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BRD4 is well known for its role in super-enhancer organization and
transcription activation of several prominent oncogenes including
c-MYC and BCL2. As such, BRD4 inhibitors are being pursued as
promising therapeutics for cancer treatment. However, drug resis-
tance also occurs for BRD4-targeted therapies. Here, we report that
BRD4 unexpectedly interacts with the LSD1/NuRD complex and
colocalizes with this repressive complex on super-enhancers. Inte-
grative genomic and epigenomic analyses indicate that the BRD4/
LSD1/NuRD complex restricts the hyperactivation of a cluster of
genes that are functionally linked to drug resistance. Intriguingly,
treatment of breast cancer cells with a small-molecule inhibitor of
BRD4, JQ1, results in no immediate activation of the drug-resistant
genes, but long-time treatment or destabilization of LSD1 by PELI1
decommissions the BRD4/LSD1/NuRD complex, leading to resis-
tance to JQ1 as well as to a broad spectrum of therapeutic com-
pounds. Consistently, PELI1 is up-regulated in breast carcinomas, its
level is negatively correlated with that of LSD1, and the expression
level of the BRD4/LSD1/NuRD complex–restricted genes is strongly
correlated with a worse overall survival of breast cancer patients.
Together, our study uncovers a functional duality of BRD4 in super-
enhancer organization of transcription activation and repression
linking to oncogenesis and chemoresistance, respectively, support-
ing the pursuit of a combined targeting of BRD4 and PELI1 in effec-
tive treatment of breast cancer.
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Bromodomain-containing protein 4 (BRD4), along with
BRD2, BRD3, and testes/oocyte-specific BRDT, constitutes

the bromodomain and extraterminal (BET) protein family in
mammals (1). At the molecular level, these proteins act as epi-
genetic readers to specifically recognize acetylated lysine on his-
tones (2), and biologically, the BET family is implicated in a
broad spectrum of cellular processes such as cell proliferation,
differentiation, metabolism, and DNA repair (3–6).

BRD4 is the best-characterized member of the BET family.
Initially identified in the mammalian Mediator complex (7), a
multiprotein assembly that links transcription factors to RNA
polymerase II (Pol II), BRD4 is subsequently described as a
general regulator for Pol II–dependent transcription through
interaction with P-TEFb (8). Consistently, analysis of the geno-
mic landscape of BRD4 found that BRD4 is associated with
essentially all active promoters and a significant proportion of
active enhancers in the genome of various normal and trans-
formed cell types (9, 10). In concordance with its general role
in transcription regulation, BRD4 has also been implicated in
multiple pathological states, particularly inflammation, obesity,
and tumorigenesis including midline carcinoma (11), acute
myeloid leukemia (12), gastric cancer (6), and breast cancer
(13). The tumorigenic potential of BRD4 has been largely
attributed to its role in enhancing transcription elongation of

genes such as c-MYC (14) and BCL2 (15) that are essential for
the cell cycle and apoptosis. As such, BET proteins are being
pursued as exciting novel targets for cancer treatment. Potent
BET inhibitors with promising antitumor efficacy in a number
of preclinical cancer models have been developed in recent
years, and encouraging signs of efficacy in suppressing tumor
growth by repressing the expression of oncogenes have already
been reported (14). One of the BET inhibitors is JQ1 (16), a
small molecule that occupies the bromodomain pocket of BET
proteins with a high affinity in a manner that is competitive
with acetylated histones. However, drug resistance also occurs
for JQ1 (17, 18). Considering a wide range of sensitivity to JQ1,
the intrinsic nature of JQ1 resistance needs to be explored to
gain an optimal efficacy in epigenetic therapies.

Super-enhancers are clusters of enhancers that are occupied by
master regulators such as Oct4, Sox2, BRD4, and Mediator (19,
20) in close genomic proximity. These enhancers are demarcated
by certain epigenetic signatures, such as high enrichments of his-
tone 3 lysine 4 monomethylation (H3K4me1) and H3K27 acetyla-
tion (H3K27ac) (21, 22). It is believed that super-enhancers
govern lineage-specific gene expression and regulate oncogene
activation to drive tumorigenesis (23). Accordingly, inhibition of
super-enhancer–dependent transcription also represents a prom-
ising therapeutic strategy for cancer intervention (24, 25). Interest-
ingly, further genome-wide analyses indicated that BRD4 is
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preferentially bound to super-enhancers (9, 10). Indeed, it was
shown that super-enhancer–associated genes are highly sensitive
to JQ1 (24). Nevertheless, the functional link between super-
enhancers and JQ1 resistance is poorly understood.

The vertebrate Mi-2/nucleosome–remodeling and deacety-
lase (NuRD) complex is a multisubunit protein assembly that
possesses both chromatin-remodeling ATPase and histone
deacetylase and functions in transcription repression (26, 27).
The NuRD complex contains several subunits whose pattern of
expression is heterogeneous in different cell and tissue types,
conferring this assembly with additional regulatory capacity and
unique property (28). We reported previously that lysine-
specific demethylase 1 (LSD1) is enlisted to the NuRD com-
plex, expanding the enzymatic repertoire of this complex to
include a histone demethylase (29). Owing to its importance in
the regulation of histone methylation dynamics, LSD1 has also
been implicated in various disease states (30, 31) and is also
being pursued as a therapeutic target for cancers (32). How-
ever, despite the role of LSD1 in transcription regulation and
the significance of its catalyzed demethylation of H3K4me1/2,
the influence of LSD1 on the function of super-enhancers has
been largely unexplored.

Pellino (PELI) proteins are signal-responsive ubiquitin ligases
that are characterized by a cryptic fork head–associated domain
for substrate recognition and an atypical RING domain catalyz-
ing K63- or K48-linked polyubiquitination (33). Recent studies
indicate that these proteins play important roles in innate immu-
nity, DNA repair, and tumorigenesis (34, 35). Specifically, loss of
PELI1 leads to hyperactivation and nuclear accumulation of
c-Rel that contribute to the development of autoimmune disease
(33); in diffuse large B-cell lymphoma, PELI1 expression is posi-
tively correlated with the expression of MYC, BCL6, BCL2, and
MUM1 (34, 36), and high expression of PELI1 is associated with
a frequent bone-marrow dissemination and shorter relapse-free
survival (36). However, the potential role for PELI1 in breast car-
cinogenesis is currently unknown.

In the current study, we report an unexpected interaction of
BRD4 with the LSD1/NuRD repression complex. We show
that the BRD4/LSD1/NuRD complex physically occupies
super-enhancers and functionally restricts the activation of a
panel of genes including those that have well-established roles
in drug resistance. We find that long-time treatment of breast
cancer cells with BRD4 inhibitor JQ1 or destabilizing LSD1 by
PELI1 decommissions the BRD4/LSD1/NuRD complex, lead-
ing to resistance to JQ1 as well as to a broad spectrum of
antitumor compounds. We explore the clinicopathological
significance of the PELI1-LSD1-BRD4/LSD1/NuRD axis in
breast carcinogenesis.

Results
BRD4 Is Physically Associated with the LSD1/NuRD Complex. The
molecular mechanism underlying breast carcinogenesis has
long been the focus in our laboratory (29, 37–40). In order to
further explore the role of BRD4 in the development and pro-
gression of breast cancer and to gain mechanistic insights into
the drug resistance to JQ1, we first profiled the expression pat-
tern of BRD4 in different breast cancer cell lines. Cellular pro-
teins were extracted and analyzed by Western blotting with a
monoclonal antibody against BRD4. The results showed that
endogenous BRD4 is a protein with a molecular weight of
∼172 kDa and that BRD4 is expressed at variable levels in dif-
ferent cell lines (Fig. 1A).

We then employed immunoaffinity purification-coupled mass
spectrometry to interrogate the BRD4 interactome in vivo. To
this end, FLAG-tagged BRD4 (FLAG-BRD4, NM_058243.3)
was stably expressed in human breast adenocarcinoma MCF-7
cells. Cellular extracts were prepared and subjected to

immunoaffinity purification using anti-FLAG M2 magnetic
beads. The bound proteins were eluted, resolved, and visualized
by silver staining on sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE). Mass spectrometric analysis
revealed that BRD4 was copurified with TP53, JMJD6,
WHSC1L1, and two components of the P-TEFb complex,
CDK9 and CCNT1 (Fig. 1B), all known to interact with BRD4
(8, 41–43). Unexpectedly, LSD1, CHD4, MTA2, MTA3,
HDAC1, HDAC2, and RBBP4/7, all the components of the
LSD1/NuRD complex (29), were also detected in the BRD4
interactome (Fig. 1B). Copurification of the components of the
LSD1/NuRD complex with BRD4 was verified by Western blot-
ting of column-bound proteins with antibodies against the cor-
responding proteins (Fig. 1B). The detailed result of the mass
spectrometry is provided in SI Appendix, Table S1.

To confirm the interaction of BRD4 with the LSD1/NuRD
complex, coimmunoprecipitation experiments were carried
out in MCF-7 cells with antibodies detecting endogenous pro-
teins. Immunoprecipitation with antibodies against BRD4 fol-
lowed by immunoblotting with antibodies against LSD1,
CHD4, MTA2, MTA3, HDAC1, HDAC2, or RBBP4/7
demonstrated that all these proteins were efficiently coimmu-
noprecipitated with BRD4 (Fig. 1C). Reciprocally, immuno-
precipitation with antibodies against LSD1, CHD4, or MTA3
followed by immunoblotting with antibodies against BRD4
also showed that BRD4 was efficiently coimmunoprecipitated
with these components of the LSD1/NuRD complex (Fig. 1C).
Similar results were also obtained in human breast carcinoma
T-47D cells as well as in human embryonic kidney (HEK)
293Tcells (Fig. 1C).

To further support the interaction between BRD4 and the
LSD1/NuRD complex, nuclear proteins from MCF-7 cells were
fractionated by fast protein liquid chromatography (FPLC) with
Superose 6 columns and a high salt extraction and size-exclusion
approach. Notably, native BRD4 in MCF-7 cells was eluted with
an apparent molecular mass much greater than that of the
monomeric protein; BRD4 immunoreactivity was detected in
chromatographic fractions with a relative peak centered
between 669 and 2,000 kDa (Fig. 1D). Importantly, the chro-
matographic pattern of BRD4 largely overlapped with that of
the components of the LSD1/NuRD complex (Fig. 1D). In addi-
tion, analysis of FLAG-BRD4 affinity elutes from FPLC after
Superose 6 gel filtration showed that the majority of the purified
FLAG-BRD4 existed in a multiprotein complex, which peaked
in fractions 18 and 20 and contained the subunits of the LSD1/
NuRD complex (Fig. 1D). The BRD4 elution pattern also over-
lapped with that of the P-TEFb complex between 158 and 440
kDa (Fig. 1D). Together, these results support the existence of
the BRD4/LSD1/NuRD complex in vivo.

To substantiate the interaction of BRD4 with the LSD1/
NuRD complex and to investigate the molecular detail involved
in the interaction of these proteins, glutathione S-transferase
(GST)-fused BRD4 deletion mutants were generated in which
the N-terminal bromodomains (ΔBD) or the carboxyl terminus
(ΔCT) were deleted (Fig. 1E). GST pull-down assays with bacte-
rially purified GST-fused BRD4 deletion mutants and in vitro–-
transcribed/translated components of the LSD1/NuRD complex
including LSD1, MTA2, MTA3, HDAC1, and HDAC2 showed
that BRD4 was capable of interacting with LSD1 but not with
the other components of the LSD1/NuRD complex that we
tested and that the carboxyl-terminal region of BRD4 was
responsible for mediating the interaction of BRD4 with LSD1
(Fig. 1E). GST pull-down experiments with GST-fused LSD1
and in vitro–transcribed/translated BRD4 corroborated these
observations (Fig. 1E). Collectively, the results in GST pull-
down assays further indicate that BRD4 interacts with the
LSD1/NuRD complex in vivo.
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Fig. 1. BRD4 is physically associated with the LSD1/NuRD complex. (A) BRD4 expression in breast cancer cell lines. Cellular proteins were extracted from
the indicated cell lines for Western blotting analysis using a monoclonal antibody against BRD4. (B) Immunopurification and mass spectrometry analysis
of BRD4-associated proteins. Cellular extracts from FLAG-BRD4–expressing MCF-7 cells were subjected to affinity purification with anti-FLAG affinity
columns and eluted with excess FLAG peptides. The elutes were resolved by SDS-PAGE and silver stained (Left). The protein bands were retrieved and ana-
lyzed by mass spectrometry. Column-bound proteins were analyzed by Western blotting using antibodies against the indicated proteins (Right). (C) Coim-
munoprecipitation assays in MCF-7 cells, T-47D cells, or HEK 293T cells with anti-BRD4 followed by immunoblotting (IB) with antibodies against the indi-
cated proteins or with antibodies against the indicated proteins followed by IB with anti-BRD4. (D) Cofractionation of BRD4 and the LSD1/NuRD complex
by FPLC in MCF-7 cells or FLAG-BRD4–expressing MCF-7 cells. Chromatographic elution profiles and IB of the chromatographic fractions are shown. Equal
volume from each fraction was analyzed and the elution positions of the calibration proteins with known molecular masses (Kilodaltons, kDa) are indi-
cated. (E) Schematic diagrams of BRD4 deletion mutants (Upper). GST pull-down assays with bacterially expressed GST or GST-fused BRD4 deletion
mutants and in vitro–transcribed/translated individual components of the LSD1/NuRD complex as indicated (Lower Left). Reciprocal GST pull-down experi-
ments with GST-fused LSD1 and in vitro–transcribed/translated BRD4 as indicated (Lower Right).
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BRD4 and the LSD1/NuRD Complex Occupy Super-Enhancers. Given
that BRD4 is preferentially bound to super-enhancers (9, 10)
and our observation that BRD4 is associated with the LSD1/
NuRD complex, we thus asked the question whether BRD4
and the LSD1/NuRD complex are colocalized at super-
enhancers. To this end, we first performed the proximity liga-
tion assay (PLA) in HeLa cells with antibodies against BRD4,
LSD1, and MTA3 and found that BRD4 was in proximity with
the components of the LSD1/NuRD complex but not with
HDAC3, which was included as a negative control (Fig. 2A).

Rapid immunoprecipitation-coupled mass spectrometry
(RIME) of endogenous proteins was then performed in MCF-7
cells in which cross-linked complexes were immunoprecipitated
with antibodies against BRD4, LSD1, MTA3, or H3K4me1.
Mass spectrometric analysis of digested immunoprecipitates
revealed that BRD4 was copurified with almost all the compo-
nents of the LSD1/NuRD complex, including LSD1, MTA2,
MTA3, HDAC1, HDAC2, GATAD2A, GATAD2B, and MBD3
(Fig. 2B), consistent with the observations in Fig. 1 and further
reinforcing the physical interaction of BRD4 with the LSD1/
NuRD complex. Importantly, the LSD1 interactome contained,
in addition to the subunits of the NuRD complex, including
MTA1, MTA2, GATAD2B, HDAC1, HDAC2, RBBP4/7, sev-
eral proteins, including BRD4 and MED1, that are known to
reside at super-enhancers (20) (Fig. 2B). Likewise, interrogation
of the MTA3 interactome found, apart from the components of
the NuRD complex, a number of proteins, including BRD4,

MED1, ZMYND8, and KDM5C, that are known to localize at
super-enhancers (20, 44) (Fig. 2B), and, remarkably, a total of
327 proteins from the BRD4/LSD1/NuRD complex interactome
were shared by the interactome of H3K4me1 (Fig. 2C). These
observations strongly support the notion that the BRD4/LSD1/
NuRD complex occupies super-enhancers (Fig. 2D), consistent
with the role of BRD4 in super-enhancer organization (20, 24).

Genomic Landscape of the BRD4/LSD1/NuRD Complex in Breast
Cancer Cells. As mentioned earlier, BRD4 is a transcriptional
activator (8). The identification of the physical association of
BRD4 with the LSD1/NuRD complex was unexpected, as the
LSD1/NuRD complex is known to act in transcription repres-
sion (29, 45). To explore the functional significance of the physi-
cal association between BRD4 and the LSD1/NuRD complex at
super-enhancers, chromatin immunoprecipitation-coupled mas-
sive parallel DNA sequencing (ChIP-seq) experiments were per-
formed in MCF-7 cells using antibodies against BRD4, LSD1,
MTA3, H3K4me1, and H3K27ac. With Model-based Analysis of
ChIP-seq version 2 (MACS2) (46) and a q value cutoff of 0.05,
43,300 BRD4-binding peaks, 65,574 LSD1-binding summits,
40,264 MTA3-binding sites, 149,985 H3K4me1-enriched peaks,
and 94,907 H3K27ac-enriched peaks were called. These peaks
were then annotated by specific genic features using the ChIP-
seeker R Bioconductor package (47) with promoter specifica-
tion centered on ±3,000 bp of the transcription start site (SI
Appendix, Fig. S1A). The targeted sequences by BRD4, LSD1,
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Fig. 2. BRD4 and the LSD1/NuRD complex occupy super-enhancers. (A) Confocal microscopic analysis for the subcellular localization of BRD4 and the
LSD1/NuRD complex. HeLa cells were fixed and immunostained with antibodies against BRD4, LSD1, or MTA3. PLA signals were detected predominantly
in cell nuclei (green), and DAPI staining was included to visualize the nucleus (blue). (Scale bars: 50 μm.) (B) The interactome of BRD4, LSD1, and MTA3
was analyzed by RIME assays in MCF-7 cells with the indicated antibodies followed by mass spectrometry. The data are represented as word clouds, in
which the size of the protein names represents the strength and confidence of the interactions based on the unique peptides. (C) Venn diagram of
chromatin-bound BRD4/LSD1/NuRD and H3K4me1. The STRING analysis of BRD4, LSD1, MTA3, and H3K4me1 interactomes in MCF-7 cells is shown. (D)
Schematic representation of the interaction between BRD4 and the LSD1/NuRD complex at enhancers.
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and MTA3 were then cross-analyzed and stitched if there was at
least 1-bp overlap among them, and these sequences were con-
sidered to be the targets of the BRD4/LSD1/NuRD complex.
Venn diagram and Genome Browser tracking showed a signifi-
cant overlap between LSD1-, MTA3-, and BRD4-binding
events, yielding a total of 22,577 targets that were cobound by
BRD4, LSD1, and MTA3 (SI Appendix, Fig. S1B). Heatmap
analysis of the binding patterns revealed that LSD1 and MTA3
were indeed significantly enriched in regions surrounding BRD4
summits (SI Appendix, Fig. S1C). Significantly, HOMER
(Hypergeometric Optimization of Motif EnRichment) (http://
homer.ucsd.edu/homer/) analysis of the BRD4, LSD1, and
MTA3 peaks also revealed that the binding summits of BRD4,
LSD1, and MTA3 indeed contained similar sequence motifs (SI
Appendix, Fig. S1D), strongly supporting the physical interaction
and functional connection between BRD4 and the LSD1/NuRD
complex. Importantly, comparing the characteristic genomic
landscapes of BRD4, LSD1, and MTA3 indicated that these
proteins were indeed significantly enriched in regions surround-
ing 3,000 bp of the H3K4me1 or H3K27ac ChIP-seq peaks,
which had at least 1-bp overlap with BRD4 binding sites (SI
Appendix, Fig. S1E), consolidating the notion that the BRD4/
LSD1/NuRD complex occupies super-enhancers.

To substantiate the argument that the BRD4/LSD1/NuRD
complex is localized at super-enhancers, Rank Ordering of
Super-Enhancers (ROSE) was utilized to identify super-
enhancers (19). With a ROSE-estimated optimal cutoff of the
H3K4me1 signal as 22,794.36, a total of 873 super-enhancers
were identified (Fig. 3A). Strikingly, among these 873
H3K4me1–defined super-enhancers, 870 were coenriched with
BRD4, LSD1, MTA3, and H3K4me1, only two were coenriched
with LSD1, MTA3, and H3K4me1 and only one was coenriched
for BRD4, LSD1, and H3K4me1 (Fig. 3B). With a ROSE-
estimated optimal cutoff of the H3K27ac signal as 29,869.0058,
a total of 918 super-enhancers were identified (Fig. 3C). Com-
bined with previous studies that BRD4 interacts with the
P-TEFb complex and stimulates Pol II–dependent transcrip-
tional elongation, we further analyze the functional roles of the
BRD4/Pol II complex and the BRD4/LSD1/NuRD complex at
super-enhancers. With a q value cutoff of 0.05, 77,101 Pol
II–binding peaks were called. The peaks of BRD4 were stitched
if there was an at least 1-bp overlap with LSD1 and MTA3
peaks or with Pol II peaks and then cross-analyzed with super-
enhancers defined by H3K4me1 or H3K27ac. Stacked plots
showed that the BRD4/LSD1/NuRD complex largely occupied
H3K4me1-defined super-enhancers, whereas the BRD4/Pol II
complex occupied H3K27ac-defined super-enhancers (Fig. 3D).
Strikingly, tag density of BRD4, LSD1, MTA3, H3K4me1,
H3K27ac, and Pol II was remarkably different across distinct
groups of BRD4 peaks, which had at least 1-bp overlap with
super-enhancers defined by H3K4me1 or H3K27ac peaks (Fig.
3E), further supporting the notion that BRD4 executes different
functions at different super-enhancers through interacting with
different complexes. Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis using the R Bioconductor
clusterProfiler package (48) with a Benjamini–Hochberg adjusted
P value cutoff of 0.05 for the genes that were cobound by BRD4,
LSD1, and MTA3 revealed that the BRD4/LSD1/NuRD
complex–directed super-enhancers influence several prominent
cellular signaling pathways, including autophagy, Hippo, and
WNT pathways that are critically involved in cell proliferation,
survival, or homeostasis (Fig. 3F). The detailed results are pro-
vided in SI Appendix, Table S2. Interestingly, a collection of the
genes that are implicated in these signaling pathways, including
WNT4 (49), LRP5 (50), BRAF (51), GNA13 (52), PDPK1 (53),
SPHK1 (54), PRKCA (55), and CREB1 (56), have well-
recognized roles in drug resistance. Further genomic profiling of
the components of the BRD4/LSD1/NuRD complex showed a

significant enrichment of these components at the locus of
WNT4, PDPK1, LRP5, andGNA13 (Fig. 3G). In addition, quanti-
tative ChIP (qChIP) analysis in MCF-7 cells using specific anti-
bodies against BRD4 or LSD1 on the enhancer of a panel of
selected genes including WNT4, LRP5, BRAF, GNA13, PDPK1,
SPHK1, PRKCA, and CREB1 showed a strong enrichment of
BRD4 and LSD1 on the enhancer of these genes (Fig. 3H).
Moreover, real-time RT-PCR analysis of the expression of the
representative genes, including WNT4, PDPK1, LRP5, and
GNA13, in BRD4- or LSD1-depleted MCF-7 cells showed that
knockdown of either BRD4 or LSD1 indeed resulted in an
increase in the expression of these genes (Fig. 3I).

To verify that BRD4 and the LSD1/NuRD complex occupy the
enhancer of their target genes as one protein complex, sequential
ChIP or ChIP/Re-ChIP (sequential chromatin immunoprecipita-
tion) experiments were performed on the enhancer of two repre-
sentative target genes, GNA13 and PDPK1. In these experiments,
soluble chromatins were first immunoprecipitated with antibodies
against BRD4, and the immunoprecipitates were subsequently
reimmunoprecipitated with antibodies against LSD1. The results
showed that, in precipitates, the enhancer of GNA13 and PDPK1
that was immunoprecipitated with antibodies against BRD4 could
be reimmunoprecipitated with antibodies against LSD1 (Fig. 3J).
Similar results were obtained when the initial ChIP was done with
antibodies against LSD1 (Fig. 3J). Collectively, these observations
support the notion that BRD4 and the LSD1/NuRD complex are
physically and functionally associated with super-enhancers to
restrict the activation of a panel of genes including those that are
well recognized for drug resistance.

Decommissioning the BRD4/LSD1/NuRD Complex Leads to JQ1
Resistance. As stated earlier, BRD4 inhibitors are being pursued
as novel targets for cancer treatment, and effective BRD4 inhibi-
tors with promising antitumor efficacy have been developed in
several preclinical cancer models with encouraging signs of effi-
cacy in suppressing tumor growth (14). However, probably not
surprisingly, drug resistance also occurs for BRD4 inhibitors such
as JQ1 (17, 18). Given our observations that the BRD4/LSD1/
NuRD complex acts to restrict the activation of drug-resistant
genes, we next investigated the functional relationship between
JQ1 and the BRD4/LSD1/NuRD complex in the context of anti-
tumor effect and drug resistance. To this end, MCF-7 cells were
treated with JQ1 for different periods of time, and the prolifera-
tion of these cells was then analyzed using cell counting kit
8 (CCK8). Notably, JQ1 treatment was associated with an inhib-
ited proliferation of MCF-7 cells, an effect that lasted for about
3 wk (SI Appendix, Fig. S2A). Nonetheless, drug resistance
emerged in MCF-7 cells after about 4 wk of JQ1 treatment; the
proliferation of MCF-7 cells was no longer inhibited by JQ1 treat-
ment (SI Appendix, Fig. S2A). Analysis by qChIP indicated that
JQ1 treatment led to a decreased occupancy of BRD4 on the
enhancer of GNA13 and PDPK1 genes, even at an early stage of
JQ1 treatment (SI Appendix, Fig. S2B), which is expected. How-
ever, intriguingly, the enrichment of LSD1 and MTA3 persisted
for up to 3 wk of JQ1 treatment; the occupancy of LSD1 and
MTA3 on the enhancer of GNA13 and PDPK1 genes also dimin-
ished after 4 wk of JQ1 treatment (SI Appendix, Fig. S2B). In
agreement, qPCR analysis showed that the expression of GNA13
and PDPK1 increased significantly in MCF-7 cells only after 4 wk
of JQ1 treatment (SI Appendix, Fig. S2C). Thus, it appears that a
short treatment of JQ1 only affects the chromatin binding of
BRD4, whereas a longer treatment leads to a disappearance of
the chromatin binding of the LSD1/NuRD complex, an event cor-
responding to JQ1 resistance. This scenario is consistent with the
repression of the drug-resistant genes by the LSD1/NuRD com-
plex. Based on the role of BRD4 as a general regulator for super-
enhancer organization (20, 24), if our interpretation is correct, it
means that the function of BRD4 in the BRD4/LSD1/NuRD
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age. The details of the ChIP-seq experiments are provided in Materials and Methods, and results from the pathway analysis are provided in SI Appendix, Table
S2. (G) Snapshot of BRD4, LSD1, MTA3, H3K4me1, and H3K27ac signals at the locus of WNT4, PDPK1, LRP5, and GNA13 by Integrative Genomics Viewer (IGV).
(H) qChIP verification of ChIP-seq results on the enhancer of the indicated genes with antibodies against the indicated proteins in MCF-7 cells. Results are pre-
sented as fold of change over control. Each bar represents the mean ± SD for triplicate experiments (*P < 0.05, and **P < 0.01). (I) qPCR analysis of the expres-
sion of the indicated genes selected from ChIP-seq results in MCF-7 cells under depletion of BRD4 or LSD1 using lentivirus-delivered shRNA. Each bar represents
the mean ± SD for triplicate experiments (*P < 0.05, and **P < 0.01). The knockdown efficiency was validated byWestern blotting. (J) ChIP/Re-ChIP experiments
on the enhancer of the indicated genes with antibodies against the indicated proteins in MCF-7 cells.
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complex on chromatin is to organize super-enhancers in a way
that fosters a proper chromatin environment conducive to the
recruitment of the LSD1/NuRD complex. Moreover, the observa-
tions in SI Appendix, Fig. S2 B and C also point to a scheme that
once it is recruited to chromatin, the LSD1/NuRD complex can
bind to thus repress the target genes for a longer time. However,
a sustained chromatin binding of the LSD1/NuRD complex, and
thus the repression of target genes, requires a sustained super-
enhancer organization by BRD4. To support this notion, MCF-7
cell clones with BRD4 stably depleted with lentivirus-delivered
small hairpin RNA (shRNA) were generated, and the recruit-
ment of the LSD1/NuRD complex on the enhancer of GNA13
and PDPK1 genes in these cells was measured by qChIP. The
results showed that without BRD4, the binding of the LSD1/
NuRD complex on target genes was not detected (SI Appendix,
Fig. S2D). Remarkably, however, reconstitution of BRD4 expres-
sion by ectopic expression of an shRNA-resistant BRD4 con-
struct in these cells resulted in the detection of the LSD1/NuRD
complex on the enhancer of GNA13 and PDPK1 genes (SI
Appendix, Fig. S2D). Additionally, MCF-7 cell clones with LSD1
stably depleted with lentivirus-delivered shRNA were collected,
and the recruitment of BRD4 on the enhancer of GNA13 and

PDPK1 in these cells was measured by qChIP. The results showed
that depletion of LSD1 had no effect on the recruitment of
BRD4 to the enhancers (SI Appendix, Fig. S2D), strongly sup-
porting the argument that BRD4 is required for the recruitment
of the LSD1/NuRD complex to super-enhancers to restrict the
activation of these enhancers.

To exclude the possibility that the diminished occupancy of
the BRD4/LSD1/NuRD complex on chromatin and decommis-
sioning this assembly was a result of diminished expression of
the proteins in the BRD4/LSD1/NuRD complex upon JQ1
treatment, Western blotting analysis was performed in MCF-7
cells under the treatment of JQ1. We found that the level of all
the protein components of the BRD4/LSD1/NuRD complex
had no significant changes during JQ1 treatment (SI Appendix,
Fig. S2E), except for LSD1, whose level decreased with a lon-
ger treatment of JQ1.

To gain mechanistic insights into the decrease in the level of
LSD1 during JQ1 treatment and to investigate the significance
of LSD1 down-regulation in JQ1 resistance, we further mea-
sured the messenger RNA (mRNA) level of LSD1 by qPCR in
MCF-7 cells under the treatment of JQ1. We found that while
the protein level of LSD1 declined under the treatment of JQ1,
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the level of LSD1 mRNA did not change (SI Appendix, Fig.
S2F). Thus, the decreased protein level of LSD1 was probably
a result of proteasome-mediated protein degradation. In agree-
ment, the effect could be effectively blocked by the
proteasome-specific inhibitor MG132 (SI Appendix, Fig. S2G).

The E3 Ligase PELI1 Specifically Targets LSD1 for Degradation. To
search for the E3 ligase that is responsible for LSD1 down-
regulation under JQ1 treatment, we first profiled the differen-
tially expressed genes in breast cancer cells with or without JQ1
treatment by RNA-based deep sequencing (RNA-seq) to iden-
tify the genes that are functionally linked to protein degradation.
To this end, total RNAs were extracted from MCF-7 and MDA-
MB-231 cells that were untreated or treated with JQ1 for 4 wk,
followed by complementary DNA synthesis, library construction,
and sequencing using BGIseq500 with single-end 50-bp reads.
The quality of raw data was examined by FastQC, and sequenc-
ing adapter and low-quality reads, including those with more
than five “N” bases and mean Phred quality score less than 15,
were removed through fastp. Spliced Transcripts Alignment to a
Reference software (57) was utilized to align clean reads to the
unmasked human reference genome (GRCh38 and hg38). Raw
counts of the reads mapped to genes were selected to extract dif-
ferentially expressed genes using the DESeq2 Bioconductor
package (58) with P value <0.05 and absolute log 2 (fold change)
>1 as the threshold. A total of 3,359 differentially expressed

genes were identified in MCF-7 cells, including 1,029
up-regulated and 2,330 down-regulated, and 2,367 differentially
expressed genes were identified in MDA-MB-231 cells, including
964 up-regulated and 1,403 down-regulated. Cross-analysis
yielded a total of 1,267 differentially expressed genes, of which
436 were up-regulated and 831 were down-regulated under the
treatment of JQ1 (Fig. 4A). We reasoned that the E3 ligase that
targets for LSD1 degradation must be the one that was
up-regulated under JQ1 treatment. Based on this rationale, we
identified seven E3 ligases that were among the up-regulated
group under JQ1 treatment in MCF-7 and MDA-MB-231 cells.
Since LSD1 is localized and functions in the nucleus, we thus
focused our search on the E3 ligases that have been reported or
are projected to localize in the nucleus, and this categorized six
E3 ligases including RNF103, MARCH3, RNF19B, TRIM62,
PELI1, and TRIM36 (Fig. 4B).

Next, functional screening using small interfering RNA
(siRNA)-directed loss-of-function of the six nuclear E3 ligases
was performed in MCF-7 and MDA-MB-231 cells that were
under the treatment of JQ1 for at least 3 wk. In these experi-
ments, the expression of each individual of the six E3 ligases was
knocked down using pooled three different sets of corresponding
siRNAs, and the level of LSD1 was measured by Western blot-
ting. We found that while loss-of-function of RNF103, MARCH3,
RNF19B, TRIM62, and TRIM36 had only marginal effects on
the level of LSD1 protein, knockdown of PELI1 resulted in a
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Fig. 5. The clinicopathological significance of the PELI1-LSD1-BRD4/LSD1/NuRD axis in breast cancer. (A) The mRNA expression of PELI1 in 1,091 breast
cancer samples collected from TCGA and stratified by their therapeutic regimens. (B) The correlation of mRNA expression between PELI1, GNA13, and
PDPK1. The relative level of PELI1 was plotted against that of GNA13 or PDPK1. (C) Survival analysis for the relationship between survival time and PELI1/
GNA13 or PELI1/PDPK1 signatures in breast cancer patients based on the 1,091 breast carcinoma samples from the TCGA dataset. (D) The proposed model
for the PELI1-LSD1-BRD4/LSD1/NuRD axis in breast cancer.
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dramatic increase in LSD1 level (Fig. 4C), which was not due to
transcriptional up-regulation of LSD1, as measured by qPCR
under the experimental condition (Fig. 4C), suggesting that
PELI1 is the E3 ligase that targets LSD1 for proteasome-
dependent degradation.

To further support this, MCF-7 cells were transfected with
FLAG-tagged PELI1. Western blotting analysis of cellular
lysates revealed that the steady-state level of LSD1 markedly
decreased upon PELI1 overexpression (Fig. 4D), whereas over-
expression of TRIM36 or RNF103, two other E3 ligases identi-
fied in RNA-seq, did not result in detectable changes in LSD1
steady-state level. The decreased LSD1 protein expression
under PELI1 overexpression was not due to transcriptional reg-
ulation of LSD1, as qPCR measurements indicated that PELI1
overexpression did not affect LSD1 mRNA level (Fig. 4D).
Meanwhile, Western blotting analysis showed that PELI1 dose-
dependent decay of LSD1 in MCF-7 cells could be effectively
blocked by MG132 (Fig. 4E). Moreover, cycloheximide (CHX)
chase assays in MCF-7 cells that were transfected with FLAG-
PELI1 revealed that PELI1 overexpression was associated with
a decrease in the half-life of LSD1, effects that only occurred in
the absence of MG132 (Fig. 4F).

To gain further support that PELI1 targets LSD1 for
proteasome-dependent degradation, we next determined whether
PELI1-promoted LSD1 destabilization is a consequence of LSD1
ubiquitination. To this end, MCF-7 cells were cotransfected with
FLAG-LSD1 together with Myc-PELI1 and HA-tagged ubiquitin
(HA-Ub) in the presence of MG132. Immunoprecipitation with
the anti-FLAG M2 magnetic beads followed by immunoblotting
with an antibody against LSD1 indicated that overexpression of
PELI1 was associated with an increase in LSD1 polyubiquitina-
tion (Fig. 4G). However, when wild-type ubiquitin used in ubiqui-
tination assays was replaced with UbK48R, a ubiquitin mutant
defective for polyubiquitin chain assembly (59), PELI1-promoted
LSD1 polyubiquitination was no longer detected (Fig. 4G).
Moreover, in vitro ubiquitination assays with bacterially expressed
GST-PELI1 and in vitro–transcribed/translated LSD1 showed
that PELI1 promotes LSD1 polyubiquitination but only in the
presence of ubiquitin-conjugating enzyme UbcH6 (E2) and ubiq-
uitin (Fig. 4H). Collectively, these observations indicate that
PELI1 is a bona fide E3 ubiquitin ligase for LSD1.

Elimination of PELI1 Improves the Therapeutic Efficacy of JQ1 in
Breast Cancer Cells. Given our observation that the BRD4/LSD1/
NuRD complex acts to repress a panel of genes that are function-
ally associated with drug resistance, we next investigated the
effect of destabilization of LSD1 by PELI1 on the function of the
BRD4/LSD1/NuRD complex and on JQ1 resistance in breast
cancer. To this end, MCF-7 cell clones stably expressing PELI1
were generated and treated with JQ1 for different periods of
time. CCK8 cell-proliferation assays indicated that PELI1 overex-
pression accelerated the emergence of JQ1 resistance; PELI1-
overexpressing MCF7 cells were still inhibited at the first week of
JQ1 treatment but became resistant to JQ1 treatment around 2
wk of JQ1 administration as corresponding cells grew faster than
untreated controls (SI Appendix, Fig. S3 A, Upper), corresponding
to a diminished enrichment of both LSD1 and MTA3 on the
enhancer of GNA13 and PDPK1 genes, although the level of
MTA3 was not affected by PELI1 overexpression in MCF-7 cells
treated with JQ1 for 2 wk (SI Appendix, Fig. S3 B, Upper). Consis-
tently, the expression of GNA13 and PDPK1 increased in PELI1-
overexpressing MCF-7 cells, as measured by qPCR (SI Appendix,
Fig. S3 C, Upper). These results indicate that short treatments of
PELI1-overexpressing MCF-7 cells with JQ1 affected the chro-
matin binding of the BRD4/LSD1/NuRD complex, an event cor-
responding to JQ1 resistance.

We also generated MCF-7 cell clones with PELI1 stably
depleted by lentivirally delivered PELI1 shRNA. CCK8 cell-

proliferation assays indicated that knockdown of PELI1 indeed
sensitized MCF-7 cells to JQ1; the proliferation of PELI1-
depleted MCF-7 cells continued to decrease after 4 wk of JQ1
treatment, and almost no viable cells were detected after 5 wk
of JQ1 treatment (SI Appendix, Fig. S3 A, Lower). In agree-
ment, qChIP experiments still detected the occupancy of LSD1
on the enhancer of GNA13 and PDPK1 genes at 4 wk of JQ1
treatment in PELI1-depleted MCF-7 cells (SI Appendix, Fig. S3
B, Lower), and qPCR measurement indicated that the expres-
sion of GNA13 and PDPK1 remained low at 4 wk of JQ1 treat-
ment (SI Appendix, Fig. S3 C, Lower). These results indicate
that long treatments of PELI1-depleted MCF-7 cells only affect
the chromatin binding of BRD4. In addition, colony-formation
assays showed that PELI1 knockdown was associated with a
marked reduction in colony number of MCF-7 cells, an effect
that could be rescued, at least partially, by overexpression of an
shRNA-resistant PELI1 plasmid (SI Appendix, Fig. S3D). Col-
lectively, these results support a notion that inhibition of PELI1
improves the therapeutic efficacy of JQ1 in breast cancer cells.

Given the scope and variety of the drug-resistant genes that
are influenced by the BRD4/LSD1/NuRD complex, we next
investigated the impact of decommissioning the BRD4/LSD1/
NuRD assembly by inhibiting BRD4 or/and destabilizing LSD1
on the efficacy of other antitumor drugs. To this end, MCF-7
cells were treated for 4 to 5 wk with JQ1 along with the treat-
ment with a panel of antitumor compounds including DNA
synthesis inhibitors bleomycin and mitomycin C (60, 61), topo-
isomerase inhibitors topotecan and doxorubicin (62), microtu-
bule depolymerizing agents paclitaxel and nocodazole (63),
DNA cross-linking agents cisplatin and carboplatin (64), DNA
base alkylating agents thiotepa and mechlorethamine (65), and
antimetabolites for depleting deoxynucleotide pool in DNA
replication gemcitabine and 5-fluorouracil (66). CCK8 cell-
proliferation assays indicated that JQ1-resistant MCF-7 cells
were also insensitive to mitomycin C, doxorubicin, and gemcita-
bine, as the IC50s (half-maximal inhibitory concentration) of
these compounds were significantly higher in JQ1-resistant
MCF-7 cells (SI Appendix, Fig. S3E). In corroboration, analysis
of the IC50s of a series of therapeutic compounds in breast can-
cer cell lines in the Genomics of Drug Sensitivity in Cancer
(GDSC) database (https://www.cancerrxgene.org/) and the
mRNA level of PELI1 in corresponding cell lines in the Cancer
Cell Line Encyclopedia (CCLE) database (https://sites.
broadinstitute.org/ccle/) also indicated that the sensitivity of
bleomycin, topotecan, doxorubicin, cisplatin, or gemcitabine is
negatively correlated with the mRNA level of PELI1 (SI
Appendix, Fig. S3F). These results suggest that decommission-
ing the BRD4/LSD1/NuRD complex also enables MCF-7 cells
to evade the selective pressure by these antitumor drugs.

The Clinicopathological Significance of the PELI1-LSD1-BRD4/LSD1/
NuRD Axis in Breast Cancer. In order to gain further support of the
role of the PELI1-LSD1-BRD4/LSD1/NuRD axis in drug resis-
tance in breast cancer and to extend our observations to a clinico-
pathologically relevant context, we first interrogated the mRNA
expression of PELI1 in 1,091 breast cancer samples collected from
the Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov/),
of which 579 were treated with at least one chemotherapeutic
drug and 512 were untreated or received other types of treatment
such as hormonal treatment or immunotherapy. We found that
PELI1 is up-regulated in breast cancer samples receiving at least
two chemotherapeutic drugs (two-sided t test), and, strikingly, the
level of its expression is positively correlated with the number of
chemotherapeutic drugs used in patients (Spearman correlation
coefficient: 0.145, P value: 1.551 × 10�6) (Fig. 5A), implying that
PELI1 function may be particularly relevant in drug-resistant con-
ditions. Moreover, consistent with our identification that GNA13
and PDPK1 are among the downstream targets of the BRD4/
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LSD1/NuRD complex, when the relative level of GNA13 or
PDPK1 was plotted against that of PELI1 in the 1,091 breast-
carcinoma samples, statistically significant positive correlations
were observed (Fig. 5B). In addition, analysis of the correlation in
the expression between LSD1 and PELI1 using a breast cancer
landscape dataset (https://www.breastcancerlandscape.org/index.
html) found a statistically significant negative correlation in the
protein levels of PELI1 and LSD1 in 45 breast cancer samples
(P = 0.021, R = �0.34) (SI Appendix, Fig. S4A).

Finally, to substantiate the clinicopathological significance of
our observations, we analyzed the expression levels of PELI1 and
LSD1 in breast cancer and their correlations with clinical behav-
iors of breast cancer patients. Kaplan–Meier survival analysis of
all of the Gene Expression Omnibus (GEO) datasets included in
the online tool (http://kmplot.com/analysis/) showed that either
high LSD1 expression (P = 1.4×10�7) or low PELI1 expression (P
= 0.012) was associated with a better relapse-free survival of
breast cancer patients (SI Appendix, Fig. S4B). Prognostic analysis
based on the 1,091 breast carcinomas samples revealed that high
expression of either GNA13 (P = 0.012) or PDPK1 (P = 0.00031)
is strongly correlated with an inferior overall survival of breast
cancer patients and that concurrently high expressions of PELI1
and GNA13 (P = 0.01) or PELI1 and PDPK1 (P = 0.0016) are
correlated with worse overall survival of breast cancer patients
(Fig. 5C). These data are consistent with a role for PELI1 to
destabilize LSD1 and thus to decommission the BRD4/LSD1/
NuRD complex, leading to the derepression of drug-resistant
genes and JQ1 resistance in breast cancer therapy (Fig. 5D).

Discussion
Combating cancer remains a daunting task, not only because of
the difficulty in identifying and approaching the genuine onco-
genic driver but also owing to the apparently inevitable and
notorious drug resistance. Accordingly, discerning the driving
force behind carcinogenesis and developing the strategy to
avoid drug resistance remain the keys for therapeutic interven-
tion of cancer.

Most of malignancies are associated with complex abnormal-
ities in both genetics and epigenetics. Epigenetics not only
influences information transfer through generations but also
regulates various pathophysiological processes (67). In recent
years, the field of epigenetic therapy is also flourishing and
novel treatments for numerous diseases, including cancer,
derived from epigenetic system are becoming reality.

BRD4 is an epigenetic reader (2) and a general regulator of
transcription (8). More recent studies indicate that this epigenetic
factor is associated with active promoters and preferentially binds
to super-enhancers (9, 10). It is a current belief that, at the molec-
ular level, BRD4 functions in super-enhancer organization and
transcription activation. Biologically, the BET family, including
BRD4, has been implicated in a variety of cellular processes such
as cell proliferation, differentiation, metabolism, and DNA repair
(3–6). As such, BRD4 has also been implicated in a broad range
of cancer types including breast cancer (13), and the oncogenic
potential of BRD4 is attributed to its role in transcription activa-
tion of genes including c-MYC (14) and BCL2 (15) that are criti-
cally involved in cell proliferation and survival. Unexpectedly, we
found in the current study that BRD4 is also physically associated
with the LSD1/NuRD complex. Since this complex has been well
characterized as a transcriptionally repressive assembly (29, 45),
our observation means that BRD4 also has a role in transcription
repression. Indeed, we demonstrated that BRD4 and the LSD1/
NuRD complex colocalize at super-enhancers and that the
BRD4/LSD1/NuRD complex transcriptionally represses a cohort
of genes, including GNA13 and PDPK1, that are well docu-
mented to play roles in drug resistance (52, 53). Comparing our
results to the results from previous studies found that ∼10% of

the 436 up-regulated genes in our study were significantly
up-regulated under JQ1 treatment in K562 and MV4-11 cells
(68) and MOLT4 cells (69), while eight up-regulated genes in our
study were also up-regulated upon BRD4 degradation in
MOLT4 cells (69). It is becoming increasingly clear that BRD4 is
a chromatin organizer that executes transcription activation or
repression in a context-dependent manner (70).

The finding that BRD4 is involved in transcription repres-
sion is intriguing. However, literature indicates that the tran-
scriptionally repressive activity of BRD4 was also reported in
previous studies in the regulation of autophagy and lysosomal
function (71, 72). Considering its genic signature in super-
enhancers and its role in transcription regulation, it is possible
that super-enhancer organization is the genuine function of
BRD4 and that its transcriptional regulatory function is con-
text-dependent. In line with this, a dual function in transcrip-
tion regulation has also been reported for CDK9, SOX2, and
Mediator (73–75), which, together with BRD4, belongs to the
so-called master regulator of super-enhancers.

Super-enhancers are clusters of cis-elements that are bound
in trans by the master regulators (19). It is believed that super-
enhancers contribute to tissue specification by dictating
lineage-specific gene expression (23), a mission that is likely
accomplished by coordinated activation or/and repression of
structurally and functionally related clusters of genes through
influencing long-range high-order chromatin configuration.
Such a scheme has apparent evolutionary advantages in terms
of the spatiotemporal pattern and precisely controlled manner
of gene expression in eukaryotic cells. Although the physical
and structural features of the clustered genes by super-
enhancers need further delineation, the functional relevance of
the grouped genes is not only expected but also evidenced (24,
76, 77). Our observations that the BRD4/LSD1/NuRD complex
represses a cohort of genes that are known to play roles in drug
resistance are consistent with this notion.

Drug resistance is almost becoming a general feature of can-
cer chemotherapies, and understanding of the molecular mecha-
nism underlying drug resistance is of paramount importance for
optimizing therapeutic efficacy. Owing to its transcription acti-
vation of several well-established oncogenes, such as c-MYC
(14) and BCL2 (15), BRD4 and the other BET proteins are
being pursued as promising novel targets for cancer treatment
(14). The current drugging strategy for the BET proteins is to
design small-molecule inhibitors, such as JQ1 (16), that bind to
the bromodomain pocket of BET proteins to compete with acet-
ylated histones. However, disappointingly, as stated in previous
studies, drug resistance also occurs for JQ1 (17, 18). We found
that, intriguingly, treatment with JQ1 results in no immediate
activation of the drug-resistant genes on super-enhancers but
that long treatment or destabilization of LSD1 by the E3 ligase
PELI1 leads to decommissioning of the BRD4/LSD1/NuRD
complex and JQ1 resistance in breast cancer cells. These obser-
vations are consistent with a role for BRD4 in the regulation of
chromatin dynamics in which BRD4 orchestrates super-
enhancers to bring these enhancer elements into close proxim-
ity, facilitating the recruitment of the LSD1/NuRD complex to
chromatin. Our model suggests a scheme in which once the
LSD1/NuRD complex is loaded to chromatin, it stays there and
thus represses the transcription of drug-resistant genes for a
period of time without the presence of BRD4. However, sus-
tained recruitment of the LSD1/NuRD complex, and thus tran-
scription repression of drug-resistant genes, still requires BRD4
for the maintenance of super-enhancer organization. Accord-
ingly, it has also been reported that super-enhancer–associated
genes are highly sensitive to JQ1 (24). These observations high-
light the importance of super-enhancers in shaping the chroma-
tin structure and in dictating the pattern of gene expression.
Indeed, inhibition of super-enhancer–dependent transcription
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also represents a promising therapeutic strategy for cancer inter-
vention (24, 25), as mentioned earlier. Ultimately, super-
enhancer–targeted therapy will rely on trans-acting factors like
BRD4 to be druggable.

We found that the LSD1 protein level is down-regulated in
breast cancer during JQ1 treatment, and we identified that
PELI1 is responsible for LSD1 decay through its E3 ligase activity
and via the ubiquitin-proteasomal pathway. The reason for LSD1
destabilization during JQ1 treatment is currently unclear. Based
on our observation that the expression of PELI1 is up-regulated
under JQ1 treatment and that BRD4 knockdown was not associ-
ated with changes in PELI1 expression (SI Appendix, Fig. S5), it
is conceivable that the up-regulation of PELI1 represents a sur-
vival strategy for breast cancer cells to evade the selective pres-
sure of JQ1 treatment, as elevated PELI1 will destabilize LSD1,
leading to the dysfunction of the BRD4/LSD1/NuRD complex
and derepression of drug-resistant genes. Whether this feedback
regulation also exists in JQ1 treatment of other malignancies is
currently unknown. Perhaps more importantly, whether a similar
system is also implemented in normal physiology and what is its
biological significance need further investigation. Nevertheless,
our observations are consistent with a previous report that PELI1
is positively correlated with the expression of MYC, BCL6,
BCL2, and MUM1 in diffuse large B-cell lymphoma (36).

The physiological significance of the BRD4/LSD1/NuRD
complex and its targeted genes remain to be investigated, as
mentioned in this study. We showed that the BRD4/LSD1/
NuRD complex–mediated restriction of super-enhancer activa-
tion influences various genes, including WNT4, LRP5, BRAF,
GNA13, PDPK1, SPHK1, PRKCA, and CREB1, and impacts sev-
eral cellular signaling pathways including the PI3K-AKT and
WNT pathways. Although these genes have been documented to
play important roles in drug resistance (49–56), the PI3K-AKT
and WNT pathways are important cellular signaling mechanisms
profoundly affecting biological activities such as cell growth and
differentiation, transcription, replication, apoptosis, and aging
(78, 79). It will be interesting in future studies to investigate the
regulation of these cellular processes by the BRD4/LSD1/NuRD
complex and the biological readouts stemmed from the BRD4/
LSD1/NuRD complex–mediated restriction of super-enhancer
activation. It is equally important to investigate whether the func-
tional link of the LSD1/NuRD complex to super-enhancers is a
general phenomenon in terms of the repression function of this

complex. Nevertheless, we report in the current study that BRD4
is physically associated with the LSD1/NuRD complex and func-
tionally coordinates with this repressive assembly to restrict the
hyperactivation of super-enhancers in breast cancer cells. We
found that the BRD4/LSD1/NuRD complex represses a panel of
genes including those that are known to be involved in drug resis-
tance. We demonstrated that long JQ1 treatment or destabilization
of LSD1 by PELI1 leads to decommissioning the BRD4/LSD1/
NuRD complex and resistance to JQ1 as well as to other antitumor
therapeutics in breast cancer cells. We found that PELI1 is
up-regulated during breast cancer chemotherapies, and the level of
its expression is negatively correlated with that of LSD1.We showed
that the levels of the BRD4/LSD1/NuRD complex–restricted genes,
such as GNA13 and PDPK1, are strongly correlated with an infe-
rior overall survival of breast cancer patients. Our study uncovers a
functional duality for BRD4 in transcription regulations, which link
to tumorigenesis and chemoresistance, supporting a functional link
of the LSD1/NuRD complex to super-enhancers and the pursuit of
a combined therapeutic targeting for BRD4 and PELI1 in effective
treatment of breast cancer. In this regard, it is exciting to note that
BBT-401, a potent first-in-class PELI1 inhibitor for treatment of
ulcerative colitis, underwent Phase I study in May 2020.

Materials and Methods
Colony-Formation Assay. MCF-7 cells were maintained in culture media for 14
d, fixed with 4% paraformaldehyde, stained with crystal violet for colony
observation, and counted using a light microscope. Each experiment was per-
formed in triplicate and repeated at least three times.

Statistical Analysis. Results from biological triplicate experiments are pre-
sented with error bars as mean ± SD. A P value of less than 0.05 was consid-
ered statistically significant. Survival was conducted using the Kaplan–Meier
method, and the difference between the survival curves was analyzed with
the log-rank test. Detailed information about the materials and methods can
be found in the SI Appendix.

Data Availability. All study data are included in the article and/or supporting
information. The raw data of ChIP-seq and RNA-seq are deposited at the GEO
database (https://www.ncbi.nlm.nih.gov/geo/) with accession numberGSE171908.
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