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1st Editorial Decision 13th Jan 2019

Thank you for submitting your manuscript entitled "Miro ubiquitination is critical for efficient
damage-induced PINK1/Parkin-mediat ed mitophagy" (EMB0OJ-2018-100715) to The EMBO Journal.
I have now read your point-by-point response and discussed it with other members of the editorial
team.

The outcome is that we find the proposed plan to address the referees' concerns reasonable.
Given the overall interest of your study, Iwould like to invite you to revise the manuscript as
requested in the referee's reports. In addition, I ask you to discuss your findings in the context of the
most recent literature. would like to point it out that addressing all the referees' points would be
essential to consider publication in The EMBO Journal and that we need strong support from the
referees for publication here.

Please note that it is The EMBO Journal policy to allow only a single major round of revision and
that it is therefore important to resolve the main concerns at this stage.

When preparing your letter of response to the referees' comments, please bear in mind that this will
form part of the Review Process File, and will therefore be available online to the community. For
more details on our Transparent Editorial Process, please visit our website:
http//emboj.embopress.org/about#Transparent_Process

We generally recommend three months as standard revision time. As a matter of policy, competing
manuscripts published during this period will not negatively impact on our assessment of the
conceptual advance presented by your study. However, please contact me as soon as possible
upon publication of any related work in order to discuss how to proceed.

Thank you again for the opportunity to consider this work for publication, and please feel free to
contact me with any questions about submission of the revised manuscript to The EMBO Journal. |
look forward to your revision.

Referee #1:

Miro proteins facilitate mitochondrial transport by regulating the activity of kinesin/dynein motors in
coordination with myosin-19. The current study by Lopez-Doménech et al examined the potential
role of Miro proteins for PINK1/Parkin-dependent mitochondrial degradation.

The study shows that loss of both Mirol and 2 proteins in mouse embryonic fibroblasts (MEFs) of
double knockouts (MiroDKO) impairs translocation of the ubiquitin ligase Parkin to mitochondria
and slows mitophagy indicating that Miro is required for efficient progression of mitophagy. Deletion
of Mirol in cultured neurons had a similar effect. Ubiquitination assays revealed that after
mitochondrial damage Miro is ubiquitinated on multiple lysine residues by Parkin. Mutating 5 or all
of the potential ubiquitination sites of Miro suppressed Miro degradation after inducing
mitochondrial damage and slowed mitophagy. Rescue experiments re-expressing either WT Mirol
indicate that ubiquitination of Mirol is a required step for efficient mitophagy. Finally, conditional
knockout of Mirol impaired mitochondrial homeostasis and caused an age-dependent upregulation
of Mfn1 and



Mfn2.

The study is well executed and significantly advances our understanding of mechanisms underlying
PINK1/Parkin-mediated mitophagy. | have, however, some concerns.

1) lam wondering whether the effect of the Miro ubiquitination mutations "5R" and "allR" on
mitophagy is an indirect consequence of a failure of mitochondrial transport. Hence, the authors
should show whether these mutations affect mitochondrial transport in any significant manner.

2) The authors claim that mutations of any one of the potential ubiquitination sites does not
significantly alter Miro1 protein levels (Fig 2C). Please provide a quantification since "allR" and R527"
mutants appear to be reduced on the shown blot.

3) page 8-end. "Unexpectedly, however, we also noted that the damage-induced loss of PDHE1a (a
mitochondrial matrix protein) was reduced in both Mirol 5R and Mirol allR expressing cells (Fig 2I),
while Parkin levels also appeared to be stabilized (Fig 2F and S1)".

| am confused, fig 21 shows that PDHE1a is stabilized at 3h of FCCP treatments in 5R and allR but
not after 6h. Furthermore, Parkin levels appear to be stabilized only for the allR mutation after 3h.
Please clarify.

4) Please indicate the timepoint after FCCP application for the shown images in Fig 1A and the
respective genotype (lassume its WT). Please indicate hours (h) on the x-scale of graphs shown in
Fig. 1B-E.

5) Fig 2H-I: the labeling of the y-axis is confusing; it should be % myc-Miro levels and % PDH Ela
levels.

Referee #2:

The study by Dr. Kittler and colleagues investigates the role of Miro and its ubiquitination in PINK1
and Parkin mediated mitophagy in cells in culture and in vivo in mice. Consistent with the literature
they find Miro is promiscuously ubiquitinated at multiple lysine residues. Moreover, they find
combined knockdown of Miro1/2 or block of their ubiquitination leads to delayed Parkin
translocation onto damaged mitochondria and reduced clearance. Further they suggest that
postnatal knockout of Mirol in vivo in the hippocampus and cortex disrupts mitophagy and leads to
an age dependent upregulation of mitofusins and enlarged, hyperfused mitochondria.

While the increase in mitofusin levels and abnormal mitochondrial morphology and size in Miro
conditional knockouts are certainly interesting, the findings remain largely unexplained. Overall, the
study appears rather descriptive and as such somewhat premature. Given that the mechanisms
remain unclear, the study does not provide significant advances as is.

Other specific comments:

The number of cells scored and number of experiment repeats are not always clear, but should be
stated. The statistical test should be two-way ANOVA for all comparisons across genotypes and
over time.

To exclude any potentially confounding effect, it is key to confirm similar baseline and FCCP



responses (depolarization and accumulation of PINK1 protein) in DKO vs WT cells as well as for
rescue experiments. Also it should be assessed if differences in Parkin expression levels affect the
kinetics (e.g. Fig 1 ii clearly shows less YFP-parkin or are these images from different exposure
times).

Besides their mitochondrial localization, are the Miro KR mutant versions functional with respect to
e.g. mitochondrial transport?

Figure 3: How was mitochondrial turnover assessed?

Miro KR seems to similarly affect Parkin translocation than loss if Miro, which will translate into
reduced turnover overall. Unclear how the two suggested Miro functions can be distinguished in this
set-up. It would be easier to understand if the early stages were not impaired in Miro KR mutants
and only later stages would be impaired (delay of Parkin translocation vs reduced mitophagy).

Figure 4: H) legend appears to be missing.

Figure 5:Is the upregulation of mitofusins mediated on the transcriptional or only on protein level?
Are hyperfused mitochondria a result of enhanced fusion or also downregulation of the fission
machinery? Are Opal levels affected too?

Is there some compensation between both Miro proteins when one is knocked down/out? It would
be important to distinguish between compensatory effects, enhanced mitophagy activation, or
reduced turnover.

Figure S1:1It is unclear what has been measured here. Parkin is (auto)ubiquitinated and moves into
higher molecular weight fractions at some point not detectable. Is the same seen in Miro double KO
cells?



1st Authors' Response to Reviewers 19th Jan 2021

Response to Editors comments

Thank you for submitting your manuscript on a role for Miro proteins in Parkin-mediated mitophagy
to The EMBO Journal. Your study has been sent to two referees for evaluation, and we have now
received reports from them, which are enclosed below.

As you will see, while both referees consider the findings to be potentially interesting, they also raise
major criticism on the study. In particular, they request you to test the mitochondrial transport of
Miro ubiquitination mutants as well as to quantify their protein levels (point 2 from referee #1).
Referee #2 is the most critical one. S/he states that the study lacks mechanistic insight and that the
main findings remain largely unexplained at this stage. In addition, this referee points out that
additional data are required to explain the upregulation of mitofusins in your model and that
compensation between Miro proteins have to be investigated in depth.

These are important points in our view, and given the substantial criticisms raised regarding
conclusiveness and lack of mechanistic insight, we find it difficult to commit to going further with
this manuscript in The EMBO Journal. However, | would offer you the chance to read the reports and
to let us know about your view on the critique and how the concerns raised by the referees could
be addressed within the time-frame of a revision. We would then take that into consideration -
and possibly also reconsult with the referees to determine if such a revision would address their
concerns - before making a final decision on your study. | would like to stress that we need strong
endorsement from the referees in order to fully commit to a revised manuscript.

Please feel free to contact me with any questions related to this matter. By conducting this exchange
at the current stage, | hope to avoid inviting a revision with a high risk of being rejected by the
referees following extensive experimental efforts on your side.

| look forward to hearing from you.

We are very grateful for your patience and for giving us the opportunity to respond to the referees’
helpful comments on our manuscript (EMBO0J-2018-100715), the majority of which we have
addressed (see also the point-by-point response provided below) and which we agree have further
improved the paper. We note that both reviewers find several aspects of the work interesting and of
importance to the field.

We find Referee#l to be broadly supportive of our work and while they raise some important points,
we do not feel that they raised any major criticisms. As you point out, Referee#1 notes that we
should further determine the expression levels of Miro ubiquitination mutants and their
impact on mitochondrial trafficking (a point also raised by Referee#2). We completely agree and
have provided evidence that the effect of Mirol in the regulation of mitophagy is independent
on its ability to regulate mitochondrial trafficking. We show that re-expression of Miro1°%, a
construct that shows delayed Parkin recruitment and mitochondrial clearance, successfully
rescues mitochondrial distribution in Miro®° cells to levels similar to control Miro1V'. This
demonstrates that defects in



ubiquitination in Mirol are linked to the dysregulation of mitophagy independently of its role in
mitochondrial trafficking and distribution.

Referee#2 additionally raises concerns that our study currently ‘lacks mechanistic insight’. We would
respectfully disagree with this criticism of Referee#2 which we feel is rather unfair given that our study
already provides several novel insights into the role of Miro proteins in mitophagy:

i) We identify a key role for Miro proteins and their ubiquitination in the recruitment of Parkin
during the initiation of the mitophagic process.

ii) We provide important information regarding the critical need of Mirol degradation after
mitochondrial damage for the progression of mitophagy.

iii) Importantly, we also show that the long-term consequences of altered mitophagy upon
Miro1l disruption is the dysregulation of mitochondrial dynamics and mitochondrial homeostasis in
vivo, in mature neurons from intact brains, providing a mechanistic link between the dysregulation of
mitochondrial dynamics and neurodegeneration in vivo. Although recent studies have linked Mirol
dysregulation to Parkinson’s disease pathology using in vitro models (Berenguer-Escuder, Grossmann
et al., 2020, Grossmann, Berenguer-Escuder et al., 2019, Hsieh, Li et al., 2019, Hsieh, Shaltouki et al.,
2016), a major limitation of this cell culture work is that it can only assess the short-term (days to
weeks) impact of Mirol dysregulation for mitophagy and cellular physiology. In contrast, our work
highlights the long term (up to 1 year) consequences of such dysregulations for aged neurons in intact
brains, offering invaluable insight into the cellular consequences of long-lasting dysregulation of
mitochondrial homeostasis associated with human disease.

Thus, our study already adds important mechanistic understanding of the mitophagic process and the
consequences of its disruption at several levels. Notwithstanding, we acknowledge that both you and
Referee#2 do raise a good point, which we interpret as being that the manuscript would be further
strengthened if we could provide additional insight. Our mouse model provides an unmatched
opportunity to explore in more detail the long-lasting consequences of disrupting mitophagy in vivo
and the significance of increased mitofusins levels and disruption of mitochondrial dynamics for
neuronal survival and death. Importantly, we now provide a further link between the increased
mitofusin expression and dysregulation of mitochondrial dynamics we observe and the consequences
for neuronal health and survival. We now show high levels of elF2a phosphorylation in our Mirol
conditional knockout model, which provides a link between the sustained activation of the Integrated
Stress Response and the neurodegenerative phenotype of our model.

We also enclose a point-by-point response to the comments of both referees where we address their
concerns.

We believe we have a strong endorsement from Reviewer 1, and we have addressed Referee#?2
concerns. In addition, we provide a deeper insight into the long-term consequences of disrupting
Mirol-dependent mitophagy in intact brains including a mechanistic link between the dysregulation
of mitochondrial dynamics and neurodegeneration in vivo. We very much hope you will now find our
revised manuscript suitable for publication in The EMBO Journal.



A point-by-point response to the referees’ comments is provided below:

Referee #1

Miro proteins facilitate mitochondrial transport by regulating the activity of kinesin/dynein motors in
coordination with myosin-19. The current study by Ldpez-Doménech et al examined the potential role
of Miro proteins for PINK1/Parkin-dependent mitochondrial degradation.

The study shows that loss of both Mirol and 2 proteins in mouse embryonic fibroblasts (MEFs) of
double knockouts (MiroDKO) impairs translocation of the ubiquitin ligase Parkin to mitochondria and
slows mitophagy indicating that Miro is required for efficient progression of mitophagy. Deletion of
Miro1l in cultured neurons had a similar effect. Ubiquitination assays revealed that after mitochondrial
damage Miro is ubiquitinated on multiple lysine residues by Parkin. Mutating 5 or all of the potential
ubiquitination sites of Miro suppressed Miro degradation after inducing mitochondrial damage and
slowed mitophagy. Rescue experiments re-expressing either WT Miro1 indicate that ubiquitination of
Mirol is a required step for efficient mitophagy. Finally, conditional knockout of Mirol impaired
mitochondrial homeostasis and caused an age-dependent upregulation of Mfnl and Mfn2.

The study is well executed and significantly advances our understanding of mechanisms underlying
PINK1/Parkin-mediated mitophagy. | have, however, some concerns.

We thank the reviewer for stating that our study is well executed and significantly advances our
understanding of mechanisms underlying PINK1/Parkin-mediated mitophagy

1) I am wondering whether the effect of the Miro ubiquitination mutations "5R" and "allR" on
mitophagy is an indirect consequence of a failure of mitochondrial transport. Hence, the authors
should show whether these mutations affect mitochondrial transport in any significant manner.

We agree with the referee that this is an important point. We have used an adhesive micropatterned
substrate based analysis of mitochondrial distribution in MEF cell lines for which we have extensive
experience (Covill-Cooke, Toncheva et al., 2020, Lopez-Domenech, Covill-Cooke et al., 2018, Modi,
Lopez-Domenech et al., 2019). While we find that re-expression of our non-ubiquitinable Miro12'®
construct cannot rescue mitochondrial distribution in Miro® cells we show that re-expression of
Miro1°R, rescues mitochondrial distribution in Miro®P° to a level similar to that of Mirol1"".
Importantly, Miro1°® shows a delayed recruitment of Parkin to mitochondria and, most importantly,
delayed mitochondrial clearance under mitochondrial damage. From these experiments we conclude
that the effect on mitophagy of these constructs is not directly dependent on their ability to regulate
mitochondrial transport but rather on the ability to interact with and recruit Parkin to damaged
mitochondria. We discuss this new data accordingly throughout the result and discussion sections.

2) The authors claim that mutations of any one of the potential ubiquitination sites does not
significantly alter Miro1 protein levels (Fig 2C). Please provide a quantification since "allR" and R527"
mutants appear to be reduced on the shown blot.

As requested by the referee we provide here (see reviewers’ Fig 1 below) a quantification of the
expression levels of all constructs. We find that only two of our constructs (K572R and K182R) exhibit
a significant decrease in expression (of approximately 25-35%). For one of these, the same K572R, was
used in a previously published paper (Safiulina, Kuum et al., 2019). Importantly, the levels of the main
constructs in which we base our study (principally the ™*Miro1°® construct) does not appear to be



significantly changed, supporting that the levels of expression of our constructs are not behind the
effects of Mirol in mitophagy that we describe throughout our manuscript.
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Reviewers’ Fig 1: Quantification of protein levels of all Miro1 ubiquitination mutants shown in Figure 2C. While
there is a significant 25-35% reduction in the expression of 2 of them, the rest of the mutants express at levels
similar the Miro1"T, control construct. Importantly, the Miro1°® construct does not show significant differences
compared to MirolWT expression (data collected from 3 different expression experiments (n=3); One way
ANOVA with Newman-Keuls poshoc analysis)

3) page 8-end. "Unexpectedly, however, we also noted that the damage-induced loss of PDHE1a (a
mitochondrial matrix protein) was reduced in both Mirol 5R and Miro1 allR expressing cells (Fig 2I),
while Parkin levels also appeared to be stabilized (Fig 2F and S1)".

| am confused, fig 2| shows that PDHE1a is stabilized at 3h of FCCP treatments in 5R and allR but not
after 6h. Furthermore, Parkin levels appear to be stabilized only for the allR mutation after 3h. Please
clarify.

We have now reworded this section to improve the clarity of the message. We show that defects in
Mirol ubiquitination are associated with an important delay in the mitophagic process although the
mitophagic process is not completely stopped. We have included a more accurate description of the
stabilization of PDHE1a and Parkin levels by the Mirol ubiquitination mutants.

4) Please indicate the timepoint after FCCP application for the shown images in Fig 1A and the
respective genotype (I assume its WT). Please indicate hours (h) on the x-scale of graphs shown in Fig.
1B-E.

We have now included in the figure the time-points after FCCP treatment. We have also included in
the figure legend the genotype of the cells shown in the images. As this referee correctly pointed out
they are all examples of WT cells. We have also included a title in the x-axis of all graphs presented in
Figure 1.

5) Fig 2H-I: the labeling of the y-axis is confusing; it should be % myc-Miro levels and % PDH Ela levels.

We are sorry for the wrong labelling. We have now corrected them as suggested

Referee #2



The study by Dr. Kittler and colleagues investigates the role of Miro and its ubiquitination in PINK1
and Parkin mediated mitophagy in cells in culture and in vivo in mice. Consistent with the literature
they find Miro is promiscuously ubiquitinated at multiple lysine residues. Moreover, they find
combined knockdown of Miro1/2 or block of their ubiquitination leads to delayed Parkin translocation
onto damaged mitochondria and reduced clearance. Further they suggest that postnatal knockout of
Mirol in vivo in the hippocampus and cortex disrupts mitophagy and leads to an age dependent
upregulation of mitofusins and enlarged, hyperfused mitochondria.

While the increase in mitofusin levels and abnormal mitochondrial morphology and size in Miro
conditional knockouts are certainly interesting, the findings remain largely unexplained. Overall, the
study appears rather descriptive and as such somewhat premature. Given that the mechanisms
remain unclear, the study does not provide significant advances as is.

We would respectfully disagree with the general criticism that our study does not provide significant
mechanistic insight. The identification of the importance of Miro for facilitating the recruitment of
Parkin to mitochondria is by itself an important novel insight. Since our submission a recent report
independently confirmed our result (Safiulina et al., 2019) which supports the importance of our
observation. Furthermore, our work provides additional mechanistic insight by showing that the
ubiquitination of Miro1 plays a critical role in the facilitation of Parkin recruitment. Finally, we further
show that the role of Miro1l in the regulation of mitophagy is not limited to the recruitment of Parkin
to damaged mitochondria but also, that Mirol must be degraded after its ubiquitination in order to
allow the progression of mitophagy and final mitochondrial clearance.

Moreover, given that the vast majority of studies on the mitophagy pathway in mammals are
performed in highly reductionist cell line preparations, we think the additional insights we provide in
vivo, in aged neurons from intact brains are important in their own right. In the revised version of our
manuscript, we have now built on this further and have complemented our study with a deeper
characterization of our mouse model. We have explored in more detail the long-lasting consequences
of disrupting mitophagy in vivo and the significance of increased mitofusin levels and disruption of
mitochondrial dynamics for neuronal survival and death. To this end, we provide solid evidence that
in a neuronal system the disruption of mitophagy associates with long term changes in mitofusin
expression levels and drastic changes in mitochondrial dynamics. This severe dysregulation of
mitochondrial dynamics leads to the hyperactivation of the integrated stress response which has been
widely implicated in the neurodegenerative outcome of many pathological processes and that may
explain the neurodegeneration phenotype associated to human disease caused by the dysregulation
of mitophagy.

We hope that the additional insight provided in the revised version of the manuscript helps to address
this referee concerns about the depth of our study.

Other specific comments:

The number of cells scored and number of experiment repeats are not always clear, but should be
stated. The statistical test should be two-way ANOVA for all comparisons across genotypes and over
time.

We now provide additional information regarding number of experiments, number of cells, replicates
and the “n” used for statistical analysis for each experiment that can be found in the corresponding
figure legend.



To exclude any potentially confounding effect, it is key to confirm similar baseline and FCCP responses
(depolarization and accumulation of PINK1 protein) in DKO vs WT cells as well as for rescue
experiments.

We have conducted additional experiments to quantify PINK1 recruitment and stabilization in the
mitochondria in our different cell lines in basal conditions and under mitochondrial damage. We show
that Miro deletion does not affect the timely stabilization of PINK1 on the mitochondria under
damage. This supports the idea that the effect of Mirol on mitophagy is through the recruitment of
Parkin to damaged mitochondria. This new data can now be seen in Figure 1. In addition, we have also
studied how the different expression mutants may affect the mitochondrial membrane potential and
show that none of the constructs used has a significant effect (see Supplementary Figure 3).

Also it should be assessed if differences in Parkin expression levels affect the kinetics (e.g. Fig 1 ii
clearly shows less YFP-parkin or are these images from different exposure times).

In our experiments, the extent to which Parkin is translocated to mitochondria in the different
genotypes is not dependent on Parkin levels. We provide below (Reviewers’ Fig 2) a correlation
analysis showing that higher Parkin-expressing cells are not more prone to translocate Parkin to the
mitochondria under mitochondrial damage.
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Reviewers’ Fig 2: Correlation analysis between total Parkin expression levels measured by average fluorescence
intensity of transfected cells and the quantity of Parkin signal (Integrated Density) translocated to the
mitochondria in WT cells overexpressing Y*Parkin and treated with FCCP for 6 hours. Two different confocal
images were taken from each cell. The first image was taken using the same acquisition parameters for all cells
(in the subsaturation range) and was used to calculate and compare total Parkin levels. The second image was
taken with specific parameters for each cell to achieve the same level of saturation signal (approximately 1-2%
of cellular pixels were saturated) and was used to calculate the proportion of the total fluorescence translocated
to mitochondria (Integrated density in Imagel). A total of 23 cells were imaged from 2 independent experiments.

Importantly, we now also provide further evidence that the loss of Mirol disrupts the kinetics of
PINK1/Parkin mitophagy in the absence of exogenously expressed Parkin. We show in primary
neurons, expressing endogenous levels of Parkin, that deletion of Mirol impacts the amount of
phospho-ubiquitin accumulation after mitochondrial damage with the use of an antibody specific to
s65-phospho-ubiquitin (Figure 4G and H).

Besides their mitochondrial localization, are the Miro KR mutant versions functional with respect to
e.g. mitochondrial transport?



As per referee #1 (point #1), we have performed mitochondrial distribution assays using an adhesive
micropatterned substrate based analysis experiment (Covill-Cooke et al., 2020, Lopez-Domenech et
al., 2018, Modi et al., 2019) to test whether Miro ubiquitin mutations are able to rescue mitochondrial
distribution defects in Miro®*® MEFs. We show that while the non-ubiquitinable Miro1?"® construct
cannot rescue mitochondrial distribution in Miro®*© cells, re-expression of Miro1°®, which also shows
a delayed Parkin translocation and mitochondrial clearance under mitochondrial damage, rescues
mitochondrial distribution to the same extent as re-expression of the control, Miro1"T construct. We
conclude that the effect on mitophagy of these constructs is not directly dependent on their ability to
regulate mitochondrial distribution.

Figure 3: How was mitochondrial turnover assessed?

To assess mitochondrial turnover, we quantified the number of cells that after 24 hours of FCCP
treatment had lost all their mitochondrial mass as observed by loss of Tom20 signal. We have now
clarified this in the manuscript

Miro KR seems to similarly affect Parkin translocation than loss if Miro, which will translate into
reduced turnover overall. Unclear how the two suggested Miro functions can be distinguished in this
set-up. It would be easier to understand if the early stages were not impaired in Miro KR mutants and
only later stages would be impaired (delay of Parkin translocation vs reduced mitophagy).

We agree with the referee that this point would benefit from clearer presentation. Our experiments
in Miro®“© MEFs and in Miro1*° neurons in Figures 1 and 2 show that the timely recruitment of Parkin
to damaged mitochondria requires the presence of Mirol in the mitochondria. This is further
supported by our rescue experiments in Miro1*° neurons under basal conditions, in which the over-
expression of Miro1l"T and Miro1®® recruited Parkin to mitochondria even in the absence of
mitochondrial damage. In addition to this, we have shown that the ubiquitination of Miro1l is also a
critical step required to amplify Parkin recruitment and stabilization under damage induced
conditions. The fact that the poorly ubiquitinated Miro1®® can still recruit Parkin under basal
conditions (Fig 4l) but still shows a delay in Parkin recruitment under mitochondrial damage (Fig 3A,
B and C and Fig 4J) highlights the requirement of Miro1 ubiquitination for Parkin recruitment during
early stages of mitophagy. Indeed, using PINK1X® neurons where Parkin dependent mitophagy is
blocked, we further show that the Mirol-dependent recruitment of Parkin to healthy mitochondria is
distinct from damage-induced Parkin recruitment/amplification.

Furthermore, with our experiments we characterize an additional effect caused by the mutation of
Mirol lysine residues. It is well known that Mirol ubiquitination by Parkin leads to a very rapid
degradation of Mirol by the proteasome. Interestingly, we report here that blocking Mirol
ubiquitination results in the stabilization of Miro1 in the mitochondria (Fig 2F and G and Fig 3D and E).
Miro1l stabilization also led to a delayed progression through mitophagy as seen by the stabilization
of mitochondrial markers (Fig 2F and H) and a reduction in mitochondrial clearance (Fig 3E and F).
Importantly, the delay in mitophagy progression observed with the expression of the Mirol lysine
mutants is significantly greater than that caused by the loss of Miro (Fig 3E and F), indicating that
Mirol stabilization interferes with mitophagy progression in addition to Mirol being itself an
important receptor for Parkin translocation. It has been suggested that the rapid ubiquitination and
degradation of mitofusin 2 in response to mitochondrial damage could act as a gating mechanism,
allowing the disassembly of the ER and mitochondria interactions and thus facilitating widespread
Parkin ubiquitination of other mitochondrial substrates and rapid mitophagy progression (McLelland
et al., 2018). In addition, expression of PTPIP51, an ER/Mitochondrial anchoring protein, results in the



suppression of Parkin-mediated mitophagy, supporting a key role for the stability of the
ER/mitochondrial contacts sites (ERMCs) in the regulation of mitophagy progression (Puri, Cheng et
al.,, 2019). Similar to mitofusin 2, Miro1, which is also rapidly ubiquitinated and degraded after
mitochondrial damage, has also been shown to be an important regulator of ER-Mitochondria contact
sites (ERMCS) (Modi et al, 2019). Therefore, we propose that Miro1 is a good candidate to be involved
in such a gating mechanism, blocking mitophagy progression when stabilized on the OMM in a
situation of mitochondrial damage. These results provide important mechanistic insight to recent
reports that have shown increased levels of Miro1l in cells derived from Parkinson’s Disease patients
after mitophagy was activated (Hsieh et al., 2019, Hsieh et al., 2016).

Figure 4: H) legend appears to be missing.

We are sorry for the missing legend. We have included this legend in the revised manuscript

Figure 5: Is the upregulation of mitofusins mediated on the transcriptional or only on protein level?
Are hyperfused mitochondria a result of enhanced fusion or also downregulation of the fission
machinery? Are Opal levels affected too?

To address whether mitofusin upregulation occurs at a transcriptional level we have performed
quantitative analysis of mitofusin transcript levels from WT and Miro1° hippocampus by gPCR. We
now show that there is no major change in either mitofusinl or mitofusin2 transcript levels associated
with the increase of their protein levels. We show these data in Supplementary Fig 8A and B. In
addition to this we have also performed a ubiquitination assay of mitofusin 2 in Miro1%° neurons and
show that there is reduced ubiquitination of mitofusin2 pointing to a reduced degradation of
mitofusin by the ubiquitin/proteasome system as the cause for the elevated levels of the mitofusins
(Suppl Fig 8C and D). In addition, to address a potential role for downregulation of the fission
machinery, we have also performed an analysis on the protein levels of Drp1 and show that they are
not altered by the deletion of Mirol in brains. With this we conclude that the hyperfused
mitochondrial phenotype observed in Miro1%° neurons is due to a dysregulation of mitochondrial
dynamics resulting from increased levels of mitofusins.

Is there some compensation between both Miro proteins when one is knocked down/out? It would
be important to distinguish between compensatory effects, enhanced mitophagy activation, or
reduced turnover.

From our rescue experiments with both Mirol and Miro2 constructs we conclude that Miro1l is the
main regulator of mitophagy initiation and progression. In our experiments Miro2 re-expression in
MiroP*© cells did not changed the amount of Parkin translocation under mitochondrial damage. In
addition, since we do not observe a dramatic remodeling of the mitochondrial network in Miro2%®
brains we think that compensation by Miro2 is unlikely to be driving altered mitochondrial
homeostasis.

Figure S1: It is unclear what has been measured here. Parkin is (auto)ubiquitinated and moves into
higher molecular weight fractions at some point not detectable. Is the same seen in Miro double KO
cells?



The graph in Figure S1 (Now Fig 21) represents the quantification of the non-ubiquitinated "?¢Parkin
band shown in the revised Figure 2F. We now clarify that this band is the non-ubiquitinated form of
Parkin and that the stabilization of Parkin at three hours supports that the expression of the Miro12'®
construct interferes with the normal progression of mitophagy.
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1st Revision - Editorial Decision 22nd Feb 2021

Thank you for submitting your revised study. The manuscript has now been sent back to the
original referee #2, who also evaluated the conclusiveness of your responses to referee #1's points.

As you will see, referee #2 finds that the criticisms have been sufficiently addressed and
recommends the work for publication. However, this reviewer asks you to improve several points in
the discussion and to clarify some others in the rest of the main text.

Our editorial assistants are currently looking at your manuscript. As soon as this process is
completed, I will send you a separate e-mail with a list of editorial requests concerning the text and
the figures, which should be addressed before we can officially accept your manuscript.

Referee #2:

Overall the authors provide a much improved revised manuscript in which they significantly
strengthened and expanded the data. They have adequately addressed the majority of the initial
points raised by both referees. The study provides independent confirmation of, but also nicely
complements previously published findings. The manuscript provides enough novel aspects and |
feel now is a substantial contribution to the field worthy of publication in The EMBO Journal.

However, | do a have a few additional suggestions as some aspects could be clarified, discussed a
bit more carefully or pointed out as a limitation. Throughout the manuscript, it is also important to
clearly specify which of the finding were made in MEFs, in neurons in culture or truly in vivo.

One example is the following sentence that should be more carefully phrased as this is not really
shown as stated.

“In summary, in vivo disruption of PINK1/Parkin mediated mitophagy by conditional Mirol deletion in
mouse brain leads to an upregulation of the mitophagic machinery in an age-dependent manner."
Conditional Mirol deletion seems to lead to several effects described herein, while the exact
relationship between and the order of events is not fully established yet. In the manuscript it often
sounds as if one thing leads to the other, but the individual contributions of altered transport,
calcium regulation, and mitophagy impairments to the observed increase in Mfn levels, formation of
megamitochondria and hyperactivation of the ISR is not defined. This should be reflected in the
discussion and the title. Also the "upregulation” is only convincingly shown for Mfn, not the
“mitophagy machinery".

The term 'upregulation of Mfn' could be still be misinterpreted as a transcriptional response,
although the authors now show a clear protein effect.

Reviewer's Fig 1. It seems most of the Mirol mutant constructs show somewhat reduced protein
levels, just not (yet) significant due to the error bars. Perhaps this is something that should be
discussed as a caveat as protein threshold effect cannot be fully excluded.

With respect to mitophagy measures, | think the authors should be more specific. What they
quantify is loss of Tom20 immunoreactivity and not "mitochondrial loss (fraction of cells without
any mitochondria after 24 hours of FCCP treatment)" or "complete clearance of mitochondria”.



Minor:
Figure 5B: "Flod change" instead of fold change

The following sentence seems odd considering that neither of the constructs is ubiquitinated.
"Although Mirol K572 ubiquitination by Parkin may be important, and could, for example, impact the
rate or kinetics of Miro ubiquitination by Parkin, importantly, we did not find any substantial
difference in the ubiquitination kinetics between Miro1lR572K (where K572 is the only lysine
replaced in the MirolallR) and MirolallR."

"Ubiquitinable" might not be the best or most used term.



2nd Authors' Response to Reviewers 26th Apr 2021

Point-by-point response to referees’ comments:

Referee #2:

Overall the authors provide a much improved revised manuscript in which they significantly
strengthened and expanded the data. They have adequately addressed the majority of the initial
points raised by both referees. The study provides independent confirmation of, but also nicely
complements previously published findings. The manuscript provides enough novel aspects and | feel
now is a substantial contribution to the field worthy of publication in The EMBO Journal.

We thank the reviewer for his positive assessment and for supporting publication of our manuscript
in The EMBO Journal.

However, | do a have a few additional suggestions as some aspects could be clarified, discussed a bit
more carefully or pointed out as a limitation. Throughout the manuscript, it is also important to clearly
specify which of the finding were made in MEFs, in neurons in culture or truly in vivo.

We have now included comments throughout the manuscript and discussion about where our findings
are made. See additions in page 11, 13, 17, and 21 in the revised manuscript.

One example is the following sentence that should be more carefully phrased as this is not really
shown as stated. "In summary, in vivo disruption of PINK1/Parkin mediated mitophagy by conditional
Mirol deletion in mouse brain leads to an upregulation of the mitophagic machinery in an age-
dependent manner." Conditional Mirol deletion seems to lead to several effects described herein,
while the exact relationship between and the order of events is not fully established yet. In the
manuscript it often sounds as if one thing leads to the other, but the individual contributions of altered
transport, calcium regulation, and mitophagy impairments to the observed increase in Mfn levels,
formation of megamitochondria and hyperactivation of the ISR is not defined. This should be reflected
in the discussion and the title. Also, the "upregulation" is only convincingly shown for Mfn, not the
"mitophagy machinery".

We have modified the above sentence highlighting the long term consequences of Mirol deletion in
brain, in vivo.

The term 'upregulation of Mfn' could be still be misinterpreted as a transcriptional response, although
the authors now show a clear protein effect.

We agree with the referee and have changed “upregulation” to terms that are less associated with a
transcriptional activation in abstract, introduction and some places in the discussion.

Reviewer's Fig 1. It seems most of the Mirol mutant constructs show somewhat reduced protein
levels, just not (yet) significant due to the error bars. Perhaps this is something that should be
discussed as a caveat as protein threshold effect cannot be fully excluded



In our opinion, the fact that re-expression of both ™*Miro1°* and ™*Miro1®'® delay mitochondrial
clearance more than re-expression of ™*Miro1"WT demonstrates that the expression levels are not an
issue. To address this referee’s point we have now included the quantification of all the Mirol
ubiquitination mutants shown in Reviewer’s Fig 1 in Supplementary information (Now Appendix
Figure S2A).

With respect to mitophagy measures, | think the authors should be more specific. What they quantify
is loss of Tom20 immunoreactivity and not "mitochondrial loss (fraction of cells without any
mitochondria after 24 hours of FCCP treatment)" or "complete clearance of mitochondria".

We have now specified that we quantify Tom20 signal in our experiments of mitochondrial clearance
and provided references (results section, page 11; Figure 4 and Figure 4 legend). We have also avoided
the use of the word “complete” as we agree that the loss of Tom20 signal, although a good indicator
of mitochondrial clearance, may not inform about the “complete absence of mitochondria” (Figure 4
legend).

Minor:
Figure 5B: "Flod change" instead of fold change

We have corrected this mistake

The following sentence seems odd considering that neither of the constructs is ubiquitinated.
"Although Mirol K572 ubiquitination by Parkin may be important, and could, for example, impact the
rate or kinetics of Miro ubiquitination by Parkin, importantly, we did not find any substantial
difference in the ubiquitination kinetics between Miro1R572K (where K572 is the only lysine replaced
in the MirolallR) and Miro1lallR."

We have modified this sentence as follows: “we did not find any substantial ubiquitination of
Miro1R>72¢ (where K572 is the only lysine replaced in the Miro12'®) when compared to Miro12'® which
cannot be ubiquitinated”

"Ubiquitinable" might not be the best or most used term.

We have changed this to the term “ubiquitinatable” which we have seen used in numerous other
published papers including from EMBO press.



2nd Revision - Editorial Decision 3rd May 2021

lam pleased to inform you that your manuscript has been accepted for publication in The EMBO
Journal.
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A- Figures
1. Data
The data shown in figures should satisfy the following conditions:
= the data were obtained and processed according to the field’s best practice and are presented to reflect the results of the
experiments in an accurate and unbiased manner.
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Each figure caption should contain the following information, for each panel where they are relevant:

=> a specification of the experimental system investigated (eg cell line, species name).
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definitions of statistical methods and measures:
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tests, can be unambiguously identified by name only, but more complex techniques should be described in the methods
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« are tests one-sided or two-sided?

are there adjustments for multiple comparisons?

exact statistical test results, e.g., P values = x but not P values < x;

definition of ‘center values’ as median or average;

definition of error bars as s.d. or s.e.m
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> the exact sample size (n) for each experimental group/condition, given as a number, not a range;
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Any descriptions too long for the figure legend should be included in the methods section and/or with the source data.

In the pink boxes below, please ensure that the answers to the following questions are reported in the manuscript itself.
Every question should be answered. If the question is not relevant to your research, please write NA (non applicable).
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Please fill out these boxes

(Do not worry if you cannot see all your text once you press returt

1.a. How was the sample size chosen to ensure adequate power to detect a pre-specified effect size?

Sample sizes were not predetermined. Sample size was determined by experimental factors and
per standard practise in the field. For primary neuron immunocytochemistry experiments, 23
embryonic preparations were performed and 212 cells per condition were imaged and analysed.
For experiments involving MEFs 10 cells were imaged per condition and experiment and the
experiment was repeated 3 different times. For western blotting and immunohistochemistry 3 to 5
biological replicates were performed as per normal practise in the field. Exact n numbers used are
stated in the figure legends.

1.b. For animal studies, include a statement about sample size estimate even if no statistical methods were used.

For animal studies, 23 animals per genotype were used for each experiment as per normal
practise in the field.

2. Describe inclusion/exclusion criteria if samples or animals were excluded from the analysis. Were the criteria pre-
established?

Neither samples or animals were excluded from the analysis.

3. Were any steps taken to minimize the effects of subjective bias when i i to treatment (e.g.
randomization procedure)? If yes, please describe.

No randomization was needed.

For animal studies, include a about r ization even if no r ization was used.

No randomization was needed.

4.2. Were any steps taken to minimize the effects of subjective bias during group allocation or/and when assessing results
(e.g. blinding of the investigator)? If yes please describe.

[All researchers were completely blind to the genotype and treatment condition when imaging and
analysis were performed in experiments invloving neuronal cultures. In experiments involving
MEFs, due to a characteristic mitochondrial phenotype of MiroDKO cells blinding was not possible.
[To reduce possible bias during acquisition, fieds of view were selected from the Parkin-YFP channel
with the only aim of including as many transfected cells as possible in the images.

4.b. For animal studies, include a statement about blinding even if no blinding was done

For immunohistochemical analysis, and whenever possible, all researchers were completely blind
to the genotype when immunostaining, imaging and analysis were performed. Miro1 conditional
knockout animals have a characteristic mitochondrial phenotype. Therefore, in experiments
involving mitochondrial staining and imaging blinding was not possible during adquisition and
analysis.

5. For every figure, are statistical tests justified as appropriate?

[Yes, the statistical tests and justifications are stated in the appropriate figure legends and
materials and methods section.

Do the data meet the assumptions of the tests (e.g., normal distribution)? Describe any methods used to assess it.

Ves, data was first tested for normality using the Kosglomorov-Smirnov test.

Is there an estimate of variation within each group of data?

We present data with the Standard Error of the Mean (SEM) as an error bar (described in legends
and methods).




s the variance similar between the groups that are being statistically compared? We performed F tests to compare variances and heteroscedasticity tests were applied when
variance between groups was different

C- Reagents
6. To show that antibodies were profiled for use in the system under study (assay and species), provide a citation, catalog |Guinea pig anti-MAP2 (1:2000; Synaptic systems; 188004), Rat anti- GFP (1:1000; Nacalai Tesque;
number and/or clone number, supplementary information or reference to an antibody validation profile. e.g., 10013361), Rabbit anti-Actin (1:2000; Sigma; A2066), Rabbit anti-565-phospho-ubiquitin (1:300;
Antibodypedia (see link list at top right), 1DegreeBio (see link list at top right). Merck; ABS1513), Mouse anti-Ubiquitin (1:500; Enzo; P4D1), Mouse anti-PINK1 (1:3; Neuromab; 73-|

346),Rabbit anti-elF2a (1:500; Cell Signalling Technologies; 9722), Rabbit anti-S51-phospho-elF2a
(1:300 IF; 1:500 WB; Abcam; ab32157), Mouse anti-VDAC1 (1:1000; Neuromab; 75-204), Mouse
anti-Parkin (1:500; Cell Signalling Technologies; 4211), Mouse anti-DRP1 (1:500; BD Biosciences;
611113); Mouse anti-Mitofusinl (1:500; Abcam; ab56889); Mouse anti-Mitofusin2 (1:500;
NeuroMabs; clone N153/5); Mouse anti-VDACL, ATPSa, PDHE1a (1:1000; Abcam; ApoTrack
ab110415); Mouse anti-Miro2 (1:500; NeuroMabs; clone N384/63); Mouse anti-Mirol (1:500; Atlas
Antibodies; AMABI0852); Mouse anti-myc (1:1000, SantaCruz, clone 9E10); Rabbit anti-myc
(1:1000 IF and WB; Abcam; ab9106)

7. Identify the source of cell lines and report if they were recently authenticated (e.g., by STR profiling) and tested for The Mouse Embryonic Fibroblasts used in this study were generated in the lab and characterised
mycoplasma contamination. previously (Lopez-Domenech G, 2018, The EMBO Journal). No micoplasma test has been
performed

* for all hyperlinks, please see the table at the top right of the document

D- Animal Models

8. Report species, strain, gender, age of animals and genetic modification status where applicable. Please detail housing |The Rhotl (MBTN_ EPD0066_2_F01; Allele: Rhotltm1a(EUCOMM)Wtsi) mouse line was obtained
and husbandry conditions and the source of animals. from the Wellcome Trust Sanger Institute as part of the International Knockout Mouse Consortium
(IKMC). MitoDendra (B6;1295-Gt(ROSA)26Sortm1(CAG-COX8a/Dendra2)Dcc/J) line was obtained
from The Jackson Laboratory (US). PINK1-KO (EPD0787_2_G02; C57BL/6N-
Pink1tm1b(EUCOMM)Wisi/H) mouse line was obtained from Harwell (UK). All relevant info
regarding age or genetic condition is stated in the materials and methods section or in the relevant|
section of the manuscript. In this work both male and female animals were used. Animals were
maintained under controlled conditions (temperature 20 + 2°C; 12 hour light-dark cycle).

9. For experiments involving live vertebrates, include a of i with ethical ions and identify the |All experimental procedures were carried out in accordance with institutional animal welfare
approving the experiments. guidelines and licensed by the UK Home Office in accordance with the Animals (Scientific
Procedures) Act 1986

10. We r ing the ARRIVE guidelines (see link list at top right) (PLoS Biol. 8(6), 1000412, 2010) to ensure |All data involving procedures carried out on in animals is reported in compliance with ARRIVE
that other relevant aspects of animal studies are adequately reported. See author guidelines, under ‘Reporting guidelines

Guidelines’. See also: NIH (see link list at top right) and MRC (see link list at top right) recommendations. Please confirm
compliance.

E- Human Subjects

11. Identify the committee(s) approving the study protocol. N/A

12. Include a statement confirming that informed consent was obtained from all subjects and that the experiments N/A
conformed to the principles set out in the WMA Declaration of Helsinki and the Department of Health and Human
Services Belmont Report.

13. For publication of patient photos, include a statement confirming that consent to publish was obtained. N/A
14. Report any restrictions on the availability (and/or on the use) of human data or samples. N/A
15. Report the clinical trial registration number (at ClinicalTrials.gov or equivalent), where applicable. N/A

16. For phase Il and Ill randomized controlled trials, please refer to the CONSORT flow diagram (see link list at top right) |N/A
and submit the CONSORT checklist (see link list at top right) with your submission. See author guidelines, under ‘Reporting
Guidelines’. Please confirm you have submitted this list.

17. For tumor marker prognostic studies, we recommend that you follow the REMARK reporting guidelines (see link list at [N/A

top right). See author guidelines, under ‘Reporting Guidelines’. Please confirm you have followed these guidelines.

£

F- Data Accessibility

18: Provide a “Data Availability” section at the end of the Materials & Methods, listing the accession codes for data N/A
generated in this study and deposited in a public database (e.g. RNA-Seq data: Gene Expression Omnibus GSE39462,
Proteomics data: PRIDE PXD000208 etc.) Please refer to our author guidelines for ‘Data Deposition’.

Data deposition in a public repository is mandatory for:
a. Protein, DNA and RNA sequences

b. Macromolecular structures

c. Crystallographic data for small molecules

d. Functional genomics data

e. Proteomics and molecular interactions

19. Deposition is strongly recommended for any datasets that are central and integral to the study; please consider the  |We have provided 5 "source data” files with unaltered images of all our western blot experiments.
journal’s data policy. If no structured public repository exists for a given data type, we encourage the provision of datasets
in the manuscript as a Supplementary Document (see author guidelines under ‘Expanded View’ or in unstructured
repositories such as Dryad (see link list at top right) or Figshare (see link list at top right).

<

20. Access to human clinical and genomic datasets should be provided with as few restrictions as possible while respecting|N/A
ethical obligations to the patients and relevant medical and legal issues. If practically possible and compatible with the
individual consent agreement used in the study, such data should be deposited in one of the major public access-

controlled repositories such as dbGAP (see link list at top right) or EGA (see link list at top right).

21. Computational models that are central and integral to a study should be shared without restrictions and provided ina |N/A
machine-readable form. The relevant accession numbers or links should be provided. When possible, standardized format|
(SBML, CellML) should be used instead of scripts (e.g. MATLAB). Authors are strongly encouraged to follow the MIRIAM
guidelines (see link list at top right) and deposit their model in a public database such as Biomodels (see link list at top
right) or JWS Online (see link list at top right). If computer source code is provided with the paper, it should be deposited
in a public repository or included in supplementary information.

G- Dual use research of concern

22. Could your study fall under dual use research restrictions? Please check biosecurity documents (see link list at top N/A
right) and list of select agents and toxins (APHIS/CDC) (see link list at top right). According to our biosecurity guidelines,
provide a statement only if it could.
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