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Abstract
TP53 wild-type breast tumors rarely undergo a complete pathological response after chemotherapy treatment. These patients
have an extremely poor survival rate and studies show these tumors preferentially undergo senescence instead of apoptosis.
These senescent cells persist after chemotherapy and secrete cytokines and chemokines comprising the senescence
associated secretory phenotype, which promotes survival, proliferation, and metastasis. We hypothesized that eliminating
senescent tumor cells would improve chemotherapy response and extend survival. Previous studies have shown “senolytic”
agents selectively kill senescent normal cells, but their efficacy in killing chemotherapy-induced senescent cancer cells is
unknown. We show that ABT-263, a BH3 mimetic that targets antiapoptotic proteins BCL2/BCL-XL/BCL-W, had no effect
on proliferating cells, but rapidly and selectively induced apoptosis in a subset of chemotherapy-treated cancer cells, though
sensitivity required days to develop. Low NOXA expression conferred resistance to ABT-263 in some cells, necessitating
additional MCL1 inhibition. Gene editing confirmed breast cancer cells relied on BCL-XL or BCL-XL/MCL1 for survival in
senescence. In a mouse model of breast cancer, ABT-263 treatment following chemotherapy led to apoptosis, greater tumor
regression, and longer survival. Our results reveal cancer cells that have survived chemotherapy by entering senescence can
be eliminated using BH3 mimetic drugs that target BCL-XL or BCL-XL/MCL1. These drugs could help minimize residual
disease and extend survival in breast cancer patients that otherwise have a poor prognosis and are most in need of improved
therapies.

Introduction

The tumor suppressor TP53 is mutated in half of all cancers
[1]. When wild type, p53 will respond to cell stress, such as

that caused by chemotherapy, by turning on transcription of
genes involved in apoptosis, cell cycle arrest, and senes-
cence [2, 3]. Thus, wild-type p53 activity is thought to be
favorable for prognosis in cancer. TP53 is mutant in 30% of
breast cancers [4], and accumulating evidence shows that
for patients treated with chemotherapy, it is much more
favorable to have a mutant TP53 tumor than wild type.
TP53-mutant tumors are much more likely to undergo a
pathological complete response (pCR) after neoadjuvant
chemotherapy than TP53 wild-type tumors [5–10]. Our
recent analysis showed patients with wild-type TP53 tumors
have remarkably poor survival after chemotherapy [11].
For example, triple negative breast cancer (TNBC) patients
that received chemotherapy had a median survival of
~45 months if their tumor was TP53 wild type, compared
with patients harboring TP53-mutant tumors that had a
median survival of ~260 months [11]. When modeled in
mice, p53 wild-type mammary tumors underwent senes-
cence instead of apoptosis in response to chemotherapy
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treatment, resulting in early relapse and poor survival [12].
In contrast, p53 mutant tumors underwent mitotic cata-
strophe and apoptosis resulting in greater tumor regression
and longer time to relapse [12]. TP53 wild type,
chemotherapy-treated human breast cancers also undergo
senescence [13].

Because senescent cells are ostensibly permanently
arrested, it is generally thought they would pose no threat to
contribute to relapse. It has been thoroughly demonstrated,
however, that many tumor cells made senescent by che-
motherapy treatment produce cytokines and chemokines of
the senescence associated secretory phenotype (SASP) in
their dormant state [12, 14–19]. These factors promote
tumorigenic properties such as proliferation, survival,
angiogenesis [20–24], an increase in the cancer stem cell
population [16, 17, 25, 26], and suppression of the immune
system [27, 28]. Because patients with TP53 wild-type
breast tumors respond so poorly to chemotherapy, elim-
inating the senescent cells that persist and promote relapse
is critical for improving patient survival. Notably, ~70% of
all breast cancers are TP53 wild type, and every molecular
subtype contains tumors with wild-type TP53, including
TNBC, for which there is an unmet need for better treatment
options [4, 29, 30].

Normal, diploid, nontransformed, senescent cells accu-
mulate in aged organisms as a tumor suppressive mechan-
ism [31–35] and contribute to inflammation and aging
phenotypes [28, 36]. Thus, the discovery of senolytic
agents, or drugs that selectively kill senescent cells, has
been a priority [37]. Agents identified include those that
target the rapid metabolism of senescent cells [38] and
several proapoptotic BH3 mimetic drugs, originally devel-
oped as cancer therapies [39]. These drugs could eliminate
senescent, normal diploid fibroblasts in culture, or senescent
cells in aged mice [37, 40–42]. They include the BCL2
inhibitor ABT-199 (venetoclax), which is FDA approved
for treatment of chronic lymphocytic leukemia [43], and
ABT-263 (navitoclax), which inhibits BCL2, BCL-XL, and
BCL-W and has activity in hematopoietic cancers [43].
Lamentably, these drugs have relatively minimal activity in
solid tumors [44], including minimal or mixed responses as
single agents in human breast cancer cell lines and xeno-
grafts [45–48].

Because residual disease that persists following che-
motherapy treatment is composed of tumor cells that have
entered senescence [12, 13, 19], we tested if drugs that kill
senescent normal cells could kill these persisting cancer
cells that cause relapse and shorten survival.

Here, we show that ABT-263 induced extensive, rapid
apoptosis in a subset of breast cancer cells made senescent
by doxorubicin treatment, while some cell lines with low
NOXA levels required a second drug targeting MCL1. In a
p53 wild-type mouse mammary tumor model that

undergoes senescence after chemotherapy treatment
[12, 19], administration of ABT-263 following chemother-
apy resulted in apoptosis and significantly greater tumor
regression, resulting in longer time to relapse. ABT-263
could be used to eliminate the cancer cells that persist in a
senescent state, reduce residual disease, and improve sur-
vival in patients with TP53 wild-type tumors who otherwise
respond poorly to chemotherapy and have a dismal
prognosis.

Results

ABT-263 induces apoptosis specifically in
chemotherapy-treated cells

We examined the effects of a BH3 mimetic drug that has
senolytic activity in normal cells [41, 42] on cancer cells
made senescent by chemotherapy. Cell lines treated with
doxorubicin (0.25 or 1 μM) adopted a senescent morphol-
ogy and stained positive for senescence associated beta
galactosidase (SAβGal) activity 7 days later (Supplementary
Fig. 1) consistent with previous findings [12, 49, 50]. We
next determined sensitivity to ABT-263 in the p53 wild-
type mammary tumor cell line 4226 (created from an
MMTV-Wnt1 tumor [50]) that was untreated and pro-
liferating, or treated with doxorubicin for 1–4 days. Cells
not treated with doxorubicin increased in cell number as
they proliferated, before becoming overconfluent and lifting
off. Treatment with ABT-263 had no effect on proliferating
cells in this or subsequent experiments (Fig. 1a). Cell
number increased only slightly 1 day after doxorubicin
treatment, and remained relatively steady over the next
4 days, consistent with induction of cell cycle arrest and
senescence over time. Addition of ABT-263 to cells 1 or
2 days following doxorubicin treatment had little effect on
cell number measured 24 h later (Fig. 1a). Addition of a
single dose of ABT-263 to cells 3 or more days after dox-
orubicin treatment resulted in significant reduction in cell
number, with maximal effect observed at 5 days (Fig. 1a), a
time point when cells express multiple senescent markers
[12, 50, 51]. We next examined ABT-263 sensitivity in
more TP53 wild-type cell lines. Because of the predictable
cytostatic effects on cell number, doxorubicin-treated cells
given DMSO were normalized to 1.0 and only compared
with doxorubicin-treated cells given ABT-263, and likewise
for proliferating cells. Nonnormalized data are shown for
each proliferation assay in Supplementary Figs. 2–3.

ABT-263 preferentially reduced cell number in senescent,
TP53 wild-type breast cancer cell lines SKBR7, Cal51, 4226,
and two other cell lines shown to undergo chemotherapy-
induced senescence: U2OS (osteosarcoma) [52], and A549
(lung adenocarcinoma) [53]. The number of proliferating
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cells was unchanged by ABT-263 treatment (Fig. 1b).
Interestingly, other TP53 wild-type breast cancer lines made
senescent with doxorubicin were insensitive to ABT-263.

Since MCL1 is a common predictor of resistance to ABT-
263 [45, 54], we treated these cells with S63845, an MCL1
inhibitor [54]. While ABT-263 or S63845 treatment alone
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had little effect, treatment with both drugs resulted in a
reduction in the number of doxorubicin-induced senescent
HCC712, MDA-MB-175, and MCF-7 cells 24 h later
(Fig. 1c). While some sensitivity was observed for pro-
liferating MDA-MB-175, senescent cells were more sensitive
(Fig. 1c). Interestingly, doxorubicin-induced senescent
HCC1428, ZR75-30, and MPE-600 cells were either resistant
to the treatments or both senescent and proliferating cells
were similarly sensitive (Fig. 1d). These results suggest
doxorubicin-induced senescent breast cancer cells can be
grouped into different classes: ABT-263 sensitive (A-sensi-
tive), ABT-263 plus S63845 sensitive (A/S sensitive), and
insensitive or not preferentially sensitive to either or both
treatments (insensitive). We next tested senolytic sensitivity
in TP53-mutant cell lines that can undergo senescence in
culture (Supplementary Fig. 1) [50, 55]. T47D and two
MCF-7 clones with CRISPR-Cas9 edited TP53 showed some
sensitivity to ABT-263/S63845 when made senescent by
doxorubicin (Fig. 1e). Ruling out the possibility that seno-
lytic drugs might interfere with the assay used to determine
cell number (MTT), live-cell imaging analysis of cells
expressing GFP or mCherry showed consistent results:
greater sensitivity in doxorubicin-treated 4226 and MCF-7
(Supplementary Fig. 2a).

Progression into the senescence program is
necessary for ABT-263 sensitivity

Following doxorubicin treatment, p53 wild-type cells incur
DNA strand breaks, arrest the cell cycle, and rapidly acti-
vate p53 target genes such as CDKN1A, BAX, BBC3, and
PMAIP1 [3], but take days to acquire senescent phenotypes
such as SAβGal staining and morphological changes
[2, 49]. We treated cells with ABT-263 at different time
points post-doxorubicin to determine the timing of sensi-
tivity. Cell number was not reduced in A-sensitive cell lines
4226 and U2OS until ~3 days following doxorubicin
treatment, while SKBR7 and A549 cells required 4 and
5 days (Fig. 1f). Cal51 showed some sensitivity to ABT-
263 1 day after doxorubicin treatment, which increased over
the next 2 days. A/S-sensitive cell lines MCF-7 and MDA-
MB-175 also became maximally sensitive to ABT-263/
S63845 treatment 3–4 days after doxorubicin treatment
(Fig. 1g). These results suggest ABT-263 does not target
merely arrested cells or cells with DNA damage. For the
majority of cell lines, 3–5 days of progression into the
senescence program was required for maximal senolytic
sensitivity.

Other senescence-inducing treatments confer ABT-
263 sensitivity

It is possible that sensitivity to ABT-263 occurs over days,
specifically as a result of doxorubicin treatment, rather than
induction of senescence per se, thus, we tested if other
commonly used breast cancer treatments could render
cancer cells sensitive to senolytic drugs. We found that A-
sensitive and A/S-sensitive cell lines made senescent by
exposure to IR (causes DNA strand breaks) or paclitaxel (a
mitotic spindle poison) were sensitive to senolytic drugs.
One exception, Cal51 exhibited primary resistance to
paclitaxel and thus was not induced to become sensitive to
ABT-263 (Fig. 2a). We next determined if cells could be
made sensitive to senolytic drugs without DNA damage or
mitotic stress. We treated cells with Nutlin-3a, a drug that
potently activates p53 ectopically, in the absence of stress,
by blocking MDM2–p53 interactions [56]. Nutlin induces
characteristic senescent phenotypes [50, 57], and also con-
ferred sensitivity to senolytic drugs after 6–7 days of
treatment, in all four of the cell lines tested, to an extent
equal to doxorubicin (Fig. 2b).

ABT-263 induces apoptosis in doxorubicin-induced
senescent cells

To determine the cause of reduced cell number in ABT-263
treated cells (Fig. 1), doxorubicin-induced senescent cells

Fig. 1 ABT-263 treatment alone or in combination with S63845
can selectively eliminate chemotherapy-induced senescent cells. a
4226 mammary tumor cell line was plated in 24 well plates in parallel,
and 1 day later treated with 0.75 μM doxorubicin (Doxo, indicated by
black arrow) or left untreated to continue proliferating (Prolif). For the
following 4 days, one plate was treated with a single dose of 1 μM
ABT-263 (as indicated by green arrows), and then cell number
determined by MTT assay 24 h later. Absorbance was plotted for tri-
plicate wells of each treatment group over time. Untreated cells grew
to conflunce 2 days after plating and then lifted off the plate (noted as
“over-confluent”). Error bars represent SEM. Indicated p53 wild type
(b–d) or p53 mutant/edited (e) cancer cell lines were plated and the
next day treated with doxorubicin (0.25–1 μM) for 24 h (Doxo Rx
cells). Seven days after treatment, in parallel with untreated, pro-
liferating cells (Prolif), ABT-263 (1 μM), S63845 (10 nM), or both
were added as indicated and then MTT assay was performed 24 h later
to determine cell number. f–g Indicated cell lines were plated and
doxorubicin treated as in (b–e) and cell number determined by MTT
assay after ABT-263 or ABT-263+ S63845 treatment each day fol-
lowing doxorubicin treatment. Bar graphs for (b–g) show mean ± SEM
with individual data points plotted. Nonnormalized data for (b–g) are
shown in Supplementary Fig. 2b–g. Statistics (complete analysis
available in Supplementary Table 1) used were (b) Student’s t test
comparing two groups: control vs. ABT-263 treated, for Prolif and
Doxo Rx separately. (c–e) ANOVA with Tukey’s posttest comparing
four groups: control, ABT-263, S63845, ABT-263+ S63845, for
Prolif and Doxo Rx separately. f–g Student’s t test comparing two
groups: control vs. ABT-263 or ABT-263/S63845 treated, for each day
post Doxo Rx separately. In (b–g), the DMSO group (indicated by
“−” or “0” signifying no ABT-263) was normalized to 1.0 for Prolif
and 1.0 for each treatment group. Each treatment group was in tri-
plicate and individual data points are shown. Error bars indicate SEM.
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were treated with ABT-263 in the presence or absence of Q-
VD-OPh, a pan-caspase inhibitor. Addition of Q-VD-OPh
rescued the reduction in cell number caused by ABT-263
treatment, suggesting that ABT-263 induced apoptosis in A-
sensitive cells (Fig. 3a, top). Q-VD-OPh also rescued A/S-
sensitive MCF-7 and MDA-MB-175 senescent cells from
death induced by combined treatment with ABT-263 and
S63845 (Fig. 3a, lower). Treatment of doxorubicin-induced
senescent Cal51 and MDA-MB-175 cells with the appro-
priate senolytic drugs (ABT-263 and ABT-263/S63845,
respectively), resulted in the complete conversion of PARP
to its cleaved form within 2–4 h (Fig. 3b). No PARP clea-
vage was observed in doxorubicin-induced senescent cells
that were not treated with ABT-263, suggesting these
senescent cells are resistant to apoptosis, consistent with
results from other studies [58]. Senolytic drugs did not
induce PARP cleavage in the untreated, proliferating
Cal51 cells and had only a minimal effect on proliferating
MDA-MB-175, consistent with no change or little change
in cell number of proliferating cells treated with senolytic
(Fig. 1) and previous studies showing minimal activity of
these drugs in solid tumor cell lines [44–48]. Treatment
with appropriate senolytic drugs induced strong activation
of caspase 3, as detected by immunofluorescence staining
(Fig. 3c) and immunoblot (Supplementary Fig. 4a), but only
in senescent cells. We also found the apoptotic mediator

BAX was localized to mitochondria of senolytic treated
senescent cells, but not control cells (Fig. 3d, Supplemen-
tary Fig. 5). Time course microscopy confirmed
doxorubicin-induced senescent 4226 and MDA-MB-175
cells underwent rapid and near-synchronous cell death
when treated with ABT-263 or ABT-263/S63845. Pan-
caspase inhibitor Q-VD-OPh rescued the cell death (Sup-
plementary Fig. 4b).

Senescent cells are preferentially targeted by
senolytic drugs

Senescent cells have an expanded lysosome compartment
that is detected by SAβGal [59–61] and intense Lyso-
Tracker dye staining [50]. We further verified this correla-
tion by performing sequential staining of the same field of
view in three different cell lines. Doxorubicin-treated cells
were highly positive for LysoTracker and SAβGal, while
untreated, proliferating cells generally stained weakly for
both (Supplementary Fig. 6). Using LysoTracker as a real
time, live-cell marker of senescence, time course imaging
showed that doxorubicin-treated A/S- or A-sensitive cell
lines that were positive for LysoTracker underwent cell
death within hours after treatment with senolytic drugs.
Proliferating cells that were LysoTracker negative/low, or
senescent cells that were LysoTracker positive and treated

Fig. 2 ABT-263 treatment alone or in combination with S63845
can selectively eliminate cells treated with senescence-inducing
therapies. a Indicated cell lines were plated, and then exposed to 8 Gy
gamma irradiation, 1, 5, or 10 nM paclitaxel, or doxorubicin, and
media changed 24 h later. Five days later, cells were treated with
indicated senolytic drug, and MTT assay was performed 24 h later to
determine cell number. b Indicated cell lines were plated, and then
treated with Nutlin-3a every other day (2.5–15 μM; total of four
doses). One day after fourth dose of Nutlin-3a, cells were treated with
ABT-263 (1 μM), and MTT assay was performed 24 h later to deter-
mine cell number. Each treatment group was in triplicate and

individual data points are shown. Error bars indicate SEM. Non-
normalized data are shown in Supplementary Fig. 3a–b. Statistics
(complete analysis available in Supplementary Table 2) used were (a,
4226 and Cal51) Student’s t test comparing two groups: control vs.
ABT-263 treated, for Prolif, Doxo, IR, 1 nM, 5 nM, 10 nM paclitaxel
Rx separately. (a, MDA-MB-175) ANOVA with Tukey’s posttest
comparing four groups: control, ABT-263, S63845, ABT-263+
S63845, for Prolif and the indicated treatment groups separately. b
Student’s t test comparing two groups: Doxo+DMSO vs. Doxo+
ABT-263 treated and Nutlin-3a+DMSO vs. Nutlin-3a+ABT-263.
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with DMSO, did not die (Fig. 4a, b). To test if doxorubicin
primed cells for senolytic sensitivity independent of the
senescent phenotype, we took advantage of Cal51, a cell
line we observed presenting outgrowths of colonies
~1 week after doxorubicin treatment. Time-lapse imaging of
doxorubicin-treated Cal51 showed cells with senescent
morphology were highly sensitive to ABT-263, but the
proliferating colonies in the same field of view were entirely
resistant (Fig. 4c). While these data do not strictly prove that
senolytic sensitivity is an integral part of senescence, taken
together, our findings suggest it is the tumor cells that
survive treatment by entering senescence that are sensitive
to ABT-263/S63845, and this sensitivity is not specific to
doxorubicin, DNA damage, or even cell stress.

Chemotherapy-induced senescent cells cannibalize
neighboring cells to prolong their survival [50]. We next
determined if senescent cells that cannibalize other cells are
resistant to treatment with senolytic drugs. A/S-sensitive
MCF-7 cells and A-sensitive 4226 cells both derive a sur-
vival benefit from frequent engulfments [50]. For the indi-
cated cell lines, we mixed GFP and mCherry expressing
cells, treated with doxorubicin to induce senescence and the
engulfment phenotype, and then treated with appropriate
senolytic drugs. Time-lapse microscopy showed active
engulfment by both cell lines (Fig. 5a), followed by rapid

cell death after exposure to senolytic drugs (Fig. 5a, b).
Senolytic drug treatment was equally effective at killing
cells whether they had engulfed another cell or not (Fig. 5c).

BCL-XL and MCL1 mediate survival of doxorubicin-
induced senescent cells

Because ABT-263 targets BCL-XL, BCL2, and BCL-W,
we investigated which specific BCL2 family member was
responsible for survival of chemotherapy-treated cells in
senescence. For A/S-sensitive cell lines, we used combi-
nations of ABT-199, a BCL2 inhibitor, A-1331852, a BCL-
XL inhibitor, and S63845, an MCL1 inhibitor (Fig. 6a), on
doxorubicin-induced senescent MCF-7 and MDA-MB-175
cells. Cell lines sensitive to ABT-263 plus MCL1 inhibition
were also sensitive to BCL-XL/MCL1 dual inhibition
(Fig. 6a, upper and middle), suggesting activity of either
BCL-XL or MCL1 is sufficient for survival of A/S-sensitive
cells. ABT-263 sensitive senescent breast cancer cell line
Cal51 died when treated with any drug combination that
targeted BCL-XL, but did not respond to BCL2 inhibitor
ABT-199, suggesting that BCL-XL is required for survival
of senescent Cal51 (Fig. 6a, lower). To verify the role of
BCL-XL and MCL1 in survival of senescent MCF-7 A/S-
sensitive cells, we infected with CRISPR/Cas9 lentivirus
and guide RNAs targeting either BCL2L1 (BCL-XL) or
MCL1, and hypothesized edited cells would die when
treated with only the MCL1 inhibitor S63845 or ABT-263,
respectively. This hypothesis was supported as the number
of senescent MCF-7 BCL2L1-sg cells was significantly
reduced with S63845 alone (Fig. 6b), and senescent MCF-7
MCL1-sg cell number was reduced by treatment with ABT-
263 alone (Fig. 6c). MCF-7 Control CRISPR cells (Cont-
sg) required combined ABT-263 and S63845 treatment,
consistent with the parental cells (Fig. 1). Immunoblotting
showed reduction, but not complete loss, of BCL-XL and
MCL1 proteins, consistent with a heterogeneous population
of CRISPR edited cells that includes in-frame indels [62].
Further analysis by immunoblot showed that in the het-
erogeneous population of MCF-7 MCL1-sg edited cell line,
cells that underwent apoptosis and lifted off the plate were
more likely to be edited, as they expressed lower levels of
MCL1 protein compared with cells that survived ABT-263
treatment (Fig. 6d, upper). Likewise, cells from the BC2L1-
sg population that survived S63845 treatment had higher
levels of BCL-XL compared with those that underwent
apoptosis and lifted off the plate (Fig. 6d, lower). We
similarly created a Cal51 BCL2L1 edited cell line, treated
with doxorubicin, and determined cell number each day
after treatment. We hypothesized that these cells would die
over the days following doxorubicin treatment as senes-
cence was induced. Indeed, 2 days after doxorubicin treat-
ment, Cal51 BCL2L1-sg cell number was reduced (Fig. 6e).

Fig. 3 ABT-263 alone or in combination with S63845 induces
apoptosis in doxorubicin-induced senescent cells. a Indicated cell
lines were plated, treated with doxorubicin for 24 h, and then 7 days
later treated with DMSO, ABT-263, S63845, or ABT-263+ S63845
with or without the pan-caspase inhibitor Q-VD-OPh (20 μM) as
indicated in the figure. MTT assay was performed 24 h after drug
treatments. b Parallel plates of proliferating (Prolif) and doxorubicin-
induced senescent (Doxo) Cal51 and MDA-MB-175 cells were treated
with ABT-263 (Cal51) or ABT-263+ S63845 (MDA-MB-175) as
indicated and harvested 1, 2, 4, and 8 h after treatment as indicated.
Immunoblots were performed for PARP and actin. c Indicated cell
lines were plated on glass coverslips and treated as indicated, followed
by IF staining for cleaved-caspase 3 and DAPI. Shown are repre-
sentative images captured by confocal microscopy. Three fields of
view for each treatment group were quantified for cleaved-caspase
3 staining, and ANOVA with Tukey’s posttest was performed (Cal51:
Prolif+ABT vs. Doxo+ABT p < 0.0001; Doxo+DMSO vs. Doxo
+ABT p < 0.0001; MDA-MB-175: Prolif+ABT/S6 vs. Doxo+
ABT/S6 p= 0.0003; Doxo+DMSO vs. Doxo+ABT/S6 p=
0.0003). d Indicated cell lines were plated on glass coverslips and
treated as indicated, followed by staining for MitoTracker (red), DAPI
(blue), and IF staining for BAX (green). Shown are representative
images captured by confocal microscopy. Three fields of view for each
treatment group were quantified for BAX and MitoTracker costaining,
and ANOVA with Tukey’s posttest was performed (Cal51: Prolif+
ABT vs. Doxo+ABT p= 0.0359; Doxo+DMSO vs. Doxo+ABT p
= 0.0052; MDA-MB-175: Prolif+ABT/S6 vs. Doxo+ABT/S6 p=
0.0004; Doxo+DMSO vs. Doxo+ABT/S6 p= 0.0006). Statistics
(complete analysis available in Supplementary Table 3) used for (a)
were ANOVA with Tukey’s posttest for all comparisons within a cell
line. Control minus Q-VD-OPh (indicated by “0” representing DMSO
treatment) was normalized to 1.0. Each treatment group was in tri-
plicate and individual data points are shown. Error bars indicate SEM.
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These results confirm that survival of senescent,
chemotherapy-treated breast cancer cells is mediated in A-
sensitive cells by BCL-XL, and in A/S-sensitive cells by
BCL-XL or MCL1.

Expression of NOXA confers sensitivity to ABT-263
alone in doxorubicin-induced senescent cells

To address why cell lines might differ in sensitivity to BH3
mimetic drugs, we examined expression of pro- and anti-
apoptotic proteins. Surprisingly, some doxorubicin-induced
senescent cells, such as SKBR7, that were sensitive to
ABT-263 alone (not requiring inhibition of MCL1)
expressed relatively high levels of MCL1. MCL1 levels
have been shown to decline in some tumor cells after
doxorubicin treatment [63], suggesting a mechanism to
preclude use of an MCL1 inhibitor, but we observed MCL1
reductions in both A- and A/S-sensitive cell lines (Fig. 7a).
Protein levels of PUMA, BID, BIM, BAK, and BAX did
not show a clear trend among groups of A-sensitive, A/S-
sensitive, and insensitive cell lines. However, doxorubicin-
induced senescent A-sensitive cells expressed NOXA at
both 24 h and 5 days following treatment, while A/S-sen-
sitive and insensitive cells did not (Fig. 7b). Since NOXA is
a BH3 mimetic that inhibits MCL1 [64, 65] to induce
apoptosis [66, 67], we surmised that A/S-sensitive cells
require S63845 in addition to ABT-263 because they do not
express NOXA. To test this, we overexpressed PMAIP1, the
gene for NOXA, in MCF-7 cells. When these cells were
made senescent with doxorubicin, ABT-263 alone was
sufficient to kill them (Fig. 7c). MCF-7 parental cells
required ABT-263 and S63845 treatment to induce cell
death (Fig. 7c), consistent with Fig. 1. Immunoblotting and
qPCR of mRNA confirmed overexpression of NOXA in
infected MCF-7 cells (Fig. 7c). Over expression of another
proapoptotic BH3 only gene, BID, did not confer sensitivity
to ABT-263 alone in MCF-7 cells, although this could be
due to lack of activation by cleavage (Supplementary

Fig. 7). To test if an A-sensitive cell line could be converted
to A/S-sensitive, we generated cell lines infected with a
CRISPR/Cas9 lentivirus and guide RNA targeting PMAIP1
and found that senescent SKBR7 PMAIP1-sg cells no
longer died after ABT-263 alone, but now required addi-
tional treatment with S63845 to inhibit MCL1 (Fig. 7d).
Senescent parental SKBR7 died from ABT-263 treatment
alone (Fig. 7d), consistent with previous experiments
(Fig. 1). Our results show that NOXA, by inhibiting MCL1,
confers sensitivity to ABT-263 in doxorubicin-induced
senescent cells, and that editing of PMAIP1 (NOXA) was
sufficient to convert A-sensitive cells to A/S-sensitive.

ABT-263 delays tumor relapse in vivo

Because p53 wild-type MMTV-Wnt1 tumors treated with
doxorubicin undergo senescence, minimal tumor regression,
and rapid relapse [12, 19], we determined if response in
these tumors could be improved by treating mice with ABT-
263 following chemotherapy treatment, when tumors are
thoroughly senescent [12, 19]. Three different spontaneous
tumors from MMTV-Wnt1 mice were orthotopically trans-
planted into the fat pad of C57BL/6j mice. After tumors
formed, mice were treated with doxorubicin followed by
either ABT-263 or vehicle treatment. Similar to our data
from cell lines, we identified transplants that did respond to
ABT-263 and those that did not. Transplant 1 tumors
treated with doxorubicin then ABT-263 had similar tumor
regression as mice treated with vehicle (p= 0.84) and also
relapsed in approximately the same number of days (p=
0.26) (Fig. 8a, top). Doxorubicin-treated mice with tumor
transplants 2 and 3, however, regressed more (p= 0.0003)
(p= 0.04), took longer to relapse, and had longer survival
when they were subsequently treated with ABT-263 than
tumors treated with vehicle (p= 0.0009) (p= 0.04)
(Fig. 8a, middle, bottom). In all experiments, tumors did not
respond to vehicle or ABT-263 treatment alone. Next, to
test if ABT-263 induced apoptosis in chemotherapy-
induced senescent tumors in vivo, mice with tumors from
transplant 2 were treated ± doxorubicin followed by ± ABT-
263. Tumors were harvested 2 days following the final
doxorubicin treatment, or after the 4th ABT-263 treatment.
Consistent with previous reports [12], minimal apoptosis
was detected in doxorubicin-treated tumors that arrest fol-
lowing treatment [12], or untreated tumors (Fig. 8b). Con-
sistent with results in cell lines and tumor growth (Fig. 8a),
ABT-263 treatment of mice with proliferating (not doxor-
ubicin treated) tumors did not cause apoptosis, but treatment
of mice that were previously doxorubicin treated resulted in
striking examples of positive cleaved-caspase 3 staining and
fragmented, condensed nuclei, similar to cell lines shown in
Fig. 2 (Fig. 8b). Tumor transplants from doxorubicin-
treated mice harvested 48 h following the final treatment

Fig. 4 Doxorubicin-treated cells with senescent phenotypes are
sensitive to senolytic drugs. Cal51 (a) or MDA-MB-175 (b) cells
were plated and the next day treated with doxorubicin (0.25 μM) for
24 h (Doxo Rx cells) or left untreated and proliferating (Prolif). Seven
days after treatment, cells were stained with LysoTracker (75 nM),
treated with DMSO or indicated senolytic drug(s), and then placed on
an IncuCyte and imaged over 4 h. Shown are representative time-lapse
images for the different treatment groups. Arrowheads indicate
LysoTracker positive cells that undergo cell death in the time lapse.
Scale bar represents 100 μM. c Cal51 cells were plated and the next
day treated with doxorubicin (0.25 μM) for 24 h. Cells were then
placed on IncuCyte for live-cell imaging. Six days later, cells were
treated with ABT-263 (1 μM), cell death of proliferating and senescent
cells was determined visually via live-cell imaging and two repre-
sentive fields of view are shown, pre and 3 h post addition of ABT-
263. Scale bar represents 300 μM.
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Fig. 5 Cell cannibalism phenotype does not protect doxorubicin
treated, senescent cells from senolytic drugs. a GFP and mCherry
expressing MCF-7 or 4226 cells were plated together, and the next day
treated with doxorubicin (0.25 μM for MCF-7; 0.75 μM for 4226) for
24 h (Doxo). On day 3, cells were placed on an IncuCyte and imaged
every 3 h. On day 7, frequent cell engulfment was observed, and cells
were treated with indicated senolytic at the image time point with the
red outline. Cells were continually imaged every hour. Time-lapse
images show representative predator cells (solid arrowheads) engulfing
prey cells (open arrowheads), and subsequent cell death induced by
senolytic treatment. b Representative images of doxorubicin-treated
senescent, engulfing MCF-7 or 4226 cells captured before (left) and

after (right) senolytic treatment. Solid arrowheads indicate engulfing
predator cells, and open arrowheads indicate engulfed prey cells. Time
stamps are noted in the image. Scale represents 100 μM. c Single cells
from the MCF-7 and 4226 imaged in (b) were followed in time to
determine if they had engulfed or not, and then were scored for the
time point when they adopted characteristic features of apoptosis and
cell death following senolytic treatment. Survival data from two
independent experiments were plotted on a Kaplan–Meier curve with
>30 cells in each group in each experiment for both cell lines. Dif-
ferences in survival for both cell lines were not significant by Log-rank
(Mantel–Cox) test.
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stained intensely for senescence markers p-Stat3 (a SASP
marker [12, 17, 19, 27, 68]) and p21 (a cell cycle arrest
marker [12, 69]) compared with tumors from untreated mice
(Fig. 8c). Because treatment with doxorubicin and/or ABT-
263 can induce hematotoxicity [70, 71], we analyzed blood
sampled from treated mice (Supplementary Fig. 8b). Con-
sistent with previous reports, doxorubicin increased platelet
count [71], and treatment with ABT-263 reduced platelet
count [70]. The combination of doxorubicin followed by
ABT-263 did not exacerbate or change the platelet number

beyond treatment with ABT-263 alone (Supplementary
Fig. 8a). Treatment with ABT-263 or doxorubicin+ABT-
263 did not result in significant weight loss across the
experiment (Supplementary Fig. 8b).

Discussion

This study demonstrates that ABT-263 and other BH3
mimetic drugs can selectively eliminate p53 wild-type
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breast and other cancer cells that have survived che-
motherapy treatment by entering a state of senescence.
Studies from our lab and others have shown that in
chemotherapy-treated breast cancers: (1) TP53 wild-type
tumors are much less likely to undergo a pCR [5–10]; (2)
patients with TP53 wild-type tumors have a dismal prog-
nosis [11]; (3) TP53 wild-type tumors undergo senescence
and express SASP factors that can drive relapse
[12, 13, 19]. Thus, eliminating senescent cells in residual
disease stands to benefit those patients most in need of
improved therapy options. Other studies have shown elim-
ination of senescent normal cells in the stroma of tumors,
using either genetic means or senolytic drugs, improved
response to chemotherapy [72]. However, no studies have
reported the use of senolytics to eradicate chemotherapy-
induced senescent cancer cells to reduce residual disease
burden. While BH3 mimetic sensitivity was not proven to
be an integral part of senescence, we feel all data taken

together support the conclusion that cells enter senescence
to survive very different types of treatments (doxorubicin,
IR, paclitaxel, nutlin), and in this senescent state they are
sensitive to BH3 mimetics. Because senescent cells are the
cells that survive treatment, it is important and clinically
relevant that these cells are sensitive to BH3 mimetics.

We show some cell lines rely on BCL-XL for survival in
the senescent state, while others can utilize either BCL-XL
or MCL1. Interestingly, NOXA expression in senescent
cells conferred sensitivity to inhibition of BCL-XL alone,
and when not expressed, a second drug to inhibit MCL1
was required to induce apoptosis. These data support others’
findings that NOXA is a potent inhibitor of MCL1 [65, 73],
and suggest that when treating senescent tumor cells with
senolytics, NOXA expression should be used to direct co-
administration of an MCL1 inhibitor with a BCL-XL inhi-
bitor. Inhibition of multiple apoptotic proteins that include
MCL1 is more likely to cause hematopoietic toxicities
in vivo [74], but promising preclinical results in leukemia
models suggest plausibility [75]. Interestingly, sensitivity to
ABT-263 in nonsenescent cells can also be dependent on
the ratio of MCL1 to BIM [44].

Cells from solid tumors, and particularly senescent cells,
are notoriously difficult to kill [76, 77]. The extent and
rapidity of apoptosis induced by ABT-263 in only the
senescent cancer cells is notable. We observed little or no
change in cell number or apoptosis in proliferating cells, or
in cells 24 h following doxorubicin treatment. Our study,
showing TP53 wild type tumor cells made senescent by
chemotherapy can be eliminated in hours using senolytic
drugs, is more likely to be far reaching due to prevalence of
chemotherapy, which remains a first line therapy for many
patients, and the only therapy for TNBC patients. Further,
our study suggests a therapy that would benefit patients with
TP53 wild-type breast tumors who have very poor response
[5–10] and survival [11], and are thus in need of improved
therapy options. Our results suggest that ABT-263 would be
more effective in solid tumors if used in TP53 wild-type
tumors and sequenced after chemotherapy treatment to
allow for induction of senescent phenotypes.

Methods

Cell lines

4226 is a cell line made by plating and passage of an MMTV-
Wnt1 tumor [50]; A549 was a gift from Joseph Lasky, Tulane
School of Medicine; U2OS was a gift from Sean Lee, Tulane
School of Medicine; MDA-MB-175 (University of Texas MD
Anderson Characterized Cell Line Core); HCC712 was from
University of Texas Southwestern Cell Line Core and Adi
Gazdar, SKBR7 (gift of Jean-Paul Borg, Institut Universitaire

Fig. 6 Cells made senescent by doxorubicin are dependent on
BCL-XL alone or can rely on either BCL-XL or MCL1 for
survival. a Schematic of BH3 mimetic drugs and targets. Indicated cell
lines were plated, treated with doxorubicin for 24 h, and then 7 days later
treated with various combinations of drugs as indicated below the graphs
targeting BCL2 family members indicated above the graphs. MCF-7 and
MDA-MB-175 were not treated with ABT-263 alone since they were
shown to be resistant (Fig. 1b) and Cal51 was not treated with S63845
because they are sensitive to ABT-263 alone. b CRISPR guides targeting
the functional domains of BCL2L1 (gene for BCL-XL) were cloned into
a pLenti-CRISPR-mCherry vector and viral particles used to transduce
MCF-7 cells. FACS sorted cells were plated and doxorubicin treated for
24 h, and then 7 days later ABT-263, S63845, or both ABT-263+
S63845 were applied as indicated and cell number determined by MTT
assay 24 h later. Immunoblot for BCL-XL is shown below graph. c
MCF-7 cells were transduced with pLenti-CRISPR-MCL1 vector and
sorted as in (b). Indicated cells were plated and doxorubicin treated for
24 h, and then 7 days later ABT-263, S63845, or both ABT-263+
S63845 were applied as indicated and cell number determined by MTT
assay 24 h later. Immunoblot for MCL1 is shown below graph. dMCF-7
MCL1-sg and BCL2L1-sg cells were plated and the next day doxorubicin
treated for 24 h, and then 7 days later, ABT-263 or S63845 were applied
as indicated. Media was removed from cells 24 h later and centrifuged to
pellet nonadherent cells. Cells that remained adherent following treat-
ment and nonadherent cells were lysed and immunoblots for MCL1 or
BCL-XL and actin were performed as indicated. e Cal51 cells were
transduced with pLenti-CRISPR-BCL2L1 vector and sorted as in (b).
After plating and doxorubicin treatment, MTT assay was performed each
day following for 5 days. Immunoblot for BCL-XL is shown below
graph. Statistics (complete analysis available in Supplementary Table 4)
used were as follows: (a) ANOVA with Tukey’s posttest comparing all
treatment groups separately for Prolif and Doxo Rx. Control (indicated
by “0” representing DMSO treatment) for Prolif and Doxo Rx were each
normalized to 1. b–c ANOVA with Tukey’s posttest comparing all
treatment groups separately for the Cont-sg and BCL2L1-sg cell lines.
Control (indicated by “0” representing DMSO treatment) for each cell
line was normalized to 1. e ANOVA with Tukey’s posttest comparing all
days post doxorubicin treatment for the Cont-sg and BCL2L1-sg cell
lines separately. Zero (“0”) days post doxorubicin for each cell line was
normalized to 1. Each treatment group was in triplicate and individual
data points are shown. Error bars indicate SEM. Nonnormalized data are
shown in Supplementary Fig. 3c–f.
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de France); MPE-600, Cal51 (gift of Joe Gray, University of
Oregon Health Science University); HCC1428, ZR75-30,
MCF-7 were from ATCC; 293T cells used for virus

production have been described [19]. 4226, A549, U2OS
were grown in standard DMEM medium supplemented with
10% serum (Life Technologies). MDA-MB-175, MCF-7, and
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MPE-600 cells were grown in EMEM medium (ATCC)
supplemented with 10% serum. HCC712, HCC1428, Cal51,
SKBR7, and ZR75-30 cells were grown in RPMI medium
(Life Technologies) supplemented with 10% serum. Cell lines
were checked regularly for mycoplasma contamination by
DAPI staining and microscopy. All cell lines were treated
with 0.25 μM doxorubicin except for 4226 cells, which were
treated with 1 μM, or as indicated in the figure. After 24 h on
drug, cells were washed 3× in PBS and changed to complete
media. SAβGal assay was performed as previously described
[50, 59]. For paclitaxel experiments, cells were treated with 1
nM, 5 nM, or 10 nM paclitaxel for 24 h and then changed to
complete media. For irradiation experiments, cells were
exposed to 8 Gy gamma irradiation from a Cesium source.
For Nutlin-3a experiments, cells were treated with Nutlin-3a
(Sigma-Aldrich, 444152) every other day at concentrations of
2.5 μM (Cal51, A549, U2OS) or 15 μM (4226).

Cell number determination

For MTT assay, Thiazolyl Blue Tetrazolium Blue (MTT)
(Sigma, M5655) was dissolved in PBS at 5 mg/ml. Cells
were plated into 24 wells at ~80,000 cells per well (U2OS,

A549, 4226) or 100,000 cells per well (MCF-7, MPE-600,
MDA-MB-175, ZR-75). Cells were treated with ABT-263
at the time point indicated in the figure, and then MTT
assay was performed 24 h later as described [78, 79]. Cell
number of 4226-mCherry and MCF-7 GFP cells was
determined on an IncuCyte S3 system at 37 °C and 5%
CO2 in full growth medium at ×20 magnification and using
2018A software version. Cells were plated and treated as
for MTT, and plates were scanned every 3 h. For senescent
cells, total red object area was determined with the fol-
lowing parameters: segmentation: adaptive with a thresh-
old of 0.2 RCU, Edge Split On at sensitivity of −45,
minimum area 800 µm2. For proliferating cells, same set-
tings but Edge Split sensitivity was −20, and minimum
area 400 µm2.

Treatments

ABT-263, Q-VD-OPh, S63845, ABT-199, A-1331852, and
paclitaxel were all purchased from Apexbio (Cat# A3007,
A1901, A8737, A8194, and B6164). Drugs were resus-
pended in DMSO and used at indicated concentrations.
Doxorubicin was purchased from Santa Cruz Biotech (SC-
200923A), resuspended in water to a concentration of 10
mg/ml and then diluted with PBS to 50 µg/ml and used at
indicated concentrations.

Western blot

Cells were lysed as described [51] and then Bicinchoninic
Acid (BCA Protein Assay Kit, Pierce) was performed.
Lysates (40–50 μg) were resolved on 10–13% SDS/PAGE
gel and probed with antibodies for actin (MA5-15739,
Invitrogen), BCL-XL (2764S, Cell signaling), BCL2
(D17C4, Cell signaling), MCL1 (sc-819, Santa Cruz), Bim
(2819 S, Cell signaling), Bid (2002T, Cell Signaling), BAK
(12105T, Cell Signaling), BAX (5023T, Cell Signaling),
PUMA (12450T, Cell Signaling), NOXA (14766T, Cell
Signaling), cleaved-caspase 3 (9661S, Cell Signaling),
PARP (9542S, Cell Signaling). All antibodies were used at
1:1000 dilution.

Immunofluorescence staining

For cleaved-caspase 3 staining, cells were plated on glass
coverslips (80,000 cells per well of a 24 well plate for
Cal51, and 100,000 cells per well for MDA-MB-175), and
treated the next day with doxorubicin for 24 h, followed by
PBS washes and medium replenishment. On day 7, cells
were treated with indicated senolytic for 2 h. Cells were
then fixed with 4% formaldehyde, permeabilized in 1×
PBS/0.5% Triton X-100, and then blocked in 5% BSA.
Cleaved-caspase 3 primary antibody (Cell Signaling,

Fig. 7 NOXA expression confers sensitivity to ABT-263. a Indi-
cated cell lines were untreated and harvested or treated with doxor-
ubicin for 24 h and harvested 5 days later. Immunoblots for Actin,
MCL1, BCL-XL, and BCL2 were performed. All blots were done in
parallel, and A549 lysate is included in each gel. Red font denotes A-
sensitive cell lines, green font denotes A/S-sensitive cell lines, and
purple font denotes insensitive cell lines, as determined in Fig. 1. b
Indicated cell lines were treated with doxorubicin for 24 h and har-
vested. Immunoblots for indicated proteins were performed. Actin
blots at bottom are for the different membranes used to perform all of
the 24 h and 5 day treated blots as indicated. c Lentivirus expressing
PMAIP1 was used to transduce MCF-7 and cells were selected by
FACS. MCF-7 parental and NOXA overexpressing cells were plated
and treated with doxorubicin for 24 h, and then either ABT-263,
S63845 or ABT-263+ S63845 were applied. Immunoblots for NOXA
and actin, and quantification of PMAIP1 and CDKN1A mRNA levels
are shown below graphs. d CRISPR guides targeting the functional
domains of PMAIP1 (NOXA) were cloned into a pLenti-CRISPR-
mCherry vector and virus generated. SKBR7 cells were transduced,
selected by FACS. SKBR7 parental and PMAIP1-sg cells were plated
and doxorubicin treated for 24 h, and then treated as indicated with
ABT-263 or ABT-263+ S63845. MTT assay was performed 24 h
after treatments. Immunoblots for NOXA and actin are shown beneath
the graphs. Statistics (complete analysis available in Supplementary
Table 5) used were as follows: (c) ANOVA with Tukey’s posttest
comparing all treatment groups separately for Prolif and Doxo Rx, and
separately for each of the four cell lines. Control (indicated by “0”
representing DMSO treatment) for Prolif and Doxo Rx were each
normalized to 1. d ANOVA with Tukey’s posttest comparing all
treatment groups separately for Prolif and Doxo Rx, and separately for
each of the two cell lines. Control (indicated by “0” representing
DMSO treatment) for Prolif and Doxo Rx were each normalized to 1.
Each treatment group was in triplicate and individual data points are
shown. Error bars indicate SEM. Nonnormalized data for (c–d) are
shown in Supplementary Fig. 3g–h.
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Danvers, MA) was added at 1:400 concentration and
incubated at 4 °C overnight. After washing, Alexa Fluor
594 Goat Anti-Rabbit secondary (ThermoFisher Scientific)

at 1:500 concentration in 1% BSA was then added for 1 h at
room temperature, followed by more washing. Cells were
then DAPI stained and washed further.
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For mitochondrial BAX staining [80], cells were plated
and treated as above. On day 7, cells were incubated in 75
nM MitoTracker Red CMXRos (ThermoFisher Scientific,
M7512) for 30 min. Cells were then treated with indicated
senolytic for 2 h, fixed, permeabilized, and blocked as
above. BAX primary antibody (Cell Signaling, Danvers,
MA) was added at 1:200 concentration in 1% BSA and
incubated at 4 °C overnight. After more washing, Alexa
Fluor 488 Donkey Anti-Rabbit secondary (ThermoFisher
Scientific, A21206) was then added at 1:500 concentra-
tion for 1 h at room temperature. Cells were then DAPI
stained.

For cleaved-caspase 3 staining of MMTV-Wnt1 tumor
sections, tumors were harvested, formalin fixed, paraffin
embedded, and sectioned (5 μm). Sectioned tissue was
deparaffinized and rehydrated by washing in the following
solutions and order: (1) 3 × xylenes; (2) 2 × 100% EtOH; (3)
2 × 90% EtOH; (4) 2 × 70% EtOH; (5) 2 × H2O. Antigen

retrieval was in citric acid buffer, pH6 in a steam bath.
Sections were washed in TBS-T and blocked in 5% horse
serum/0.1% Tween 20 in PBS. Cleaved-caspase 3 primary
antibody was then added at 1:400 concentration and sec-
tions were incubated overnight at 4 °C. Alexa Fluor 594
Goat Anti-Rabbit secondary was then added at 1:500 con-
centration for 1 h at room temperature. Sections were then
DAPI stained and coverslipped for imaging.

For p-STAT3 and p21 staining of MMTV-Wnt1 tumor
sections, antigen retrieval was in Tris-EDTA buffer, pH9 in
a steam bath. Sections were washed in TBS-T and blocked
in 3% BSA/0.1% Tween 20 in PBS. p-STAT3 (Cell Sig-
naling, 9145) (1:200) and p21 (Agilent, M720229-2) (1:50)
primary antibodies were then added, and sections incubated
overnight at 4 °C. Alexa Fluor 488 Donkey Anti-Rabbit and
Alexa Fluor 555 Donkey Anti-Mouse secondary antibodies
were then applied at 1:500 concentration for 1 h at room
temperature. Sections were then DAPI stained and cover-
slipped for imaging.

For immunofluorescence quantification, at least three
random, representative fields were analyzed for each
experiment. Statistical differences were determined via
ANOVA with Tukey’s posttest (MDA-MB-175, Cal51, and
MMTV-Wnt1 cleaved-caspase 3; MDA-MB-175 and Cal51
MitoTracker/BAX) or two-tailed Student’s t test (MMTV-
Wnt1 p21 and p-STAT3).

Microscopy

Confocal images of immunofluorescence staining were
captured on a Nikon TiE-2 Inverted Research Microscope
Nikon A1rSi Laser Point Scanning Confocal, with a Plan
Apo λ 60× oil objective for both cell lines and tissue sec-
tions. Image brightness and background levels were adjus-
ted uniformly and minimally for entire images using NIS-
Elements software or Photoshop when necessary for visual
clarity in publication.

Live-cell imaging

For cell engulfment experiments, GFP and mCherry labeled
cells [50] were plated simultaneously in a six well plate.
The following day, cells were treated with doxorubicin for
24 h (0.25 μM for MCF-7; 0.75 μM for 4226) followed by
PBS washes and medium replenishment. On day 3, the plate
was placed on an IncuCyte S3 system at 37 °C and 5% CO2

in full growth medium and imaged every 3 h at ×20 mag-
nification and using 2018A software version. On day 7,
cells were treated with indicated senolytic followed by
imaging every hour for 24 h. Cells were identified as having
engulfed or not by viewing the time-lapse images, and then
scored for survival for the 24 h period following addition of
senolytic. Survival of engulfing and never-engulfing cells

Fig. 8 ABT-263 improves response in chemotherapy-treated mice.
a Three separate MMTV-Wnt1 tumors were transplanted into C57BL/
6j mice, and when a tumors reached ~300 mm3, mice were treated with
4 mg/kg IP doxorubicin on days indicated by green arrowheads above,
followed by oral gavage with ABT-263 (black lines) or vehicle (red
lines) on days indicated by blue arrowheads above. Measurements
were taken with digital calipers every other day. In each transplant,
mean tumor regression and days to relapse were calculated for dox-
orubicin followed by vehicle, vs. doxorubicin followed by ABT-263.
Transplant 1: 24 days to relapse (Doxo+ABT+ 263) vs. 20 (Doxo+
Veh), 84% regression vs. 83%, both n.s.; transplant 2: 21 (Doxo+
ABT-263) vs. 11 days (Doxo+Veh) to relapse, 48% vs. 23% tumor
volume lost, both p < 0.05; transplant 3: 36 days (Doxo+ABT-263) to
relapse vs. 16 (Doxo+Veh), 54% regression vs. 23%, both p < 0.05.
Statistics used were two tailed, unpaired Student’s t test for compar-
isons of means in Doxo Rx followed by ABT-263 vs. Doxo Rx fol-
lowed by vehicle. Kaplan–Meier survival analysis was performed to
measure relapse-free survival of mice transplanted with MMTV-Wnt1
tumors (Transplants 1, 2, and 3), and treated with doxorubicin, and
ABT-263 or vehicle (Transplant 1 p= 0.8658; Transplant 2 p=
0.0005; Transplant 3 p= 0.0510). Relapse-free survival was defined as
the number of days between the largest tumor volume recorded before
ending treatment, and when the tumor exceeded this volume following
treatment. Differences in relapse-free survival were calculated by Log-
rank (Mantel–Cox) test. b Mice bearing tumors (transplant 2) were
treated as in (a), but harvested either 2 days following the final dox-
orubicin treatment or one day after the fourth ABT-263 treatment.
FFPE sections were stained with cleaved casapse 3 and DAPI, and
representative images were captured on the confocal microscope.
Representative fields of view from each treatment group were quan-
tified for cleaved-caspase 3 staining, and ANOVA was performed with
Tukey’s posttest (Unt+Veh vs. Doxo+ABT-263 p < 0.0001; Unt+
ABT-263 vs. Doxo+ABT-263 p < 0.0001; Doxo+Veh vs. Doxo+
ABT-263 p < 0.0001). Scale bar represents 25 µm. c Mice bearing
tumors (transplants 2 and 3) were treated with doxorubicin or vehicle.
FFPE sections were stained with p21 (red) and p-STAT3 (green), and
representative images were captured on the confocal microscope.
Representative fields of view from each treatment group were quan-
tified for p21 and p-STAT3 staining, and student’s t test for 2 way
comparisons was performed (p21: Veh vs. Doxo p < 0.0001; p-
STAT3: Veh vs. Doxo p < 0.0001).
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was plotted on a Kaplan–Meier curve using GraphPad
Prism software.

To determine senolytic drug sensitivity in senescence,
cells were plated in 24 well plates (80,000 cells per well for
Cal51, and 100,000 cells per well for MDA-MB-175). The
following day, cells were treated or not with doxorubicin for
24 h (0.25 μM), followed by PBS washes and medium
replenishment. On day 7, LysoTracker Red DND-99
(ThermoFisher Scientific; L7528) was added to media at
concentration of 75 nM and incubated for 30 min. Cells
were then treated with indicated senolytic or DMSO control
and immediately imaged on IncuCyte for 4 h.

To determine selective induction of cell death in senes-
cent but not proliferating cells, Cal51 cells were plated in
six well plates (300,000 cells per well). The following day,
cells were treated with doxorubicin for 24 h (0.25 μM),
followed by PBS washes and medium replenishment. Cells
were placed on IncuCyte and imaged every 3 h. On day 7,
cells were treated with ABT-263 (1.0 μM), and cell death of
senescent and proliferating cells was determined visually by
live-cell imaging.

qPCR

RNA was extracted from MCF-7 parental and PMAIP1
overexpressing cells using Trizol reagent (Invitrogen,
Carlsbad, CA), treated with DNAse (Roche, Indianapolis,
IN), and then reverse transcribed using a kit (GE Health-
care, Piscataway, NJ). Real time PCR using SYBR green
(BioRad, Valencia, CA) was performed using QuantStudio
6 (ThermoFisher Scientific). The following primers were
used: PMAIP1 forward [1]: 5′-GAGCTGGAAGTCGAGT
GTGCTA-3′; PMAIP1 reverse [1]: 5′-TGCCGGAAGTTC
AGTTTGTCT-3′; PMAIP1 forward [2]: 5′-GCATTGTAA
TTGAGAGGAATGTGAA-3′; PMAIP1 reverse [2]: 5′-TG
TATTCCATCTTCCGTTTCCA-3′. CDKN1A and RPLP0
primers are published [12].

CRISPR-Cas9 gene editing

All guides were designed to target functional domains.
The BCL2L1 guide sequences in MCF-7 cells were
BCL2L1 forward: 5′-GTTTGAACTGCGGTACCGGC-3′;
BCL2L1 reverse: 5′-GCCGGTACCGCAGTTCAAAC-3′.
The BCL2L1 sg1 guide sequences in Cal51 cells were
BCL2L1 forward: 5′-TGCCCGGGAGGTGATCCCCA-3′;
BCL2L1 reverse: 5′-TGGGGATCACCTCCCGGGCA-3′.
BCL2L1 sg2 guide sequences in Cal51 cells were BCL2L1
forward: 5′-AGTTTGAACTGCGGTACCGG-3′; BCL2L1
reverse: 5′-CCGGTACCGCAGTTCAAACT-3′. The fol-
lowing primers were used: CRISPR BCL-XL forward: 5′-T
TCTTACCCAGCCGCCGTTCTCCT-3′; CRISPR BCL-
XL reverse: 5′-GCAACCCATCCTGGCACCTG-3.

MCL1 guides sequences in MCF-7 cells were MCL1-sg1
forward: 5′-GGAGACCTTACGACGGGTTG-3′; MCL1-sg1
reverse: 5′-CAACCCGTCGTAAGGTCTCC-3′. MCL1-sg2
forward: 5′-CAGCGACGGCGTAACAAACT-3′; MCL1-sg2
reverse: 5′-AGTTTGTTACGCCGTCGCTG-3′. The follow-
ing primers were used to amplify the edited locus for
sequencing: CRISPR MCL1 forward: 5′-CCTTACGAGAAC
GTCTGTGATAC-3′; CRISPR MCL1 reverse: 5′-TAATC
GGACTCAACCTCTACTGT-3′.

The PMAIP1 (NOXA) guide sequences were
PMAIP1sg1 forward: 5′-TCGAGTGTGCTACTCAACT
C-3′; PMAIP1sg1 reverse: 5′-GAGTTGAGTAGCACAC
TCGA-3′. PMAIP1sg2 forward: 5′-ACGCTCAACCGAGC
CCCGCG-3′; PMAIP1sg2 reverse: 5′-CGCGGGGCTCGG
TTGAGCGT-3′. PMAIP1sg3 forward: 5′-TTCTTGCGCG
CCTTCTTCCC-3′; PMAIP1sg3 reverse 5′-GGGAAGA
AGGCGCGCAAGAA-3′. The following primers were
used: CRISPR sg1 NOXA forward: 5′-GCTTTCGGTGA
GTCACAATGTGTG-3′; CRISPR sg1 NOXA reverse: 5′-
GGTTCCTGAGCAGAAGAGTTTGG-3. CRISPR sg2-3
NOXA forward: 5′-CACCCGATCCCAGCATCCCTGC
C-3′; CRISPR sg2-3 NOXA reverse: 5′-CCAGCCGAGA
CCTCGACCC-3′.

Guides were cloned into pLenti-CRISPR-mCherry vec-
tor (Addgene, 75161) and transfected into 293T cells using
Lipofectamine 2000 (ThermoFisher, 11668019) with
packaging constructs, and then virus collected as described
[19]. Infected cells were enriched by FACS (Louisiana
Cancer Research Consortium). Editing was confirmed by
PCR amplifying DNA with primers flanking the guide
sequence followed by Sanger sequencing (Genewiz). Lenti-
PMAIP1 overexpression vector pLV-CMV > EGFP-hPGK
> hPMAIP1 was constructed by VectorBuilder and virus
was generated as described [19]. Bid expression plasmid in
pcDNA was a gift of Hua Lu, PhD.

To quantify editing in pooled populations, DNA extracts
from cell lines were PCR amplified with primers flanking
the sgRNA cut site, purified on columns (Qiagen cat#
28104), and then submitted for Genewiz AmpliconEZ
sequencing using MiSeq 2 × 250 platform, yielding > 1000
2 × 250-nucleotide paired-end reads per sample. CRIS-
PResso2 editing sequence analysis [81] was then performed
under default parameters to quantify editing efficiency.

Mice

MMTV-Wnt1 tumors were injected into the mammary fat
pads of 10 week old female C57BL/6j mice (1 × 106 tumor
cells). Mice were monitored frequently for tumor formation.
Once a palpable tumor was detected, tumors were measured
every other day using digital calipers and tumor volume
calculated as described [12]. When tumors reached a volume
of ~300mm3, they were treated with 4mg/kg doxorubicin
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(Sigma-Aldrich) in PBS that was injected intraperitoneally
(IP) once daily for 5 consecutive days [12, 19]. Two days
after doxorubicin treatment, mice were treated with either
vehicle or ABT-263 (in ethanol: polyethylene glycol 400:
Phosal 50 PG) via oral gavage at 50mg/kg body weight
per day (mg/kg/d) for 7 consecutive days. All treatments were
well tolerated with no observed weight loss or toxicity. Mice
were sacrificed when tumors relapsed (reached a tumor
volume greater than the largest volume observed before
treatment). To capture tumors during response, mice with
tumors formed from transplant 2 were treated with (1) dox-
orubicin followed by four doses of ABT-263, (2) doxorubicin
alone, (3) four doses of ABT-263 alone, (4) vehicle alone.
Two days following the final doxorubicin only treatment, or
1 day after the 4th ABT-263 treatment in doxorubicin or
untreated mice, tumors were harvested, formalin fixed/paraf-
fin embedded, and sectioned for staining as previously [12].
To determine potential drug toxicities in mice, blood was
sampled either retro-orbitally or by terminal cardiac puncture
from the following groups: (1) control/pretreatment; (2) 24 h
following the 5th and final doxorubicin injection; (3) 24 h
following the 7th and final ABT-263 gavage treatment; (4) 24
h following the 7th and final ABT-263 gavage treatment that
followed five doxorubicin treatments. Complete blood count
analysis was performed by Clinical Pathology Core, Division
of Comparative Pathology, Tulane National Primate Research
Center.

Statistics

All MTT assays and western blots are representative of at
least two independent experiments. All MTT experiments
were done in triplicate wells and normalized as indicated in
the figure legends. Statistics used were as follows: Student’s
t test for two way comparisons and ANOVA with Tukey’s
posttest for comparisons of three or more groups. Variance
between statistically compared groups was similar, and all
statistical tests were performed with assumption of similar
variance. For mouse experiments, days to relapse was
expressed as the number of days between the largest tumor
volume recorded before ending treatment, and when the
tumor exceeded this volume following treatment. To deter-
mine the amount each tumor regressed following treatment,
the smallest volume the tumor became after treatment was
divided by the greatest tumor volume that was recorded prior
to treatment. The mean of percent regression and days to
relapse was calculated for Doxo+Vehicle and Doxo+ABT-
263 tumors, and a two-tailed, unpaired t-test (GraphPad Prism
software) was used to determine the p value. Mice numbers
for in vivo efficacy experiments were calculated to detect
tumor regression improvement from 35% (doxorubicin only),
to 50% (doxorubicin followed by ABT-263), with 5% prob-
ability of incorrectly rejecting the null hypothesis using the

standard deviation from response of spontaneous tumors in
previous experiments [12]. Animals were randomly assigned
to treatment groups, and investigator was blinded to group
allocation. No animals or samples were excluded from
analysis.
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