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Abstract

Triple-negative breast cancers (TNBC) are highly aggressive, lack FDA-approved targeted
therapies, and frequently recur, making the discovery of novel therapeutic targets for this disease
imperative. Our previous analysis of the molecular mechanisms of action of Bromodomain and
extraterminal protein inhibitors (BETi) in TNBC revealed these drugs cause multinucleation,
indicating BET proteins are essential for efficient mitosis and cytokinesis. Here, using live cell
imaging, we show that BET inhibition prolonged mitotic progression and induced mitotic cell
death, both of which are indicative of mitotic catastrophe. Mechanistically, the mitosis regulator
LIN9was a direct target of BET proteins that mediated the effects of BET proteins on mitosis in
TNBC. While BETi have been proposed to function by dismantling super-enhancers (SE), the
L/N9gene lacks a SE but was amplified or overexpressed in the majority of TNBCs. In addition,
its MRNA expression predicted poor outcome across breast cancer subtypes. Together, these
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results provide a mechanism for cancer selectivity of BETi that extends beyond modulation of SE-
associated genes and suggest that cancers dependent upon LIN9 overexpression may be
particularly vulnerable to BETi.
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INTRODUCTION

Proper progression through mitosis is critical for maintaining cell function and viability. To
prevent mitotic defects and subsequent chromosomal instability, the expression and activity
of mitotic proteins are carefully controlled by several mechanisms, including ubiquitin-
mediated protein degradation, phosphorylation, miRNA regulation, and transcription.
FOXM1, E2F family members, the MuvB core complex (composed of LIN9, LIN52, LIN37,
LIN54, and RBBP4), B-MYB, and NF-Y are master transcriptional regulators of mitosis and
are responsible for the timely expression of genes encoding crucial mitosis proteins,
including AURKA, AURKB, PLK1, and CCNBI1 (1). When these transcription factors are
dysregulated, abnormal mitosis occurs which can produce cells with aberrant nuclei
(potentially with damaged DNA) and induce cell death pathways, senescence, and/or
oncogenesis (1). One mechanism that avoids genomic instability is mitotic catastrophe, a
process that occurs due to chromosomal abnormalities or abnormal mitosis, coincides with
mitotic arrest, and leads to one of three cell fates: irreversible senescence, death during
mitosis, or death immediately following mitotic exit (2, 3). Prior to the execution of these
oncosuppressive mechanisms, a characteristic early-stage indicator of mitotic catastrophe is
the appearance of multiple nuclei and/or micronuclei (3, 4). Either early entry into mitosis or
failed mitosis can trigger mitotic catastrophe (2, 3). In cancer, mitotic catastrophe can be
induced in response to treatment with ionizing radiation and anti-cancer agents including
microtubule-targeting and DNA-damaging drugs, and the inhibition of mitotic catastrophe
provides a mechanism for tumor initiation and the development of chemoresistance (5-7).

Triple-negative breast cancer (TNBC) is the most aggressive subtype of breast cancer, and
there is a paucity of effective targeted therapies for this disease. These tumors are treated
with traditional chemotherapy such as taxanes and anthracyclines, and while they initially
respond, they frequently recur within three years (8). It is therefore critical we develop new
treatment strategies for this devastating disease. We and others have recently reported that
bromodomain and extraterminal protein inhibitors (BETi) are efficacious in multiple models
of TNBC (9-13). We further discovered that BETi induce the formation of large,
multinucleated cells followed by apoptosis and senescence, suggesting these drugs cause
mitotic catastrophe (12). BETi selectively target the BET family of epigenetic readers by
binding to the bromodomain pockets of BET proteins (BRD2, BRD3, BRD4, and BRDT).
This prevents recruitment of these proteins to chromatin, thus suppressing their
transcriptional activity (14). BETi are efficacious in mouse models of diverse cancers (15)
and are currently being investigated in early phase clinical trials. The selectivity for cancers
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and broad therapeutic windows observed with BETi in mice have been suggested to result
from the selective disruption of super-enhancers (SE), exceptionally large clusters of
enhancers that control expression of cell identity genes and, in cancer, critical oncogenes
(16, 17). BRD4 disproportionately accumulates at SEs compared to typical enhancers.
Hence, dismantling SEs at oncogenes would have a greater transcriptional effect and be
more impactful in cancer cells that depend on those genes rather than normal cells. This
model provides a mechanism to preferentially silence oncogenes which could in turn inhibit
tumor formation, growth, and progression, while sustaining viability of normal tissues.
However, it remains unclear whether the primary mechanism for selectivity of BETi in
cancers involves disruption of SEs at oncogenes, or if cancer cells may be particularly
sensitive to the suppression of viability genes that extend beyond oncogenes and those
involved in maintaining cell identity. Identifying the processes underlying cellular responses
to these inhibitors will be essential for improving patient selection for future clinical trials,
predicting therapeutic response and resistance, and rationally discovering optimal added
therapies for evoking synergistic tumor responses.

Here, we show for the first time that suppression of BET protein activity leads to a
significant delay or death in mitosis in TNBC cells. Together with the generation of
multinucleated cells, these findings indicate BETi induce mitotic catastrophe. This process is
initiated by the direct suppression of L/N9as well as other cell cycle regulatory transcription
factors, including FOXM1 and MYBLZ2. None of these genes contain SEs, disputing the
concept that tumor response to BETi solely relies on the dismantling of such enhancers.
Notably, L/N9is amplified or overexpressed in the majority of TNBC tumors and its
suppression mimics BETi. This indicates that LIN9 may be an exploitable therapeutic target
in TNBC that can be selectively silenced with BETi.

MATERIALS AND METHODS

Cell culture and reagents

MDA-MB-231, MDA-MB-468, HCC1143, HCC70, and HCC38 cells from American Type
Culture Collection (ATCC) were grown in RPMI-1640 supplemented with 10% FBS and
maintained at 37°C with 5% CO,. MDA-MB-231 cells were authenticated in 2013 by STR
profiling (BDC Molecular Biology Core Facility, University of Colorado). All other cell
lines were purchased from ATCC between 2008 and 2010. Upon receipt, they were thawed
and expanded for freezing ~75, 1 mL vials. From each of these vials, ~75, 1 mL vials were
generated. All experiments were then performed with cells that were within 10 passages of
these secondary vials. MDA-MB-231 and HCC1143 cells were tested in 2013 for
Mycoplasma pulmonis and Mycoplasma spp. by IDEXX RADIL (Columbia, MO). JQ1 was
dissolved in dimethyl sulfoxide (DMSO). Transient mMRNA silencing was performed using
the following siRNAs (Dharmacon): Non-targeting siRNA #2 (D-001810-02-20), siFOXM1
(L-009762-00), siE2F2 (L-003260-00), siE2F8 (L-014407-01), siLIN9 (L-018918-01), and
siMYBL2 (L-010444-00).
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Caspase 3/7 cleavage stain

Cells were treated with vehicle or JQ1 for 72 hours. Media and cells were then harvested
and stained with CellEvent Caspase-3/7 Green Reagent (Molecular Probes, R37111) for two
hours according to the provided protocol. GFP-positive (apoptotic) and GFP-negative (live)
cells were counted using a Countess Il FL (Thermo Fisher, AMQAF1000) with an EVOS
GFP light cube (Thermo Fisher, AMEP4651).

Senescence-associated pB-galactosidase activity stain

Staining was performed as previously described (12).

Live cell imaging

HCC38 and MDA-MB-231 cells were treated with vehicle or 1000 nM JQ1 and imaged
using the IncuCyte Zoom System (Essen BioScience) for four days. Images were collected
at 20x every 20 minutes. Individual cells were tracked from mitotic entry to mitotic exit and
the time course of events determined. Relative cell proliferation was analyzed using the
IncuCyte software Confluence application.

RNA analysis

RNA analysis was performed as previously described (12) using the following TagMan
Gene Expression Assays (Thermo Fisher): CCNB1 (Hs01030099_m1); E2F2
(Hs00231667_m1); £2F8 (Hs00226635_m1); FOXM1 (Hs01073586_m1); KIF2C
(Hs00901710_m1); K/F20A (Hs00993573_m1); L/N9 (Hs00542748_m1); LIN37
(Hs00375230_m1); MYBL2 (Hs00942543 m1l); PLKI (Hs00983227_m1); GAPDH
(Hs02758991_g1).

In vivo studies

All in vivo experiments were performed with approval from the Institutional Animal Care
and Use Committee at Case Western Reserve University, which is certified by the American
Association of Accreditation for Laboratory Animal Care. Mouse xenograft studies were
previously reported with tissues being used for the current analysis (12). Briefly, MDA-
MB-231 or MDA-MB-468 cells were xenografted into the two inguinal mammary fat pads
of adult female NOD/scid/y (NSG) mice. Once palpable tumors formed, mice were
randomized into two treatment groups: vehicle (1:1 propylene glycol:water) or JQ1 (50
mg/kg IP daily). After 28 (MDA-MB-231) or 32 (MDA-MB-468) days of treatment, tumors
were removed and processed for RT-gPCR analysis.

Nuclear morphology

FOXM1, E2F2, E2F8, LINY, or MYBL2were transiently silenced in MDA-MB-231 cells
grown on sterile glass coverslips. After five days, cells were fixed with 3.7% formaldehyde/
1xPBS, permeabilized with 0.1% Triton X-100/1xPBS, and blocked with 1% BSA/1xPBS.
Texas Red-X phalloidin (Invitrogen, T7471) was used to label F-actin. Nuclei were
counterstained with Vectashield hard set mounting medium with DAPI (Vector Labs,
H-1500).
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Gene expression microarray analysis

MDA-MB-231 and HCC70 cells were treated with vehicle or 500 nM JQ1 for 72 hours and
were processed for transcriptional profiling using Human Gene 2.0 ST expression
microarray (Affymetrix). Cells were harvested and RNA was extracted with Trizol reagent
(Ambion, 15596018) and treated with DNase | (Ambion, AM1906). RNA (50ng/uL) was
delivered to the Gene Expression and Genotyping Core Facility at Case Western Reserve
University. For each sample, 150 ng RNA was used to synthesize and label cDNA with
biotin for hybridization to Human Gene 2.0 ST expression microarrays using the GeneChip
WT Plus labeling kit and protocol, and the hybridized arrays were automatically stained and
scanned with the Affymetrix standard stain and scan protocol. The microarray data were
processed with RMA (robust multichip average algorithm) as implemented in Bioconductor
package oligo (18) where background subtraction, quantile normalization and
summarization (via median-polish) was accomplished. The top differentially expressed
genes were identified using empirical Bayesian procedure of limma package (19). Multiple-
testing correction was performed using the Benjamini-Hochberg method, thus providing
false discovery rate (FDR) estimates per differentially expressed gene. The final list of
differentially expressed genes was defined as those with p-values<0.05 and FDR<0.1. All
data were submitted to GEO (GSE79332) using MIAME guidelines. The Reactome database
(20) was used to identify the top five non-overlapping biological pathways regulated by BET
inhibition in both cell lines with a p-value cutoff of 0.01. Violin and volcano plots were
generated in R version 3.3.3 using RStudio version 1.0.136 (RStudio Inc). Two sample
proportions tests were run in Stata SE 14 (StataCorp) with a significance cut-off of p<0.05.

Gene set enrichment analysis (GSEA)

GSEA (21) was utilized to determine whether a priori defined cell cycle- and breast cancer
subtype-associated genes show statistically significant, concordant differences between
vehicle- and JQ1-treated samples in HCC70 and MDA-MB-231 cell lines. The GSEA portal
molecular signatures database (22) was used to define the cell cycle signatures. The subtype-
associated gene sets were tabulated from Gray (23) and Bertucci (24) data sets as previously
described (25). FDR-corrected p-values were considered to rank gene sets that had
significant enrichment.

Western blot analysis

Western blot analysis was performed as previously described (25) using the following
primary and secondary antibodies: LIN9 (Thermo Fisher, PA5-43640), p-actin (Sigma;
A1978), Anti-rabbit IgG HRP-linked (Cell Signaling; 7074), and Anti-mouse 1gG HRP-
linked (Cell Signaling; 7076).

Gene-specific chromatin immunoprecipitation
ChIP-PCR was performed as previously described (26). MDA-MB-231 cells were treated for
24 hours with vehicle or 500 nM JQ1, and chromatin was immunoprecipitated with an anti-
BRD4 specific antibody (Bethyl Laboratories, A301-985A50) or a control mouse 19G
(Sigma, 15281). The following promoter-specific primers were used: FOXM1, forward 5’-
GTAAGATGGAGGCGGTGTTG-3’ and reverse 5'-GGGTGGCCTACCTTCTTAGG-3;
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E2F2, forward 5'-GACAATAGCAGGCACCCAGTA-3’ and reverse 5’-
AGCACTGGATTGCGAGTCTG-3’; E2F8, forward 5'-TAGGAAGCACCCACCTGTTC-3’
and reverse 5'-GGGAGAAATCCAGGCATCTA-3’; LIN9, forward 5’-
GGAACTGCAGGCTGTTTGTT-3 and reverse 5'-GGGTTTCGGGAACTGTGAGT-3’;
MYBLZ2, forward 5'-GTCTTCAAGTCCCAGCCAGT-3’ and reverse 5’-
CCGGAATGTTAAGGAGCAAA-3'.

ChlIP-seq was performed as previously described (26). Briefly, chromatin from MDA-
MB-231 cells was immunoprecipitated with an anti-H3K27Ac specific antibody (Abcam,
ab5079) or control mouse 1gG (Sigma, 15281). Input and precipitated DNA were used to
produce libraries and conduct high-throughput sequencing by the CWRU Genomics
Sequencing Core. Sequences were quality-filtered using FASTX-Toolkit and aligned using
Bowtie 2 (27). MACS (Model-based Analysis of ChIP-Seq) (28) was used to identify ChlP-
enriched regions with a p-value enrichment threshold of 1079, and ROSE (Rank Ordering of
Super-enhancers) software (17, 29) was used to identify enhancer regions. The enhancer
element locations were then annotated using custom annotation scripts, jointly called
Grannotator [manuscript under preparation]. Briefly, Grannotator combines genome-wide
gene/transcript location information obtained from the UCSC Genome Browser and uses
this information to annotate Granges (objects that contain the enhancer element locations).
For each enhancer element, Grannotator provides the nearest 3' and 5’ gene for both the
forward and reverse strands in addition to the distance of the gene’s transcription start site
from the enhancer location. This information is then used to determine the gene most likely
associated with an enhancer element. All data were submitted to GEO (GSE95222).

Bioinformatics

CBioPortal (30, 31) was used to identify the percent of breast cancer tumors with
overexpressed (z score (RNA Seq V2 REM) = 2.0) or amplified (GISTIC 2.0 score = 2)
genes as well as genes that are correlated with L/N9in both the TCGA (32) and
METABRIC (33, 34) datasets. Relapse free survival Kaplan-Meier curves in all breast
cancer patients were generated with Kaplan-Meier plotter 2014 edition (35) and compared
by the log-rank test. Patient groups corresponding to high/low tumor expression of L/N9
were identified, resulting in an optimal expression cutoff of 111 to define the low (n=1127)
and high (n=637) expression groups. To assess overall survival, gene expression data for the
METABRIC dataset were retrieved from Oncomine (www.oncomine.com, Thermo Fisher
Scientific). Samples (n = 1971) were segregated into high (upper 10" percentile, n = 197) or
low (remain 90t percentile, n = 1774) groups based upon L/N9 (probe ID ILMN_2137084)
expression. The prognostic value of L/A9on 5-year overall survival in this dataset was
analyzed by statistical comparison of Kaplan-Meier curves by the logrank test. 95% hazard
ratios were calculated using a Cox regression model.

Statistical methods

Data are represented as mean values from three independent experiments performed in
triplicate. Statistical analyses were performed using two-tailed Student’s #test or chi-
squared test, and p-values less than 0.05 were considered statistically significant.
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We previously reported that the loss of BET activity induces multinucleation, followed by
two distinct terminal responses (apoptosis and senescence) irrespective of TNBC subtype
(12). To confirm these outcomes, we treated two TNBC cell lines (MDA-MB-468 and
HCC1143) with vehicle or the prototypical BETi, JQ1. After 72 hours, activation of caspases
3 and 7 was assessed to quantify the number of apoptotic cells. While both HCC1143 and
MDA-MB-468 cells underwent apoptosis in response to JQ1, MDA-MB-468 cells had a
greater apoptotic response compared to HCC1143 cells (Supplementary Fig. S1A). JQ1 also
induced the expression of senescence-associated B-galactosidase (SA-Bgal) activity in
HCC1143 cells (Supplementary Fig. S1B), confirming that BETi induce senescence and/or
apoptosis in TNBC, depending on the cell line examined.

Cells respond to mitotic catastrophe by activating senescence or apoptosis pathways (2, 3).
Hence, the ability of BETi to induce these two responses as well as multinucleation
suggested that sustained activity of BET proteins may be necessary for normal mitotic
progression in TNBC cells. To assess the impact of losing BET function on mitosis, we used
live cell imaging to track the fates of individual cells following treatment with JQ1. Both a
primarily apoptotic (HCC38) and a primarily senescent (MDA-MB-231) cell line were
observed over four days of vehicle or JQ1 exposure. Growth of HCC38 cells was completely
arrested within 48 hours whereas MDA-MB-231 cells were initially more tolerant of JQ1
treatment (Fig. 1A). In both cases, when cells were tracked through their first mitosis
following an initial six hours of drug treatment, JQ1 treatment significantly extended the
time necessary for cells to complete mitosis (Fig. 1 B-D). In addition to initially increasing
the duration of mitosis, JQ1 treatment had a profound effect on mitotic cell fate for both cell
lines. The majority of JQ1-treated HCC38 cells died immediately following mitotic exit
whereas only 6% of control-treated cells died during mitosis (Fig. 2A and B). In addition,
23% of JQ1-treated HCC38 cells died during mitosis compared to only 7% in vehicle-
treated cells. Death during mitosis was also associated with an extended time traversing
mitosis compared to cells that were completed mitosis (Fig. 2C). Similar to HCC38 cells, the
MDA-MB-231 cell line experienced a large increase (~8 fold) in the percentage of cells that
died immediately following mitosis with JQ1 treatment (Fig. 2D). While this cell line did
not die during mitosis in response to JQ1, the drug caused cells to undergo a protracted
interphase, meaning they exited mitosis and survived but never divided again, likely because
they were entering senescence. Lastly, only ~6% of JQ1-treated MDA-MB-231 cells
underwent a second cell division, and this was associated with a significant increase in post-
mitotic timing (Fig. 2E). The induction of multinucleation (12), followed by apoptosis or
senescence, and the induction of death either in, or immediately after, mitosis suggests that
mitotic catastrophe is the primary mechanism of action of BETi efficacy in both models of
TNBC.

BET activity is necessary for sustained expression of cell cycle-associated genes

To discern the molecular mechanism underlying the mitotic defects that occur with the loss
of BET activity, we performed gene expression microarray analyses of cell lines that
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primarily undergo apoptosis (HCC70) or senescence (MDA-MB-231) in response to JQ1
(Fig. 3A-H). After 72 hours, the expression of 1271 genes in both cell lines was
significantly altered in the same direction in response to JQ1 compared to vehicle (Fig. 3A;
Supplementary Table S1). We found 149 (MDA-MB-231) and 51 (HCC70) Reactome
pathways to be statistically significantly altered with BETi (p<0.01), of which the strongest
enrichments were observed in cell cycle/mitosis and metabolism pathways (Fig. 3B). Gene
set enrichment analysis (GSEA) using an established group of classifying genes for each
stage of the cell cycle (22) revealed a significant (p<0.05) suppression of genes definitive for
G2/M and M/G1 transitions in both cell lines following JQ1 treatment (Fig. 3C). JQ1-
induced repression of eight genes that encode proteins involved in cell cycle regulation,
mitosis, and/or cytokinesis was further confirmed by RT-qPCR in multiple TNBC cell lines
(Fig. 3D-F; Fig. 4A). These genes were also downregulated in orthotopically xenografted
tumors (MDA-MB-231 and MDA-MB-468) collected from mice treated with either vehicle
or JQ1 (Fig. 3G; Fig. 4B and C). In addition, 14 of the 16 kinesins known to play critical
roles in mitosis and cytokinesis in humans (36) were suppressed (Supplementary Table S1).
Finally, in both MDA-MB-231 and HCC70 cells, there was a skewed JQ1-mediated
downregulation of genes identified by SuperPath (37) as critical for mitosis (p<<0.001) (Fig.
3H). The reduced expression of mitosis-regulating genes in response to BETi in TNBC cells
and tumors further supports a role for BET proteins in navigating the effective progression
through mitosis in this disease.

BET inhibitors fail to induce a luminal differentiation signature

Breast cancer subtype switching has been observed with the manipulation of multiple
transcription factors in breast cancer cell lines (25, 38). Given the roles of BET proteins as
transcriptional modulators, we assessed whether their inhibition with JQ1 could induce a
shift in breast cancer cell fate from the basal to luminal subtype. We assessed the potential
for subtype switching by GSEA using the Gray (23) and Bertucci (24) gene sets that classify
breast cancer cell line subtypes. Although the basal signature was diminished upon JQ1
treatment, TNBC cells failed to gain a luminal signature (Supplementary Fig. S2). Thus,
while it has been suggested that a loss of BET activity results in the differentiation of TNBC
cells (10), this genome-wide approach indicates BETi fail to induce full subtype switching,
or luminal differentiation, of TNBC cell lines. These data further suggest shifts in breast
cancer cell fate are unlikely to underlie the responsiveness of TNBC cells to BETI.

BET proteins directly modulate the mitotic transcriptional program

Further analysis of the microarray data described above revealed that the expression of nine
genes encoding mitosis-controlling transcription factors was suppressed by BETi. Of these
factors, four (FOXM1, E2F8, LINS, and MYBL2) are associated with polyploidy (39-42), a
key response we observed in TNBC cells following treatment with BETi (12). Another,
EZ2F2, plays a critical role in the BETi response in liver cancer (43). These genes are rapidly
repressed in MDA-MB-231 cells after just six hours of JQ1 treatment (Fig. 4A). The
suppression of these genes by JQ1 was further confirmed in tumors from mice orthotopically
xenografted with MDA-MB-231 or MDA-MB-468 cell lines (Fig. 4B and C). Notably,
suppression of BET protein activity does not reduce all mitosis-regulating transcription
factors. For example, expression of L/N37, a subunit of the MuvB core complex that
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regulates transcription of mitosis genes (1), was not suppressed with JQ1 treatment (Fig.
4A). An additional BETi currently being evaluated in clinical trials, I-BET762, also
regulated the expression of these mitosis regulators in a similar manner, indicating the
suppression of these genes is due to the inhibition of BET proteins and not off-target effects
(Supplementary Fig. S3). To determine if the five genes are direct targets of BRD4, a BET
family member, gene-specific chromatin immunoprecipitation (ChIP) assays were used. This
approach revealed that BRD4 binds the promotor regions of all five genes and that BRD4
binding is significantly reduced with JQ1 exposure (Fig. 4D). This suggests that the mitotic
disruption observed with the loss of BET protein activity may be due to the reduced
expression of one or more of these factors.

To determine if these five mitosis-regulating transcription factors may be downstream
effectors of BET proteins in TNBC, we used siRNA to simultaneously silence all five genes
in MDA-MB-231 cells. We then examined whether the combined repression would
phenocopy the BETi response by first examining the same cell cycle target genes evaluated
above. The combined siRNAs effectively reduced the expression of all five factors
(Supplementary Fig. S4A), as well as the expression of cell cycle genes (Supplementary Fig.
S4B), in a manner similar to JQ1 treatment (Fig. 3D-F). Furthermore, expression of
CDKN1A, which we previously reported increases with BETi treatment of TNBC cells (12),
was also increased with the silencing of these five factors (Supplementary Fig. S4B). Most
importantly, suppression of all five genes generated very large cells with multiple nuclei, a
mitotic/cytokinetic defect that is comparable to that observed when BET proteins are
inhibited (Supplementary Fig. S4C), indicating that the loss of these five factors can
recapitulate BETi treatment.

BETi suppress mitosis transcription factors in the absence of super-enhancers

The increased sensitivity of cancer cells to BETi compared to non-transformed cells is
proposed to result from the disassembly of super-enhancers (SEs) at oncogenes (16, 17).
Thus, we assessed whether alterations in SEs may drive the response of the mitosis
transcription factors identified above, and hence, the induction of mitotic catastrophe in
TNBC. We generated a SE map of MDA-MB-231 cells using H3K27Ac ChlP-seq and
compared the list of SE-containing genes to those regulated by JQ1. In MDA-MB-231 cells,
1038 genes have putative SEs, accounting for 3% of all genes, whereas 8.6% of genes whose
expression is altered by JQ1 contain super-enhancers (p<0.01) (Fig. 5A). This confirms prior
reports indicating that BETi-regulated genes are enriched for SEs when interrogating the full
complement of protein coding genes (16, 17). When examining the subset of 599 genes
identified as mitosis-associated genes by SuperPath (37), a larger percentage of these genes
contain a SE (~10%, p<0.005), yet there was no enrichment of SEs at mitosis genes
regulated by JQ1 compared to those that are not. Thus, while mitosis-associated genes
generally are more likely to contain a SE than other genes, the presence of a SE does not
dictate their response to BETi. Across the genome, genes that contain a SE undergo greater
repression by BETi than genes that lack a SE (Fig. 5B). However, when selectively
examining mitosis-associated genes, the extent of repression of these genes is independent
of the presence or absence of a SE (Fig. 5C). Lastly, we found no correlation between the
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strength of a gene’s enhancer score, defined by H3K27Ac presence under basal conditions,
with its extent of repression following JQ1 treatment (Fig. 5D).

To determine if any of the five mitosis-regulating transcription factors we identified as early
responders to BETi (FOXM1, E2F2, E2F8, LINY, and MYBL2) are associated with SEs, we
examined the ChlP-seq binding profiles for H3K27Ac at these genes. None of these genes
have putative SEs (Fig. 5D and E), even though a SE at MYCis readily detected. We also
examined a dataset of BRD4 binding profiles in a larger panel of TNBC cell lines compiled
by Shu et al. and confirmed in this additional dataset that these genes lacked SEs. Together,
these data indicate that disruption of SEs is unlikely to be the primary mechanism by which
BETi suppress mitosis-regulating transcription factors. Thus SE disassembly is not
responsible for the induction of mitotic catastrophe in response to BETi in TNBC. Rather,
mitotic catastrophe occurs as a result of the direct suppression of master regulators of
mitosis through the loss of typical BRD4 binding to the promotor regulatory regions of these
genes.

LIN9 is a key downstream effector of BET proteins

Of the five transcription factors evaluated above, three interact to modulate cell cycle
progression and prevent entry into senescence. LIN9 is one of five subunits of the MuvB
complex that works with FOXM1 and B-MYB (the protein product of MYBL2) to drive
expression of critical mitosis genes and ensure proper progression through the cell cycle
(44). To assess whether reduced expression of these three genes is responsible for the
observed mitotic defect that occurs with the loss of BET activity, or if E2F2and E2F8are
also necessary, we simultaneously silenced the expression of FOXM1, LINY, and MYBL2
using siRNA transfection. After five days, all three genes remained suppressed. More
importantly, the same cell cycle target genes suppressed by the set of five factors were also
inhibited with the loss of just FOXM1, LINY, and MYBLZ. Silencing these three factors also
caused the cells to become large and multinucleated (Supplementary Fig. S5A and B),
indicating that suppression of £2F2and E2F8were unnecessary for the mitotic response. We
then sought to determine which BET protein(s) is necessary for the expression of FOXM1,
LING, and MYBL2. \We used individual and pairwise siRNA transfections to silence BRDZ,
BRD3, and/or BRD4 for 72 hours. Only simultaneous loss of BRD2and BRD4 suppressed
expression of FOXM1, LINY, and MYBLZ2 (Supplementary Fig. S5C and D). These data
further affirm the selectivity of BETi in controlling the expression of these three genes.
Notably, we also found that silencing either BRD2 or BRD4 reduces BRD3 expression, and
this suppression is further enhanced when BRDZ2and BRD4 are silenced together
(Supplementary Fig. S5C and D). To our knowledge, this is the first time BRD2 and BRD4
have been shown to be necessary for sustained BRD3 expression.

We then determined if loss of just one of the mitosis-associated transcription factors is
sufficient for mediating the BETi response in TNBC by using siRNAs individually targeting
FOXM1, LING, or MYBLZ. As controls, we also individually silenced £2F2or E2F8. After
five days, expression of all targeted genes was reduced (Fig. 6A; Supplementary Fig. S6A).
However, only loss of L/N9altered the expression of cell cycle target genes in the same
direction as JQ1 (Fig. 6B; Supplementary Fig. S6B). In addition, silencing L/N9induced
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significant multinucleation that is comparable to that observed with JQ1 treatment (Fig. 6C).
This suggests that LIN9 is a principle target of BET proteins that is necessary for
maintaining mitotic progression.

To assess the clinical significance of LIN9 in human breast cancer, we interrogated
publically available datasets for changes in L/A9copy number or expression and found
L/N9is amplified or overexpressed in 24-29% of all breast tumors in the TCGA (32) and
METABRIC (33, 34) datasets. In the basal-like subset of breast cancers, L/N9is amplified
and/or overexpressed in 66% of TCGA samples (19% amplified, 65% overexpressed). We
assessed BETi-induced apoptosis in four TNBC cell lines (MDA-MB-231, HCC1143,
MDA-MB-468, and BT549) and found there is no difference in the extent of apoptosis in
cells with amplified vs. non-amplified but overexpressed LIN9 (data not shown). In contrast,
other subunits of the MuvB complex are amplified or overexpressed in less than 5% of all
breast cancers and less than 20% of basal-like cancers. Kaplan-Meier survival analysis
revealed high expression of L/N9is correlated with lower relapse-free (Fig. 6D) and overall
survival (Supplementary Fig. S7) rates in all breast cancer patients. Together, these data
implicate LIN9 as a driver of breast cancer, in general, and of TNBC, specifically. Given the
frequent amplification of L/N9in TNBC, it was possible that the absence of a SE at the
L/N9locus was due to DNA-content normalization used in the analysis of H3K27Ac ChiP-
seq data. However, the Cancer Cell Line Encyclopedia (45) revealed that L/N9is not
amplified in MDA-MB-231 cells. Further indicating that our approach would not eclipse SE
assignments due to amplification of a genomic locus, the MYC gene was identified as
having a SE even though MYC s highly amplified in these cells. Thus, L/N9amplification
often leads to its overexpression in the absence of a canonical SE and this expression can be
suppressed with BETI.

To infer the global potential of modulating L/N9expression as a mediator of BETI, we
identified genes whose expression is highly correlated (Pearson’s coefficient 7= 0.5) with
L/NGin breast cancer samples from TCGA and determined if these genes may be
particularly sensitive to BETi (Supplementary Table S2), reasoning this would implicate

L /N9 as being upstream of these correlated genes. This analysis revealed that most genes
whose expression does not correlate with L/N9 (r<0.5) in breast cancer samples are also
unresponsive to BETi in MDA-MB-231 cells (Fig. 6E). In stark contrast, the majority of
genes whose expression is highly correlated with L/A/9in breast cancer samples (= 0.5) are
suppressed by BETi in TNBC cells, with correlated genes being on average 2.5-3.2 fold
more repressed by BETi than non-correlated genes (Fig. 6F). Several genes whose
expression correlates with £/N9are co-amplified with this gene. To determine if BETi was
simply modulating expression of genes within the L/A9amplicon, we subdivided the group
of L/N%-correlated genes into those that reside on chromosome 1q and those that do not.
While a subset of genes on 1q are repressed by BETi, most are not. Furthermore, most of the
L/NGcorrelated genes that do not reside in this region are generally much more suppressed
by BETi (Fig. 6E). As a member of the MuvB complex, LIN9 interacts with 1,379 genes
across the genome in HelL a cells (44). To determine if BETi responsive genes can bind to
LIN9/MuvB, we interrogated this dataset and found that 27.4% of genes reported to bind
LIN9/MuvB are also regulated by JQ1 in TNBC cells. In contrast, only 8.9% of non-MuvB
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bound genes are modulated by JQ1 (p<0.01, Fig. 6G). Together, these data indicate LIN9 is
downstream of BET proteins and a major mediator of BETi in TNBC cells.

DISCUSSION

Identifying new therapeutic targets for TNBC is essential for improving outcomes of
patients with this disease. Using genetic and pharmacologic approaches, it is well-
established that the activity of BET proteins is essential for TNBC cell growth, /n vitro and
in vivo (9-13). However, the mechanism of action of BETi in this disease has not been fully
elucidated. To ensure effective clinical utilization of these drugs, it is critical to develop a
detailed understanding of their mechanisms of action. Such information will be key for
predicting which tumors are likely to respond and for the rational selection of drug
combinations. We recently showed that BETi produce two distinct responses, apoptosis and
senescence, and these are preceded by multinucleation, indicating BETi induce mitotic
dysfunction (12). Here, we report that BETi repress TNBC growth by inducing mitotic
catastrophe. In 2012, the International Nomenclature on Cell Death defined mitotic
catastrophe as an onco-suppressive mechanism that occurs in response to aberrant mitosis,
coincides with mitotic arrest, and induces any of three irreversible cell fates: death during
mitosis, apoptosis following mitotic exit, or senescence (3, 46). The study described herein
provides several lines of evidence substantiating the role of mitotic catastrophe in the BETi
response of TNBC cells. First, we found BETi suppress a large number of mitosis-regulating
genes, including several (K/IF20A, AURKA, AURKB, and FOXM1)whose loss is known to
cause mitotic catastrophe (3). Supporting the expression studies herein, Borbely et al. also
recently reported that BETi repress cell cycle gene expression in breast cancer (13). Second,
we found suppression of BET activity increases the amount of time cells spend traversing
mitosis with many becoming multinucleated, processes that are also associated with mitotic
catastrophe (3). Lastly, direct evidence of BETi-induced mitotic catastrophe was observed
when individual cells were followed through mitosis. Live cell imaging revealed JQ1 greatly
increases the number of cells that die during mitosis as well as the number that exit mitosis
and die soon thereafter. It is well-known that mitotic catastrophe induces senescence or
apoptosis, and this depends on the individual cell line (3). Both outcomes were observed in
response to BETi but were cell line-specific (12). Together, these data indicate a loss of BET
activity conveyed by BETi induces mitotic catastrophe which leads to apoptosis and
senescence in TNBC.

BETi induce apoptosis and senescence in TNBC while having no evident effect on the
normal mammary gland (12). This preferential impact on cancer cells compared to non-
transformed cells has been attributed to the disruption of SEs (16, 17, 47). BRD4
disproportionately binds to SEs, with about 30-40% of all bound BRD4 located at these
specialized regions of the chromatin (16, 17). Like other co-activators, BRD4 exhibits
cooperative binding. As a result, BRD4 inhibition causes greater downregulation of SE-
associated genes than typical enhancer-associated genes (16, 17). We now report that
inhibition of BET proteins also leads to extensive dysregulation of cell cycle genes that are
particularly active in cancer. Besides being more sensitive to the disruption of SEs, cancer
cells are also more susceptible to mitotic catastrophe than non-transformed cells (48). Thus,
we pose an alternative explanation for the cancer-specificity of BETi: specifically, these
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drugs induce mitotic catastrophe, at least in TNBC, and, because cancer cells are particularly
prone to this process, they initiate cell death or senescence pathways. Notably, none of the
genes we found to be functionally involved in the response of TNBC to BETi are associated
with SEs in MDA-MB-231 cells or a larger panel of TNBC cell lines (10). This suggests
disruption of SEs may not be essential for the inhibition of TNBC growth observed when
BET protein activity is suppressed. Indeed, we found that loss of a group of mitosis-
regulating transcription factors phenocopied the effects of BET suppression and none of
those genes contain a conventionally-defined SE.

The analysis described herein revealed that suppression of BET activity downregulates L/N9
as well as four additional mitosis-regulating transcription factors within six hours of
treatment. Of the five BETi-regulated transcription factors we investigated, only individually
silencing L/N9mimics BETi treatment by repressing mitosis-associated genes and inducing
multinucleation. LIN9 is reported to contribute to a variety of processes, including
embryonic development, progression through G2-phase, mitosis, and cytokinesis (41, 49,
50), and is a component of the Mammaprint breast cancer gene signature that predicts
metastasis (51). Along with LIN37, LIN52, LIN54, and RBBP4, LIN9 is a subunit of the
MuvB complex (1). During S phase, the MuvB complex interacts with B-MYB, and together
they drive the expression of late S-phase genes (44, 52). They then recruit FOXML1 to the
chromatin during G2 phase (52). B-MYB is phosphorylated and subsequently degraded by
the proteasome (44), while FOXM1 is phosphorylated and activated (53). Phosphorylated
FOXM1 and the MuvB complex remain bound to the DNA and regulate expression of genes
important for the G2/M transition and successful completion of mitosis, including AURKA,
AURKB, PLK1, and KIF20A (39, 49, 52), all of which are also suppressed with BETi
treatment. In addition, six mitotic kinesins (KIF4A, KIF23, KIF2C, KIF14, KIFC1, and
KIF20A) and two microtubule-associated non-motor proteins (PRC1 and CEP55) that have
known functions in mitosis and cytokinesis are direct targets of MuvB, B-MYB, and
FOXML in breast cancer (54). Expression of genes encoding these proteins as well as eight
additional mitotic kinesins (36) were downregulated following BETi treatment. Prior studies
have shown that loss of L/N9expression produces polyploid cells with aberrant nuclei and
induces senescence (49, 55). Thus, data presented herein not only confirm the impact of
LIN9 on mitosis, but also implicate LIN9 as an intermediate between BET proteins and
effective mitosis in TNBC.

Using the TCGA and METABRIC datasets, we found that L/N9is amplified or
overexpressed in 24-29% of all breast tumors and in 66% of basal-like tumors. High
expression of L/N9is also associated with poor survival of breast cancer patients.
Supporting a role for LIN9 in mediating the effects of BET proteins, we found that genes
highly correlated with LIN9 are more susceptible to BET suppression than those that are not.
Furthermore, genes harboring a MuvB binding site, indicative of LIN9 association, were
also more likely to be suppressed by JQ1. Together, these data suggest loss of LIN9
expression in response to BETi initiates a cascade of events wherein many cell cycle-
regulated genes are suppressed, mitosis is disrupted, and cells either become multinucleated,
die, or enter a prolonged interphase (Gg). These results also argue that breast cancers with
amplified or overexpressed L/N9may be more susceptible to BET inhibition and this
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possibility could be evaluated in clinical trials currently underway examining the efficacy of
BETi in TNBC patients.

In summary, direct BET protein binding is necessary to sustain expression of L/N9as well
as several additional mitosis-regulating transcription factors in TNBC. Loss of BET protein
activity through the use of BETi suppresses key cell cycle and mitosis genes causing mitotic
catastrophe. Reduced expression of L/N9alone can mimic the effects of BET protein
suppression, suggesting that it is a primary mediator of BETi. Notably, L/N9, as well as
genes encoding the other mitosis-associated transcription factors evaluated in this study, lack
super-enhancers, indicating that disruption of such elements is unnecessary for the mitotic
dysfunction observed with these inhibitors. Given the high rate of overexpression of L/N9in
breast cancers, these data suggest LIN9 may be a key vulnerability in breast cancers that can
be targeted with BETi. They further suggest BETi may be particularly effective when
combined with additional agents that increase cancer cell sensitivity to mitotic dysfunction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sustained BET activity is necessary for timely progression through mitosis
HCC38 and MDA-MB-231 cells were treated with vehicle or 1000 nM JQ1 and observed

via live-cell imaging for 96 hours. (A) Average percent confluency of HCC38 (left) and
MDA-MB-231 (right) cells over time. Data are means = SEM. (B) Quantitation of the length
of time required by individual TNBC cells to complete mitosis six hours after the addition of
vehicle or JQ1. Data are means = SEM (*=p<0.05 compared to vehicle). (C and D)
Representative live-cell images (20x) of HCC38 (C) and MDA-MB-231 (D) cells treated
with vehicle or 1000 nM JQ1. Numbers indicate minutes following the initiation of mitosis.
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Figure 2. BET inhibitors promote mitosis-associated death or prolonged interphase
(A) Pie chart showing the percentage of vehicle- and JQ1-treated HCC38 cells that

underwent different mitosis-associated cell fates: exit and divide (blue), exit and die (black),
or die in mitosis (white). Vehicle versus JQ1 for all three outcomes, p<<0.001. (B)
Quantitation of the length of time for HCC38 cells to divide again (blue dots) or die (black
dots) following mitotic exit. p<0.05 compared to vehicle. (C) Comparison of the duration of
mitosis of individual JQ1-treated HCC38 cells that die in mitosis, exit mitosis and die, or
exit mitosis and divide. Die in Mitosis versus Exit and Die, p<0.05. (D) Pie chart showing
the percentage of vehicle- and JQ1-treated MDA-MB-231 cells that underwent different
post-mitotic cell fates: exit and divide (blue), exit and die (black), or prolonged interphase
(grey). Vehicle versus JQ1 for all three outcomes, p<<0.001. (E) Quantitation of the length
of time for MDA-MB-231 cells to divide again (blue dots) or die (black dots) following
mitotic exit. p<0.05 compared to vehicle. For all graphs, each dot represents an individual
cell, and red lines are mean + SEM.
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Figure 3. BET activity is necessary for sustained expression of cell cycle-associated genes
(A-C) MDA-MB-231 and HCC70 cells were treated for 72 hours with vehicle or 500 nM

JQ1 and transcriptomes were analyzed using Affymetrix Human Gene 2.0 ST expression
microarrays. (A) Venn diagram showing the number of genes whose expression significantly
changed in each cell line as well as the number of genes commonly altered in both. (B) Top
5 non-overlapping Reactome terms for MDA-MB-231 (left) and HCC70 (right) cells. (C)
GSEA of cell cycle-classifying genes whose expression was altered by JQ1 in MDA-
MB-231 and HCC70 cells. (D-F) RT-gPCR analysis of three cell cycle/mitosis genes
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(CCNBI1, KIF20A, and PLK1I) in four TNBC cell lines treated with vehicle or 500 nM JQ1
for 24 hours. (G) RT-gPCR analysis of cell cycle and mitosis genes (CCNBI, KIF20A,
PLKI1, and KIF2C) in MDA-MB-231 (n=5) and MDA-MB-468 (n=10) tumors from
orthotopically xenografted mice treated with vehicle or JQ1. (H) Volcano plots depicting
MRNA log?2 fold changes versusthe corresponding logyg p-values for genes whose
expression significantly changes in response to JQ1 in MDA-MB-231 (right) and HCC70
(left) cells after 72 hours. Red dots indicate genes that are critical for mitosis. For all bar
graphs, data are presented as means + SD (*=p<0.05 compared to vehicle).
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Figure 4. BET proteins directly modulate the mitotic transcriptional program
(A) RT-gPCR quantitation of the expression of selected mitosis-controlling transcription

factors in MDA-MB-231 cells treated with vehicle or 500 nM JQ1 for 6 hours. (B and C)
RT-gPCR analysis of BETi-repressed genes in tumors from vehicle- or JQ1-treated mice
harboring (B) MDA-MB-231 (n=5) or (C) MDA-MB-468 (n=10) tumors. (D)
Representative gene-specific ChlIP-PCR analysis of MDA-MB-231 cells assessing binding
of BRDA to selected genes encoding mitosis-controlling transcription factors following
treatment with vehicle or 500 nM JQ1 for 24 hours. For all graphs, data are presented as
means + SD (*=p<0.05 compared to vehicle or siNS).
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Figure 5. BETi suppress mitosis transcription factors in the absence of super-enhancers
Binding of H3K27Ac in MDA-MB-231 cells was analyzed using ChlP-seq. These data were

compared with data generated from JQ1-treated MDA-MB-231 cells analyzed by gene
expression microarray. (A) Number of genes in MDA-MB-231 cells that are associated with
super-enhancers (SE genes) or lack super-enhancers (Non-SE genes). Total genes = all genes
expressed in MDA-MB-231 cells based on microarray data. Mitosis genes = 599 genes
identified by SuperPath as critical for mitosis. Percentages indicate the percent of genes that
contain super-enhancers. (B) Violin plots depicting fold change in gene expression of SE-
associated genes and non-SE-associated genes for all genes expressed in MDA-MB-231
cells (p=4.2x10715). (C) Violin plots depicting fold change in gene expression of SE-
associated genes and non-SE-associated genes for mitosis genes. (D) Heatmap showing log2
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fold change in expression of all JQ1-regulated genes in MDA-MB-231 cells ranked
according to enhancer strength. The black line indicates the cut-off between SEs and typical
enhancers. Four of the five BETi-regulated mitosis-regulating transcription factors are listed.
MYBLZ2is absent because it lacks a specific enrichment of H3K27Ac binding within 10 kbp
of its promoter. (E) ChIP-seq binding profiles for H3K27Ac at the promoter regions for five
mitosis-regulating transcription factors. MYCis shown as a representative SE-associated
gene.
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Figure 6. LIN9 mediates the effects of BET inhibition
(A) Confirmation of siRNA-mediated knockdown of L/N9in MDA-MB-231 cells after five

days. Inset is a representative western blot showing suppression of L/AN9substantially
reduces LIN9 protein. (B) RT-gPCR analysis of BETi-target genes in MDA-MB-231 cells
following L/N9silencing. (C) Representative images (20x) of MDA-MB-231 cells
following L/N9silencing that were stained with DAPI (blue, nuclei) and Texas Red-X
phalloidin (red, actin cytoskeleton). MDA-MB-231 cells treated with 500 nM JQ1 are
included as a comparison. Arrows indicate multinucleated cells. (D) Kaplan-Meier curve of
relapse-free survival for breast cancer patients with high and low expression of L/N9. (E)
Violin plots depicting BETi-induced expression (log2 fold change) of genes that are not
correlated (r<0.5) or are correlated (r=0.5) with L/N9expression. The right side of the panel
depicts subdivision of genes that were correlated with L/N9 (r=0.5) according to residence
on chromosome 1q versustheir responsiveness to JQ1 (p-value for /<0.5 vs. r=0.5 =
1.8x10747; p-value for 720.5 on 1q vs. not on 1q = 1.2x107°). r= Pearson’s coefficient. (F)
Absolute fold change in expression following JQ1 treatment of genes that are highly
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correlated with L/N9expression (/20.5) and those that are moderately or not correlated
(r<0.5) in the TCGA and METABRIC datasets. (G) Percent of genes changed with JQ1 that
are bound by LIN9 or not bound by LIN9 (p<<0.001). For panels A, B, and C, data are
presented as means + SD (*=p<0.05 compared to vehicle or SiNS).
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