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Apoptotic priming is defined by the dynamic exchange of Bcl-2

proteins between mitochondria and cytosol
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Apoptosis is regulated by interactions between the BH3-only and multi-domain Bcl-2 family proteins. These interactions are
integrated on the outer mitochondrial membrane (OMM) where they set the threshold for apoptosis, known as mitochondrial
priming. However, how mitochondrial priming is controlled at the level of single cells remains unclear. Retrotranslocation of Bcl-XL
has been proposed as one mechanism, removing pro-apoptotic Bcl-2 proteins from the OMM, thus reducing priming. Contrary to
this view, we now show that Bcl-XL retrotranslocation is inhibited by binding to its BH3-only partners, resulting in accumulation of
these protein complexes on mitochondria. We find that Bcl-XL retrotranslocation dynamics are tightly coupled to mitochondrial
priming. Quantifying these dynamics indicates the heterogeneity in priming between cells within a population and predicts how
they subsequently respond to a pro-apoptotic signal.

Cell Death & Differentiation (2022) 29:2262-2274; https://doi.org/10.1038/s41418-022-01013-z

INTRODUCTION Mitochondrial priming can be measured experimentally by BH3-
Bcl-2 proteins regulate apoptosis through mitochondrial outer profiling [8, 9]. When applied to primary cancer cells, BH3-profiling
membrane permeabilisation (MOMP). The relative proximity of a can predict whether patients will respond to chemotherapy [1, 10].
cell to MOMP, termed mitochondrial priming, determines whether Similarly, BH3-mimetics selectively kill primed cancer cells via
a cell will undergo apoptosis in response to an insult, can predict binding to specific anti-apoptotic Bcl-2 proteins [11-13]. However,
how tumours respond to chemotherapy [1, 2], and represents a cancer cells show considerable intra-line heterogeneity in their
key cancer hallmark [3]. A complex interplay of interactions sensitivity to apoptosis [1, 14-17]. Determining how full-length
between different Bcl-2 proteins dictates whether the threshold Bcl-2 proteins interact with one another in live cells is important
for MOMP is passed. The Bcl-2 family comprises: pro-apoptotic Bax for understanding this heterogeneity. This is particularly relevant
and Bak that permeabilise mitochondria; anti-apoptotic proteins as several studies found that the interactions between full-length
like Bcl-XL and Bcl-2, which suppress MOMP; and BH3-only Bcl-2 proteins and BH3-mimetics in intact cells can differ from
proteins that regulate the activities of the others in response to those measured in vitro [18-21].

damage signals [4, 5]. Some BH3-only proteins (Bid, Bim, Puma) Here we measure the subcellular dynamics of Bcl-2 proteins to
directly activate Bax and Bak, whereas others, termed sensitisers interrogate single cell heterogeneity in mitochondrial priming. Bcl-
(e.g., Bad and Noxa), only bind anti-apoptotic Bcl-2 proteins. Anti- 2 family proteins constantly shuttle between mitochondria and
apoptotic Bcl-2 proteins bind and sequester activator BH3-only the cytosol [22, 23]. For example, Bax retrotranslocation slows in
proteins, as well as directly inhibiting Bax and Bak. Sensitisers response to reduced kinase signalling, increasing its accumulation
are proposed to displace activator BH3-only proteins, or Bax and on mitochondria to increase priming [23]. Restoring signalling
Bak, to initiate MOMP. These interactions between Bcl-2 proteins increased Bax retrotranslocation, allowing cells to rapidly adjust

occur through conserved BH3-domains, which bind within a priming in response to a dynamic signalling landscape. Bcl-XL and
groove on the surface of their anti-apoptotic partners. These Bcl-W also retrotranslocate [24-26], which has been proposed to
interactions, largely defined in vitro [6], form the rationale behind remove pro-apoptotic Bcl-2 proteins from mitochondria [22].
BH3-mimetics like venetoclax [7]. However, how Bcl-2 protein However, membrane localisation of Bcl-XL strengthens its binding
interactions are coordinated in time and space within a live cell to BH3-proteins in live cells, correlating with increased priming
remains unclear. [20]. Here we have examined the subcellular dynamics of anti-
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apoptotic Bcl-2 proteins in live cells using fluorescence recovery
after photobleaching (FRAP) and fluorescence loss after photo-
activation (FLAP). Although Bcl-XL constitutively targets to
mitochondria, it is rapidly retrotranslocated back to the cytosol
in unprimed cells. BH3-only protein binding inhibits Bcl-XL
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retrotranslocation, stabilising a mitochondrial complex in primed
cells. Interestingly, GFP-Bcl-XL retrotranslocation showed consid-
erable variation between single cells in a population. This variation
in Bcl-XL subcellular dynamics predicted the response of cell
population subsequently exposed to an apoptotic signal.
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Fig. 1 Mitochondrial stabilisation of anti-apoptotic Bcl-2 proteins is required for their function. A DKO MEFs transiently expressing GFP-
tagged Bcl-XL, Bcl-2 or Bcl-W were subjected to FRAP analysis, and the fluorescence recovery within the photobleached ROl measured. The
percentage and halftime of recovery were calculated. Data are mean of two independent experiments, n =25-30 cells per condition. Error
bars represent standard deviation and data was analysed by one-way ANOVA and Tukey'’s post hoc test. * = p < 0.05. B DKO MEFs transiently
expressing paGFP-tagged Bcl-XL, Bcl-2 or Bcl-W were subjected to FLAP analysis. Fluorescent intensity was analysed within the ROl and
initially normalised to 100% post-photoactivation. Data are mean of three independent experiments, n =40 cells per condition. Error bars
represent standard deviation and data was analysed by one-way ANOVA and Tukey’s post hoc test. *** = p < 0.0005, **** = p < 0.00005. C Wild
type MEFs transiently expressing the indicated FL or truncated (ATM) Bcl-2 proteins were lysed and expression levels analysed via Western
blot. Expression levels were compared by immunoblotting, using anti-GFP or anti-vinculin loading control. D Localisation of the indicated FL
and ATM Bcl-2 proteins were analysed via immunofluorescence. Cells were immunostained with anti-GFP and anti-mitochondrial Hsp70
(mtHsp70). All three ATM variants were exclusively cytosolic. Scale bar represents 10 um. E Wildtype MEFs transiently expressing the indicated
FL or ATM variants of Bcl-XL, Bcl-2, and Bcl-W in combination with tBid-mCh were assayed for anti-apoptotic function. Control cells were
transfected with only mCh-tBid or mCh-tBidG94E. Cells were stained for anti-mCherry, anti-active caspase 3, and DAPI. Only cells positively
transfected with mCh-tBid were analysed. Data are mean of three independent experiments. Error bars represent standard deviation and data

RESULTS

Mitochondrial targeting is required for anti-apoptotic
proteins to suppress BH3-dependent apoptosis

Bax and Bak constitutively retrotranslocate from mitochondria,
although with markedly different kinetics [22, 23, 27]. Anti-
apoptotic Bcl-2 proteins also shuttle between the mitochondria
and the cytosol, removing pro-apoptotic binding partners from
the OMM [22]. However, contradictory data suggest that the
interaction between Bax and Bcl-XL actually co-stabilises them
on mitochondria [23]. To clarify this discrepancy, we examined
the role of retrotranslocation in anti-apoptotic Bcl-2 protein
function.

Bax/Bak double knockout (DKO) MEFs were transiently
transfected with full-length fluorescent-protein tagged Bcl-XL,
Bcl-W, or Bcl-2. Fluorescent recovery after photobleaching
(FRAP) allows rapid analysis of protein mobility within live cells.
Mitochondrial GFP-Bcl-XL fluorescence recovered rapidly within
the photobleached region of interest (ROI), indicating that
the protein was dynamically exchanging between membrane
bound and soluble fractions (Fig. 1A and Fig. STA). Mitochondrial
Bcl-W fluorescence recovered with similar kinetics to Bcl-XL. In
contrast, Bcl-2 recovered significantly slower with a larger
immobile fraction on mitochondria than either Bcl-XL or Bcl-W.
We confirmed this using photo-activatable (PA) GFP-tagged Bcl-
XL, Bcl-W, and Bcl-2, measuring FLAP (Fig. 1B; Fig. S1B;
Supplementary Movies 1-3). Thus, like Bax vs. Bak, Bcl-XL and
Bcl-W show distinct retrotranslocation dynamics compared
to Bcl-2.

Anti-apoptotic Bcl-2 proteins lacking their C-terminal trans-
membrane (TM) regions still bind BH3-domain peptides within
their exposed hydrophobic pocket [6]. However, there are
conflicting reports on whether their anti-apoptotic function
requires mitochondrial localisation [20, 28]. We generated
variants of GFP-Bcl-2, GFP-Bcl-W, and GFP-Bcl-XL in which the
transmembrane helix had been deleted (ATM) by inserting stop
codons as indicated (Fig. S1C). All the ATM variants expressed at
similar levels to the full-length (FL) proteins (Fig. 1C). However,
they were cytosolic whereas the FL variants co-localised with
mitochondria (Fig. 1D). To test functionality, we transiently
expressed in wild-type MEFs GFP-tagged FL or ATM Bcl-2, Bcl-W,
or Bcl-XL, along with mCherry-tagged tBid (tBid-mCh), and
quantified apoptosis in cells positive for both (Fig. 1E). tBid-mCh
alone induced apoptosis in around 80% of cells, whereas the
inactive variant tBidG94E-mCh did not. Co-expression of FL Bcl-
2, Bcl-W, or Bcl-XL suppressed tBid-mCh induced apoptosis.
However, the ATM variants were significantly impaired in their
ability to suppress tBid-mCh. Thus, the ability of Bcl-2, Bcl-XL,
and Bcl-W to associate with mitochondria was necessary for
their anti-apoptotic activity in cells, despite their very different
retrotranslocation dynamics.
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was analysed by one-way ANOVA and Sidék’s post hoc test. ** = p < 0.005, *** = p < 0.0005, **** = p < 0.00005.
<

BH3-protein binding to Bcl-XL and Bcl-W reduces
mitochondrial retrotranslocation

Binding between BH3-only and multi-domain anti-apoptotic
proteins have largely been defined in vitro [6, 29, 30]. As
mitochondrial targeting was required for Bcl-XL, Bcl-W and Bcl-2
to suppress tBid-dependent apoptosis, interactions between
them would occur on the OMM. We therefore hypothesised that
BH3 binding would decrease retrotranslocation. To test this, we
used paGFP-Bcl-XL, paGFP-Bcl-2 and paGFP-Bcl-W to measure
retrotranslocation in the presence of mCh-tagged BH3-only
proteins. We expressed paGFP-Bcl-XL in DKO MEFs along with
H2B-mRFP to identify transfected cells (Fig. 2A; Supplementary
Movies 4-8). paGFP-Bcl-XL was co-expressed with mCh-tagged
Bad, tBid, Puma, Noxa, or BimEL. Cells expressing both H2B-
MRFP and the mCh-BH3 protein (identified by its mitochondrial
localisation) were photoactivated within a defined ROI, and the
subsequent loss of paGFP-Bcl-XL from that ROl quantified.
paGFP-Bcl-XL loss from the photoactivated ROl was markedly
reduced in cells co-expressing mCh-tagged tBid, BimEL, Puma
and Bad. BH3-peptides corresponding to these BH3-proteins all
bind Bcl-XL in vitro [6]. mCh-Noxa, whose BH3-peptide does not
bind Bcl-XL in vitro, had less effect on paGFP-Bcl-XL retro-
translocation than the other proteins, but still increased paGFP-
Bcl-XL mitochondrial stability compared to cells expressing
paGFP-Bcl-XL alone.

We asked if reduced Bcl-XL retrotranslocation was dependent
on canonical BH3-domain binding. We co-expressed in DKO MEFs
GFP-Bcl-XL and mCh-BH3 proteins with substitutions within the
BH3-domain that reduce binding within the hydrophobic pocket.
Both tBid-mCh and mCh-BimEL reduced GFP-Bcl-XL FRAP (Fig. S2A,
B). However, neither mCh-tBidG94E nor mCh-tBid2A reduced GFP-
Bcl-XL FRAP (Fig. S2A). When GFP-Bcl-XL was co-expressed with
mCh-BimEL2A, FRAP recovery was slower than Bcl-XL alone, but
less so than with WT BimEL (Fig. S2B). This difference in Bcl-XL
translocation dynamics between WT and 2A mutants was
functional, as WT MEFs transfected with tBid-mCh or mCh-BimEL
in the absence of GFP-Bcl-XL underwent significant apoptosis
(Fig. S2Q). tBid2A did not induce apoptosis, whereas BimEL2A
induced apoptosis but not to the level as with WT BimEL, agreeing
with data showing that BimEL2A still interacts with Bcl-XL in live
cells through a second site [21, 24].

paGFP-Bcl-W showed behaviour distinct to paGFP-BcIXL when
co-expressed with BH3-only proteins (Fig. 2B). mCh-BimEL, tBid,
and Puma all decreased paGFP-Bcl-W retrotranslocation. In vitro
studies indicate that Noxa BH3-peptides do not bind Bcl-W,
whereas Bad BH3-peptides do [6]. However, the FLAP data here
suggested that neither Bad nor Noxa stabilised mitochondrial
paGFP-Bcl-W in live cells. paGFP-Bcl-2, being more stable on
mitochondria than the other proteins, did not change following
co-expression with mCh-tagged BH3-only proteins (Fig. 2C).

Cell Death & Differentiation (2022) 29:2262 - 2274
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These data indicate that BH3-only protein binding to anti-
apoptotic proteins slows retrotranslocation rates from mitochon-
dria, and the binding specificity of BH3-only proteins for full-
length anti-apoptotic Bcl-2 proteins in live cells gives a different
picture from that determined using BH3-peptides and truncated
proteins in vitro.

Cell Death & Differentiation (2022) 29:2262 - 2274

Reduced Bcl-XL retrotranslocation correlates with removal of
growth factor signalling

As GFP-Bcl-XL retrotranslocation was inhibited by the broadest
range of BH3-only proteins, we hypothesised that we could use it
to assess their activity in live cells. We generated MCF10A
mammary epithelial cells stably expressing GFP-Bcl-XL using
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Fig. 2 Bcl-XL is stabilised on mitochondria by BH3-domain-specific interactions. A Bax/Bak DKO MEFs transiently expressing
photoactivatable paGFP-Bcl-XL and mCherry-tagged BH3-proteins were photoactivated in the yellow ROl and imaged every 5 s. Fluorescent
intensity was analysed within the ROI and initially normalised to 100% post-photoactivation. The data were fitted to a one-phase exponential
dissociation and show the mean of three independent experiments, 40 cells per condition +/— SEM. Cells co-expressed mRFP-H2B. See
Supplementary Movies 1-3. B Bax/Bak DKO MEFs transiently expressing paGFP-Bcl-W and mCherry-tagged BH3-proteins were photoactivated
in the yellow ROI and imaged every 5s. Images were analysed as in A. Data are the mean of two independent experiments, n =30 cells
per condition. Error bars=SEM. C Bax/Bak DKO MEFs transiently expressing paGFP-Bcl-2 and mCherry-tagged BH3-proteins were
photoactivated in the yellow ROl and imaged every 5 s. Images were analysed as in (A). Data are the mean of two independent experiments, n

=30 cells per condition. Error bars = SEM. Scale bars represent 10 um.

lentiviral transduction. These were then transiently transfected
with mCh-tagged Bad, tBid, Puma, Noxa, or BimEL, and FRAP
analysis performed (Fig. 3A). The results supported those obtained
with paGFP-Bcl-XL in DKO MEFs, with fluorescence recovery of
GFP-Bcl-XL significantly reduced in the presence of tBid, BimEL,
Puma, and Bad, with mCh-Noxa the least effective.

The transient expression of BH3-only proteins would mimic the
mitochondrial priming observed when cells are exposed to a
stress that would increase their activity. We therefore hypothe-
sised that there would be reduced GFP-Bcl-XL retrotranslocation
in cells subjected to conditions such as reduced growth factor
receptor (GFR) signalling, which would increase priming but not
by itself induce apoptosis. MCF10A cells stably expressing GFP-
Bcl-XL were cultured in either complete growth medium or in
serum and growth factor (GF)-free conditions before FRAP
analysis (Fig. S3A). Starved cells showed a significant decrease
in Bcl-XL retrotranslocation, similar to that observed following
transient expression of BH3 proteins (Fig. 3B, cf. Fig. 3A). Based on
this result, we conjectured that endogenous BH3-only proteins
set the basal level of GFP-Bcl-XL retrotranslocation, and this
should then increase in the absence of any BH3 binding. To test
this, we used GFP-Bcl-XLR139D, which has impaired BH3-domain
binding [31]. As expected, GFP-Bcl-XLR139D exhibited faster
retrotranslocation than WT in MCF10A cells in the absence of any
apoptotic signal (Fig. 3C).

Together, these data indicate that Bcl-XL is rapidly exchanged
between mitochondria and the cytosol in non-apoptotic cells
(Fig. 3D). Membrane-associated Bcl-XL is stabilised through BH3-
dependent interactions, with increased stabilisation at the OMM
equating with increased BH3-only protein activity in cells.

Bcl-XL retrotranslocation indicates dynamic changes in BH3-
only protein activity within live cells
As decreased Bcl-XL FRAP dynamics correlated with reduced GFR
signalling or expression of BH3-only proteins, we conjectured that
this would allow monitoring of dynamic changes in BH3-only
protein activity in live cells. To test this, we modelled BH3-only
activity using a conditionally active version of Bad, BadER™™. Bad
links GFR signalling to priming in MECs [32, 33] but, being a
sensitiser, it cannot activate MOMP. Phosphorylation at serine 112
and 136 sequesters Bad in the cytosol via 14.3.3 binding [34].
MCF10A cells grown in serum/GF-free conditions showed reduced
phosphorylation and increased mitochondrial association of
endogenous Bad (Fig. S3B, C), correlating with slower Bcl-XL
retrotranslocation (Fig. 3B). To mimic this mechanism, we fused
Bad with the oestrogen receptor (ER) hormone-binding domain
and substituted serines 112 and 136 for alanine, generating
BadER™™. We stably infected MCF10A cells (which are ER
negative) with a lentivirus co-expressing BadER™™ and GFP-Bcl-
XL (Fig. 4A, B). BadER™™ was cytosolic, but became mitochondrial
following the addition of 4-hydroxytamoxifen (4-OHT), which was
accompanied by increased mitochondrial association of GFP-Bcl-
XL (Fig. 4B). Thus, this allowed us to manipulate Bad-dependent
mitochondrial priming using an artificial stimulus independent of
other BH3-only proteins.

We performed FRAP analysis on MCF10A BadER™™/GFP-Bcl-XL
cells in the presence or absence of 4-OHT, or expression of mCh-

SPRINGER NATURE

Bad. 4-OHT reduced GFP-Bcl-XL retrotranslocation similar to
mCh-Bad (Figs. 4C and S4A) or serum/GF starvation (cf. Fig. 3B).
4-OHT did not reduce GFP-Bcl-XL FRAP in the absence of
BadER™™ (Fig. S4B). BadER™™ effects on retrotransloction were
reversed following 4-OHT washout (Fig. S4C). These changes in
Bcl-XL dynamics were linked to mitochondrial priming, as
MCF10A BadER™™/GFP-Bcl-XL cells pre-treated with 4-OHT were
more susceptible to subsequent etoposide treatment than
control cells (Fig. 4D).

Anti-apoptotic Bcl-2 proteins have been suggested to employ
two distinct modes of MOMP inhibition, based on whether they
are sequestering activator BH3-only proteins (MODE1) or pore
forming effectors Bax and Bak (MODE2) [35]. We asked if Bcl-XL
FRAP dynamics were associated with either MODE1 or MODE2
inhibition. Bax/Bak DKO MEFs stably expressing BadER™™/GFP-Bcl-
XL were transiently transfected with either tBid-mCh (to mimic
MODET1 inhibition), or mCh-Bak which preferentially binds Bcl-XL
(MODE2) [36]. tBid-mCh, but not tBid2A-mCh, stabilised mito-
chondrial GFP-Bcl-XL (Fig. S5A). Simultaneous mCherry FRAP
indicated that tBid-mCh was sequestered by the GFP-Bcl-XL,
consistent with MODE1 inhibition (Fig. S5B). 4-OHT activation of
BadER™™ displaced tBid-mCh, increasing mCherry FRAP. In
contrast, MODE?2 inhibition displayed a distinct profile. mCh-Bak
did not stabilise mitochondrial GFP-Bcl-XL to the extent seen with
BH3-only proteins (Fig. S5C). Activated BadER™™ increased
stabilisation of mitochondrial GFP-Bcl-XL in mCh-Bak expressing
cells, suggesting that Bad might preferentially compete for Bcl-XL
binding in MODE2. mCh-Bak itself retrotranslocates slowly [23, 27],
and was not changed by BadER™™ (Fig. S5D).

These data indicate that the dynamics of Bcl-XL retrotransloca-
tion are directly linked to apoptotic priming by BH3-only proteins.

Heterogeneity in Bcl-XL dynamics is a cell intrinsic property
that predicts single-cell response to pro-apoptotic signals
We were intrigued to observe significant cell-to-cell variation
in GFP-Bcl-XL dynamics, with overlap between untreated and
4-OHT-treated conditions (Fig. 4E). Quantification of endogen-
ous Bad S112 phosphorylation showed similar cell-to-cell
variation, suggesting inherent heterogeneity in BH3-only pro-
tein-dependent priming in a population (Fig. S6A). Thus, a
proportion of cells in each condition would fit either a primed or
unprimed profile and this might be quantified through GFP-Bcl-
XL FRAP dynamics.

The MCF10A GFP-Bcl-XL lines were established by lentiviral
infection followed by selecting GFP positive cells by FACS.
Although we selected cells within a narrow GFP expression
window, it was possible that the heterogeneity in dynamics was
due clonal variation. We established ten independent single cell
clones from the MCF10A BadER™™/GFP-Bcl-XL cells. Immuno-
blotting (Fig. 5A) and flow cytometry (Fig. 5B) indicated that all
ten clones had similar levels of GFP-Bcl-XL expression, which
was also similar to the parental population. GFP-Bcl-XL showed
similar mitochondrial localisation in all clones (Fig. S6B). To
determine if the variation in dynamics was clonal, we performed
FRAP analysis on all ten lines and compared these to the
parental line. There were no differences between the GFP-Bcl-XL
FRAP kinetics of any of the ten clonal lines and the parental

Cell Death & Differentiation (2022) 29:2262 - 2274
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population, with similar variation within each (Figs. 5C and S6C).
All clones showed a similar increase in GFP-Bcl-XL mitochondrial
stability following BadER™™ activation (Fig. 5D). These data
indicate that random viral integration into the genome and
clonal variation is not a cause of the variation in GFP-Bcl-XL

Cell Death & Differentiation (2022) 29:2262 - 2274

dynamics seen. The heterogeneity in Bcl-XL retrotranslocation
within the population is therefore a cell intrinsic property.

Cell populations show varied responses to apoptotic signals
[371. For example, cells arrested in mitosis with Taxol show a range
of outcomes, including apoptosis or slippage (exiting mitosis

SPRINGER NATURE



L.E. King et al.

2268

Fig.3 Serum starvation reproduces BH3-protein dependent changes in GFP-Bcl-XL retrotranslocation. A MCF10A mammary epithelial cells
stably expressing GFP-Bcl-XL and transiently transfected with the indicated mCh-BH3 proteins, were subjected to FRAP analysis. GFP-Bcl-XL was
photobleached in the yellow ROI and fluorescent intensity normalised to 100% pre-bleaching. The data were fitted to a one-phase exponential
association. Data show the mean of two independent experiments. n = 20 cell per condition, +/— SD. Scale bar represents 10 pm. Fluorescence
recovery was analysed by one-way ANOVA. * = p < 0.05, ** = p < 0.01, *** = p < 0.005, **** = p < 0.001. B MCF10As stably expressing GFP-Bcl-XL
were cultured in either complete growth medium, or serum-free medium for 7 days before carrying out FRAP analysis. Non-linear regression of
the average fluorescence recovery was carried out from the data. Data represents values from three independent experiments, n = 75 cells per
condition per repeat. Error bars represent standard deviation and data was analysed via Student’s t-test. * = p < 0.05. C MCF10A cells expressing
either GFP-Bcl-XL or GFP-Bcl-XLR139D were subjected to FRAP analysis as in (A). Images were taken every second due to the rapid recovery for
the GFP-Bcl-XLR139D variant compared to WT. Fluorescent intensity was normalised to 100% pre-bleaching. The data were fitted to a one-
phase exponential association. Data show the mean +/— SEM. D Schematic hypothesis showing the proposed accumulation of Bcl-XL on

mitochondria in BH3-only protein-bound complexes.

without dividing) [15, 38]. The level of pre-mitotic mitochondrial
priming influences the outcome of mitotic arrest. We asked if we
could predict this by measuring GFP-Bcl-XL dynamics in a cancer
cell population prior to Taxol treatment. We examined the triple
negative breast cancer line, MDA-MB-231, which shows a range of
responses to Taxol mediated mitotic arrest [39], and generated
stable cells co-expressing BadER™™ and GFP-Bcl-XL. FRAP analysis
indicated a significant mobile fraction of GFP-Bcl-XL that became
stabilised following treatment with 4-OHT (Fig. 6A). As before,
there was considerable variation in GFP-BcIXL FRAP kinetics
between cells, with and without 4-OHT.

To determine how GFP-Bcl-XL dynamics relate to the apoptotic
response, MDA-MB-231/BadER™™/GFP-Bcl-XL cells were treated
with DMSO or Taxol. We individually tracked single cell fates over
50 h, and determined when each entered mitosis, and whether it
subsequently underwent mitosis, apoptosis, or slippage (Fig. 6B).
Taxol alone prolonged time in mitosis, but the majority of MDA-
MB-231/BadER™™/GFP-Bcl-XL cells underwent slippage, only
~20% of the population undergoing apoptosis. Parental MDA-
MB-231 cells had a similar response to Taxol, indicating it is
unaffected by the stable expression of GFP-Bcl-XL (Fig. S7). To
determine if the threshold for Taxol-induced apoptosis could be
predicted based upon GFP-Bcl-XL kinetics, we performed FRAP on
MDA-MB-231/BadER™™/GFP-Bcl-XL in the absence of 4-OHT and
determined Y., for the bottom 20% of cells (Fig. 6C). We
transposed this Y ax threshold onto FRAP data from MDA-MB-231/
BadER™™/GFP-Bcl-XL cells following the activation of BadER™™
with 4-OHT. If GFP-Bcl-XL dynamics were predictive of apoptotic
priming, we would expect ~70% of 4-OHT treated cells to undergo
apoptosis in Taxol. 4-OHT alone did not induce significant
apoptosis or impair normal mitotic progression (Fig. 6B). However,
both 4-OHT and Taxol resulted in ~70% apoptosis, close to that
predicted by pre-treatment FRAP (Fig. 6B, C). Parental MDA-MB-
231 cells were not sensitised to Taxol-mediated apoptosis by
4-OHT (Fig. 57).

We repeated our analysis on the MCF10A/BadER™™/GFP-Bcl-XL
cells to determine if this prediction held for other cell types. FRAP
analysis was performed in the absence or presence of 4-OHT
(Fig. 6D). In the absence of Taxol, 4-OHT did not influence the
proportion of apoptosis or slippage in the MCF10A cells (Fig. 6F).
Approximately 25% of cells underwent apoptosis in Taxol. From
this and based on the FRAP kinetics, we predicted ~60% of cells
pre-treated with 4-OHTwould die in Taxol (Fig. 6D). Analysis of
single cell fate in response to Taxol and 4-OHT indicated ~67% of
cells undergoing apoptosis (Fig. 6E).

Together, these data show that Bcl-XL retrotranslocation is
intimately linked to interactions with its BH3-protein partners.
Thus, measuring changes in Bcl-XL retrotranslocation is indicative
of dynamic variations in apoptotic priming.

DISCUSSION
Here we define a link between retrotranslocation of anti-apoptotic
Bcl-2 proteins and mitochondrial priming. Bcl-XL and Bcl-W
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retrotranslocate rapidly in unprimed cells, but become stabilised
on mitochondria by binding BH3-only proteins. The amount of Bcl-
XL in the stable mitochondrial fraction correlated with apoptotic
priming. Measuring single cell variation in Bcl-XL retrotransloca-
tion predicted the fractional response to a subsequent pro-
apoptotic signal, and provides a non-destructive method for
following dynamic changes mitochondrial priming.

Multidomain Bcl-2 proteins constantly shuttle between the
cytosol and mitochondria in healthy cells. Bax, Bcl-XL, and Bcl-W
all retrotranslocate rapidly, whilst Bcl-2 and Bak, with more
hydrophobic tail anchors, are more stable on the OMM [23, 27].
Bax retrotranslocation has been linked to apoptotic priming [23],
slowing when survival signals were inhibited, causing it to
accumulate on mitochondria and increase priming. Retrotranslo-
cation increased if signalling was restored. Consistent with this,
increased mitochondrial Bax correlates with AML patient
response to therapy [40]. Similarly, anti-apoptotic Bcl-2 protein
retrotranslocation is linked to apoptotic priming and dynamically
shifts with BH3-protein activity.

MOMP is a binary event [41], which protects cells from
sublethal levels of caspase activation [42]. However, there is
considerable variation within a population in the proportion and
timing of individual cells dying, which has implications for
fractional killing of cancer cells by chemotherapeutics. However,
it is inherently difficult to predict a cells response due to the
complexity of the signalling networks involved [43]. BH3-
profiling allows phenotypic quantification of priming in cultured
cell lines or preparations of primary cancer cells from patients
[1, 9, 10]. Using this approach, cells are permeabilized to allow
the introduction of BH3-peptides from proapoptotic Bcl-2
proteins and priming quantified using mitochondrial membrane
potential sensitive dyes. BH3-profiling allows rapid evaluation of
a cell population’s MOMP competency, especially useful when
applied to primary cells as it minimises modifying their priming
by ex vivo culture. Furthermore, varying the BH3-peptides used
provides a snapshot of a population’s dependence on individual
anti-apoptotic proteins. However, BH3-profiling is inherently
destructive, precluding studying shifts in priming as cells
respond to dynamic changes signalling.

In contrast, measuring subcellular protein dynamics is non-
destructive. As it is monitored in live cells, changes in priming can
be identified that by themselves do not reach the threshold for
MOMP, but are biologically significant for how cells respond to
further stress. As GFP-Bcl-XL is promiscuous for BH3-protein
binding, its retrotranslocation is a surrogate measure of priming.
This was validated with conditionally active BadER™™, showing
dynamic changes in priming whilst cells remained viable.
Competency for MOMP was confirmed with etoposide or Taxol.
Thus, the retrotranslocation of GFP-Bcl-XL provides a non-
destructive assay to model dynamic changes in priming. GFP-
Bcl-XL retrotranslocation also showed marked heterogeneity
between single cells in a population, and this variation predicted
the proportion of cells that would die would following a
subsequent chemotherapeutic challenge. Thus, GFP-Bcl-XL
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retrotranslocation can provide a sensitive and non-destructive way
to experimentally interrogate dynamic priming in live cells as they
respond to changes in their microenvironment.

A question that remains is what role retrotranslocation of Bcl-
2 proteins plays in their function. One model is that Bcl-XL
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Time (s)

removes Bax and, to a lesser extent, Bak by co-retrotranslocation
[22, 27]. In contrast, other data suggests that the Bcl-XL/
Bax complexes stabilise both proteins on mitochondria [23, 31].
Bcl-XL can disrupt Bax oligomers, promoting their disassembly into
dimers that are still within the membrane [44]. Our results suggest
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Fig. 4 Bcl-XL retrotranslocation indicates dynamic changes in BH3-only protein activity within live cells. A Schematic showing inducible
BadER™™ coexpression with GFP-Bcl-XL. The construct is expressed from a lentiviral vector incorporating a self-cleaving T2A peptide, allowing
co-expression of both proteins from the same transcript. In the absence of 4-hydroxy tamoxifen (4-OHT), BadER™™ is inactive in the cytosol,
bound to Hsp90. In the presence of 4-OHT, BadER™™ is released, allowing binding to Bcl-XL at the OMM. B Cells stably expressing BadER™™/
GFP-BcIXL were treated with ethanol alone (-) or 4-OHT and immunofluorescence carried out. Cells were stained with antibodies against ER
and GFP. Scale bar represents 10 um. € MCF10A cells stably expressing BadER™™/GFP-BcIXL were treated with either ethanol or 4-OHT and
FRAP analysis carried out as in Fig. 3. For comparison, stable MCF10A BadER™™/GFP-BcIXL cells were transiently transfected with a plasmid
expressing mCh-Bad. The addition of 4-OHT significantly reduced GFP-Bcl-XL dynamics, and this was indistinguishable from that seen in cells
expressing mCh-Bad. Data represent the mean of two independent experiments, n =30 cells per condition. Error bars represent standard
deviation and data was analysed by one-way ANOVA with Tukey’s post hoc test. * = p < 0.05. D Stable BadER™™/GFP-BcIXL MCF10A cells
treated with combinations of 4-OHT and/or Etoposide for 24 h and apoptosis quantified via immunofluorescence for active caspase 3 and
DAPI. Values represent data from three independent experiments. Error bars represent SEM and data was analysed by one-way ANOVA with
Tukey's post hoc test. * = p < 0.05. E MCF10A cells expressing BadER™™/GFP-BcIXL were treated with either ethanol (-40HT) or 4-OHT and
FRAP performed as above on 60 cells under each condition. FRAP curves for each individual cell are shown, with the distribution of

percentage recovery.

that binding of Bcl-XL to either BH3-only or multi-domain pro-
apoptotic proteins results in more stable complexes at mitochon-
dria, albeit to varying degrees. One might hypothesise that
stabilisation of complexes containing pro- and anti-apoptotic
proteins on mitochondria acts to recruit the pro-apoptotic Bcl-2
members whilst at the same time inhibiting them. Manipulating the
dynamics of these proteins and examining them using live imaging
should provide important insights into the complexities of
apoptotic regulation.

METHODS

Antibodies, drugs, and immunoblotting

The following antibodies were used: anti-cleaved caspase 3 (R&D
Systems); anti-GFP, (Invitrogen); anti-oestrogen receptor alpha (Santa
Cruz); anti-V5 (Serotec); anti-mtHsp70 (Affinity Bioreagents); anti-Vinculin
(Sigma), anti-pBad phospho-S112 (New England Biolabs #2921S), anti-
Bad (Cell Signalling Technology #9239T) secondary antibodies (Jackson
Labs). Etoposide, paclitaxel, and 4-hydroxy tamoxifen were obtained
from Sigma.

For immunoblotting, proteins were separated by SDS PAGE. Following
transfer to nitrocellulose, membranes were incubated with primary
antibodies. Proteins were detected with IrDye 800 and 680 conjugated
secondary antibodies (Rockland cat# 610-745-124 and LiCor, cat# 926-680-
23D), which were detected using an Odyssey CLx imager (LiCor). The full-
length blots are shown in the Supplementary Data.

Expression constructs

For the ATM variants, Bcl-2, Bcl-W, Bcl-XL, and Mcl-1 were truncated by
introducing a stop codon upstream of the hydrophobic transmembrane
domain via site-directed mutagenesis (T219, T172, W213, N330 respec-
tively). Bcl-XLR139D was generated via site-directed mutagenesis on GFP-
BcIXL. Mutagenesis was performed using either QuikChange Lightning
Site-Directed Mutagenesis Kit (Agilent) or by Gibson assembly (New
England Biolabs) within the full-length versions in pEGFP or pCDH vectors.
mCherry-tagged tBid, BIimEL and Bad, along with the BH3-domain variants,
were generous gifts from David Andrews (McMaster University). mCherry-
Puma and Noxa were generated by PCR amplification of the coding
sequences and cloning into mCherryC1.

Lentivirus expression vectors were generated using pCDH-EF1-MCS-T2A
(SystemBiosciences). GFP and paGFP-Bcl2 proteins were inserted down-
stream of the T2A sequence. For the paGFP variants, H2B-mRFP was
inserted upstream of the T2A sequence [23]. BadER™™ was generated by
cloning the coding sequence for Bad into pCDH-EF1-T2A-GFP-BcIXL, and
subsequently inserting the coding sequence for the oestrogen receptor
hormone-binding domain [45] in frame between Bad and the T2A
sequence. Site-directed mutagenesis was used to substitute the codons
for S112 and S136 to those for alanine.

Cell culture

MCF10A and MDA-MB-231 cells were obtained from ATCC. Bax/
Bak double knock out MEFs were originally obtained from Stanley
Korsmeyer (Dana Farber). MEFs and MDA-MB-231 were grown in DMEM
(Lonza) supplemented with 10% FBS (Labtech) and 1% penicillin/
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streptomycin (Sigma). MCF10A cells were grown in DMEM-F12 (Lonza)
supplemented with 5% Horse Serum (Biosera), 25 ng/ml EGF, 0.5mg/ml
hydrocortisone, 100ng/ml Cholera Toxin, 10 ug/ml insulin, 1% penicillin/
streptomycin (Sigma). All lines were maintained at 37 °C with 5% CO,. All
cells were maintained in 10 cm dishes (Corning) and passaged when
appropriate.

For transient transfections, cells were seeded into 35 mm glass bottom
dishes (MatTek) 24 h pre-transfection to ensure approximately 70%
confluency the next day. Cells were transfected using TransIT-X2 reagent
(Mirus) as per manufacturer’s instructions.

For stable viral infection, cells were seeded into a six-well culture plate
(Corning) 24 h prior to infection to ensure approximately 40% confluency
for infection. Cells were infected in full growth medium containing 2 pg/ml
Polybrene (Millipore) and the appropriate concentration of virus. The cells
were then incubated overnight at 37°C before adding fresh growth
medium. Cells were passaged for two weeks and stably expressing cells
selected by fluorescence-activated cell sorting (FACS).

Live cell imaging

Prior to imaging, cells were washed twice in PBS and 2 ml of live-imaging
medium (Ham's-F12 supplemented with 10% FBS (Lonza), 1% penicillin/
streptomycin, and 25mM HEPES (Sigma)) was added to each dish before
incubating in the microscope chamber at 37 °C for a minimum of 1 h prior
to imaging. 4-OHT (Sigma) was added to cells at a concentration of 10 nM
for 1 h before imaging. Images were captured using a 3i Zeiss confocal
system with a CSU-X1 Spinning Disc (Yokogawa), using a 63x/1.40 Plan
Apochromat objective (Zeiss), an Evolve EM-CDD camera (Photometrics),
and a motorised XYZ stage (Intelligent Imaging Innovations) driven by
Marianas hardware. Images were captured using Slidebook 5.0 software
(Intelligent Imaging Innovations).

For FRAP, a region of interest (ROI) was selected within the cytosol of a
cell and photobleached (10 ms, 100% laser power, 488 nm for GFP, 594
nm for mCherry). Images were taken at 5s intervals for 30 s pre-bleach
and then post-bleaching. For GFP photoactivation, a ROl was selected
within the cytosol and photoactivated for 10 ms using a 405 nm laser at
100% power. Images were analysed using Image J software. Briefly,
background was subtracted using a rolling ball radius of 50 before
measuring levels of fluorescence within the bleached ROl in each
sequential image. Data were normalised to 100% fluorescence pre-bleach
(FRAP) or 100% fluorescence post-photoactivation and a one-phase
association or dissociation curve fitted.

Apoptosis assays and immunofluorescent imaging

Cells were immunostained for active caspase 3 as previously described
[23]. For quantitation of apoptosis in cells co-expressing mCherry BH3-
proteins and the ATM mutants, cells were immunostained for mCherry and
GFP, and nuclear morphology assessed following staining with DAPI.
Images were taken with a 63x (NA 1.4) Plan Apochromat objective on a
Zeiss Axio Imager M2 using ImageJ.

For analysis of endogenous Bad, MCF10A cells were cultured either
in complete growth media or serum-free growth media for 24h.
After 24 h, media was replaced for 1h, either with complete growth
media (serum and recovery conditions) or serum-free growth media
(serum starvation condition). After 1h, cells were fixed in 4% PFA
and stained for DAPI alongside either anti-pBad S112 or total Bad. Cells
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Fig. 5 Single cell variations in GFP-Bcl-XL dynamics are cell autonomous. A Single cell clones of MCF10As stably expressing BadER™™ and
GFP-Bcl-XL were generated. Ten independent clones were subject to Western blot analysis with anti-Bcl-XL and anti-vinculin, and expression
levels were compared with the polyclonal parental cells. B Flow cytometry analysis of GFP-Bcl-XL expression in the polyclonal parental cells
and single cell clones from (A). C FRAP analysis performed on the parental and clonal cell populations in (A), showing single cell data on
fluorescence recovery. There were no significant differences in the single cell heterogeneity between the single cell clones. Data show the
mean of ~60 cells per line. Error bars represent standard deviation and data was analysed by one-way ANOVA with Sidak’s post hoc test.
D Mean fluorescence recovery for parental and clonal cell populations was calculated for both untreated and 4-OHT treated cells.
All populations showed significantly more stable GFP-Bcl-XL after 4-OHT treatment. Values represent data from three independent
experiments and error bars represent SD. Data was analysed via one-way ANOVA with Siddk’s post hoc test *** = p < 0.005; **** = p < 0.001.
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were imaged using an EVOS M7000 using a 40x Plan Fluorite 0.75NA Single cell fate profiling

objective (for quantitative analysis) or a Zeiss Axioplan 2 using a 63X Cells were cultured in 24-well tissue culture plates, and treated with 1 uM
14NA Plan Apochromat objective (for images). Fiji was used to Taxol, 5 uM ABT-737, or 10 uM 4-OHT as detailed in text, and imaged at 15
determine the corrected total cell fluorescence of a minimum of 100 min intervals for 50 h, maintained at 37°C and 5% CO,. Images were
individual cells per condition. acquired on an AS MDW live cell imaging system (Leica) in brightfield
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Fig. 6 Single cell heterogeneity in GFP-Bcl-XL dynamics predicts a cell population’s response to Taxol. A MDA-MB-231 cells stably
expressing BadER™™ and GFP-Bcl-XL were treated with ethanol alone (minus 4-OHT) or 4-hydroxy tamoxifen (plus 4-OHT). GFP-Bcl-XL was
photobleached and images captured every five seconds. Single cell data are presented from the indicated number of cells per condition. The
mean fluorescence recovery of the population calculated from a non-linear regression curve fit from three independent experiments. Error
bars represent standard deviation and data was analysed via Student’s t-test. **** — p < 0.001. B MDA-MB-231 cells stably expressing BadER™™
and GFP-Bcl-XL were treated with the indicated combinations of 4-OHT and Taxol, and images captured every 15 min for 50 h to determine
cell fate. Sixty individual cells from two independent experiments were tracked and the times they entered mitosis indicated in green. The
subsequent fate of each cell was followed and the timing is indicated (mitotic division, apoptosis, slippage). C MDA-MB-231 cells treated as in
(A), and analysed by FRAP plotted as a box and whisker plot showing the distribution of Y. values for single cell FRAP from four
independent experiments. The red line shows the ~20% apoptosis threshold set for the minus 4-OHT cells determined following Taxol
treatment. On the right of each graph is shown the proportion of cells above and below the threshold for Taxol induced apoptosis. D MCF10A
cells stably expressing BadER™™ and GFP-Bcl-XL were treated with ethanol alone (minus 4-OHT) or 4-hydroxy tamoxifen (plus 4-OHT). GFP-Bcl-
XL was photobleached and images captured every five seconds. Data presented are the individual cell values from the indicated number of
cells per condition. The mean fluorescence recovery was calculated as in (A). Error bars represent standard deviation and data was analysed
via Student’s t-test. ** = p <0.01. E GFP-Bcl-XL-BadER™™ MCF10A cells were treated with the indicated combinations of 4-OHT and Taxol,
single cell fate determined as in (B). Ninety individual cells from three independent experiments were tracked and the time they entered
mitosis indicated in green. F MCF10A cells treated as in (D), and analysed by FRAP plotted as a box and whisker plot showing the individual
Ymax Values. The red line shows the apoptosis threshold set for the minus 4-OHT cells determined following Taxol treatment. On the right of
each graph is shown the proportion of cells above and below the threshold for Taxol-induced apoptosis.

using a 20x HC Plan Fluotar objective, using point visiting to allow multiple 14. Albeck JG, Burke JM, Aldridge BB, Zhang M, Lauffenburger DA, Sorger PK.

positions to be captured within the same time course. Image stacks were Quantitative analysis of pathways controlling extrinsic apoptosis in single cells.
analysed using ImageJ, single cells identified and followed manually to Mol Cell. 2008;30:11-25.
determine fate. 15. Gascoigne KE, Taylor SS. Cancer cells display profound intra- and interline

variation following prolonged exposure to antimitotic drugs. Cancer Cell.
2008;14:111-22.

16. Goldstein JC, Kluck RM, Green DR. A single cell analysis of apoptosis. Ordering the
apoptotic phenotype. Ann N. Y Acad Sci. 2000;926:132-41.

17. Spencer SL, Gaudet S, Albeck JG, Burke JM, Sorger PK. Non-genetic origins of cell-
to-cell variability in TRAIL-induced apoptosis. Nature. 2009;459:428-32.

18. Merino D, Khaw SL, Glaser SP, Anderson DJ, Belmont LD, Wong C, et al. Bcl-2, Bcl-

Statistical analysis
Details of statistical analysis used are provided in each figure legend. All
analysis was undertaken using GraphPad Prism.

DATA AVAILABILITY x(L), and Bcl-w are not equivalent targets of ABT-737 and navitoclax (ABT-263) in
All data generated or analysed during this study are included in this published article lymphoid and leukemic cells. Blood. 2012;119:5807-16.
and its supplementary information files. 19. Rooswinkel RW, van de Kooij B, Verheij M, Borst J. Bcl-2 is a better ABT-737 target

than Bcl-xL or Bcl-w and only Noxa overcomes resistance mediated by Mcl-1, Bfl-
1, or Bcl-B. Cell Death Dis. 2012;3:e366.

REFERENCES 20. Pecot J, Maillet L, Le Pen J, Vuillier C, Trecesson SC, Fetiveau A, et al. Tight
1. Ni Chonghaile T, Sarosiek KA, Vo TT, Ryan JA, Tammareddi A, Moore Vdel G, et al. sequestration of BH3 proteins by BCL-xL at subcellular membranes contributes to
Pretreatment mitochondrial priming correlates with clinical response to cytotoxic apoptotic resistance. Cell Rep. 2016;17:3347-58.
chemotherapy. Science. 2011;334:1129-33. 21. Liu Q, Oesterlund EJ, Chi X, Pogmore J, Leber B, Andrews DW. Bim escapes
2. Sarosiek KA, Fraser C, Muthalagu N, Bhola PD, Chang W, McBrayer SK, et al. displacement by BH3-mimetic anti-cancer drugs by double-bolt locking both Bcl-
Developmental regulation of mitochondrial apoptosis by c-Myc governs age- and XL and Bcl-2. Elife. 2019;8:e37689.
tissue-specific sensitivity to cancer therapeutics. Cancer Cell. 2017;31:142-56. 22. Edlich F, Banerjee S, Suzuki M, Cleland MM, Arnoult D, Wang C, et al. Bcl-x(L)
3. Hanahan D, Weinberg RA. Hallmarks of cancer: The next generation. Cell. 2011; retrotranslocates Bax from the mitochondria into the cytosol. Cell. 2011;145:
144:646-74. 104-16.
4. Happo L, Strasser A, Cory S. BH3-only proteins in apoptosis at a glance. J Cell Sci. 23. Schellenberg B, Wang P, Keeble JA, Rodriguez-Enriquez R, Walker S, Owens TW,
2012:125:1081-7. et al. Bax exists in a dynamic equilibrium between the cytosol and mitochondria
5. Youle RJ, Strasser A. The BCL-2 protein family: Opposing activities that mediate to control apoptotic priming. Mol Cell. 2013;49:959-71.
cell death. Nat Rev Mol Cell Biol. 2008;9:47-59. 24. Aranovich A, Liu Q, Collins T, Geng F, Dixit S, Leber B, et al. Differences in the
6. Chen L, Willis SN, Wei A, Smith BJ, Fletcher JI, Hinds MG, et al. Differential tar- mechanisms of proapoptotic BH3 proteins binding to Bl-XL and Bcl-2 quantified
geting of prosurvival Bcl-2 proteins by their BH3-only ligands allows com- in live MCF-7 cells. Mol Cell. 2012;45:754-63.
plementary apoptotic function. Mol Cell. 2005;17:393-403. 25. Hsu YT, Wolter KG, Youle RJ. Cytosol-to-membrane redistribution of Bax and Bcl-X
7. Oltersdorf T, Elmore SW, Shoemaker AR, Armstrong RC, Augeri DJ, Belli BA, et al. (L) during apoptosis. _P"OC Natl Acad Sci USA 1997;94:3668-72.
An inhibitor of Bcl-2 family proteins induces regression of solid tumours. Nature. 26. Wilson-Annan J, O'Reilly LA, Crawford SA, Hausmann G, Beaumont JG, Parma LP,
2005:435:677-81. et al. Proapoptotic BH3-only proteins trigger membrane integration of pro-
8. Certo M, Del Gaizo Moore V, Nishino M, Wei G, Korsmeyer S, Armstrong SA, et al. survival Bcl-w and neutralize its activity. J Cell Biol. 2003;162:877-87.
Mitochondria primed by death signals determine cellular addiction to anti- 27. Todt F, Cakir Z, Reichenbach F, Emschermann F, Lauterwasser J, Kaiser A, et al.
apoptotic BCL-2 family members. Cancer Cell. 2006;9:351-65. Differential retrotranslocation of mitochondrial Bax and Bak. Embo J. 2015;
9. Deng J, Carlson N, Takeyama K, Dal Cin P, Shipp M, Letai A. BH3 profiling iden- 34:67-80.
tifies three distinct classes of apoptotic blocks to predict response to ABT-737 28. Borner C, Martinou |, Mattmann C, Irmler M, Schaerer E, Martinou JC, et al. The
and conventional chemotherapeutic agents. Cancer Cell. 2007;12:171-85. protein bcl-2 alpha does not require membrane attachment, but two conserved
10. Montero J, Sarosiek KA, DeAngelo JD, Maertens O, Ryan J, Ercan D, et al. Drug- domains to suppress apoptosis. J Cell Biol. 1994;126:1059-68.
induced death signaling strategy rapidly predicts cancer response to che- 29. Day CL, Chen L, Richardson SJ, Harrison PJ, Huang DC, Hinds MG. Solution
motherapy. Cell. 2015;160:977-89. structure of prosurvival Mcl-1 and characterization of its binding by proapoptotic
11. Delbridge AR, Strasser A. The BCL-2 protein family, BH3-mimetics, and cancer BH3-only ligands. J Biol Chem. 2005;280:4738-44.
therapy. Cell Death Differ. 2015;22:1071-80. 30. Uren RT, Dewson G, Chen L, Coyne SC, Huang DC, Adams JM, et al. Mitochondrial
12. Pan R, Hogdal LJ, Benito JM, Bucci D, Han L, Borthakur G, et al. Selective BCL-2 permeabilization relies on BH3 ligands engaging multiple prosurvival Bcl-2
inhibition by ABT-199 causes on-target cell death in acute myeloid leukemia. relatives, not Bak. J Cell Biol. 2007;177:277-87.
Cancer Discov. 2014;4:362-75. 31. Ding J, Mooers BH, Zhang Z, Kale J, Falcone D, McNichol J, et al. After embedding
13. Souers AJ, Leverson JD, Boghaert ER, Ackler SL, Catron ND, Chen J, et al. ABT-199, in membranes antiapoptotic Bcl-XL protein binds both Bcl-2 homology region 3
a potent and selective BCL-2 inhibitor, achieves antitumor activity while sparing and helix 1 of proapoptotic Bax protein to inhibit apoptotic mitochondrial per-
platelets. Nat Med. 2013;19:202-8. meabilization. J Biol Chem. 2014;289:11873-96.

Cell Death & Differentiation (2022) 29:2262 - 2274 SPRINGER NATURE



L.E. King et al.

2274

32. Gilmore AP, Valentijn AJ, Wang P, Ranger AM, Bundred N, O'Hare MJ, et al. Activation
of BAD by therapeutic inhibition of epidermal growth factor receptor and trans-
activation by insulin-like growth factor receptor. J Biol Chem. 2002;277:27643-50.

33. Ranger AM, Zha J, Harada H, Datta SR, Danial NN, Gilmore AP, et al. Bad-deficient
mice develop diffuse large B cell lymphoma. Proc Natl Acad Sci USA
2003;100:9324-9.

34. Zha J, Harada H, Yang E, Jockel J, Korsmeyer SJ. Serine phosphorylation of death
agonist BAD in response to survival factor results in binding to 14-3-3 not BCL-X
(L). Cell. 1996;87:619-28.

35. Llambi F, Moldoveanu T, Tait SW, Bouchier-Hayes L, Temirov J, McCormick LL,
et al. A unified model of mammalian BCL-2 protein family interactions at the
mitochondria. Mol Cell. 2011;44:517-31.

36. Willis SN, Chen L, Dewson G, Wei A, Naik E, Fletcher JI, et al. Proapoptotic Bak is
sequestered by Mcl-1 and Bcl-xL, but not Bcl-2, until displaced by BH3-only
proteins. Genes Dev. 2005;19:1294-305.

37. Flusberg DA, Sorger PK. Surviving apoptosis: Life-death signaling in single cells.
Trends Cell Biol. 2015;25:446-58.

38. Kutuk O, Letai A. Alteration of the mitochondrial apoptotic pathway is key to
acquired paclitaxel resistance and can be reversed by ABT-737. Cancer Res.
2008;68:7985-94.

39. Pedley R, King LE, Mallikarjun V, Wang P, Swift J, Brennan K, et al. BiolD-based
proteomic analysis of the Bid interactome identifies novel proteins involved in
cell-cycle-dependent apoptotic priming. Cell Death Dis. 2020;11:872.

40. Reichenbach F, Wiedenmann C, Schalk E, Becker D, Funk K, Scholz-Kreisel P, et al.
Mitochondrial BAX determines the predisposition to apoptosis in human AML.
Clin Cancer Res. 2017;23:4805-16.

41. Goldstein JC, Waterhouse NJ, Juin P, Evan Gl, Green DR. The coordinate release of
cytochrome c during apoptosis is rapid, complete, and kinetically invariant. Nat
Cell Biol. 2000;2:156-62.

42. Ichim G, Lopez J, Ahmed SU, Muthalagu N, Giampazolias E, Delgado ME, et al.
Limited mitochondrial permeabilization causes DNA damage and genomic
instability in the absence of cell death. Mol Cell. 2015;57:860-72.

43. Spencer SL, Sorger PK. Measuring and modeling apoptosis in single cells. Cell.
2011;144:926-39.

44. Subburaj Y, Cosentino K, Axmann M, Pedrueza-Villalmanzo E, Hermann E,
Bleicken S, et al. Bax monomers form dimer units in the membrane that further
self-assemble into multiple oligomeric species. Nat Commun. 2015;6:8042.

45, Littlewood TD, Hancock DC, Danielian PS, Parker MG, Evan Gl. A modified oes-
trogen receptor ligand-binding domain as an improved switch for the regulation
of heterologous proteins. Nucleic Acids Res. 1995;23:1686-90.

ACKNOWLEDGEMENTS

We thank Peter March and Roger Meadows for assistance with imaging, Mike Jackson
for FACS, David Andrews for providing mCh-BH3 proteins, and members of the
Wellcome Trust Centre for Cell Matrix Research for discussion and comments on the
manuscript. This work was supported by grants from Breast Cancer Now and Cancer
Research UK. RR-E was supported by Connacyt. LEK and CELM were supported by
MCRC-CRUK training awards. RP was supported by a PhD scholarship funded by John
and Janet Hartley. The Wellcome Trust Centre for Cell-Matrix Research is supported
by core funding from the Wellcome Trust (088785/Z/09/Z). This work was supported

SPRINGER NATURE

by the Wellcome Institutional Strategic Support Fund award (204796/Z/16/Z). The
Bioimaging Facility microscopes used in this study were purchased with grants from
BBSRC, The Wellcome Trust, and the University of Manchester Strategic Fund.

AUTHOR CONTRIBUTIONS

LEK, RR-E, and CELM performed imaging experiments and analysed the data. RP
performed the mitotic arrest and apoptosis assays. PW and RR-E generated lentiviral
expression constructs. EZ worked on image analysis. APG conceived the project. KB,
MRHW, and APG supervised the research, and wrote the manuscript with the help of
all the authors.

COMPETING INTERESTS

The authors declare no competing interests.

ETHICS
This study did not require ethical approval.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41418-022-01013-z.

Correspondence and requests for materials should be addressed to Andrew P.
Gilmore.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

Cell Death & Differentiation (2022) 29:2262 - 2274


https://doi.org/10.1038/s41418-022-01013-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Apoptotic priming is defined by the dynamic exchange of Bcl-2 proteins between mitochondria and cytosol
	Introduction
	Results
	Mitochondrial targeting is required for anti-apoptotic proteins to suppress BH3-dependent apoptosis
	BH3-protein binding to Bcl-XL and Bcl-W reduces mitochondrial retrotranslocation
	Reduced Bcl-XL retrotranslocation correlates with removal of growth factor signalling
	Bcl-XL retrotranslocation indicates dynamic changes in BH3-only protein activity within live cells
	Heterogeneity in Bcl-XL dynamics is a cell intrinsic property that predicts single-cell response to pro-apoptotic signals

	Discussion
	Methods
	Antibodies, drugs, and immunoblotting
	Expression constructs
	Cell culture
	Live cell imaging
	Apoptosis assays and immunofluorescent imaging
	Single cell fate profiling
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics
	ADDITIONAL INFORMATION




