DMSO or 10 uM MY Ci975 for 24 or 48 hrs. One-way
ANOVA analysis to test for significance of variance results are listed (right panel). (individual
values shown, bar represents sample mean, errors bars = standard deviation). (C) Sample distance
matrix calculations of log> normalized gene counts by DESeq2 with biological duplicates and all
timepoints for RNA-seq in MY Ci975-treated cells. (D) Differential gene expression analysis was
pre-ranked (same as for ChIP-seq data) and used as input for GSEA. Results demonstrated
significant enrichment for canonical MYC target genes. (E) Publicly available RNA-seq results
from MYCi975-treated PC3 and P493-6 cells ((60), GSE135877) was used to overlap consensus
dysregulated genes. All differentially expressed genes were analyzed for overlap. In total, 1,183
genes were differentially expressed in all cell lines. Gene ontology enrichment analysis was run
on the 1,183 consensus genes and the top enriched gene sets are reported (lower panel, http://ge-

neontology.org).
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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 differential binding analysis at MY C-bound promoters
with differential gene expression analysis. We categorized MY C-bound sites into ‘types’ based on
whether MY Ci975 led to loss of MY C binding and changes/no changes in the RNA levels of target
genes (Figure 5A, Table 2). Among the MY C-bound promoters within MY Ci975-sensitive sites,
we found that associated target gene expression was either decreased (Type 1), increased (Type
2), or unchanged (Type 3) (Figure 5A, B). Figure 2C shows representative examples of MYCi975
target gene Types 1-3. Using gene ontology analysis, we found that Type 1 genes were signifi-
cantly enriched for cell cycle and DNA replication gene programs generally important for confer-
ring proliferative advantages to cancer cells (Figure 5D, top panel, Table 2). Type 2 genes were
strongly enriched for kinase and signal transduction pathways (Figure 5D). Notably, Type 2 genes
among others included RORa, a transcription factor known to play a tumor suppressive role in
breast cancer by stabilizing p53 and activating p53 gene transcription (69, 70). Type 3 genes, which
demonstrated changes in MYC promoter occupancy with no change in RNA levels, were signifi-
cantly enriched for basic RNA metabolic processes and core transcriptional pathways important
for normal cell function (Figure 5D, lower panel). 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 MY C target genes representing cell cycle and DNA replication genes more sen-
sitive to the effects of MYCi975 than MYC target genes involved in basic RNA metabolic and

gene transcription processes.
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Figure 5. MYCi975 selectively affects MYC binding to promoters and target gene expression.
(A) Heatmap representation of ChIP-seq signal at annotated promoters of MY Ci975-sensitive sites
(Types 1, 2 and 3). (B) Logx(foldchange) of genes for each Type as calculated from differential
gene expression analysis of DMSO vs. 48-hr MY Ci975-treated 22Rv1 cells. These genes have an
occurrence of MYC bound at or near the promoter. The red dotted line indicates the mean
log>(foldchange) 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 1-3 genes were used as input for gene ontology enrichment (http://geneontol-

ogy.org). The top 5 results for each gene Type are displayed.
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We investigated the MY Ci975-insenstive promoter proximal peaks and integrated differ-
ential expression levels. There was a final type (Type 4, consisting of MY Ci975-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 (Figure
6A-C). MYC binding and gene expression changes in Type 4 were not statistically significant
(both differential binding and RNA levels with an FDR > 0.01) when compared to the other three

types and therefore were not further investigated.
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Figure 6. Type 4 MYCi975 insensitive sites and comparison with MYCi975 types 1-3. (A)
MYCi975 Type 4 target gene heatmap representation demonstrating MY C promoter occupancy in
cells treated with DMSO control or MYCi975 for 24 and 48 hrs. (B) Logx(fold change) of MYC
target genes in MYCi975 Type 4 sites demonstrating all genes with no significant change in RNA
levels in DMSO vs. 48-hr MYCi975 treatment. (C) Logy(tag-counts) for MYCi975 target gene
Types 1-4. Using one-way ANOVA and Tukey’s multiple comparison test with a single pooled
variance, MYCi975 Type 4 target genes demonstrate a decrease in tag density compared to

MYCi975 Type 1-3 target genes (****p < 0.0001).
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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 MY C-bound sites into promoter-proximal and promoter-distal peaks (7/). MYC-bound sites
in 22Rvl cells consisted of 20,915 promoter-proximal and 27,108 promoter-distal peaks. To de-
termine the extent to which MYCi975 sensitivity encompasses both genomic regions, we plotted
read coverage in both vehicle control and MY Ci975-treated cells at MY C-bound promoter-proxi-
mal and promoter-distal sites (Figure 7A). MY C occupancy was reduced at both regions following
MYCi975 treatment. Motif analysis of MYC promoter-proximal peaks demonstrated significant
enrichment for canonical E-box sequences (Figure 7B), whereas MYC promoter-distal peaks
demonstrated significant enrichment for CTCF and FOX motifs, along with canonical MY C motif
enrichment (Figure 7C), suggesting a possible transcription factor cooperativity at promoter-distal

sites in regulating target genes.
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Figure 7. MYC-bound promoter-distal sites exhibit significant CTCF and FOX factor motif
enrichment. (A) MYC consensus peaks were separated into promoter-proximal (£2kb from TSS)
or promoter distal (> £2kb from TSS). The mean MYC ChIP-seq read coverage is plotted at both
promoter proximal and distal MYC-bound sites in vehicle control and 48-hr MY Ci975-treated
22Rvl1 cells. (B) Motif enrichment analysis of MY C-bound promoter-proximal peaks, listing the
top 5 enriched motifs, in addition to CTCF (#19) and FOXA1 (#55) for contrast (% TWM = per-
centage of targets with motif, %BWM = percentage of background with motif). (C) Motif enrich-

ment analysis of MY C-bound promoter-distal peaks, listing the top 5 and including c-MYC (#17).
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To validate these findings and enhance rigor, we used an alternative MYC antibody (clone
9E11, see Methods). More than 90% of 9E11 MY C-bound peaks overlapped with those identified
with the clone Y69 antibody used above (19,110 peaks recovered with 9E11 and 45,141 with Y69:
Figure 8A). Although the total peak number for the clone 9E11 antibody was lower, motif analysis
of both promoter-proximal and promoter-distal sites recapitulated the CTCF and FOX factor en-
richment at promoter-distal regions demonstrated with Y69 (Figure 8 B, 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 MY Ci975 treatment, given that MY C occupancy is significantly re-
duced at tens of thousands of sites at the 48-hour MYCi975 treatment timepoint. In total, CTCF
chromatin occupancy was altered at only 4,719 peaks, comprising 6.91% of the CTCF cistrome
(4,719/68,274). To determine whether MYC binding affects CTCF occupancy, we plotted both
MYC and CTCEF signals centered at MYC -bound MY Ci975-sensitive sites (Figure 8 D, E). Dif-
ferential binding analysis demonstrated that CTCF occupancy at MY C-bound MY Ci975-sensitive
sites remains relatively stable and unaltered after 48 hours of MYCi975 treatment, suggesting
CTCF binding is not dependent on co-occupancy of MYC (Figure 8E). Of the differential lost
CTCEF sites, only 85 (0.3%) overlapped with MY Ci975-sensitive sites (Figure 8F). To further ex-
amine the general occurrence of motif enrichment at promoter-distal MYC peaks in independent
data sets, we analyzed motif enrichment for MYC, FOXA1, FOXM1, and CTCF in publicly avail-
able 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 five cell lines (MCF7 - breast,
MCF10A - breast, NB4 - leukemia, P493-6 - lymphoma and HeLa - cervical) (72—74) displayed

significant motif enrichment for CTCF at MYC-bound promoter-distal peaks, whereas 22Rvl,
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MCF7, MCF10A and MycCap cancer cell lines also showed motif enrichment of FOX factors
(Figure 8G). Together, these results suggest that binding of MYC, CTCF, and FOX family tran-
scription factors to promoter-distal sites may be necessary for MYC target gene expression in nu-
clear 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, respectively (75, 76). CRISPR-based deletion and HiC-based chromatin loop-

ing assays will be necessary to address the possibility of factor cooperativity in future studies.
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Figure 8. MYC and CTCF occupancy at promoter distal and proximal peaks in response to
MYCi975. (A) Venn diagram of overlapping peaks in 22Rv1 cells using both Y69 and 9E11
(ab56) antibody clones (see Methods for details). Peak numbers are displayed. (B,C) Motif analy-
sis of MYC peaks for the 9E11 antibody at promoter-proximal and promoter-distal sites (% TWM
= percentage of targets with motif, %BWM = percentage of background with motif). (D) Mean
MYC ChIP-seq read coverage plotted over sites with significant loss of MYC (DMSO vs. 48-hr
MYCi975 treatment; 28,056 peaks). (E) Mean CTCF ChIP-seq read coverage plotted over MYC
binding sites with significant loss of MYC (DMSO vs. 48-hr MYCi975 treatment; 28,056 peaks).
(F) Venn diagram showing overlap of MY Ci975-sensitive sites and differential CTCF lost sites in
22Rv1 cells treated with MYCi975 for 48 hrs. (G) Publicly available MYC ChIP-seq peaks from

ENCODE and Cistrome Data Browser (https://www.encodeproject.org), http://cistrome.org/db/)

were retrieved, converted to hg38 genome if applicable and split into promoter-proximal and pro-
moter-distal sites. The heatmap plots the motif enrichment results as logio(p-value) for each motif

(c-MYC, CTCF, FOXMI and FOXA1) (HOMER v4.11.1).
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Chromatin accessibility is a key event in gene regulation. To independently assess the chro-
matin accessibility changes induced by MYCi975 and determine whether differential MYC bind-
ing alters chromatin accessibility, we performed ATAC-seq in 48-hour MY Ci975-treated 22Rv1
cells. At both promoter-proximal and promoter-distal MY C-bound sites, the majority of ATAC-
seq signal remained relatively unchanged (Figure 9A). In total <9% of the MYCi975-sensitive
sites (2,381/28,056) and <0.3% of MYCi975 Type 1-3 target genes (37/13,200) overlap with dif-
ferential ATAC peaks (36,238 differentially lost, Figure 9B). Given that a large portion of differ-
ential ATAC-seq peaks did not overlap with differential MY C binding, we used motif enrichment
analysis to investigate the differential ATAC-seq peaks. We found both Forkhead/FOX factor and
CTCF motif enrichment (Figure 9C). 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 accessibility also changed in response to MYCi975. We found that
both CTCF and FOX factors were among the most enriched motifs at differential ATAC sites in
MCEF7 cells (Figure 9D; 22,038 differentially lost peaks). These results suggest that MYCi975 has
minimal effects on chromatin accessibility at MY C-only binding sites but alters chromatin acces-

sibility at sites enriched with CTCF and FOX TF binding sites.
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Figure 9. ATAC-seq analysis overlapping MYC and at differential ATAC-seq peaks. (A)
Heatmap representation of all-MYC bound sites separated into promoter -proximal and promoter-
distal sites, showing MYC ChIP-seq coverage and 22Rv1l ATAC-seq coverage in DMSO vs. 48-
hr MYCi975-treated 22Rv1 cells. (B) Venn diagram demonstrating overlap of the differential
MYCI975 types 1-3 with differential ATAC-seq peaks in DMSO vs. 48-hr MYCi975-treated
22Rvl1 cells. (C) Motif enrichment analysis of the differentially lost ATAC-seq peaks (left panel)
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
panel). (D) Heatmap representation of differential ATAC-seq peaks in MYCi975-treated MCF7
cells (n=2, left panel) and motif enrichment analysis results from the differential ATAC-seq peaks

(right panel).
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MAX cistrome changes in response to MYCi975

MAX is the key heterodimeric partner of MYC, and can also form homodimers and heter-
odimerize with MNT, MGA and MXD1 (77). Since ATAC signal did not change significantly at
MY C-only binding sites, it was critical to determine chromatin occupancy of MAX and its heter-
odimeric partners. In 24-hour and 48-hour MY Ci975-treated cells, we showed that while MYC
level decreased significantly, MAX, and MNT protein levels decreased slightly and MXDI1 re-
mained relatively stable at varying levels when compared to DMSO-treated control cells (Figure
1A/B). To determine MAX chromatin occupancy in response to MYCi975, we performed MAX
ChIP-seq, using the same timepoints as in the MYC ChIP-seq studies. The total peak number and
ChIP efficiency significantly decreased only after 48 hours of MYCi975 treatment (Figure 10A,
B). Principal component analysis of differential MAX binding analysis revealed clustering at 24
hours and 48 hours after MYCi975 treatment (Figure 10C). Considering that MYC heterodimer-
izes 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 (Figure 10D), 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 vs. DMSO, with 31.3% (15,153 peaks) of the total MAX cistrome altered
after 48 hours of MYCi975 treatment (Figure 10E). These results also indicate that ~70% of the
MAX cistrome remained unaltered upon MY Ci975 treatment. We next investigated the overlap of
MY Ci975-sensitive MYC and differential MAX peaks. In MYCi975-treated cells, the total num-

ber of differentially bound MYC peaks (28,056) was greater than the number of differentially
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bound MAX (15,153) peaks, suggesting stable MAX chromatin binding irregardless of significant
MYC loss. Peak overlap analysis using a Venn diagram demonstrated that differential MAX oc-
cupancy is largely predicted by differential MY C occupancy (Figure 10F). As expected, at a subset

of MYCi975-sensitive MYC sites, MAX occupancy was lost along with MYC occupancy.
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sis of MYC and MAX consensus peaks (n =4). (E) Percentage of differential MAX binding peaks
lost in response to MYCi975 compared to MAX consensus peaks (n = 4). (F) Total number of

differentially bound MAX peaks following differential binding analysis (n = 4).
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MY C-independent MAX lost sites (6,812 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 (Figure 1A, B). To further determine binding overlap
between all five transcription factors (MYC, MAX, MNT, MGA, and MXD1), we performed
ChIP-seq and used the data sets in an upset plot to analyze replicate peak calls from each transcrip-
tion factor (78). As expected, the top overlapping result was MYC/MAX; MAX-only sites were
extensive, followed by the MYC and MAX heterodimeric binding partners (Figure 11A). Given
that chromatin 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 6,812 MYC/MAX
binding sites by overlapping MY Ci975-sensitve MYC peaks and unaltered (FDR > 0.01) MAX
binding sites (DMSO vs. 48-hr MYCi975). Figure 11B shows MAX retained sites where MAX
occupancy (FDR > 0.01) was relatively insensitive to 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. To analyze the
occupancy of MYC, MAX, MGA, MNT and MXDI1 at the 6,812 MAX retained peaks we plotted
the loga(normalized tag-counts) in DMSO and 48-hr MY Ci975 treated 22Rv1 cells (Figure 11C).
By selecting for MAX retained sites (differential binding FDR > 0.01), occupancy analysis of both
MGA and MNT decreased whereas MXD1 increased (Figure 11C). These data suggest that MAX
retention in spite of MYC loss is coupled to alterations in canonical MAX heterodimeric partners.
In particular, MXD1 increase in tag density suggests a change in the MAX heterodimeric complex

formation at MAX retained sites. We find that while MAX and MGA remained relatively stable
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overall, MNT occupancy decreased, whereas MXD1 occupancy increased. Of the MAX retained
binding sites, RNA expression data from promoter proximal peaks was plotted and demonstrated
both down- and up-regulated RNA levels (Figure 11D). Gene Ontology analysis of promoter prox-
imal MAX retained peaks demonstrated enrichment for developmental, cell differentiation and
neurogenesis pathways (Figure 11E). These data suggests that the loss of MYC accompanied by
MAX retention is not uniformly associated with either RNA up- or down-regulation. This is not
surprising, 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 regards to MYC
promoter-proximal occupancy, MAX remained bound after MYCi975 treatment (Figure 11F). In
particular, at the AURKB promoter proximal site loci, MGA occupancy is lost whereas MNT re-
mains bound and MXD1 increases (Figure 11F). Altogether, MAX binding and canonical MAX
heterodimeric partner binding at MY C binding sites were significantly affected by MYCi975 treat-

ment, though a subset of sites showed relatively stable MAX binding.
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Figure 11. Differential MAX, MGA, MXD1 and MNT chromatin binding alterations in
MYCi975-treated cells. (A) Upset plot of peak overlap analysis of MYC, MAX, MNT, MGA,
and MXDI1 in 22Rv1 prostate cancer cells (78). (B) Heatmap representation of MYC, MAX,
MGA, MNT and MXD1 at MYCi975-sensitive sites demonstrating no significant change in MAX
occupancy (6,812 peaks in total). (C) Logz(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 upper and lower quartiles, respectively. (D)
Differential gene expression analysis of MAX-retained peaks annotated to promoters (+/- 2kb from
the TSS). (E) Gene ontology analysis of promoter-bound MAX retained peaks. (F) Gene browser
tracks of AURKB showing loss of MYC (green), retention of MAX (blue), an increase in MXD1
(red) and loss of AURKB mRNA (black) in 48-hr MY Ci975-treated cells. MGA (gray) and MNT

(yellow) are also displayed.
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Alterations in FOXAI, AR, and global chromatin H3K27-acetylation in response to MYCi975

Transcription factors such as MY C regulate gene transcription by recruiting histone acetyl-
transferases to promote histone H3 lysine 27 acetylation (H3K27ac), a mark of active promoters
and enhancers (59, 79). To determine the effect of MYCi975 treatment on global H3K27ac, we
performed H3K27ac ChIP-seq in MYCi975-treated cells at the same timepoints used for the MYC
and MAX ChIP-seq studies above. To integrate changes in MYC/MAX occupancy with changes
in H3K27ac, we overlapped MY Ci975-sensitive sites in 48-hour treated cells with the differential
H3K27ac signal. At 2,218 MYCi975-sensitive sites, we observed significant co-loss of H3K27ac
and MYC and MAX occupancy in response to MYCi975 (Figure 12A). 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 MY Ci975-treated cells
(304 out of 2,218). H3K27ac loss at promoters induced by MYCi975 was associated with down-
regulation of gene expression, including of key cell-cycle genes (e.g., MCM2, MCM3; Figure
12B).

We next investigated motif enrichment of the differential H3K27ac peaks, to identify MYC
targets modulated by MYCi975 treatment. We analyzed the 8,386 promoter-proximal and pro-
moter-distal sites where H3K27ac was lost (Figure 12C). We reasoned that these sites might rep-
resent binding sites of MYC and MYC-regulated transcription factor(s) whose down-regulation
after MYCi975 treatment leads to a loss of the H3K27ac active chromatin mark. We performed
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
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others (Figure 12D). Given that the differential ATAC signal in MY Ci975-treated cells also re-
vealed CTCF and FOX factor enrichment, we overlapped both the differential H3K27ac and dif-
ferential ATAC-seq peaks in MYCi975-treated 22Rv1 cells (Figure 12E) and found that almost
half of differential H3K27ac peaks overlapped with differential ATAC peaks. Notably, CTCF mo-
tif enrichment was only within differential ATAC peaks and not within differential H3K27ac peaks
(Figure 12D), whereas FOX factor enrichment was found in both differential ATAC and H3K27ac
peaks (Figure 9C (right panel), Figure 12D), suggesting multiple genome-wide chromatin altera-

tions at FOX factor motifs.
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Figure 12. MYCi975 alters H3K27ac activity and chromatin occupancy in cancer cells at
enriched sites for FOX factors and nuclear hormone receptors. (A) Heatmap representation of
MYC (green), MAX (blue), and H3K27ac (purple) ChIP-seq signals at overlapping sites, with loss
of signal in MYCi975-treated cells (2,218 peaks). (B) Differential binding analysis of H3K27ac
ChIP-seq was performed and overlapped with MYCi975-sensitive sites. Sites annotated to pro-
moters 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-regu-
lated gene expression. (C) Heatmap representation of H3K27ac loss of signal in MY Ci975-treated
cells (8,385 peaks). ChIP-seq signal in the MY Ci975 column represents 48-hr MY Ci975 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 -logio(p-value). (E) Venn diagram representing differen-
tial H3K27ac and differential ATAC-seq peak overlap in MY Ci975-treated 22Rv1 cells (H2K27ac

n=2, ATAC-seq n = 3).
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PCA analysis demonstrated that maximal H3K27ac signal separation occurred in cells
treated with MY Ci975 for 24 and 48 hours (Figure 13A). Overall, the total H3K27ac peak number
(~37,000 peaks) remained relatively stable however IP efficiency significantly increased suggest-
ing that some H3K27ac peaks increase in occupancy (Figure 13B, C). 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 (Figure 13D).
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(A) PCA analysis of differential peaks in all H3K27ac ChIP-seq biological duplicates for each

timepoint. (B) Total peak number in all replicates of H3K27ac ChIP-seq samples. (C) Immuno-

precipitation (IP) efficiency (% of reads within peaks) of all H3K27ac ChIP-seq biological repli-

cates (*p < 0.05; **p <0.001, bar represents sample mean, error bars represent mean = SEM). (D)

Heatmap representation of H3K27ac occupancy at MY C-bound promoters in the MYCi975 Type

2 peak set demonstrating an increase.
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Our RNA-seq results indicated down-regulation of key prostate AR-related lineage tran-
scription factors FOXA1, FOXM1, and AR (Table 1), which may contribute to MYCi975 efficacy
in the prostate cancer cell models used here. We verified AR, FOXM1, and FOXA1 protein loss
in the solubilized nuclear fraction of 22Rvl cells (Figure 14A). We also found that FOXMI,
FOXAI, AR, and the AR splice variant ARv7 were all greatly reduced after MYCi975 treatment
(Figure 14A). 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
FOXAl, FOXM]1, and AR genes in both DMSO vs. 48-hour MYCi975-treated 22Rv1 cells. For
each target gene, MYC occupied both promoter proximal and -distal sites and was significantly
lost in MY Ci975-treated cells (Figure 14B). These results show that MYC occupies regulatory
regions of FOXA1, FOXM]1, and AR genes, and MY Ci975 leads to a decrease in MYC occupancy
and a subsequent decrease in their respective mRNA and protein levels.

Based on the extensive loss of FOX factor and AR motifs in differential 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 the differential AR peaks overlap with
differential FOXA1 peaks (Figure 14C). In total, 5,049 AR peaks were lost (~25% of the AR
cistrome) while 6,640 FOXAT1 peaks were lost (~10% of the FOXA1 cistrome) in response to
MY Ci975 treatment. Plotting the read coverage in heatmap representation of differential AR peaks
for both AR and FOXAT1 signal demonstrated co-loss of both FOXA1 and AR (Figure 14D). Both
the differential AR and FOXA1 peaks were annotated and for both factors, peaks were predomi-
nantly promoter distal with less than 5% of peaks annotated to promoter proximal regions. Given

that both 22Rv1 and MCF7 cells demonstrated differential chromatin accessibility enriched for
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FOX factor motifs, we also performed FOXA1 ChIP-seq in 48-hour MYCi975-treated MCF7
cells. Differential binding analysis revealed 2,557 differential FOXA1 peaks (~4% of the FOXA1
cistrome; Figure 14E). To determine if the differential FOXA1 peaks overlapped with co-occur-

ring ERa peaks, publicly available ERa ChIP-seq data was obtained from cistromeDB

(http://cistrome.org/db/#/, cistromeDB: 68875, (80)). Nearly 60% of the differential FOXA1 peaks
overlapped with ERa peaks, and the differential FOXA1 peaks were enriched for both FOXA1
and ERa motifs (Figure 14F, G). Taken together, in both prostate and breast cancer models, we

found that FOXAT1 binding is altered at nuclear hormone receptor co-occupied sites in response to

MY Ci975 treatment.



A

Cc

22Rv1
MYCi: - - + +
Replicate: 1 2 1 2

AR
Ry ——
" —
2 50kDa
v G L1 |

differential AR peaks
vs.

differential FOXA1 peaks

2,

099

3,690

59

B 22Rv1
37,593 kb 37,594 37,595 37,596 37,597 kb
185 chrl4
o] i, el .. DVSO
el MYCi |MYC
FOXAT &l Ly 77CE
2,876 kb 2,877 2,878 2,879 2,880 kb
275 chrl2
(i e—— __ bwmso
= — MYCi |MYC
Foxm1 & Ly RHNOT T
67,542 kb 67,543 67,544 67,545 67,546 67,547 kb
140 chrX
ol . e DM30|MYC
1-;0] MYCi
Ly AR
F  MCF?7 differential
E FOXA1
22Rv1 MCF7 ek
AR ChlP-seq FOXA1 ChlP-seq FOXAT ChiP-seq MCF7 ERa peaks
DMSO MYCi975 DMSO MYCi975 DMSO MYCi975
= — = - = = = - (7] — —
2 s 2,099
g =
x S
< o
< L 2,950
g <
Q 5 G motif  p-val
S 2 o [FOXM1[1e107
2kb -k 2kb2kb  peak  2kb2kb pe;k b 2kb  peak  2kb -czua pe;k Ab2KD  peak  2Kb % § FOXA1|1e10™
c‘:;:er center center center center center gi FOXA2|1e1077
i i CC—— =
0 60 120 0 60 120 0 40 80 T QO |FOXK1|1e10%*
ERa | 1e10%




60

Figure 14. MYCi975 reduces FOXA1 and AR protein levels and chromatin occupancy in
cancer cells. (A) Immunoblot showing loss of FOXM1, FOXA1, AR, and AR variant protein
levels in sonicated nuclear fractions of MYCi975-treated 22Rv1 cells. Replicates (1, 2) represent
biological replicates of cells treated with 10 uM MYCi975 for 48 hrs. (B) Genome browser tracks
of MYC (green) ChIP-seq data at the FOXA1, FOXMI1, and AR gene loci in MY Ci975-treated
22Rv1 cells. Transcription start site of each gene is indicated by an arrowhead. (C) Venn diagram
representing differential AR and FOXAT1 peak overlap in MYCi975-treated 22Rv1 cells. (D)
Heatmap representation of AR and FOXA1 ChIP-seq signal at differential AR peaks in MYCi975-
treated 22Rv1 cells (n = 3). (E) FOXA1 ChIP-seq signal in MCF7 cells at differential FOXAT1
peaks found in MY Ci975-treated MCF7 cells (n = 2). (F) MCF7 differential FOXA1 peak overlap

with publicly available MCF7 ERa ChIP-seq peaks (http://cistrome.org/db/#/, PMID: 27062924).

(G) Motif enrichment analysis results of the differential FOXA1 peaks.
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MYCi975 enhances the efficacy of anti-hormone therapy

The results demonstrate that MYC occupies regulatory regions of FOXA1, FOXM1, and
AR genes, and MYCi975 leads to a decrease in MYC occupancy and a subsequent decrease in
their respective mRNA and protein levels. Based on these 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 ATP luminescence
as a surrogate for cell viability (CellTiter-Glo 2.0, Promega cat#: G9242), we determined the Bliss
index score in 22Rv1, LNCaP and C4-2B prostate cancer cell lines after treatment with ENZ and
MYCi975, alone or in combination (87) (Figure 15A). These results show that MYCi975 acted
synergistically with ENZ to decrease prostate cancer cell viability in all three cell lines. Given
MCF7 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 with the prostate cancer cell lines,
MYCi975 and 4-OHT synergized to decrease MCF7 breast cancer cell viability as determined by
the Bliss index (Figure 15A, lower panel). Altogether, both anti-androgen and anti-estrogen treat-
ment enhanced MYCi975 efficacy in prostate and breast cancer cellular models, respectively.
These results also suggest that dysregulation of MYC, AR, and FOXAI gene expression by
MYCi975 contributes to decreased cell proliferation and viability and increased cell death (see
Figure 1).

To extend these observations in vivo, we first assessed MYCi975 efficacy in 22RV1 xen-
ograft-bearing nude mice, treated with 100 mg/kg MYCi975 BID. This treatment led to a signifi-

cant inhibition of tumor growth without any adverse effect on mouse body weight (Figure 15B,
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C). We then examined the effect of a lower dose of MYCi975 (100 mg/kg QD) alone or in com-
bination with ENZ (25 mg/kg QD) in the same 22RV1 xenograft mouse model. MYCi975 en-
hanced ENZ efficacy in this model without affecting mouse body weight (15 D, E). These results
support our in vitro cell-based studies and provide a plausible mechanism for future development

of combinatorial therapeutics for prostate cancer.
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Figure 15. MYCi975 enhances the efficacy of anti-hormone therapy. (A) Representative 4 x

5 dose-response matrices showing percentage viability (left) and Bliss index (right) analysis of

predicted vs. observed cell viability of prostate cancer cells (LNCaP, C4-2B, 22RV1) treated

with MYCi975 and enzalutamide (ENZ) or the breast cancer line MCF-7 treated with MY Ci975

and 4-OHT (n=3). Bliss scores > 0 indicate synergy, close to zero indicate additivity, and < 0 de-

note antagonism. (B) 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 - 7 grafts/group

(from 3-4 mice). (C) Mouse average body weight (gm) from Figure 15B. (D) 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 MYCi975/ENZ, or vehicle for 18 days. n = 7 - 8 grafts/group

(from 4-5 mice). Error bars represent mean + SEM and analyzed by two-way ANOVA in Graph

Pad Prism for (B and C). (*p < 0.05; ****p <0.0001). (E) Mouse average body weight (gm)

from Figure 15C.
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Chapter 2: DISCSSION

Successful and specific targeting of MYC has the potential to significantly advance cancer
therapeutics. In this study, we leveraged a small molecule MY C 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,
MXDI, AR, FOXAT1; epigenomic H3K27ac marks and chromatin accessibility; and transcriptional
response, we characterized selective modulation of chromatin and MYC target genes by
MYCi975, yielding important insights into its mechanism of action. In particular, our results indi-
cate 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.
These data together support a model in which MY C regulates transcription through both repression
and activation, a model well validated. Although not all MYC target genes demonstrated differen-
tial expression in response to MYCi975. Type 3 genes showed no change in gene expression after
MY Ci975, despite loss of MY C binding. Differential effects of MY Ci975 on some canonical MYC
functions and not others supports the concept of the “coalition model” (§2) which aims to recon-
ciliate the wide variety of MYC interactors (§3) and resultant MYC complexes. In this model,
MY C 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 sig-

nificantly affected by MYCi975 in terms of MYC binding and target gene RNA levels provides
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support for MYCi975 selectivity and tolerability as a potential cancer therapeutic. These genes
may be candidate pathways that provide tolerability of MYCi975, and also potential target path-
ways when inhibited, potentiates the efficacy of MYCi975.

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 is consistent with previous work identifying these genes as low-affinity MYC targets
(30). The MYCi975 mechanism of action in tumor cells is thus likely to be dependent on the sup-
pression 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. In this way, the effects of MYCI975 could be enhanced and efficacious
dosages for each given dug may be reduced. Alternatively, Type 2 genes were highly affected by
MYC inhibition with regard to loss of MYC binding but were upregulated. These genes were
enriched for signal transduction and protein ubiquitination/phosphorylation pathways. MYCi975-
upregulated genes, such as pyruvate dehydrogenase kinase 4 (PDK4), has been associated with
cancer aggressiveness and positive metabolic regulation of glycolysis (8§4—86). In addition, the
MYCi975 upregulated gene FTH1 has been identified as a tumor suppressor in both breast (87)
and ovarian (88) cancer. Type 3 target genes include members of MY C-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 (27). Our results demon-

strated alterations in predominantly promoter-distal H3K27ac-marked sites where MYC/MAX
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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 MYCi975-induced loss of putative enhancer-bound
MYC/MAX heterodimers and H3K27ac marks have yet to be determined. Understanding the
mechanism by which MYC loss from putative enhancers alters gene expression is imperative to
understanding the MYCi975 sensitive cistrome. Alterations in long-range contacts between pro-
moter-distal and promoter-proximal MYC binding, driven by MYC/MAX bound to enhancers,
may be induced by MYCi975. Further investigation into the differential enhancer-promoter con-
tacts induced by MYCi975 using promoter capture Hi-C (89, 90) may reveal the role of enhancer-
bound MYC/MAX heterodimers in MY Ci975-sensitive gene regulation. At these sites, in models
of high-MYC expression enhancers are invaded and are associated with disease progression and
MYCi975 has the potential to limit high-MYC driven processes by altering putative enhancer
bound MYC.

Another key finding of this study was the discovery of CTCF and FOX transcription factor
enrichment at promoter-distal MY Ci975-sensitive sites in a cell-type specific manner. These find-
ings suggest that lineage-specific transcription factors cooperate with MYC in regulating gene
programs and may be sensitive to MYCi975. Both MYC, FOXA1 and AR have been demonstrated
to co-occupy sites on chromatin, both promoter distal and proximal, and MYC in particular occu-
pies the promoter regions of both genes. MY Ci975 limits chromatin occupancy of MYC at FOXA/
and AR promoter loci resulting in loss of mMRNA expression levels of these key hormone responsive
cancer associated genes. 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
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which has previously been reported (97). MYCi975 treatment reduced expression of AR, AR splice
variant ARv7 (which is important in driving anti-androgen resistance (92)), and FOXA 1. Further-
more, MY Ci975 predominantly reduced chromatin occupancy of both AR and FOXAT at putative
enhancers both within and outside of the MYC cistrome. MY Ci975 directly influences expression
of these lineage-specific factors, which in turn regulates their target genes, thereby exerting a ro-
bust cumulative effect on overall gene expression reprogramming leading to cell proliferation de-
fects and cell death. The results demonstrated that lineage factors chromatin binding was signifi-
cantly affected as a result of MY Ci975 outside of the total MYC cistrome. These data demonstrate
that the downstream dysregulation of MYC target genes induced by MYCi975 has not only an
effect on chromatin occupancy but active chromatin attributes such as H3K27ac and chromatin
accessibility. Chromatin accessibility changes such that chromatin is significantly closing may
affect transcription factor binding regardless of differently expressed genes induced by MY Ci975.
In the MY Ci975 setting, for lineage transcription factors, both factor occupancy loss and chroma-
tin accessibility loss are associated. 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 enzalutamide
(ENZ). Additionally, ENZ anti-tumor efficacy in 22Rv1 xenografts, which are intrinsically re-
sistant 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 (39). Studies have suggested that
FOXAT1 plays a role in not only prostate cancer but also breast cancer as a mediator of hormone

response (93, 94). Although MYCi975 did not reduce FOXAT1 or ERa protein levels in breast
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cancer cells, FOXA1 occupancy was reduced at co-occurring ERa binding sites and MYCi975
synergistically sensitized ERa-positive MCF7 cells to anti-estrogen 4-OHT. These data are con-
sistent with the notion that loss of chromatin occupancy of pioneering factor FOXA1 and subse-
quent loss of chromatin accessibility alters signaling of co-occupied ERa regardless of loss of
protein levels. These data suggests that MY Ci975 reprograms the chromatin accessibility genome-
wide by alterations in MYC target gene expression, thereby hindering the activity of TFs that may
not be regulated by MYC or MYCi975. The mechanism underlying this cell-specific effect of
differential expression induced by MYCi975 is not currently clear, however MYCi975 may be
selective towards distinct pathways in a cell type specific manner consistent with the long-standing
understanding of MY C biology regulating multiple gene pathways.

MYC and MAX are part of an extended network of transcription factors (95). 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 binding to chromatin, unlike MYC, may occur through
multiple dimerization partners as well as homodimerization (77). 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. Although our analysis
does not include factor occupancy data for every known MAX binding partner, MAX occupancy
was shown to have a large number of peaks outside of the MYC/MAX complex cistrome analyzed
here in 22Rv1 cells. Additionally, observed peaks of MYC, MAX, and MAX heterodimeric part-
ners in genomic loci by bulk ChIP-seq may represent cellular heterogeneity of MY C factor binding

rather than all factors binding to the same locus. Such an observation underscores the limits of
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bulk ChIP-seq and suggests single-cell sequencing approaches may better identify differences in
transcription factor occupancy in individual cells. Although single-cell analysis allows for differ-
entiation of cellular heterogeneity, there are limitations of our understanding of what complex
binds temporally and with what binding partner. For example, sites where MYC is lost but MAX
remains bound, both the presence of MNT, MGA and MXD1 suggest that each heterodimeric
complex combination has the potential to bind these genomic loci tandemly and not concurrently.
In this way, heterodimeric complexes compete for binding to the same genomic loci and the bal-
ance of each factor’s protein stability may dictate the binding and subsequent fate of target genes.
MY Ci975 disrupts that balance of potential MYC/MAX heterodimers, leaving MAX and alterna-
tive MAX binding partners in dominant percentages and subsequently changing the downstream
expression of what was once a target gene of MYC/MAX heterodimers. Analysis of MAX heter-
odimers with MNT and MGA suggest occupancy loss at MYCi975 MAX retained target genes;
however, MXD1 shows a slight increase, and retention of MAX at these sites suggests a role for
active repression by MAX homo- and heterodimers (95, 96). Notably, MAX binding to DNA in-
dependent of MYC has been associated with differentiation and cell arrest gene programs, com-
petition with canonical MYC/MAX E-box motifs, and interaction with different transcriptional
co-regulators (77). 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 independ-
ent of MYC, e.g., in small cell lung cancer (97). Stabilization of the MAX homodimer disrupts

MYC function (98). Therefore, use of MAX homodimer stabilizing compounds along with
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MY Ci975 may establish a dysregulated gene expression network that decreases cell proliferation
and promotes cell death.

In summary, this chapter 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 ther-

apeutics.
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Chapter 3: Abstract

MY Ci975 induces up-regulation of thousands of genes which leaves potential for activated
pathways with downstream consequences that play a role in drug efficacy. One transcription factor
up regulated by MYCi975 is ATF4, which has both roles in cell survival and cell death. MYC has
previously been demonstrated to positively regulate ATF4, however within MYCi975 treatment
ATF4 is activated. Here, we elucidate differentially transcribed genes induces by ATF4 and deter-
mined whether ATF4 induction is dependent on MY C expression levels. We demonstrated in mod-
els of MYC genetic ablation that ATF4 induction levels depend on MYC expression and differen-
tial gene expression suggests ATF4 induces both ER stress and cell death gene pathways.
Chapter 3: Introduction

Activating transcription factor 4 (ATF4) is a master regulator of cellular stress response
(99). Cells have developed a rapid response to manage cellular stresses. Multiple external and
internal stresses induce ATF4 activation and subsequent downstream signaling such as amino-acid
deprivation, endoplasmic reticulum imbalances, viral infection, hypoxia and heme deprivation
(100). This type of cellular activation that converges on a common pathway through multiple stim-
uli is termed the Integrated Stress Response (ISR) and eukaryotic initiation factor 2 alpha (elF2a)
phosphorylation is upstream of selective translational control of ATF4 (/07). Within the ISR,
ATF4 signaling is in balance with both pro-survival and pro-death mechanisms. In general, when
ATF4 activation is persistent and without negative feedback the pro-survival effects may induce
cell death (/00). For example, when ATF4 activation induces autophagy, although autophagy may
relieve cellular stresses that inform that activation of ATF4, autophagy can also induce cell death

independent of apoptosis (/02). ATF4, as a transcription factor, binds chromatin in a sequence
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specific manner (TGACGTCA) to regulate target gene expression of gene pathways related to
alleviating the cellular stress (/03). At sites on chromatin, ATF4 binds with additional co-factors
and generally binds with heterodimeric partners CCAAT enhancer-binding proteins (CEBPs) to
elicit the transcriptional response (/04).

In the context of cancer, ATF4 pro-survival signaling affects have been implicated as a
requirement for cell growth. ATF4 has been demonstrated to alleviate the MY C-driven cellular
stresses and function in a pro-survival manner in tumors (/05). In particular, ablation of ATF4
signaling significantly delays tumor progression in lymphomagenesis models suggesting a role for
ATF4 in enhanced tumor progression (/05). MYC transcriptional programs induce cell growth
pathways and globally amplifies the transcription of all transcribed genes (27). In this way, cells
increase rates of translation and total protein which in turn can have negative effects of the endo-
plasmic reticulum and the unfolded protein response. Therefore, ATF4 and MYC correlated ex-
pression levels provide an avenue for which tumors have growth advantages. ATF4 is transcrip-
tionally controlled by MYC and thus in models of MYC overexpression the levels of ATF4 in-
crease (/05). For MYCi975, in addition to selective MYC dysregulation, ATF4 is induced. It is
therefore imperative to determine whether activation of ATF4 functions in a MYC-dependent
manner and whether ATF4 may provide in part cell-death signaling. However previous reports
demonstrate that MYC regulates ATF4 gene expression and thus the ATF4 activation induced by
MYCi975 may be tempered. Lastly, ATF4 regulated gene pathways may point to the dual role of

ATF4 and suggests pro-survival or pro-death effects in response to MYCi975.
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Chapter 3: MYCi975 activate ATF4
MYCi975 induces activation of ATF4

Loss of ATAC-seq signal led to the findings that MYCi975 dysregulates FOXA1 and AR
expression levels and chromatin occupancy, however analysis inclusive of all significantly altered
peaks has yet to be determined. In this way both activated and repressed transcription factor motifs
may give insight into the activity of MYCi975 and in particular TFs that may be de-repressed in
MYCi975 treated cells. To determine the differential activity of transcription factors we utilized
DASTtk (106). Peaks are cross referenced with 340 known transcription factors and putative TF
activity was determined by the ratio of ATAC-seq peaks within a 1,500 bp region centered on
known TF motifs. For both 22Rv1 and MCF7 ATAC-seq datasets differential transcription factor
activity demonstrated activation of ATF4 as determined by the canonical ATF4 motif (Figure 16A
top and middle panel). To elucidate the effect of ATF4 induction in additional cell models, we
treated MycCap prostate cancer cells with MYCi975 for 6hr and detected ATF4 activation (Figure
16A, bottom panel). Isolation of the ATF4 motif within each dataset demonstrated activation or
gain of ATAC-seq signal at or near the motif center (Figure 16B). From the differential peak da-
tasets, 22Rv1 cells demonstrate an increase in 24,261 peaks and for MCF7 cells there was an
increase in 13,106 peaks (Figure 16C). Additionally, 22Rv1 cells demonstrate an increase in
H3K27ac signal (Figure 16D). For increases in H3K27ac ChIP-seq and ATAC-seq signal, motif
analysis reveals an enrichment for the ATF4 motif. Altogether these results suggest both opening
of chromatin and deposition of H3K27ac, a mark of active enhancers and promoters, are enriched

for the ATF4 canonical motif in response to MYCi975.
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Figure 16. ATF4 motif enrichment at both sites of open chromatin accessibility and increased
H3K27ac ChIP-seq in response to MYCi975. (A) MA plots representing the change in motif
displacement (MD) (A MD-score) when comparing DMSO vs MYCi975 treatment for 22Rvl1,
MCF7 and MycCap cells. The differential MD-score was calculated with DAStk (/06). (B) Bar-
coded motif displacement sliding window for the human ATF4 motif. Yellow stripes indicate
peaks within a 1,500 bp sliding window of all known ATF4 motifs in the human hg38 genome.

(Reference for the ATF4 motif image: https://jaspar.genereg.net/matrix/MA0833.1/) (C) Heatmap

representation ATAC-seq peaks that increase in response to MYCi975 in both 22Rv1 and MCF7
cells. (D) Heatmap representation of significant increase in H3K27ac signal in 22Rv1 cell in re-

sponse to MYCi975.
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We next determined if ATF4 stabilization by protein levels is induced by MYCi975. We
determined how early ATF4 induction occurs in MYCi975 treated 22Rv1 cells and demonstrated
induction of ATF4 protein levels as early as 4-hours (Figure 17A). For MycCap cells, ATF4 motif
activity was shown in the 6-hour MY Ci975 treated cells, and that is associated with an increase in
ATF4 protein levels (Figure 16A, Figure 17B). We then determined the ATF4 binding sites by
ChIP-seq in 22Rvl1 cells and found 23,919 ATF4 binding sites with a significant increase, of which
89% are promoter distal (Figure 17C). We next determined whether ATF4 induction is MYC de-
pendent using both a doxycycline inducible MY C knockdown and MY C-knockout models. In the
tet-inducible P-4936 lymphoma cells, the addition of doxycycline to the media induces rapid MYC
knockdown. P-4936 cells were pre-treated with either vehicle control or doxycycline for 24-hour,
then given either 0.02% DMSO, 10 uM MYCi975 or 100 nM Thapsigargin (Tg) for and additional
24-hours. Thapsigargin functions through inhibition of the sarcoendoplasmic reticulum Ca®*
ATPase (SERCA) and is used as a positive control for ATF4 induction. The knockdown of MYC
reduced the ATF4 induction by MYCi975, suggesting that ATF4 induction is MY C-dependent
(Figure 17D). Analysis of Thapsigargin demonstrated that MYC knockdown greatly reduced the
ability of Thapsigargin to induce ATF4 as well (Figure 17D). These data suggests that MYCi975
induction of ATF4 is MYC dependent and furthermore canonical activators of ATF4 are severely
impaired in MY C-knockdown P-4936 cells. Rat fibroblasts (TGR.1) cells were used to generate
MY C-knockout cells (HO15.19) previously used in studies of MYCi975 (60). TGR.1 and
HO15.19 cells were treated with either 0.02% DMSO, 10 pM MYCi975, 100 nM Thapsigargin or

10pg/ml of Tunicamycin (Tunic) for 24-hours. In TGR.1 cells 10 uM MYCi975 is insufficient to
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observe appreciable MYC protein down-regulation however it is sufficient to achieve ATF4 in-
duction (Figure 17E). Both positive controls, Thapsigargin and Tunicamycin, activate ATF4 in
TGR.1 cells. To determine if ATF4 induction is dependent on the expression of MYC we next
tested the same treatment in MY C-knockout cells. In MY C-knockout cells MYCi975 is sufficient
to activate ATF4. Importantly, there is an appreciable reduction in ATF4 activation for both posi-
tive control treatments suggesting that the activity of ATF4 is altered in MY C knockout cells com-
pared to MYC wild type (Figure 17E). Most likely MYC regulates ATF4 gene expression and thus
MY C attenuation is coupled to decreased 4 TF4 basal gene expression levels. To further investigate
the similarities and differences between TGR.1 and MY C-knockout cells, we performed RNA-seq
in biological duplicate and analyzed by gene ontology the differentially expressed genes (Figure
17F). Stress response and cell death were regulated in both cell models. Given both models activate
ATF4, these data suggests that regardless of the expression of MYC the differential transcriptome
demonstrated cell death and stress response pathways are activated. Direct overlap of differentially
expressed genes from both cell models suggests that some MYCi975 differential gene expression
levels are independent of MYC (Figure 17G). Taken together, these data suggest the contribution
of ATF4 induction by MYCi975 leads to cell death and stress response pathways and may play a

role in the overall efficacy of MYCi975.
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Figure 17. MYCi975 induces ATF4 signaling. (A) Early induction of ATF4 protein levels in
22Rv1 cells in response to MYCi975. (B) Nuclear extracts from ATAC-seq demonstrated in-
creased ATF4 protein levels in response to MYCi975. (C) Increase in ATF4 chromatin binding in
22Rvl1 cells in response to MYCi975. (D) P493-6 lymphoma cells were treated with either vehicle
control of doxycycline to induce rapid MYC knockdown. In both cell groups, cells were treated
with either DMSO (0.02%), 10 uM MY Ci975 or 100 nM Thapsigargin (Tg) to detect ATF4 protein
induction levels. (E) Parental TGR.1 rat fibroblasts and MY C-knockout rat fibroblasts HO15.19
cells were treated with either DMSO (0.02%), 10 uM MYCi975, 100 nM Thapsigargin (Tg) or 10
pg/ml of Tunicamycin (Tunic) to detect ATF4 protein induction levels. (F) Differentially ex-

pressed genes were used as input for gene ontology analysis (http://geneontology.org) and the tope

5 results are displayed for either TGR.1 (red) or HO15.19 (blue) cells. (G) Venn diagram gene
overlap of the differentially expressed genes either TGR.1 of MYC-knockout HO15.19 cells

treated with MY Ci975 for 48hr (n = 2).
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Chapter 3: Discussion

ATF4 induction by MYCi975 is found in multiple cell lines and by utilizing MY C-knock-
out cells we demonstrate that ATF4 induction leads to the activation of cell death and stress re-
sponse pathways. These pathways could in part be responsible for the efficacy of MYCi975
whereby now the mechanism includes both inhibition of MYC, likely through canonical cell cycle
and DNA-repair pathway inhibition, and activation of ATF4 driven pathways such as cell death
and cellular stress response. Importantly the levels of MYC alter the ATF4 protein induction levels
with both MYCi975 and with canonical activators of ATF4. It is likely that MYC regulates ATF4
expression by direct targeting or potentially downstream effects of MYC target gene dysregulation
induced by MYCi975. MYC has been shown to target ATF4 and control its expression in normal
biology and MYC regulated ATF4 expression is required for cancer cell growth (/05). In addition,
MYC and ATF4 have been associated to collaborate in cell death, protein synthesis and tumor-
igenesis cellular properties (105, 107—110). Given that MYCi975 significantly disrupts MYC
function, it is likely that the ATF4 induction induced by MYCi975 is tempered or at least limited.
This may be a key feature to the MYCi975 induced ATF4 effects and the role ATF4 induction
plays in MYCi975 tumor efficacy. Future studies should emphasize the limiting MYC function in
cells treated with MYCi975 and the subsequent capacity of ATF4 signaling and define whether
the MY Ci975 pharmacophore induces ATF4 through MY C dependent or independent effects. Ad-
ditionally, studies aimed to understand the tumor immune efficacy may be related to ATF4 signal-
ing, and models of MYCi975 treatment in both ATF4 wild type and ATF4 knockout tumor cells

will be sufficient to elucidate this effect. Taken together, when using MYCi975 the activation of



81

ATF4 is potentially limited and further studies to increase activation may potentiate MYCi975
efficacy and the cell death pathways induced by ATF4.

Small molecule inhibitors have off-target effects. It is an “exaggerated” phenomenon that
a small molecule remains inert to everything it comes into physical contact with except it’s in-
tended molecular target. In fact, it is exaggerated to conclude there is one on-target effect and one
off-target effect when there is now evidence of multiple predicted targets on average for hundreds
of small molecules (56). Small molecule off target effects have been discovered through novel
computational and genetic screening (54, 55, 111), and evaluation of the full panel of targets for
each drug will be required for personalized medicine. In this study, the results suggest MYCi975
induced ATF4 may function through off-target effects although ATF4 induction is regulated by
MYC protein levels in cells. Overall, drug promiscuity and the discovery of drug targets will allow
scientists to classify drugs, their putative targets and match correctly with biomarkers in disease.
One major ramification of the results is that patient genomic databases can be effectively data-
mined for relevant biological targets. In a simplified model, if you classify a drug as a target of A,
although the drug efficacy acts in part or fully through B, clinical data that is imported to evaluate
drug responses are defined by certain genetic variables of A. To build a more precise model, eval-
uation of the genetic variables of both A + B could be cross referenced with drug targets. However,
in practice a small molecule inhibitor consists of multiple known targets (i.e., A, B, C, ..., n).
Additionally, drug targets have effects on cellular pathways, and it is not always clear what types
of alterations in cellular pathways occur due to a particular drug binding another biomolecule.
Many identified or predicted drug targets rely on functional biological studies to demonstrate an

overall effect on a particular drug target’s biological function in cells. Phenotypic cell death in
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vitro is a weak assessment of on-target efficacy and thus widespread genomic screens, and gene
pathway analysis may provide target pathways relevant to drug efficacy.

In summary, these results determined that MYCi975 activates ATF4 in multiple cell mod-
els. Utilizing genome-wide chromatin accessibility datasets led to the initial hypothesis of down-
stream ATF4 signaling, which overlaps with ATF4 chromatin binding occupancy and increased
H3K27ac. ATF4 induces pathways that are enriched for canonical ER stress response signaling
and in particular cell death pathways. Taken together, ATF4 signaling by MYCi975 may contrib-

ute to drug efficacy and further a more comprehensive mechanism of action for MYCi975.
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Chapter 4: Methods

Cell lines:

22Rv1l (CRL-2505), DU145 (HTB-81), MCF7 (HTB-22), MycCap (CRL-3255), and LNCaP
(CRL-1740) cells were purchased from ATCC. The C4-2B cell line was a generous gift from Dr.
Hongwu Chen of University of California, Davis. All cell lines in this study were maintained in
RPMI (ThermoFisher, Cat#: 11875093) supplemented with 10% Gibco FBS (REF:26140-079) in
a humidified incubator at 37°C with 5% CO». All cell lines in this study were maintained at max-

imum until passage 20, then discarded.

Antibodies and reagents:

Antibodies used in this study were CTCF (Active Motif, Cat#:61932), c-MYC (abcam, ab56-
9E11), c-MYC (abcam, ab32072-Y69), ATF4 (Cell Signaling Technologies, 11815S), WDRS5
(Proteintech Cat#: 15544-1-AP), FOXA1 (Bethyl Laboratories, A305-249A), H3K27ac (Active
Motif, Cat#:39685), AR (Abcam, ab108341), MAX (Proteintech, Cat#: 10426-1-AP), full-length
PARP (Cell Signaling Technologies, 46D11, cat#:9532T), cleaved-PARP (Cell Signaling Tech-
nologies, D64E10, cat#:5625T), MNT (Bethyl Laboratories, A303-627A), MXDI1 (Proteintech,
Cat#: 17888-1-AP), MGA (Bethyl Laboratories, A302-865A), FOXM1 (Diagenode, Cat#:
C15410232), Histone H3 (abcam, ab10799), GAPDH (Sigma-Aldrich, G9545). MYCi975 was
synthesized as described (60). Thapsigargin was obtained from Sigma Aldrich (cat#: T9033). Tu-

nicamycin was obtained from obtained from Millipore Sigma (cat#: T7765).
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Whole cell extraction and immunoblotting:

Cells were washed with ice-cold 1X phosphate buffered saline (PBS) 3 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, then resuspended in 5 cell-pellet volumes of whole cell extract lysis buffer (20 mM Tris-
HCI pH 7.6, 150 mM NaCl, 1 mM EGTA, ImM EDTA, 1% IGEPAL CA-630, 0.5% Sodium
Deoxycholate, 0.1% SDS). The cell resuspension was kept on ice for 20 min with brief vortexing
every 5 min. Cell debris was cleared by centrifugation at > 20,000g for 25 min at 4°C and samples
were assessed for protein concentration with BCA (Thermo Scientific, Cat#: 23209). For each
sample, 20 pg of protein was separated by SDS-PAGE, transferred onto a nitrocellulose blotting
membrane (Amersham Protran, cat#:10600001) and probed with antibodies in PBS, 0.1% Tween-
20, 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 pg 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 west-
ern blot exposure densitometric analysis was conducted with the image J (64) gel analyzer tool
and quantified using the area under the curve. Gel loading control protein was set to 100% in order

to quantify the percent changes in protein as compared to loading control.

Crystal violet staining:
Cells were plated into 6-well plates at 25,000 cells per well and the media was supplemented in
triplicate with either DMSO (0.2%) or 10 uM MY Ci975 unless noted otherwise. Cells were treated

for 4 days with a media change 48 hours after plating. The media was aspirated, and ice-cold PBS
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was carefully added to the side of the wells. The PBS was aspirated, and cell washing was per-
formed 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 and
wells were washed with deionized water 3-5 times until clear and then plates were inverted to dry.
Cell viability and ICso determination:
22Rv1, LNCaP, and C4-2B cells were plated into 96-well plates at 2,500 cells/well supplemented
in triplicate with either DMSO, MYCi975, Enzalutamide (ENZ) (Selleckchem, Cat#: 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 pM ENZ. Both the LNCaP and C4-2B cell lines express full-length
androgen receptor, whereas 22Rv1 cells express both full-length and ligand-independent androgen
receptor variant 7 (ARv7) which drives a mechanism of anti-androgen resistance (92). Given these
differences, cells were treated with different concentrations of ENZ to reflect sensitivity. The
plates were incubated at 37°C for 4 days. Media from wells was removed, 50 pl of CellTiterGlo
2.0 reagent (Promega, Cat#: G9241) was added, and the plate was protected from light while shak-
ing for 20 min. A 1:1 addition of culture media was added and allowed to equilibrate for 5 min
while shaking, then the solution was read for luminescence signal. For ICso curves, 22Rv1 cells
were seeded at 2,000 cells/well in 96-well plates and analyzed in quadruplicate. Cells were plated
and allowed to attach for 24 hours, then treated with the indicated concentration of MYCi975 for
72 hrs. ICso curves were extrapolated from the ATP content signal from 22Rv1 cells using nonlin-

ear regression.
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Bliss index analysis:
LNCaP, 22RV1, C4-2B, and MCF-7 cell lines were cultured in RPMI-1640 (Gibco) supplemented
with 10% heat-inactivated fetal bovine serum (FBS, Gibco) and 1% Penicillin-Streptomycin
(10,000U/ml, Life Technologies) and grown in a 37°C incubator with 5% CO,. While the prostate
cancer lines were plated for drug combination experiments in the same media, the MCF-7 cell line
was plated in phenol red-free RPMI-1640 (Gibco) supplemented with 10% charcoal-stripped FBS
24 hours prior to 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, C4-2B) were
seeded at 1000 cells/well, while the breast cancer line MCF-7 was seeded at 2000 cells/well. Rel-
ative 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
plate reader (Perkin Elmer Victor 3V). For the Bliss Matrix synergy experiments, the tested con-
centrations 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 concentrations. The goal was to choose a range
of concentrations with effects spanning 30-100% 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 IC50 values in these lines. How-
ever, these lines behave very differently towards Enzalutamide alone, with LNCaP being enzalu-
tamide sensitive (IC50 value ~35 uM), while C42B and 22RV1 are Enzalutamide resistant lines
(IC50 ~60-70 uM for both). The Enzalutamide concentrations used in this study reflect this be-

havior, as can be seen in the percent viability matrices. Drug combination data was assessed using



87

the SynergyFinder package employing the Bliss Independence Model (87), which converts percent
viability values to fraction affected (Fa). The predicted fractional growth inhibition of the drug
combination is calculated using the equation Fa + Fg — (Fa x Fg), where FA and FB are the frac-
tional growth inhibitions of the drugs A and B at a given dose. Bliss excess is the difference be-
tween the expected growth inhibition and the observed inhibition. A bliss excess score of > 0 =
synergy, close to zero = additivity, and < 0 denote antagonism (//2).
ChiIP-seq:

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, 1-, 4-, 8-, 24-, 48-hrs). 24
hours after cell plating, MYCi975 was added to one plate for the 48-hr timepoint. Another 24 hours
later (48 hours after cell plating), all plates were given fresh media. At this time, the plate that was
previously treated (48-hr timepoint) was supplemented with MYCi975 immediately, along with a
new plate as the 24-hr timepoint. On the third day, the 1-, 4- and 8-hr plates were given MYCi975
such that the end of all timepoints occurred at the same time. ChIP was carried out as previously
described (/13) with slight modifications. Once all plates were treated at their respective
timepoints, 1% formaldehyde cross-linking was performed by an addition of 2 ml of 16% para-
formaldehyde (Electron Microscopy Sciences, cat#: 15710) to each plate, which contains 30 ml of
culture media, for 10 min. Glycine was added to a final concentration of 119 mM (1.6 mL of 2.5M
Glycine) for 5 min to quench cross-linking. Cells were washed with ice-cold 1X PBS 3 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 Lysis
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Buffer 1 (LB1) (50 mM HEPES-KOH pH 7.6, 140 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 10%
Glycerol, 0.5% IGEPAL-CA630, 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, then pelleted by centrifugation at 2000g
for 5 min at 4°C. The pellet was resuspended in 1 ml of Lysis Buffer 2 (LB2) (10 mM Tris-HCl
pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA) then 2 ml of LB2 was added to cell resus-
pension and mixed end-over-end for 10 min at 4°C. The nuclei pellet was resuspended in 0.9 ml
of Lysis Buffer 3 (10 mM Tris-HCI pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1%
Sodium Deoxycholate, 0.5 % Sarkosyl) and sonicated with a Misonix micro-tipped sonicator at
~5W for 12 cycles for 15 seconds of sonication then 45 seconds cooling (tubes are immersed in an
ice-water bath). 10% Triton X-100 was added for a final concentration of 1%. The sonicated nu-
clear fraction was pelleted for cell debris by centrifugation (>20,000g) for 25 min at 4°C. Protein
concentration was determined by BCA (Thermo Scientific, Cat#: 23209) and 300 pg of chromatin
was used for ChIP (c-MYC (Y69) — 1 pg, c-MYC (ab56) — 2 pg, WDRS — 2 pg, MAX - 2 ng,
MNT -2 pg, MXD1 -2 pg, MGA -2 pg, H3K27ac — 2 ng, CTCF — 2 pg, FOXA1 -2 pg, AR -
1 pg In addition, input DNA was obtained from 10% of ChIP (30 pg) and used as control.

Immunoprecipitation (IP) was performed at 4°C with end-over-end mixing for 12-16 hrs. Protein
G Dynabeads (Life Technologies, Cat#: 10004D_3641869636) were used to pull-down antibody
(20 pl) bound to DNA fragments. IPs were washed 4 times with ice-cold ChIP-RIPA (50 mM
HEPES-KOH pH 7.6, 500 mM LiCl, 1 mM EDTA, 1.0% IGEPAL-CA630, 0.7% sodium deoxy-
cholate, 0.2 um filter sterilized before use). For the 5" wash, 1 ml of TE-NaCl (10 mM Tris-HCl
pH 8.0, ImM EDTA, 50 mM NacCl, 0.2 pm filter-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
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was completely aspirated. DNA was eluted with addition 50 pl of elution buffer (0.1M NaHCO;
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 pl for a total of 2 elution steps followed by pooling. Cross-
links were reversed by bringing the sample to 65°C in 190mM NaCl (5 ul of 4M NaCl into 100 pl
of eluate) for 12 hours with vigorous circular mixing. Proteinase K (Invitrogen, Cat#: 25530-015)
and RNase (Worthington Biochemical Corp., Cat#: LS002132) digestion was carried out followed
by DNA isolation with Qiagen miniElute PCR kit (Cat#: 28004). As input for library preparation,
<1l ng — 5 ng of immunoprecipitated DNA was used. Library preparation was carried out with
KAPA Hyper Prep Kit (Cat#: KK8502). Adaptor ligation was carried out for 60 min followed by
0.7-0.9X double-sided size selection with Ampure XP beads (Cat#: A63880) and a final 1X
cleanup post library amplification (12 cycles total). Library concentration was determined with
Qubit and library profile analyzed by an Agilent 2100 Bioanalyzer. Libraries were sequenced in
multiplex and library pool concentrations were calculated with KAPA Biosystems library quanti-
fication kit (Cat#: KK4835). Single end reads (76bp) were sequenced using an Illumina

NextSeq500.

RNA-seq:

Cells were plated into 6-well plates and 24 hours later treated with either 10 uM MYCi975 or
DMSO (0.2%). Cells were trypsinized and counted in duplicate using a Countess II (Thermo Sci-
entific cat#: AMQAF1000) and 0.4% trypan blue (Thermo Scientific cat#: T10282) and 2x10°
cells from each treatment 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
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passages) with Qiagen RNeasy kit (Cat#: 74134). For each sample, ~500 ng (equal aliquots of
RNA to control for abundance) of RNA was used as input for RNA sequencing library preparation.
Into each sample, a 1:100 dilution of ERCC92 Spike-In Mix 1 (Thermo Scientific, cat#: 4456740)
was added and incorporated into the analysis pipeline. In order to capture a broader scope of RNA
species, ribosome depletion library kits were used (KAPA Biosystems, Cat#: KK8560). RNA li-
braries were multiplexed, and final concentration was calculated with the same method as ChIP-
seq. Next-generation sequencing was performed with paired-end reads (2x42bp) on an Illumina

NextSeq500.

ATAC-seq:

Cells were plated in 10 cm? plates and treated with 10 pM MY Ci975 or DMSO (0.2%) for 48 hrs.
ATAC-seq libraries were generated as previously described with slight modifications (774, 115).
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, cat#: 18896), 0.01 % Digitonin (Promega, cat#: G9441) in ATAC re-
suspension buffer (10 mM Tris-HCI1 pH 8.0, 10 mM NaCl, 3 mM MgCl). The lysis reaction was
carried out on ice for 3 min, 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 ul TDE1

enzyme and 25 pl of TD Buffer (Illumina, FC-121-1030), 16.5 pul of nuclei in ice-cold PBS, 0.5
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ul of 1% Digitonin, 0.5 pl of 10% Tween-20 and 5 ul molecular biology-grade water). Tagmenta-
tion 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 (cat#: D4013) and amplified for 9 cycles
with New England Biosystems High Fidelity 2X PCR Master Mix (NEB, cat#: M0541S) as de-
scribed (/74). PCR amplified ATAC-seq libraries were purified using the Zymo kit (cat#: D4013)
and Ampure XP beads (Cat#: A63880) were used for 0.6X-1.8X size selection. Library distribution
was analyzed with an Agilent 2100 Bioanalyzer. Paired-end sequencing was performed (2x42bp)

using an [llumina NextSeq 500.

Data analysis:
For single-end ChIP-seq reads, raw fastq files were aligned with bowtie (v1.2.2, settings: -¢ --best
-m 1) using pre-built genome indexes (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 (/16) (v2.7.5, settings:
--alignIntronMin 20 --alignIntronMax 500000). 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 RNA-seq pipeline (//7). 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 (/18) (v4.11.1) tag directories and subsequent peak calling (settings: -thp 1,

style = factor/histone). For ATAC-seq, MACS2 (v2.2.6) (119) was used for peak calling using the
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DNase-seq enriched cut site method (--nomodel --shift -75 --extsize 150 --nolambda -p 0.01). Us-
ing DiffBind (v3.12, settings: minMembers = (# of Dbiological replicates),
score=sDBA SCORE TMM MINUS FULL) for differential binding analysis, each timepoint (1-
, 4-, 8-, 24- and 48-hr) was compared to DMSO and peaks called by HOMER were used to define
a consensus peak list (/20). Using DESeq?2 (67) differences in RNA levels were determined by
comparing DMSO vs. 24hr and DMSO vs. 48hr (default settings). Supplemental Table 2 provides
differential binding and differential RNA level results for all MYCi975 target gene types compar-
ing DMSO vs. 48-hr MY Ci975-treated 22Rv1 cells. To determine the genomic region distribution,
we used the HOMER annotatePeaks.pl (hg38) function with the appropriate reference genomes
and selected for promoter-proximal (£2kb from TSS) or promoter-distal (> £2kb from TSS). Motif
enrichment databases and statistics were calculated using the HOMER findMotifsGenome.pl func-
tion.

Visualization for ChIP-seq data including bigwigs, heatmaps, and read coverage histograms were
generated with deeptools bamCoverage (settings: --binSize 1 --normalizeUsing RPGC —effec-
tiveGenomeSize mouse/human --extendReads 120 —ignoreDuplicates), plotHeatmap and plotPro-
file function (/217). Replicates were merged with bigWigMerge (kentUtils, v302) and bedGraphs
were converted back to normalized bigwigs with bedGraphToBigWig function using the
chrom.sizes file downloaded from UCSC (https://hgdownload.cse.ucsc.edu/goldenpath/hg38/big-
Zips/). Gene count matrices were generated using featureCounts (/22) with the following NCBI

reference genome annotation GTF: “hg38.ncbiRefSeq.gtf” (http.//hgdownload.soe.ucsc.edu/gold-

enPath/hg38/bigZips/genes/) (subread v1.6.1). Bigwig files for RNA-seq visualization were cre-

ated using a similar method as ChIP-seq with merging both the forward and reverse strands using
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the recommended methods from deeptools (additional commands: samtools sort; bamCoverage —
effectiveGenomeSize 2913022398 -e -normalizeUsing CPM v3.3.0) (/21). For genome browser
tracks we used pyGenomeTracks (123, 124) with merged bigwig files from biological replicates
to display occupancy at certain gene loci. Scale settings were normalized for each experimental
ChIP-seq or RNA-seq group (i.e., DMSO, 24-hr, 48-hr). For any overlapping peaks analyzed (i.e.,
MY Ci975-sensitive vs. MYCi975 H3K27ac loss), we used the function mergePeaks (-d 200 when
comparing MYC and MAX, -d 200 when comparing ATAC peaks with TF peaks, -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 was sorted based on false discovery rate (FDR)
and peaks with FDR < 0.01 were used to select MYCi975 gene target Types 1-3. Type 1 and 2
genes represent all differentially lost MYC-bound promoters with either up- or downregulated
RNA levels, respectively. MYCi975 Type 3 genes represent all differentially MY C-bound pro-
moters with differential RNA level data such that FDR > 0.01. Type 4 consists of “MY Ci-insen-
sitive” promoter proximal MY C-bound peaks that represent genes with low tag density, no differ-
ential MY C binding and no differential gene expression (FDR > 0.01). Differential MAX binding

was overlapped with MY C binding sites and sorted based on FDR. Of the differential MYC bind-
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ing sites (MY Ci975-sensitive), overlapping MAX analysis determined 6,812 peaks where no sig-
nificant changes in MAX was determined (differential MAX binding FDR > 0.01) and is described
as the MAX retained sites. ATAC-seq alignment files were filtered for mitochondrial reads using
sed and adaptors were removed with NGmerge (v0.2_dev) (125). 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. Peaks from each ATAC-seq dataset (DMSO vs.
48-hr MY Ci975) were used as input for differential transcription factor activity analysis (DAStk)
using default settings (/06). Visualization tracks were generated from read pileup files (.bdg,
MACS2) from peak calling and all replicates were merged with the same protocol as above. For
GSEA (65) analysis of RNA-seq each gene was assigned a rank metric [-logio(FDR)Xlog(fold-
change)] and this pre-ranked 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 differential
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 ‘multi-peak promoter’ was used as input in

the final pre-ranked list for GSEA.

ENCODE/cistromeDB analysis:

Using the ENCODE ChIP-seq matrix (https://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 (ENCFF002CZO0), K562 (ENCFF002CWI), HeLa (ENCFF950LQM),
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A549 (ENCFF542GMN), and MCF7 (ENCFF370EQJ). In addition, two MY C ChIP-seq peak da-
tasets were downloaded from the Cistrome Data Browser (http://cistrome.org/db/#/); P493-6 (en-
code: GSM1036404), 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.source-

forge.net) (/26). 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 -distal (all other HOMER annotations) regions. HOMER motif analysis
was run on all peak sets with default settings. Motif enrichment results are displayed as logio(p-

value) for CTCF, FOXA1, FOXMI, and c-MYC motifs from HOMER.

In vivo experiments:
All animal experiments and procedures were performed in compliance with ethical regulations and
the approval of the Northwestern University Institutional Animal Care and Use Committee
(IACUC). CD1-Foxnlnu (086) mice were obtained from the Charles River. 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. 22Rv1 prostate cancer cells (2 x 10°) suspended in 100 pl BD Matrigel were
subcutaneously injected into flanks of mice. Tumor volume (mm?) was calculated by the following
formula (length x width®)/2. When the tumor size reached 150 to 200 mm?, mice were then ran-
domized into groups with similar average tumor size in each group. MYCi975 was prepared and

administered as described (60). ENZ was purchased from MedChem Express (HY-70002) and
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prepared in 5% DMSO in corn oil, and given by P.O. Tumors were harvested after 18 or 21 days

of treatment. Mouse body weight was monitored every 2-3 days.
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Appendices

Table 1.

GSEA negative enrichment results for MYC-bound promoters comparing DMSO vs. 24-hr
MYCi975 treatment and DMSO vs. 48-hr MYCi975 treatment. The table also contains the differ-
ential gene expression data from RNA-seq experiments on 22Rv1 cells treated with MYCi975 for

24 and 48 hrs.

“supplementalTable 1.xls”

Table 2.

Differential gene expression and differential binding data of all MYCi975 types, as well as GO

enrichment results for each MYCi975 type (http://geneontology.org).

“supplementalTable 2.xls”
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