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Abstract

Triple-negative breast cancer (TNBC) often develops resistance to
single-agent treatment, which can be circumvented using targeted
combinatorial approaches. Here, we demonstrate that the simulta-
neous inhibition of LOXL2 and BRD4 synergistically limits TNBC prolif-
eration in vitro and in vivo. Mechanistically, LOXL2 interacts in the
nucleus with the short isoform of BRD4 (BRD4S), MED1, and the cell
cycle transcriptional regulator B-MyB. These interactions sustain the
formation of BRD4 and MED1 nuclear transcriptional foci and control
cell cycle progression at the gene expression level. The pharmacologi-
cal co-inhibition of LOXL2 and BRD4 reduces BRD4 nuclear foci,
BRD4-MED1 colocalization, and the transcription of cell cycle genes,
thus suppressing TNBC cell proliferation. Targeting the interaction
between BRD4S and LOXL2 could be a starting point for the develop-
ment of new anticancer strategies for the treatment of TNBC.
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Introduction

Breast cancer is the most diagnosed cancer type and the fourth most

common cause of cancer-related death in women, with more than

2 million cases worldwide and 685,000 deaths in 2020 (Lei et al,

2021). Breast cancer is commonly classified based on the expression

of the estrogen receptor (ER), progesterone receptor (PR), and

human epidermal growth factor receptor 2 (HER2), each of which

drives cancer proliferation via the activation of precise downstream

signaling cascades (Eliyatkın et al, 2015). However, 15% of

breast cancers do not express any of these receptors (i.e., ER-/PR-/

HER2-) and are thus classified as triple-negative breast cancer

(TNBC). TNBC is highly metastatic, prone to developing drug resis-

tance, and characterized by high molecular heterogeneity. Indeed,

none of the current treatment regimens are effective for treating

TNBC, resulting in a dismal prognosis. Efficient and targeted combi-

natorial treatments could be successful in tackling the heteroge-

neous and drug-resistant phenotype of TNBC. Thus, discovering

molecular factors controlling the proliferation of TNBC is crucial for

developing such strategies.

Bromodomain-containing protein 4 (BRD4) is an epigenetic

reader known to play a role in the regulation of super-enhancer

assembly (Lov�en et al, 2013; Sengupta & George, 2017) and onco-

gene transcriptional activation (Delmore et al, 2011; Filippako-

poulos et al, 2012; Muhar et al, 2018). Eleven different transcripts

exist for BRD4, six of which originate different protein isoforms,

being the long (BRD4L; ENSP00000470481) and the short (BRD4S;

ENSP00000471240) the most prominent ones. Despite the huge sim-

ilarity in the N-terminal domains which contain the two bromodo-

mains that serve as histones acetyl readers, the short isoform

is characterized by the absence of an unstructured proline-rich C-

terminal domain. Although the role of BRD4 as a transcriptional

activator has been mainly attributed to the long isoform (BRD4L)
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(Drumond-Bock & Bieniasz, 2021), recent evidence demonstrated

that BRD4S promotes the formation of phase-separated transcrip-

tional foci, which sustain gene expression and cancer cell prolifera-

tion (Han et al, 2020). Moreover, in TNBC, BRD4S has oncogenic

properties while BRD4L plays a role as a tumor suppressor (Wu

et al, 2020), suggesting an opposing function of the two isoforms in

tumor biology. Several BRD4 inhibitors, known as Bromo- and

Extra-Terminal domain (BET) inhibitors (BETi), have been tested in

multiple cancer models, and 30 clinical trials are currently ongoing

to evaluate their anticancer efficacy (Shorstova et al, 2021). In

breast cancer, the inhibition of BRD4 has shown promising preclini-

cal results, sparking enthusiasm for TNBC treatment (Andriko-

poulou et al, 2020). However, due to its heterogeneous

and aggressive nature, TNBC develops resistance to single-agent-

approaches (Marra et al, 2020), including BETi (Shu et al, 2016).

Lysyl oxidase-like 2 (LOXL2) is a member of the lysyl oxidase

family of copper-dependent amine oxidases (Jung et al, 2003),

which catalyzes the oxidative deamination of peptidyl lysine resi-

dues. In the extracellular matrix, LOXL2 activity promotes collagen,

elastin (A~nazco et al, 2016), and tropoelastin (Schmelzer et al,

2019) crosslinks, a phenomenon that is associated with the accumu-

lation of the extracellular matrix, fibrosis, and inflammation, which

are all typical hallmarks of cancer (Pickup et al, 2014; Chandler

et al, 2019; Hanahan, 2022). Intracellularly, LOXL2 localizes to the

nucleus, where it promotes the oxidation of nuclear proteins such

as TAF10 (Iturbide et al, 2015b) and Histone 3 (Iturbide

et al, 2015a; Herranz et al, 2016), leading to transcriptional repres-

sion and heterochromatinization, respectively. Recently, LOXL2 has

been shown to play a pivotal role in different solid cancers, includ-

ing liver, pancreas, lung, and breast (Ahn et al, 2013; Salvador

et al, 2017; Dinca et al, 2021). Strikingly, LOXL2 repression effi-

ciently reduces TNBC cell proliferation (Chang et al, 2017), and

inhibits the formation of TNBC distal metastasis (Salvador et al,

2017).

Here, we show that LOXL2 expression can predict the outcome

of BETi treatment in cancer cells, suggesting a functional interac-

tion between LOXL2 and BRD4. We explored this functional inter-

action in the context of TNBC and discovered that it is mediated

by the physical interaction of LOXL2 with the short isoform of

BRD4 (BRD4S) in the nucleus of TNBC cells. Chip-seq and tran-

scriptomics analysis highlighted that the interaction between

LOXL2 and BRD4S promotes the expression of cell cycle genes,

thereby controlling TNBC proliferation. Essentiality analysis revealed

that cells expressing low levels of LOXL2 are overly sensitive to the

loss of the cell cycle transcription factor B-Myb and BRD4 functional

partners, including several subunits of the Mediator complex (being

MED1 one of the most essential). Furthermore, BRD4S, LOXL2, and

MED1 interact with B-Myb and with each other. By simultaneously

inhibiting LOXL2 and BRD4, the LOXL2-BRD4-MED1 interactions are

dismantled, impacting BRD4 transcriptional foci formation, BRD4-

MED1 colocalization, and cell cycle gene expression. The phenotypic

consequence arising from the combinatorial treatment is a clear syn-

ergistic effect in suppressing TNBC proliferation, which we tested

in vitro and in three independent in vivo models. Our results describe

a completely new molecular pathway controlling TNBC proliferation

and pave the way for further research into co-targeting BRD4S and

LOXL2 as novel TNBC therapy.

Results

LOXL2 expression levels predict BRD4 inhibition sensitivity in
cancer cells

LOXL2 is highly expressed in aggressive tumor types (Fong et al,

2007) and plays a key role in promoting breast cancer metastasis

(Salvador et al, 2017). Given the fact that it has been associated

with cancer progression and invasiveness (Wu & Zhu, 2015), we

wondered whether the expression of LOXL2 could be used to pre-

dict tumor response to standard chemotherapeutic drugs. By ana-

lyzing the Cancer Cell Line Encyclopedia (CCLE)-associated

chemotherapeutics sensitivity (Corsello et al, 2020), we observed

that high levels of LOXL2 expression make cells significantly

more sensitive to Vinca alkaloid compounds. However, none of

the chemotherapeutic groups showed increased efficacy in cells

with low LOXL2 expression, a condition that could be mimicked

in the clinic by using LOXL2 inhibitors (Fig 1A). As more than

30 clinical trials are currently investigating BETi treatments for

solid and hematological malignancies (www.clinicaltrials.gov), we

checked for a functional interaction between LOXL2 expression

and BRD4 inhibition. When comparing the CCLE-associated BETi

sensitivity, we observed that LOXL2 high-expressing cell lines

were less sensitive to BETi compounds than LOXL2 low-

expressing cell lines (Fig 1A). A similar behavior was observed

when cell lines were classified based on LOXL2 protein levels

(Appendix Fig S1). These data indicate that LOXL2 expression in

▸Figure 1. LOXL2 low expression levels sensitize cells to BRD4 inhibition.

A Cell viability of high and low LOXL2-expressing CCLE cell lines (mRNA levels) treated with different chemotherapeutic agents and BETi small molecules at the highest
concentration (i.e., 10 lM). Color gradient indicates cell viability, with 8 being the highest and 0 the lowest. Significance was determined using an unpaired Student’s
t-test with BH correction.

B Analysis of the CPTAC proteomics dataset showing the protein abundance of BRD4 and LOXL2 in different breast cancer subtypes from tumor samples classified by
subtype using vimentin (VIM), human epidermal growth factor receptor 2 (HER2), progesterone receptor (PGR), and estrogen receptor 1 (ESR1) protein abundance.
N = 96 tumor samples. The significance of each cancer subtype against adjacent tissue was calculated using one-way ANOVA with Tukey’s post hoc test. The bottom
and top fractions in the boxes represent the first and third quartiles, and the line, the median. Whiskers denote the interval between 1.5 times the interquartile range
(IQR) and the median. Data beyond the end of the whiskers are plotted as outliers.

C Representative Western blot analysis showing BRD4 and LOXL2 protein levels in three different TNBC cell lines. Tubulin is the loading control (ns: non-specific). Three
biological replicates were performed.

D Cell viability assay of MDA-MB-231 cells infected with C or LOXL2 KD and treated with either DMSO or 2.5 lM of JQ1 for 24 and 48 h. Data were analyzed with MTT
assay and normalized to condition C treated with DMSO. Data are shown as the mean of three independent biological replicates. The standard deviation is shown as
error bars. Significance was determined using one-way ANOVA multiple comparisons with Tukey’s correction test.

Source data are available online for this figure.
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tumor cells can be used to stratify patients into potential BETi

responders or refractors.

Recent studies have shown that inhibiting LOXL2 (Chang et al,

2017) or BRD4 (Shu et al, 2016) can delay the growth of TNBC,

which remains an unmet medical need. However, TNBC heteroge-

neity promotes the development of resistance to single-agent thera-

pies, which may be circumvented by combinatorial treatments with

synergistic potential. Therefore, we focused our study on TNBC to

understand the molecular basis of the observed functional interac-

tion between LOXL2 and BRD4, and whether their simultaneous

inhibition could be exploited as a therapeutic possibility.

By taking advantage of the CPTAC proteomics dataset (Krug

et al, 2020), we stratified breast cancer samples into different

breast cancer subtypes and observed that LOXL2 protein levels

were significantly increased in each of them, whereas BRD4 only

showed a mild increase in TNBC (Fig 1B). We then performed

western blot analysis of three TNBC cell lines expressing distinct

levels of LOXL2 (Cebri�a-Costa et al, 2020) (MDA-MB-468, MDA-

MB-231, and BT-549), and we observed that BRD4 protein levels

showed an opposite pattern (Fig 1C). LOXL2 induces chromatin

compaction via H3K4 oxidation (Cebri�a-Costa et al, 2020), whereas

BRD4 acts as a transcriptional activator. Therefore, we investigated

whether the balance between BRD4 and LOXL2 protein levels was

the result of transcriptional co-regulation. To test this, we overex-

pressed C-terminal Flag-tagged LOXL2 wild-type (herein, LOXL2wt)

in the MDA-MB-468 cell line that expresses almost undetectable

levels of endogenous LOXL2 (Fig 1C). H3K4 oxidation increased at

the BRD4 promoter followed by a mild reduction in BRD4 gene

expression. As expected, the same effect was not achieved by

overexpressing the FLAG-tagged catalytically dead form of LOXL2

(LOXL2m) (Appendix Fig S2A and B). However, LOXL2wt overex-

pression resulted in minimal changes in BRD4 protein level

(Appendix Fig S2C). Similarly, when LOXL2 was downregulated in

both the MDA-MB-231 and BT-549 TNBC cell lines (both of which

normally express medium to high levels of LOXL2) (Fig 1C), we

observed decreased H3K4 oxidation at the BRD4 promoter,

followed only by mildly increased BRD4 gene expression and

almost no changes in BRD4 protein levels (Appendix Fig S2D–I).

Next, we analyzed a broader cancer cell panel to determine

whether there was a consistent inverse correlation between

BRD4 and LOXL2 expression. The CCLE transcriptomics and pro-

teomics datasets (Ghandi et al, 2019) did not show any correla-

tion between LOXL2 and BRD4 mRNA (Appendix Fig S3A) or

protein (Appendix Fig S3B) levels across lineages. Similarly, no

correlation was observed when analyzing the TCGA proteomics

data of human breast tumor samples (Gao et al, 2013) (Appen-

dix Fig S3C).

Despite the absence of a correlation between BRD4 and LOXL2

expression levels, we could recapitulate that low expression of

LOXL2 sensitize cells to BRD4 inhibition. In particular, we trans-

duced MDA-MB-231 cells with shControl (C) or shLOXL2 (Knock-

Down, LOXL2 KD) and treated them with either DMSO or the BETi

(S)-JQ1 (hereafter, JQ1) (Filippakopoulos et al, 2010). Notably,

LOXL2 KD in combination with JQ1 treatment had the highest

impact on cellular viability (Fig 1D). These results confirm that

LOXL2 expression is also a predictor of response to BETi in TNBC

cells and suggest that simultaneous inhibition of LOXL2 and BRD4

could be explored as a possible treatment for TNBC.

Taken together, these data suggest the presence of a functional

interaction between BRD4 and LOXL2, which may underlie future

therapeutic interventions for cancer treatment, and which we there-

fore further investigated at the molecular, cellular, and tumor levels.

LOXL2 interacts with the short isoform of BRD4 via its
bromodomains in an acetylation-independent manner

We therefore asked whether the functional interaction between

BRD4 and LOXL2 implied a physical interaction. To test this hypoth-

esis, we performed nuclear BRD4 pulldown in MDA-MB-231 cells

and observed an interaction with LOXL2 (Fig 2A). As there are no

efficient LOXL2 antibodies to perform endogenous LOXL2 pulldown,

we carried out a complementary experiment by transiently overex-

pressing LOXL2wt in MDA-MB-231 cells and performing Flag pull-

down instead. Surprisingly, the results showed that nuclear LOXL2

selectively interacted with the short isoform of BRD4 (BRD4S)

(Fig 2B). This interaction was also retained when LOXL2m was

overexpressed, suggesting that the catalytic activity of LOXL2 is dis-

pensable to such interaction (Fig 2B). Comparable results were

obtained when transfecting LOXL2wt or LOXL2m into HEK-293-T

cells, in which endogenous LOXL2 expression was undetectable

(Fig EV1A).

BRD4 binds to acetylated proteins (Huang et al, 2009; Shi

et al, 2014; Behera et al, 2019; Sdelci et al, 2019) via the lysine acet-

ylation (AcK) binding pocket of its bromodomains, BD1 and BD2.

Thus, we aimed to identify possible LOXL2 acetylated residues that

would explain its interaction with BRD4S. The Phosphosite database

(Hornbeck et al, 2015) indicates that four different LOXL2 lysine (K)

residues have been previously described as acetylated (K197, K209,

K225 (Zhao et al, 2010), and K248). The residue K209 is positioned

in a double-K, H4-mimic–similar motif (K209-K212) (Fig EV1B). H4-

mimic motifs are known to promote BRD4 binding to acetylated pro-

teins, including the acetylated histone H4 (Morini�ere et al, 2009;

Filippakopoulos et al, 2012) and the transcription factor Twist (Shi

et al, 2014). However, we mutated either the K209 residue to abro-

gate its acetylation (K ? R) or the K209-K212 to mimic it (K ? Q)

and we did not observe any significant changes in the LOXL2-BRD4S

interaction (Fig EV1C), indicating that acetylation of these residues

is most likely not required. To further investigate the BRD4S-LOXL2

interaction module, we performed Flag-pulldown in HEK293 cells

that overexpressed LOXL2wt together with a GFP-tagged version of:

(i) BRD4S (1); (ii) BRD4S-N140F/N433F, which has inactivating

mutations in the BD1 and BD2 AcK-binding pockets (2); (iii)

BRD4_BD1 (3); (iv) BRD4_BD1/BD2 (4); (v) BRD4_BD2 (5); (vi)

BRD4S-specific C-terminal domain (6); or (vii) BRD4 long isoform

(BRD4L) (7) (Fig 2C). Flag-pulldown confirmed that LOXL2 inter-

acted with BRD4S as well as with all constructs (ii to v), but not

with BRD4L (Fig 2D). These experiments confirmed the specific

interaction between LOXL2 and BRD4S, indicated that the bromodo-

mains are contributing to the interaction independently of their

functional activity, thus suggesting that the interaction is LOXL2

acetylation independent. Finally, the fact that the C-terminal domain

of BRD4S alone (6) can interact with LOXL2 may partially explain

why BRD4L cannot engage in this interaction, which could also be

prevented by the unstructured C-terminal domain of BRD4L.

To propose binding models between BRD4 bromodomains 1 and

2 (BD1 and BD2) and LOXL2, we performed a docking analysis of
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Figure 2. LOXL2 interacts specifically with the short isoform of BRD4.

A BRD4 pulldown in MDA-MB-231 cells using irrelevant IgG as a negative control. Precipitates were analyzed by Western blot with the indicated antibodies. Three bio-
logical replicates were performed; ns: non-specific.

B Flag pulldown performed in MDA-MB-231 cells overexpressing either empty vector (EV), Flag-tagged LOXL2 wild-type (LOXL2wt), or the catalytically dead form of
LOXL2 (LOXL2m). Precipitates were analyzed by Western blot with the indicated antibodies. Three biological replicates were performed. ns: non-specific.

C Schematic representation of BRD4-GFP constructs used in (D).
D Flag pulldown of HEK293T cells overexpressing either empty vector (EV) or a combination of the indicated constructs. Precipitates were analyzed by Western blot

with the indicated antibodies. Three biological replicates were performed.
E Details of docking models 4uyd_complex_3 (BD1), 2ouo_complex_5 (BD2), and their Asp?Phe mutant versions. The panel shows the superposition of LOXL2 (gray)

docked to BD1 (cyan) and BD2 (green), with asparagines N140 and N433 mutated to phenylalanine (blue and yellow, respectively), both of which face the buried
tryptophan W493 from LOXL2. On the left, zoomed visions of the mutants are shown superposed over their wild-type structures.

F Superimposition of selected docking models of BD1 (PDB: 3MXF) or BD2 (PDB: 3ONI) captured as crystallographic structures binding JQ1. Superimposition on 3MXF of
the docking model of BD1 (4uyd_zdock_10; panel 1) or of BD2 (2ouo_zdock_4, panel 3) shows the compatibility of binding despite the presence of JQ1 in the AcK
binding pocket. In contrast, superimposition on 3ONI of the docking model of BD1 (4uyd_zdock_3; panel 2) or of BD2 (2ouo_zdock_5, panel 4) shows the
incompatibility of binding due to binding site competition of JQ1 and LOXL2.

G BRD4 pulldown in MDA-MB-231 cells treated either with DMSO or with 5 lM of JQ1 for 24 h. IgGs were used as a negative control, and the precipitates were ana-
lyzed by Western blot with the indicated antibodies. Three biological replicates were performed. ns: non-specific.

Source data are available online for this figure.
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BRD4_BD1/LOXL2 and BRD4_BD2/LOXL2. We used a collection

of structures (Table EV1) from the Protein Data Bank (Berman

et al, 2000) (PDB) and Interactome3d (Mosca et al, 2013), and three

independent software programs, ZDOCK (Pierce et al, 2014), Auto-

dock VINA (Trott & Olson, 2010), and ProteinFishing (Cianferoni

et al, 2020). The results were energetically minimized and ranked

based on the buried surface, FoldX (Delgado et al, 2019) interaction

energy, and FoldX (Delgado et al, 2019) stability. An initial filtering

step reduced the number of reliable docks to seven (Table EV2). For

these, we then performed computational mutagenesis to exclude all

models that were incompatible with our experimental data showing

LOXL2 binding, which further reduced the candidate models to four

(two for BRD4_BD1/LOXL2 and two for BRD4_BD2/LOXL2,

Fig EV1D). In all four proposed models, we observed that histidines

H626 and H628 of LOXL2, which are required for its catalytic activ-

ity (Cuevas et al, 2014; Herranz et al, 2016), did not participate in

the interaction with BRD4 BD1 or BD2 (Fig EV1E). These data cor-

roborated our pulldown results, showing that LOXL2m could still

interact with BRD4S (Fig 2B). Two of the four proposed binding

models were remarkably similar for BD1 and BD2, and implicated

the interaction of LOXL2 with BD1/BD2 AcK binding pockets

(models 2 and 4; Fig EV1D) independently of their AcK reader activ-

ity (Fig 2E). On the contrary, for models 1 and 3, the interactions

between LOXL2 and BD1/BD2 did not involve at all the AcK binding

pockets. As expected, adding JQ1 to the docking analysis invali-

dated models 2 and 4 but did not perturb models 1 and 3 (Fig 2F).

To experimentally verify which of the models were correct, we

treated MDA-MB-231 cells with JQ1 and performed a BRD4 pull-

down experiment. JQ1 treatment strongly reduced BRD4S-LOXL2

interaction (Fig 2G), thus confirming models 2 and 4 as correct.

Overall, these results show that LOXL2 interacts with the short

isoform of BRD4 and that the interaction involves the bromodo-

mains’ AcK binding pockets but it does not require their AcK read-

ing activity.

LOXL2 and BRD4S control the expression of DREAM target genes

To investigate whether the nuclear BRD4S-LOXL2 interaction plays

a role in transcription regulation, we performed ATAC-seq, RNA-

seq, and BRD4-ChIP-seq, comparing shControl and shLOXL2 trans-

duced MDA-MB-231 cells (Fig EV2A). The ATAC-seq experiment

indicated that LOXL2 KD led to more relaxed chromatin, as expected

due to its role in maintaining chromatin compaction (Fig EV2B).

Therefore, we initially expected that LOXL2 KD would induce upre-

gulation of gene expression. However, expression changes were

equally distributed between up- and downregulated genes

(Fig EV2C). Furthermore, despite the increased accessibility, LOXL2

KD did not lead to overall transcriptional activation (Fig EV2D).

We then characterized the functional effects of LOXL2 KD on

gene expression. Gene set enrichment analysis (GSEA) revealed that

LOXL2 KD induced upregulation of processes involved in cell mor-

phology, secretion, membrane trafficking, and cell differentiation,

with cell–cell junction being one of the most significantly affected

pathways (Fig EV2E). These results agree with the role of LOXL2 in

regulating epithelial-to-mesenchymal transition (Millanes-Romero

et al, 2013; Cuevas et al, 2017; Park et al, 2017), corroborating the

high quality of our dataset. Genes downregulated following LOXL2

KD were instead enriched in the cell cycle signature, specifically

DNA duplication (S-phase) and mitotic completion (M-phase)

(Fig 3A), suggesting an unexplored role of LOXL2 in controlling cell

cycle progression.

We next investigated the differential binding of BRD4S and

BRD4L across the genome in shControl and shLOXL2 transduced

MDA-MB-231 cells. Given that there is no specific commercial anti-

body for BRD4S, we adopted a dual ChIP-seq strategy. We

performed ChIP-seq using two antibodies: Ab1, which is specific for

BRD4L, and Ab2, which recognizes both isoforms. Genomic regions

marked by Ab2, but not by Ab1, should be preferentially bound by

BRD4S (Fig 3B). We retrieved a total of 2,774 peaks for Ab1 and

3,288 peaks for Ab2, with approximately 20% of the peaks located

at promoter regions (Fig EV2F). With these identified promoters, we

examined overlaps with gene sets (GSs) in the Molecular Signatures

Database (MSigDB) (Liberzon et al, 2015) to compare promoter

regions differentially bound by the two antibodies. We observed a

strong functional overlap in the top 10 GSs identified for each anti-

body (as expected, given that both antibodies recognize BRD4L)

(Fig EV2G). Nevertheless, we identified GSs for Ab2 with a greater

gene ratio and a lower adjusted P-value (Fig 3C), suggesting that

those promoters were preferentially bound by BRD4S. GSs with the

greatest adjusted P-values and gene ratio differences included Fish-

er_DREAM targets, RNA binding, and Rodrigues_thyroid carcinoma

anaplastic up. Notably, the Fisher_DREAM targets GS comprises cell

cycle genes that are silenced by the DREAM complex (DREAM:

dimerization partner, RB-like, E2F, and multi-vulval class B

▸Figure 3. LOXL2 and BRD4S regulate DREAM target gene expression.

A Gene Set Enrichment Analysis (GSEA) of the genes downregulated upon LOXL2 KD. The top 20 categories are shown, with the size of the points proportional to the
adjusted P-values and the distance from the center proportional to the gene ratio.

B Schematic representation of BRD4L and BRD4S illustrating the Ab1 and Ab2 binding sites (top). Schematic representation of the ChIP-seq strategy used to identify
BRD4S preferentially bound sites (bottom).

C Overlap of promoter target GSs of Ab1 and Ab2 identified with the MsigDB collections. The size of the points is proportional to the adjusted P-values and the distance
from the center is proportional to the gene ratio. The adjusted P-values are calculated independently for each overlap comparison (Ab1 and Ab2).

D RNA-seq logFC for genes associated with the ChIP-seq peaks of Ab2 in C which fall in promoter regions. The logFC of the subset of these genes which are DREAM tar-
gets are plotted in pink (top) and statistical significance is determined by permutation test (bottom).

E BRD4 ChIP-qPCR of DREAM target gene promoters in MDA-MB-231 cells infected with shControl (C), shBRD4 Long (BRD4L KD), and shBRD4 Short (BRD4S KD)
isoforms. Data from qPCR were normalized to the input and represented as the fold-change relative to the C condition, which was set as 1. Data are shown as the
mean of three independent biological replicates. The standard deviation is shown as error bars. Significance was determined using a one-way ANOVA multiple com-
parisons with Tukey’s correction.

F Genome Browser tracks of four different DREAM target genes containing the following information (from top to bottom): Ab1 ChIP-seq profile, Ab2 ChIP-seq profile
either in C or LOXL2 KD conditions, and RNA-seq signal in C and LOXL2 KD conditions.
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Figure 3.
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complex) (Fischer & M€uller, 2017). According to our RNA-seq analy-

sis, LOXL2 downregulation deeply affected the expression of cell

cycle genes (Fig 3A). Consequently, the majority of the DREAM tar-

get genes retrieved in our Ab2-ChIP-seq were significantly downre-

gulated in the LOXL2 KD condition (Fig 3D), suggesting a functional

interaction between BRD4S and LOXL2 to transcriptionally control

cell cycle progression. To validate our ChIP-seq strategy, we specifi-

cally downregulated either BRD4L or BRD4S (Fig EV2H) and

performed ChIP-qPCR on selected DREAM target genes promoter

regions using the BRD4 antibody that recognizes both isoforms

(Ab2). Notably, the downregulation of BRD4S, but not BRD4L, sig-

nificantly reduced BRD4 binding to DREAM target gene promoters

(Fig 3E). We next checked whether BRD4S and BRD4L differently

relocalize on chromatin when LOXL2 is downregulated. We

observed a large increase in BRD4 (S/L) binding following LOXL2

KD (Fig EV2I), in line with the increase in chromatin accessibility

(Fig EV2J). However, increased BRD4 binding did not significantly

correlate with gene expression upregulation (Fig EV2K), suggesting

that the increased binding might be a non-functional consequence

of the increased chromatin accessibility. We also observed that in

the absence of LOXL2, the promoters of DREAM target genes were

no longer predominately captured by Ab2 but with both antibodies,

indicating either BRD4S-BRD4L co-binding or exclusive BRD4L bind-

ing (Figs 3F and EV2L). We hypothesize that the increased signal

observed with Ab1 and Ab2 in the LOXL2 KD condition may princi-

pally depend on BRD4L binding nonspecifically wherever chromatin

becomes more accessible following LOXL2 KD. Indeed, the overlap

between the chromatin loci identified with the two antibodies

increased in the LOXL2 KD condition (Fig EV2M).

Overall, our transcriptomics and the ChIP-seq analyses suggest

that LOXL2 and BRD4S may control the expression of DREAM target

genes to transcriptionally regulate cell cycle progression.

LOXL2, BRD4S, and MED1 interact with Lin9 and B-MyB

Next, we investigated the role of LOXL2 on cell cycle progression.

Real-time quantitative PCR (qPCR) analysis showed that LOXL2

downregulation reduced the expression of selected DREAM target

genes in MDA-MB-231 cells (Fig EV3A), confirming the results of

the transcriptomic analysis (Fig 3D). LOXL2 KD significantly

reduced the number of cells in the G2-M phase of the cell cycle, indi-

cating a cell cycle progression defect (Fig 4A). High-throughput

immunofluorescence (HT-IF) of H3 serine 10 phosphorylation

(H3S10p), a typical marker of mitotic entry, confirmed such a defect

showing an important reduction of mitotic cells following LOXL2

KD (Figs 4B and EV3B).

We next addressed whether the role of LOXL2 in the regulation

of cell cycle progression was dependent on its catalytic activity. The

selective LOXL2 inhibitor PXS-5382 (hereafter, PXS) efficiently

reduced the levels of oxidized histone H3 (H3K4ox) in MDA-MB-231

cells at 40 lM (Fig EV3C), indicating an efficient inhibition of

LOXL2 catalytic activity in the nucleus. When MDA-MB-231 cells

were treated with PXS, we observed that the expression of DREAM

target genes decreased as in the LOXL2 KD condition (Fig EV3D),

suggesting that the catalytic activity of LOXL2 is required for cell

cycle transcriptional control. Cell cycle analysis confirmed that PXS

treatment of MDA-MB-231 cells significantly decreased the G2-M

population, thereby impairing cell cycle progression (Fig 4C). To

corroborate the cell cycle role of LOXL2, we performed a time-lapse

experiment transducing MDA-MB-231 cells with vectors encoding

the mTurquoise2 fluorophore-labeled Stem-Loop Binding Protein

(SLBP), a cell cycle-regulated protein that accumulates in the

nucleus during G1 and starts to be degraded in G2 (Whitfield

et al, 2000), and the Maroon1 fluorophore-labeled Histone H1

(required for nuclear identification), and treated treating them either

with DMSO or PXS. As expected, DMSO-treated MDA-MB-231 cells

progressed into the cell cycle, first acquiring and then progressively

losing the accumulation of nuclear SLBP-mTurquoise2. In contrast,

PXS-treated cells showed a clear retention of mTurquoise2 nuclear

fluorescence (from SLBP), confirming that the treatment impairs cell

cycle progression (Figs 4D and EV3E; Movie EV1).

Cell cycle progression relies on the finely tuned transcriptional

control of DREAM target genes. The DREAM complex comprises

multiple subunits, including the MuvB complex (LIN9, LIN37,

LIN52, LIN54, and RBBP), the Rb-like proteins p130 and E2F4,

and DP1, and acts as a transcriptional repressor of cell cycle genes.

When cells start cycling the DREAM complex disassembles, leav-

ing only the MuvB complex bound to the promoters of cell cycle

genes. MuvB coordinates gene expression in the G2/M phases via

interacting with the Proto-Oncogene Like 2 (B-Myb) and the Fork-

head Box M1 (FOXM1) transcription factors (Sadasivam

et al, 2012). Interestingly, when performing an unbiased and

orthogonal analysis exploring the Achilles dataset (preprint: Demp-

ster et al, 2019), we observed that B-Myb scored as differentially

top-essential in LOXL2 low-expressing cells as compared to LOXL2

high-expressing cells. The same behavior was observed for several

subunits of the Mediator complex (MED1, MED12, MED19,

MED24, MED16, MED10, MED9, MED15, MED23, and MED25),

which is a well-known BRD4 transcriptional partner. In addition,

other BRD4 functionally related genes were differentially essential

in LOXL2 low-expressing cells, such as the de novo purine synthe-

sis genes PAICS and GMPS (Li et al, 2021). Finally, BRD4 itself,

the BRD4 target oncogene MYC (Delmore et al, 2011; Zuber

et al, 2011; Xu & Vakoc, 2017; Muhar et al, 2018), and the

remaining subunits of the mediator complex followed the trend

(Fig 4E). These results support the hypothesis that LOXL2 and

BRD4 regulate together cell cycle gene expression.

To confirm that LOXL2 and BRD4S control the transcription of

cell cycle genes, we performed pulldown experiments for Lin9 (a

MuvB subunit member), B-Myb, and FOXM1 using wild-type

MDA-MB-231 cells. BRD4S and LOXL2 were pulled down with all

three factors. A greater association of BRD4 and LOXL2 with Lin9

and B-Myb was observed compared with FOXM1 (Fig 4F). Only

minimal amounts of BRD4L were pulled down with Lin9, B-Myb,

or FOXM1 (Fig 4F), corroborating our ChIP-seq results where we

observed that DREAM target gene promoters were preferentially

bound by BRD4S (Fig 3C and D). Given that several subunits of

the Mediator complex scored as highly essential in LOXL2 low-

expressing cells (Fig 4E), we investigated whether Mediator may

be involved in the regulation of cell cycle gene expression together

with BRD4S and LOXL2. By using a MED1 antibody as a proxy for

the Mediator complex, we showed that, as observed for LOXL2

and BRD4S, MED1 preferentially interacted with Lin9 and B-Myb.

These results overall suggest that BRD4S, LOXL2, and MED1 inter-

act with the MuvB complex and B-Myb to promote the transcrip-

tion of cell cycle genes.
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The stability of BRD4-MED1 transcriptional foci requires BRD4
and LOXL2 catalytic activity and regulates cell cycle
transcriptional control

To further characterize the relationship between LOXL2, BRD4S,

and MED1, we queried whether MED1 also interacted with LOXL2,

if this interaction required the catalytic activity of LOXL2, and

whether LOXL2 inhibition impaired the interaction between BRD4

and MED1. When MDA-MB-231 cells were treated with either DMSO

or PXS, we observed that MED1 interacted with LOXL2 in a

catalytic-dependent manner (Fig 5A and C). However, the PXS treat-

ment did not perturb the MED1-BRD4 interaction (S and L), nor the

BRD4S-LOXL2 interaction (Fig 5B and C), as expected based on

the docking results (Fig EV1E). We previously showed that JQ1

abrogated the BRD4S-LOXL2 interaction (Fig 2G), as predicted by

the docking poses 2 and 4 (Fig 2F). We, therefore, tested if JQ1

Figure 4. LOXL2 repression leads to G1-S delay.

A Representative cell cycle profile of MDA-MB-231 cells infected either with C or LOXL2 KD. DNA content was analyzed by FACS following propidium iodide (PI) staining
(left). The percentage of cells in each phase of the cell cycle was quantified using the FlowJo Software (right). Data are shown as the mean of three independent bio-
logical replicates. The standard deviation is shown as error bars. Significance was determined by unpaired Student’s t-test.

B High-throughput immunofluorescence of H3S10p mitotic marker in C or LOXL2 KD MDA-MB-231 cells. Mitotic cells (black dots) showed on average a higher H3S10p
signal than the population median + 3S.D. Interphase cells are represented with gray dots. H3S10p intensity is represented as the normalized median. Significance
was calculated using an unpaired Student’s t-test and is based on the mitotic index of the two populations.

C Representative cell cycle profile of MDA-MB-231 cells treated either with DMSO or 40 lM of PXS for 96 h. DNA content was analyzed by FACS following propidium
iodide (PI) staining (left). The percentage of cells in each phase of the cell cycle was quantified using the FlowJo Software (right). Data are shown as the mean of three
independent biological replicates. The standard deviation is shown as error bars. Significance was determined by unpaired Student’s t-test.

D MDA-MB-231 cells expressing SLBP-mTurquoise2 and H1-Maroon1 were treated with DMSO or 40 lM of PXS for 96 h. The percentage of mTurquoise2 nuclei in each
well is shown, representing cells in G1-S. The difference between the PXS and DMSO-treated cells was significant (P < 0.005) under a linear model comparing the per-
centage of mTurquoise2-positive cells, across time, in the two conditions. The estimated increase following treatment with PXS of the area-under-the-curve (AUC) is
13.3 au. Significance was calculated by the Student’s t-test on AUC. Quantification was performed every 12 h. N = 200 cells/replicate, with six biological replicates.

E Differential gene essentiality between high and low LOXL2-expressing cell lines (CCLE) as calculated by analyzing the Achilles dataset. Cell lines with low LOXL2
expression are significantly more sensitive to the depletion of genes represented in the right part of the X-axis as compared to cell lines with high LOXL2 expression,
which are more sensitive to the depletion of genes represented in the left part of the X-axis. N = 80 cell lines. Significance was determined using the Student’s t-test
with BH multiple hypothesis correction. Significant threshold is based on adjusted P-value < 0.05; black dots represent significant essentialities and pink dots repre-
sent different mediator subunits. The dot size is proportional to the adjusted P-value of each gene.

F Pulldown of endogenous Lin9, B-Myb, or FOXM1 in MDA-MB-231 cells. Precipitates were analyzed by Western blot with the indicated antibodies. Irrelevant IgGs were
used as a negative control; ns: non-specific. Three biological replicates were performed.

Source data are available online for this figure.
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treatment impaired the MED1-LOXL2 or the MED1-BRD4 interac-

tions. We performed a MED1 pulldown in cells treated with either

DMSO or JQ1 and showed that while the MED1-LOXL2 interaction

was not affected, BRD4S-MED1 interaction decreased, leaving

unperturbed the BRD4L-MED1 interaction (Fig 5D and F). BRD4

pulldown confirmed the loss of BRD4S-LOXL2 interaction in the

presence of JQ1 (Fig 5E and F).

It is known that BRD4 interacts with MED1 (Jang et al, 2005;

Lambert et al, 2019) and that the BRD4-MED1 interaction underpins

the formation of nuclear transcriptional foci (Sabari et al, 2018) that

decorate super-enhancers and boost the expression of downstream

target genes (Lov�en et al, 2013; Quevedo et al, 2019). Recently, it

has been shown that BRD4S is crucial for the formation of such tran-

scriptional foci (Han et al, 2020). Thus, we asked whether LOXL2

KD in our ChIP-seq dataset caused a decrease in the binding of

BRD4S to super-enhancers associated with DREAM target genes.

After calling super-enhancers with Rank Ordering of Super-

Enhancers (ROSE) (Lov�en et al, 2013; Whyte et al, 2013), we deter-

mined that of the peaks retrieved with the antibody specific for

BRD4L (Ab1), only 3.1% was associated to super-enhancers. In con-

trast, 8% of the peaks retrieved with the antibody recognizing both

BRD4 isoforms (S/L; Ab2) were located at super-enhancers (Appen-

dix Fig S4A), suggesting a prominent role for BRD4S in super-

enhancer formation. Additionally, the percentage of Ab1-bound

super-enhancers associated with DREAM target genes only mildly

decreased in the LOXL2 KD condition (2 vs. 1.7%), while the per-

centage of Ab2-bound super-enhancers associated with DREAM tar-

get genes considerably dropped (3.9 vs. 2.7%), confirming a

predominant role of BRD4S controlling the formation of these cell

cycle-related super-enhancers (Appendix Fig S4B). We, therefore,

hypothesized that the downregulation of cell cycle genes observed

with LOXL2 repression may be due to a partial destabilization of

BRD4S-MED1 transcriptional foci, which are a visual proxy for

super-enhancer formation. Given the fact that BRD4S, LOXL2, and

MED1 interact with each other and that the inhibition of either

BRD4 or LOXL2 partially affects these interactions, we reasoned that

combining the treatments (PXS and JQ1) would strongly destabilize

the formation of this newly described transcriptional complex, lead-

ing to a strong reduction of BRD4-MED1 transcriptional foci and

consequential repression of cell cycle gene expression. MDA-MB-

231 cells treated either with DMSO, PXS, JQ1, or the combination of

both inhibitors (combo) were used for HT-IF to analyze changes in

BRD4 and MED1 nuclear foci. The intensity of BRD4 and MED1 foci

did not change with any treatment (Appendix Fig S4C and D). How-

ever, each treatment showed a decrease in BRD4 foci number, being

the combo significantly stronger than single treatments (Fig 5G and

H). Additionally, even though the number of MED1 foci was not

altered with any treatment (Appendix Fig S4E), we observed a

reduction of BRD4-MED1 colocalization in the combo treatment

(Fig 5G and I). We, therefore, tested whether the combo-driven

reduction of BRD4 nuclear foci and BRD4-MED1 colocalization

would compromise the transcription of cell cycle genes to a greater

extent than either PXS or JQ1 alone. For this, we performed qPCR

analysis of selected DREAM target genes comparing PXS, JQ1, and

the combo. As previously observed (Fig EV3D), the PXS treatment

decreased the expression of such genes, and the JQ1 treatment

showed even a higher effect. The combo treatment, however,

almost completely shut down their expression clearly displaying a

superior effect (Fig 5J).

These results indicate that the transcriptional complex containing

BRD4S, LOXL2, and MED1 is only partially affected by inhibiting

either BRD4 or LOXL2, while the combo treatment can dismantle it.

Additionally, these data reveal a novel mechanism by which the

interactions between BRD4S and LOXL2 are required for the

▸Figure 5. LOXL2 and BRD4 inhibition induces BRD4-MED1 transcriptional foci disintegration.

A MED1 pulldown in MDA-MB-231 cells treated with DMSO or 40 lM of PXS for 96 h. Precipitates were analyzed by Western blot with the indicated antibodies. Irrele-
vant IgGs were used as a negative control; ns: non-specific. Three biological replicates were performed.

B BRD4 pulldown in MDA-MB-231 cells treated with DMSO or 40 lM of PXS for 96 h. Precipitates were analyzed by Western blot with the indicated antibodies. Irrele-
vant IgGs were used as a negative control; ns: non-specific. Three biological replicates were performed.

C Schematic representation of the interactions between BRD4S, LOXL2, and MED1 after LOXL2 inhibition with PXS.
D MED1 pulldown in MDA-MB-231 cells treated with DMSO or 5 lM of JQ1 for 24 h. Precipitates were analyzed by Western blot with the indicated antibodies. Irrele-

vant IgGs were used as a negative control; ns: non-specific. Three biological replicates were performed.
E BRD4 pulldown in MDA-MB-231 cells treated with DMSO or 5 lM of JQ1 for 24 h. Precipitates were analyzed by Western blot with the indicated antibodies. Irrelevant

IgGs were used as a negative control; ns: non-specific. Three biological replicates were performed.
F Schematic representation of the interactions between BRD4S, LOXL2, and MED1 after BRD4 inhibition with JQ1.
G Representative images of BRD4 (green) and MED1 (red) high-throughput immunofluorescence of MDA-MB-231 cells treated for 96 h with DMSO, 40 lM of PXS, 5 lM

of JQ1 or the combination of both inhibitors (Combo). DAPI (blue) was used as a nuclear marker. Scale bar; 5 lm. Magnifications of representative foci are also
depicted.

H Quantification of the number of BRD4 foci from (G) corrected by the nucleus area. Results are normalized to DMSO. Four biological replicates were performed using
at least 4,000 nuclei/replicate for the analysis. Data are shown as the mean of four independent biological replicates. The standard deviation is shown as error bars.
Significance was calculated using a one-way ANOVA multiple comparisons with Tukey’s correction test.

I Quantification of the percentage of MED1 overlapping with BRD4 occupied area from (G). Four biological replicates were performed using at least 4,000 nuclei/
replicate for the analysis. Data are shown as the mean of four independent biological replicates. The standard deviation is shown as error bars. Significance was
calculated using a one-way ANOVA multiple comparisons with Tukey’s correction test.

J Real-time quantitative PCR (qPCR) showing the changes in mRNA expression of four selected DREAM target genes (EZH2, HMGB2, AURKB, and PLK4) in MDA-MB-231
cells treated with DMSO, 40 lM of PXS, 5 lM of JQ1 or the combination of both inhibitors (Combo) for 96 h. Gene expression was normalized against an endogenous
control (Pumilio homolog 1) and represented as the expression relative to the DMSO condition, which was set as 1. Data are shown as the mean of three independent
biological replicates. The standard deviation is shown as error bars. Significance was calculated using a one-way ANOVA multiple comparisons with Tukey’s correction
test.

K Schematic representation of the proposed molecular mechanism.

Source data are available online for this figure.
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formation of BRD4-MED1 transcriptional foci and the gene expres-

sion regulation of cell cycle genes (Fig 5K).

The simultaneous inhibition of BRD4S and LOXL2 compromises
TNBC proliferation

Given the strong effect of the combo treatment on the expression of

cell cycle genes, we wondered whether we could use it as a strategy

to efficiently suppress the proliferation of TNBC. We first investi-

gated in vitro whether inhibiting LOXL2 and BRD4 either alone or

together would have a differential effect on TNBC cell growth. Three

different TNBC cell lines were treated for 96 h either with DMSO or

increasing concentration of PXS and JQ1, either alone or in combi-

nation. PXS and JQ1 reduced cell proliferation in all the cell lines

tested. In the cell lines MDA-MB-468 and BT-549, which have very

low levels of LOXL2 or BRD4, respectively (Fig 1C), we observed

that the combo treatment showed only an additive effect, as

expected due to partial lack of either target. In contrast, in the cell

line MDA-MB-231, which has high levels of BRD4 and LOXL2

(Fig 1C), the combo treatment synergistically suppressed cell prolif-

eration (Figs 6A and EV4A). In order to further demonstrate the crit-

ical role of the short isoform of BRD4 in controlling TNBC cell

proliferation together with LOXL2, we transduced MDA-MB-231

cells with isoform-specific shBRD4s (BRD4S KD and BRD4L KD).

Only BRD4S KD provoked a significant reduction of cell viability fol-

lowing PXS treatment (Fig EV4B), confirming our hypothesis. Addi-

tionally, we tested the combinatorial treatment in a Cal51, a TNBC

cell line expressing high levels of LOXL2 and BRD4 (Fig EV4C) and

displaying a superior resistance to JQ1 treatment than MDA-MB-231

(Fig EV4D). Also, in Cal51 we observed that the combo treatment

impacted cell viability to a greater extent than the single agent treat-

ments (Fig EV4E), reinforcing the role of the BRD4S-LOXL2 interac-

tion in controlling TNBC proliferation.

We further examined whether the combo treatment would have

a synergistic effect in vivo by orthotopically implanting MDA-MB-

231 cells into the mammary glands of immunodeficient mice (NOD-

SCID). After tumor formation (at approximately 100 mm3 tumor

volume), mice were treated with JQ1, PXS, combo, or vehicle. The

PXS and JQ1 single treatments delayed tumor growth in vivo (by

approximately 33 and 23%, respectively, at the endpoint); however,

the combo treatment was much more effective, reaching a 78%

reduction at the endpoint (Fig 6B). The MDA-MB-231 cell line has

high metastatic capacity when orthotopically implanted (Price

et al, 1990), and histopathological analyses of lung sections from

vehicle-treated mice showed multiple tumor metastatic foci. In con-

trast, no metastatic foci were observed in the PXS-treated or combo-

treated mice (Fig 6C), confirming the potential antimetastatic effects

of LOXL2 inhibition (Salvador et al, 2017). JQ1 treatment was also

highly anti-metastatic (one metastatic nodule was observed in the

analyzed samples) (Fig 6C). Importantly, none of the treatments

(including the combo treatment) had significant toxicity in mice

(Fig EV5A).

Next, we tested whether the combination of PXS and JQ1 was

effective in a previously established TNBC PDX model (PDX-549)

from EuroPDX (www.europdx.eu), in which we detected moderate

protein levels of both BRD4 and LOXL2 (Fig EV5B). Similar to what

we observed in the MDA-MB-231 orthotopic xenograft model, the

combination of PXS and JQ1 in the TNBC PDX model also showed a

superior antitumor effect compared to single-agent treatments (50%

with JQ1, no effect with PXS and 70% with the combo) (Fig EV5C).

Again, no significant toxicity was observed in TNBC tumor-bearing

mice treated with either PXS or JQ1, alone or in combination

(Fig EV5D).

We, therefore, checked the expression of LOXL2 and BRD4 in

13 additional PDXs and observed that LOXL2 was clearly

expressed in 11 out of 13 (PDX-44T, 94, 98T, 124, 127, 230, 270,

377, 457b, 509, and 533). While BRD4S was also detected in 12

PDXs (PDX-44T, 94, 98T, 124, 127, 230, 270, 341, 377, 457b,

473b, and 533), BRD4L was barely expressed in all the PDXs and

could be clearly detected only in 6 (PDX-98T, 230, 270, 377, 457b,

and 533) (Fig EV5E). Interestingly, the majority of the analyzed

PDX showed co-expression of BRD4S and LOXL2 (10 out of 13),

suggesting that co-targeting BRD4S and LOXL2 could be a valid

therapeutic approach for the majority of TNBC. We therefore

selected a second PDX (127) based on low doubling time

(Fig EV5F), which is indicative of high proliferation capacity, and

lack of BRD4L expression (Fig EV5E), which made the JQ1 treat-

ment specific for BRD4S. We further challenged our model by

reducing by half the dose of JQ1, since in the PDX-549 we

observed that the tested concentration showed already a significant

reduction of tumor growth when given alone (Fig EV5C). Even in

this utmost situation, the combo treatment showed a stronger

effect (reaching a 50% reduction at the 15-day end time point)

than the single treatments alone, which in this case had only mini-

mal effect (no effect in PXS and only 20% reduction in JQ1 treat-

ment) (Fig 6D). As expected, no significant toxicity was observed

in mice (Fig EV5G). We wondered whether the observed reduction

in tumor volume was the result of a cytostatic and/or cytotoxic

effect. We performed immunohistochemistry for KI67, and

H3S10p, which mark respectively actively replicating cells

and mitotic cells, and observed that the combo treatment was sig-

nificantly reducing both stains at superior levels than the single

treatments (Fig 6E and Appendix Fig S5A). Further, we analyzed

Caspase3 immunostaining and observed that the combo treatment

also increased apoptosis significantly higher than each single treat-

ment (Appendix Fig S5A and C).

Targeting lysyl oxidase (LOX) proteins inhibits the FAK/Src sig-

naling cascade and re-sensitizes cells to chemotherapy treatment in

TNBC-resistant models (Saatci et al, 2020). Since the FAK/Src cas-

cade promotes the G1-S transition (Pickup et al, 2014), we wanted

to exclude that the observed tumor growth defects in the combo

treatment were arising from FAK or Src direct inhibition. Western

blot analysis of excised tumors did not show a reduction in activated

FAK or Src upon any treatment (Appendix Fig S5D), thus discarding

this possibility. Besides, in the extracellular matrix, LOXL2 plays a

role in crosslinking collagen fibers, which promotes tumor fibrosis

and metastatic potential (Pickup et al, 2014; A~nazco et al, 2016).

Collagen staining of tumor samples from MDA-MB-231 and

PDX-127 xenografted mice did not show changes following any

treatment, again discarding that the observed antiproliferative effect

was due to alterations of the collagen in the extracellular matrix

(Appendix Fig S5E and F).

Overall, these data indicate that the simultaneous inhibition of

BRD4S and LOXL2 successfully reduces tumor growth by suppres-

sing TNBC cell proliferation and inducing cell death, holding excit-

ing potential for the development of future clinical applications.
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Discussion

Approximately 15% of breast cancers are classified as TNBC, which

are highly heterogeneous, show an aggressive phenotype, and have

an unfavorable prognosis. Given that there is no targeted therapy to

treat them, the standard regimen for TNBC treatment relies on the

use of conventional chemotherapeutic agents, yet this strategy in

most cases fails to arrest TNBC proliferation. In this study, we report

a newly discovered mechanism for controlling TNBC proliferation,

which can be exploited to develop successful TNBC treatment.

Recently, LOXL2 has been shown to be implicated in the prolifera-

tion of several solid tumors (Ahn et al, 2013; Tanaka et al, 2018;

Cao et al, 2020), including TNBC (Cebri�a-Costa et al, 2020). There-

fore, we sought to explore the possibility of combining LOXL2

Figure 6.
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inhibition with conventional chemotherapy. However, LOXL2

expression fails to predict the response of TNBC to common chemo-

therapeutic treatments. BETi are tested in over 30 clinical trials, five

of them centered in TNBC. Excitingly, LOXL2 expression could very

well predict BETi treatment outcome, being LOXL2 low expressing

cells more sensitive to the treatment (Fig 1A). Further, we found

that BRD4 and LOXL2 are physical and functional interactors. In the

nucleus, LOXL2 binds specifically to the short isoform of BRD4

(BRD4S) (Fig 2B) that in TNBC has been recently describe as onco-

genic, but not to the long one (BRD4L), which has a tumor suppres-

sive role (Wu et al, 2020). Genetic or pharmacological repression of

LOXL2 downregulates the expression of cell cycle genes (Figs 3A

and D, and EV3A and D), whose promoter is bound by BRD4S

(Fig 3C). LOXL2 was previously reported as a transcriptional repres-

sor (Iturbide et al, 2015a). Here, we report for the first time that in

TNBC, LOXL2 acts as a transcriptional activator of cell cycle genes.

When scouting for vulnerabilities associated with LOXL2 low

expression, we found that LOXL2 low expressing cells are much

more sensitive to the loss of B-Myb, which controls the expression

of cell cycle genes, and BRD4 functional partners, including the

Mediator complex (Figs 4E and EV3F). We showed that MED1 inter-

acts with LOXL2 and BRD4S (Fig 5A and D). Such trimeric complex

can be dismantled only by inhibiting BRD4 and LOXL2 simulta-

neously, which molecularly induces loss of BRD4 transcriptional

foci, BRD4-MED1 colocalization, and a remarkable downregulation

of cell cycle genes (Fig 5G–J). Interestingly, while LOXL2 has never

been associated with cell cycle transcriptional control, BRD4 has

been previously linked to the regulation of cell cycle gene expres-

sion (Dey et al, 2003; Yang et al, 2008).

At the phenotypic level, we showed that the combinatorial inhi-

bition of BRD4 and LOXL2 is synergistic in vitro and in vivo in

suppressing TNBC proliferation (Fig 6). Importantly, the three

in vivo models that we tested (one cell line implantation, and two

PDXs models with different aggressiveness) all showed comparable

results, indicating strong consistency. The vast majority of the PDXs

assessed in our study showed moderate to high levels of BRD4S and

LOXL2, while BRD4L was barely expressed (Fig EV5B and E). This

evidence not only confirms the pro-oncogenic function of BRD4S

(Wu et al, 2020) but also indicates that the simultaneous inhibition

of LOXL2 and BRD4 could be explored as a strategy for the treat-

ment of TNBC.

BRD4 inhibition has been found to increase the activity of the

oncosuppressor TP53 (Latif et al, 2021). The observed antiprolifera-

tive effect in MDA-MB-231cells, however, cannot be attributed to

the direct activation of TP53 given its mutated state in this cell line,

but rather to the activation of alternative cytotoxic or cytostatic

routes (Webber et al, 2019). Interestingly, the essentiality analysis

that we conducted revealed that LOXL2-low expressing cells are

very sensitive to the loss of TP53, and conversely, they survive bet-

ter if MDM2 (which is required to induce TP53 proteasomal degra-

dation) is absent (Figs 4E and EV3F). This evidence is in line with

previous results indicating that the loss of LOXL2 in TNBC enhances

DNA damage, and may indicate that cells with low levels of LOXL2

require a resilient mechanism to guarantee genome integrity and

avoid apoptosis. Excitingly, BRD4 has also been associated multiple

times with the DNA damage response (Pongas et al, 2017; Zhang

et al, 2018). Mechanistically, it has been suggested to be responsible

for insulating chromatin at DNA-damaged sites, thereby allowing

repair (Floyd et al, 2013), or preventing the accumulation of R-loops

and thereby protecting against transcription–replication collision

(Lam et al, 2020). The role of LOXL2 and BRD4 in DNA damage and

their cooperation in controlling the transcriptional regulation of cell

cycle progression may suggest that their simultaneous inhibition in

tumor cells could act as a double-edged sword. In line with this,

combining LOXL2 and BRD4 inhibition with DNA-damaging agents

could further improve the outcome of TNBC treatment.

The potential of LOXL2 as a biomarker is noteworthy. In this

manuscript, we show that low LOXL2 levels sensitize cells to BETi

treatments. This represents a great advantage in the clinical field

because we can mimic low LOXL2 levels by treating with inhibitors,

and effectively stop tumor growth by co-treating with BETi. How-

ever, BETi are not yet approved in the clinic, although there are clin-

ical trials even for TNBC. On the other hand, Vinca alkaloid

compounds are used as standard therapy for many types of cancer,

including TNBC. In this manuscript, we also show that LOXL2

expression levels can predict the outcome of Vinca alkaloid treat-

ments (Fig 1A), thus reinforcing the role of LOXL2 as a biomarker

that could be readily implemented in the clinic. Finally, although we

◀ Figure 6. BRD4 and LOXL2 simultaneous inhibition impairs in vivo TNBC progression.

A Representative synergy matrixes showing cell viability measured with the MTT assay. The three TNBC cell lines used were treated with either PXS or JQ1 alone or
with their combination at the indicated concentration for 96 h. SC indicates the synergy score for each cell line; a synergy score lower than 5 indicates the additive
effect of the treatments, while a synergy score higher than 5 indicates synergism (Love et al, 2014). Three biological replicates were analyzed for each cell line.

B Tumor volumes represented as fold change to day 1 (D1) from the MDA-MB-231 xenograft mice treated five times per week with 15 mg/kg JQ1 and/or 2 mg per pump
PXS during 26 days. A minimum of six tumors per group (3 mice/both sides) are shown as average tumor volume and standard deviations are shown as error bars.
The significance was determined at the endpoint (day 26) using a two-way ANOVA multiple comparisons with Tukey’s correction test (left). Images of the excised
tumors at the end of the experiment (day 26) (right).

C Quantification of the number of metastasis nodules per mouse lung section analyzed. Data are shown as the mean of at least 15 lung sections analyzed per group.
The standard deviation is shown as error bars. Significance was calculated using a one-way ANOVA multiple comparisons with Dunnett’s correction test.

D Tumor volumes represented as fold change to day 1 (D1) from PDX-127 mice treated five times per week with 7.5 mg/kg JQ1 and/or 2 mg per pump PXS for 15 days. A
minimum of six tumors per group (3 mice/both sides) are shown as average tumor volume. Standard deviations are shown as error bars. Significance was determined
at the endpoint (day 15) using a two-way ANOVA multiple comparisons with Tukey’s correction test (left). Images of the excised tumors at the end of the experiment
(day 15) (right).

E Quantification of the number of H3S10p positive cells stained by immunohistochemistry in each of the excised tumors. A minimum of six tumors were analyzed per
group and three different regions per tumor were quantified. The standard deviation is shown as error bars. Significance was calculated using a one-way ANOVA mul-
tiple comparisons with Tukey’s correction test.

Source data are available online for this figure.
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have focused our study on TNBC, it would be interesting to extrapo-

late our findings to other cancer types to find out whether the same

strategy would be effective in counteracting their growth.

Materials and Methods

Cell culture

HEK293T cells (ATCC; #CRL-3216), MDA-MB-231 cells (ATCC;

#HTB-26), MDA-MB-468 (ATCC; #HTB-132), and BT-549 (ATCC;

#HTB-122) were cultured in Dulbecco’s modified Eagle’s medium

(DMEM; Biowest; #L0106-500) supplemented with 10% FBS (Gibco;

#10270106) at 37°C in 5% CO2. To verify that no mycoplasma con-

tamination was present, cultures were tested every month. Pre-

authenticated cell lines used in this study were obtained from the

CRG cell line collection.

Plasmids

To obtain the human LOXL2 (hLOXL2) plasmid with point muta-

tions in either the K209 or K209-K212 (Table 1), a GeneBlock (IDT)

was designed and cloned with K209R and K209Q/K212Q mutations.

For this, pcDNA3-hLOXL2 (2 lg) was digested with EcoRI and

HindIII (New England Biolabs) in Cutsmart buffer for 2 h, and the

digested plasmid was gel purified. Each GeneBlock containing

the point mutations was cloned using the Gibson reaction approach

for 1 h at 50°C. DH5a E. coli cells were transformed with 3 ll of
Gibson reaction solution, and single colonies were grown in LB

medium with ampicillin for further analysis. Sanger sequencing was

performed to select positive clones.

In order to knockdown the long and short BRD4 isoforms

(BRD4L KD and BRD4S KD, respectively) (Table 1), two targeting

shRNAs were cloned in plKO plasmid. The vector (1.5 lg) was

digested with EcorI-HF (NEB, R3101) and AgeI-HF (NEB, R3552)

in rCutsmart Buffer and the resulting product was gel purified

with the QIAquick Gel Extraction Kit (Qiagen, 28706). To obtain

the shRNA, each oligo (IDT) (Table 2) was resuspended to

20 lM in molecular biology water and 5 ll each were annealed

in NEBuffer 2 (B7002S) for 4 min at 95°C and slowly cool down

to room temperature for several hours. The vector and both

inserts were ligated with 1 ll of NEB T4 DNA ligase (NEB,

M0202) and 2 ll of 10× NEB T4 DNA ligase buffer in molecular

biology water at 16°C overnight. The resulting ligation product

was transformed in 25 ll of DH5a Competent Cells (Thermo

Fisher Scientific, 18265017) and selected in 100 lg/ml in house

ampicillin plates.

The sequences of the primers used were obtained from Broad

Institute GPP Web Portal (https://portals.broadinstitute.org/gpp/

public/) and are listed in the Table 2.

Transfection

For overexpression assays, MDA-MB-231, MDA-MB-468, or

HEK293T cells were seeded for 24 h and transiently transfected with

the indicated vectors using either polyethyleneimine polymer (Poly-

sciences Inc; #23966-1) or TransIT-X2 Dynamic Delivery System

(Mirus Bio; #MIR6004), following the manufacturer’s instructions.

Lentiviral infection

HEK293T cells were used to produce lentiviral particles. Cells were

grown to 70% confluence (day 0) and transfected by adding drop-

wise a mixture of 150 mM NaCl, DNA (50% of either control shRNA

[SHC002V] or LOXL2 shRNA [TRCN0000046196], BRD4L shRNA,

BRD4S shRNA vectors, 10% pCMV-VSVG, 30% pMDLg/pRRE, and

10% pRSV rev), and polyethyleneimine polymer (Polysciences Inc;

23966-1), which was pre-incubated for 15 min at room temperature.

Transfection medium was replaced with fresh medium after 24 h

(day 1). On days 2 and 3, the cell-conditioned medium was filtered

with a 0.45 lm filter unit (Merck Millipore; 051338) and stored at

4°C. Viral particles were concentrated using a Lenti-X Concentrator

(Clonetech; 631232) following the manufacturer’s instructions, and

virus aliquots were stored at �80°C until use.

MDA-MB-231 and BT-549 cells were infected by adding concen-

trated viral particles to their culture media. After 18 h, the medium

was replaced with fresh medium containing 2 lg/ml of puromycin

(Sigma-Aldrich; P8833). At 48 h after puromycin selection, cells

were used for the experiments.

RNA extraction and qPCR

RNA was extracted using the PureLink RNA mini kit (Invitrogen)

and converted into cDNA using the High-Capacity RNA-to-DNA kit

(Applied Biosystems), following the manufacturer’s instructions.

qPCR was performed using the Power SYBR Green PCR Master

Mix (Applied Biosystems) in a 7900HT thermocycler (Applied

Biosystems). The primers used for amplification are listed in

Table 2.

Table 1. List of plasmids used in the study.

Plasmids Source Purchase no.

pcDNA3-hLOXL2wt-Flag Herranz et al (2016) N/A

pcDNA3-hLOXL2m-Flag Herranz et al (2016) N/A

Empty-pcDNA3 Herranz et al (2016) N/A

pcDNA3-hLOXL2R-Flag This manuscript N/A

pcDNA3-hLOXL2Q-Flag This manuscript N/A

BRD4L-GFP Sdelci et al (2019) N/A

BRD4S-GFP Sdelci et al (2019) N/A

BRD4S-N140F/N433F-GFP Sdelci et al (2019) N/A

BRD4_BD1-GFP Sdelci et al (2019) N/A

BRD4_BD1/BD2-GFP Sdelci et al (2019) N/A

BRD4_BD2-GFP Sdelci et al (2019) N/A

BRD4S-specific C-
terminal-GFP

Sdelci et al (2019) N/A

BRD4 Long shRNA This manuscript N/A

BRD4 Short shRNA This manuscript N/A

pLL3.7 m-mTurquoise2-
SLBP(18-126)-IRES-H1-
mMaroon1

Addgene #83842

CT shRNA Sigma-Aldrich #SHC002V

LOXL2 shRNA Sigma-Aldrich #TRCN0000046196
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Table 2. List of primers used in the study.

Primer Direction Sequence Application

PUM1 Forward 50-TTCCTTCAGACCAGCAGGTAAT-30 qPCR

PUM1 Reverse 50-GGATAAGGCAAATACCTGTCCC-30 qPCR

HMGB2 Forward 50-CTTGGCACGATATGCAGCAA-30 qPCR

HMGB2 Reverse 50-CAGCCAAAGATAAACAACCATATGA-30 qPCR

EZH2 Forward 50-GACCTCTGTCTTACTTGTGGAGC-30 qPCR

EZH2 Reverse 50-CGTCAGATGGTGCCAGCAATAG-30 qPCR

AURKB Forward 50-CAGAGAGATCGAAATCCAGGC-30 qPCR

AURKB Reverse 50-CCTTGAGCCCTAAGAGCAGAT-30 qPCR

PLK4 Forward 50-GACTGCGTGAAGGAAGCTAATC-30 qPCR

PLK4 Reverse 50-TCTCTGTACCATTCCTGCTTTG-30 qPCR

prCDH1 Forward 50-AACCCTCAGCCAATCAGCGG-30 ChIP-qPCR

prCDH1 Reverse 50-GTTCCGACGCCACTGAGAGG-30 ChIP-qPCR

prPol2 Forward 50-CTGAGTCCGGATGAACTGGT-30 ChIP-qPCR

prPol2 Reverse 50-ACCCATAAGCAGCGAGAAAG-30 ChIP-qPCR

prBRD4 Forward 50-TTTCCTGGCCTCCTGACTGC-30 ChIP-qPCR

prBRD4 Reverse 50-GACCCTGCAACTTGCCTTGG-30 ChIP-qPCR

prEZH2 Forward 50-CTGGTTCAAACTTGGCTTCCA-30 ChIP-qPCR

prEZH2 Reverse 50-TTCTTTCGCTGAACACACGG-30 ChIP-qPCR

prHMGB2 Forward 50-CTGTAGTCGCTCTGCTCTGT-30 ChIP-qPCR

prHMGB2 Reverse 50-CCTTGACTTCCCCGAGTTCT-30 ChIP-qPCR

prAURKB Forward 50-ACCTGATCATCTGCCCACTC-30 ChIP-qPCR

prAURKB Reverse 50-CATTCCGCCTCTTCCATTGG-30 ChIP-qPCR

prPLK4 Forward 50-TTAGAGAGCCGAGCCTGATG-30 ChIP-qPCR

prPLK4 Reverse 50-TCCCACAATTACTCCCACCC-30 ChIP-qPCR

Ad1_noMX Forward 50-AATGATACGGCGACCACCGAGATCTACA ATAC-seq

CTCGTCGGCAGCGTCAGATGTG-30

Ad2.1_TAAGGCGA Reverse 50-CAAGCAGAAGACGGCATACGAGAT ATAC-seq

TCGCCTTAGTCTCGTGGGCTCGGAGATGT-30

Ad2.2_CGTACTAG Reverse 50-CAAGCAGAAGACGGCATACGAGAT ATAC-seq

CTAGTACGGTCTCGTGGGCTCGGAGATGT-30

Ad2.3_AGGCAGAA Reverse 50-CAAGCAGAAGACGGCATACGAGAT ATAC-seq

TTCTGCCTGTCTCGTGGGCTCGGAGATGT-30

Ad2.4_TCCTGAGC Reverse 50-CAAGCAGAAGACGGCATACGAGAT ATAC-seq

GCTCAGGAGTCTCGTGGGCTCGGAGATGT-30

Ad2.5_GGACTCCT Reverse 50-CAAGCAGAAGACGGCATACGAGAT ATAC-seq

AGGAGTCCGTCTCGTGGGCTCGGAGATGT-30

Ad2.6_TAGGCATG Reverse 50-CAAGCAGAAGACGGCATACGAGAT ATAC-seq

CATGCCTAGTCTCGTGGGCTCGGAGATGT-30

pcDNA3 Forward 50-TACGACTCACTATAGGGAGACCCAAG-30 Sanger

shBRD4 Short (TRCN0000349782) Forward 50-CCGGATTGGACACGGACTCTTAATACTCGAGTATTAAGAGTCCGTGTCCAATTTTTTG-30 Cloning

shBRD4 Short (TRCN0000349782) Reverse 50-AATTCAAAAAATTGGACACGGACTCTTAATACTCGAGTATTAAGAGTCCGTGTCCAAT-30 Cloning

shBRD4 Long (TRCN0000021427) Forward 50-CCGGCCTGGAGATGACATAGTCTTACTCGAGTAAGACTATGTCATCTCCAGGTTTTTG-30 Cloning

shBRD4 Long (TRCN0000021427) Reverse 50-AATTCAAAAACCTGGAGATGACATAGTCTTACTCGAGTAAGACTATGTCATCTCCAGG-30 Cloning
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Protein–protein docking analysis

Two structures covering BD1 and BD2 of BRD4 were retrieved from

the Protein Data Bank (PDB) (Berman et al, 2000), and 45 models

related to six observed protein–protein interactions involving the

BRD4 bromodomains were extracted from Interactome3d (Mosca

et al, 2013) (Table EV1). The first group of structures, together with

the only available PDB model for LOXL2 (5ZE3), was used to run

docking on the ZDOCK server (Pierce et al, 2014) and Autodock

VINA (Trott & Olson, 2010). Models capturing BRD4 in interactions

were used as input for ProteinFishing (Cianferoni et al, 2020)

together with the LOXL2 structure. The obtained models were later

minimized using the YASARA structure minimization routine,

followed by the FoldX RepairPDB. A reliability ranking based on

FoldX (Delgado et al, 2019) interaction energy, stability, and buried

surface was generated (Table EV1) using the FoldX AnalyseComplex

and Stability commands, and the buried surface was computed using

the YASARA structure. The top 10 models for each BD were selected

using the ranking mentioned above, and models incompatible with

the LOXL2 AlphaFold (Jumper et al, 2021) model AF-Q9Y4K0-F1

were excluded. Such a model predicts the formation and packing of a

domain implying residues 1–318, unsolved in the LOXL2 PDB struc-

ture. Models with similar poses were grouped into clusters and fur-

ther pruned by considering the top-ranking model as representative

of each cluster. For each of the six final models, the residues involved

in the interaction were determined using the FoldX AnalyseComplex

command. The FoldX Pssm command was used to predict the DDG
for mutating each of the interaction residues to alanine. Mutations

predicting a DDG of interaction greater than 2.0 kcal/mol character-

ize the relative residue position as fundamental for the interaction. In

the same way, DDGs smaller than �2.0 kcal/mol should be consid-

ered invalidating for the relative model (Table EV2). Nevertheless,

model 4uyd_zdock_3 was spared, given the fact that the unsatisfac-

tory residue D144 possibly forms a salt bridge with R447 of LOXL2.

In contrast, ProteinFishing model O60885-O60885-EXP-5khm_5ze3_1

was excluded because of its lack of strong interactions to support the

proposed binding pose (Table EV2). Asparagines 140 and 433 for

BD1 and BD2 were mutated to phenylalanine and, in accordance

with the experimental data, models implying a loss of binding upon

mutation were excluded (Table EV3).

Cell cycle analysis

A total of 1 × 106 cells MDA-MB-231 cells were trypsinized and

washed with PBS. Cells were fixed using 1 ml of 70% cold ethanol

(diluted with PBS) and added dropwise to the cell pellet while

vortexing (in order to avoid cell clumping). After at least 30 min on

ice, fixed cells were carefully washed three times with PBS. The

washed pellet was resuspended in 1 ml of Propidium Iodide (PI)

staining buffer (100 lg/ml RNAse A and 50 lg/ml PI (Sigma-

Aldrich; #P4864) in PBS) and incubated for at least 30 min at 4°C in

the dark. The stained cells were analyzed by FACS using LSRFor-

tessa and FlowJo V10 (BD Biosciences).

Small molecule treatment and synergism analysis

Triple-negative breast cancer cell lines were seeded on day 1 in 96-

well plates in triplicate: MDA-MB-468 (4,000 cells/well), MDA-MB-

231 (3,000 cells/well), and BT-549 (3,000 cells/well). On the second

day (day 2), cells were treated with the indicated concentrations of

JQ1 or PXS and their combinations. After 96 h (day 6), the MTT (3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay

was performed by adding 0.5 mg of MTT (Cat A2231, Panreac

AppliChem) per ml of Dulbecco’s Modified Eagle Medium (DMEM)

without fetal bovine serum (FBS) for 3 h at 37°C to assess cell via-

bility. The synergy score was calculated using the Synergy Finder

2.0 software (Ianevski et al, 2020).

High-throughput immunofluorescence

High-throughput immunofluorescence analysis was performed using

cells seeded on clear flat-bottom 96-well plates (Perkin Elmer),

treated as described in the manuscript, and fixed with 4% parafor-

maldehyde for 10 min. Permeabilization and blocking were

performed using PBS/3% bovine serum albumin (BSA)/0.1% Triton

for 30 min. The cells were incubated first with primary antibodies

for 1 h at room temperature (H3S10P #06-570; 1:2,000, BRD4

#ab128874; 1:500, Med1 #LS-C290523; 1:200) and then with second-

ary antibodies (Alexa Fluor 488 goat anti-rabbit; 1:1,000 and Alexa

Fluor 555 donkey anti-mouse; 1:1,000, Thermo Fisher Scientific) for

30 min at room temperature in the dark. Finally, cells were washed

and incubated with DAPI (4,6-diamidino-2-phenylindole,

#MBD0015; 1:1,000) for 5 min at room temperature in the dark. The

samples were washed thrice with PBS to remove excess antibodies

and DAPI. Images were taken with the Operetta High Content

Screening System (PerkinElmer) using a 63× or 40× objective and

non-confocal mode. Images were quantified using the Harmony soft-

ware, first by identifying nuclei and then quantifying their proper-

ties (of H3S10P intensity, BRD4 and MED1 foci, and BRD4/MED1

foci colocalization). For cell viability assays using DAPI count,

MDA-MB-231 cells were also seeded on clear flat-bottom 96-well

plates (Perkin Elmer), treated as described in the result section and

fixed with 4% paraformaldehyde for 10 min. Cells were washed

thrice with PBS and incubated with DAPI (4,6-diamidino-2-

phenylindole, #MBD0015; 1:1,000) for 5 min at room temperature

in the dark. Images were taken with the Operetta High Content

Screening System (PerkinElmer) using a 10× objective and non-

confocal mode. Images were quantified using the Harmony

software.

Live-cell imaging

MDA-MB-231 cells expressing mTurquoise2-SLBP (18–126) and H1-

Maroon1 were seeded in clear, flat-bottom 96-well plates (Perkin

Elmer), treated with DMSO or PXS (40 lM), and tracked for 96 h

using the Operetta High Content Screening System (PerkinElmer),

20× objective, and non-confocal mode. Images were acquired every

15 min, and mTurquoise2 and Maroon1 were quantified using the

Harmony software.

Western blot and pulldown experiments

Whole-cell extracts were obtained using an SDS lysis buffer (2%

SDS, 50 mM Tris–HCl, and 10% glycerol). Tumor samples were

placed in a 5 ml round bottom polystyrene falcon (Corning; 352052)

containing SDS lysis buffer. Samples were homogenized using
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Dispersor ULTRA-TURRAX T10 Basic (IKA). The samples were

quantified and mixed with 4× Laemmli sample buffer (Bio-Rad) and

boiled at 95°C for 5 min. Proteins were separated by SDS–polyacryl-

amide gel electrophoresis and detected with the following anti-

bodies: LOXL2 (Cell Signaling; #99680S; 1:1,000), BRD4 (Abcam;

#ab128874; 1:1,000), Tubulin (Sigma-Aldrich; #T6557; 1:10,000),

and Flag (Sigma-Aldrich; #F7425; 1:10,000), p-FAK (Cell Signaling;

#3283S; 1:1,000), FAK (Cell Signaling; #3285S; 1:1,000), p-Src (Cell

Signaling; #2101S; 1:1,000), Src (Cell Signaling; #2108S; 1:1,000),

GAPDH (Cell Signaling; #97166S; 1:5,000).

For the histone isolation experiment, the cells were pelleted by cen-

trifugation and washed with cold PBS. Pellets were resuspended by

vortexing with lysis buffer (10 mM Tris, pH 6.5, 50 mM sodium bisul-

fite, 1% Triton X-100, 10 mM MgCl2, 8.6% sucrose, and 10 mM

sodium butyrate) and centrifuged twice at full speed for 15 s. The

same procedure was repeated once with wash buffer (10 mM Tris [pH

7.4] and 13 mM EDTA). Pellets were resuspended in 0.4 N H2SO4 and

left for 1 h at 4°C with occasional gentle mixing. After centrifugation

at full speed for 5 min, the supernatants were transferred to a new

tube, and acetone was added (1:9). The mixture was left overnight

at –20°C and then centrifuged at full speed for 10 min. The pellets

were air-dried for 5 min and resuspended in 30–100 ll of distilled
water. Proteins were quantified using Bradford Assay (Bio-Rad;

5000006) and separated by SDS–polyacrylamide gel electrophore-

sis. The proteins were detected with anti-H3K4ox (previously gen-

erated (Cebri�a-Costa et al, 2020); 1:1,000) or anti-H3 (Abcam;

#ab1791; 1:5,000).

For the Flag pulldown experiment, MDA-MB-231 or HEK293T

cells were transfected with pcDNA3-hLOXL2wt-Flag, pcDNA3-

hLOXL2m-Flag, or an empty pcDNA3, and used after 48 h for pull-

down experiments. For pulldown, cells were washed twice with

cold PBS, lysed in high-salt lysis buffer (20 mM HEPES pH 7.4, 10%

glycerol, 350 mM NaCl, 1 mM MgCl2, and 0.5% Triton X-100)

supplemented with protease inhibitors, and incubated for 30 min on

ice for lysis. Lysate samples were centrifuged at 15,200 g at 4°C for

10 min. Balance buffer (20 mM HEPES [pH 7.4], 1 mM MgCl2, and

10 mM KCl) was added to the resulting supernatant to reach a final

NaCl concentration of 150 mM. Cell extracts were quantified using

the Pierce BCA Protein Assay Kit (Thermo Scientific; PIER23225),

and 1 mg was incubated with 40 ll of Flag-M2 Affinity Agarose Gel

(Sigma-Aldrich; A2220) for 4 h at 4°C and washed three times with

wash buffer (20 mM HEPES pH 7.4, 1 mM MgCl2, 150 mM NaCl,

10% glycerol, 0.5% Triton X-100). The precipitated complexes were

eluted with 2× Laemmli buffer.

For endogenous pulldown experiments, cells were washed twice

with cold PBS and lysed in soft-salt lysis buffer (50 mM Tris–HCl

pH 8.0, 10 mM EDTA, and 0.1% NP-40) supplemented with prote-

ase inhibitors for nuclear enrichment. After centrifugation at 800 g

for 15 min, nuclei were pelleted and lysed in high-salt lysis buffer

supplemented with protease inhibitors and then incubated for

30 min on ice for nuclei lysis. Lysate samples were centrifuged at

15,200 g at 4°C for 10 min. Balance buffer was added to the

resulting supernatant to reach a final NaCl concentration of

150 mM. Nuclear extracts were quantified using Pierce BCA Protein

Assay Kit (Thermo Scientific; #PIER23225) and 1 mg of nuclear

extract was incubated overnight with a primary antibody, using:

2.5 lg anti-BRD4 (Abcam; #ab128874), 5 lg anti-MED1 (Bethyl Lab-

oratories; A300-793A), 4 lg anti-Lin9 (Proteintech; #17882-1-AP),

4 lg anti-B-Myb (Proteintech; 18896-1-AP), or 4 lg anti-FOXM1

(Proteintech; #13147-1-AP). The samples were then incubated with

Protein A Dynabeads (Thermo Scientific; #10002D) for 1 h at 4°C.

The complexes were washed three times with wash buffer and

eluted with 2× Laemmli buffer.

For pulldown analysis, proteins were separated by SDS–polyacryl-

amide gel electrophoresis and detected with the appropriate antibodies:

anti-Flag (Sigma-Aldrich; #F7425; 1:10,000), anti-GFP (Abcam;

#ab1218; 1:1,000), anti-BRD4 (Abcam; #ab128874; 1:1,000); Lin9 (Santa

Cruz; #sc-130571; 1:500), FOXM1 (Santa Cruz; #sc-376471; 1:1,000), B-

Myb (Santa Cruz; #sc-81192; 1:1,000), MED1 (Bethyl Laboratories;

#A300-793A; 1:1,000), and LOXL2 (Cell Signaling; #99680S; 1:1,000).

ATAC-seq sample preparation

Three biological replicates of ATAC-seq samples were prepared as

described previously (Buenrostro et al, 2015). Briefly, 50,000 MDA-

MB-231 cells infected with shControI or shLOXL2 (KD) were col-

lected and treated with transposase Tn5 (Nextera Tn5 Transposase;

Illumina Cat #FC-121-1030). DNA was purified using AMPure XP

beads to remove large fragments (0.5 × beads; > 1 kb) and small

fragments (1.5 × beads; < 100 bp). Samples were then amplified

using NEBNexthigh-Fidelity 2× PCR Master Mix (New England Labs

Cat #M0541) with primers containing a barcode to generate the

libraries, as previously described (Buenrostro et al, 2013). Each rep-

licate was amplified using a combination of the forward primer and

one of the reverse primers containing the adaptors (Table 2). The

number of cycles of library amplification was calculated as previ-

ously described (Buenrostro et al, 2015). DNA was purified using a

MinElute PCR Purification Kit (Qiagen), and samples were

sequenced using an Illumina HiSeq 2500.

ATAC-seq analysis

Paired-end 50 bp reads were adaptor-trimmed using TrimGalore

(version 0.6.5). Trimmed reads were aligned to the hg19 genome

(UCSC) using BowTie 2 Aligner (version 2.4.2) (Langmead & Salz-

berg, 2012) with the following parameters: very-sensitive–2000.

Aligned reads were filtered using SAM tools (version 1.11) (Li

et al, 2009) to retain proper pairs with a MapQ value ≥ 30. Read

pairs aligned with ChrM were discarded. Duplicate read pairs were

removed using the Picard (version 2.23.8). The read alignment was

offset as previously described (Buenrostro et al, 2013). Peaks were

called using MACS2 (version 2.2.7.1) (Feng et al, 2012) with a false

discovery rate (FDR) < 0.01. Differentially accessible regions were

determined using the DiffBind package (version 3.0.7) in R (version

4.0.2) with false discovery rate (FDR) < 0.005. Genomic annotation

of differential regions was performed using HOMER (version 4.11)

(Heinz et al, 2010). Normalized read coverage values were obtained

using deepTools (version 3.5.0) (Ram�ırez et al, 2016). Coverage

density heatmaps were generated using deepTools with the option

reference point and considering flanking regions 1 kb upstream and

downstream from the center of the peaks.

ChIP sample preparation

MDA-MB-231 cells (10 × 106) infected with C or LOXL2 KD and

were crosslinked in suspension using 1% formaldehyde for 10 min
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at 37°C. Crosslinking was stopped by adding glycine at a final con-

centration of 0.125 M for 5 min at room temperature. The cells were

collected by centrifugation at 300 g for 5 min at 4°C. Cell pellets

were resuspended in SDS sonication lysis buffer (1 M Tris–HCl pH

8, 10% SDS, 0.5 M EDTA) that had been supplemented with prote-

ase inhibitors. Extracts were sonicated to generate 200–600 bp DNA

fragments, diluted 1:1.5 with equilibration buffer (10 mM Tris,

233 mM NaCl, 1.66% TritonX-100, 0.166% Na-deoxycholate (DOC),

1 mM EDTA) supplemented with protease inhibitors, and centri-

fuged at 14,000 g for 10 min at 4°C to pellet insoluble material. The

primary antibodies used were 5 lg Ab2 (Abcam; #ab128874), 15 lg
Ab1 (Bethyl Laboratories; #A301-985A100), or an irrelevant anti-

body (IgG). After adding the appropriate antibody to each sample,

the mixtures were incubated overnight with rotation at 4°C; note

that 10% of each sample was reserved as input prior to adding the

antibodies. Antibody-bound chromatin was immunoprecipitated

using 50 ll Protein A Dynabeads (Thermo Scientific; #10002D) for

2 h with rotation at 4°C. Precipitated samples were washed twice

with RIPA-LS (10 mM Tris–HCl pH 8.0, 140 mM NaCl, 1 mM EDTA,

0.1% SDS, 0.1% DOX, 1% TritonX-100), twice with RIPA-HS

(10 mM Tris–HCl pH 8.0, 0.5 M EDTA, 5 M NaCl, 10% TritonX-

100, 10% SDS, 10% DOX), and twice with RIPA-LiCl (10 mM Tris–

HCl pH 8.0, 1 mM EDTA, 250 mM LiCl, 0.5% NP-40, 0.5% DOX).

Beads were resuspended in 48 ll ChIP elution buffer (10 mM Tris–

HCl pH 8.0, 5 mM EDTA, 300 mM NaCl, 0.4% SDS) and 2 ll pro-
teinase K, and incubated at 55°C for 1 h and then at 65°C overnight

for de-crosslinking (inputs were also incubated in parallel during

the de-crosslinking step).

DNA was purified using a MinElute PCR Purification Kit

(Qiagen) and eluted in nuclease-free water. The NEBNext Ultra

DNA Library Prep Kit for Illumina was used to prepare the librar-

ies, and the samples were sequenced using the Illumina HiSeq

2500 system.

For ChIP-qPCR experiments, MDA-MB-468 cells were transfected

with Empty-pcDNA3, pcDNA3-hLOXL2wt-Flag or pcDNA3-

hLOXL2m-Flag (Appendix Fig S2A). For Appendix Fig S2D and G,

MDA-MB-231 and BT-449 cells were infected with shContrI (C) and

shLOXL2 (LOXL2 KD), respectively. MDA-MB-231 cells were also

infected with shCoIol (C), shBRD4 Long (BRD4L KD) or shBRD4

Short (BRD4S KD) (Fig 3D). The experiments were performed as

previously described using 5 lg of either H3K4ox (Cebri�a-Costa

et al, 2020) or Ab2 (#ab128874). Genomic regions were detected by

qPCR using the Power SYBR Green PCR Master Mix (Applied

Biosystems) in a 7900HT thermocycler (Applied Biosystems). The

primers used for amplification are listed in Table 2. Results were

analyzed relative to the input and to the amount of irrelevant IgG

immunoprecipitated in each condition.

ChIP-seq analysis

Single-end 50 bp reads were adaptor-trimmed using TrimGalore

(version 0.6.5). Trimmed reads were aligned to the hg19 genome

(UCSC) using BowTie 2 Aligner (version 2.4.2) (Langmead &

Salzberg, 2012). The aligned reads were filtered using SAMtools

(version 1.11) (Li et al, 2009) to retain reads with a MapQ value

≥ 30. Duplicate read pairs were removed using the Picard (ver-

sion 2.23.8). Peaks were called using MACS2 (version 2.2.7.1)

(Feng et al, 2012) with a false discovery rate (FDR) < 0.01

(Dataset EV2). Genomic annotation of differential peaks was

performed using HOMER (version 4.11) (Heinz et al, 2010). Nor-

malized read coverage values were obtained using deepTools

(version 3.5.0) (Ram�ırez et al, 2016). Motif enrichment analysis

was performed using HOMER (version 4.11) (Heinz et al, 2010).

Gene ontology was performed using the clusterProfiler

package (version 3.18.0) (Yu et al, 2012) in R (version 4.0.2).

Gene overlaps with the MSigDB collections (version 7.4) were

performed using http://www.gsea-msigdb.org/gsea/msigdb/annotate.

jsp. Overlaps were calculated with C2 (curated gene sets), C5 (ontol-

ogy gene sets), and C6 (oncogenic signature gene sets). The sta-

tistical significance of the distributions of ATAC-seq signals in

ChIP-seq peaks was determined using a two-sample

Kolmogorov–Smirnov test.

RNA-seq sample preparation

Three biological replicates of RNA samples were prepared from

1 × 106 MDA-MB-231 cells infected with shControl RNA (C) or

shLOXL2 RNA (KD). RNA was extracted using a PureLink RNA mini

kit (Invitrogen) and sequenced on an Illumina HiSeq 2500 system.

RNA-seq analysis

Single-end, 50-bp-long reads were aligned to the GRCh37.p13 Homo

Sapiens reference genome using the STAR Aligner (version 2.7.6a)

(Dobin et al, 2013). Gene level counts were obtained by STA–using

the --quantMode GeneCounts option, using gene annotations down-

loaded from Gencode (Release 19 GRCh37.p13). Differential expres-

sion analysis was performed in R (version 4.0.2) using the DESeq2

package (version 1.30.0) (Love et al, 2014). Genes with adjusted P-

value < 0.05 were considered differentially expressed (Dataset EV1).

The lfcShrink function from DESeq2 was used for visualization pur-

poses. Gene Set Enrichment Analysis (GSEA) was performed using

the clusterProfiler package (version 3.18.0) (Yu et al, 2012) in R

(version 4.0.2).

Mouse xenograft studies

Mouse xenograft studies were performed using 6-week-old

NOD.CB17PrkdcSCID/J (NOD/SCID) female mice purchased from

Janvier Labs (RRID:MGI:3760616). Animals were housed in air-

filtered flow cabinets with a 12:12 light/dark cycle, and food and

water were provided ad libitum. To generate MDA-MB-231 ortho-

topic xenografts, 1 million low passage cells were diluted in

Matrigel/PBS (v/v 1:1) and implanted into the number four fat pad

of the mouse. In the case of patient-derived xenograft, low passage

PDX-549 (passage 5) or PDX-127 were expanded, and one 3-mm

diameter fragment was implanted into the mouse number four fat

pad. After injection of cells and implantation of PDX-549 or PDX-

127 into the fat pads, mice were sutured and kept in a clean cage

with drinking water supplemented with Enrofloxacin (1.2 mg/kg)

for 2 weeks. Tumor xenografts were measured with calipers three

times per week, and the tumor volumes were determined using the

formula: (length × width2)/2.

When the majority of tumor volumes reached 100 mm3, mice

were randomized into four groups: vehicle, JQ1 ((S)-JQ1;

MedChemExpress, #HY-13030), PXS (PXS-5382; provided by
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Dr. Wolfgang Jarlimek, Pharmaxis, Australia), and the PXS/JQ1

combo ((S)-JQ1 + PXS-5382). For mice administration, JQ1 was first

resuspended in 10% DMSO and then supplemented with 40%

PEG300, 5% Tween-80, and 45% sterilized saline buffer. In case of

xenografting MDA-MD-231 cells or the PDX-549, JQ1 was adminis-

tered to mice at 15 mg/kg by i.p. injection five times per week (for

one cycle) over 4 weeks. In case of xenografting the PDX-127, JQ1

was administered to mice at 7.5 mg/kg by i.p. injection five times

per week over 2 weeks. PXS was resuspended in PBS buffer at

20 mg/ml. The PXS solution (100 ll) was then injected into an

Alzet micro/osmotic pump (model 1004) according to the manufac-

turer’s instructions (2 mg/pump) and placed subcutaneously into

the mice. Vehicle group was administered a solution of 5% DMSO,

40% PEG300, 5% Tween-80 and 45% sterilized saline buffer.

After four (MDA-MB-231/PDX-549) or 2 (PDX-127) cycles of JQ1

treatment, mice were euthanized, and tumors were excised and mea-

sured. For metastasis analyses, lungs of each mouse were dissected

and fixed with 4% paraformaldehyde, embedded into paraffin, seri-

ally sectioned to 5-lm thickness, and stained with hematoxylin–

eosin (H&E). Five slides from each lung section (specifically, the 3rd,

5th, 15th, 25th, and 35th) were used to count metastatic nodules.

Immunohistochemistry and Masson’s trichrome staining

For immunohistochemistry analyses, the third part of tumors from

each mouse was dissected and fixed with 4% paraformaldehyde,

embedded into paraffin, serially sectioned to 5-lm thickness, and

stained with hematoxylin–eosin (H&E), H3S10p (Cell Signaling;

#9701; 1:100), Ki67 (Roche Diagnostics; #05278384001), and

cleaved caspase 3 (Cell Signaling; #9661; 1:100) antibodies. Briefly,

slides were heated at 75°C for 8 min and deparaffinized with EZ

prep solution (Ventana Medical System; 950-102 2 l). Antigen

retrieval was performed at 95°C for 64 min using the Cell Condition-

ing Buffer 1 (Ventana Medical System; 950-124 2 l. For peroxidase

blockade, samples were incubated or 8 min with CM inhibitor

(ChromoMap DAB kit). The secondary antibody used was UltraMap

anti-Rabbit antibody (Roche Diagnostics; 05269717001). As a detec-

tion system, CM ChromoMap DAB kit (Roche Diagnostics; 760-159)

was used according to the manufacturer’s instructions, followed by

counterstaining with hematoxylin II (Ventana Medical System; 760-

2021) for 8–12 min and bluing reagent (Ventana Medical System;

760-2037) for 4 min, dehydration, and mounting processes. Slides

were scanned in the NanoZoomer 2.0-HT slide scanner and visual-

ized in the NDP.view2 software (Hamamatsu Photonics).

Masson’s trichrome staining (Bioquochem; KH07007) was

performed following the manufacturer’s instructions using paraffin-

embedded tumors prepared as explained before. Briefly, slides were

incubated O/N at 60°C. Samples were deparaffinized and hydrated

with ddH2O. After staining using the manufacturer’s buffers, sam-

ples were dehydrated and mounted. Slides were scanned in the

NanoZoomer 2.0-HT slide scanner and quantified using the Qupath

software.

Super-enhancers detection

Super-enhancers were obtained with the ROSE package (Lov�en

et al, 2013; Whyte et al, 2013), using the default settings. H3K27ac

peaks obtained from GSE49651 were used as constituent enhancers,

and a total of 180 Super-Enhancers were determined. Overlaps

between Ab1 peaks and Ab2 peaks with Super-Enhancers within

1 Mb of DREAM target genes were calculated using bedtools (ver-

sion 2.29.2).

Ethics

The authors declare that animal use was in accordance with the

institutional guidelines of the Vall d’Hebron Institute of Oncology

(VHIO), where all in vivo experiments were performed.

Statistics

The statistical tests used are described in each figure legend. No

data were excluded. Randomization was not required because of the

size of the datasets used. The sample size (specified in each figure

legend) varies depending on the experiment and was decided based

on the expected variability. High-throughput immunofluorescence

was performed in blinded mode using an automated screening

microscope.

Data availability

Sequencing samples (raw data and processed files) are available at

NCBI’s Gene Expression Omnibus under the accession number

GSE198647 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=

GSE198647). Differential essentiality analysis is available on GitHub

(https://github.com/Skourtis/LOXL2-BRD4).

Expanded View for this article is available online.

The paper explained

Problem
Among the different subtypes of breast cancer, triple-negative breast
cancer (TNBC) accounts for 15% of all diagnosed cases. Due to the
lack of effective treatment options and to the highly heterogeneous
nature of this cancer subtype, patients with TNBC have a poor prog-
nosis and are at a higher risk of developing drug resistance. Therefore,
there is an urgent need to develop new therapeutic approaches to
address this unmet medical need.

Results
We found that LOXL2 expression can predict the response to BET
inhibitors (BETi) in cancer cells. In TNBC, LOXL2 interacts with the
short isoform of BRD4 (BRD4S), the functional partner MED1, and the
transcriptional regulator B-Myb in the nucleus. These interactions play
a crucial role in the formation of BRD4-MED1 transcriptional foci,
which regulate the transcription of cell cycle genes, and ultimately,
TNBC proliferation. When LOXL2 and BRD4 are inhibited simulta-
neously, LOXL2-BRD4S-MED1 interactions are dismantled, leading to
the suppression of TNBC progression both in vitro and in vivo through
synergistic cooperation.

Impact
Inhibiting both BRD4 and LOXL2 shows promise as a novel therapeu-
tic approach for the treatment of TNBC.
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