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Reactivation of p53 in established tumors typically results in one of
two cell fates, cell cycle arrest or apoptosis, but it remains unclear
how this cell fate is determined. We hypothesized that high
mitochondrial priming prior to p53 reactivation would lead to
apoptosis, while low priming would lead to survival and cell cycle
arrest. Using a panel of Kras-driven, p53 restorable cell lines de-
rived from genetically engineered mouse models of lung adeno-
carcinoma and sarcoma (both of which undergo cell cycle arrest
upon p53 restoration), as well as lymphoma (which instead un-
dergo apoptosis), we show that the level of mitochondrial apopto-
tic priming is a critical determinant of p53 reactivation outcome.
Cells with high initial priming (e.g., lymphomas) lacked sufficient
reserve antiapoptotic capacity and underwent apoptosis after p53
restoration. Forced BCL-2 or BCL-XL expression reduced priming
and resulted in survival and cell cycle arrest. Cells with low initial
priming (e.g., lung adenocarcinoma and sarcoma) survived and
proceeded to arrest in the cell cycle. When primed by inhibition
of their antiapoptotic proteins using genetic (BCL-2 or BCL-XL dele-
tion or BAD overexpression) or pharmacologic (navitoclax) means,
apoptosis resulted upon p53 restoration in vitro and in vivo. These
data demonstrate that mitochondrial apoptotic priming is a key de-
termining factor of cell fate upon p53 activation. Moreover, it is
possible to enforce apoptotic cell fate following p53 activation in
less primed cells using p53-independent drugs that increase apopto-
tic priming, including BH3 mimetic drugs.
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The most commonly mutated tumor-suppressor gene is TP53,
with ∼50% of human cancers harboring mutations in this locus

(1). The remaining 50% of human cancers typically harbor mutations
that inactivate the p53 pathway, usually through down-regulation
or mutation of its main upstream activator p14Arf (p19Arf in mice),
or genomic amplification or overexpression of its main negative
regulator Mdm2 (2). As a consequence, great effort has been
placed on elucidating p53’s properties in tumor suppression and
drug response.
Upon activation by a variety of stress signals, such as DNA

damage, oncogenic stress, and hypoxia, p53 transcriptionally
activates a large repertoire of genes. This can lead to a variety of
outcomes, ranging from cell cycle arrest, senescence, or apoptosis,
to changes in metabolism and autophagy, among others (3–5).
Due to the prevalence of inactivating mutations in p53, recent
efforts have focused on strategies to pharmacologically reactivate
mutant p53 as a possible option for treating human cancers that
harbor p53 mutations (6). This concept has been supported by
experiments in genetically engineered mouse models (GEMMs) of
cancer (7–10). We previously employed a GEMM with temporal
control of p53 expression in established, autochthonous tumors.
This mouse model expresses a Lox-STOP-Lox (LSL)-p53 allele
in the germline (9). Homozygous mutant mice (p53LSL/LSL)

are phenotypically identical to homozygous knockout mice
(p53−/−) (11, 12). However, upon induction of Cre recombinase
[which in this case is expressed from the ubiquitously expressed Rosa26
locus (13) as an estrogen receptor fusion protein called Cre-ERT2]
and excision of the LSL cassette, p53 transcription is restored.
Utilizing this immunocompetent mouse model, our group demonstrated
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that established tumors that spontaneously arise in the context of
p53 deficiency (mostly soft tissue sarcomas and lymphomas) (11,
12) remain exquisitely sensitive to the reactivation of p53 (9).
Notably, two contemporary studies by Evan and colleagues (8)
and Lowe and colleagues (10) reached the same conclusion using
estrogen receptor-regulatable systems and inducible-reversible
RNAi technologies, respectively.
In a subsequent study, our group crossed the p53 restorable

mouse to the KrasLA2 mouse model, which bears a latent allele of
oncogenic KrasG12D that gets spontaneously activated in vivo
(14), for the purposes of studying the effects of p53 reactivation
in established lung tumors (7). Surprisingly, we found that the
tumor-suppressive effects of p53 reactivation in established lung
tumors growing in immunocompetent mice are stage-specific,
whereby p53 triggers the elimination of highly advanced lesions
but spares low-grade lesions. Mechanistically, high-grade lesions
harbor hyperactive MAPK signaling, which in turn leads to po-
tent induction of the p19Arf tumor-suppressor gene, leading to
stabilization and activation of the p53 tumor suppressor (7). A
contemporaneous study by Evan and colleagues (15) using an
estrogen receptor-regulatable allele of p53 reached the same
conclusion. More recently, Lowe and colleagues (16) demon-
strated that p53 reactivation in advanced pancreatic ductal ad-
enocarcinoma tumors leads to a combination of cell cycle arrest,
senescence, and differentiation. Collectively, these GEMM-based
studies have convincingly demonstrated that p53 can mediate
different tumor-suppressive responses in different tumor types and
even at different stages of tumor progression, and lend strong

support to efforts aimed at pharmacologically reactivating p53 as
a possible cancer therapeutic strategy (6).
Despite the fact that p53 has been extensively studied for over

30 y, the molecular mechanisms behind its highly context-specific
tumor-suppressive responses remain widely unknown (17). Many
models have focused on the quality, quantity, and dynamics of
the p53 transcriptional response as determinants of cell fate (18).
In these models, increased intensity of p53 activation and tran-
scription induction promotes apoptotic cell fate.
Pretreatment mitochondrial apoptotic priming can determine

cell fate in response to a number of drugs, including those that
can kill in a p53-dependent fashion (19–21). This prompted us to
ask whether the level of mitochondrial apoptotic priming in a cell
dictates whether p53 reactivation promotes cell death or cell
cycle arrest. To answer this question, we made use of the restorable
p53 allele that we have used previously in GEMMs to give a uni-
form p53 signal in the setting of different levels of mitochondrial
apoptotic priming. Our results support a model in which the level of
mitochondrial apoptotic priming is a critical cell-autonomous de-
terminant of cell fate upon p53 restoration.

Results
Tumor-Specific Responses to p53 Restoration.We hypothesized that
tumor-specific responses to p53 restoration could be explained at
least in part by the level of mitochondrial priming on each specific
tumor type. Based on our model, we predicted that highly primed
cells would readily undergo apoptosis upon p53 restoration, but
poorly primed cells would instead undergo cell cycle arrest. To
test this, we derived cell lines from three different tumor types
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(lung adenocarcinoma, sarcoma, and lymphoma) that arose
spontaneously in KrasLA2/+;Trp53LSL/LSL;Rosa26CreERT2/CreERT2 mice
(7). These mice harbor a KrasLA2 allele, which leads to spontaneous
expression of the KrasG12D oncogene (14), as well as two LSL p53
alleles (9), which prevent expression of endogenous p53 and
phenocopy p53-deficient mice. Cell lines derived from these
tumors also express CreERT2, which allows for inducible Cre
activity upon the addition of 4-hydroxytamoxifen (4-OHT), leading to
excision of the STOP cassette upstream of Trp53, thereby restoring
wild-type p53 expression (Fig. 1A). Although they all share the same
genetic background, these cells experience two nonoverlapping
cell fates upon p53 restoration (Fig. 1 B–J). Lung adenocarcinoma
and sarcoma cell lines predominantly undergo cell cycle arrest, as
shown by: 1) robust induction of p21 expression (Fig. 1 B and E), 2)

significant accumulation of p53-restored cells in the G0/G1 stage
of the cell cycle (Fig. 1 C and F), 3) pronounced tumor stasis upon
restoration of p53 in established tumors in vivo (Fig. 1 D and G),
and 4) marked absence of cleaved caspase 3 (CC3), even after
prolonged restoration of p53 for 72 h (Fig. 1 B and E). Remark-
ably, lymphoma cells also exhibit robust and stable up-regulation
of p21 upon p53 restoration (Fig. 1H) but fail to undergo cell cycle
arrest. Instead, p53 restoration in lymphoma cells leads to robust
apoptosis, as indicated by induction of CC3, annexin V staining,
and propidium iodide staining over time (Fig. 1 H–J). These data
demonstrate that the initiation of cell cycle arrest signaling does
not prevent the induction of apoptosis, as all three cell types are
fully capable of initiating cell cycle arrest signaling upon p53 res-
toration, but only lymphoma cells undergo apoptosis. We next
asked, what determines whether apoptosis will or will not occur
upon p53 restoration?

The Level of Mitochondrial Apoptotic Priming Explains Tumor-Specific
Responses. It is known that both normal and malignant tissues
have different propensities toward apoptosis and sensitivity to
chemotherapy based on their mitochondrial apoptotic priming
(20, 22). Therefore, we asked whether differences in mitochon-
drial apoptotic priming could account for the differences in cell
fate upon p53 restoration. We first measured the degree of mi-
tochondrial priming in the cell lines before p53 restoration. To
do this, we used BH3 profiling, a technique that interrogates the
mitochondria using synthetic peptides based on proapoptotic
BH3-only proteins (23–25). The degree of mitochondrial apo-
ptotic priming is inversely related to the quantity of BH3 peptide
required to exceed the threshold for mitochondrial outer mem-
brane permeabilization (MOMP). When the apoptotic threshold
is exceeded, proteins BAX and BAK can oligomerize to form
pores on the outer mitochondrial membrane, leading to MOMP.
BH3 profiling employs surrogate markers, including cytochrome
c release or mitochondrial potential, to measure MOMP. The
less peptide needed to cause MOMP, the more primed the cells
are for apoptosis.
BH3 profiling of multiple cell lines per tissue of origin dem-

onstrated a clear difference between those cell lines fated to cell
cycle arrest and those that undergo apoptosis. Sarcoma and lung
adenocarcinoma cell lines showed far lower priming across all
peptides (Fig. 2A). Using the broadly interacting BIM peptide as
a global measure of priming (23), sarcoma and lung adenocar-
cinoma cell lines were not significantly different from each other,
but both were significantly less primed than lymphoma cell lines
(Fig. 2B). We hypothesized that while lung adenocarcinoma and
sarcoma cell lines survive following p53 induction, they none-
theless were able to initiate apoptotic signaling. To test this, we
examined mitochondrial priming in the lung adenocarcinoma
and sarcoma cell lines during p53 restoration. Regardless of
tissue of origin, priming increased in a time-dependent manner
upon p53 restoration (Fig. 2 C and D and SI Appendix, Fig. S1).
This suggests that increased priming is a general effect of p53
restoration, but that only cells with high enough initial priming
are forced to commit to apoptosis by such signaling. Cells that
begin with low priming would still experience p53-dependent
increased priming, but because priming levels stay below a crit-
ical threshold, cell cycle arrest dominates over apoptosis. If this
were true, modification of priming would be expected to alter
cell fate upon p53 restoration.

Increasing Priming Is Sufficient to Switch Lung Adenocarcinoma and
Sarcoma Cell Fate to Apoptosis. If basal priming levels determine
whether cells can survive the increase in priming caused by p53
restoration, then increasing the priming of lung adenocarcinoma
and sarcoma cells should change their fate from cell cycle arrest
to apoptosis. We used multiple experimental approaches to test
this hypothesis. First, we genetically ablated the antiapoptotic

A

C D

B

FCCP

DMSO

BIM 7.5

BIM 0.75

PUMA 75

PUMA 7.5

BMF 75

BMF 7.5

BAD 75

BAD 7.5

NOXAA 75

HRK 75

PUMA2A 75

Sarcoma

Lung 
Lymphoma

10

20

30

40

50

60

70

80

90

100

0

20

40

60

80

100

D
ep

ol
ar

iz
at

io
n

Sa
rc

om
a

Lu
ng

Ly
m

ph
o m

a

****

****

n.s.

Lung
FCCP

DMSO
BIM 7.5

BIM 0.75
PUMA 7.5

BMF 7.5
BAD 75

NOXAA 75
HRK 75

0

20

40

60

80

100

p53 
OFF p53 

ON

24h 72h

Sarcoma

DMSO
BIM 7.5

BIM 0.75
PUMA 7.5

BMF 7.5
BAD 75

NOXAA 75
HRK 75

FCCP

0

20

40

60

80

100

p53 
OFF p53 

ON

24h 72h

Fig. 2. BH3 profiling reveals differential priming at baseline and during p53
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protein BCL-XL in lung adenocarcinoma cells using CRISPR-
Cas9 (26) to test whether its deletion would increase the basal
level of mitochondrial apoptotic priming in these poorly primed
cells. Indeed, BH3 profiling of cells lacking BCL-XL (Fig. 3A)
demonstrated a clear increase in global priming (Fig. 3 B and C).
Restoration of p53 led to a robust increase in CC3 and a de-
crease in cell viability in cells lacking BCL-XL but not in the
parental line (Fig. 3 D and E and SI Appendix, Fig. S2). Similarly,
CRISPR-mediated deletion of BCL-XL in sarcoma cells resulted
in increased priming levels comparable to those observed in lung
adenocarcinoma (SI Appendix, Fig. S3 A–C), and knockdown of
either BCL-2 or BCL-XL was sufficient for p53 restored cells to
show cleavage of caspase 3, indicating they were undergoing
apoptosis (SI Appendix, Fig. S3D). Thus, increasing initial mito-
chondrial apoptotic priming was sufficient to bias cells toward ap-
optosis upon additional apoptotic priming due to p53 restoration.
Although a useful proof-of-concept, genetic ablation of anti-

apoptotic proteins cannot be applied to a patient. However,
small-molecule BH3-mimetic drugs are now available, including
ABT-263 (navitoclax), which is a dual BCL-2/BCL-XL antagonist
that binds in the BH3-binding pocket of these antiapoptotic pro-
teins and competes for binding with proapoptotic BCL-2 family
members (27). Addition of ABT-263 to lung adenocarcinoma and
sarcoma cell lines increased their priming (Fig. 4 A, B, D, and E)
in a similar manner to deletion of BCL-XL. While ABT-263 by
itself was unable to induce apoptosis, restoring p53 in the presence
of ABT-263 resulted in robust induction of apoptosis, as measured
by nuclear fragmentation and an increase in the sub-G1 fraction
(Fig. 4 C and F). Therefore, the addition of BH3 mimetics to
therapeutic p53 reactivation or induction strategies may sensitize

tumors that would otherwise undergo cell cycle arrest, raising the
possibility that combining these pharmacological agents with drugs
like MDM2 inhibitors in cases of wild-type p53 tumors might
increase tumor apoptosis.
To test this hypothesis in vivo, we engineered sarcoma cells to

overexpress the BH3-only sensitizer protein Bad (Fig. 5A) (28).
We confirmed that while Bad overexpression by itself was in-
sufficient to cause cell death (SI Appendix, Fig. S4), it nonethe-
less led to a measurable increase in the levels of mitochondrial
apoptotic priming prior to p53 restoration (Fig. 5B). We then
injected these cells subcutaneously into immunodeficient (nude)
mice and after 2 wk of growth restored of p53 function (Fig. 5C).
Remarkably, restoration of p53 in established sarcomas resulted
in robust cell death as gauged by a substantial increase in the
number of cleaved caspase 3+ cells compared to nonrestored cells
or cells expressing empty vector (Fig. 5D). Collectively, these data
demonstrate that altering the levels of mitochondrial apoptotic
priming in tumors is sufficient to alter the fate of tumor cells
in vivo upon p53 reactivation.

Reduction of Priming in Lymphoma Is Sufficient to Bias Cells Away
from Apoptosis and toward Cell Cycle Arrest. If our hypothesis were
correct and the fate of cells upon p53 restoration depends on the
initial level of mitochondrial priming, then it might be possible to
change the fate of lymphoma cells by reducing their priming so
that priming is more like that of adenocarcinoma and sarcoma.
To test this, we engineered lymphoma cells to overexpress the
antiapoptotic protein BCL-XL (Fig. 6A). Expression of BCL-XL
was sufficient to reduce mitochondrial priming in lymphoma cells
(Fig. 6 B and C). This decrease in mitochondrial apoptotic priming
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was sufficient to switch the fate of lymphoma cells upon p53
restoration, as demonstrated by the absence of CC3 (Fig. 6A) and
a significant decrease in the percentage of annexin V+ cells to
levels comparable to p53-null cells (Fig. 6D). These cells were now
able to survive p53 restoration and demonstrated a statistically
significant smaller S-phase population and a build-up of cells in
G0/G1 (Fig. 6E), suggesting that the cell cycle arrest program is
functionally engaged upon p53 restoration and only becomes ap-
parent when apoptosis is no longer eliminating the cells.

Discussion
Using a set of defined GEMM-derived p53 restorable lung ad-
enocarcinoma, sarcoma, and lymphoma cell lines in combination
with BH3 profiling, we have demonstrated that the level of mi-
tochondrial apoptotic priming is a critical determinant of cell
fate in the context of p53 restoration in vitro and in vivo. We
further show that modulation of mitochondrial apoptotic prim-
ing via genetic or pharmacological means is sufficient to change
cell fate upon p53 restoration: increasing priming enforces an
apoptotic cell fate, whereas decreasing priming enforces cell
cycle arrest.
In considering the adoption of cell fates after p53 activation,

one can consider whether commitment to cell cycle arrest or
apoptosis is first adjudicated. If arrest were adjudicated first, then
manipulation of apoptotic signaling would not affect the propor-
tion of cells undergoing cell cycle arrest. However, our data show
that we can affect the proportion of cells that undergo cell cycle
arrest simply by manipulating apoptotic signaling (Fig. 7A). Spe-
cifically, we show that increasing priming can decrease the pro-
portion of cells that undergo cell cycle arrest, whereas decreasing
priming can increase this proportion. Therefore, our data suggest
that one could in principle order the adjudication of fates, with
apoptosis first being adjudicated followed by cell cycle arrest.

The issue of apoptotic priming and cell fate after p53 activa-
tion has previously arisen in a different context. Bowen et al. (18)
used BH3 profiling to show that two different cell types, human
neural crest cells (hNCC) and early smooth muscle cells, exhibited
similar mitochondrial apoptotic priming. Nonetheless, when p53
was activated, either with Nutlin 3A or with doxorubicin, hNCCs
exhibited a greater propensity to adopt an apoptotic cell fate. They
went on to show that this was related to a significantly greater
transcriptional induction of p53-driven genes in the case of the
apoptosis-driven hNCC cells. Thus, in this case, the different cell
fates seemed better attributed to differential magnitude of p53
activation rather than differential priming, which has also been
observed in other contexts (29).
In our experiments, we instead compared cells with different

priming and very similar postactivation p53 levels and signaling
intensity as gauged by protein levels of p21 (encoded by the
Cdkn1a gene) and gene-expression levels of several direct and
indirect p53 targets (SI Appendix, Figs. S5 and S6). We do not
consider our results incompatible with those of Bowen et al. (18).
Instead, a parsimonious model would take into account both
preactivation apoptotic priming, as well as the intensity of the
p53 signal that follows induction. That is, one can imagine two
cells with similar priming adopting different cell fates if they are
exposed to different magnitudes of p53 proapoptotic transcription
induction, with the cell enduring more signaling more likely to
adopt an apoptotic cell fate. Similarly, two cells enduring similar
magnitudes of p53 proapoptotic transcription induction would
adopt different cell fates if their preactivation apoptotic priming
were different, with the more primed cell more likely to adopt an
apoptotic cell fate. We note, in fact, that in a developmental
context, cell fate following the p53-dependent response to DNA-
damaging agents has been related to differential apoptotic priming
(21). The relation among cell fate (F), priming (P), and p53 ac-
tivation (A) might hence be considered analogous to the equation
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sarcoma cells after navitoclax addition showing increased priming. (E) Priming measured by BIM peptide is significantly increased upon ABT263 treatment.
(F) Sarcoma cells show increased cell death as indicated by nuclear degradation. *P < 0.05, **P < 0.01, *** P < 0.001; ns, not significant.

Sánchez-Rivera et al. PNAS | 5 of 8
Mitochondrial apoptotic priming is a key determinant of cell fate upon p53 restoration https://doi.org/10.1073/pnas.2019740118

CE
LL

BI
O
LO

G
Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019740118/-/DCSupplemental
https://doi.org/10.1073/pnas.2019740118


F = P + A, where an apoptotic cell fate is chosen when F exceeds
a threshold.
The goal of many types of cancer chemotherapy is to induce

apoptosis selectively in cancer cells. Often, the apoptotic sig-
naling induced by these cancer cells is p53-dependent. Our re-
sults here suggest that we can guide cancer cells toward adopting
an apoptotic cell fate by increasing their apoptotic priming prior
to inducing p53, either with drugs or genetic manipulation (Fig. 7B).
Clinically, drug treatment is far more relevant. We have shown
previously that we can use dynamic BH3 profiling to measure
drug-induced apoptotic signaling to identify drugs that selectively
prime cancer cells (30, 31). Our results here suggest a rational
strategy of constructing combinations, at least in those cancer
cells with functional p53, by combining agents that prime cancer
cells with those known to induce p53. Importantly, we show that
drugs acting independently of p53 can be rationally chosen to
enhance apoptosis after p53 activation.

Materials and Methods
Generation of Cell Lines and Cell Culture. Bcl-xL knockout cells were gener-
ated by transient transfection using the pX458 vector (Addgene, 48138)
essentially as described in the protocol by Ran et al. (32) using sgBcl-xL.2
(5′-G CCCAGCTTCACATAACCCCA-3′), where the G in bold was added for
ensuring appropriate U6 transcription. Bcl-2 and Bcl-xL knockdown cell
lines were generated using MSCV-LTR-MIR30-SV40-GFP (MLS) retroviral
vectors (33) expressing potent validated short-hairpin RNA (34, 35). Bcl-
xL and Bad overexpressing cell lines were generated using pMIG-Bcl-XL
(Addgene, #8790) and pMIG-Bad (Addgene, #8787) retroviral constructs,
respectively (28). The pMIG-Empty retroviral construct (Addgene, #9044)
was used as control. Retroviral particles were generated and packaged
using Phoenix cell system (G. Nolan, Stanford University, Stanford, CA).
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Western blot to verify Bad overexpression in stably transduced sarcoma cells.
MIG-Empty = empty vector. MIG-Bad = Bad cDNA expressing vector. (B) BH3
profile of sarcoma cells transduced with empty or BAD-expressing vector
showing increased priming by forced expression of BAD. (C) Schematic of
experiment for assessing cell fate in vivo. (D) Immunohistochemistry of sarcoma
sections stained for cleaved caspase 3 to indicate apoptosis. BAD expressing
tumors show much greater apoptosis as indicated by the increased number
of cells with cleaved caspase 3 staining. (Magnification: D, 4×; D, Inset, 40×.)
*P < 0.05, **P < 0.01; ns, not significant.

A

C

HSP90

Bcl-XL

CC3

p53

p53 - + - + - +
Parental

Empty 
vector

Bcl-XL
cDNA

D

B

E

BIM 7.5

BIM 0.75

PUMA 7.5

PUMA 0.75

BAD 75

NOXAA 75

HRK 75
0

20

40

60

80

100

Bcl-XL
cDNA - +

0

20

40

60

80

- +

%
 D

ep
ol

ar
iz

at
io

n

***

Bcl-XL
cDNA

0

20

40

60

80

100

p53
Bcl-XL
cDNA

%
 A

po
pt

ot
ic

 c
el

ls

- + +-
+ +--

** ***

0

25

50

75

100
%

 o
f c

el
ls

 in
 p

ha
se

G0/G1
S
G2/M

p53
Bcl-XL
cDNA

-
+

+
+

-
-

*
****

Fig. 6. Decreased mitochondrial priming by forced expression of BCL-XL is
sufficient to switch the fate of p53-restored lymphoma cell lines to cell cycle
arrest. (A) Forced expression of BCL-XL prevents caspase 3 cleavage after p53
restoration and (B) globally reduces mitochondrial priming in lymphoma cell
lines. (C) Reduction of mitochondrial priming by BCL-XL expression as
measured with BIM 0.75 μM. (D and E) Reduction of mitochondrial priming
by BCL-XL expression significantly blunts p53 restoration-mediated apopto-
sis (D) and leads to a statistically significant decrease in the accumulation of
S-phase p53-restored lymphoma cells and a concomitant accumulation in G1
and G2 (E). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Cells were maintained in DMEM (lung adenocarcinoma and sarcoma cell
lines) or IMDM (lymphoma cell lines) supplemented with 10% fetal bovine se-
rum and gentamicin. For p53 restoration experiments, 4-hydroxy-tamoxifen
(Sigma) was added at a final concentration of 250 to 500 nM for a total of 72 h.

Antibodies. The following antibodieswereused forWesternblotting experiments:
anti–Bcl-xL (CST, #2764; 1:1,000), anti-p53 (Novocastra, NCL-p53-505; 1:1,000),
anti-Hsp90 (BD, 610418; 1:10,000 to 1:15,000), anticleaved caspase 3 (CST, #9661;
1:1,000), anti-Bad (CST, #9292; 1:1,000), and anti-p21 (Santa Cruz, sc-6246).

Western Blotting. Cells were lysed with RIPA buffer (BP-115, Boston BioProducts)
supplemented with 1× protease inhibitor solution (cOmplete EDTA-free,
11873580001, Roche). Protein concentration of cell lysates was determined by
Pierce BCA protein assay (23225, Thermo Fisher Scientific). Total protein (50 μg)
was separated on 4 to 12% Bis-Tris gradient SDS-PAGE gels (Life Technologies)
and then transferred to PVDF membranes (IPVH00010, EMD Millipore) for
blotting.

Cell Cycle Analysis. For cell cycle analysis, we used a FITC BrdU Flow Kit
(559619, BD Biosciences). Briefly, 1 million cells were plated in triplicate with
or without p53 restoration for a total of 72 h. Cells were then labeled with
10 μM BrdU for 30 to 60 min, and subsequently fixed and stained with anti-
BrdU and 7-AAD and analyzed by flow cytometry.

Annexin V–7-AAD Analysis. Cells were cultured identically as described for cell
cycle experiments. Seventy-two hours after p53 restoration, cells were ana-
lyzed using the BioLegend assay kit (640919) following the manufacturer’s
guidelines.

Standard BH3 Profiling. BH3 profiling was performed essentially as described
in Ryan and Letai (24). Cells were harvested, by trypsinization for lung ad-
enocarcinoma and sarcoma cell lines, and washed once in PBS before being
suspended in MEB buffer (150 mM mannitol, 50 mM KCl, 0.02 mM EDTA,
0.02 mM EGTA, 0.1% protease free BSA, 5 mM succinate, 10 mM Hepes,
final pH 7.5) at 6.5 × 105 cells/mL. Fifteen microliters of cell suspension was
added to each well of a black 384 well plate containing 2× mixtures of
each peptide in MEB supplemented with 2 μM JC-1 dye, 0.005% digitonin,
20 μg/mL oligomycin, 10 mM 2-mercaptoethanol. Mitochondrial potential
measurements were taken every 5 min for 3 h using a Tecan Safire2 plate
reader exciting at 545 nm and reading the red fluorescence of JC-1 at
590 nM with bandwidth of 20 nm on excitations and emission at 30 °C. The
area under each curve was normalized to the areas under the DMSO and FCCP
curves as follows: % depolarization = 1 − [(Sample – FCCP)/(DMSO – FCCP)].

iBH3 Profiling. Lymphoma cells were collected after 24 h of p53 restoration
and washed once in PBS before being resuspended MEB2P25 buffer (150 mM
Mannitol, 150 mMKCl, 5 mM succinate, 1 mM EDTA, 1 mM EGTA, 0.1% BSA,
2.5g/L Polaxamer 188, 10 mM Hepes pH 7.4) and added to assay plates
containing MEB2P25 with 0.002% (wt/vol) digitonin and peptides at 2× final
concentration. Cells were exposed to peptides and digitonin for 1 h, fixed
for 10 min by the addition of formaldehyde to a final concentration of 1%,
and neutralized by adding a volume of 3 M Tris base equal to half that of
the formaldehyde. Retained cytochrome c was stained by adding clone
6H2.B4 in 10× BD perm buffer to a final dilution of 1:400 overnight. Cells
were analyzed on an Intellicyt iQue Screener Plus, gated on cells with intact
nuclei (G1-M-G2), and cytochrome c quantified as the median fluorescence
intensity (MFI) of the cytochrome c antibody. MFI values were normalized to
Buffer (full stain) and no antibody (no stain) controls and expressed as
percent release as follows:

%cytochrome c release  =  1  − ( MFISample −  MFINo Antibody
MFIBuffer Alone −MFINo Antibody

)

Animal Experiments. All animal studies described in this study were approved
by the Massachusetts Institute of Technology Institutional Animal Care and
Use Committee. A total of 500,000 sarcoma cells were injected subcutane-
ously into n = 5 Nude mice from Taconic at the age of 6 to 8 wk. Tamoxifen
(Sigma) was dissolved in corn oil (Sigma) and a single injection was admin-
istered intraperitoneally at 200 μg per gram of total body weight, as in
Feldser et al. (7).

Immunohistochemistry. All immunohistochemistry procedures were performed
essentially as described in Sánchez-Rivera et al. (36). Mice were killed by carbon
dioxide asphyxiation. Sarcoma tumors were fixed with 4% paraformaldehyde
(PFA) overnight, transferred to 70% ethanol, and subsequently embedded in
paraffin. Sections were cut at a thickness of four micrometers and stained
with H&E for routine pathological examination. Immunohistochemistry was
performed on a Thermo Autostainer 360 machine. Slides were antigen-
retrieved using Thermo citrate buffer, pH 6.0 in the pretreatment module.
Sections were treated with Biocare rodent block, primary antibody, and anti-
Mouse (Biocare) or anti-rabbit (Vector Labs) HRP-polymer. The slides were
developed with Thermo Ultra DAB and counterstained with hematoxylin in a
Thermo Gemini stainer and coverslipped using the Thermo Consul coverslipper.
Cleaved caspase 3 was detected using anticleaved caspase 3 (CST, #9661; 1:1,000).
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Fig. 7. The fate of p53 restored cells depends on mitochondrial apoptotic
priming. (A) Model depicting a scenario in which increasing mitochondrial
apoptotic priming decreases the proportion of cells that undergo cell cycle
arrest, whereas decreasing priming would increase this proportion. Diagram
created with BioRender.com. (B) Pharmacological priming of cancer cells is
sufficient to switch cell fate upon p53 restoration: I, Poorly primed sarcoma
and lung adenocarcinoma cells increase mitochondrial priming in response
to p53 restoration but do not reach the threshold of apoptosis; II, dual in-
hibition of BCL-XL and BCL-2 by navitoclax increases mitochondrial priming
such that additional priming by p53 restoration crosses the apoptotic
threshold; III, lymphoma cells have higher basal mitochondrial priming, and
additional p53 induced priming is sufficient to cross the apoptotic threshold;
IV, reduction of basal mitochondrial priming by expression of an anti-
apoptotic protein is sufficient to block p53-restored cells from crossing the
apoptotic threshold and instead leads to cell cycle arrest and senescence.
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All pictures were obtained using a Nikon 80i microscope with a DS-U3 camera
and NIS-elements software.

Statistical Analyses. All statistical analyses and plots were produced using Prism 8
(GraphPad). Error bars represent SD, unless otherwise noted. We used Student’s
t test (unpaired, two-tailed) to assess significance between treatment and control
groups, and to calculate P values. P < 0.05 was considered statistically significant.

Data Availability. All study data are included in the article and SI Appendix.
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