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1st Editorial Decision 27th Apr 2022

Dear Prof. Weiss,

Thank you again for the submission of your manuscript entitled "A Zeb1/MtCK1 Metabolic Axis Controls Osteoclast Activation
and Skeletal Remodeling" and for your patience during the review process. We have now received the reports from the referees,
which | copy below.

As you can see from their comments, while referee 1 raises valid concerns that your data do not go far enough to excluding
contributions from regulatory factors distinct from MTCK1, overall the feedback was positive.

Therefore, based on the interest that is expressed in the reports, | would like to invite you to address the comments of all
referees in a revised version of the manuscript. This will probably require additional lab work, as outlined in the reports of
referees 3 and 1. | should add that it is The EMBO Journal policy to allow only a single major round of revision and that it is
therefore important to resolve the main concerns at this stage. | believe the concerns of the referees are reasonable and
addressable and recommend we organize a brief Zoom chat to discuss the comments and go through any potential problems
there may be in addressing any of their points. Please, follow the instructions below when preparing your manuscript for
resubmission.

| would also like to point out that as a matter of policy, competing manuscripts published during this period will not be taken into
consideration in our assessment of the novelty presented by your study ("scooping" protection). We have extended this
'scooping protection policy' beyond the usual 3 month revision timeline to cover the period required for a full revision to address
the essential experimental issues. Please contact me if you see a paper with related content published elsewhere to discuss the
appropriate course of action.

When preparing your letter of response to the referees' comments, please bear in mind that this will form part of the Review
Process File, and will therefore be available online to the community. For more details on our Transparent Editorial Process,
please visit our website: https://www.embopress.org/page/journal/14602075/authorguide#transparentprocess

Again, please contact me at any time during revision if you need any help or have further questions.

Thank you very much again for the opportunity to consider your work for publication. | look forward to your revision.

Best regards,

William Teale

William Teale, Ph.D.
Editor
The EMBO Journal

When submitting your revised manuscript, please carefully review the instructions below and include the following items:

1) a .docx formatted version of the manuscript text (including legends for main figures, EV figures and tables). Please make sure
that the changes are highlighted to be clearly visible.

2) individual production quality figure files as .eps, .tif, .jpg (one file per figure).

3) a .docx formatted letter INCLUDING the reviewers' reports and your detailed point-by-point response to their comments. As
part of the EMBO Press transparent editorial process, the point-by-point response is part of the Review Process File (RPF),
which will be published alongside your paper.

4) a complete author checklist, which you can download from our author guidelines (https://wol-prod-cdn.literatumonline.com/pb-
assets/embo-site/Author Checklist%20-%20EMBO%20J-1561436015657.xlsx). Please insert information in the checklist that is
also reflected in the manuscript. The completed author checklist will also be part of the RPF.

5) Please note that all corresponding authors are required to supply an ORCID ID for their name upon submission of a revised
manuscript.

6) We require a 'Data Availability' section after the Materials and Methods. Before submitting your revision, primary datasets
produced in this study need to be deposited in an appropriate public database, and the accession nhumbers and database listed



under 'Data Availability'. Please remember to provide a reviewer password if the datasets are not yet public (see
https://www.embopress.org/page/journal/14602075/authorguide#datadeposition). If no data deposition in external databases is
needed for this paper, please then state in this section: This study includes no data deposited in external repositories. Note that
the Data Availability Section is restricted to new primary data that are part of this study.

Note - All links should resolve to a page where the data can be accessed.

7) When assembling figures, please refer to our figure preparation guideline in order to ensure proper formatting and readability
in print as well as on screen:
http://bit.ly/EMBOPressFigurePreparationGuideline

Please remember: Digital image enhancement is acceptable practice, as long as it accurately represents the original data and
conforms to community standards. If a figure has been subjected to significant electronic manipulation, this must be noted in the
figure legend or in the 'Materials and Methods' section. The editors reserve the right to request original versions of figures and
the original images that were used to assemble the figure.

8) For data quantification: please specify the name of the statistical test used to generate error bars and P values, the number
(n) of independent experiments (specify technical or biological replicates) underlying each data point and the test used to
calculate p-values in each figure legend. The figure legends should contain a basic description of n, P and the test applied.
Graphs must include a description of the bars and the error bars (s.d., s.e.m.).

9) We would also encourage you to include the source data for figure panels that show essential data. Numerical data can be
provided as individual .xls or .csv files (including a tab describing the data). For 'blots' or microscopy, uncropped images should
be submitted (using a zip archive or a single pdf per main figure if multiple images need to be supplied for one panel). Additional
information on source data and instruction on how to label the files are available at .

10) We replaced Supplementary Information with Expanded View (EV) Figures and Tables that are collapsible/expandable
online (see examples in https://www.embopress.org/doi/10.15252/embj.201695874). A maximum of 5 EV Figures can be
typeset. EV Figures should be cited as 'Figure EV1, Figure EV2" etc. in the text and their respective legends should be included
in the main text after the legends of regular figures.

- For the figures that you do NOT wish to display as Expanded View figures, they should be bundled together with their legends
in a single PDF file called *Appendix*, which should start with a short Table of Content. Appendix figures should be referred to in
the main text as: "Appendix Figure S1, Appendix Figure S2" etc. See detailed instructions regarding expanded view here: .

- Additional Tables/Datasets should be labelled and referred to as Table EV1, Dataset EV1, etc. Legends have to be provided in
a separate tab in case of .xIs files. Alternatively, the legend can be supplied as a separate text file (README) and zipped
together with the Table/Dataset file.

11) Our journal encourages inclusion of *data citations in the reference list* to directly cite datasets that were re-used and
obtained from public databases. Data citations in the article text are distinct from normal bibliographical citations and should
directly link to the database records from which the data can be accessed. In the main text, data citations are formatted as
follows: "Data ref: Smith et al, 2001" or "Data ref: NCBI Sequence Read Archive PRINA342805, 2017". In the Reference list,
data citations must be labeled with "[DATASET]". A data reference must provide the database name, accession
number/identifiers and a resolvable link to the landing page from which the data can be accessed at the end of the reference.
Further instructions are available at .

Given the referees’ positive recommendations, | would like to invite you to submit a revised version of the manuscript,
addressing the comments of all three reviewers. | should add that it is EMBO Journal policy to allow only a single round of
revision, and acceptance of your manuscript will therefore depend on the completeness of your responses in this revised
version.

When preparing your letter of response to the referees' comments, please bear in mind that this will form part of the Review
Process File, and will therefore be available online to the community. For more details on our Transparent Editorial Process,
please visit our website: https://www.embopress.org/page/journal/14602075/authorguide#transparentprocess

We generally allow three months as standard revision time. As a matter of policy, competing manuscripts published during this
period will not negatively impact on our assessment of the conceptual advance presented by your study. However, we request
that you contact the editor as soon as possible upon publication of any related work, to discuss how to proceed. Should you
foresee a problem in meeting this three-month deadline, please let us know in advance and we may be able to grant an
extension.

Further instructions for preparing your revised manuscript:



Please make sure you upload a letter of response to the referees' comments together with the revised manuscript.
Please also check that the title and abstract of the manuscript are brief, yet explicit, even to non-specialists.

When assembling figures, please refer to our figure preparation guideline in order to ensure proper formatting and readability in
print as well as on screen:

https:/bit.ly/EMBOPressFigurePreparationGuideline

See also guidelines for figure legends: https://www.embopress.org/page/journal/14602075/authorguide#figureformat

IMPORTANT: When you send the revision we will require

- a point-by-point response to the referees' comments, with a detailed description of the changes made (as a word file).
- a word file of the manuscript text.

- individual production quality figure files (one file per figure)

- a complete author checklist, which you can download from our author guidelines
(https://www.embopress.org/page/journal/14602075/authorguide).

- Expanded View files (replacing Supplementary Information)

Please see out instructions to authors

https://www.embopress.org/page/journal/14602075/authorguide#expandedview

Please remember: Digital image enhancement is acceptable practice, as long as it accurately represents the original data and
conforms to community standards. If a figure has been subjected to significant electronic manipulation, this must be noted in the
figure legend or in the 'Materials and Methods' section. The editors reserve the right to request original versions of figures and
the original images that were used to assemble the figure.

Further information is available in our Guide For Authors: https://www.embopress.org/page/journal/14602075/authorguide
We realize that it is difficult to revise to a specific deadline. In the interest of protecting the conceptual advance provided by the
work, we recommend a revision within 3 months (26th Jul 2022). Please discuss the revision progress ahead of this time with

the editor if you require more time to complete the revisions. Use the link below to submit your revision:

https://emboj.msubmit.net/cgi-bin/main.plex

Referee #1:

In the current study, Zhu and colleagues describe a regulatory axis that involves the TF ZEB1 and the mitochondrial creatine
kinase 1 (MTCK1). More concretely the authors indicate that in osteoclasts ZEB1 is upregulated and regulates i.e. suppresses
mitochondrial bioenergetics. Upon genetic deletion of ZEB1 in mice osteoclasts are hyperactive thus leading to decreased bone
density.

The study is interesting but too descriptive.

In my opinion, the interpretation of the experimental findings and the resulting conclusions might be oversimplified. Moreover,
the mechanistic details require deeper understanding.

Specific comments:

- In panels A and B of Fig. 1, the bioinformatic evaluation of BMDM-Osteoclast transcripts is shown and indicates that other
processes and TF's are involved in the osteoclast differentiation. For example, oxidoreductase activity is more affected that
DNA-binding. Given the monocyte-origin of these cells, it is likely that redox signaling i.e. NADPH oxidases are also very
important for osteoclast function. This particularly important because ZEB1 and ZEB2 have been shown to be involved in redox
regulation. Furthermore, other TFs known to affect mitochondrial biogenesis such as NFAT, are also regulated. It is therefore
surprising that ZEB1 plays such a decisive, all-or-nothing role in osteoclast biology via regulation of only one enzyme i.e.
MTCK1. The authors need to address these and other alternatives so that the manuscript is suitable for a journal such as EMBO
Journal. At this stage the manuscript would be a better fit for a specialized journal.

- WM and fluorescent images throughout the text need to be quantified and statistically evaluated.



Referee #2:

Based on an unbiased transcriptomic approach, which identified that expression of the transcriptional repressor Zeb1 increases
during the course of osteoclastogenesis, the authors generated a mouse model with myeloid-specific Zeb1 inactivation to
uncover a previously unknown role of Zeb1 as a negative regulator of bone resorption. Through a comprehensive molecular
analysis of Zeb1-deficient osteoclasts they identified increased expression of MtCK1 as a major driver of this phenotype and
thereby uncovered a critical role of the creatine kinas axis for osteoclast-mediated bone resorption. All presented data are highly
convincing and supported by different methodological approaches, including siRNA-knockdown, promoter binding studies,
normalization by treatment with cyclocreatine, and confirmation of the data by experiments with human osteoclasts. The
presentation of these novel and relevant data is truly excellent, and there is no need for further improvement. There is only one
issue that the authors should consider, i.e. to add a schematic presentation summarizing the Zeb1-dependent mechanism that
was uncovered.

Referee #3:

In their manuscript, Zhu and colleagues identify the transcriptional repressor Zeb1 as a key factor in regulating the bone-
resorbing activity of osteoclasts (OCs) and show that it functions by down-regulating mitochondrial creatine kinase (MtCK) and
the levels of its product, phosphocreatine.

Specifically, The authors identify Zeb1 as a gene that is up-regulated in mature OCs relative to bone marrow-derived
macrophages (BMDMs), and that myeloid-specific knockout of Zeb1 in mice reduces bone mass due to increased bone
resorption by OCs. The knockout OCs exhibit more prominent actin rings (sealing zones), which are central to resorptive activity,
in correlation with increased activity of RhoA in the cells. Of note, differentiation of OCs is unaffected in these mice, as is bone
matrix production by osteoblasts. The authors then identify MtCK, but not other forms of creatine kinase, as a target of the
transcriptional repressor activity of Zeb1and establish that MtCK is up-regulated in the Zeb1-knockout OCs, along with
increased mitochondrial respiration and ATP production in these cells. These changes are specific since mitochondrial structure,
mitochondrial mass, DNA copy number, and levels of key mitochondrial complexes are unchanged. Importantly, these effects, as
well as enhanced actin rings, are replicated in OCs that express exogenous MtCK, and also in wild-type OCs exposed to
exogenous phosphocreatine. In line with these results, knockdown of MtCK in Zeb1-deficient OCs rescues the mitochondrial
abnormalities. Importantly, the findings were replicated also in human monocyte-derived OCs in which expression of Zeb1 was
partially down-regulated, while the expected opposite results were obtained upon partial down-regulation of MtCK.

This is a well-conceived study that was performed with care, and contains results that support the conclusions made. The study
is presented in a clear manner and adequately discusses relevant literature. Important roles for the cytosolic brain form of
creatine kinase in OCs were described previously by Chang et al, 2008 (quoted in the current manuscript), but the authors show
that their findings are independent of that form.

In all, this manuscript describes a novel role for Zeb1 in regulating OC activity and skeletal structure through regulation of energy
metabolism in OCs. OCs are known to require significant amounts of energy for their activity; this study uncovers a novel Zeb1-
MtCK-phosphocreatine axis that helps control this key cellular activity, making it relevant to the broader cell biology community.

Major points:

1. While the Zeb1-MtCK-phosphocreatine axis is well-described, it is less clear how elevated levels of phosphocreatine, which
are the product of the axis in the current study, promote the bone-resorbing activity of OCs. Is this driven by enhanced RhoA
activity and actin ring formation? Are the RhoA and mitochondrial phenotypes directly connected in this respect? The data also
suggest that the energy status of OCs can drive, as opposed to simply enable, their bone resorption activity. How does this fit in
with other known mechanisms that regulate OC activity?

2. Page 5, 1st paragraph: the authors describe Zeb1 as present in cells that express proteins characteristic of mature OCs.
Similarly, Figure 1 compares mature OCs with BMDMs. The authors should examine Zeb1 expression at several time points
during the osteoclastogenic process in vitro. When does Zeb1 expression begin? Is MtCK expression correlated with Zeb1
expression throughout the process?

3. The authors show that the actin rings of Zeb1-deficient OCs occupy a larger fraction of the cell area (Fig. 3H). Additional data
is required for better understanding of this. Is the size (or nuclear number) of Zeb1-deficient OCs changed? Is the number of
actin rings per OC altered? Is the alphaVbeta3 integrin altered (localization, phosphorylation) in the mutant OCs?

Minor points:

1. The genetic background(s) of the mice used should be specified. Also, the status of the Zeb1 and Cre alleles of the of the
littermate "wild-type" control mice (Figure 2) should be defined.

2. The nature of the catalytically-inactive MtCK C316G mutant should be noted (also) in the main text.

3. Legends to Figure 1 and Supp. Figure 1: There is some discrepancy between the panel indicators in the legend texts and in
the figures.

4. Figure 2B and Supp. Figure 2B: To which bone type does the data refer?



5. Figure 6C: MtCK Western blot: assuming that the lower band represents the exogenous protein, why does it migrate
differently from the endogenous one?

6. Enhanced expression of MtCK in human monocyte-derived OCs should be demonstrated also by protein blotting and not only
by comparing immunofluorescence images (Supp. Fig. 4).

7. Supp. Figure 5: mature OCs are large fragile cells that might not do well in FACS analysis. Panel A shows images of mature
OCs, while the Methods section (p. 19) describes use of OC precursors in this study. Can the authors clarify?

8. P.10, middle paragraph, speaks of "RhoA levels" - this may be misleading since it refers to RhoA activity or levels of active
RhoA.



1st Authors' Response to Reviewers 1st Sep 2022

Responses to Reviewers

EMBO0J-2022-111148: "A Zebl/Mitochondrial Creatine Kinase Metabolic Axis Controls
Osteoclast Activation and Skeletal Remodeling” by Lingxin Zhu, Yi Tang, Xiao-Yan Li, Samuel A.
Kerk, Wenging Feng, Xiaoyue Sun, Geoffrey E. Hespe, Zijun Wang, Jingwen Yang, Jun Ma, Jung-
Sun Cho, Marc P. Stemmler, Simone Brabletz, Thomas Brabletz, Evan T. Keller, Costas A.
Lyssiotis, and Stephen J. Weiss

Reviewer #1:
General comments:

In the current study, Zhu and colleagues describe a regulatory axis that involves the TF
ZEB1 and the mitochondrial creatine kinase 1 (MTCK1). More concretely the authors
indicate that in osteoclasts ZEB1 is upregulated and regulates i.e. suppresses
mitochondrial bioenergetics. Upon genetic deletion of ZEB1 in mice osteoclasts are
hyperactive thus leading to decreased bone density. The study is interesting but too
descriptive. In my opinion, the interpretation of the experimental findings and the resulting
conclusions might be oversimplified. Moreover, the mechanistic details require deeper
understanding.

We appreciate the constructive comments and believe our manuscript has been improved
significantly after addressing each of the Reviewer’s concerns and supplement more mechanistic
details to help understand. Point-by-point responses are included below.

Specific comments:

1. In panels A and B of Fig. 1, the bioinformatic evaluation of BMDM-Osteoclast transcripts
is shown and indicates that other processes and TF's are involved in the osteoclast
differentiation. For example, oxidoreductase activity is more affected that DNA-binding.
Given the monocyte-origin of these cells, it is likely that redox signaling i.e. NADPH
oxidases are also very important for osteoclast function. This particularly important
because ZEB1 and ZEB2 have been shown to be involved in redox regulation.

Indeed, our gene ontology analysis identified an enrichment in both DNA-binding
transcription factor (TF) and oxidoreductase activities during normal osteoclastogenic
programming (Fig 1A). However, transcription profiling of Zeb1-deleted osteoclasts doesn't reveal
evident change of the essential TFs involved in osteoclastogenic programming, including jdp2,
pbx1, mycl, spic, fosl2, and prdm1 (Fig 1B; Fig 4A). Nicotinamide adenine dinucleotide phosphate
(NADPH) oxidases, primarily Nox2 and Nox4, as well as reactive oxygen species (ROS) can
positively regulate osteoclast differentiation (Blood 106:852, 2005; J Clin Invest 123:4731, 2013;
Sci Rep 6:38014, 2016; Free Radic Biol Med 132:67, 2019). In addition, Zeb1 has been reported
to affect ROS production in cancer cells by transcriptionally upregulating Slcl6a4 and
downregulating Gpx4 gene expression (Breast Cancer Res Treat 188:329, 2021; J Cell Sci
412:113044, 2022). As such, we have assessed ROS and H,O; production, as well as the gene
expression of the essential NADPH oxidase family members, Cybb (encoding Nox2 protein) and
Nox4, as well as Slc16a4 (encoded Mct4 protein), and Gpx4 (encoded Gpx4 protein) expression
in Zeb12M2M gsteoclasts. As shown in our revised text, ROS and H.O; levels are comparable
between wild-type and Zeb1*M2M osteoclasts (Appendix Fig S4G and H), which is consistent with
our observation that myeloid-specific depletion of Zebl does not affect the osteoclast
differentiation (i.e., the primary target of osteoclast-derived ROS described in the current literature
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cited above). Likewise, gene expression levels of Cybb/Nox2 and Nox4, as well as Slc16a4 and
Gpx4, are indistinguishable between wild-type and Zeb1-deficient cells (Appendix Fig S4l). These
data have been inserted in the revised text. We have also expanded the discussion and
references regarding the role of Zeb1 in redox regulation to help clarify mechanistic details.

2. Furthermore, other TFs known to affect mitochondrial biogenesis such as NFAT, are
also regulated. It is therefore surprising that ZEB1 plays such a decisive, all-or-nothing
role in osteoclast biology via regulation of only one enzyme i.e. MTCK1. The authors need
to address these and other alternatives so that the manuscript is suitable for ajournal such
as EMBO Journal. At this stage the manuscript would be a better fit for a specialized
journal.

As described, Fig 2B lists 20 of the most highly expressed transcription factors during wild-
type macrophage-osteoclast transition, including many of those previously linked to osteoclast
differentiation, including Nfatcl (Dev Cell 3:889, 2002). These results, save for the inclusion of
Zebl, were not unexpected as these changes coincided with normal osteoclastogenesis. Of
course, high expression of Zebl does not intimate function, but we were surprised that Zebl
targeting yielded such a dramatic bone resorption phenotype in vivo.

To begin identifying potential Zebl targets capable of regulating bone resorbing activity,
we conducted an unbiased transcriptome analysis comparing the expression profiles of wild-type
versus Zeb12™2M gsteoclasts. Given that Zebl is classically characterized as a transcriptional
repressor (Stemmler et al., 2019; Vandewalle et al., 2009), transcriptome analysis indicated that
among the top 10 upregulated genes in knockout cells, the mitochondrial creatine kinase gene,
Ckmtl — an enzyme critical to mitochondrial oxidative activity and energy metabolism (Schlattner
et al.,, 2006; Wallimann et al., 2011; Wallimann et al., 1992), was the most highly expressed
transcript in Zeb142M gsteoclasts (Fig 4A and B). We then validated that Zeb12™2™ gsteoclasts
display markedly increased MtCK1 gene and protein levels while expression of the cytosolic
creatine kinase, Ckb, remained unchanged (Fig 4E-H; Appendix Fig S4A). Though mitochondrial
mass, mtDNA copy number, and OXPHOS protein expression are indistinguishable between wild-
type and Zeb14"2M gsteoclasts (Fig 5D; Appendix Fig S5A-D), the mitochondrial creatine kinase
activity, PCr/Cr ratios, and mitochondrial respiration were remarkably increased in Zeb14"AM
osteoclasts (Fig 5 A-C and E). More importantly, our conclusion that MtCK1 plays a dominant
role in in Zeb14M2M osteoclasts was based on set of 4 independent results; the hyperactive bone
resorptive phenotype in Zeb12™4M cells was normalized following either i) shCkmt1 transduction
that reduced MtCK1 levels to that found in wild-type osteoclasts or ii) the addition of the creatine
kinase inhibitor, cyclocreatine (Fig EV 4E-K and 5I) while the hyper-resorptive phenotype of
Zeb12MAM osteoclasts could be recapitulated in wild-type osteoclasts by either iii) MtCK1
overexpression alone or iv) the exogenous addition of phosphocreatine (Fig 6A-K; Fig EV4A-D;
Appendix Fig S6A-C). Though we agree that Zebl can undoubtedly play complex roles in cell
biology (Stemmler et al., 2019; Vandewalle et al., 2009), our data are the first to identify the
importance of a previously unrecognized Zeb1l/MtCK1 axis as an integrator of mitochondrial
signaling and osteoclast-dependent bone resorption.

Nevertheless, as suggested by the Reviewer, we performed a series of exploratory studies
to address the potential importance of alternate Zeb1 targets in regulating osteoclast activity. First,
we find that Zeb1*™2™ osteoclasts display no significant changes in mRNA or protein levels of
Nfatcl (Fig 3B; Appendix Fig S1F and S2A). Indeed, none of the other transcription factors
identified in Fig 2B were affected by Zebl targeting. Second, we noted that Epcam was also
among the top 10 differentially expressed genes in Zeb14¥2M osteoclasts (Fig 4A and B), and that
recent studies indicate that increased EpCAM gene/protein expression can confer a survival
advantage and differentiation block in Zebl™ hematopoietic stem cells (J Clin Invest
131:e129115, 2021). Nevertheless, Zebl deletion did not affect EpCAM protein expression in
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osteoclasts though Epcam transcription is indeed upregulated (Appendix Fig S4E and F).
Expanding on these efforts, we were likewise intrigued by reports that the bone-resorptive
capacity of osteoclasts is regulated by the transcriptional co-activator, PGC1f, which controls
both mitochondrial biogenesis and the oxidative phosphorylation-mediated cytoskeletal
organization critical to sealing zone formation (J Bone Miner Res 33:1114, 2018). However, Zebl
neither regulates Ppargclb gene expression nor mitochondrial biogenesis in osteoclasts (Fig 4A,
Appendix Fig S5A-F). Finally, Zeb1l has more recently been reported to regulate cancer cell
metabolism via transcriptionally repressing the mitochondrial-localized deacetylase, Sirt3, or
upregulating transcript levels of the glycolytic enzymes, Pfkm, Hk2, Pfkp, and Pkm2 (World J
Gastroenterol 24:4893, 2018; Theranostics 11:5926, 2021; Cell Death Dis 13:206, 2022).
Nevertheless, we likewise excluded Sirt3, Hk2, Pkm2, Pfkm, and Pfkp as potential Zebl targets
as well (Appendix Fig S7B). These data have been inserted in the revised text.

3. WM and fluorescent images throughout the text need to be quantified and statistically
evaluated.

As suggested by the Reviewer, we have quantified all the western blot and fluorescent
images and included statistical analyses. These data have been inserted in the revised text.



Reviewer #2:
General comments:

Based on an unbiased transcriptomic approach, which identified that expression of the
transcriptional repressor Zeb1l increases during the course of osteoclastogenesis, the
authors generated a mouse model with myeloid-specific Zeb1l inactivation to uncover a
previously unknown role of Zeb1l as a negative regulator of bone resorption. Through a
comprehensive molecular analysis of Zeb1-deficient osteoclasts they identified increased
expression of MtCK1 as a major driver of this phenotype and thereby uncovered a critical
role of the creatine kinas axis for osteoclast-mediated bone resorption. All presented data
are highly convincing and supported by different methodological approaches, including
siRNA-knockdown, promoter binding studies, normalization by treatment with
cyclocreatine, and confirmation of the data by experiments with human osteoclasts. The
presentation of these novel and relevant data is truly excellent, and there is no need for
further improvement. There is only one issue that the authors should consider, i.e. to add
a schematic presentation summarizing the Zebl-dependent mechanism that was
uncovered.

We thank the Reviewer for his/her careful review of our work. We have addressed constructive
concerns (including a schematic model or graphic abstract) and believe that our new data
significantly improves and strengthens our conclusions.



Reviewer #3:
General comments:

In their manuscript, Zhu and colleagues identify the transcriptional repressor Zebl as a
key factor in regulating the bone-resorbing activity of osteoclasts (OCs) and show that it
functions by downregulating mitochondrial creatine kinase (MtCK) and the levels of its
product, phosphocreatine. Specifically, the authors identify Zebl as a gene that is up-
regulated in mature OCs relative to bone marrow-derived macrophages (BMDMs), and that
myeloid-specific knockout of Zebl in mice reduces bone mass due to increased bone
resorption by OCs. The knockout OCs exhibit more prominent actin rings (sealing zones),
which are central to resorptive activity, in correlation with increased activity of RhoA in
the cells. Of note, differentiation of OCs is unaffected in these mice, as is bone matrix
production by osteoblasts. The authors then identify MtCK, but not other forms of creatine
kinase, as atarget of the transcriptional repressor activity of Zeb1 and establish that MtCK
is up-regulated in the Zeb1-knockout OCs, along with increased mitochondrial respiration
and ATP production in these cells. These changes are specific since mitochondrial
structure, mitochondrial mass, DNA copy number, and levels of key mitochondrial
complexes are unchanged. Importantly, these effects, as well as enhanced actin rings, are
replicated in OCs that express exogenous MtCK, and also in wild-type OCs exposed to
exogenous phosphocreatine. In line with these results, knockdown of MtCK in Zeb1l-
deficient OCs rescues the mitochondrial abnormalities. Importantly, the findings were
replicated also in human monocyte-derived OCs in which expression of Zeb1 was partially
down-regulated, while the expected opposite results were obtained upon partial down-
regulation of MtCK.

This is a well-conceived study that was performed with care, and contains results
that support the conclusions made. The study is presented in a clear manner and
adequately discusses relevant literature. Important roles for the cytosolic brain form of
creatine kinase in OCs were described previously by Chang et al, 2008 (quoted in the
current manuscript), but the authors show that their findings are independent of that form.
In all, this manuscript describes a novel role for Zeb1 in regulating OC activity and skeletal
structure through regulation of energy metabolism in OCs. OCs are known to require
significant amounts of energy for their activity; this study uncovers a novel Zeb1-MtCK-
phosphocreatine axis that helps control this key cellular activity, making it relevant to the
broader cell biology community.

We thank the Reviewer for his/her careful review of our work. We have addressed each of the
constructive concerns below and believe that our new data significantly improves and strengthens
our conclusions.

Specific comments:

1. While the Zebl1l-MtCK-phosphocreatine axis is well-described, it is less clear how
elevated levels of phosphocreatine, which are the product of the axis in the current study,
promote the bone-resorbing activity of OCs. Is this driven by enhanced RhoA activity and
actin ring formation? Are the RhoA and mitochondrial phenotypes directly connected in
this respect? The data also suggest that the energy status of OCs can drive, as opposed
to simply enable, their bone resorption activity. How does this fit in with other known
mechanisms that regulate OC activity?

Underlining the importance of phosphocreatine in mediating these effects, we found that
the addition of exogenous phosphocreatine alone to wild-type osteoclasts significantly increases
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GTP-loaded RhoA activity, actin ring formation as well as bone resorbing activity (Fig EV4A-D) in
parallel with enhanced mitochondrial respiration and ATP production (Appendix Fig S6A-C). To
assess the relative importance of RhoA in controlling osteoclast activation driven by
phosphocreatine, cells were treated with a RhoA inhibitor, Y16 (Proc Natl Acad Sci 110:3155,
2013). Under these conditions, the enhanced sealing zone formation and bone-resorptive activity
observed in phosphocreatine-treated osteoclasts were each significantly downregulated
(Appendix Fig S6D and E). Consistent with these observations, while cellular energetics is
reported to be strongly correlated with the Rho GTPase activity and cytoskeletal organization in
other cell types (Chen et al., 2018; Holmes et al., 2020; Wu et al., 2021; Zhang et al., 2013), the
mitochondrial ATP synthase and oxidative-phosphorylation inhibitor, oligomycin A, likewise
significantly reduced RhoA activity, sealing zone formation and bone resorption activity of
phosphocreatine-treated wild-type osteoclasts (Appendix Fig S6F-H). Taken together, these data
support our contention that mitochondrial respiration and RhoA activation are directly connected,
acting directly downstream of phosphocreatine-dependent effects on osteoclast activity. These
data have been inserted in the revised text.

As indicated by the Reviewer, our results suggest that the energy status of osteoclasts
drives bone resorptive activity, a finding consistent with earlier observations that glucose
supplementation and mitochondrial respiration mediated by the transcriptional co-activator,
PGC18, the G-protein, Ga13, or the mitochondrial deacetylase, Sirt3, directly control osteoclastic
bone-resorbing activity (J Bone Miner Res 28:2392, 2013; J Bone Miner Res 33:1114, 2018; Sci
Rep 9:4236, 2019; JCI Insight 6:€146728, 2021). We have discussed these points in the revised
text.

2. Page 5, 1st paragraph: the authors describe Zebl as present in cells that express
proteins characteristic of mature OCs. Similarly, Figure 1 compares mature OCs with
BMDMs. The authors should examine Zeb1l expression at several time points during the
osteoclastogenic process in vitro. When does Zeb1 expression begin? Is MtCK expression
correlated with Zeb1 expression throughout the process?

We examined the expression dynamics of Zebl and MtCK1 during osteoclastogenic
differentiation in vitro in a time-dependent manner. We found that both Zeb1 and MtCK1 protein
expression are increased during osteoclastogenic differentiation (Fig 3B and 4F; Appendix Fig
S2A and S4A). However, under these conditions, Zeb1 expression does not correlate completely
with MtCK1 expression. While Zeb1l is expressed as early as day 2, MtCK1 expression is not
induced until day 4 (Fig 3B and 4F; Appendix Fig S2A and S4A). It could be speculated that
MtCK1 is induced by other unknown transcription factors during osteoclast differentiation, a
subject deserving of future study. Independent of our report, similar scenarios have been
described wherein Nur77 or Ga13 negatively regulates osteoclast Nfatcl expression, while Nur77
and Ga13 expression is upregulated together with Nfatcl during osteoclast differentiation (Elife
4:e07217, 2015; Nat Commun 8:13700, 2017).

3. The authors show that the actin rings of Zeb1-deficient OCs occupy a larger fraction of
the cell area (Fig. 3H). Additional data is required for better understanding of this. Is the
size (or nuclear number) of Zeb1-deficient OCs changed? Is the number of actin rings per
OC altered? Is the alphaVbeta3 integrin altered (localization, phosphorylation) in the
mutant OCs?

As requested, we performed quantitative analysis of the number of nuclei per osteoclast,
as well as the number of actin rings per osteoclast in Zeb1-deficient cells. Our data show that



neither the number of nuclei per osteoclast nor the number of actin rings per osteoclast on bone
are altered in Zeb12™2™ psteoclasts (Appendix Fig S2D and E), indicating actin ring size is the
dominant phenotypic change observed in Zeb12"2M psteoclasts.

With regard to integrin signaling, av33 is generally regarded as the major receptor in
osteoclasts, mediating signaling cascades linked to tyrosine phosphorylation and activation of c-
Src (J Cell Biol 152:181, 2001; J Cell Biol 176:877, 2007; J Clin Invest 107:1137, 2001; J Bone
Miner Res 28:2449, 2013). As requested, to further determine avB3 localization and activation
status in Zebl-deleted osteoclasts, we assessed its membrane localization and downstream c-
Src phosphorylation in wild-type vs Zeb12™2M osteoclasts. However, we did not detect changes
of surface B3 integrin levels or vitronectin-triggered c-Src phosphorylation in Zeb14"2M
osteoclasts (Appendix Fig S2F-H). These data have been inserted in the revised text.

Minor points:

1) The genetic background(s) of the mice used should be specified. Also, the status of the
Zebl and Cre alleles of the of the littermate "wild-type" control mice (Figure 2) should be
defined.

The genetic backgrounds of the mice are listed in the “Materials and Methods” section.
Zeb1" mice are defined as “wild-type” control while Zeb1™ and Zeb™ mice, which uniformly
display normal bone and osteoclast phenotypes, are described as such in the text and are
considered ‘control’ mice. This information has been inserted in the revised text.

2) The nature of the catalytically-inactive MtCK C316G mutant should be noted (also) in the
main text.

The metabolic inactive MtCK 13166 mutant represents the mutation of the cysteine residue
C316, which is required for synergistic binding of MtCK1 to its substrate, into glycine (Nat Med
23:301, 2017; Biochemistry 32:7022,1993). As requested, we have added the information of
catalytically-inactive MtCK1 C316G mutants (Nat Med 23:301, 2017; Biochemistry 32:7022,1993)
in the main text as well.

3) Legends to Figure 1 and Supp. Figure 1: There is some discrepancy between the panel
indicators in the legend texts and in the figures.

Corrected.

4) Figure 2B and Supp. Figure 2B: To which bone type does the data refer?

As shown in the corresponding figure legends, Fig 2B refers to the quantification of bone
phenotype for 3-month-old wild-type and Zeb1“"2™ male mice, while Fig EV2B (previous Suppl
Fig 2B) refers to the quantitative analysis of bone phenotype for 3-month-old wild-type and
Zeb1M2M female mice.

5) Figure 6C: MtCK Western blot: assuming that the lower band represents the exogenous
protein, why does it migrate differently from the endogenous one?

We found that endogenous MtCK1 in mouse osteoclasts always displays two bands,
presumably due to the fact that MtCK1 protein can be expressed as either of two isoforms
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produced as a consequence of alternative splicing with molecular weights of 47 kDa and 50 kDa,
respectively (Biochim Biophys Acta. 1833:2844, 2013). Therefore, we would infer that the double
bands of MtCK1 in Fig 6C represent two isoforms due to alternative splicing, which is similar with
MtCK1 bands in some other cell types (Biochim Biophys Acta. 1833:2844, 2013; Nat Med 23:301,
2017).

6) Enhanced expression of MtCK in human monocyte-derived OCs should be
demonstrated also by protein blotting and not only by comparing immunofluorescence
images (Supp. Fig. 4).

Enhanced expression of MtCK1 in siZebl-targeted human monocyte-derived osteoclasts
was demonstrated by both western blot (Fig EV 3E and F) and immunofluorescence (Fig EV 3G
and H).

7) Supp. Figure 5: mature OCs are large fragile cells that might not do well in FACS analysis.
Panel A shows images of mature OCs, while the Methods section (p. 19) describes use of
OC precursors in this study. Can the authors clarify?

To clarify, panel A of Appendix Fig S5 (previous Suppl Fig 5) refers to immunofluorescence
of BMDMs and osteoclasts cultured on glass generated from wild-type or Zeb1*™2M mice, while
panel B of Appendix Fig S5 (previous Suppl Fig 5) refers to flow cytometry analysis of detached
BMDMSs and osteoclasts differentiated on petri dishes generated from wild-type or Zeb1"2M mice.
As the Reviewer correctly noted, mature OCs plated on tissue culture plastic are fragile and not
suitable for FACS analysis. Consequently, we used petri dishes as the culture surface because
osteoclasts generated on this surface are smaller and more readily detached for flow cytometry
(J Bone Miner Res 31:1899, 2016; J Clin Invest 127:2555, 2017). We have added the
corresponding details to the text.

8) P.10, middle paragraph, speaks of "RhoA levels" - this may be misleading since it refers
to RhoA activity or levels of active RhoA.

Agreed. We have corrected references in the text to “RhoA activity”.
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1st Revision - Editorial Decision 20th Oct 2022

Dear Dr Weiss,

Thank you for submitting your study, "A Zeb1/MtCK1 Metabolic Axis Controls Osteoclast Activation and Skeletal Remodeling", to
EMBO Journal. Your revised version has now been reviewed once again by the three referees who saw your initial submission. |
have attached their reports to the bottom of this email. | have read the reports and your revised manuscript very carefully and
have discussed them with my editorial colleagues. As you will see, the reports are not unanimously positive. | remain concerned
over the relative significance of Zeb1 for MtCK induction explained in the comments of referee 3. Therefore at this stage, | am
not able to pursue this manuscript towards publication.

| appreciate that, at its core, your work investigates the relationship between ZEB1 and MtCK1 during osteoclast differentiation. |
acknowledge that Referee 2 was very impressed by your work; Referees 2 and 3 also comment positively that your revised
manuscript has been significantly improved. However, | share their concerns that your conclusions are still not fully supported by
key aspects of the data you present.

I am verry sorry that it is not possible for me to be more positive as your study clearly contains many interesting aspects. | also
hope that you will continue to see The EMBO Journal as a suitable platform for your future work.

Best wishes,
William Teale

William Teale, PhD
Editor

The EMBO Journal
w.teale@embojournal.org

e T T 2T

Referee #1:

The authors performed additional experiments and address some of the reviewers comments and suggestions. The manuscript
is improved but some concerns still remain.

As already mentioned in the first review round, it is very surprising that ZEB1 acts, more or less, only via one protein i.e. the
mitochondrial creatine kinase 1. And this is despite the indications from experimental data and published literature that other
genes/proteins and transcription factors may be involved.

In their point-by-point reply the authors simply eliminate all alternatives by performing ROS measurements (with a kit that
measures H202 only in the extracellular space in a cell population) and gene/protein expression analyses. By doing this,
however, they indirectly question findings from several previous studies. A more careful approach including a more robust and
detailed experimental validation could have been helpful when making such claims.

Referee #2:

Whereas | did not request specific modifications of this turly impressvie manuscript (besides suggesting to include a schematic
presentatin of the main conclusions), the authors have further improved their manuscript by addressing the critical comments of
the other reviewers.

Referee #3:

The authors have responded to my comments in a satisfactory manner, except for the following points:

Major point 2 (Expression of Zeb1 and MtCK during osteoclastogenesis, and are they temporally correlated):

The authors provide protein blots that show that MtCK is induced two days later in osteoclastogenesis than Zeb1. The
explanation provided for this time gap in the rebuttal letter (but apparently not in the manuscript) is that "it could be speculated
that MtCK is induced by other unknown transcription factors during osteoclast differentiation”, and that this issue requires further

study. This comment, which literally means that Zeb1 does not induce MtCK, contradicts a central conclusion of the current
manuscript and needs to be addressed. The authors should note the existence of the temporal difference in induction of Zeb1



vs. MtCK proteins in the text and suggest explanations. These may include also involvement of transcription factors IN
ADDITION TO Zeb1, and modifications in the profile of genes regulated by Zeb1 due to the changing cellular environment during
osteoclast production.

Major point 3: (size of Zeb1-deficient OCs and their actin rings):

Please explain the nature of the data in Fig. S2E - number of actin rings/OC. The statement "Data are representative of at least
3 independent experiments with biological replicates" is not clear in this context. The six data points cannot be from
representative cells (number of rings per individual cell is a whole number), so they apparently represent averages, but of
what/how many cells?

Minor point 4: The question was what type of bone was analyzed in the original Fig 2B and Supp Fig. 2b. Was it the distal femur
as in some of the other panels in the figures?

** As a service to authors, EMBO Press provides authors with the possibility to transfer a manuscript that one journal cannot
offer to publish to another EMBO publication or the open access journal Life Science Alliance launched in partnership between
EMBO Press, Rockefeller University Press and Cold Spring Harbor Laboratory Press. The full manuscript and if applicable,
reviewers' reports, are automatically sent to the receiving journal to allow for fast handling and a prompt decision on your
manuscript. For more details of this service, and to transfer your manuscript please click on Link Not Available. **

Please do not share this URL as it will give anyone who clicks it access to your account.



2nd Authors' Response to Reviewers 24th Oct 2022

We would like to bring several issues to your attention.

Reviewer #1 asks, to paraphrase, “How is it possible that Zeb1 targets but a single molecule to
exert such effects on osteoclast function?” But, our work more specifically asks “How does Zeb1
regulate osteoclast bone resorption *in vitro* and *in vivo*?” While we agree that the findings are
surprising, our proofs are hardly limited to the fact that MtCK1 was the most highly unregulated
transcript identified in the knockout cells. While the upregulation of MtCK1 transcript and protein
levels provided a tantalizing hint, it was only a hint. Most importantly, the Reviewer appears to
have *completely* overlooked the fact that our identification of MtCK1 as the critical Zeb1 target
in osteoclasts was/is based on the fact that the hyperactive bone resorptive phenotype observed
in *Zebl *knockout cells could be normalized *completely* following either i) MtCK1 knockdown
to levels similar to that found in wild-type osteoclasts or ii) the addition of the creatine kinase
inhibitor, cyclocreatine. If Zebl exerted other effects on osteoclast function, how was normal bone
resorption restored in Zebl knockout cells by targeting MtCK1 activity alone? Conversely, the
hyper-resorptive phenotype of *Zeb1 *knockout osteoclasts was recapitulated fully in wild-type
osteoclasts by either i) overexpressing MtCK1 alone or ii) increasing phosphocreatine levels —
without affecting Zeb1 expression. We agree that Zeb1 undoubtedly plays complex roles in other
cell populations, but our data clearly demonstrate that the osteoclast hyper-resorptive phenotype
observed in Zebl knockouts — either *in vitro* or in* vivo, *can be ascribed solely to MtCK1
targeting. If the Reviewer has an alternate explanations for these data, we would welcome the
insight.

As an aside, the comments regarding hydrogen peroxide measurements are simply
erroneous. Hydrogen peroxide has a cell permeability coefficient similar to water and does not
‘accumulate’ in the intracellular compartments. | worked in the field of reactive oxygen metabolites
for the first 25 years of my career and have published extensively in this area in the likes of
*Science*, *New Engl J Med*, *JCI*, *JBC* and the* PNAS*. My background notwithstanding,
there is no data in the literature linking oxidative metabolism to osteoclast bone resorption. Prior
reports are limited to effects of oxygen metabolites on osteoclastogenesis, which is completely
unaffected in our studies — again, *in vitro* as well as *in vivo*. Further, we find no effect of Zebl
targeting on *any* of the oxidases known to be expressed in osteoclasts. Our findings in this
regard do not ‘contradict’ any of the existing literature in the field. | would add that while many
attempt to monitor reactive oxygen metabolites with intracellular fluorescent dyes, cognoscenti in
the field are well aware that virtually all of these assay systems are non-specific (e.g., *Arch*
*Biochem Biophys* 617:38, 2017; *Nat Metab* 4:651, 2022).

Reviewer 3’'s comments are more enigmatic/problematic to us and suggest a serious
misinterpretation of our work. In their original review, we were asked;* “The authors* *should
examine Zebl expression at several time points during the osteoclastogenic process in vitro.*
*When does Zebl expression begin? Is MtCK expression correlated with Zebl expression
throughout® *the process?” *We provided this information and demonstrated that Zebl protein
levels are detected as early as day 2 of the osteoclastogenic program while MtCK1 begins to be
expressed at day 4. As we predicted — and entirely consistent with our central hypothesis, in the
absence of *Zeb1*, MtCK1 is expressed at even higher levels (i.e., we identified Zebl as an
*MtCK1* repressor). Additional data were also provided in the revised manuscript demonstrating
that placing wild-type osteoclasts on bone to initiate active resorption triggered a predicted
*decrease* in endogenous Zebl levels coincident with the expected *increase* in MtCK1 levels.
We pointed out in our prior response, as an aside, that the transcription factors responsible for



*inducing* MtCK1 mRNA are unknown, which is true, but certainly outside the confines of our
report. We only stated for the Reviewer’s interest that ‘...it could be speculated that MtCK1 is
induced by other unknown transcription factors during osteoclast differentiation.” However, the
Reviewer retorted,” “This comment, which literally means that Zebl does not induce MtCK1,
contradicts a central conclusion of the current manuscript and needs to be addressed.” *| really
don’t have a politic way of responding to this comment other than this is a complete misreading
of our work. Zeb1 does not *induce* MtCK1, it is a transcriptional repressor that downregulates
MtCK1. *All* of our data support this conclusion.

Given these concerns, | am wondering if this decision might be revisited. We would happily
revise the final text to insure that others do not misinterpret our work (though we note that issues
raised by Reviewer #1 were not identified by Reviewer #2 or #3 and likewise, the critique offered
by Reviewer #3 was not shared by the first two reviewers).



2nd Revision - Editorial Decision 12th Jan 2023

Dear Steve,

Thank you once again for trusting the editorial office at EMBO Journal, and appealing against our decision on your recent
manuscript (EMBOJ-2022-111148). We judged your arguments to be sufficiently substantive to seek an adjudicating opinion
from a fourth reviewer. This reviewer was given access to all correspondence, referee reports and manuscript files. | am happy
to say that, as you will see from the brief report at the bottom of this email, their decision was to support fully the publication of
your work. | would therefore like to invite you to submit a revised version of the manuscript which includes a discussion of the
points raised by reviewers 1 and 3 in their second referee reports (including a point-by-point response detailing the changes
made), and addresses some minor editorial points. In this regard would you please:

- remove coloured text from the final text file (.doc)

- check the data referred to in the Data Availability Statement is present and accessible

- rename the conflict of interest statement as the "Disclosure and Competing Interests Statement”
- remove the AC/CrediT section from the text

- add reference to grant number P30-AR069620 on our submission webpage

- include page numbers to the table of contents in Appendix 1

- arrange the Source Data into one zipped file per figure

- remove the synopsis text and image from the main text and include them as separate files.

EMBO Press is an editorially independent publishing platform for the development of EMBO scientific publications.
Best wishes,

William

William Teale, PhD

Editor

The EMBO Journal

w.teale@embojournal.org

Use the link below to submit your revision:

https://emboj.msubmit.net/cgi-bin/main.plex

Referee #4:

As an additional reviewer, | have carefully read the revised manuscript and the authors' responses. In my view, the authors have
satisfied the main comments brought up by the reviewers. This paper sheds insight on a new mode of metabolic regulation by
Zeb1 in osteoclasts and is suitable for publication.



3rd Authors' Response to Reviewers 29th Jan 2023

Responses to Reviewers

EMBOJ-2022-111148R2: "A Zebl/Mitochondrial Creatine Kinase Metabolic Axis Controls
Osteoclast Activation and Skeletal Remodeling"” by Lingxin Zhu, Yi Tang, Xiao-Yan Li, Samuel A.
Kerk, Wenqing Feng, Xiaoyue Sun, Geoffrey E. Hespe, Zijun Wang, Jingwen Yang, Jun Ma, Jung-
Sun Cho, Marc P. Stemmler, Simone Brabletz, Thomas Brabletz, Evan T. Keller, Costas A.
Lyssiotis, and Stephen J. Weiss

Reply to Editor's comments:
General comments:

We judged your arguments to be sufficiently substantive to seek an adjudicating opinion
from a fourth reviewer. This reviewer was given access to all correspondence, referee
reports and manuscript files. | am happy to say that, as you will see from the brief report
at the bottom of this email, their decision was to support fully the publication of your work.
I would therefore like to invite you to submit a revised version of the manuscript which
includes a discussion of the points raised by reviewers 1 and 3 in their second referee
reports (including a point-by-point response detailing the changes made), and addresses
some minor editorial points.

We appreciate the positive feedback and have now addressed all remaining concerns as well as
format requirements. We believe our manuscript has been further improved, thereby ensuring
that the work is interpreted correctly. Our point-by-point responses are included below.

Specific points:

- remove coloured text from the final text file (.doc)
Done.

- check the data referred to in the Data Availability Statement is present and accessible
Done.

- rename the conflict of interest statement as the "Disclosure and Competing Interests
Statement”

Done.
-remove the AC/CrediT section from the text
Deleted.
- add reference to grant number P30-AR069620 on our submission webpage
Reference to this grant number has been added on the submission webpage.
-include page numbers to the table of contents in Appendix 1
Done.
- arrange the Source Data into one zipped file per figure
Done.

- remove the synopsis text and image from the main text and include them as separate
files.

Done.



Reviewer #1:

General comments:

The authors performed additional experiments and address some of the reviewers
comments and suggestions. The manuscript is improved but some concerns still remain.

We thank reviewer for the overall positive evaluation of our manuscript. We have carefully
addressed each of the concerns raised and include further descriptions of works outlining the
complex roles played by Zebl in other cell populations, which we believe only strengthens our
conclusions.

Specific comments:

1. As already mentioned in the first review round, it is very surprising that ZEB1 acts, more
or less, only via one protein i.e. the mitochondrial creatine kinase 1. And this is despite the
indications from experimental data and published literature that other genes/proteins and
transcription factors may be involved.

Reviewer #1 asks, to paraphrase, “How is it possible that Zeb1 targets but a single
molecule to exert such effects on osteoclast function?”. However, our work more specifically
addresses the question, “How does Zeb1 play such a major role in regulating osteoclast bone
resorption in vitro and in vivo?” While we agree that the findings are surprising, our proofs are
hardly limited to the fact that mitochondrial creatine kinase 1 (MtCK1), an enzyme critical to
mitochondrial oxidative activity and energy metabolism (Biochem J 281:21, 1992; Biochim
Biophys Acta 1762:164, 2006; Amino Acids 40:1271, 2011), was the most highly upregulated
transcript identified in the knockout cells (Fig 4A and B). Most importantly, our identification of the
MtCK1-mediated phosphocreatine energy shuttle as the critical Zeb1 target in osteoclasts was/is
based on the fact that the hyperactive bone resorptive phenotype observed in Zebl knockout
cells could be normalized completely following either i) MtCK1 knockdown to levels similar to
those found in wild-type osteoclasts or ii) the direct inhibition of their heightened creatine kinase
activity with cyclocreatine (Fig EV4E-K and 5I). Conversely, the hyper-resorptive phenotype of
Zebl knockout osteoclasts was recapitulated fully in wild-type osteoclasts by either i)
overexpressing MtCK1 alone or ii) increasing phosphocreatine levels — without affecting Zebl
expression (Fig 6A-K; Fig EV4A-D; Appendix Fig S6A-C). We agree that Zebl undoubtedly plays
complex roles in other cell populations (Nat Cell Biol 21:102, 2019; Cell Mol Life Sci 66:773, 2009;
Nat Med 23:568, 2017; Nat Cell Biol 19:518, 2017; EMBO J 39:€103209, 2020; J Clin Invest
131:€129115, 2021), but our data clearly demonstrate that the hyper-resorptive phenotype of
Zebl knockout osteoclasts — either in vitro or in vivo, can be ascribed largely, if not completely,
to MtCK1 targeting and mitochondrial energy metabolism. Nevertheless, we have expanded the
Discussion to include the distinct roles played by Zeb1l in other cell populations.

2. In their point-by-point reply, the authors simply eliminate all alternatives by performing
ROS measurements (with a kit that measures H202 only in the extracellular space in a cell
population) and gene/protein expression analyses. By doing this, however, they indirectly
guestion findings from several previous studies. A more careful approach including a
more robust and detailed experimental validation could have been helpful when making
such claims.



With all due respect, we disagree with this assessment. The role of Zebl in regulating ROS
generation is not only complex, but also cell- as well as context-dependent (Nat Med 23:568,
2017; Gut 68:2129, 2019; Breast Cancer Res Treat 188:329, 2021; Exp Cell Res 412:113044,
2022; Cell Death Dis 13:735, 2022). As requested in the original review, we carefully monitored
ROS levels in wild-type vs knockout osteoclasts using both the intracellular ROS probe, DCFH-
DA, and a sensitive peroxidase-dependent assay for H.O, (Arch Biochem Biophys 617:38, 2017,
Nat Metab 4:651, 2022). Using either system, we reported that ROS levels are comparable
between wild-type and Zeb14™2M gsteoclasts (Appendix Fig S4G and H). Further, we find no
effect of Zeb1l targeting on any of the ROS-linked oxidases known to be expressed in osteoclasts
(Fig 4A; Appendix Fig S4l). In this regard, it is important to note that prior reports describing
effects of reactive oxygen metabolites on osteoclast function are limited to osteoclastogenesis,
not bone resorption per se (Blood 106:852, 2005; J Biol Chem 285:6913, 2010; J Clin Invest
123:4731, 2013; Nat Commun 5:3773, 2014; J Bone Miner Metab 33:359; 2015; Sci Rep 6:38014,
2016; Free Radic Biol Med 132:67, 2019). In our system, osteoclast differentiation is completely
unaffected either in vitro or in vivo (Fig 2C and D, 3A and B; Appendix Fig S1F and S2A), a finding
consistent with our conclusion that myeloid-specific depletion of Zeb1 does not affect osteoclast
ROS formation. Finally, we are unaware of literature that unequivocally documents a role for
osteoclast-derived ROS in bone resorption directly. Hence, we are not in agreement with the
conclusion that our findings ‘contradict’ literature relevant to the field.



Reviewer #2:

General comments:

Whereas | did not request specific modifications of this truly impressive manuscript
(besides suggesting to include a schematic presentation of the main conclusions), the
authors have further improved their manuscript by addressing the critical comments of
the other reviewers.

Thank you for the positive evaluation of our manuscript.



Reviewer #3:

General comments:

The authors have responded to my comments in a satisfactory manner, except for the
following points:

Specific comments:

1. Major point 2 (Expression of Zeb1l and MtCK during osteoclastogenesis, and are they
temporally correlated): The authors provide protein blots that show that MtCK is induced
two days later in osteoclastogenesis than Zeb1. The explanation provided for this time gap
in the rebuttal letter (but apparently not in the manuscript) is that "it could be speculated
that MtCK is induced by other unknown transcription factors during osteoclast
differentiation”, and that this issue requires further study. This comment, which literally
means that Zeb1l does not induce MtCK, contradicts a central conclusion of the current
manuscript and needs to be addressed. The authors should note the existence of the
temporal difference in induction of Zebl vs. MtCK proteins in the text and suggest
explanations. These may include also involvement of transcription factors IN ADDITION
TO Zebl, and modifications in the profile of genes regulated by Zeb1 due to the changing
cellular environment during osteoclast production.

We regret that there is a misunderstanding here, i.e., Zebl1 does not induce MtCK1, but
instead acts as a transcriptional repressor of the kinase. We previously demonstrated that Zeb1
protein levels are detected by day 2 of the osteoclastogenic program while MtCK1 begins to be
expressed at day 4 (Fig 3B and 4F; Appendix Fig S2A and S4A), a time point coincident with the
appearance of mature, functionally active, bone-resorbing osteoclasts critical to skeletal
remodeling (Nature 423:337, 2003; Nat Rev Genet 4:638, 2003). As we predicted — and entirely
consistent with our central hypothesis, in the absence of Zeb1l, MtCK1 is expressed at even higher
levels in mature osteoclasts both in vitro and in vivo (Fig 4E-H; Fig EV3D; Appendix Fig S4A-D).
Additional data were also provided in the revised manuscript demonstrating that culturing wild-
type osteoclasts atop bone to initiate active resorption triggered a predicted decrease in
endogenous Zebl levels coincident with the expected increase in MtCK1 levels (Appendix Fig
S8A-D). That having been said, the transcription factor(s) responsible for inducing Ckmtl mRNA
are presently unknown, but we believe that the identification of these factors lies outside the
confines of our current report. We only stated for the Reviewer’s interest that ‘...it could be
speculated that MtCK1 is induced by other unknown transcription factors during osteoclast
differentiation’.

2. Major point 3: (size of Zeb1-deficient OCs and their actin rings):

Please explain the nature of the data in Fig. S2E - number of actin rings/OC. The
statement "Data are representative of at least 3 independent experiments with biological
replicates” is not clear in this context. The six data points cannot be from representative
cells (number of rings per individual cell is a whole number), so they apparently represent
averages, but of what/how many cells?

With respect to the data presented in Appendix Fig. S2E, the six data points represent six
average numbers derived from six independent experiments (n = 6). Each data point is the
average of 2 technical replicates from one independent experiment, while 3 random fields from
each technical replicate are counted for number of actin rings per osteoclast. As each field
includes approximately 4 osteoclasts. As such, each biological replicate involves the counting of



no fewer than 24 osteoclasts. We have added the exact biological replicate number in the Figure
legend to make these results more clear.

Minor points:

1) Minor point 4: The question was what type of bone was analyzed in the original Fig 2B
and Supp Fig. 2b. Was it the distal femur as in some of the other panels in the figures?

Male as well as female femur trabecular bone were analyzed in Figure 2B and Suppl Figure
2b (now Fig EV2B), respectively. For the other panels in Figure 2, male distal femur was analyzed
with nanoCT saggital section/3D reconstruction, HE, TRAP, Goldner’s trichrome staining, and
double-calcein bone labeling (Fig 2A and C-F). For panel C of Figure EV2, the cortical thickness
of the midsection of male femur bone was analyzed by nanoCT, while panel D and E of Figure
EV2 are nanoCT results of male vertebral bone. This information has been inserted in the revised
text.



Reviewer #4:

General comments:

As an additional reviewer, | have carefully read the revised manuscript and the authors'
responses. In my view, the authors have satisfied the main comments brought up by the
reviewers. This paper sheds insight on a new mode of metabolic regulation by Zebl in
osteoclasts and is suitable for publication.

Thank you for the positive evaluation of our manuscript.
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