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Revision 0

Review #1

1. Evidence, reproducibility and clarity:

Evidence, reproducibility and clarity (Required)

This well-written and convincing manuscript surprisingly links for the first time mitochondrial
dysfunction to cilia homeostasis in a specific cell type of the brain, the astrocyte. Previously the
authors have beautifully demonstrated that deletion of the Twinkle helicase in astrocytes leads to
a more severe phenotype than the deletion of the gene in neurons, resembling human spongiotic
encephalopathy. Furthermore, they showed that mitochondrial dysfunction elicited in astrocytes
an integrated stress response characterized by specific features. Now they go a step further, by
purifying astrocytes deleted of Twinkle and analyzing their global transcriptional profile.
Surprisingly, they detect an upregulation of genes linked to ciliary function, especially to the
motile cilium. This response is caused by the activation of the FOXJ1 and RFX transcription
factors, which are known master regulators of motile ciliogenesis. Strikingly, cilia of Twinkle-
deficient astrocytes appeared abnormal, being elongated or with contorted morphology. This
phenotype was not observed in ependymal cells that are also targeted by the Cre line used by the
authors, indicating cell specificity. The authors propose that this response is an astrocyte-specific
anabolic response due to the ISR activation.

Overall, this is an original study that opens a new paradigm: the possible implication of abnormal
ciliogenesis as a cell-specific response to mitochondrial dysfunction. The limitation of this study,
as the authors openly discuss, is that it is unclear what is the pathological significance of this
abnormal ciliary program. Unravelling the functional significance of this pathway will however
require additional years of study.

**Minor comments:**

1. The quantification of the beautiful ciliary phenotype is a crucial result of this study. More
explanation should be provided in the material and methods about the method used to quantify
the length of the cilium. It seems difficult to quantify cilia with contorted morphology. The
authors should also specify if the analyses were conducted blind to the genotype.

2. The lipidomic data are certainly interesting, but it is not clear why the authors decide to
selectively show these data (from the dataset described in the previous Ignanenko et al., 2020
paper). The link to the previous part of the manuscript and the relevance for the abnormal cilia
formation is not clear. Also the statement that the abnormal lipid profiles depend on alteration in
beta-oxidation is just a speculation. This can be more clear in the discussion.

3. Figure S2G: The authors could discuss why cultured astrocytes deprived of HBEGF or treated
with EGFRi show a similar response as observed here. Is it possible to find some parallelism, for
example in the metabolic response?

4. Figure 2G does not allow to compare controls and Twinkle KO. Can the authors compare the



data in a single graph?
5. For promoter analysis, have the authors used all upregulated genes or only those linked to
ciliary programs? Is the RFX motif found also in other ISR-driven genes?

2. Significance:
Significance (Required)

An important aspect explaining the specificity of the disease phenotype in case of mitochondrial
dysfunction is the tissue-specificity of elicited stress response pathways. This manuscript
provides an entirely novel point of view, implicating abnormal ciliogenesis as a novel target of
this response specifically in astrocytes, which are important players in the pathogenesis of
mitochondrial brain disease. In the context of several papers now showing stress responses upon
mitochondrial dysfunction, this paper highlights a novel and totally unexpected pathway. I
expect that the audience for this manuscript will be far beyond scientists working in the field of
mitochondrial dysfunction and neurodegeneration, like this reviewer. I expect that these findings
will also appeal to the currently rather separate field of cilia function and brain disease.

3. How much time do you estimate the authors will need to
complete the suggested revisions:

Estimated time to Complete Revisions (Required)

(Decision Recommendation)

Less than 1 month

Review #2

1. Evidence, reproducibility and clarity:

Evidence, reproducibility and clarity (Required)

In this manuscript by Ignatenko et al., the authors follow up on two previous works from the
same authors, using mice with a defect in mitochondrial function specifically in astrocytes.
While works in recent years interrogated the effects of knocking out mitochondrial genes mainly
in peripheral tissues (e.g. metabolic organs), the current work focuses on astrocytes. These non-
neuronal cells of the nervous system have been less studied in the context of mitochondrial
defects. In the current work, the authors focus on exploring the transcriptional response in
astrocytes to the mitochondrial insult, which revealed induction of cilia-related processes, similar
to the findings of Bae at al 2019 (10.1038/s41419-019-2184-y) in cultured cells. This work
provides conceptual insight and advancement at the level of cell biology in an in-vivo model,



illustrating a morphological and transcriptional change in astrocytes upon mitochondrial stress.
The work described by Ignatenko et al. will be interesting to the field of mitochondrial biology,
and researchers in cell biology, as it shows that the cilliogenic changes occur also in an in-vivo
model.

The authors' work is comprehensive, rigorous, and elegant. Experiments are well-controlled and
the statements in the manuscript are generally convincing considering the data presented in the
figures. The manuscript is beautifully written and easy to follow. While the researchers did a
terrific job, there are two points that could be improved. First - the main point, that mitochondrial
dysfunction triggers changes in cilium-related processes, is mostly supported by gene expression
changes, and the validation experiment relies solely on the pan-cilia marker ARL13B. The
authors show that a transcriptional program of motile cilia components is induced, however this
was not experimentally verified beyond RNA levels (see below). Finally, the only change
observed in cilia upon the mitochondrial defect is morphological, with no clear functional
outcomes.

Data supporting claims on motile cilia

Previous works showed that astrocytes have one single primary cilia. In the current work, the
authors observe induction of motile cilia genes. However, they do not address directly,
experimentally, whether these results signify a switch between primary and motile mitochondria,
or whether this is simply an induction of a dysfunctional cilliogenic program, that thus creates
the morphological defects they observe (bent/contorted cilia). The authors follow gene-
expression changes, but it is not clear whether the components they see induced in fact get
incorporated into the cilia (this could be examined, for example, for genes identified in their
dataset using antibodies).

In addition, in the discussion they hypothesize three different mechanisms, however this gap is
important to provide context for the significance of the results. If indeed there is a switch
towards more motile-related functions, this needs to be examined. If it is not possible to measure
cilia function in this system, the authors should expand their discussion to clearly address the
possibly scenarios, and provide functional context, considering the functional effects seen in
similar cell culture experiments (Bae et al.), or in other systems where bent/contorted cilia were
observed.

Finally, the authors rely only on staining ARL13B to identify cilia in astrocytes, however they
use additional methods (Figure 4, scanning electron microscopy) for ependymal cells when
examining cilia in other cells. Why was SEM not used to verify their results for astrocytes, the
main cell type discussed in the manuscript? If this is experimentally possibly, this should be
done, as it does not rely on protein markers and antibody, which also show some staining of
other cellular components in the manuscript (Figure 3).

Tissue specificity and stress specificity in triggering cilia

Figure S2G is an important figure addressing the generalizability of these results. Importantly,
Bae et al. showed that otbher mitochondrial stresses can also trigger the cilliogenic response. To
improve the impact of the current work, the authors should deepen and expand this section, using
any other gene expression datasets that are relevant and available (other stresses, knockout of
Twinkle in other tissues, different organisms, etc). In addition, the authors can easily define a



metric to represent the data to better give a sense whether a positive or negative (more or less
cilia-related processes) effect is observed, in addition to the heatmap, that is difficult to interpret
but can be provided as a supplementary.

**Minor comments:**

1. The last section of the results, discussing metabolic and lipid changes in response to the
mitochondrial stress, seems out of place. At the current version, there is no conceptual
connection between the cilia data (Figure 1-4) and the metabolic section (supplementary figure
4), for which, data is largely published in a previous work, and re-analyzed. To possibly improve
this, the authors may consider either (1) moving Figure S4 to Figure 1 or S1, and re-write the
first section of the results. This may be presented as surveying the effects of the mitochondrial
dysfunction using both their previously published metabolomic data, along with their new
astrocyte-specific RNA-seq. (2) Figure S4 and the accompanying text may be eliminated from
the manuscript.

2. Some of the methods sections should be expanded, and methods should be explained in more
length rather than citing previous works (e.g. astrocyte sorting, FISH ) including experimental
details (concentrations, dilutions, incubations, etc) to allow reproducibility.

3. Number of biological repeats needs to be mentioned for each method/experiment.

4. Why wasn't GFAP was used as one of the markers for 1A?

5. There is some enrichment (~2 fold) in endothelial markers, the authors should explain in the
text this caveat.

6. The authors state "These results provided a proof of principle that the purified fraction
represented the astrocyte population with Twnk-KO". Please revise the sentence, as these results
"suggest/show/demonstrate" that the purified fraction represents the astrocyte population. This is
especially true due to the inter-cellular effects that are known to occur upon mitochondrial stress,
which may affect the levels of these genes in other tissues, despite not having the Twnk-KO
within the same cells.

7. Figure 3E reference in the text has a mistake - "Contorted cilia in TwKOastro included S-
shaped and corkscrew-like morphologies, and occasionally the long cilia appeared to form
several loops (Fig. 3F, bottom panel)". (there is no bottom panel).

8. The text relating to Figure S2F "Finally, among factors contributing to primary cilia signaling,
the expression of the sonic hedgehog pathway effector Glil was induced in astrocytes sorted
from TwKOastro mice (Fig. S2F)" seems misplaced in terms of the logic of the paper. Consider
moving to an earlier section, or explaining why this is relevant in its current mention location.

9. Authors are missing a reference for another study that examined astrocytes and mitochondrial
stress, 10.1016/j.cmet.2020.05.001, which they should cover and cite.

2. Significance:
Significance (Required)

See comments above.



3. How much time do you estimate the authors will need to
complete the suggested revisions:

Estimated time to Complete Revisions (Required)

(Decision Recommendation)

Between 1 and 3 months

Review #3

1. Evidence, reproducibility and clarity:

Evidence, reproducibility and clarity (Required)

In this paper, Ignatenko, et al. describe a set of experiments demonstrating the link between
mitochondrial dysfunction in astrocytes and motile ciliogenesis. Using astrocytes isolated from
TwKOastro mice, which possess a knockout of the mitochondrial DNA helicase Twinkle in
astrocytes leading to reactive gliosis, the researchers provide results from several experiments to
support their central claim that respiratory chain deficiency in astrocytes activates FOXJ1 and
RFX transcription factors which results in changes to motile ciliogenesis. Using RNASeq, the
researchers demonstrated mtDNA mutations impact motile cilia in astrocytes taken from
TwKOastro mice. Previously reported ChIPSeq data from ependymal cells was then used to
determine which transcription factor sequences were enriched in TwKOastro mice. Foxj1
expression was observed in astrocytes, leading researchers to hypothesize that mitochondrial
damage in astrocytes caused by the deletion of Twinkle leads to an increase in Foxj1 expression,
producing an increase in motile ciliogenic program in astrocytes. Scanning electron microscopy
demonstrated that the primary cilium of TwKOastro mice is deformed compared to control.
Additionally, the researchers demonstrated that this response to mitochondrial dysfunction is
cell-type specific to astrocytes by comparing the results from the above experiments to other
models of mitochondrial dysfunction in other cell types. These findings contribute more
information to the field of astrocyte involvement in the pathogenesis of neurodegenerative
disorders. Additionally, these experiments demonstrate previously unknown roles of RFX and
FOXIJ1 in adult astrocytes and in integrated stress response in the mitochondria. Paper is well
done and properly interpreted! It is also one of the first to mechanistically link mitochondrial
function to astrocytes.

**Major Comments:**
- One thing that would be important if possible is metabolomics. For example, is

aspartate/asparagine levels altered that could trigger ISR. Also, whether L-2HG, fumarate or
succinate levels ratio to aKG differ, as this ratio can modulate aKG dioxygenases like TETs.



Metabolomics with the RNA seq would be helpful. But I realize it could be challenging from in
vivo astrocytes.

**Minor Comments™*

- In Figure 3F, the authors should change the pie chart into an easier to read data visualization,
like a stacked bar graph. As is, it is difficult to clearly see the differences between groups on a
pie chart.

- The authors should include an experiment looking at Foxj1 expression levels via RT-qPCR in
wild-type astrocytes, not only GFAP-Cre mice.

2. Significance:
Significance (Required)

There is very little known about how mitochondrial function controls astrocytes. paper is one of
the first!

3. How much time do you estimate the authors will need to
complete the suggested revisions:

Estimated time to Complete Revisions (Required)

(Decision Recommendation)

Between 1 and 3 months
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Manuscript number: RC-2022-01235
Corresponding author(s): Gulayse, Ince Dunn; Anu, Suomalainen

1. General Statements [optional]

Au: We thank for the highly favourable and enthusiastic comments of the three reviewers, and their
highly supportive assessment of our work. All of them appreciated the conceptual novelty of our study.
They suggested minor improvements, which we have addressed point-by-point below.

We have previously shown that mitochondrial spongiotic encephalopathy, a common and devastating
manifestation of patients with mitochondrial brain disease, can be caused by pathologically reactivated
astrocytes. Here, we report novel molecular mechanisms of astrocyte reactivation as a consequence of
mitochondrial dysfunction, specifically, mtDNA depletion. Our transcriptomics analyses from purified
cortical astrocytes led to the identification of an unexpected and novel pathway: a wide activation of
motile ciliogenesis program in astrocytes that are known to harbor single primary cilium. We further
carried out detailed functional and morphological experiments in vivo to reveal that an aberrant
upregulation of a motile ciliogenesis program was associated with primary cilia elongation and abnormal

morphology, indicating that mitochondrial brain diseases have a component of metabolic ciliopathy.

Reviewer #1 (Evidence, reproducibility and clarity (Required)):

This well-written and convincing manuscript surprisingly links for the first time mitochondrial dysfunction
to cilia homeostasis in a specific cell type of the brain, the astrocyte. Previously the authors have
beautifully demonstrated that deletion of the Twinkle helicase in astrocytes leads to a more severe
phenotype than the deletion of the gene in neurons, resembling human spongiotic encephalopathy.
Furthermore, they showed that mitochondrial dysfunction elicited in astrocytes an integrated stress
response characterized by specific features. Now they go a step further, by purifying astrocytes deleted
of Twinkle and analyzing their global transcriptional profile. Surprisingly, they detect an upregulation of
genes linked to ciliary function, especially to the motile cilium. This response is caused by the activation
of the FOXJ1 and RFX transcription factors, which are known master regulators of motile ciliogenesis.
Strikingly, cilia of Twinkle-deficient astrocytes appeared abnormal, being elongated or with contorted
morphology. This phenotype was not observed in ependymal cells that are also targeted by the Cre line
used by the authors, indicating cell specificity. The authors propose that this response is an astrocyte-
specific anabolic response due to the ISR activation.

Overall, this is an original study that opens a new paradigm: the possible implication of abnormal
ciliogenesis as a cell-specific response to mitochondrial dysfunction. The limitation of this study, as the
authors openly discuss, is that it is unclear what is the pathological significance of this abnormal ciliary
program. Unravelling the functional significance of this pathway will however require additional years of
study.

Au: We thank the reviewer for the positive evaluation of our work and thoughtful summary of findings.
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Reviewer #1 (Significance (Required)):

An important aspect explaining the specificity of the disease phenotype in case of mitochondrial
dysfunction is the tissue-specificity of elicited stress response pathways. This manuscript provides an
entirely novel point of view, implicating abnormal ciliogenesis as a novel target of this response
specifically in astrocytes, which are important players in the pathogenesis of mitochondrial brain disease.
In the context of several papers now showing stress responses upon mitochondrial dysfunction, this
paper highlights a novel and totally unexpected pathway. | expect that the audience for this manuscript
will be far beyond scientists working in the field of mitochondrial dysfunction and neurodegeneration,
like this reviewer. | expect that these findings will also appeal to the currently rather separate field of cilia
function and brain disease.

Au: We thank the reviewer for enthusiastic reading of our work and seeing potential in its impact.
Reviewer #2 (Evidence, reproducibility and clarity (Required)):

In this manuscript by Ignatenko et al., the authors follow up on two previous works from the same
authors, using mice with a defect in mitochondrial function specifically in astrocytes. While works in
recent years interrogated the effects of knocking out mitochondrial genes mainly in peripheral tissues
(e.g. metabolic organs), the current work focuses on astrocytes. These non-neuronal cells of the nervous
system have been less studied in the context of mitochondrial defects. In the current work, the authors
focus on exploring the transcriptional response in astrocytes to the mitochondrial insult, which revealed
induction of cilia-related processes, similar to the findings of Bae at al 2019 (10.1038/s41419-019-2184-
y) in cultured cells. This work provides conceptual insight and advancement at the level of cell biology in
an in-vivo model, illustrating a morphological and transcriptional change in astrocytes upon
mitochondrial stress. The work described by Ignatenko et al. will be interesting to the field of
mitochondrial biology, and researchers in cell biology, as it shows that the cilliogenic changes occur also
in an in-vivo model.

The authors' work is comprehensive, rigorous, and elegant. Experiments are well-controlled and the
statements in the manuscript are generally convincing considering the data presented in the figures. The
manuscript is beautifully written and easy to follow.

Au: We thank the reviewer for such favorable assessment our work.
Reviewer #2 (Significance (Required)):

See comments above.

Reviewer #3 (Evidence, reproducibility and clarity (Required)):

In this paper, Ignatenko, et al. describe a set of experiments demonstrating the link between
mitochondrial dysfunction in astrocytes and motile ciliogenesis. Using astrocytes isolated from
TwKOastro mice, which possess a knockout of the mitochondrial DNA helicase Twinkle in astrocytes
leading to reactive gliosis, the researchers provide results from several experiments to support their
central claim that respiratory chain deficiency in astrocytes activates FOXJ1 and RFX transcription factors
which results in changes to motile ciliogenesis. Using RNASeq, the researchers demonstrated mtDNA
mutations impact motile cilia in astrocytes taken from TwKOastro mice. Previously reported ChIPSeq
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data from ependymal cells was then used to determine which transcription factor sequences were
enriched in TwKOastro mice. Foxj1 expression was observed in astrocytes, leading researchers to
hypothesize that mitochondrial damage in astrocytes caused by the deletion of Twinkle leads to an
increase in Foxj1 expression, producing an increase in motile ciliogenic program in astrocytes. Scanning
electron microscopy demonstrated that the primary cilium of TwKOastro mice is deformed compared to
control. Additionally, the researchers demonstrated that this response to mitochondrial dysfunction is
cell-type specific to astrocytes by comparing the results from the above experiments to other models of
mitochondrial dysfunction in other cell types. These findings contribute more information to the field of
astrocyte involvement in the pathogenesis of neurodegenerative disorders. Additionally, these
experiments demonstrate previously unknown roles of RFX and FOXJ1 in adult astrocytes and in
integrated stress response in the mitochondria. Paper is well done and properly interpreted! It is also
one of the first to mechanistically link mitochondrial function to astrocytes.

Au: We thank the reviewer for the endorsement of our work.
Reviewer #3 (Significance (Required)):
There is very little known about how mitochondrial function controls astrocytes. paper is one of the first!

Au: We share the excitement expressed by the reviewer! Thank you!

2. Description of the planned revisions

Points raised by Reviewer #2:

1) While the researchers did a terrific job, there are two points that could be improved. First - the main
point, that mitochondrial dysfunction triggers changes in cilium-related processes, is mostly supported
by gene expression changes, and the validation experiment relies solely on the pan-cilia marker ARL13B.
The authors show that a transcriptional program of motile cilia components is induced, however this was

not experimentally verified beyond RNA levels (see below).

Finally, the only change observed in cilia upon the mitochondrial defect is morphological, with no clear
functional outcomes.

Au: Previous published evidence for astrocyte cilia analysis are based entirely on ARL13B as a marker
(Sterpka and Chen 2018; Kasahara et al. 2014; Sipos, Komoly, and Acs 2018; Khan et al. 2021). Another
commonly used marker to visualize axonemal morphology is AC3, which in the brain displays higher
signal intensity in neurons compared to astrocytes, and thus is not used for visualization of cilia in
astrocytes ((Sipos, Komoly, and Acs 2018; Sterpka and Chen 2018); our unpublished observations).

We agree with the reviewer that our analysis of motile ciliogenesis program is based on RNA level
changes. To investigate protein level changes in TWKO*" brain, we previously attempted

immunostainings for selected proteins. We have now ordered a panel of antibodies against motile cilia
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components to test these further. Single cilia are very small structures that are difficult to image from
specific cell types in the 3D space of the brain, but we certainly hope that this experiment will shed
information about protein level changes in the astrocyte cilia of our mouse model.

Finally, the functional consequences of ciliary pathology in astrocytes and changes to ciliary signaling
pathways form a whole new area of research that we are very much interested in pursuing. However, this
is a completely new line of experimentation involving generating new mouse lines, pharmacological
interventions, and not in the scope of this article.

2) The authors follow gene-expression changes, but it is not clear whether the components they see
induced in fact get incorporated into the cilia (this could be examined, for example, for genes identified
in their dataset using antibodies).

Au: To address this, we will carry out a series of immunostainings on the brains of control and TwKO°
mice using commercially available antibodies against motile cilia factors, which are induced in our

dataset (please see more detailed explanation above).

3. Description of the revisions that have already been incorporated in
the transferred manuscript

Points raised by Reviewer #1:

1) The quantification of the beautiful ciliary phenotype is a crucial result of this study. More explanation
should be provided in the material and methods about the method used to quantify the length of the
cilium. It seems difficult to quantify cilia with contorted morphology. The authors should also specify if
the analyses were conducted blind to the genotype.

Au: We added details of the cilia length analysis to methods section. As a proxy of ciliary length, we
used the longest principal axis of a minimal rectangular box, which encloses a cilium on confocal
microscopy images. We agree with the reviewer that it is difficult to estimate the exact length of cilia
with contorted morphology. For example, if a cilium is contorted and makes loops, the length of such
cilia would be underestimated. The majority of cilia in our datasets are however straight or bent (Figure
2F), and thus the method of choice is adequate for the purpose to investigate the distribution of lengths.

Cilia analysis was done blinded to the genotype, which we now indicated in the Methods section.

2) The lipidomic data are certainly interesting, but it is not clear why the authors decide to selectively
show these data (from the dataset described in the previous Ignanenko et al., 2020 paper). The link to
the previous part of the manuscript and the relevance for the abnormal cilia formation is not clear.
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Also the statement that the abnormal lipid profiles depend on alteration in beta-oxidation is just a

speculation. This can be more clear in the discussion.

Au: We agree with the reviewer that changes to lipid metabolism and cilia maintenance at first sight do
not seem to be connected. However, we believe that presenting both up-regulated and down-regulated
genes in this manuscript provides a more holistic view to the readers. We chose to present the
lipidomics data from our previous study so that the readers are presented side-by-side the astrocyte-
specific gene expression changes and biochemical changes relating to lipid metabolism from TwKO#st

mice (unpublished data). The analysis of lipid metabolite levels is based on a dataset we previously
published.

In the updated version of our manuscript, we have provided a general introduction to our RNAseq
results, including the lipid metabolism findings, in Figure 1, and have focused exclusively on the cilia
findings for the remainder of the manuscript.

We also modified our statement about beta oxidation to highlight that it is our hypothesis.

3) Figure S2G: The authors could discuss why cultured astrocytes deprived of HBEGF or treated with
EGFRi show a similar response as observed here. Is it possible to find some parallelism, for example in
the metabolic response?

Au: We agree that this is an interesting observation and we have now added a sentence highlighting the
potential existence of overlapping molecular changes in mtDNA-depleted and EGF signaling-inhibited
astrocytes (page 9, paragraph 1). Currently, we do not know whether there are overlapping mechanisms
and what these might be in these two different means of perturbing astrocyte physiology. We would like
to mention that some other studies of e.g. mouse models of familial Parkinson’s disease and traumatic
brain injury, have reported changes to cilia morphology (Khan et al. 2021; Sterpka et al. 2020; Moser,
Fritzler, and Rattner 2009). The lack of transcriptomics data in these studies excluded them from our
comparative analysis in Fig S2G. It will certainly be fascinating to uncover how and why astrocytes
respond to specific insults (for example, by restructuring ciliary morphology or having impaired turnover

of ciliary factors), and how this impacts the main primary cilia functions, including the growth signaling.

4) Figure 2G does not allow to compare controls and Twinkle KO. Can the authors compare the data in a
single graph?

Au: To visualise the expression level of Foxj1, we compared Foxj1 expression in purified astrocytes to
that in the cell suspension. This normalisation is genotype-specific, and thus we prefer to present the

data on individual graphs. For the reviewer, we have provided a side-by-side comparison below (Figure
A).
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Figure A. Foxj1 expression in purified astrocytes (ACSA-2" fraction) compared to unsorted cell
suspension; RT-gPCR, normalised to Ywhaz transcript level. Symbols represent individual preparations (n

= 5 per genotype). Note that same data are presented in Figure 2G.

5) For promoter analysis, have the authors used all upregulated genes or only those linked to ciliary
programs? Is the RFX motif found also in other ISR-driven genes?

Au: We used the top 1000 up-regulated genes from the entire dataset, without choosing selectively cilia-
related genes (genes with g-value<0.1 and log2(FC)>0.3 were selected, and then sorted by log2(FC)).
We carried out the motif enrichment analysis using the CentriMo tool, which is part of the MEME Suite.
For clarity, we now highlighted this description with text formatting (page 23, paragraph 3). Additionally,
we have carried out the same motif enrichment analysis for the up-regulated ISR™ genes from our
dataset. This analysis did not provide any significant enrichment of a motif, most likely due to the low
numbers of input genes (only 18 genes in total). We would like to mention here that in the past us and
others have shown that ISR™ genes are regulated by e.g. ATF5 (tissues) and ATF3 and 4 (proliferating
cells) (Mick et al. 2020; Forsstrém et al. 2019).

Points raised by Reviewer #2:

1) Data supporting claims on motile cilia

Previous works showed that astrocytes have one single primary cilia. In the current work, the authors
observe induction of motile cilia genes. However, they do not address directly, experimentally, whether
these results signify a switch between primary and motile mitochondria, or whether this is simply an
induction of a dysfunctional cilliogenic program, that thus creates the morphological defects they

observe (bent/contorted cilia).

Au: Cilia are classified as primary or motile based on motility property and/or axonemal structure (9+0
and 9+2 microtubular arrangement, respectively), although non-canonical arrangements with unknown
motility property were also reported (Odor and Blandau 1985; Gilroy, Singh, and Shahidi 1995).
Embryonic nodal cilia are considered to be an exception, as despite possessing a 9+0 axoneme, they
are motile. As the reviewer mentions, the majority of differentiated cell types, including astrocytes, are
thought to possess a single primary 9+0 cilium. Such cilia are believed to lack protein assemblies

required for motility, and thus considered immotile. In turn, motile 9+2 cilia are typically multiple per cell
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and are present on a few specialized cell types which typically face lumenal spaces, such as ependymal

cells facing ventricular space in the brain.

This paradigm was established during early investigations into ciliary biology using cultured cell lines or
on preparations of lumen facing cells, which possess cilia accessible for imaging (for example, 9+2
motile cilia of ependymal cells and airway epithelium, and 9+0 renal primary cilia). In contrast,
investigations into primary cilia motility and microtubular arrangement are lacking for a vast
majority of tissue embedded cell types, including astrocytes. To image microtubular organization with
transmission electron microscopy requires a nearly perfect cross-section, which in tissue sections is both
very rare and hard to identify, and thus such studies are lacking. Moreover, even studies focused on
cultured cells typically capture only part of a cilium, often around ciliary base. Recent advances with
serial electron microscopy allowed detailed investigations of primary cilia ultrastructure, surprisingly
demonstrating that 9+0 arrangement of primary cilia is present at the cilium base, but differs along the
axoneme (Sun et al. 2019; Kiesel et al. 2020). Most recently, it was also shown that cilia of islet cells,
classically defined as primary cilia, may be in fact be motile and express motile cilia factors (Cho et al.
2021). Finally, cells of lung epithelia, that possess motile 9+2 cilia, in development and upon injury
transiently possess a primary cilium (Jain et al. 2010). These studies emphasize that the diversity of cilia
types is more complex than an original and simplistic classification of primary and motile and likely
includes cilia with hybrid properties. Moreover, the evidence show that individual cell types can regulate

their cilia composition and function during differentiation and disease states.

To shed light onto the question raised by the reviewer, we already went on an extensive endeavor
in attempts to investigate ultrastructure of contorted cilia in our model. This included establishing a
faithful cell culture system for electron tomography, as well as development of a new approach to use
correlative light and electron serial block-face electron microscopy in vivo (described below in more
detail). Unfortunately, the resolution was not sufficient to determine ciliary microtubule composition (see
below). Within the context of this study, we cannot examine also functional motility of astrocyte cilia due
to significant technical challenges. Such approaches exist for lumen-facing cilia but not for tissues where
cilia are embedded into tight extracellular space. We acknowledge that the newest focused ion beam
scanning electron microscopy (FIB-SEM) applied for large volumes may be a suitable approach to
resolve ciliary ultrastructure in finer details, however, the equipment was not available to us. Finally, we
have now planned experiments to explore induction of motile cilia components in TWKO" (described

above).

In summary, whether the response we observe represents a physiological transition from primary
(immotile) to motile cilia or a pathological reaction with consequent changes to cilia morphology is an
open question. This is a broad and highly relevant topic that we plan on focusing our future research.

2) In addition, in the discussion they hypothesize three different mechanisms, however this gap is
important to provide context for the significance of the results. If indeed there is a switch towards more

motile-related functions, this needs to be examined. If it is not possible to measure cilia function in this
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system, the authors should expand their discussion to clearly address the possibly scenarios, and provide
functional context, considering the functional effects seen in similar cell culture experiments (Bae et al.),
or in other systems where bent/contorted cilia were observed.

Au: We have now incorporated additional discussion about different possible scenarios of ciliary changes
in astrocytes and have put it in context relative to other published ciliary abnormalities (page 10

paragraph 2, page 11 paragraphs 1 and 2).

3) Tissue specificity and stress specificity in triggering cilia

Figure S2G is an important figure addressing the generalizability of these results. Importantly, Bae et al.
showed that other mitochondrial stresses can also trigger the cilliogenic response. To improve the
impact of the current work, the authors should deepen and expand this section, using any other gene
expression datasets that are relevant and available (other stresses, knockout of Twinkle in other tissues,
different organisms, etc).

Au: We are not completely certain we understand what the reviewer is addressing here. There are no
transcriptomics data in Bae et al. In our original submission (Fig S2G), we have already carried out
comparative analyses of transcriptomics changes between our dataset and other published datasets
acquired either from other astrocyte models or Twinkle knockouts from other cell types.

In addition to heat maps, we now also added stacked bar graphs to Figure S2G visualising fractions of
upregulated, downregulated, and unchanged genes from the motile cilia list. We also added these
numbers to Supplementary table 3.

4) 1. The last section of the results, discussing metabolic and lipid changes in response to the
mitochondrial stress, seems out of place. At the current version, there is no conceptual connection
between the cilia data (Figure 1-4) and the metabolic section (supplementary figure 4), for which, data is
largely published in a previous work, and re-analyzed. To possibly improve this, the authors may
consider either (1) moving Figure S4 to Figure 1 or S1, and re-write the first section of the results. This
may be presented as surveying the effects of the mitochondrial dysfunction using both their previously
published metabolomic data, along with their new astrocyte-specific RNA-seq. (2) Figure S4 and the
accompanying text may be eliminated from the manuscript.

Au: We thank the reviewer for this suggestion in restructuring this part of the results, and we have now

moved the results related to lipid metabolism to Figure 1.

5) Some of the methods sections should be expanded, and methods should be explained in more length
rather than citing previous works (e.g. astrocyte sorting, FISH ) including experimental details
(concentrations, dilutions, incubations, etc) to allow reproducibility.
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Au: We have now added these details to methods section.

6) Number of biological repeats needs to be mentioned for each method/experiment.
Au: We now added this information to figure legend for instances where it was missing.
7) Why wasn't GFAP was used as one of the markers for 1A?

Au: To evaluate astrocyte enrichment with our purification methods, we used three genes (Atpb1b2,
Aldh1l1, Slc1a3, expression of which is specific to astrocytes in the mouse brain cortex as established
with gene expression studies and mouse genetic reporters (Batiuk et al. 2017; Liddelow et al. 2017;
Cahoy et al. 2008; Gong et al. 2003). These markers were also used in other published studies for a
similar purpose to assess the purity of purified astrocytes and we consider those sufficient (Liddelow et
al. 2017; Batiuk et al. 2017). GFAP expression is increased in TWKO*" brain compared to control
astrocytes ((Ignatenko et al. 2018, 2020), and in Figure 3A of this study). Thus, we consider that the
expression of this marker in purified astrocytes may reflect not only the purity of cell population, but also
changes in its expression due to our genetic manipulation.

8) There is some enrichment (~2 fold) in endothelial markers, the authors should explain in the text this

caveat.

Au: Cspg4 is indeed enriched in purified astrocyte population, as previously reported (Batiuk et al. 2017).
We now included a sentence highlighting this datapoint (page 4, paragraph 3).

6. The authors state "These results provided a proof of principle that the purified fraction represented
the astrocyte population with Twnk-KO". Please revise the sentence, as these results
"suggest/show/demonstrate" that the purified fraction represents the astrocyte population. This is
especially true due to the inter-cellular effects that are known to occur upon mitochondrial stress, which
may affect the levels of these genes in other tissues, despite not having the Twnk-KO within the same
cells.

Au: We now revised the sentence as suggested by the reviewer (page 5, paragraph 2).
9) Figure 3E reference in the text has a mistake - “Contorted cilia in TwKOastro included S-shaped and
corkscrew-like morphologies, and occasionally the long cilia appeared to form several loops (Fig. 3F,

bottom panel)". (there is no bottom panel).

Au: We thank the reviewer for pointing out the mistake. The statement should refer to Fig. 3E and is now
corrected.
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10) The text relating to Figure S2F "Finally, among factors contributing to primary cilia signaling, the
expression of the sonic hedgehog pathway effector Gli1 was induced in astrocytes sorted from
TwKOastro mice (Fig. S2F)" seems misplaced in terms of the logic of the paper. Consider moving to an
earlier section, or explaining why this is relevant in its current mention location.

Au: We agree with the reviewer that this sentence appears misplaced and now removed it from the text.

11) Authors are missing a reference for another study that examined astrocytes and mitochondrial stress,
10.1016/j.cmet.2020.05.001, which they should cover and cite.

Au: We now added the reference to the introduction section.
Points raised by Reviewer #3:

1) In Figure 3F, the authors should change the pie chart into an easier to read data visualization, like a

stacked bar graph. As is, it is difficult to clearly see the differences between groups on a pie chart.
Au: We have now changed pie charts to stacked bar graphs, as suggested by the reviewer.

2) The authors should include an experiment looking at Foxj1 expression levels via RT-gPCR in wild-type
astrocytes, not only GFAP-Cre mice.

Au: Figure 2G shows expression levels of Foxj1 measured using RT-qPCR in both control and TwKO?™

purified astrocytes compared to unsorted cell suspension derived from the brain.

4. Description of analyses that authors prefer not to carry out

Points raised by Reviewer #2:

1) Finally, the authors rely only on staining ARL13B to identify cilia in astrocytes, however they use
additional methods (Figure 4, scanning electron microscopy) for ependymal cells when examining cilia in
other cells. Why was SEM not used to verify their results for astrocytes, the main cell type discussed in
the manuscript? If this is experimentally possibly, this should be done, as it does not rely on protein
markers and antibody, which also show some staining of other cellular components in the manuscript
(Figure 3).

Au: Scanning electron microscopy (SEM) is suitable for imaging a specimen surface. This method is
useful to image for example ventricular surface, where cilia protrude to the lumen (Figure 4B). The
method is not suitable for imaging tissue sections, such as cortex.
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Investigating ciliary ultrastructure in a tissue context is not trivial. In fact, we are aware of only one such
study in the mouse brain (Matsumoto et al. 2019). These organelles are small (around 200 nm in
diameter) and are only one per cell, meaning that statistically most single transmission electron
microscopy micrograph do not capture cilia, and capturing a cross-section is even a rarer event.
Moreover, on a single plain electron microscopy photographs it is rather impossible to identify such

structures with certainty as cilia.

In hope to find our way around the challenge of electron microscopy imaging of cilia in the brain, we
established a cell culture system, where we cultured astrocytes in a chemically defined medium that
preserves physiological properties of astrocytes (Foo et al. 2011). Imaging of cilia of cultured astrocytes
using electron tomography showed that cilia appeared mostly horizontal and internalized inside the cell
(Figure B, for the reviewer). Considering that known ciliary functions are attributed to signal transduction
via membrane receptors on the extracellular part of the axoneme, we were not convinced that the
cultured cell system faithfully represents cilia architecture of astrocytes. Additionally, horizontal
pos:tlonmg of cilia challenges obtaining a cross- sectlon to establlsh the microtubular arrangement.

Vi o m mEAP
Figure B. Ciliation in primary mouse astrocytes purified using ACSA 2 magnetic beads and cultured in
chemically defined media. Left: immunofluorescence. Red = ARL13B; green = GFAP, blue = DAPI.

Right: Electron tomography micrograph. Cilia are marked with arrows.

With this, we concluded that to investigate whether contorted cilia of TWKO*"™ mice acquire structural
features of motile cilia would require correlative light and serial electron microscopy. Due to significant
methodological challenges, correlative light and serial electron microscopy on tissues are scarce and
existing studies are done using large, abundant landmarks (such as blood vessels) rather than a small,
single per cell organelle such as cilia (Kremer et al. 2020; Luckner et al. 2018). Despite this, in
collaboration with the Electron Microscopy Unit of the University of Helsinki, we took on the challenge

and developed a novel challenging workflow for correlative light serial electron microscopy (Figure C).

Specifically, we labelled cilia using in-house designed viral vector (AAV8:GFAP-ARL13B-eGFP), which we
delivered intracranially during postnatal Day 0-1. We then euthanised TwKO®"® at the age of contorted
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cilia phenotype manifestation (4-5 months), collected vibratome sections, introduced physical marks by

applying a focused moving laser beam (branding), imaged regions of interest with confocal microscopy,
completed fixation, staining, and embedding for serial electron microscopy, and finally performed serial
block-face electron microscopy. We succeeded in imaging the region of interest, however the resulting

resolution was not sufficient to resolve ciliary ultrastructure (Figure C). As already mentioned above, we

acknowledge that applying newest FIB-SEM machines instead of block-face microscopy may improve

the resolution, however this was not available to us.

After these significant but unfortunately inconclusive efforts in trying to image cilia from the brain
parenchyma, we have decided not to continue with this line of experimentation for this manuscript. With
further tool development and assay optimization from our end this is an area we would like to expand
upon in the future.

Workflow for correlative light scanning block-face electron microscopy

ﬁ (CL-SB EM)
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Figure C. Left: the workflow for correlative light scanning block-face scanning electron microscopy.
Right: examples of branding marks (top panel) and micrographs from serial block-face scanning electron
microscopy (lower panel, TwKO*" brain cortex). Arrow points to a cilium. Boxed area marks cilia on
several serial sections. Stars mark structurally abnormal mitochondria in an astrocyte of TwKO?2te.

Arrowheads point to healthy mitochondria of neighboring cells.

Points raised by Reviewer #3:

1) One thing that would be important if possible is metabolomics. For example, is aspartate/asparagine
levels altered that could trigger ISR. Also, whether L-2HG, fumarate or succinate levels ratio to aKG
differ, as this ratio can modulate aKG dioxygenases like TETs. Metabolomics with the RNA seq would be

helpful. But | realize it could be challenging from in vivo astrocytes.

Au: We agree with the reviewer that if it would be possible to reliably measure metabolite levels from
purified Twnk KO astrocytes, it would be very insightful. The gold standard in the field is to extract
metabolites from intact tissues or cells using rapid techniques and controlled conditions. In contrast, the
process of astrocyte purification takes about four hours, while half lives of many metabolites are much
shorter. For example, in isolated mitochondria metabolites are converted in less than a minute (Labajova
et al. 2006). Additionally, many metabolites are naturally labile, where the rate of degradation is
dependent on many factors, including temperature. Astrocyte purification includes enzymatic digestion
at +37 C, mechanical trituration, multiple centrifugations, and exposure to various reagents. Thus, the
usefulness of metabolomics is highest from bulk tissues but not purified cells, as for the latter, quick
stabilization of the metabolome to infer true levels of metabolites, to our opinion, is not currently
possible. Furthermore, there are examples of metabolomics from astrocytes and neurons purified from
mouse models with cell-specific knockouts of mitochondrial proteins, which fail to capture expected
differences, possibly highlighting methodological limitations (Gobel et al. 2020; Motori et al. 2020).
Spatial metabolomics, which could solve the issue, is still of limited accessibility.

Relevant to this point, we have previously published metabolomics analyses from cortical lysates of
TwKO™'™ mice (Ignatenko et al. 2020). Indeed, levels of some of the tricarboxylic acid cycle
intermediates are changed in TwKO*™, which could be one of the triggers of ISR. How these metabolite
changes relate to ciliary changes and function in astrocytes will be an important area to focus in the
future for our group. However, these are long term investigations beyond the scope of this studly.
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Dear Prof. Suomalainen-Wartiovaara,

Thank you for submitting your manuscript "Mitochondrial dysfunction compromises ciliary homeostasis in astrocytes” from
Review Commons. Having assessed your manuscript, the Review Commons reports, and your revision plan we felt the work
was potentially suitable as a Report in JCB. We have now also received a report from an additional reviewer with expertise in
cilia, which is appended to this letter.

You will see that reviewer #4 also feels that your work is well done and provides interesting and significant new insights. This
reviewer's only concern is that the conclusion that ependymal cilia are not affected by the astrocyte specific Twinkle KO is not
well supported by data and so asks for additional assays with various ciliary markers in both astrocytes and ependymal cells. We
therefore invite you to submit a revision as outlined in your response and also ask that you please address reviewer #4's
comments in full.

While you are revising your manuscript, please also attend to the following editorial points to help expedite the publication of
your manuscript. Please direct any editorial questions to the journal office.

GENERAL GUIDELINES:

Text limits: Character count for a Report is < 20,000, not including spaces. Please let us know if you will need more space.
Count includes title page, abstract, introduction, the joint Results & Discussion, and acknowledgments. Count does not include
materials and methods, figure legends, references, tables, or supplemental legends.

Figures: Reports may have up to 5 main text figures. To avoid delays in production, figures must be prepared according to the
policies outlined in our Instructions to Authors, under Data Presentation, https://jcb.rupress.org/site/misc/ifora.xhtml. All figures in
accepted manuscripts will be screened prior to publication.

***IMPORTANT: It is JCB policy that if requested, original data images must be made available. Failure to provide original
images upon request will result in unavoidable delays in publication. Please ensure that you have access to all original
microscopy and blot data images before submitting your revision.***

Supplemental information: There are strict limits on the allowable amount of supplemental data. Reports may have up to 3
supplemental figures. Up to 10 supplemental videos or flash animations are allowed. A summary of all supplemental material
should appear at the end of the Materials and methods section.

Please note that JCB now requires authors to submit Source Data used to generate figures containing gels and Western blots
with all revised manuscripts. This Source Data consists of fully uncropped and unprocessed images for each gel/blot displayed
in the main and supplemental figures. If your paper will include cropped gel and/or blot images, please be sure to provide one
Source Data file for each figure that contains gels and/or blots along with your revised manuscript files. File names for Source
Data figures should be alphanumeric without any spaces or special characters (i.e., SourceDataF#, where F# refers to the
associated main figure number or SourceDataFS# for those associated with Supplementary figures). The lanes of the gels/blots
should be labeled as they are in the associated figure, the place where cropping was applied should be marked (with a box),
and molecular weight/size standards should be labeled wherever possible.

Source Data files will be made available to reviewers during evaluation of revised manuscripts and, if your paper is eventually
published in JCB, the files will be directly linked to specific figures in the published article.

Source Data Figures should be provided as individual PDF files (one file per figure). Authors should endeavor to retain a
minimum resolution of 300 dpi or pixels per inch. Please review our instructions for export from Photoshop, lllustrator, and
PowerPoint here: https://rupress.org/jcb/pages/submission-guidelines#revised

The typical timeframe for revisions is three to four months. While most universities and institutes have reopened labs and



allowed researchers to begin working at nearly pre-pandemic levels, we at JCB realize that the lingering effects of the COVID-
19 pandemic may still be impacting some aspects of your work, including the acquisition of equipment and reagents. Therefore,
if you anticipate any difficulties in meeting this aforementioned revision time limit, please contact us and we can work with you to
find an appropriate time frame for resubmission. Please note that papers are generally considered through only one revision
cycle, so any revised manuscript will likely be either accepted or rejected.

When submitting the revision, please include a cover letter addressing the reviewers' comments point by point. Please also
highlight all changes in the text of the manuscript.

We hope that the comments below will prove constructive as your work progresses. We would be happy to discuss them further
once you've had a chance to consider the points raised in this letter.

Thank you for this interesting contribution to Journal of Cell Biology. You can contact us at the journal office with any questions,
cellbio@rockefeller.edu or call (212) 327-8588.

Sincerely,

Richard Youle, PhD
Monitoring Editor
Journal of Cell Biology

Dan Simon, PhD
Scientific Editor
Journal of Cell Biology

Reviewer #4 (Comments to the Authors (Required)):

The manuscript by Ignatenko et al shows that conditional knockout of the mitochondrial DNA helicase twinkle induces an
multiciliogenesis program in astrocytes, which have a single primary cilium. This motile ciliogenesis program was activated by
blocking EGFR signaling in cultured astrocytes, but not in heart-specific TwWKO, reactive astrocytes, or aged astrocytes,
demonstrating cell-type specificity. In TwKOastro mice, astrocyte cilia are longer and misshapen, while ependymal multiciliated
cells appeared superficial normal. This manuscript is extremely well written and a delight to read, the data - for the most part -
are convincing, and this new and surprising connection between mitochondria and cilia will appeal to the broad readership of the
JCB.

| agree with the assessments from Review Commons, and the Authors' proposed revision plan. It is critical to look at additional
ciliary markers in both astrocytes and ependymal cells. For the latter, | do not think authors can conclude "Ependymal cilia do
not show apparent abnormalities upon mitochondrial dysfunction" based on the immunofluorescent and SEM images shown in
Figure 4B. To my eye, the cilia appear possibly misoriented in TwKOastro animals. At a minimum, authors should use o-
Acetylated tubulin for axonemes and o-y tubulin for basal bodies (this antibody in conjunction with a-beta-catenin would also be
useful for examining morphology and polarity of ependymal cilia basal bodies)

Cilia consume ATP yet have no mitochondria. There is a growing body of literature related to ciliary metabolic demands and
energy sources, particularly in the kidney and kidney diseases. Nephron development is one of the upregulated pathways in
TwKOastro (Fig 2a). If discussion space were unlimited, it would be interesting to hear authors' thoughts on this potential
connection to their work.

This review on cilia in the brain was published while this manuscript was being revised. Tereshko et al write "In contrast to
neurons, the role of cilia on mature astrocytes is poorly understood." This work by Ignatenko et al is important from fundamental
cell biology and human disease (neurodegeneration and ciliopathies) perspectives.

Primary cilia in the postnatal brain: Subcellular compartments for organizing neuromodulatory signaling. Tereshko L, Turrigiano
GG, Sengupta P. Curr Opin Neurobiol. 2022 Apr 8;74:102533. doi: 10.1016/j.conb.2022.102533. Online ahead of print.
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1. General Statements [optional]

Au: We thank for the highly favourable and enthusiastic comments of the three reviewers, and their
highly supportive assessment of our work. All of them appreciated the conceptual novelty of our study.

They suggested minor improvements, which we have addressed point-by-point below.

We have previously shown that mitochondrial spongiotic encephalopathy, a common and devastating
manifestation of patients with mitochondrial brain disease, can be caused by pathologically reactivated
astrocytes. Here, we report novel molecular mechanisms of astrocyte reactivation as a consequence of
mitochondrial dysfunction, specifically, mtDNA depletion. Our transcriptomics analyses from purified
cortical astrocytes led to the identification of an unexpected and novel pathway: a wide activation of
motile ciliogenesis program in astrocytes that are known to harbor single primary cilium. We further
carried out detailed functional and morphological experiments in vivo to reveal that an aberrant
upregulation of a motile ciliogenesis program was associated with primary cilia elongation and abnormal

morphology, indicating that mitochondrial brain diseases have a component of metabolic ciliopathy.

Update: we thank also the fourth reviewer recruited by JCB after the review at Review Commons

platform for the favorable assessment of our work and respond to their comments below.

Reviewer #1 (Evidence, reproducibility and clarity (Required)):

This well-written and convincing manuscript surprisingly links for the first time mitochondrial dysfunction
to cilia homeostasis in a specific cell type of the brain, the astrocyte. Previously the authors have
beautifully demonstrated that deletion of the Twinkle helicase in astrocytes leads to a more severe
phenotype than the deletion of the gene in neurons, resembling human spongiotic encephalopathy.
Furthermore, they showed that mitochondrial dysfunction elicited in astrocytes an integrated stress
response characterized by specific features. Now they go a step further, by purifying astrocytes deleted
of Twinkle and analyzing their global transcriptional profile. Surprisingly, they detect an upregulation of
genes linked to ciliary function, especially to the motile cilium. This response is caused by the activation
of the FOXJ1 and RFX transcription factors, which are known master regulators of motile ciliogenesis.
Strikingly, cilia of Twinkle-deficient astrocytes appeared abnormal, being elongated or with contorted
morphology. This phenotype was not observed in ependymal cells that are also targeted by the Cre line
used by the authors, indicating cell specificity. The authors propose that this response is an astrocyte-
specific anabolic response due to the ISR activation.

Overall, this is an original study that opens a new paradigm: the possible implication of abnormal
ciliogenesis as a cell-specific response to mitochondrial dysfunction. The limitation of this study, as the
authors openly discuss, is that it is unclear what is the pathological significance of this abnormal ciliary
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program. Unravelling the functional significance of this pathway will however require additional years of
study.

Au: We thank the reviewer for the positive evaluation of our work and thoughtful summary of findings.
Reviewer #1 (Significance (Required)):

An important aspect explaining the specificity of the disease phenotype in case of mitochondrial
dysfunction is the tissue-specificity of elicited stress response pathways. This manuscript provides an
entirely novel point of view, implicating abnormal ciliogenesis as a novel target of this response
specifically in astrocytes, which are important players in the pathogenesis of mitochondrial brain disease.
In the context of several papers now showing stress responses upon mitochondrial dysfunction, this
paper highlights a novel and totally unexpected pathway. | expect that the audience for this manuscript
will be far beyond scientists working in the field of mitochondrial dysfunction and neurodegeneration,
like this reviewer. | expect that these findings will also appeal to the currently rather separate field of cilia
function and brain disease.

Au: We thank the reviewer for enthusiastic reading of our work and seeing potential in its impact.
Reviewer #2 (Evidence, reproducibility and clarity (Required)):

In this manuscript by Ignatenko et al., the authors follow up on two previous works from the same
authors, using mice with a defect in mitochondrial function specifically in astrocytes. While works in
recent years interrogated the effects of knocking out mitochondrial genes mainly in peripheral tissues
(e.g. metabolic organs), the current work focuses on astrocytes. These non-neuronal cells of the nervous
system have been less studied in the context of mitochondrial defects. In the current work, the authors
focus on exploring the transcriptional response in astrocytes to the mitochondrial insult, which revealed
induction of cilia-related processes, similar to the findings of Bae at al 2019 (10.1038/s41419-019-2184-
y) in cultured cells. This work provides conceptual insight and advancement at the level of cell biology in
an in-vivo model, illustrating a morphological and transcriptional change in astrocytes upon
mitochondrial stress. The work described by Ignatenko et al. will be interesting to the field of
mitochondrial biology, and researchers in cell biology, as it shows that the cilliogenic changes occur also
in an in-vivo model.

The authors' work is comprehensive, rigorous, and elegant. Experiments are well-controlled and the
statements in the manuscript are generally convincing considering the data presented in the figures. The
manuscript is beautifully written and easy to follow.

Au: We thank the reviewer for such favorable assessment our work.
Reviewer #2 (Significance (Required)):

See comments above.

Reviewer #3 (Evidence, reproducibility and clarity (Required)):

In this paper, Ignatenko, et al. describe a set of experiments demonstrating the link between
mitochondrial dysfunction in astrocytes and motile ciliogenesis. Using astrocytes isolated from
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TwKOastro mice, which possess a knockout of the mitochondrial DNA helicase Twinkle in astrocytes
leading to reactive gliosis, the researchers provide results from several experiments to support their
central claim that respiratory chain deficiency in astrocytes activates FOXJ1 and RFX transcription factors
which results in changes to motile ciliogenesis. Using RNASeq, the researchers demonstrated mtDNA
mutations impact motile cilia in astrocytes taken from TwKOastro mice. Previously reported ChIPSeq
data from ependymal cells was then used to determine which transcription factor sequences were
enriched in TwKOastro mice. Foxj1 expression was observed in astrocytes, leading researchers to
hypothesize that mitochondrial damage in astrocytes caused by the deletion of Twinkle leads to an
increase in Foxj1 expression, producing an increase in motile ciliogenic program in astrocytes. Scanning
electron microscopy demonstrated that the primary cilium of TwKOastro mice is deformed compared to
control. Additionally, the researchers demonstrated that this response to mitochondrial dysfunction is
cell-type specific to astrocytes by comparing the results from the above experiments to other models of
mitochondrial dysfunction in other cell types. These findings contribute more information to the field of
astrocyte involvement in the pathogenesis of neurodegenerative disorders. Additionally, these
experiments demonstrate previously unknown roles of RFX and FOXJ1 in adult astrocytes and in
integrated stress response in the mitochondria. Paper is well done and properly interpreted! It is also
one of the first to mechanistically link mitochondrial function to astrocytes.

Au: We thank the reviewer for the endorsement of our work.
Reviewer #3 (Significance (Required)):
There is very little known about how mitochondrial function controls astrocytes. paper is one of the first!

Au: We share the excitement expressed by the reviewer! Thank you!

2. Description of the planned revisions

Points raised by Reviewer #2:

1) While the researchers did a terrific job, there are two points that could be improved. First - the main
point, that mitochondrial dysfunction triggers changes in cilium-related processes, is mostly supported
by gene expression changes, and the validation experiment relies solely on the pan-cilia marker ARL13B.
The authors show that a transcriptional program of motile cilia components is induced, however this was

not experimentally verified beyond RNA levels (see below).

Finally, the only change observed in cilia upon the mitochondrial defect is morphological, with no clear

functional outcomes.

Au: Previous published evidence for astrocyte cilia analyses are based entirely on ARL13B as a marker
(Sterpka and Chen 2018; Kasahara et al. 2014; Sipos, Komoly, and Acs 2018; Khan et al. 2021). Another

commonly used marker to visualize axonemal morphology is AC3, which in the brain displays higher
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signal intensity in neurons compared to astrocytes, and thus is not used for visualization of cilia in

astrocytes (Sipos, Komoly, and Acs 2018; Sterpka and Chen 2018); our unpublished observations).

We agree with the reviewer that our analysis of motile ciliogenesis program is based on RNA level
changes. To investigate protein level changes in TwWKO*"™ brain, we previously attempted
immunostainings for selected proteins. We have now ordered a panel of antibodies against motile cilia
components to test these further. Single cilia are very small structures that are difficult to image from
specific cell types in the 3D space of the brain, but we certainly hope that this experiment will shed

information about protein level changes in the astrocyte cilia of our mouse model.

Finally, the functional consequences of ciliary pathology in astrocytes and changes to ciliary signaling
pathways form a whole new area of research that we are very much interested in pursuing. However, this
is a completely new line of experimentation involving generating new mouse lines, pharmacological
interventions, and not in the scope of this article.

Update (new experiments and data in bold): To respond to the reviewer's comment, to test for

upregulation of the motile cilia program at the protein level, we now performed i) proteomics analysis of

purified cortical astrocytes of adult mice (new Fig. 3D and Suppl. tables 3 and é) and ii) a series of

immunofluorescence stainings of selected motile cilia markers (new Figures 4G-H and S2F-G).

i) We pooled four cerebral cortices from TwKO*" and Ctrl mice per preparation and carried

out proteomics analysis using data independent acquisition LC-MS/MS with QExactive HF
mass spectrometer. In total, we detected 21 ciliary proteins (11 motile cilia-specific and 10
primary cilia or pan-ciliary proteins) in our proteomics dataset (new Fig. 3D and Suppl. tables
3 and ). Our analysis demonstrated the induction of six motile cilia specific components at
the protein level (six out of 11 detected motile ciliary proteins). Additionally, the analysis also
showed induction of an five pan-ciliary intraflagellar transport components, which are
essential for ciliary formation and maintenance and implicated into control of ciliary length as
described by (Broekhuis, Leong, and Jansen 2013; Avasthi and Marshall 2012; Ishikawa and
Marshall 2017). The low coverage of the ciliome relatively to our RNAseq dataset is likely
related to the generally low abundance of ciliary proteins, as primary cilia are small singular

structures per cell.

ii) We tested a panel of antibodies against the motile cilia factors upregulated in our RNAseq
dataset from purified mouse astrocytes (anti-GAS8, RSPH4a, DRC3, SPAG6, DNAHS5). As a
positive control, we imaged ependymal cells that possess motile cilia and stained with the
antibody against the well-described cilia component ARL13B. Antibodies against GAS8 and
RSPH4a showed a specific signal (new Fig. S2F). GAS8 showed a prominent increase in
cytoplasmic signal in cortical astrocytes of TwKO®'°, while RSPH4A showed no induction
(new Figs. 4G-H and S2G). Despite our extensive staining optimization efforts, other
antibodies did not show signal in the brain. Those antibodies were originally validated using

cell types where motile cilia factors are highly expressed, such as human sperm cells, but not
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for mouse brain parenchyma.

Taken together, we now provide evidence with our proteomics results that in addition to a robust
upregulation at the RNA level, a number of motile cilia components are also up-regulated at the protein
level in TwKO?*" cerebral cortex. Currently, were able to provide additional spatial resolution with
immunofluorescence only for GAS8, but will continue to investigate this topic in future projects. In
addition, our in situ RNAScope hybridization data show that at the RNA level, Foxj1 TF that regulates
motile ciliogenesis, is up-regulated in the brain parenchyma (Fig. 2H). We thank the reviewer for

endorsing the endeavor as the new data are an important addition to our study.

2) The authors follow gene-expression changes, but it is not clear whether the components they see
induced in fact get incorporated into the cilia (this could be examined, for example, for genes identified

in their dataset using antibodies).

Au: To address this, we will carry out a series of immunostainings on the brains of control and TwKO?=t
mice using commercially available antibodies against motile cilia factors, which are induced in our

dataset (please see more detailed explanation above).

Update: As indicated above, we now added proteomics data on astrocytes sorted from TwKOastro mice
(new Fig. 3D and Suppl. tables 3 and é) and anti-GAS8 and anti-RSPH4a stainings to the manuscript
(new Figs. 4G-H and S2F-G). GAS8 is prominently induced in the cytoplasm and does not show
incorporation into cilia, which can be related to impaired trafficking into cilia. ARL13B appears to
incorporate into cilia of cortical TWKO*"™ normally (both endogenous protein and from a viral AAV
vector, data not shown) and structure of the axoneme is maintained, which indicate at least partial
preservation of trafficking into the cilium. Thus, it is possible that the aberrantly induced motile cilia
components fail to integrate into the existing primary cilium of astrocytes. In turn, their accumulation in
the cytoplasm may lead to secondary consequences for cell fitness and homeostasis. As indicated in our
response above, our extensive testing indicates that most commercially available antibodies do not
detect by immunofluorescence other motile cilia components in vivo in the brain parenchyma, which is
consistent with the lack of such data in previous publications.

1. Description of the revisions that have already been incorporated in the transferred manuscript
Points raised by Reviewer #1:

1) The quantification of the beautiful ciliary phenotype is a crucial result of this study. More explanation
should be provided in the material and methods about the method used to quantify the length of the

cilium. It seems difficult to quantify cilia with contorted morphology. The authors should also specify if
the analyses were conducted blind to the genotype.
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Au: We added details of the cilia length analysis to methods section. As a proxy of ciliary length, we
used the longest principal axis of a minimal rectangular box, which encloses a cilium on confocal
microscopy images. We agree with the reviewer that it is difficult to estimate the exact length of cilia
with contorted morphology. For example, if a cilium is contorted and makes loops, the length of such
cilia would be underestimated. The majority of cilia in our datasets are however straight or bent (Figure
2F), and thus the method of choice is adequate for the purpose to investigate the distribution of lengths.

Cilia analysis was done blinded to the genotype, which we now indicated in the Methods section.
Update: Figure 2F is now Figure 4F

2) The lipidomic data are certainly interesting, but it is not clear why the authors decide to selectively
show these data (from the dataset described in the previous Ignanenko et al., 2020 paper). The link to
the previous part of the manuscript and the relevance for the abnormal cilia formation is not clear.

Also the statement that the abnormal lipid profiles depend on alteration in beta-oxidation is just a

speculation. This can be more clear in the discussion.

Au: We agree with the reviewer that changes to lipid metabolism and cilia maintenance at first sight do
not seem to be connected. However, we believe that presenting both up-regulated and down-regulated
genes in this manuscript provides a more holistic view to the readers. We chose to present the
lipidomics data from our previous study so that the readers are presented side-by-side the astrocyte-
specific gene expression changes and biochemical changes relating to lipid metabolism from TwKO=°
mice (unpublished data). The analysis of lipid metabolite levels is based on a dataset we previously
published.

In the updated version of our manuscript, we have provided a general introduction to our RNAseq
results, including the lipid metabolism findings, in Figure 1, and have focused exclusively on the cilia

findings for the remainder of the manuscript.
We also modified our statement about beta oxidation to highlight that it is our hypothesis.

3) Figure S2G: The authors could discuss why cultured astrocytes deprived of HBEGF or treated with
EGFRi show a similar response as observed here. Is it possible to find some parallelism, for example in
the metabolic response?

Au: We agree that this is an interesting observation and we have now added a sentence highlighting the
potential existence of overlapping molecular changes in mtDNA-depleted and EGF signaling-inhibited
astrocytes (page 8, paragraph 1). Currently, we do not know whether there are overlapping mechanisms
and what these might be in these two different means of perturbing astrocyte physiology. We would like
to mention that some other studies of e.g. mouse models of familial Parkinson’s disease and traumatic

brain injury, have reported changes to cilia morphology (Khan et al. 2021; Sterpka et al. 2020; Moser,
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Fritzler, and Rattner 2009) . The lack of transcriptomics data in these studies excluded them from our
comparative analysis in Fig S2G. It will certainly be fascinating to uncover how and why astrocytes
respond to specific insults (for example, by restructuring ciliary morphology or having impaired turnover

of ciliary factors), and how this impacts the main primary cilia functions, including the growth signaling.
Update: Figure S2G is now Figure 3E.

4) Figure 2G does not allow to compare controls and Twinkle KO. Can the authors compare the data in a

single graph?

Au: To visualise the expression level of Foxj1, we compared Foxj1 expression in purified astrocytes to
that in the cell suspension. This normalisation is genotype-specific, and thus we prefer to present the

data on individual graphs. For the reviewer, we have provided a side-by-side comparison below (Figure

Foxj1

log,(FC)

. suspension
. ACSA-2+

Figure A. Foxj1 expression in purified astrocytes (ACSA-2* fraction) compared to unsorted cell
suspension; RT-gPCR, normalised to Ywhaz transcript level. Symbols represent individual preparations (n

= 5 per genotype). Note that same data are presented in Figure 2G.

5) For promoter analysis, have the authors used all upregulated genes or only those linked to ciliary

programs? Is the RFX motif found also in other ISR-driven genes?

Au: We used the top 1000 up-regulated genes from the entire dataset, without choosing selectively cilia-
related genes (genes with g-value<0.1 and log2(FC)>0.3 were selected, and then sorted by log2(FC)).
We carried out the motif enrichment analysis using the CentriMo tool, which is part of the MEME Suite.
For clarity, we now highlighted this description with text formatting (page 23, paragraph 2). Additionally,
we have carried out the same motif enrichment analysis for the up-regulated ISR™ genes from our
dataset. This analysis did not provide any significant enrichment of a motif, most likely due to the low
numbers of input genes (only 18 genes in total). We would like to mention here that in the past us and
others have shown that ISR™ genes are regulated by e.g. ATF5 (tissues) and ATF3 and 4 (proliferating
cells) (Mick et al. 2020; Forsstrom et al. 2019).

Points raised by Reviewer #2:
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1) Data supporting claims on motile cilia

Previous works showed that astrocytes have one single primary cilia. In the current work, the authors
observe induction of motile cilia genes. However, they do not address directly, experimentally, whether
these results signify a switch between primary and motile mitochondria, or whether this is simply an
induction of a dysfunctional cilliogenic program, that thus creates the morphological defects they

observe (bent/contorted cilia).

Au: Cilia are classified as primary or motile based on motility property and/or axonemal structure (9+0
and 9+2 microtubular arrangement, respectively), although non-canonical arrangements with unknown
motility property were also reported (Odor and Blandau 1985; Gilroy, Singh, and Shahidi 1995).
Embryonic nodal cilia are considered to be an exception, as despite possessing a 9+0 axoneme, they
are motile. As the reviewer mentions, the majority of differentiated cell types, including astrocytes, are
thought to possess a single primary 9+0 cilium. Such cilia are believed to lack protein assemblies
required for motility, and thus considered immotile. In turn, motile 9+2 cilia are typically multiple per cell
and are present on a few specialized cell types which typically face lumenal spaces, such as ependymal

cells facing ventricular space in the brain.

This paradigm was established during early investigations into ciliary biology using cultured cell lines or
on preparations of lumen facing cells, which possess cilia accessible for imaging (for example, 9+2
motile cilia of ependymal cells and airway epithelium, and 9+0 renal primary cilia). In contrast,
investigations into primary cilia motility and microtubular arrangement are lacking for a vast majority of
tissue embedded cell types, including astrocytes. To image microtubular organization with transmission
electron microscopy requires a nearly perfect cross-section, which in tissue sections is both very rare and
hard to identify, and thus such studies are lacking. Moreover, even studies focused on cultured cells
typically capture only part of a cilium, often around ciliary base. Recent advances with serial electron
microscopy allowed detailed investigations of primary cilia ultrastructure, surprisingly demonstrating that
9+0 arrangement of primary cilia is present at the cilium base, but differs along the axoneme (Sun et al.
2019; Kiesel et al. 2020). Most recently, it was also shown that cilia of islet cells, classically defined as
primary cilia, may be in fact be motile and express motile cilia factors (Cho et al. 2021). Finally, cells of
lung epithelia, that possess motile 9+2 cilia, in development and upon injury transiently possess a
primary cilium (Jain et al. 2010). These studies emphasize that the diversity of cilia types is more complex
than an original and simplistic classification of primary and motile and likely includes cilia with hybrid
properties. Moreover, the evidence show that individual cell types can regulate their cilia composition

and function during differentiation and disease states.

To shed light onto the question raised by the reviewer, we already went on an extensive endeavor in
attempts to investigate ultrastructure of contorted cilia in our model. This included establishing a faithful
cell culture system for electron tomography, as well as development of a new approach to use
correlative light and electron serial block-face electron microscopy in vivo (described below in more
detail). Unfortunately, the resolution was not sufficient to determine ciliary microtubule composition (see

below). Within the context of this study, we cannot examine also functional motility of astrocyte cilia due
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to significant technical challenges. Such approaches exist for lumen-facing cilia but not for tissues where
cilia are embedded into tight extracellular space. We acknowledge that the newest focused ion beam
scanning electron microscopy (FIB-SEM) applied for large volumes may be a suitable approach to
resolve ciliary ultrastructure in finer details, however, the equipment was not available to us. Finally, we
have now planned experiments to explore induction of motile cilia components in TwKO* (described
above).

In summary, whether the response we observe represents a physiological transition from primary
(immotile) to motile cilia or a pathological reaction with consequent changes to cilia morphology is an

open question. This is a broad and highly relevant topic that we plan on focusing our future research.

Update: As indicated above, we now added anti-GAS8 and anti-RSPH4a immunofluorescence stainings
to the manuscript (new Figs. 4G-H and S2F-G). GAS8 is induced in the cytoplasm of cortical astrocytes in
TwKO*" mice.

2) In addition, in the discussion they hypothesize three different mechanisms, however this gap is
important to provide context for the significance of the results. If indeed there is a switch towards more
motile-related functions, this needs to be examined. If it is not possible to measure cilia function in this
system, the authors should expand their discussion to clearly address the possibly scenarios, and provide
functional context, considering the functional effects seen in similar cell culture experiments (Bae et al.),
or in other systems where bent/contorted cilia were observed.

Au: We have now incorporated additional discussion about different possible scenarios of ciliary changes

in astrocytes and have put it in context relative to other published ciliary abnormalities (page 9-10).

3) Tissue specificity and stress specificity in triggering cilia

Figure S2G is an important figure addressing the generalizability of these results. Importantly, Bae et al.
showed that other mitochondrial stresses can also trigger the cilliogenic response. To improve the
impact of the current work, the authors should deepen and expand this section, using any other gene
expression datasets that are relevant and available (other stresses, knockout of Twinkle in other tissues,
different organisms, etc).

Au: We are not completely certain we understand what the reviewer is addressing here. There are no
transcriptomics data in Bae et al. In our original submission (Fig S2G), we have already carried out
comparative analyses of transcriptomics changes between our dataset and other published datasets

acquired either from other astrocyte models or Twinkle knockouts from other cell types.

In addition to heat maps, we now also added stacked bar graphs to Figure S2G visualising fractions of
upregulated, downregulated, and unchanged genes from the motile cilia list. We also added these

numbers to Supplementary table 3.
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Update: Figure S2G is now Figure 3E.

4) 1. The last section of the results, discussing metabolic and lipid changes in response to the
mitochondrial stress, seems out of place. At the current version, there is no conceptual connection
between the cilia data (Figure 1-4) and the metabolic section (supplementary figure 4), for which, data is
largely published in a previous work, and re-analyzed. To possibly improve this, the authors may
consider either (1) moving Figure S4 to Figure 1 or S1, and re-write the first section of the results. This
may be presented as surveying the effects of the mitochondrial dysfunction using both their previously
published metabolomic data, along with their new astrocyte-specific RNA-seq. (2) Figure S4 and the

accompanying text may be eliminated from the manuscript.

Au: We thank the reviewer for this suggestion in restructuring this part of the results, and we have now

moved the results related to lipid metabolism to Figure 1.

5) Some of the methods sections should be expanded, and methods should be explained in more length
rather than citing previous works (e.g. astrocyte sorting, FISH ) including experimental details

(concentrations, dilutions, incubations, etc) to allow reproducibility.

Au: We have now added these details to methods section.

6) Number of biological repeats needs to be mentioned for each method/experiment.
Au: We now added this information to figure legend for instances where it was missing.
7) Why wasn't GFAP was used as one of the markers for 1A?

Au: To evaluate astrocyte enrichment with our purification methods, we used three genes (Atpb1b2,
Aldh1l1, Slc1a3, expression of which is specific to astrocytes in the mouse brain cortex as established
with gene expression studies and mouse genetic reporters (Batiuk et al. 2017; Liddelow et al. 2017;
Cahoy et al. 2008; Gong et al. 2003). These markers were also used in other published studies for a
similar purpose to assess the purity of purified astrocytes and we consider those sufficient (Liddelow et
al. 2017; Batiuk et al. 2017). GFAP expression is increased in TwKO*" brain compared to control
astrocytes (Ignatenko et al. 2018, 2020), and in Figure 3A of this study). Thus, we consider that the
expression of this marker in purified astrocytes may reflect not only the purity of cell population, but also

changes in its expression due to our genetic manipulation.
Update: Figure 3A is now Figure 4A.

8) There is some enrichment (~2 fold) in endothelial markers, the authors should explain in the text this

caveat.
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Au: Cspg4 is indeed enriched in purified astrocyte population, as previously reported (Batiuk et al. 2017).
We now included a sentence highlighting this datapoint (page 4, paragraph 1).

6. The authors state "These results provided a proof of principle that the purified fraction represented
the astrocyte population with Twnk-KO". Please revise the sentence, as these results
"suggest/show/demonstrate” that the purified fraction represents the astrocyte population. This is
especially true due to the inter-cellular effects that are known to occur upon mitochondrial stress, which
may affect the levels of these genes in other tissues, despite not having the Twnk-KO within the same
cells.

Au: We now revised the sentence as suggested by the reviewer (page 5, paragraph 2).

9) Figure 3E reference in the text has a mistake - “Contorted cilia in TwKOastro included S-shaped and
corkscrew-like morphologies, and occasionally the long cilia appeared to form several loops (Fig. 3F,

bottom panel)". (there is no bottom panel).

Au: We thank the reviewer for pointing out the mistake. The statement should refer to Fig. 3E and is now

corrected.

Update: Figure 3 is Figure 4 now.

10) The text relating to Figure S2F "Finally, among factors contributing to primary cilia signaling, the
expression of the sonic hedgehog pathway effector Gli1 was induced in astrocytes sorted from
TwKOastro mice (Fig. S2F)" seems misplaced in terms of the logic of the paper. Consider moving to an
earlier section, or explaining why this is relevant in its current mention location.

Au: We agree with the reviewer that this sentence appears misplaced and now removed it from the text.

11) Authors are missing a reference for another study that examined astrocytes and mitochondrial stress,
10.1016/j.cmet.2020.05.001, which they should cover and cite.

Au: We now added the reference to the introduction section.
Points raised by Reviewer #3:

1) In Figure 3F, the authors should change the pie chart into an easier to read data visualization, like a

stacked bar graph. As is, it is difficult to clearly see the differences between groups on a pie chart.
Au: We have now changed pie charts to stacked bar graphs, as suggested by the reviewer.

Update: Figure 3F is Figure 4F now.
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2) The authors should include an experiment looking at Foxj1 expression levels via RT-qPCR in wild-type

astrocytes, not only GFAP-Cre mice.

Au: Figure 2G shows expression levels of Foxj1 measured using RT-gPCR in both control and TwKO'°

purified astrocytes compared to unsorted cell suspension derived from the brain.

3. Description of analyses that authors prefer not to carry out

Points raised by Reviewer #2:

1) Finally, the authors rely only on staining ARL13B to identify cilia in astrocytes, however they use
additional methods (Figure 4, scanning electron microscopy) for ependymal cells when examining cilia in
other cells. Why was SEM not used to verify their results for astrocytes, the main cell type discussed in
the manuscript? If this is experimentally possibly, this should be done, as it does not rely on protein
markers and antibody, which also show some staining of other cellular components in the manuscript
(Figure 3).

Au: Scanning electron microscopy (SEM) is suitable for imaging a specimen surface. This method is
useful to image for example ventricular surface, where cilia protrude to the lumen (Figure 4B). The

method is not suitable for imaging tissue sections, such as cortex.

Investigating ciliary ultrastructure in a tissue context is not trivial. In fact, we are aware of only one such
study in the mouse brain (Matsumoto et al. 2019). These organelles are small (around 200 nm in
diameter) and are only one per cell, meaning that statistically most single transmission electron
microscopy micrograph do not capture cilia, and capturing a cross-section is even a rarer event.
Moreover, on a single plain electron microscopy photographs it is rather impossible to identify such

structures with certainty as cilia.

In hope to find our way around the challenge of electron microscopy imaging of cilia in the brain, we
established a cell culture system, where we cultured astrocytes in a chemically defined medium that
preserves physiological properties of astrocytes (Foo et al. 2011). Imaging of cilia of cultured astrocytes
using electron tomography showed that cilia appeared mostly horizontal and internalized inside the cell
(Figure B, for the reviewer). Considering that known ciliary functions are attributed to signal transduction
via membrane receptors on the extracellular part of the axoneme, we were not convinced that the
cultured cell system faithfully represents cilia architecture of astrocytes. Additionally, horizontal

positioning of cilia challenges obtaining a cross-section to establish the microtubular arrangement.
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Figure B. Ciliation in primary mouse astrocytes purified using ACSA-2 magnetic beads and cultured in
chemically defined media. Left: immunofluorescence. Red = ARL13B; green = GFAP, blue = DAPI. Right:

Electron tomography micrograph. Cilia are marked with arrows.

With this, we concluded that to investigate whether contorted cilia of TwKO*" mice acquire structural
features of motile cilia would require correlative light and serial electron microscopy. Due to significant
methodological challenges, correlative light and serial electron microscopy on tissues are scarce and
existing studies are done using large, abundant landmarks (such as blood vessels) rather than a small,
single per cell organelle such as cilia (Kremer et al. 2020; Luckner et al. 2018). Despite this, in
collaboration with the Electron Microscopy Unit of the University of Helsinki, we took on the challenge

and developed a novel challenging workflow for correlative light serial electron microscopy (Figure C).

Specifically, we labelled cilia using in-house designed viral vector (AAV8:GFAP-ARL13B-eGFP), which we
delivered intracranially during postnatal Day 0-1. We then euthanised TwKO*" at the age of contorted
cilia phenotype manifestation (4-5 months), collected vibratome sections, introduced physical marks by
applying a focused moving laser beam (branding), imaged regions of interest with confocal microscopy,
completed fixation, staining, and embedding for serial electron microscopy, and finally performed serial
block-face electron microscopy. We succeeded in imaging the region of interest, however the resulting
resolution was not sufficient to resolve ciliary ultrastructure (Figure C). As already mentioned above, we
acknowledge that applying newest FIB-SEM machines instead of block-face microscopy may improve

the resolution, however this was not available to us.

After these significant but unfortunately inconclusive efforts in trying to image cilia from the brain
parenchyma, we have decided not to continue with this line of experimentation for this manuscript. With
further tool development and assay optimization from our end this is an area we would like to expand

upon in the future.
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Workflow for correlative light scanning block-face electron microscopy
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Figure C. Left: the workflow for correlative light scanning block-face scanning electron microscopy.
Right: examples of branding marks (top panel) and micrographs from serial block-face scanning electron
microscopy (lower panel, TWKO*"™ brain cortex). Arrow points to a cilium. Boxed area marks cilia on
several serial sections. Stars mark structurally abnormal mitochondria in an astrocyte of TwKO=,

Arrowheads point to healthy mitochondria of neighboring cells.

Points raised by Reviewer #3:

1) One thing that would be important if possible is metabolomics. For example, is aspartate/asparagine
levels altered that could trigger ISR. Also, whether L-2HG, fumarate or succinate levels ratio to aKG
differ, as this ratio can modulate aKG dioxygenases like TETs. Metabolomics with the RNA seq would be

helpful. But | realize it could be challenging from in vivo astrocytes.
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Au: We agree with the reviewer that if it would be possible to reliably measure metabolite levels from
purified Twnk KO astrocytes, it would be very insightful. The gold standard in the field is to extract
metabolites from intact tissues or cells using rapid techniques and controlled conditions. In contrast, the
process of astrocyte purification takes about four hours, while half lives of many metabolites are much
shorter. For example, in isolated mitochondria metabolites are converted in less than a minute (Labajova
et al. 2006). Additionally, many metabolites are naturally labile, where the rate of degradation is
dependent on many factors, including temperature. Astrocyte purification includes enzymatic digestion
at +37 C, mechanical trituration, multiple centrifugations, and exposure to various reagents. Thus, the
usefulness of metabolomics is highest from bulk tissues but not purified cells, as for the latter, quick
stabilization of the metabolome to infer true levels of metabolites, to our opinion, is not currently
possible. Furthermore, there are examples of metabolomics from astrocytes and neurons purified from
mouse models with cell-specific knockouts of mitochondrial proteins, which fail to capture expected
differences, possibly highlighting methodological limitations (Gébel et al. 2020; Motori et al. 2020).
Spatial metabolomics, which could solve the issue, is still of limited accessibility.

Relevant to this point, we have previously published metabolomics analyses from cortical lysates of
TwKO=' mice (Ignatenko et al. 2020). Indeed, levels of some of the tricarboxylic acid cycle
intermediates are changed in TwKO*", which could be one of the triggers of ISR. How these metabolite
changes relate to ciliary changes and function in astrocytes will be an important area to focus in the

future for our group. However, these are long term investigations beyond the scope of this studly.

Reviewer #4 (Comments to the Authors (Required)):

The manuscript by Ignatenko et al shows that conditional knockout of the mitochondrial DNA helicase
twinkle induces an multiciliogenesis program in astrocytes, which have a single primary cilium. This
motile ciliogenesis program was activated by blocking EGFR signaling in cultured astrocytes, but not in
heart-specific TwKO, reactive astrocytes, or aged astrocytes, demonstrating cell-type specificity. In
TwKOastro mice, astrocyte cilia are longer and misshapen, while ependymal multiciliated cells appeared
superficial normal. This manuscript is extremely well written and a delight to read, the data - for the most
part - are convincing, and this new and surprising connection between mitochondria and cilia will appeal
to the broad readership of the JCB.

Au: We thank the reviewer for the favorable assessment of our study.

| agree with the assessments from Review Commons, and the Authors' proposed revision plan. It is
critical to look at additional ciliary markers in both astrocytes and ependymal cells. For the latter, | do not
think authors can conclude "Ependymal cilia do not show apparent abnormalities upon mitochondrial
dysfunction" based on the immunofluorescent and SEM images shown in Figure 4B. To my eye, the cilia
appear possibly misoriented in TwKOastro animals. At a minimum, authors should use a-Acetylated
tubulin for axonemes and a-y tubulin for basal bodies (this antibody in conjunction with a-beta-catenin

would also be useful for examining morphology and polarity of ependymal cilia basal bodies)
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Au: We thank the reviewer for the suggestions. As explained in our responses above, we have added
considerable amount of new data for ciliary proteins, both by a sensitive proteomics approach using
purified adult mouse cortical astrocytes, and by immunofluorescence (new Figs. 3D, 4G-H, S2F-G, and
Suppl. tables 3 and é). These data confirm that motile cilia proteins are indeed increased in parenchymal

astrocytes, cell type that does not typically possess motile cilia.

We agree with the reviewer that our analysis of the ependymal cells is less detailed. To investigate
motile ependymal cilia in detail, en-face dissection preparations of the ventricle would be needed with
functional analysis of cilia motility and quantification of basal body orientation using TEM, ideally at
different developmental stages (Guirao et al. 2010; Mirzadeh et al. 2010). In our manuscript focused on
astrocytic primary cilia, we optimized the experimental conditions for the parenchymal astrocytes and
used sagittal and coronal thin sections of the brain. Subventricular zone with ependymal cells is present
on such sections, however these preparations are suboptimal for analysis of the orientation of lumen-
facing ependymal cilia and do not allow to properly investigate ependymal cell polarity and

directionality of cilia. Therefore, to study ependymal cells in detail is a separate studly.

For our Short Report formatted manuscript, we prefer to keep the analysis of ependymal cells concise,
and have now softened the conclusions about the morphology of ependymal cilia to a simple notion that
ependymal cells of TWKO*"™ are multiciliated and survive upon mitochondrial dysfunction (page 9,

paragraph 2). This stand-alone finding does not change any of the major conclusions of the manuscript.

Cilia consume ATP yet have no mitochondria. There is a growing body of literature related to ciliary
metabolic demands and energy sources, particularly in the kidney and kidney diseases. Nephron
development is one of the upregulated pathways in TwKOastro (Fig 2a). If discussion space were

unlimited, it would be interesting to hear authors' thoughts on this potential connection to their work.

Au: We thank the reviewer for pointing out this very interesting potential links between ciliary energy
metabolism and kidney disease, however, we would prefer to avoid including speculation in this
direction into discussion of our manuscript because of space constraints with the Short Report format
and the fact that our study is focused on the central nervous system. As for the energy metabolism of
cilia, direct contact with mitochondria is not required to use the ATP generated by oxidative

phosphorylation because the high energy carrier is transported out of the organelle into the cytosol.

This review on cilia in the brain was published while this manuscript was being revised. Tereshko et al
write "In contrast to neurons, the role of cilia on mature astrocytes is poorly understood." This work by
Ignatenko et al is important from fundamental cell biology and human disease (neurodegeneration and

ciliopathies) perspectives.

Primary cilia in the postnatal brain: Subcellular compartments for organizing neuromodulatory signaling.
Tereshko L, Turrigiano GG, Sengupta P. Curr Opin Neurobiol. 2022 Apr 8;74:102533. doi:
10.1016/j.conb.2022.102533. Online ahead of print.
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Au: We thank the reviewer for pointing out this study (which we now cite in our manuscript) and

emphasizing the impact of our study; we full heartedly agreel!
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Reviewer #2 (Comments to the Authors (Required)):

Thank you very much for addressing my concerns and clarifying points throughout the results and methods sections.

Reviewer #4 (Comments to the Authors (Required)):

Authors did a thorough, rigorous, and convincing job of addressing all of my concerns (and those of other reviewers). |
appreciate the new discussion paragraph on cilia diversity and variations from 9+2 and 9+0 structures, which is not well
appreciated in the field. | would encourage authors to add a brief paragraph on technical limitations of study, focusing on the
extensive/heroic efforts they took to examine cilia in brain using immunofluorescence and CLEM. Cilia cell biology field has
much to learn about cilia in the brain and the manuscript by Ignatenko et al is a major advancement/contribution. Exciting times
ahead.

Authors may want to consider/cite this work in a technical limitations/future directions discussion

A serotonergic axon-cilium synapse drives nuclear signaling to alter chromatin accessibility.

Sheu SH, Upadhyayula S, Dupuy V, Pang S, Deng F, Wan J, Walpita D, Pasolli HA, Houser J, Sanchez-Martinez S, Brauchi
SE, Banala S, Freeman M, Xu CS, Kirchhausen T, Hess HF, Lavis L, Li Y, Chaumont-Dubel S, Clapham DE. Cell. 2022 Sep
1;185(18):3390-3407.e18. doi: 10.1016/j.cell.2022.07.026. PMID: 36055200
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