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Referees' comments: 

Referee #1 (Remarks to the Author): 

This manuscript reports that senescence induced by low dose radiation, ER-RAS, and replicative 

aging, induces a minimal outer membrane permeabilization of the mitochondria, which then 

releases mtDNA into the cytosol and activates inflammation via the cGAS STING pathway. This is 

an interesting extension of prior reports from this group and others that mild induction of pro-

apoptotic stimuli induces Bax to release mtDNA into the cytosol and induce cGAS STING activation. 

The authors further show in some experiments, but not all, that senescence itself does not depend 

on mtDNA release into the cytosol, but the SACP signature of inflammation does. How senescence 

mediates miMOMP is a key missing issue. Animal studies are thought by the authors to indicate 

that pharmacological inhibition of Bax in vivo inhibits inflammation, bone volume and several 

motor phenotypes. 

Major points: 

1) Much of the data is repetitive of the group’s prior EMBO J. paper and other prior literature. In 

Figures 1, 2, 3 and 5 the only real novelty is that senescence can induce what has been found for 

other stresses. What is missing is identifying some novel mechanism into how senescence induces 

Bax to form pores in a subset of mitochondria and how those select mitochondria are denoted for 

miMOMP. 

2) What senescent feature induces miMOMP and what constrains cytosolic DNA foci to a handful of 

miMOMPs per cell? Can one titrate the duration of senescence upwards to increase the number of 

DNA foci per cell? At what point does miMOMP shift to more MOMP and apoptosis? Or is there 

some mechanistic set point that maintains the miMOMP level at a few mitochondria per cell and 

thus avoiding apoptosis and also avoiding no MOMP and thus no SACP. Some insight into how that 

minimal level of MOMP is maintained/restrained or regulated is needed. 

3) In Figure 4 it is unclear why the authors targeted liver specific viral Cre in Bax floxed and Bak -

/- mice using immunostaining to semiquantitatively assess the degree of Bax knock out. Why not 

more simply and rigorously use Bak and BaxBak knock out mice? Most importantly, how do wild 

type mice cytokine profiles compare? Does loss of Bak and Bax decrease cytokine expression 

relative to wild type mice? Maybe the increase in caspase positive cells seen in Bak deficient cells 

in Figure 4f would be much higher in wild type mice indicative of apoptosis and also indicating 

apoptosis occurred in Bak deficient cells just below the detectability range using immunostaining – 

but not below the level of detection of the more sensitive qPCR detection of cytokine expression 

downstream of apoptosis. 

4) In Figure 5 Parkin experiments assess the role of mitochondria in senescence and SACP. 

However, these are not clean experiments as the authors seek to assess the role of mitochondrial 

DNA not the pleiotropic roles of mitochondria in SACP (transfecting mtDNA or almost any DNA is 

already known to activate STING to induce cytokines so not very informative). Cells completely 

lacking mitochondria are deficient in several necessary pathways such as iron sulfur cluster 



formation. Iron sulfur containing enzymes are needed for nuclear DNA repair so cells lacking 

mitochondria may have excessive nuclear DNA damage following irradiation and induce more 

senescence (which was seen) unrelated to mtDNA. Cells completely lacking mitochondria do not 

survive long term regardless of irradiation and as shown here by the authors have accelerated 

senescence induction. The key experiment is to use true Rho0 cells, that do survive and do make 

iron sulfur clusters but lack mtDNA. This is touched on in Figure 5 o,p. However, substantial IL-8 is 

still induced in the Rho0 cells arguing against mtDNA as the essential activator. Some recent 

reports use short term mtDNA “depletion” with ethidium bromide (and perhaps in this report – it is 

not stated how the Rho0 cells were made or where they were obtained or how Rho0 status was 

assessed). Full Rho0 cells stably negative for mtDNA need to be used and this may resolve the 

problem of substantial IL-8 and some IL-6 still induced by senescence in Rho0 cells. That full 

mtDNA depletion is achieved after many passages of Rho0 cells after release from ethidium 

bromide is needed to assess full Rho0 status by qPCR. If the authors did use true Rho0 cells – 

something other than mtDNA is inducing SACP during senescence – and this does not match the 

full depletion of SACP in, for example, the Bak/Bax deficient mice (Fig. 4) – unless SACP is induced 

by apoptosis or some other process. In this important experiment (Fig. 5 o,p) how was senescence 

induced and how was it’s induction assessed? Is mtDNA required for senescence? Presumably not 

if these cells are true Rho0 and the cells become senescent. But this contrasts with the implication 

of Suppl. Fig. 1 which seems to link a correlation between miMOMP and senescence induction in 

the title and in Supplemental Figure 5b – see below. 

5) TFAM heterozygous MEFs were previously reported to release mtDNA and activate STING. Here 

the authors show they reach replicative senescence sooner than WT MEFs. Is this related to 

mtDNA release or STING activation? If so, this does not match Figure 3e-l where the authors make 

the point that mtDNA release inhibits SACP, but not senescence itself. In order to yield some 

interpretation of Supplemental Figure 5b it would be important to either inhibit STING 

pharmacologically or knock out STING in these TFAM het cells to see if this reverses the more 

rapid senescence phenotype. If miMOMP drives senescence then how do Rho0 cells undergo 

senescence (Fig. 5o,p)? It would be important to compare the rate of senescence in Rho0 and the 

matched control cells following senescence induction as used in Fig. 5o,p. 

6) The Bax pore is now known to be a large and nebulous arc or disk ranging in size. Use of a 

poorly substantiated compound reported in 2003 (BCB) to inhibit Bax in vivo is not sufficient 

evidence for the authors claims. There is no evidence presented that BCB is inhibiting 

inflammation via inhibiting Bax pores as opposed to a myriad of off target effects. Does BCB inhibit 

inflammation in Bax KO mice? Most important, does Bcl-xL overexpression prevent SACP in vivo? 

Minor points: 

1) During apoptosis following MOMP cytochrome c is released from mitochondria and is faintly and 

evenly dispersed in the cytosol. What are the bright foci of cytochrome c in Fig 1A? Why are these 

foci not yellow as in most of the perinuclear mitochondria? It is hard to see any green staining in 

the high mag images that does not have some red staining too. Maybe these bright foci of 

cytochrome c artificially make the other red cytochrome c within the green mitochondria more 

difficult to visualize. Please show high mag examples of cytochrome c release where bright foci of 

cytochrome c are not present as the current images are not convincing evidence of miMOMP. 

2) Please show representative images for the counting of cGAS TFAM colocalization in Fig. 5g. Is 

Fig. 5g representing Pearson’s colocalization index? If not, please add this. 

3) Figure 5m,n could be deleted to save space because this is already well known. 

4) It is stated on page 6 that ABT-737 “does not induce any cell-death …” citing Supplemental 

Figure 1a. This is not shown in Supplemental Figure 1a or anywhere in Supplemental Figure 1 – 

and needs to be added. 



Referee #2 (Remarks to the Author): 

In this interesting paper, Chapman et al. examine the role of mitochondria in the phenomenon of 

senescence-associated secretory phenotype (SASP). They find that limited mitochondrial outer-

membrane permeabilization (MOMP), dependent on Bax and Bak, occurs in senescent cells, and 

that the resultant releast of mtDNA and cGAS/STING activation is required for the SASP. In vivo, 

they further show that Bax and Bak in the liver are required for the induction of SASP in a model 

of liver senescence. These experiments and results, and their interpretation are overall very solid 

and convincing. They go on to demonstrate that a putative Bax inhibitor prevents SASP in vitro 

and has striking neuroprotective effects in age-association neurological decline. While these data 

are compelling, I have some issues with these experiments, as described below. 

1. The authors use a piperazine derivative of 2-propanol as a “Bax inhibitor,” based on a paper 

from 2003. Whether this compound is indeed specific for Bax or for MOMP is by no means known, 

and indeed, there is evidence that propanol derivatives can be neuroprotective in other settings 

(although mechanism and specificity are an issue here as well). Since the effects they show are 

interesting, I suggest that some effort be made to determine if these effects are likely to be on 

target. First, we need to know if this is indeed Bax specific, which can be readily done using cells 

that are deficient in Bax or Bak, induced to undergo apoptosis (it should be noted that should the 

compound block death in both settings, this is fine, but does suggest that it should not be referred 

to as a “Bax inhibitor.” 

2. Secondly, it would be important to know if the inhibitor does indeed prevent miMOMP in 

senescent cells. Note that since the inhibitor blocks SASP in cells that are already senescent 

(apparently—as suggested in the legend of Figure 6b) this would suggest that continued release of 

mtDNA is necessary for the SASP. If the compound is added prior to induction of senescence (in 6a 

and 6b) this should be noted. In any case, we need to know if the inhibitor blocks miMOMP, as 

suggested by the experiment in 6a. 

3. Finally, it is critical to determine if the inhibitor blocks the production/secretion of SASP 

cytokines induced by means other than senescence (e.g., TLR engagement). If so, this would call 

into question the interpretation of their results. 

4. The authors should discuss the findings on propanol derivatives as neuroprotective agents in 

settings that might be unlikely to relate to senescence. At least, the possibility that their inhibitor 

is acting in some other way than via the pathway they have found should be presented as a 

possibility. 

5. On a different note, the experiments on the induction of senescence using low dose BH3 

mimetics is interesting, as is the associated gamma H2AX staining. It is possible that this 

phenotype is dependent on caspase-activated nuclease, which they can easily test in their APAF1-

deficient cells (which undergo senescence and SASP). I do not think that testing this idea is 

essential for the conclusions of the paper, but would be interesting to specialists. I suggest that 

this experiment (induction of g-H2AX by BH3 mimetics in the presence or absence of APAF1) is 

optional. 

Referee #3 (Remarks to the Author): 

In this work, Chapman et al. report that senescent cells display minority MOMP in a subset of 

mitochondria generating Bax/Bak pores, mtDNA release, and inflammatory cytokine production 

through cGAS-STING activation. The authors show the importance of Bax/Bak for inflammatory 



cytokine production in a model of irradiation-induced stress in vivo and report improvements in 

physical function and bone homeostasis in aged mice. These findings provide novel information on 

how senescent cells regulate their inflammatory phenotypes and will be of interest to readers from 

the field of aging, senescence, and innate immunity. I am generally positive about the manuscript 

but would like to see additional data to support the generalization of the findings in other settings 

of senescence and thorough documentation of reduced inflammation in aged mice receiving Bak 

inhibitor treatments. 

Major: 

1) Mitochondrial dysfunction in senescence and aging is well-documented, but a precise molecular 

understanding of how this connects to inflammation is missing. The primary conclusion from this 

work is that minority MOMP is responsible for mtDNA release and senescence-induced cytokine 

secretion via the cGAS-STING pathway. 

There are many ways to trigger senescence in vitro. It would add to the manuscript to 

demonstrate Bax/Bak-dependent in chemotherapy-induced senescence - a medically relevant 

context of senescence. 

2) The authors show multiple independent data to document health improvements in aged mice 

treated with a BAK inhibitor. According to their model, this outcome should strictly depend on 

decreased markers of inflammation, an aspect that appears underdeveloped in the current 

manuscript. Ideally, I would like to see an assessment of inflammatory cytokines in another organ 

than bone. 

Minor: 

1) Prior work has reported that TFAM deficiency induces senescence, triggers inflammaging, and 

accelerates features of aging-associated decline in mice (PMID: 32439659). This publication should 

be cited in this context. 

2) References 5 and 24 are identical. 

3) The authors should measure BAX and BAK protein levels in senescent cells versus naïve cells. 

4) Related to Supplementary Fig. 1: One might have expected that the treatment of cells with a 

miMOMP inducer would trigger an immediate immune response by releasing mtDNA. Are type I 

IFN response genes also upregulated in a delayed fashion? 
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Author Rebuttals to Initial Comments: 

We thank the reviewers for the constructive comments, and we believe the manuscript is 
greatly improved as a result of addressing them. 
We aimed to respond to all the comments by conducting additional experiments. Our revised 
manuscript has now 6 main figures and 16 additional supplementary datasets, which not only 
support our central hypothesis but also provide additional mechanistic insights into how sub-
lethal apoptotic stress is regulated in senescent cells.

Referee #1 (Remarks to the Author): 

This manuscript reports that senescence induced by low dose radiation, ER-RAS, and 
replicative aging, induces a minimal outer membrane permeabilization of the mitochondria, 
which then releases mtDNA into the cytosol and activates inflammation via the cGAS STING 
pathway. This is an interesting extension of prior reports from this group and others that mild 
induction of pro-apoptotic stimuli induces Bax to release mtDNA into the cytosol and induce 
cGAS STING activation. The authors further show in some experiments, but not all, that 
senescence itself does not depend on mtDNA release into the cytosol, but the SACP signature 
of inflammation does. How senescence mediates miMOMP is a key missing issue. Animal 
studies are thought by the authors to indicate that pharmacological inhibition of Bax in vivo 
inhibits inflammation, bone volume and several motor phenotypes. 

Major points: 

1) Much of the data is repetitive of the group’s prior EMBO J. paper and other prior literature. 
In Figures 1, 2, 3 and 5 the only real novelty is that senescence can induce what has been 
found for other stresses. What is missing is identifying some novel mechanism into how 
senescence induces Bax to form pores in a subset of mitochondria and how those select 
mitochondria are denoted for miMOMP. 

Response: We appreciate the reviewer's comment. The textbook view of apoptosis and 
senescence is that they are distinct processes, often engaged in response to similar stressors.  
Our study describes a direct connection between apoptotic signaling and senescence, namely 
that minority MOMP is a key promotor of the pro-inflammatory senescence associated 
secretory phenotype (SASP) – we emphasize this key point in the revised manuscript. 

As the reviewer highlights, in our initial submission what regulates minority MOMP in 
senescent cells wasn’t clear. To investigate this, in new experiments we isolated activated 
BAX (using 6A7 mAb against activated BAX) from proliferating and senescent cells followed 
by mass spec analysis. Consistent with our dataset, activated BAX was only isolated from 
senescent cells. Importantly, proteins involved in mitochondrial dynamics were found to co-
associate with activated BAX (Extended Data Figure 10). In new data, we also noted that 
mitochondria displaying minority MOMP were fragmented (Extended Data Figure 11). From 
these findings, we investigated a role for mitochondrial dynamics in regulating minority MOMP 
induced SASP in senescent cells. We found that enforced mitochondrial fission (MFN-2 
CRISPR/CAS9, shRNA-mediated knockout or CCCP treatment), promotes minority MOMP 
leading to leakage of mtDNA and the SASP. Mitochondrial dysfunction has been reported by 
us and others to occur in senescent cells 1-3, and in a recent study 4 we found in cancer cells 
that mitochondrial dysfunction serves as a mitochondrial-intrinsic signal to promote minority 
MOMP, both by recruiting BAX and segregating dysfunctional mitochondria. This supports our 
new data describing a key role for mitochondrial dynamics and dysfunction in regulating 
minority MOMP and the SASP in senescent cells (see scheme in Extended Data Figure 14 
e). 
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2) What senescent feature induces miMOMP and what constrains cytosolic DNA foci to a 
handful of miMOMPs per cell?  

Response: An important driver of minority MOMP in senescent cells (alongside mitochondrial 
dynamics and dysfunction) is most likely increased apoptotic priming associated with 
senescence. We have previously shown that increased apoptotic priming promotes minority 
MOMP. In line with previous reports 5,6, in new data we find that senescent cells are more 
sensitive to BH3-mimetic treatment than their proliferating counterparts (Extended Data 
Figure 15g) – consistent with increased apoptotic priming. Stemming from our earlier 
comment, what constrains minority MOMP is likely a combination of factors: 1) 
fragmentation/fission of mitochondria that are primed to undergo minority MOMP (consistent 
with our new data), thus limiting MOMP to individual mitochondria 2) intrinsic mitochondrial 
dysfunction signals minority MOMP on individual mitochondria, consistent with findings from 
us (and others) of mitochondrial dysfunction during senescence1-3,7 and that enforced 
mitochondrial dysfunction enhances the SASP. 

Can one titrate the duration of senescence upwards to increase the number of DNA foci per 
cell? At what point does miMOMP shift to more MOMP and apoptosis? Or is there some 
mechanistic set point that maintains the miMOMP level at a few mitochondria per cell and thus 
avoiding apoptosis and also avoiding no MOMP and thus no SACP. Some insight into how 
that minimal level of MOMP is maintained/restrained or regulated is needed. 

Response: We see no correlation between the duration of senescence and extent of 
miMOMP. In new experiments, we have analyzed kinetically the presence of cytosolic DNA 
foci after senescence induction by X-ray irradiation (IR).  We found that cytosolic leakage of 
mtDNA reaches a peak at 3 days after IR and remains stable up to 10 days (see reviewer 
Figure 2). Similarly, we start observing BAX6A7 positive mitochondria between 2-3 days after 
IR (which coincides with the presence of cytosolic DNA foci), however this number does not 
change up to 10 days.  

Senescence is an extremely stable phenotype as demonstrated in human fibroblasts and 
other cell-types- from our own experience and that of others, one can keep senescent 
fibroblasts alive, (provided we refresh their media) almost indefinitely without considerable 
cell-death. In our lab, we have kept senescent cells in culture for up to 2 years without signs 
of cell-death (unpublished observation) and other earlier reports have revealed that senescent 
cells can be kept for months and years in culture without cell-death8,9.  

The reviewer raises an important question, when does miMOMP switch to extensive MOMP 
and cell death?  Our data (and that of others) argues that miMOMP does not progress to 
extensive MOMP/cell death based on a failure to observe cells displaying miMOMP 
undergoing cell death even after prolonged or increased levels of sub-lethal stress and 
absence of a gradual increase in MOMP (it either appears limited <5% of mitochondria, or 
extensive/complete >95% of mitochondria).  Emphasising an earlier point, mitochondrial 
intrinsic apoptotic priming promotes MOMP only on dysfunctional mitochondria. Finally, 
activated BAX has been shown to prevent mitochondrial fusion, this will serve as an additional 
mechanism to prevent propagation of minority MOMP10. 
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Reviewer Figure 1 - Representative images of TOM20 DNA in MRC5 fibroblasts at different time points 
after 20 Gy X-ray irradiation (IR). Quantification of extramitochondrial DNA foci at different time points 
after IR. 

3) In Figure 4 it is unclear why the authors targeted liver specific viral Cre in Bax floxed and 
Bak -/- mice using immunostaining to semiquantitatively assess the degree of Bax knock out. 
Why not more simply and rigorously use Bak and BaxBak knock out mice?  

Response: We took a conditional (liver-specific) approach to delete BAX in BAK null animals 
for two reasons: i) to determine the effect of BAX deletion was hepatocyte-autonomous, given 
that we and others have detected senescent markers in these cells 11-13; 2) whole-body 
deletion of BAX and BAK is most often embryonic lethal 14. In the revised version we outline 
this rationale. In new expts, we also injected AAV9-CAG-iCre to delete BAX in aged mice (20 
months). In this case, we analyzed both liver and bone where we observed a significant 
reduction in BAX expression. In both organs, we saw that deficiency in BAX and BAK 
significantly reduced several SASP factors known to increase during aging (Figure 4 and 
Extended Data Figure 6).  

Most importantly, how do wild type mice cytokine profiles compare? Does loss of Bak and Bax 
decrease cytokine expression relative to wild type mice?  

Response: In new data, we compared expression of SASP factors between age-matched 
wild-type, Bak-/-Baxfl/fl and BakBax-/-. Using two-way ANOVA (Tukey’s multiple comparisons 
test), we found no significant differences between aged wild-type and Bak-/-Baxfl/fl (P=0.9790) 
but found a significant decrease between aged wt and BakBax-/- (p=0.0025) and between 
aged Bak-/-Baxfl/fl and BakBax-/- (p=0.0086) (Figure 4e).

Maybe the increase in caspase positive cells seen in Bak deficient cells in Figure 4f would be 
much higher in wild type mice indicative of apoptosis and also indicating apoptosis occurred 
in Bak deficient cells just below the detectability range using immunostaining – but not below 
the level of detection of the more sensitive qPCR detection of cytokine expression downstream 
of apoptosis.  

Response: We agree with the reviewer that it is a possibility we should consider that the 
attenuation of inflammation we observe in BaxBak -/- mice could be a consequence of reduced 
apoptosis in vivo, particularly if immunostaining is not a sensitive enough method. While we 
do not discard the possibility (and note this possibility in the revised version), we found that 
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when we analyze the aging liver, we and others have found evidence for increased expression 
of SASP factors (not shown) and increased senescence-associated markers such as p21, 
p16Ink4a, telomere-associated foci (TAF) and Senescence-associated distension of satellites 
(SADS) (see reviewer Figure 2). % of TAF and SADS-positive cells reaches around 15% in 
aged mice and is mostly observed in hepatocytes. Analysing with an additional apoptotic 
marker (TUNEL staining) in young and aged mice, we find low frequencies of TUNEL positive 
cells (below 0.4% and not in hepatocytes) and no age-dependent increase, consistent with 
our earlier data. Additionally, we and others have found that genetic removal of p16Ink4a

senescent positive cells or treatment with senolytic drugs reduces inflammation in the liver11,12

(consistent with the notion that senescent cells via the SASP are drivers of age-dependent 
inflammation).  

Reviewer Figure 2 – % of senescence-associated markers a) Telomere-associated foci (TAF); b) 
Senescence-associated distension of satellites (SADS) in 3,12-,15- and 24.5-month-old mouse liver; 
mRNA abundance of c) p21 and d) p16Ink4a in 3- and 20-month-old mouse liver; % of TUNEL positive 
cells in 3 and 20 month old mouse liver.

4) In Figure 5 Parkin experiments assess the role of mitochondria in senescence and SACP. 
However, these are not clean experiments as the authors seek to assess the role of 
mitochondrial DNA not the pleiotropic roles of mitochondria in SACP (transfecting mtDNA or 
almost any DNA is already known to activate STING to induce cytokines so not very 
informative).  

Response: We agree with the reviewer for the reasons stated that this expt. in itself is 
insufficient to conclude a role for mtDNA in the SASP. As suggested by the reviewer, this is 
complemented by additional expts. using rho zero cells. 

Cells completely lacking mitochondria are deficient in several necessary pathways such as 
iron sulfur cluster formation. Iron sulfur containing enzymes are needed for nuclear DNA repair 
so cells lacking mitochondria may have excessive nuclear DNA damage following irradiation 
and induce more senescence (which was seen) unrelated to mtDNA. Cells completely lacking 
mitochondria do not survive long term regardless of irradiation and as shown here by the 
authors have accelerated senescence induction. The key experiment is to use true Rho0 cells, 
that do survive and do make iron sulfur clusters but lack mtDNA. This is touched on in 
Figure 5 o,p. However, substantial IL-8 is still induced in the Rho0 cells arguing against mtDNA 
as the essential activator. Some recent reports use short term mtDNA “depletion” with 
ethidium bromide (and perhaps in this report – it is not stated how the Rho0 cells were made 
or where they were obtained or how Rho0 status was assessed). Full Rho0 cells stably 
negative for mtDNA need to be used and this may resolve the problem of substantial IL-8 and 
some IL-6 still induced by senescence in Rho0 cells. That full mtDNA depletion is achieved 
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after many passages of Rho0 cells after release from ethidium bromide is needed to assess 
full Rho0 status by qPCR.  

Response: We thank the reviewer for raising this point and apologise for incomplete 
description of the Rho zero cells used here, we used 143B osteosarcoma Rho zero cells 
previously published15. In new data., we confirm that these cells are indeed rho zero by qPCR 
for mtDNA (Figure 5g). We should also clarify that the Parkin-mediated clearance model is 
extremely stable. It is true that in cancer and immortalized cells, cells without mitochondria 
can survive only for a relatively short period of times16. However, we and other groups have 
performed Parkin-mediated mitochondrial clearance in different primary cells and can keep 
them alive for at least 30 days after treatment with CCCP1,7,17. The reviewer is correct that 
cells without mitochondria can still become senescent with increased expression of cyclin-
dependent kinase inhibitors p21 and p16INK4A, however, they do not express a SASP as shown 
by us and independently by Peter Adams' lab7.   

If the authors did use true Rho0 cells – something other than mtDNA is inducing SACP during 
senescence – and this does not match the full depletion of SACP in, for example, the Bak/Bax 
deficient mice (Fig. 4) – unless SACP is induced by apoptosis or some other process. In this 
important experiment (Fig. 5 o,p) how was 
senescence induced and how was it’s induction assessed? Is mtDNA required for 
senescence? Presumably not if these cells are true Rho0 and the cells become senescent. 
But this contrasts with the implication of Suppl. Fig. 1 which seems to link a correlation 
between miMOMP and senescence induction in the title and in Supplemental Figure 5b – see 
below. 

Response: In the setting of Rho zero cells, the reviewer rightly notes continued IL-8 
expression independent of mtDNA in senescent cells. Potentially, two main reasons underlie 
this, minority MOMP can activate inflammatory signalling independent of mtDNA for instance 
via NF-kB signaling 18 and/or there are additional mechanisms driving the SASP (for instance 
CCFs which can drive senescence via cGAS-STING reported by others7,19). Our data also 
shows that rho(0) cells despite a reduced SASP, show a senescent-growth arrest 
characterized by increased senescence-associated markers p16INK4A and p21. Interestingly, 
we find that p21 induction is stronger in rho(0)s than parentals (Reviewer Figure 3). This is 
consistent with other reports showing that that rho(0) cells undergo a senescent-associated 
cell cycle arrest with increased expression of CDKis after exposure to different stressors 20. 

Reviewer Figure 3 - Both parental and rho(0) cells show increased mRNA expression of p21 and 
p16INK4A when senescence is induced by x-ray irradiation. Induction of p21 is stronger in rho(0) cells. 

We discuss these possibilities in the revised manuscript. minority MOMP itself is not required 
for senescence induction, demonstrated by induction of senescence in BAX/BAK deleted 
cells, we apologise for the confusion here and have clarified this in the revised version. The 
induction of senescence by low-dose BH3-mimetic treatment likely relates to minority MOMP 
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caspase-dependent DNA-damage initiating senescence that we and others have reported 
21,22. 
Altogether, our data does not indicate that miMOMP and cytosolic mtDNA leakage are key 
determinants of the SASP but not of senescence arrest. Uncoupling the SASP from the cell-
cycle arrest has been a major goal of the senescence field. Given that a chronic SASP is a 
driver of age-related pathology- senomorphic therapies aim to inhibit the SASP, while 
preserving the tumor suppressive component of senescence – our data argue that targeting 
miMOMP induced SASP may be one route to achieve this goal.   

5) TFAM heterozygous MEFs were previously reported to release mtDNA and activate STING. 
Here the authors show they reach replicative senescence sooner than WT MEFs. Is this 
related to mtDNA release or STING activation? If so, this does not match Figure 3e-l where 
the authors make the point that mtDNA release inhibits SACP, but not senescence itself. In 
order to yield some interpretation of Supplemental Figure 5b it would be important to either 
inhibit STING pharmacologically or knock out STING in these TFAM het cells to see if this 
reverses the more rapid senescence phenotype. If miMOMP drives senescence then how do 
Rho0 cells undergo senescence (Fig. 5o,p)? It would be important to compare the rate of 
senescence in Rho0 and the matched control cells following senescence induction as used in 
Fig. 5o,p.

Response: We thank the reviewer for suggesting a key experiment that further supports these 
conclusions. As suggested, we treated TFAM+/- MEFs with STING inhibitor SN01123. We found 
that SN011 did not prevent the senescence-associated growth arrest in TFAM+/- MEFs, but 
significantly reduced the expression of pro-inflammatory factors associated with senescence. 
It is likely that TFAM deficiency leads to premature senescence due to other changes in 
mitochondrial function apart from its role in preventing mtDNA cytosolic leakage (Extended 
Data Figure 8i-n).  As we clarify above, collectively our data strongly supports the model that 
mtDNA contributes to the SASP but not the senescence-arrest per se. 

6) The Bax pore is now known to be a large and nebulous arc or disk ranging in size. Use of 
a poorly substantiated compound reported in 2003 (BCB) to inhibit Bax in vivo is not sufficient 
evidence for the authors claims. There is no evidence presented that BCB is inhibiting 
inflammation via inhibiting Bax pores as opposed to a myriad of off target effects. Does BCB 
inhibit inflammation in Bax KO mice? Most important, does Bcl-xL overexpression prevent 
SACP in vivo? 

Response: We appreciate the points raised by the reviewer, since the initial submission we 
noted that BCB was more rigorously characterised and renamed as a BAX activation inhibitor 
(BAI) in a study by Gavathiotis and colleagues 24. In new data, using combined BH3-mimetic 
(ABT-737/S683) that kill in a BAX/BAK dependent manner, we found that BAI could indeed 
inhibit death only in BAK deficient cells, consistent with a BAX specific inhibitory effect. We 
also found that treatment with BAI prevents activated BAX and miMOMP in senescent cells 
(Extended Data Figure 15c &d) and increases resistance to senolysis induced by ABT-263 
(Extended Data Figure 15g). Importantly, BAI does not impact STING dependent 
inflammation induced by DNA-transfection (arguing against a non-specific anti-inflammatory 
effect). We include this data in the revised version (Extended Data Figure 15h-j). In vivo
suppression of SASP by BAI could be through off-target effects of course, we acknowledge 
this possibility in the revised manuscript highlighting that genetic inhibition of minority MOMP 
through two different approaches: hepatocyte deletion in the original ms (Figure 4 a-b) and 
adenoviral Cre in aged mice in the revised ms. (Figure 4c-i) inhibits SASP. 
We are unaware of inducible BCL-xL overexpressing transgenic mice (to specifically express 
XL upon senescence or in aged animals in vivo), we consider BAX/BAK deletion that we have 
applied here a more definitive way to prevent minority MOMP than BCL-xL expression. 
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Minor points: 

1) During apoptosis following MOMP cytochrome c is released from mitochondria and is faintly 
and evenly dispersed in the cytosol. What are the bright foci of cytochrome c in Fig 1A? Why 
are these foci not yellow as in most of the perinuclear mitochondria? It is hard to see any green 
staining in the high mag images that does not have some red staining too. Maybe these bright 
foci of cytochrome c artificially make the other red cytochrome c within the green mitochondria 
more difficult to visualize. Please show high mag examples of cytochrome c release where 
bright foci of cytochrome c are not present as the current images are not convincing evidence 
of miMOMP. 

Response: We thank the reviewer for pointing this out, we now include representative images 
revealing minority MOMP, without bright cytochrome c foci (See Figure 1a and Extended 
Data Figure 11c). 

2) Please show representative images for the counting of cGAS TFAM colocalization in Fig. 
5g. Is Fig. 5g representing Pearson’s colocalization index? If not, please add this. 

Response: These are now added, please see Extended Data Figure 9.

3) Figure 5 m,n could be deleted to save space because this is already well known. 

Response: We agree with the reviewer, these are now in Extended Data Figure 9. We have 
kept them in the MS since we believe this to be an important control to demonstrate the 
involvement of cGAS/STING pathway as a driver of the SASP in our experimental system. 

4) It is stated on page 6 that ABT-737 “does not induce any cell-death …” citing Supplemental 
Figure 1a. This is not shown in Supplemental Figure 1a or anywhere in Supplemental Figure 
1 – and needs to be added. 

Response: We apologise for the oversight, this is now added, Extended Data Figure 1.

Referee #2 (Remarks to the Author):

In this interesting paper, Chapman et al. examine the role of mitochondria in the phenomenon 
of senescence-associated secretory phenotype (SASP). They find that limited mitochondrial 
outer-membrane permeabilization (MOMP), dependent on Bax and Bak, occurs in senescent 
cells, and that the resultant releast of mtDNA and cGAS/STING activation is required for the 
SASP. In vivo, they further show that Bax and Bak in the liver are required for the induction of 
SASP in a model of liver senescence. These experiments and results, and their interpretation 
are overall very solid and convincing. They go on to demonstrate that a putative Bax inhibitor 
prevents SASP in vitro and has striking neuroprotective effects in age-association neurological 
decline. While these data are compelling, I have some issues with these experiments, as 
described below. 

Response: We appreciate the reviewer’s positive and constructive critique. Our responses to 
individual comments are detailed below. 

1. The authors use a piperazine derivative of 2-propanol as a “Bax inhibitor,” based on a paper 
from 2003. Whether this compound is indeed specific for Bax or for MOMP is by no means 
known, and indeed, there is evidence that propanol derivatives can be neuroprotective in other 
settings (although mechanism and specificity are an issue here as well). Since the effects they 
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show are interesting, I suggest that some effort be made to determine if these effects are likely 
to be on target. First, we need to know if this is indeed Bax specific, which can be readily done 
using cells that are deficient in Bax or Bak, induced to undergo apoptosis (it should be noted 
that should the compound block death in both settings, this is fine, but does suggest that it 
should not be referred to as a “Bax inhibitor.”  

Response: We agree with the referee, following initial submission, we noted BCB has been 
more rigorously characterised as a BAX inhibitor (renamed BAX activation inhibitor – BAI) by 
Gavathiotis and colleagues 24. They showed that BAI inhibits conformational events in BAX 
activation that prevent BAX mitochondrial translocation and oligomerization. 
In the revised ms. we tested if this inhibitor could prevent cell death using combined BH3-
mimetic treatment (S83/ABT-737) in U2OS cells singly deficient for BAX, BAK or BAX/BAK 
deleted (please see Extended Data Figure 15 a-b). As expected, only combined BAX/BAK 
deletion prevented BH3-mimetic induced cell death. Importantly, BAI addition inhibited cell-
death only in BAK-/- cells, consistent with a Bax-specific inhibitory effect. 

2. Secondly, it would be important to know if the inhibitor does indeed prevent miMOMP in 
senescent cells. Note that since the inhibitor blocks SASP in cells that are already senescent 
(apparently—as suggested in the legend of Figure 6b) this would suggest that continued 
release of mtDNA is necessary for the SASP. If the compound is added prior to induction of 
senescence (in 6a and 6b) this should be noted. In any case, we need to know if the inhibitor 
blocks miMOMP, as suggested by the experiment in 6a. 

Response: The reviewer raises an excellent point, in new data (Extended Data Figure 15 c 
and d), we show that the inhibitor does indeed prevent BAX activation. As the reviewer 
highlights, our results imply that continued release of mtDNA is required to maintain the SASP. 
Additionally, we also found that senescent cells pre-treated with BAI1 were significantly less 
sensitive to treatment with BH3 mimetic ABT263. 

3. Finally, it is critical to determine if the inhibitor blocks the production/secretion of SASP 
cytokines induced by means other than senescence (e.g., TLR engagement). If so, this would 
call into question the interpretation of their results. 

Response: To test this (in effect a possible off-target effect), in new expts. we transfected 
herring testes (HT) DNA into cells (to activate cGAS-STING) and measured inflammatory 
cytokine production in the presence/absence of BAI. We found that inflammation induced by 
transfection with herring testes (HT) DNA in human fibroblasts occurred independently of BAX 
and BAK and was not affected by BAI1 (Extended Data Figure 15h-j), demonstrating that the 
inhibitor does not non-specifically inhibit cGAS-STING signaling in vitro. 

4. The authors should discuss the findings on propanol derivatives as neuroprotective agents 
in settings that might be unlikely to relate to senescence. At least, the possibility that their 
inhibitor is acting in some other way than via the pathway they have found should be presented 
as a possibility. 

Response: We agree that in vivo application of the inhibitor may have effects independent of 
senescence and we state the possible caveat in the revised version. We consider the genetic 
inhibition of minority MOMP through two different approaches to delete BAX (hepatocyte 
restricted in the original ms, adenoviral systemic delivery of Cre in the revised) in BAK null/BAX 
FL/FL mice, both inhibiting the inflammatory SASP a more definitive approach to determine 
the impact of minority MOMP on SASP in vivo. 

5. On a different note, the experiments on the induction of senescence using low dose BH3 
mimetics is interesting, as is the associated gamma H2AX staining. It is possible that this 
phenotype is dependent on caspase-activated nuclease, which they can easily test in their 
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APAF1-deficient cells (which undergo senescence and SASP). I do not think that testing this 
idea is essential for the conclusions of the paper but would be interesting to specialists. I 
suggest that this experiment (induction of g-H2AX by BH3 mimetics in the presence or 
absence of APAF1) is optional. 

Response: We thank the reviewer for highlighting this, completely agree with their likely 
interpretation of this data – namely minority MOMP/caspase dependent DNA-damage could 
promote senescence. While we have not formally tested this idea, we note an earlier 
publication (now cited) supportive of this hypothesis where BH3-mimetic treatment led to DNA-
damage and senescence in a caspase-dependent manner 21. 

Referee #3 (Remarks to the Author):

In this work, Chapman et al. report that senescent cells display minority MOMP in a subset of 
mitochondria generating Bax/Bak pores, mtDNA release, and inflammatory cytokine 
production through cGAS-STING activation. The authors show the importance of Bax/Bak for 
inflammatory cytokine production in a model of irradiation-induced stress in vivo and report 
improvements in physical function and bone homeostasis in aged mice. These findings 
provide novel information on how senescent cells regulate their inflammatory phenotypes and 
will be of interest to readers from the field of aging, senescence, and innate immunity. I am 
generally positive about the manuscript but would like to see additional data to support the 
generalization of the findings in other settings of senescence and thorough documentation of 
reduced inflammation in aged mice receiving Bak inhibitor treatments. 

Response: We very much appreciate the reviewer’s positive appraisal and thank them for the 
constructive review. Our responses to specific comments follow: 

Major: 1) Mitochondrial dysfunction in senescence and aging is well-documented, but a 
precise molecular understanding of how this connects to inflammation is missing. The primary 
conclusion from this work is that minority MOMP is responsible for mtDNA release and 
senescence-induced cytokine secretion via the cGAS-STING pathway. 
There are many ways to trigger senescence in vitro. It would add to the manuscript to 
demonstrate Bax/Bak-dependent in chemotherapy-induced senescence - a medically relevant 
context of senescence.  

Response: To address this important point in the revised ms. we now investigate the SASP 
in human fibroblasts (with or without BAX/BAK deletion to prevent MOMP) following treatment 
with two different chemotherapies – doxorubicin and etoposide. Both therapies induced 
senescence, independent of the presence of BAX/BAK however the SASP was largely blunted 
by BAX/BAK deletion, consistent with our dataset that apoptotic signalling leading to minority 
MOMP contributes to the SASP (see new data -Extended Data Figure 4). This may have 
important implications for the negative effects therapy induced-SASP have been reported to 
have in cancer patients. 

2) The authors show multiple independent data to document health improvements in aged 
mice treated with a BAK inhibitor. According to their model, this outcome should strictly depend 
on decreased markers of inflammation, an aspect that appears underdeveloped in the current 
manuscript. Ideally, I would like to see an assessment of inflammatory cytokines in another 
organ than bone. 

Response: Extending our analysis we find that applying the BAX inhibitor in aged animals 
also reduces inflammatory markers in the brain of aged mice, this data is now included (please 
see Extended Data Figure 16). In an additional new model, we used intravenous injection of 
adenoviral Cre into aged BAK null/BAX fl/fl mice, with the aim of deleting BAX in multiple 
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organs in aged animals. Phenocopying the BAX inhibitor work, we also found an inhibition of 
inflammation in aged bone (Extended Data Figure 6d-f). Alongside this, inflammatory 
markers in livers were also reduced following Bax and Bak deletion (Figure 4). Thus, through 
different approaches, inhibition in inflammatory markers in aged animals by preventing MOMP 
can be detected in multiple organs. 

Minor: 
1) Prior work has reported that TFAM deficiency induces senescence, triggers inflammaging, 
and accelerates features of aging-associated decline in mice (PMID: 32439659). This 
publication should be cited in this context. 

Response: Thank you for highlighting this publication which we now cite. 

2) References 5 and 24 are identical.

Response: Apologies, this has been corrected. 

3) The authors should measure BAX and BAK protein levels in senescent cells versus naïve 
cells. 

Response: This has now been included, see new Extended Data Figure 2. 

4) Related to Extended Data Fig. 1: One might have expected that the treatment of cells with 
a miMOMP inducer would trigger an immediate immune response by releasing mtDNA. Are 
type I IFN response genes also upregulated in a delayed fashion? 

Response: We analyzed interferon genes alpha and beta and show that they increase in a 
delayed fashion (see revised Extended Data Figure 1 f and g). 
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Reviewer Reports on the First Revision: 

Referees' comments: 

Referee #1 (Remarks to the Author): 

The authors have revised their manuscript and changed the text in some parts. Overall, the most 

important conclusions are not well substantiated by the data. Those issues are discussed below in 

context of my prior review comments and the author’s rebuttal. 

A) My prior comment #1) A major issue with the prior version of the manuscript, as I wrote 

before, was: “How senescence mediates miMOMP is a key missing issue.” 

The authors respond by including new data in the manuscript on mitochondrial dynamics and 

conclude in their rebuttal letter, “We found that enforced mitochondrial fission (MFN-2 

CRISPR/CAS9, shRNA-mediated knockout or CCCP treatment), promotes minority MOMP leading to 

leakage of mtDNA and the SASP.” 

Although these new data are of moderate interest, they do not address how senescence mediates 

miMOMP, it only moves the issue of Bax function one step upstream, a step already reported in 

the literature. How senescence alters mitochondrial dynamics is now the key missing issue and 

needs to be resolved. 

B) The authors do not resolve what restrains miMOMP during senescence in my prior point #2. 

They speculate in the rebuttal letter as follows, “what constrains minority MOMP is likely a 

combination of factors: 1) fragmentation/fission of mitochondria that are primed to undergo 

minority MOMP (consistent with our new data), thus limiting MOMP to individual mitochondria 2) 

intrinsic mitochondrial dysfunction signals minority MOMP on individual mitochondria, consistent 

with findings from us (and others) of mitochondrial dysfunction during senescence.” 

How could mitochondrial fragmentation limit miMOMP if the same process activates miMOMP? 

Perhaps the authors think that a brake on mitochondrial fragmentation during senescence limits 

the spread of miMOMP. How senescence sets that brake needs to be ascertained. 

Prior point #6. The new citation added in the rebuttal letter for the compound used to inhibit Bax 

reflects a paper that shows cell free and tissue culture experiments. Many chemical inhibitors that 

work in tissue culture do not work in vivo owing to pharmacodynamic limitations, drug binding to 

blood proteins or off target effects on various tissues not able to be assessed in tissue culture. The 

in vivo data on BAI are not interpretable, may be misleading and cannot be justified by the 

authors simply adding a proviso about this possibility (From their rebuttal letter: “In vivo 

suppression of SASP by BAI could be through off-target effects of course, we acknowledge”). 

These data need to be deleted. Inducible Bcl-xL would be the correct way to address the in vivo 

aspects – and such mice can easily be made. 

C) In response to my prior comment # 4, the authors correctly say in their rebuttal letter: 

“In the setting of Rho zero cells, the reviewer rightly notes continued IL-8 expression independent 

of mtDNA in senescent cells. Potentially, two main reasons underlie this, minority MOMP can 

activate inflammatory signalling independent of mtDNA for instance via NF-kB signaling and/or 

there are additional mechanisms driving the SASP”. 

These data and the authors’ conclusion above oppose the main point of the manuscript as stated 

by the authors in the abstract; “minority MOMP (miMOMP), depends on the formation of BAX and 

BAK macropores leading to the release of mitochondrial DNA (mtDNA) into the cytosol, which in 

turn activates the cGAS-STING pathway, a major regulator of the SASP. 



Referee #2 (Remarks to the Author): 

The authors have nicely addressed my concerns. I find that the conclusions of the paper are well 

supported by their data and provide novel insights into the nature of the SASP and it's causes. 

Referee #3 (Remarks to the Author): 

The authors have constructively addressed the points that were raised. To provide evidence on the 

broad effect of BAI1 (BAX/BAK inhibition) in tissues other than the bone, inflammatory genes were 

measured in the brain of aged mice treated or not with BAI1 (Extended Data Fig. 16e, f). The 

effects of this intervention are moderate when compared to bone, begging the question of whether 

BAI1 is efficiently targeting BAX/BAK in the brain. At a minimum the aspect on brain penetrance 

should be added to the discussion section before publication or validated experimentally. Whether 

or not the inflammatory signals originate from within the brain is important. 

In Extended Data Fig. 6e, for the figure panel related to the expression of Nfkb1 is the y-axis is cut 

off. The y-axis should be displayed as in the other panels of Extended Data Fig. 6e. 

The text related to Fig. 4g and h is misleading, as there are no significant changes in the 

abundance of CD45 positive immune cells. 
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Author Rebuttals to First Revision: 

Point-by-point response to reviewers’ comments: 

Reviewer 1 

“A) My prior comment #1) A major issue with the prior version of the manuscript, as I wrote before, 
was: “How senescence mediates miMOMP is a key missing issue.” 

The authors respond by including new data in the manuscript on mitochondrial dynamics and 
conclude in their rebuttal letter, “We found that enforced mitochondrial fission (MFN-2 
CRISPR/CAS9, shRNA-mediated knockout or CCCP treatment), promotes minority MOMP 
leading to leakage of mtDNA and the SASP.” 

Although these new data are of moderate interest, they do not address how senescence mediates 
miMOMP, it only moves the issue of Bax function one step upstream, a step already reported in 
the literature. How senescence alters mitochondrial dynamics is now the key missing issue and 
needs to be resolved. “ 

Response: The revised version provides extensive new mechanistic insight as to why minority 
MOMP/sub-lethal apoptotic stress occurs in senescence cells – our apologies if this was not 
explicit.  

These mechanistic aspects (re-iterated below) are now highlighted in the revised text (please see 
lines 457-460).  

1) We found that the occurrence of minority MOMP correlates with apoptotic priming, cells with 
high apoptotic priming display minority MOMP, this is consistent with our earlier published data 
(Extended Figure 1 and 16g)1. Senescent cells have been shown by us here (Extended Figure 
15g) and many other labs2-6 as having high apoptotic priming, thus are inherently prone to engage 
minority MOMP. 

2) We discovered that mitochondrial dynamics play a central role in enabling minority MOMP in 
senescent cells whereby fragmentation of mitochondria enables minority MOMP promoting 
mtDNA-dependent SASP, whereas fusion suppresses this effect. 

We and others have shown that mitochondrial dynamics are altered in senescent cells7-9 , this is 
likely due to many  factors including expression of proteins involved in dynamics and/or disrupted 
mitochondrial function in senescent cells8,10-12. The question as to why mitochondrial dynamics 
are altered in senescent cells, while undoubtedly interesting, is multifactorial, and not key to the 
central message of our paper linking sub-lethal apoptotic stress to the SASP. 

“B) The authors do not resolve what restrains miMOMP during seescence in my prior point #2. 
They speculate in the rebuttal letter as follows, “what constrains minority MOMP is likely a 
combination of factors: 1) fragmentation/fission of mitochondria that are primed to undergo 
minority MOMP (consistent with our new data), thus limiting MOMP to individual mitochondria 2) 
intrinsic mitochondrial dysfunction signals minority MOMP on individual mitochondria, consistent 
with findings from us (and others) of mitochondrial dysfunction during senescence.” 

How could mitochondrial fragmentation limit miMOMP if the same process activates miMOMP?” 
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Response: Our apologies, we didn’t intend to convey the wrong message that fragmentation both 
promotes and inhibits minority MOMP. To clarify, fragmentation enables select mitochondria to 
permeabilize (i.e. minority MOMP), these permeabilized mitochondria can no longer fuse with 
intact mitochondria, thus fragmentation prevents minority MOMP from further propagation. We 
have revised the manuscript to clarify this point (lines 458-460). 

“Perhaps the authors think that a brake on mitochondrial fragmentation during senescence limits 
the spread of miMOMP. How senescence sets that brake needs to be ascertained.” 

Response: We don’t think senescent cells need set a brake on mitochondrial fragmentation to 
limit the spread of miMOMP; once mitochondria have permeabilised they lose their ability to fuse 
with other mitochondria13, preventing minority MOMP from spreading to other mitochondria.  

“Prior point #6. The new citation added in the rebuttal letter for the compound used to inhibit Bax 
reflects a paper that shows cell free and tissue culture experiments. Many chemical inhibitors that 
work in tissue culture do not work in vivo owing to pharmacodynamic limitations, drug binding to 
blood proteins or off-target effects on various tissues not able to be assessed in tissue culture. 
The in vivo data on BAI are not interpretable, may be misleading and cannot be justified by the 
authors simply adding a proviso about this possibility (From their rebuttal letter: “In vivo 
suppression of SASP by BAI could be through off-target effects of course, we acknowledge”). 
These data need to be deleted.” 

Response: In the revised version we demonstrated that BAI effectively and selectively inhibits 
BAX in vitro (Extended Data Figure 15). BAI does work in vivo, phenocopying deletion of its target 
BAX, both causing suppression of the SASP – this strongly suggests that BAI is working in vivo
through inhibition of BAX. We now cite (line 361) a recent paper in Nature Cancer has also 
demonstrated BAI inhibits BAX-dependent apoptosis in vivo14  demonstrating on-target inhibition. 
Our comment “could be through off-target effects of course” was in response to reviewer 2’s (in 
our view correct) statement that 100% absolute determination of on-target effects by BAI (and 
indeed any drug) in vivo is very difficult – for clarity we have now removed this statement. 

“Inducible Bcl-xL would be the correct way to address the in vivo aspects – and such mice can 
easily be made. “ 

Response: The gold-standard way to prevent MOMP is to delete BAX and BAK15,16 , hence we 
used this approach in our in vivo expts. in irradiation and ageing models of senescence (Figure 
4). We are unclear why BAX/BAK deletion is considered inappropriate, with the reviewer 
suggesting, instead to generate/use a transgenic in vivo model of inducible BCL-xL expression.
We note that BCL-XL can have additional non-apoptotic effects17-19, alongside no guarantee that 
sufficient BCLxL expression is achieved in vivo to completely block MOMP (in contrast to 
BAX/BAK deletion).  Indeed, several reports show that senescent cells display increased 
expression of BCL-XL20,21. 

“C) In response to my prior comment # 4, the authors correctly say in their rebuttal letter:  
“In the setting of Rho zero cells, the reviewer rightly notes continued IL-8 expression independent 
of mtDNA in senescent cells. Potentially, two main reasons underlie this, minority MOMP can 
activate inflammatory signalling independent of mtDNA for instance via NF-kB signaling and/or 
there are additional mechanisms driving the SASP”. 
These data and the authors’ conclusion above oppose the main point of the manuscript as stated 
by the authors in the abstract; “minority MOMP (miMOMP), depends on the formation of BAX and 
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BAK macropores leading to the release of mitochondrial DNA (mtDNA) into the cytosol, which in 
turn activates the cGAS-STING pathway, a major regulator of the SASP.” 

Response: Given the concerns from the reviewer, we applied an alternative approach (using 
mitochondrial targeting of a viral DNAse), to generate mtDNA depleted cells. Consistent with our 
previous data, mtDNA reduction profoundly inhibited the SASP in senescent cells, implicating 
mtDNA in the SASP (Extended Figure 8a -– e). 

The quoted statement is not opposed to a main conclusion of our study - “minority MOMP 
(miMOMP), … activates the cGAS-STING pathway, a major regulator of the SASP”. Major studies 
have shown various ways to activate the SASP, including alternate sources of DNA leading to 
cGAS-STING dependent SASP, as well as cGAS-STING independent contributions of NF-kB 
signaling to the SASP22-26. Therefore, it would be wrong to suggest the only way to engage the 
SASP is via minority MOMP. 

Reviewer 2: 

The authors have nicely addressed my concerns. I find that the conclusions of the paper are well 
supported by their data and provide novel insights into the nature of the SASP and it's causes. 

Response: We thank the reviewer for their positive comments. 

Reviewer 3: 

The authors have constructively addressed the points that were raised. To provide evidence on 
the broad effect of BAI1 (BAX/BAK inhibition) in tissues other than the bone, inflammatory genes 
were measured in the brain of aged mice treated or not with BAI1 (Extended Data Fig. 16e, f). 
The effects of this intervention are moderate when compared to bone, begging the question of 
whether BAI1 is efficiently targeting BAX/BAK in the brain. At a minimum the aspect on brain 
penetrance should be added to the discussion section before publication or validated 
experimentally. Whether or not the inflammatory signals originate from within the brain is 
important. 

Response: We thank the reviewer for raising this important point that we have addressed through 
collaboration with Dr. Evris Gavathiotis (Albert Einstein College of Medicine) finding that BAI1 is 
effectively targeted to the brain (penetrating the blood brain barrier) (please see Extended data 
Fig 18a and b).  

Using single-cell RNAseq we analyzed, more comprehensively, brain cell populations following 
BAI1 treatment, finding a significant reduction in senescence and SASP components (defined by 
the gene set SenMayo27, which is composed of 125 genes) in microglia and oligodendrocytes 
(Figure 6n) highlighting a contributory role of MOMP to the SASP in the aging brain. 

In Extended Data Fig. 6e, for the figure panel related to the expression of Nfkb1 is the y-axis is 
cut off. The y-axis should be displayed as in the other panels of Extended Data Fig. 6e. 

Response: This has been corrected. 

The text related to Fig. 4g and h is misleading, as there are no significant changes in the 
abundance of CD45 positive immune cells. 
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Response: We apologize for this oversight and have corrected it. 
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Reviewer Reports on the Second Revision: 

Referees' comments: 

Referee #1 (Remarks to the Author): 

The authors adequately addressed all my remaining concerns and I now support publication. 

Referee #3 (Remarks to the Author): 

The authors have adequately addressed the brain penetrance of BAI1. The new snRNA-seq data 

further support a role of BAI1 in impacting brain senescence. It appears as if in Fig. 6m (right 

panel) the scale is missing. The different levels of p16 positive cells can likely be explained by 

paracrine senescence. It would have been more informative to blot any inflammatory cytokine, 

given that this is the strongest effect of BAX/BAK inhibition. A short explanation in the 

text/discussion could potentially be useful.



Author Rebuftals to Second Revision:

Response to referees:

Referee #1 (Remarks to the Author):
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Referee #3 (Remarks to the Author):

The authors have adequately addressed the brain penetrance of BAI1. The new snRNA-seq 

data further support a role of BAI1 in impacting brain senescence. It appears as if in Fig. 6m 

(right panel) the scale is missing. The different levels of p16 positive cells can likely be 

explained by paracrine senescence. It would have been more informative to blot any 

inflammatory cytokine, given that this is the strongest effect of BAX/BAK inhibition. A short 

explanation in the text/discussion could potentially be useful.

The scale in figure 6 is now clearly presented. We agree with the referee’s interpretation of our 

data, and discuss it, accordingly, see line 370. 
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