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Inhibitors of bromodomain and extra-terminal proteins
(BETi) suppress oncogenic gene expression and have been
shown to be efficacious in many in vitro and murine models of
cancer, including triple-negative breast cancer (TNBC), a highly
aggressive disease. However, in most cancer models, responses
to BETi can be highly variable. We previously reported that
TNBC cells either undergo senescence or apoptosis in response
to BETi, but the specific mechanisms dictating these two cell
fates remain unknown. Using six human TNBC cell lines, we
show that the terminal response of TNBC cells to BETi is dic-
tated by the intrinsic expression levels of the anti-apoptotic pro-
tein B-cell lymphoma-extra large (BCL-xL). BCL-xL levels were
higher in cell lines that senesce in response to BETi compared
with lines that primarily die in response to these drugs. More-
over, BCL-xL expression was further reduced in cells that
undergo BETi-mediated apoptosis. Forced BCL-xL overexpres-
sion in cells that normally undergo apoptosis following BETi
treatment shifted them to senescence without affecting the
reported mechanism of action of BETi in TNBC, that is, mitotic
catastrophe. Most importantly, pharmacological or genetic
inhibition of BCL-xL induced apoptosis in response to BETi,
and inhibiting BCL-xL, even after BETi-induced senescence had
already occurred, still induced cell death. These results indicate
that BCL-xL provides a senescent cell death–inducing or seno-
lytic target that may be exploited to improve therapeutic out-
comes of TNBC in response to BETi. They also suggest that the
basal levels of BCL-xL should be predictive of tumor responses
to BETi in current clinical trials.

Breast cancers can be categorized based on their gene expres-
sion profiles into distinct groups, with one classification includ-
ing luminal A, luminal B, HER2-overexpressing, claudin-low,
and basal (1). The luminal A and B subtypes comprise about
70% of breast cancers and express estrogen and/or progester-
one receptors. The HER2 subtype overexpresses the ERBB2
gene and encompasses about 10 –15% of breast cancers (2). The
basal and claudin-low subtypes are generally triple negative,
meaning they lack HER2 overexpression as well as expression of
estrogen and progesterone receptors (1). Triple-negative breast
cancers (TNBCs)4 are highly proliferative, comprise 15–20% of
breast cancers, and are thought to have a larger tumor-initiat-
ing, or cancer stem cell, population (2–9). TNBC patients have
a poor prognosis because of rapid metastatic recurrence and a
lack of effective targeted therapies (3, 5, 10). The gene expres-
sion profiles, or transcriptomes, defining the TNBC subtype are
well-characterized and control the phenotypes of these tumors
(11). It is expected that targeting these transcriptomes, includ-
ing genes that promote cell cycle progression, may be a viable
therapeutic approach to treat this disease.

The bromodomain and extra-terminal (BET) family of pro-
teins is comprised of four family members: BRD2, BRD3, BRD4,
and BRDT. BET proteins bind acetylated lysines on histone tails
to activate gene transcription. At least one family member,
BRD4, is enriched at enhancers in numerous oncogenes and
sustains their expression (12). BET family inhibitors (BETi),
such as the cell-permeable small molecule JQ1, target the epig-
enome by competitively binding to the bromodomain regions
of BET proteins (3). This blocks the ability of these proteins to
interact with acetylated histones and suppresses oncogene
transcription. BETi impede tumor growth in multiple cancer
models with the only reported adverse effects in mice being
reversible male infertility and inhibition of long-term memory
formation (13, 14).

BRD4 is amplified or overexpressed in breast cancers of
numerous subtypes, including TNBC, supporting its potential
importance in disease progression (2). Multiple studies have
assessed the efficacy of BETi in TNBC and have found that BETi
suppress breast cancer cell growth and invasion. Shi and col-
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leagues found that BRD4 binds to diacetylated Twist to pro-
mote migration (15). Inhibition of the BRD4/Twist interaction
reduced invasiveness, in vitro, and tumorigenic potential in an
in vivo model (15). We and others have reported that BETi
suppress the growth of TNBC cells by inducing senescence or
apoptosis and are efficacious in numerous xenograft models of
this disease, albeit to varying extents (16, 17). Shu et al. (17)
further showed that acquired resistance to BETi can occur
through hyperphosphorylation of BRD4, resulting from down-
regulation of PP2A activity (18). However, the mechanisms
underlying de novo BETi resistance in TNBC have not yet been
determined.

We recently reported that BETi disrupt proper mitotic pro-
gression, thereby inducing mitotic catastrophe in TNBC (19).
Mitotic catastrophe is an oncosuppressive mechanism that
senses aberrant mitosis, driving cells irreversibly to apoptotic,
necrotic, or senescent cell fates (20). TNBC cell lines respond to
BETi-induced mitotic catastrophe by undergoing either senes-
cence or apoptosis depending on the cell line (16). However, it is
still unclear what dictates the choice between these cell fates in
response to BETi. Given the potential for cancer cells to reenter
the cell cycle following long-term senescence (21, 22) and the
ability of senescent cells to secrete oncogenic growth-stimula-
tory factors (23), it is essential to elucidate the mechanisms by
which the senescent/apoptotic choice is made to provide a
potential therapeutic path for preventing the senescent cell
fate. This should diminish intrinsic resistance to BETi and pro-
vide a more durable response in TNBC patients.

The BCL-2 protein family represents one possible regulator
of cell fates in response to BETi. These proteins can modulate
cell fates following mitotic catastrophe induced by other, unre-
lated agents (24 –26). The BCL-2 family can be divided into
three groups: pro-apoptotic effectors (e.g. BAX and BAK), anti-
apoptotic guardian proteins (e.g. BCL-2 and BCL-xL), and BH3-
only sensor proteins (e.g. BIM and BID). In normal cells as well
as in cancer cells, the decision between survival and death in
response to an intrinsic apoptotic signal depends on the ratio of
the pro-apoptotic and sensor proteins to the anti-apoptotic
BCL-2 family members. Overexpression of anti-apoptotic
BCL-2 proteins is a mechanism often used by cancer cells to
avoid apoptosis (27–30). In breast cancer, overexpression of
BCL-xL is associated with metastasis and higher tumor grade
(31). An evaluation of the individual contributions of BCL-2
family members to the viability of senescent cells revealed that
inhibition of BCL-W and BCL-XL induces the death of senes-
cent cells, making this treatment approach senolytic (32).
Further, the expression of BCL-2 family members has been
reported to contribute to BETi response (17, 33), yet their spe-
cific impact on BETi-induced senescence or apoptosis has not
been addressed.

Here, we show that BCL-xL expression levels dictate the
choice of TNBC cells to undergo senescence versus apoptosis in
response to BETi-induced mitotic catastrophe. Cells that
express high levels of BCL-xL senesce whereas cells that have
low BCL-xL expression undergo apoptosis. In addition, BETi
further reduce expression of BCL-xL in cells that die whereas
BCL-xL expression in cell lines that senesce remains high fol-
lowing BETi treatment. Manipulation of BCL-xL levels was suf-

ficient to promote death, or senolysis, of cells that typically
senesce in response to BETi, without altering the mitotic effect
itself. Overexpression of BCL-xL further desensitized TNBC
cells to BETi-induced apoptosis, indicating that BCL-xL levels
can confer intrinsic resistance to BETi. Our data provide evi-
dence for the potential benefit of combining BCL-xL inhibitors
with BETi in TNBC patients, particularly those whose tumors
express high levels of BCL-xL to avoid intrinsic resistance to
BETi. In addition, high BCL-xL levels may provide a useful bio-
marker for predicting therapeutic response to BETi.

Results

TNBC cells have varied apoptotic/senescent responses to
sustained BET inhibition

To confirm that BETi induce cell line– dependent apoptotic
and/or senescent responses, we treated six TNBC cell lines
(MDA-MB-231, HCC38, BT549, HCC1143, HCC70, and
MDA-MB-468) with 500 nM of the prototypical BETi JQ1. At
96 h of JQ1 treatment, the growth of all six lines was inhibited to
varying degrees (Fig. 1A). The extent of BETi growth inhibition
did not correlate with a particular proclivity for apoptosis, as
MDA-MB-231 cells have the lowest IC50 for JQ1 but responded
to BETi by undergoing senescence, as we demonstrated previ-
ously (16). JQ1 induced apoptosis to differing extents, with
MDA-MB-231 cells being completely resistant to cell death at
this dose and time whereas HCC38 cells demonstrated a
10-fold induction of apoptosis (Fig. 1B). To assess the response
of TNBC to extended BETi exposure, all six cell lines were
treated with 1 �M JQ1 for 8 days. Only the MDA-MB-231 and
HCC1143 cell lines had any surviving cells at this time point.
Staining for senescence-associated �-gal revealed that these
remaining cells had undergone senescence rather than dying
(Fig. 1C). Thus, in response to BETi, TNBC cells can either
undergo apoptosis or survive through the activation of senes-
cence. Because senescent cells can contribute to cancer recur-
rence (34), determining why this fate is chosen by some cells in
response to BETi should reveal approaches to improve the clin-
ical efficacy of these drugs.

Cell lines that senesce and survive following BETi exposure
express higher basal levels of BCL-xL

The combined expression patterns of several BCL-2 family
members (BCL-2, BCL-xL, and BAD) have been reported to
predict the efficacy of BETi in diverse cancer models (33). In
addition, a single, experimentally induced TNBC model of
acquired BETi resistance displayed increased BCL-xL mRNA
and protein expression (17). To determine whether the expres-
sion levels of specific BCL-2 family members may correspond
with the ability of TNBC cells to undergo senescence in
response to BETi, we evaluated basal mRNA (Fig. 2A) and pro-
tein (Fig. 2B) levels of pro- and anti-apoptotic members of this
family including BCL2, BCL2L1 (BCL-xL), BCL2L11 (BIM),
BCL2L4 (BAX), and MCL1 in diverse TNBC cell lines. We
anticipated that expression of the anti-apoptotic members,
BCL2, BCL2L1, and MCL1 may be elevated, whereas expression
of the pro-apoptotic family members BCL2L11 and BCL2L4
would be decreased in the two cell lines (MDA-MB-231 and
HCC1143) capable of senescing in response to extended BETi
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exposure compared with the TNBC lines that completely apo-
ptose. Our results revealed that MCL1, BCL-2, BIM, and BAX
were highly variable in all TNBC cell lines and did not correlate
with therapeutic response. In contrast, BCL-xL mRNA and
protein were more highly expressed in MDA-MB-231 and
HCC1143 cells compared with the cell lines that do not survive
BETi exposure (HCC38, BT549, HCC70, and MDA-MB-468).
Thus, of the BCL-2 family members investigated, only basal
expression of BCL-xL was associated with the cell line–specific
activation of senescence and survival following BETi.

To further assess the impact of BCL-2 family members on the
response of TNBC cells to BETi, we evaluated how the expres-
sion of these proteins changed following BETi treatment. Nota-
bly, within 72 h JQ1 suppressed BCL-xL expression only in cell
lines that die in response to BETi (Fig. 2C). In contrast, the
effect of JQ1 on other BCL-2 family member proteins varied
and did not correlate with drug response (Fig. 2D). These data
indicate that in addition to having low basal BCL-xL levels,
certain TNBC cells can be additionally compromised by BETi-
induced suppression of BCL-xL expression, leading to a greater
pro-apoptotic drive.

BCL-xL inhibition changes cell fate in response to BETi from
senescence to apoptosis

The elevated expression of BCL-xL in cells capable of under-
going senescence in response to BETi suggested that this pro-
tein may prevent cells from engaging in a complete apoptotic
response. To determine whether inhibiting anti-apoptotic
BCL-2 family members could evoke an apoptotic response to
BETi rather than senescence, we used Obatoclax, a small mol-

ecule that binds to BCL-2 and related proteins and prevents
their interactions with pro-apoptotic family members. The two
TNBC cell lines that senesce in response to BETi (MDA-MB-
231 and HCC1143) were treated with vehicle, a low dose of JQ1
(50 nM) to promote senescence, Obatoclax, or the combination
of JQ1 and Obatoclax for 72 h. The number of viable cells were
then counted. The combination of JQ1 and Obatoclax treat-
ment resulted in a lower percentage of viable cells when com-
pared with either single agent (Fig. 3A). This decrease could be
because of a change in proliferation or cell death. To determine
whether the reduction in viable cells was due to an increase in
apoptosis, cells were treated as above for 5 days and apoptotic
cells quantified by flow cytometry for annexin V–stained cells
(Fig. 3B). The combination of the two drugs induced a greater
number of apoptotic cells than either drug alone, indicating
that blocking BCL-2 anti-apoptotic proteins can promote apo-
ptosis and inhibit the senescence response to BETi.

To assess whether BCL-xL is the principal anti-apoptotic
protein that dictates the ability to invoke a senescence response
to BETi in TNBC cells, we directly silenced its expression with
RNAi. MDA-MB-231 and HCC1143 cells were transfected
with siRNA directed against BCL-xL or nonsilencing (NS)
control siRNA and subsequently treated with either vehicle
or JQ1. Similar to the drug combination results, BCL-xL
silencing followed by JQ1 treatment reduced the percentage
of viable cells compared with either JQ1-treated cells trans-
fected with NS siRNA or vehicle-treated cells with BCL-xL
silencing (si-BCL2L1) (Fig. 3C). Together, these results indi-
cate that inhibiting BCL-xL, either pharmacologically or genet-

Figure 1. TNBC cells have varied apoptotic/senescent responses to sustained BET inhibition. A, TNBC cell line panel: MDA-MB-231, HCC1143, MDA-MB-
468, BT549, HCC38, and HCC70 cells were exposed to vehicle (VEH) or 500 nM JQ1 for 96 h and the number of viable cells counted using trypan blue exclusion.
B, TNBC cell line panel was treated with VEH or 500 nM JQ1 and apoptosis measured by annexin V–FITC plus PI staining and FACS analysis. Bars show the number
of cells that were apoptotic. C, representative images (10�) of MDA-MB-231 and HCC1143 cells that were treated with vehicle or 1 �M JQ1 for 8 days and then
stained for senescence-associated �-gal activity. For graphs, data are expressed as mean � S.D. (* � p � 0.05 compared with vehicle), n � 3 independent
experiments.
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ically, stimulates a greater cell death response in TNBC cells
that are capable of undergoing senescence and surviving BETi
treatment.

To determine whether combined inhibition of BET proteins
and anti-apoptotic BCL-2 family members can initiate apopto-
sis in cells that have already senesced in response to BETi, we
treated MDA-MB-231 cells with vehicle or three doses of the
BH3 mimetic Navitoclax (100, 250, 500 nM). Treatment with
Navitoclax lasted for 72 h and began after the cells had already
been treated with JQ1 for 96 h to induce senescence. Without
JQ1, these doses of Navitoclax did not alter viability (Fig. 3D,
right panel). However, when we treated MDA-MB-231 cells
that had previously undergone BETi-induced senescence
(Senescent 231) with 250 nM Navitoclax, this caused a signifi-
cant decrease in viability (Fig. 3D, left panel) compared with
cells that had previously been treated with vehicle. Thus, while
co-inhibition of BET and anti-apoptotic BCL-2 family proteins
induces apoptosis in cells that can senesce in response to BETi,
sequential treatment with BETi followed by BCL-2 family inhi-
bition also induces greater cell death. These data indicate that
Navitoclax is senolytic following BETi treatment.

BCL-xL overexpression suppresses BETi-induced apoptosis

Pharmacologic or genetic inhibition of BCL-xL revealed that
sustained activity of this protein is necessary to avoid complete
apoptosis in response to BETi. To determine whether enforced
BCL-xL expression is sufficient to suppress BETi-induced apo-
ptosis, we overexpressed BCL-xL in cells that have low expres-
sion of this protein and are highly apoptotic in response to
BETi. MDA-MB-468 cells were transfected with a BCL-xL
expression vector (468BCLxL) or an empty vector (468EV) con-
trol. They were then treated with vehicle or JQ1 (500 nM) for
72 h, and pyknotic nuclei were assessed with Hoechst. JQ1
increased the number of apoptotic cells in 468EV cells but not
in 468BCLxL cells (Fig. 4, A and B). In addition, 468EV and
468BCLxL cells were treated with increasing concentrations of
JQ1, and cell viability was assessed using trypan blue exclusion
assays. As expected, there was a dose-dependent inhibition of
viable cells in the 468EV controls. In contrast, only 1000 nM of
JQ1 induced a significant decrease in cell number in BCL-xL
overexpressing cells (Fig. 4C). These results demonstrate that
increasing BCL-xL expression levels is sufficient to blunt the
growth inhibitory effects of BETi and suppress apoptosis in
cells that normally die in response to BETi. These data suggest
that not only could increased expression of BCL-xL contribute
to acquired BETi resistance (17) but also could confer de novo
resistance by preventing the induction of apoptosis.

BCL-xL regulation of apoptosis occurs downstream of
BETi-induced mitotic catastrophe

Multiple BETi cause apoptosis or senescence in TNBC cells
as a terminal response to the more proximal induction of

mitotic catastrophe (16, 19). BETi-treated TNBC cells first
become multi-nucleated which leads to varying degrees of apo-
ptosis or senescence, depending on the cell line. Manipulation
of BCL-xL levels could either alter the BETi-induced mitotic
defect or the terminal cell fate that occurs in response to dis-
rupted mitosis. To determine whether modulating BCL-xL
expression levels impacts the accumulation of multi-nucleated
cells in response to BETi, 468EV and 468BCLxL cells were
treated with 1000 nM JQ1 for 4 days. Multi-nucleated cells were
visualized using DAPI (DNA stain) to observe the nucleus and
phalloidin (F-actin/cytoskeleton stain) to identify cell borders.
There was an accumulation of multi-nucleated cells following
JQ1 treatment regardless of BCL-xL overexpression (Fig. 5A).
Moreover, silencing BCL-xL expression in cells that normally
express high basal levels of BCL-xL (MDA-MB-231) had
no impact on the accumulation of multi-nucleated cells in
response to BETi (Fig. 5B). Thus, BCL-xL expression levels do
not impact the ability of BETi to induce multi-nucleation in
TNBC cells.

To directly assess the impact of modulating BCL-xL levels on
BETi-induced mitotic cell fate, 468EV and 468BCLxL cells were
treated with vehicle or 1000 nM JQ1, and live cell imaging was
used to follow individual cells through mitosis and evaluate
their post-mitotic cell fate. Treatment with JQ1 significantly
increased the amount of time needed for cells to complete
mitosis compared with vehicle-treated cells (Fig. 6A). This
effect was independent of BCL-xL expression, because 468EV
and 468BCLxL cells did not demonstrate any statistically sig-
nificant differences in time to mitotic completion. JQ1 treat-
ment also more frequently led to the generation of a single
daughter cell instead of two following mitosis compared with
vehicle-treated cells (Fig. 6B). Yet again, there was no difference
in the frequency of this aberrant event associated with BCL-xL
expression. These data indicate that JQ1 disrupts proper
mitotic progression independent of BCL-xL expression levels.

We then determined if overexpression of BCL-xL alters the
terminal outcome of cells following BETi-induced mitotic dys-
function. We visually tracked cells from the time they exited
mitosis until they died or entered a second round of mitosis.
The vast majority of vehicle-treated 468EV cells (92%) were
able to undergo a second mitosis, with only a small percentage
(2%) of cells dying either during mitosis or immediately follow-
ing mitotic exit (Fig. 6C, left panel). The remaining (6%) cells
survived but did not divide again, hence they entered a pro-
longed interphase. As expected, when 468EV cells were treated
with JQ1, there was a large shift in post-mitotic outcome, with
less than 50% of cells entering a second mitosis (Fig. 6C, right
panel). A greater proportion of cells died during mitosis or after
mitotic exit compared with vehicle-treated cells, and there was
a large (�8-fold) increase in the percentage of cells that entered
a prolonged interphase. In contrast to these results, BCL-xL

Figure 2. Cell lines that senesce and survive following BETi exposure express higher basal levels of BCL-xL. A, RT-qPCR of basal level mRNA expression
of BCL2 family members in TNBC panel: MDA-MB-231, HCC1143, MDA-MB-468, BT549, HCC38, and HCC70. Data are presented as mean � S.D., n � 3
independent experiments. B, Western blot showing protein expression of various BCL-2 family members or �-actin loading control in a panel of TNBC cell lines.
C, MDA-MB-231, HCC1143, MDA-MB-468, and HCC70 cells were treated with vehicle (V) or 500 nM JQ1 (J) for 72 h and cell lysates evaluated by Western blotting
for BCL-xL and �-actin. D, MDA-MB-231, HCC1143, MDA-MB-468, and HCC70 cells were treated with vehicle (V) or 500 nM JQ1 (J) for 72 h, and cell lysates were
evaluated by Western blotting for BCL2, MCL1, BAX, and BIM. Each protein was normalized to total protein.
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Figure 3. BCL-xL inhibition shifts cell fate in response to BETi from senescence to apoptosis. A, MDA-MB-231 cells were treated with DMSO (VEH), 50 nM

JQ1, 5 nM Obatoclax, or the combination (COMBO), and HCC1143 cells were treated with DMSO (VEH), 200 nM JQ1, 40 nM Obatoclax, or the combination
(COMBO). Viable cells were counted using trypan blue exclusion. Error bars are S.D. *** � p � 0.05. B, MDA-MB-231 and HCC1143 cells were treated with DMSO
(VEH), 125 nM JQ1, 40 nM Obatoclax, or the combination (COMBO). Apoptotic cells were quantified using annexin V–FITC plus PI staining and FACS analysis. Error
bars are S.D. � � p � 0.05 compared with VEH and COMBO, # � p � 0.05 compared with VEH and COMBO, and * � p � 0.05 compared with VEH, JQ1, and OBAT.
C, MDA-MB-231 and HCC1143 cells were transfected with either siRNA targeting BCL2L1 (BCL-xL) or NS siRNA. Reduced BCL-xL expression was confirmed by
Western blotting with �-actin serving as a loading control. Cell viability was quantified using the trypan blue exclusion assay after a 72-h treatment of JQ1 (250
nM). D, left, MDA-MB-231 cells were treated with either DMSO (VEH) or 100, 250, or 500 nM Navitoclax for 72 h. Viable cells were counted using the trypan blue
exclusion assay. Right, senescence was induced in MDA-MB-231 cells by pretreatment with 1 �M JQ1 for 8 days. Cells were then treated with Navitoclax (250 nM)
for 72 h. Error bars are S.D. * � p � 0.05, *** � p � 0.001.
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overexpression completely protected cells against mitosis-as-
sociated cell death, with none of the vehicle- or JQ1-treated
468BCLxL cells dying during this experiment (Fig. 6D). BCL-xL
overexpression also reduced the percentage of cells that
entered a prolonged interphase in response to JQ1. These data
indicate that although BCL-xL overexpression does not inhibit
BETi-induced mitotic catastrophe, it does alter the terminal
fate of TNBC cells in response to this defect.

Discussion

Patients diagnosed with TNBC have a poor prognosis
because of the scarcity of targeted therapies available for this
disease. TNBCs initially respond to cytotoxic therapies; how-
ever, they have a high rate of metastatic recurrence and a
median overall survival of 13 months following detection of
metastasis (35). BETi have previously been shown to reduce
TNBC growth in both in vitro and in vivo models (15, 17, 36)
and are currently being evaluated in clinical trials for this dis-
ease. We recently reported that BETi suppress growth of
TNBCs by inducing mitotic catastrophe, resulting in either
senescence or apoptosis (16, 19), yet the mechanisms underly-
ing the choice between these two terminal responses remained
unknown. Given the ability of senescent cells to promote recur-
rence in various cancer models (34), identifying pathways that
prevent senescence in response to BETi will be critical for max-
imizing their efficacy. Here, we show for the first time that
intrinsic levels of BCL-xL expression dictate TNBC cell fate
decisions in response to BETi: high levels empower senescence
whereas low levels promote apoptosis. In addition, BCL-xL

expression is further reduced by JQ1 in cells that eventually die
in response to JQ1 (MDA-MB-468 and HCC70) but is unaf-
fected in cells that senesce in response to BETi (MDA-MB-231
and HCC1143). This is unique to BCL-xL, as other BCL-2 fam-
ily member proteins have variable responses to JQ1 that do not
correspond with terminal outcome. When BCL-xL is overex-
pressed, cells that typically undergo BETi-induced apoptosis
are less likely to die in response to the drug. Moreover, suppres-
sion of BCL-xL in cells that are capable of senescing in response
to BETi causes a shift in cell fate to apoptosis. Notably, the
senolytic action of BCL-xL inhibition has previously been
observed in other settings, with the BH3 mimetic Navitoclax
(ABT-263) efficiently eliminating DNA damage–induced se-
nescent cells in the lungs of mice (32) and senescent hemato-
poietic bone marrow stem cells in aged animals (37). In cancer
models, Bernards and colleagues have also shown that senes-
cence induced by etoposide or Alisertib, an Aurora A kinase
inhibitor, can be precluded by co-treating with senolytic agents
such as Navitoclax (38). Our observation that Navitoclax stim-
ulates cell death in BETi-induced senescent cells provides sup-
porting evidence for combining BCL-xL and BET inhibition in
TNBC.

The results presented herein indicate that BCL-xL may be a
major factor in defining the long-term response of TNBC
patients to BETi. Although patients whose tumors have low
intrinsic BCL-xL expression may have a durable response to
BETi, those with higher levels may suffer from intrinsic resis-
tance or recurrence. Our findings underscore the need to con-

Figure 4. BCL-xL overexpression suppresses BETi-induced apoptosis. A and B, 468EV and 468BCLxL cells were treated with vehicle or 500 nM JQ1 for 72 h.
A, apoptotic cells were stained with Hoechst, and pyknotic nuclei (cells undergoing apoptosis) were counted. Inset, Western blot confirming overexpression of
BCL-xL in MDA-MB-468 cells (468BCLxL) compared with MDA-MB-468 cells expressing the empty vector (468EV). B, representative images of Hoechst staining.
White arrows indicate pyknotic nuclei. C, 468EV and 468BCLxL cells were treated with increasing concentrations of JQ1, and viable cells were counted after 72 h.
For graphs, data are presented as mean � S.D., n � 3 independent experiments. * � p � 0.05 compared with vehicle for 468EV cell line. # � p � 0.05 compared
with vehicle for 468BCLxL cell line.
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duct further studies evaluating BCL-xL levels in tumors prior to
BETi treatment to determine whether they correlate with
patient outcomes. Moreover, blocking the induction of senes-
cence in tumors that have high BCL-xL may convey improved
outcomes in response to BETi. As proof of principle, we used
both pharmacological and genetic approaches to combat the
anti-apoptotic effects of BCL-xL in TNBC cells treated with
BETi. These studies not only revealed that suppression of
BCL-xL in cells that are capable of senescing in response to
BETi results in a shift to maximal apoptosis, but they also dem-
onstrated that BCL-xL inhibition eliminates cells that have
already undergone BETi-induced senescence. Thus, BH3
mimetic drugs provide a senolytic approach that may increase
the efficacy of BETi in TNBC. BETi are currently in clinical
trials for various cancer types, and we expect our findings to be
applicable beyond breast cancer.

Although BCL-xL ultimately regulates cell fates in response
to BETi, modulating BCL-xL levels did not impact the ability of
BETi to induce mitotic dysfunction. Cells with silenced or over-
expressed BCL-xL still become multi-nucleated following BETi
treatment. However, elevated BCL-xL expression prevents apo-
ptosis as well as decreases the number of cells entering a pro-
longed interphase, even though these cells are multi-nucleated.
The increased viability of multi-nucleated cells in the context of

high BCL-xL levels raises the intriguing possibility that BETi
may actually increase the rate of chromosomal instability in
tumor cells that do not die in response to these drugs. It is
possible that tumors that recur following treatment with BETi
could have greater genomic disruption as it is well-established
that polyploidy can induce numerical and structural chromo-
some aberrations (39).

Overexpression of BCL-xL has been shown to confer resis-
tance to several currently used chemotherapies including doxo-
rubicin, methotrexate, and 5-fluorouracil (40 –42). Our study is
the first to demonstrate that although BCL-xL can control cell
fates, it does not alter the initial mitosis-associated defect that is
conveyed by BETi. A recent report describing the design of a
degrader of BET proteins, BETd-246, revealed that BCL-xL can
also confer resistance to BETd-246 –induced apoptosis (43).
Moreover, this work also found that inhibitors of BCL-xL can
synergize with BETd-246 in TNBC. However, these studies did
not evaluate the impact of this novel BET degrader on mitotic
events or the role of BCL-xL in dictating cell fate in response to
these events. Combined with the findings reported herein,
these data underscore the role of BCL-xL as a key modulator
of therapeutics targeting the BET family of proteins and sup-
port the development of clinical trials that combine BET-tar-

Figure 5. BCL-xL modulation does not affect BETi-induced multi-nucleation. A, left, representative images (20�) of 468EV and 468BCLxL cells treated with
vehicle (VEH) or 500 nM JQ1 for 4 days and stained with DAPI (blue, nucleus) and phalloidin (red, F-actin). White arrows indicate multi-nucleated cells; scale bars
are 120 �m. Right, quantitation of multi-nucleated cells. Data are mean � S.D., * � p � 0.05 compared with vehicle. B, left, representative images (20�) of
MDA-231-shLuc and MDA-231-shBCLxL cells treated with vehicle (VEH) or 500 nM JQ1 for 8 days and stained with DAPI (blue, nucleus) and phalloidin (red,
F-actin). White arrows indicate multi-nucleated cells. Right, quantitation of multi-nucleated cells. Data are mean � S.D., * � p � 0.05 compared with vehicle.
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geting agents and BCL-xL inhibitors for the treatment of
TNBC.

In summary, we have found that the intrinsic ability of BETi
to induce apoptosis in TNBC cells is associated with basal
expression of BCL-xL. Although BCL-xL levels do not impact
the ability of BETi to induce mitotic catastrophe in TNBC cells,
they do determine how these cells ultimately respond to mitotic
dysfunction. As a result, BCL-xL expression may prove useful in
predicting patient response to BETi as well as serve as a useful
target for improving BETi efficacy. Moreover, these studies
suggest that the induction of senescence in tumors with ele-
vated BCL-xL expression may ultimately result in intrinsic resis-
tance or more aggressive recurrences because of cell survival in
the presence polyploidization and subsequent chromosomal
defects.

Experimental procedures

Cell culture and reagents

All cell lines were obtained from the American Type Culture
Collection (ATCC, Manassas, VA). Cells were maintained at
37 °C with 5% CO2. All lines were cultured in RPMI 1640, sup-
plemented with 10% FBS and 1% penicillin-streptomycin
(Invitrogen; 15140122). Doses of Navitoclax (Selleckchem,
Houston, TX; Z258143) and Obatoclax (LC Laboratories,
Woburn, MA; O-3077) were experimentally derived, and JQ1
(Cayman Chemical, Ann Arbor, MI; 11187) doses were based
on our previously reported growth inhibitory values (16). Vec-

tors encoding BCL-xL-targeting shRNAs (HS0000182676,
HS0000182677, HS0000182678, HS0000182679, HS0000182680)
and a control vector encoding an shRNA to Luciferase, shLuc
(SHC007), were purchased from Sigma-Aldrich. Cells were
transduced in the presence of polybrene (5 �g/ml) for 24 h,
allowed to recover in normal growth medium for 48 h, and then
selected for stable shRNA expression with puromycin.

An expression vector for WT BCL-xL or an empty vector
(Clark Distelhorst) were used to generate stable populations of
MDA-MB-468 cells as described previously (44). To quantify
the number of viable cells, cells were trypsinized and counted
using trypan blue exclusion on a Countess II FL (Thermo
Fisher; AMQAF1000).

siRNA transfections

HCC1143 and MDA-MB-231 cells were seeded in 6-well
plates to be 50% confluent upon transfection. siRNA targeting
BCL-xL (Dharmacon, Lafayette, CO; L-003458-00-0005) or
nontargeting siRNA (Dharmacon; D-001810-02-20) was trans-
fected in Opti-MEM media (Invitrogen; 31985088) to a final
concentration of 100 nM. Culture media were changed to com-
plete growth medium after 6 h.

RNA analysis

RNA was isolated using TRIzol Reagent (Ambion, Waltham,
MA; 15596018), treated with DNase (Ambion; AM1906), and
cDNA produced using SuperScript II Reverse Transcriptase

Figure 6. BCL-xL regulation of apoptosis occurs downstream of BETi-induced mitotic catastrophe. A, bee swarm plot of the length of time required by
individual 468EV and 468BCLxL cells to complete mitosis starting 6 h after the addition of vehicle or 1000 nM JQ1. Red lines are mean � S.E. p � 0.05 between
1) 468EV�VEH and 468EV�JQ1 and 2) 468BCLxL�VEH and 468BCLxL�JQ1 according to Tukey’s multiple comparison test. B, quantitation of the percent of
single daughter cells produced following mitosis in 468EV and 468BCLxL cells. * � p � 0.05 compared with vehicle. C and D, pie charts showing the percentage
of vehicle- and JQ1-treated 468EV (C) and 468BCLxL (D) cells that underwent different mitosis-associated cell fates: divide (black), die in mitosis (red), exit and
die (gray), or prolonged interphase (white).
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(Invitrogen; 18064-014). Quantitative real-time PCR was per-
formed using Applied Biosystems (Foster City, CA) TaqMan Gene
Expression Assays (Assay IDs � BCL2, Hs00608023_m1; BCL2L1
(BCL-xL), Hs00236329_m1; BCL2L4 (BAX), Hs00180269_m;
BCL2L11 (BIM), Hs00708019_s1; MCL1, Hs01050896_m1;
GAPDH, Hs02758991_g1).

Western blot analysis

Cells were lysed in radioimmune precipitation assay buffer
(20 mM Tris-HCl, 150 mM NaCl, 1 mM Na2, EDTA, 1 mM EGTA,
1% Nonidet P-40, 1% sodium deoxycholate, 2.5 mM sodium
pyrophosphate, 1 mM �-glycerophosphate, 1 �g/ml leupeptin)
supplemented with 1 mM Na3VO4 (Sigma-Aldrich; 13721396)
and protease inhibitors (Sigma-Aldrich; P8340). Immunoblots
were probed with antibodies from Cell Signaling Technology
that recognized BIM (2933), BAX (5023), BCL-xL (2764),
BCL-2 (15071), MCL1 (94296), and �-actin (Sigma-Aldrich;
A1978). Pierce ECL Western Blotting Substrate (Thermo Sci-
entific; 32106) was used to develop blots and ImageJ was used
for protein band densitometry.

Flow cytometric detection of apoptotic death

Annexin V staining for apoptotic cells was performed
according to the manufacturer’s protocol. Cells were incubated
with FITC-conjugated annexin V (Molecular Probes, Eugene,
OR; V13245) and propidium iodide (Invitrogen; P3566).
Stained cells were analyzed by flow cytometry using the
GUAVA-PCA flow cytometry system (Guava Technologies,
Burlington, MA). Each experiment represents a minimum of
2 � 103 gated events from two wells. Percent apoptotic cells
(annexin V–positive, PI-negative) and percent dead cells
(annexin V–positive, PI-positive) were determined using the
Guava software.

Hoechst staining

Hoechst staining was performed as described previously (16).
Briefly, treated cells were stained with 10 �M Hoechst 33342
(Thermo Scientific; 62249) and the percentage of apoptotic
cells with pyknotic nuclei was determined.

Immunocytochemistry

Cells grown on coverslips were fixed with 3.7% formaldehyde
for 10 min and immunostained with Texas Red-X phalloidin
(Invitrogen; T7471) for F-actin according to the manufacturer’s
instructions. Cells were mounted using Vectashield with DAPI
(Vector Laboratories, Burlingame, CA; H-1500) and visualized
at 20� magnification on a Leica inverted microscope.

Senescence-associated �-gal activity stain

Cells were fixed in 2% formaldehyde and 0.2% glutaraldehyde
for 5 min followed by staining for 12–16 h at 37 °C in 5 mM

potassium ferricyanide, 5 mM potassium ferrocyanide, 2 mM

MgCl2, 150 mM NaCl, 30 mM citric acid/phosphate buffer, pH 6,
1 mg/ml X-gal (Invitrogen; 15520).

Live cell imaging

MDA-MB-468-EV and MDA-MB-468 –BCL-xL cells were
treated with vehicle or 1000 nM JQ1. The IncuCyte Zoom Sys-

tem (Essen BioScience, Ann Arbor, MI) was used to collect
images every 20 min at 20� for a total of 48 h. After the first 6 h
of treatment, cells were tracked through mitosis and the time
it took for cells to complete mitosis (mitotic timing) was
recorded. Subsequent daughter cells were also tracked to
determine whether they died, divided, or entered a pro-
longed interphase.

Statistical methods

Statistical analyses were performed as described for each
experiment. Unless otherwise specified, all experiments in cell
culture were independently performed three times in triplicate,
with the results expressed as the mean of the nine values. For
comparisons between two groups of values, statistical analysis
of the results was performed by the Student’s t test. For com-
parisons between more than two groups of values, one-way
analysis of variance (ANOVA) and Tukey’s multiple correc-
tions tests were used. p values less than 0.05 were considered
statistically significant.
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