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1st Editorial Decision 14th Oct 2019

Thank you for the submission of your manuscript to EMBO Molecular Medicine. We have now
heard back from the three referees whom we asked to evaluate your manuscript.

You will see that while the three referees find the data of interest, they also have similar and
overlapping concerns. Of critical relevance, you should provide more supportive mechanism.
Additionally, you should rewrite ad re-organise the study, in terms of presentation as well and
expand the discussion. All three referees commented on this and we believe that the data should be
presented and discussed in a clearer and less ambiguous manner.

We would therefore welcome the submission of a revised version within three months for further
consideration and would like to encourage you to address all the criticisms raised as suggested to
improve conclusiveness and clarity. Please note that EMBO Molecular Medicine strongly supports a
single round of revision and that, as acceptance or rejection of the manuscript will depend on
another round of review, your responses should be as complete as possible.

F*xxE* Reviewer's comments *x*x*
Referee #1 (Remarks for Author):

The manuscript by Di Matteo et al. investigates the role of cystatin B (CSTB) in the early
developing brain using mouse and human brain organoids. They found that CSTB can affect the
proliferation of the neuronal progenitors and affect the migration of interneurons in a non-cell
autonomous manner. The protein is secreted into the mouse cerebral spinal fluid and conditioned
medium from human cortical organoids (hCO). This gene is of interest since autosomal-recessive
mutations in this gene result in a neurodegenerative disorder known as progressive myoclonus
epilepsy (PME) of Unverricht-Lundborg-type (EPM1). The manuscript is of interest and contributes
to our overall understanding of different molecular mechanisms regulating brain development.
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The authors used either overexpression of wild-type or mutated CSTB by in utero electroporation of
mouse embryos or overexpression of CSTB in hCO as well as using hCO derived from patients. The
mouse experiments do not directly correspond with the human disease, and their results imply that
the mutation can act in a dominant-negative mechanism, which was not clearly discussed.

Specific comments:

CSTB expression during cortical development in hCOs and mice

Figure 1A: | am not really sure what is the significance of the later time points, it looks that the
tissue at 85 days is somewhat disintegrating.

1C: No significant differences in the expression of CSTB in PAX6+ versus NEUN+

1E: Please specify what are the additional high expression areas?

The authors indicate that overexpression of CSTB affects the proliferation of progenitors in a non-
cell autonomous way. The non-cell autonomous mechanism was tested by quantifying the number
of GFP+ cells and pH3+ cells. Yet, what was not accounted for is that the GFP is diluted upon cell
division, and cells that did contain GFP will be scored negative following cell division. To test this
hypothesis directly, it will be useful either to lineage label the transfected cells, or at least to perform
threshold analysis on the GFP+ cells. It is possible that the effect is both cell-autonomous and non-
cell autonomous. Some clue for this may be seen in examining the in utero electroporated side and
the collateral side. The effect is clear in the side that was electroporated. Since the overexpressed
protein is secreted to the CSF, it could be expected that the other side will be affected as well. How
CSTB affects cell proliferation is unclear. A more detailed analysis of cell cycle progression is
needed. The authors show more Thr2+ cells, yet did not examine in parallel Pax6+ cells or double
positive Thr2+/Pax6+ cells.

Figure EV2 K: The authors indicate that there is no change in the number of interneurons, yet the
number of transfected (red) cells is minute. Even with this small number of cells there is a slight
increase, yet not significant.

Figure 2L,M; the number of transfected cells and their distribution is very different, is there a
problem with radial migration of the CSTB transfected neurons?

There is also a very striking difference between the GADG65 and the GAD67 experiments, is there an
explanation?

Figure 3, please include and compare with GFP only, one- or two-way ANOVA will be needed for
measuring statistical significance.

Proliferation is reduced in EPM1-derived cerebral organoids

A more detailed analysis regarding the effect on cell proliferation is required.

If the mutations result in loss of function, is the addition of recombinant protein to the medium of
the cerebral human organoids sufficient to rescue the phenotype?

The discussion is very short.

Referee #2 (Comments on Novelty/Model System for Author):

The report is based on the comparison of animal models (induced by in utero electroporation) and
brain organoids derived from patients. Both techniques are on the state of the art and particularly
suitable for evaluating cortical development. The author greatly contributed to the development of
the later mentioned approach.

The project originality is not only based on the type of preparations, but in the notion that phenotype
would result from a non-cell autonomous effect of CSTB after its secretion to the extracellular
space. However, | do not think that authors reached a fully demonstration of this and additional
experiments seem to me necessary for reaching a solid conclusion. I think that brain organoids will
give opportunities to evaluate this more in deepness.
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The quality of the work is optimal, but the presentation is a bit frustrating, disorganized. This can be
easily improved (I did comments to authors in this sense).

Data obtained tend to suggest that Progressive myoclonus epilepsy (PME) of Unverricht-Lundborg-
type (EPM1) would be a developmental pathology or at least partially linked to developmental
alterations. However it is unclear yet if the changes associated to CSTB mutation are really involved
on the clinical manifestations and evolution of the disease

Referee #2 (Remarks for Author):

The report of Di Matteo et al. aims to elucidate the role of CSTB, an inhibitor of the cathepsin
family of proteases, in developing brain cortex and to provide some hints on the pathophysiological
basis of brain disorders (EPM1) linked to mutations of this inhibitor.

To these aims the report analyze first the expression of CSTB in mice embryonic brain and in
human cerebral organoids (hCOs). Their data focus on the expression of CSTB in cortical
progenitors. These results lead authors to evaluate the involvement of CSTB on cortical
proliferation, by inducing the overexpression of CSTB in embryonic mice and hCOS by
electroporation and observed intriguing data suggesting non-cell autonomous effects induced by the
overexpression of CSTB: expansion of cortical progenitors (TBR2+) and accumulation of
interneurons in the electroporated area.

Authors propose that CSTB non-cell autonomous effects on cortical progenitors and interneurons
would be the result of a secretion of CSTB to the extracellular space. If their present data and recent
publication (Penna et al. 2019) indicate indeed that CSTB can be secreted, they do not provide
evidences to confirm that secreted CSTB is responsible for the phenotype evaluated. It is also
unclear if in physiological conditions CSTB has a non-cell autonomous effect on cortical
progenitors and migrating interneurons. | think that it would be possible to go farther on the
demonstration, so nicely initiated by authors, to allow more solid conclusions.

In the second part of the study, authors evaluate the non-cell autonomous effects induced in mice
and hCOs by the transfection of a CSTB mutation identified in EPM1 patients and leading to a
truncated form of the protein (R68X). Data obtained were compared to samples transfected with the
WT form. It is difficult to appreciate from only this comparison if R68X induces a phenotype at all
(we lack the comparison with a mismatch construct), though it seems indeed that the phenotype
observed after CSTB overexpression is no longer reproduced. Authors also show that the truncated
protein is not detected in the conditioned media (degraded? No-detected by the antibodies? No
secreted?) suggesting that this is the reason for the differences observed. However, this is still an
open question. These data indicate also that the endogenous WT form (produced by transfected and
non-transfected cells) is not released in sufficient amounts to be detected and maybe to impact
neighbor cells. Is this protein in physiological conditions playing a role on cortical development?
Maybe that knockdown experiments would help clarifying this point.

In the third part of the study, authors take advantage of brain organoids generated from EPM1
patients for evaluating developmental pathomechanisms without overexpressing CSTB constructs
and in a human relevant condition. Two patients were selected, none involving the same mutation
tested in the previous section (it would have been more coherent), but associating an apparent
reduction on the expression levels of CSTB transcript and protein as compared to organoids
generated from one control individual. Their data indicate that both mutations affect the growing of
organoids likely though a reduced proliferation of cortical progenitors. Their data also suggest that
mutations paradoxically increased the thickness of the cortical plate, due to an increase on the
number of immature neurons DCX+. These data are reminiscent of data obtained in hCOs
transfected with R68x but unfortunately the parameters analyzed were not the same and we cannot
completely appreciate differences and resemblances.

I find some other points in the manuscript that requires revision:

-figures 2 A-H and EV2 A-H are showing data from the same section but are somehow difficult to
read and combine. The main effect observed by authors concern "non-electroporated™ progenitor
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cells but graphs represent either total cells or GFP+ cells (with the exception of EV2D.) | think that
for clarity, figure 2 (main text) should include graphs showing data from both GFP+ and GFP- cells.
I do not think that the total population data is helping the understanding of the effects induced by
CSTB transfection (a mix of apparently two different effects); they can be moved to EV figure.

- Concerning still this section, | am puzzled that GFP + cells are not affected. If the effect on
progenitor cells is due to the secretion of CSBT, it should affect all surrounding cells, including GFP
cells, unless they are engaged in a process that alters their proliferation (e.g. apoptosis or
differentiation). This is probably a difficult point to resolve, but it is not at the core of the main
objective? The elucidation of the role of CSTB on corticogenesis?

-In figure 2F, M and O, quantification by Bin are displayed and authors claim that bin 3 covers the
intermediate zone. It will be important for readers to get Bin limits displayed in figures 2L, N and
3G.

-1t would help the reader if data are presented along figures following the same model to facilitate
comparisons. For example, in Figures 2 and 3, presenting data following the same representation for
Tbr2 changes (difficult to compare now 2H and 3H).

- Statistic description did not clarify if authors validated for their statistical comparisons the power
strength and consequently confirmed that their sample sizes were adequate. Also, the values of the n
in the different experiments were not always clear.

- The discussion contains many vague sentences, lacks precision and does not frankly highlight the
topic and the interest of the research. The results obtained must be interpreted first and give
substance to hypothesis or nourish controversies, otherwise the work done and the results obtained
will remain unnoticed.

Referee #3 (Comments on Novelty/Model System for Author):

The Manuscript by Cappello et al. on "CystatinB is essential for proliferation and

interneuron migration in individuals with EPM1 epilepsy" is very interesting as it shows, perhaps
for the first time, convincing data on the role of cystatin B in the CNS, starting to explain why
CSTB mutants cause such devastating disease. The experiments are well designed and the results
consistently point to the strong involvement of this protein in the regulation of the early stages of
neurogenesis and in the growth and organization of migrating interneurons in mouse and in human
cerebral organoids. In addition the authors show that CSTB is secreted in the conditioned medium of
human cerebral organoids as well as in the conditioned medium of E14 mouse cortical cells in
culture.

For these reasons | think that these data should be published.

However, the manuscript is very difficult to read, especially in the legend and in the results sections.
My suggestion is that the manuscript is revised possibly by a person of English mother language and
that the results and legends are presented more clearly. The discussion could also be expanded
considering the size of the work.

Referee #3 (Remarks for Author):

1. Technical quality (including statistical analysis).

The data presented are solid, with adequate controls and statistical analysis, use of different
techniques, specimens/samples from mouse and human, including EPM1 patients.

2. Strong evidence for the conclusions that are drawn.

All data obtained in a number of different and independent experiments point to the same
conclusion: cstb protein is involved both in proliferation of cells in the developing cortex and
interneuron migration during CNS neurogenesis. Its overexpression promotes proliferation and thus
rises the thickness of the intermediate layer of the cortex. Also interneuron migration of cells close
to those that express cstb is positively affected. On the other side, its absence or mutation reduces
proliferation and thus the thickness of the intermediate layer of the cortex, the number of migrating
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interneurons is diminished as well.

3. Novelty.

For the first time the specific role of cstb in CNS, suggested in a number of papers, is shown,
enlightening the cause of the primary consequence of its mutation in EPM1 patients: atrophy and
reduced thickness of cerebral structures.

4. Medical impact.

First step to understand the molecular basis of EPM1, and thus it opens to further investigations for
drug design.

5. Adequacy of model system.

Adequate.

6. Clarity and interest for the non-specialist.

Results are extremely interesting for a wide range of readers, but not always easy to understand,
especially for the non-specialist. The reader is requested to constantly check the images to follow
the authors’ reasoning. The authors should deepen the discussion.

» The Manuscript by Cappello et al. on "CystatinB is essential for proliferation and interneuron
migration in individuals with EPM1 epilepsy" is very interesting as it shows, perhaps for the first
time, convincing data on the role of cystatin B in the CNS, starting to explain why CSTB mutants
cause such devastating disease. The experiments are well designed and the results consistently point
to the strong involvement of this protein in the regulation of the early stages of neurogenesis and in
the growth and organization of migrating interneurons in mouse and in human cerebral organoids. In
addition the authors show that CSTB is secreted in the conditioned medium of human cerebral
organoids as well as in the conditioned medium of E14 mouse cortical cells in culture.

* For these reasons I think that these data should be published.

» However, the manuscript is very difficult to read, especially in the legend and in the results
sections. My suggestion is that the manuscript is revised possibly by a person of English mother
language and that the results and legends are presented more clearly.

* The discussion could also be expanded considering the size of the work. As it stands, it does not
underline the relevance, the implication and the novelty of the data.

1st Revision - authors' response 12th Feb 2020

Please see next page.
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Referee #1 (Remarks for Author):

The manuscript by Di Matteo et al. investigates the role of cystatin B (CSTB) in the early developing
brain using mouse and human brain organoids. They found that CSTB can affect the proliferation of
the neuronal progenitors and affect the migration of interneurons in a non-cell autonomous manner.
The protein is secreted into the mouse cerebral spinal fluid and conditioned medium from human
cortical organoids (hCO). This gene is of interest since autosomal-recessive mutations in this gene
result in a neurodegenerative disorder known as progressive myoclonus epilepsy (PME) of Unverricht-
Lundborg-type (EPM1). The manuscript is of interest and contributes to our overall understanding of
different molecular mechanisms regulating brain development.

The authors used either overexpression of wild-type or mutated CSTB by in utero electroporation of
mouse embryos or overexpression of CSTB in hCO as well as using hCO derived from patients. The
mouse experiments do not directly correspond with the human disease, and their results imply that
the mutation can act in a dominant-negative mechanism, which was not clearly discussed.
Specific comments:

CSTB expression during cortical development in hCOs and mice

Figure 1A: |1 am not really sure what is the significance of the later time points, it looks that the tissue
at 85 days is somewhat disintegrating.

We have removed the 85 days as suggested by the reviewer.

1C: No significant differences in the expression of CSTB in PAX6+ versus NEUN+

We have changed our statements regarding CSTB expression according to the reviewer’'s comment.
1E: Please specify what are the additional high expression areas?

We have added information regarding the specific areas where CSTB is enriched.

The authors indicate that overexpression of CSTB affects the proliferation of progenitors in a non-cell
autonomous way. The non-cell autonomous mechanism was tested by quantifying the number of GFP+
cells and pH3+ cells. Yet, what was not accounted for is that the GFP is diluted upon cell division, and
cells that did contain GFP will be scored negative following cell division. To test this hypothesis directly,
it will be useful either to lineage label the transfected cells, or at least to perform threshold analysis
on the GFP+ cells. It is possible that the effect is both cell-autonomous and non-cell autonomous. Some
clue for this may be seen in examining the in utero electroporated side and the collateral side. The
effect is clear in the side that was electroporated. Since the overexpressed protein is secreted to the
CSF, it could be expected that the other side will be affected as well.

We thank the reviewer for this important and relevant comment. The time is quite short (2 days) and
we always perform immunostaining with GFP antibody to detect also low level of GFP. But cannot
exclude 100% the possibility that the GFP is very quickly diluted and undetectable. Therefore, we
invested in an alternative approach, as suggested by the reviewer below. To demonstrate the role of
secreted CSTB on proliferation we used the conditioned medium from the control and patient
organoids and we switched that every day for a month (Fig 5H and EV5G-J). The surprising and striking
result is that we could rescue the proliferation phenotype of the mutant organoids by just providing
them the conditioned medium of the control organoids. This result strongly supports the cell non-
autonomous mechanism.

How CSTB affects cell proliferation is unclear. A more detailed analysis of cell cycle progression is
needed. The authors show more Tbr2+ cells, yet did not examine in parallel Pax6+ cells or double
positive Tbr2+/Pax6+ cells.

We appreciate the suggestions of the reviewer and we have performed a more detailed analysis on
both specific cell cycle phases and cell fate. Particularly, we investigated the number of cells in G1-
phase by quantifying Cyclin D1+ cells, S-phase by injecting (30 minutes) and counting BrdU+ cells and
M-phase by Ph3 analysis. The result is that we found more cells in S-phase suggesting a cell cycle
specific effect of CSTB on neural progenitors (Fig 2 and EV2).

To evaluate if CSTB has a more prominent role on a specific type of progenitors, we performed Pax6
and Tbr2 immunostainings. Single and double quantifications revealed a similar increase in all 3
populations, suggesting a general function of CSTB on progenitors (Fig 2).



Figure EV2 K: The authors indicate that there is no change in the number of interneurons, yet the
number of transfected (red) cells is minute. Even with this small number of cells there is a slight
increase, yet not significant.

The reviewer is correct, we do not detect a significant increase in the number of interneurons , as
shown in the new Fig EV3 E-F even though the electroporated area is not very small (Fig 3D and 3F).
Fig EV3G shows a detail of the analyzed section.

Figure 2L,M; the number of transfected cells and their distribution is very different, is there a problem
with radial migration of the CSTB transfected neurons?

We thank the reviewer for spotting this detail. Indeed, the panel representing the experiment using
GAD67 was simply a maximum projection of a section. On the contrary the panel representing the
experiment using GAD65 is a single confocal optical section. We exchanged the representative picture,
now both are single optical sections, to make them comparable as the reviewer suggested (see new
Fig 3 D and F).

There is also a very striking difference between the GAD65 and the GAD67 experiments, is there an
explanation?

We exchanged the representative picture to make them comparable as the reviewer suggested.
Figure 3, please include and compare with GFP only, one- or two-way ANOVA will be needed for
measuring statistical significance.

We added CTRL results in every plot of new Fig 4

Proliferation is reduced in EPM1-derived cerebral organoids. A more detailed analysis regarding the
effect on cell proliferation is required.

If the mutations result in loss of function, is the addition of recombinant protein to the medium of the
cerebral human organoids sufficient to rescue the phenotype?

We thank the reviewer for this crucial scomment. We have performed the experiment suggested and
it’s now shown in Fig 5H and EV5G-J

The discussion is very short.

We have expanded the discussion as requested.

Referee #2 (Comments on Novelty/Model System for Author):

The report is based on the comparison of animal models (induced by in utero electroporation) and
brain organoids derived from patients. Both techniques are on the state of the art and particularly
suitable for evaluating cortical development. The author greatly contributed to the development of
the later mentioned approach.

The project originality is not only based on the type of preparations, but in the notion that phenotype
would result from a non-cell autonomous effect of CSTB after its secretion to the extracellular space.
However, | do not think that authors reached a fully demonstration of this and additional experiments
seem to me necessary for reaching a solid conclusion. | thing that brain organoids will give
opportunities to evaluate this more in deepness.

We thank the reviewer for the positive comments and feedback on our work.

The quality of the work is optimal, but the presentation is a bit frustrating, disorganized. This can be
easily improved (I did comments to authors in this sense).

Data obtained tend to suggest that Progressive myoclonus epilepsy (PME) of Unverricht-Lundborg-
type (EPM1) would be a developmental pathology or at least partially linked to developmental
alterations. However it is unclear yet if the changes associated to CSTB mutation are really involved on
the clinical manifestations and evolution of the disease.

Referee #2 (Remarks for Author):

The report of Di Matteo et al. aims to elucidate the role of CSTB, an inhibitor of the cathepsin family



of proteases, in developing brain cortex and to provide some hints on the pathophysiological basis of
brain disorders (EPM1) linked to mutations of this inhibitor.

To these aims the report analyze first the expression of CSTB in mice embryonic brain and in human
cerebral organoids (hCOs). Their data focus on the expression of CSTB in cortical progenitors. These
results lead authors to evaluate the involvement of CSTB on cortical proliferation, by inducing the
overexpression of CSTB in embryonic mice and hCOS by electroporation and observed intriguing data
suggesting non-cell autonomous effects induced by the overexpression of CSTB: expansion of cortical
progenitors (TBR2+) and accumulation of interneurons in the electroporated area.

Authors propose that CSTB non-cell autonomous effects on cortical progenitors and interneurons
would be the result of a secretion of CSTB to the extracellular space. If their present data and recent
publication (Penna et al. 2019) indicate indeed that CSTB can be secreted, they do not provide
evidences to confirm that secreted CSTB is responsible for the phenotype evaluated. It is also unclear
if in physiological conditions CSTB has a non-cell autonomous effect on cortical progenitors and
migrating interneurons. | think that it would be possible to go farther on the demonstration, so nicely
initiated by authors, to allow more solid conclusions.

We thank the reviewer for this comment. It’s definitely a crucial point of this study and we therefore
invested in alternative approaches and perform a full set of new experiments. To demonstrate the role
of secreted CSTB on proliferation we used the conditioned medium from the control and patient
organoids and we switched that every day for a month (Fig 5H and EV5G-J). The surprising and striking
result is that we could rescue the proliferation phenotype of the mutant organoids but just providing
them the conditioned medium of the control organoids. Moreover, to investigate possible mechanisms
contributing to the dysfunction of CSTB in patients, we have performed proteomic analysis on patient’s
hCOs (Fig 6 and EV6). The results show a clear rearrangement in the extracellular matrix and secretory
pathways, possibly contributing to the cell non-autonomous phenotype.

In the second part of the study, authors evaluate the non-cell autonomous effects induced in mice and
hCOs by the transfection of a CSTB mutation identified in EPM1 patients and leading to a truncated
form of the protein (R68X). Data obtained were compared to samples transfected with the WT form.
It is difficult to appreciate from only this comparison if R68X induces a phenotype at all (we lack the
comparison with a mismatch construct), though it seems indeed that the phenotype observed after
CSTB overexpression is no longer reproduced. Authors also show that the truncated protein is not
detected in the conditioned media (degraded? No-detected by the antibodies? No secreted?)
suggesting that this is the reason for the differences observed. However, this is still an open question.
These data indicate also that the endogenous WT form (produced by transfected and non-transfected
cells) is not released in sufficient amounts to be detected and maybe to impact neighbor cells. Is this
protein in physiological conditions playing a role on cortical development? Maybe that knockdown
experiments would help clarifying this point.

This is also a very relevant comment as we want to understand and investigate if the malfunction of
the R68X is only a null function or it this R68X has a dominant effect. We therefore performed
knockdown experiments using miRNA targeting CSTB. In the new Fig 4 of the manuscript we present
and compare the different conditions: control, knockdown, overexpression of wt and of pathological
CSTB. We found that the pathological R68X has an effect that resembles the knockdown, suggesting a
dominant effect. As suggested by the reviewer we now show side by side all the quantifications to help
the readers to compare between conditions. We also included a WB of the protein extracts from
mouse primary cells (Fig EV4D) to show that the absence of R68X signal in WB in Fig EV4C is not due
to detection problems of the antibody.

In the third part of the study, authors take advantage of brain organoids generated from EPM1 patients
for evaluating developmental pathomechanisms without overexpressing CSTB constructs and in an
human relevant condition. Two patients were selected, none involving the same mutation tested in
the previous section (it would have been more coherent), but associating an apparent reduction on
the expression levels of CSTB transcript and protein as compared to organoids generated from one
control individual. Their data indicate that both mutations affect the growing of organoids likely
though a reduced proliferation of cortical progenitors. Their data also suggest that mutations
paradoxically increased the thickness of the cortical plate, due to an increase on the number of



immature neurons DCX+. These data are reminiscent of data obtained in hCOs transfected with R68x
but unfortunately the parameters analyzed were not the same and we cannot completely appreciate
differences and resemblances.

As the reviewer suggests, generation of hCOs from patients with R68X mutation would be more
coherent. Our hope was to be able to compare both type of mutations, targeting the promoter region
and the coding region. We collected PBMCs from 2 R68X patients but, despite several attempts, we
were unable to reprogram the PBMCs and generate iPSCs. We hypothesized that this is due to the
dominant effect causing premature differentiation. Therefore we decided to use 2 EPM1 patients with
different genetic background.

The analysis of the R68X electroporated was mainly focusing on the proliferation to mimic the results
obtained in the mouse cortex and therefore we only analyzed early timepoints. For a more detailed
analysis in organoids, we preferred to switch to patients’ organoids, to be able to mimic as close as
possible the in vivo conditions, where the mutation is present from the beginning and in all cells.

| find some other points in the manuscript that requires revision:

-figures 2 A-H and EV2 A-H are showing data from the same section but are somehow difficult to read
and combine. The main effect observed by authors concern "non-electroporated" progenitor cells but
graphs represent either total cells or GFP+ cells (with the exception of EV2D.) | think that for clarity,
figure 2 (main text) should include graphs showing data from both GFP+ and GFP- cells. | do not think
that the total population data is helping the understanding of the effects induced by CSTB transfection
(a mix of apparently two different effects); they can be moved to EV figure.

We reported the cell proliferation of electroporated cells by counting Ki67+GFP+ in FIG EV2A, EV2B
and EV4B for OE and KD of CSTB and we did not find any significant change, therefore we always
focused on the total population. Only upon OE of R68X in Fig 4G, we detect a significant increase in
the cell-autonomous phenotype that we further investigated for premature differentiation in Fig EVAE-
F comparing the 3 conditions OE, KD and R68X OE.

- Concerning still this section, | am puzzled that GFP + cells are not affected. If the effect on progenitor
cells is due to the secretion of CSBT, it should affect all surrounding cells, including GFP cells, unless
they are engaged in a process that alters their proliferation (e.g. apoptosis or differentiation). This is
probably a difficult point to resolve, but it is not at the core of the main objective? The elucidation of
the role of CSTB on corticogenesis?

We agree with the reviewer but it’s very difficult to find striking effects as the phenotype is more or
less pronounce depending on the amount of electroporated cells.

-In figure 2F, M and O, quantification by Bin are displayed and authors claim that bin 3 covers the
intermediate zone. It will be important for readers to get Bin limits displayed in figures 2L, N and 3G.
We thank the reviewer for the comment. However, overlapping the bins on the picture results in
difficulties in visualizing the electroporated/immunostained cells and the bins are just an
approximation of the zones (Ventricular Zone, Subventricular Zone, Intermadiate Zone and Cortical
Plate). Importantly we applied the same binning criteria to each picture, as the binning has always
been performed by subdividing the cerebral cortex in 5 equally-distributed bins as clarified in the text.
-It would help the reader if data are presented along figures following the same model to facilitate
comparisons. For example, in Figures 2 and 3, presenting data following the same representation for
Tbr2 changes (difficult to compare now 2H and 3H).

We thank the reviewer for this useful comment. We adjusted the figures accordingly.

- Statistic description did not clarify if authors validated for their statistical comparisons the power
strength and consequently confirmed that their sample sizes were adequate. Also, the values of the n
in the different experiments were not always clear.

We thank the reviewer for this useful comment. We clarified what is referred as n in every figure
legend

- The discussion contains many vague sentences, lacks precision and does not frankly highlight the
topic and the interest of the research. The results obtained must be interpreted first and give
substance to hypothesis or nourish controversies, otherwise the work done and the results obtained
will remain unnoticed.

We have expanded and revised the discussion for clarity.



Referee #3 (Comments on Novelty/Model System for Author):

The Manuscript by Cappello et al. on "CystatinB is essential for proliferation and
interneuron migration in individuals with EPM1 epilepsy" is very interesting as it shows, perhaps for
the first time, convincing data on the role of cystatin B in the CNS, starting to explain why CSTB mutants
cause such devastating disease. The experiments are well designed and the results consistently point
to the strong involvement of this protein in the regulation of the early stages of neurogenesis and in
the growth and organization of migrating interneurons in mouse and in human cerebral organoids. In
addition the authors show that CSTB is secreted in the conditioned medium of human cerebral
organoids as well as in the conditioned medium of E14 mouse cortical cells in culture.

For these reasons | think that these data should be published.

However, the manuscript is very difficult to read, especially in the legend and in the results sections.
My suggestion is that the manuscript is revised possibly by a person of english mother language and
that the results and legends are presented more clearly. The discussion could also be expanded
considering the size of the work.

We thank the reviewer for his positive comments and suggestions. We have heavily revised the
manuscript accordingly to her/his comments

Referee #3 (Remarks for Author):

1. Technical quality (including statistical analysis).

The data presented are solid, with adequate controls and statistical analisys, use of different
techniques, speciments/samples from mouse and human, including EPM1 patients.

2. Strong evidence for the conclusions that are drawn.

All data, obtained in a number of different and indipendent experiments point to the same conclusion:
cstb proteinis involved both in proliferation of cells in the developing cortex and interneuron migration
during CNS neurogenesis. Its overexpression promotes proliferation and thus rises the thikness of the
intermediate layer of the cortex. Also interneuron migration of cells close to those that express cstb is
positively affected. On the other side, its absence or mutation reduces proliferation and thus the
thikness of the intermediate layer of the cortex, the number of migrating interneurons is diminished
as well.

3. Novelty.

For the first time the specific role of cstb in CNS, suggested in a number of papers, is shown,
enlightening the cause of the primary consequence of its mutation in EPM1 patients: atrophy and
reduced thikness of cerebral structures.

4. Medical impact.

First step to understand the molecular basis of EPM1, and thus it opens to further investigations for
drug design.

5. Adequacy of model system.

Adequate.

6. Clarity and interest for the non-specialist.

Results are extremely interesting for a wide range of readers, but not always easy to understand,
expecially for the non-specialist. The reader is requested to constantly check the images to follow the
authors'reasoning. The authors should deepen the discussion.

We thank the reviewer for comments and suggestions, we expanded our discussion accordingly.

e The Manuscript by Cappello et al. on "CystatinB is essential for proliferation and interneuron
migration in individuals with EPM1 epilepsy" is very interesting as it shows, perhaps for the first time,
convincing data on the role of cystatin B in the CNS, starting to explain why CSTB mutants cause such
devastating disease. The experiments are well designed and the results consistently point to the strong
involvement of this protein in the regulation of the early stages of neurogenesis and in the growth and



organization of migrating interneurons in mouse and in human cerebral organoids. In addition the
authors show that CSTB is secreted in the conditioned medium of human cerebral organoids as well as
in the conditioned medium of E14 mouse cortical cells in culture.

¢ For these reasons | think that these data should be published.

¢ However, the manuscript is very difficult to read, especially in the legend and in the results sections.
My suggestion is that the manuscript is revised possibly by a person of english mother language and
that the results and legends are presented more clearly.

¢ The discussion could also be expanded considering the size of the work. As it stands, it does not
underline the relevance , the implication and the novelty of the data.

We thank the reviewer for carefully suggesting where the manuscript can be improved. We re-wrote
the manuscript accordingly.
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2nd Editorial Decision 9th Mar 2020

Thank you for the submission of your revised manuscript to EMBO Molecular Medicine. We have
now received the enclosed reports from the referees that were asked to re-assess it. As you will see
the reviewers are now globally supportive and | am pleased to inform you that we will be able to
accept your manuscript pending the following final amendments:

1) Please address the minor text change commented by referee 2.

Please address both referees' comments in writing.
Please provide a point-by-point letter INCLUDING my comments as well as the reviewer's reports
and your detailed responses to their comments (as Word file).

*RxkE Reviewer's comments *****
Referee #1 (Comments on Novelty/Model System for Author):

The models used in this study included state of the art technique and are suitable to investigate the
scientific question.

Referee #1 (Remarks for Author):

The authors have responded to previous critics in a suitable manner.

Referee #2 (Comments on Novelty/Model System for Author):

Quality and adequacy of model: Techniques are on the state of the art, with strong data obtained
with human brain organoids particularly well adapted to the topic investigated. Control experiments
well designed

Novelty : demonstration that Cstb plays an important regulatory role on cortical development, is
totally new and important to know by the community

Medical impact is very good, as provides a rationale for explaining eventually some clinical
manifestations but data won't translate to therapy or diagnosis

Referee #2 (Remarks for Author):

The manuscript has been considerably remodeled and modified to solve the major criticisms.
Importantly, authors performed new experiments to evaluate the impact of Cstb downregulation in
cortical progenitors and to evaluate whether Cstb effects are mediated by non-cell autonomous
mechanisms. Altogether these changes provide a more convincing demonstration that in developing
cortex Cstb modulates proliferation of cortical progenitors and influences the migration of
interneurons.

There are still a few points that require revision:

Last sentences of abstract and introduction seem a bit strong to me. Proteomic analysis revealed
indeed changes affecting mainly extracellular matrix proteins, but in the absence of additional data,
validations, etc. | would downscale the notion indicating that these data suggest....

Page 5 the sentence "Taken together, our results.... and neuronal." Seems to be truncated.

In the result section references to figures is sometimes erroneous. For example, in page 6, when
describing DCX+ neurons, authors cite Fig EVB4C-D instead of EVC4E-F, or when they indicate
that R68X overexpression interfered with interneuron migration authors referred to Fig 31-J, but
those figures do not exist. Also, in page 7 authors mentioned Fig 6F instead of 6H and Figure 6G
instead of 6L. In page 8 it is mentioned that Fig6l show 178 differentially represented proteins, but
the figure only shows GFP /DAPI staining of organoids.
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In page 7, the description of the changes observed with DCX immunostaining is a bit misleading.
DCX is not a marker of the cortical plate, and it is unclear if all neurons are DCX+ in the
preparation. | would be more precise and factual indicating just that DCX immunopositive cells
form a wider band in the presumptive cortical plate in UL1 and Ul4 as compared with controls.
Lettering of figure parts are sometimes weird or follows a rather random attribution, particularly:
-Figure 2, lettering A to K is really disorganized

-Figure 6, F-G are below H-I

-Figure EV5 has J but not |

-Note also that Figure 3E display "control” for any bin

Descriptions of figure parts are wrongly attributed in legends of figures 2 and 6

2nd Revision - authors' response 1st Apr 2020

The authors performed the requested editorial changes.
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YO UST COMPLETE ALL CELLS WITH A PINK BACKGROUND W USEFUL LINKS FOR COMPLETING THIS FORM
PLEASE NOTE THAT THIS CHECKLIST WILL BE PUBLISHED ALONGSIDE YOUR PAPER

Corresponding Author Name: Silvia Cappello and Rossella Di Giaimo
Journal Submitted to: EMBO molecular medicine

Manuscript Number: EMM-2019-11419-V3 http://www.antibodypedia.com
http://1degreebio.org

Reporting Checklist For Life Sciences Articles (Rev. June 2017)

This checklist i used to ensure good reporting standards and to improve the reproducibility of published results. These guidelines are
consistent with the Principles and Guidelines for Reporting Preclinical Research issued by the NIH in 2014. Please follow the journal’s

authorship guidelines in preparing your manuscript. http://grants.nih.gov/grants/olaw/olaw.htm
http://www.mrc.ac.uk/Ourresearch/Ethicsresear i Useofanimals/index.htm
A- Figures http://ClinicalTrials.gov
1. Data http://www.consort-statement.or;
The data shown in figures should satisfy the following conditions: http://www.consort-statement.org/checklists/view/32-consort/66-title
> the data were obtained and processed according to the field’s best practice and are presented to reflect the results of the
experiments in an accurate and unbiased manner. http://www.equator-network.org/reporting: es/reporting-recom for-tumc¢
=> figure panels include only data points, measurements or observations that can be compared to each other in a scientifically
meaningful wav. http://datadryad.org
=> graphs include clearly labeled error bars for independent experiments and sample sizes. Unless justified, error bars should
not be shown for technical replicates. http://figshare.com
= if n< 5, the individual data points from each experiment should be plotted and any statistical test employed should be
justified http://www.ncbi.nlm.nih.gov/ga
> Source Data should be included to report the data underlying graphs. Please follow the guidelines set out in the author ship
guidelines on Data Presentation. http://www.ebi.ac.uk/ega
2. Captions http://biomodels.net/

Each figure caption should contain the following information, for each panel where they are relevant: .
http://biomodels.net/miriam/
> a specification of the experimental system investigated (eg cell line, species name). http://jjj.biochem.sun.ac.za
the assay(s) and method(s) used to carry out the reported observations and measurements http://oba.od.nih.gov/biosecurity/biosecurity_documents.html|
an explicit mention of the biological and chemical entity(ies) that are being measured. http://www.selectagents.gov,
an explicit mention of the biological and chemical entity(ies) that are altered/varied/perturbed in a controlled manner.

a description of the sample collection allowing the reader to understand whether the samples represent technical or

biological replicates (including how many animals, litters, cultures, etc.).

a statement of how many times the experiment shown was independently replicated in the laboratory.

definitions of statistical methods and measures:

* common tests, such as t-test (please specify whether paired vs. unpaired), simple x2 tests, Wilcoxon and Mann-Whitney
tests, can be unambiguously identified by name only, but more complex techniques should be described in the methods
section;

« are tests one-sided or two-sided?

are there adjustments for multiple comparisons?

>
>
>
=> the exact sample size (n) for each experimental group/condition, given as a number, not a range;
>
>
>

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

definition of ‘center values’ as median or average;

definition of error bars as s.d. or s.e.m.

Any descriptions too long for the figure legend should be included in the methods section and/or with the source data.

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

We encourage you to include a specific subsection in the methods section for statistics, reagents, animal models and human

subjects.
B- Statistics and general methods Please fill out these boxes 0 not worry if you cannot see all your text once you press ret
1.a. How was the sample size chosen to ensure adequate power to detect a pre-specified effect size? The disease investigated, EPM1 due to CSTB mutations, is a rare disease. We have very limited

number of patients, therefore we used 2 different patients cell lines. In order to compensate for
the limited number of patient's cells we compared our results to 2 different controls: f-CTRL of

Fibroblast origin and b-CTRL of PBMC origin.

1.b. For animal studies, include a statement about sample size estimate even if no statistical methods were used. All experiments were reproduced at least 3 times independently and all attempts at replication
were successful

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

3. Were any steps taken to minimize the effects of subjective bias when i imal ples to treatment (e.g. |We did not do any randomization procedure, but we used different batches of cerebral organoids e

randomization procedure)? If yes, please describe. different animals for each experiment.

For animal studies, include a about r ization even if no r ization was used. We did not do any randomization procedure, we used at least 3 different mice for each
experiment.

4.a. Were any steps taken to minimize the effects of subjective bias during group allocation or/and when assessing results [The majority of the data were acquired in a blinded manner. The i was aware of

(e.g. blinding of the investigator)? If yes please describe. the genotypes. All data acquired were after controlled by a second person to confirm the results.

4.b. For animal studies, include a statement about blinding even if no blinding was done The majority of the data were acquired in a non-blinded manner. The investigator was aware of

the genotypes. All data acquired were after controlled by a second person to confirm the results.

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

Do the data meet the assumptions of the tests (e.g., normal distribution)? Describe any methods used to assess it. \We used ttest and assumed normal distribution only for qPCR results. For all the other experiments
we used non parametric tests.

Is there an estimate of variation within each group of data? [A clear description of statistics including mean and variation (e.g. standard deviation of the mean)
has been shown in the graphs of the paper

Is the variance similar between the groups that are being statistically compared? yes

C- Reagents



6. To show that antibodies were profiled for use in the system under study (assay and species), provide a citation, catalog
number and/or clone number, supplementary information or reference to an antibody validation profile. e.g.,
Antibodypedia (see link list at top right), 1DegreeBio (see link list at top right).

[All antibodies are commercially available antibodies commonly used is several other
publications. Every antibody was then validated in the lab to exclude non-specific signals due
to secondary antibodies.

Antigen Dilution Vendor Catalog #

CSTB 1:500 Antikoerper AbIN271833

ACETYLATED TUBULIN 1:6000 Sigma- Aldrich T7451

PH3 1:500 Millipore 06-570

GAPDH 1:6000 Millipore CB1001

GFP 1:1000 Aves Lab GFP-1020

RFP 1:1000 Rockland 600-901-379

DCX 1:2000 Millipore AB2253

TUBB3 1:500 Sigma Aldrich T8660

KI67 (mouse Ab) 1:500 DAKO M7248

KI67 (rabbit Ab) 1:500 ABCAM AB15580

ACTIN 1:1000 Merck Millipore MAB1501

BrdU 1:200 ABCAM AB6326

PAX6 1:500 ABCAM AB78545

Ccdn1 1:100 Thermo scientific RM-9104-50

TBR2 1:500 Merck Millipore Ab2283

7. Identify the source of cell lines and report if they were recently authenticated (e.g., by STR profiling) and tested for
mycoplasma contamination.

All cells used were karyotyped and tested for mycoplasma

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

D- Animal Models

1 status where

8. Report species, strain, gender, age of animals and genetic
and husbandry conditions and the source of animals.

Please detail housing

[All the mice used in this research were kept in the animal facility of the Max Planck Institute of
Psychiatry, Munich. In this study we used the C57BL/6J mouse line, the GADE5-GFP transgenic
mouse strain (Lopez-Bendito et al, 2004) and the GAD67-GFP knock-in mouse strain (Tamamaki et
al, 2003). All animals used for in utero electroporation were female aged between 4 — 6 months
We analyzed the brain of the mouse embryos without considering the gender.

9. For experiments involving live vertebrates, include a statement of compliance with ethical regulations and identify the
committee(s) approving the experiments.

All the mice used in this research were kept in the animal facility of the Max Planck Institute of
Psychiatry, Munich. All the experimental procedures were performed in accordance with German
and European Union guidelines. In utero electroporation were performed as approved by the
Government of Upper Bavaria under license number 55.2-1-54-2532-79-2016,

10. We ri the ARRIVE guidelines (see link list at top right) (PLoS Biol. 8(6), €1000412, 2010) to ensure
that other relevant aspects of animal studies are adequately reported. See author guidelines, under ‘Reporting
Guidelines’. See also: NIH (see link list at top right) and MRC (see link list at top right) recommendations. Please confirm
compliance.

we confirm compliance.

E- Human Subjects

11. Identify the committee(s) approving the study protocol.

Ethical commission, LMU, Munich Germany, Project number 19-635

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

Informed consent was obtained from the EPM1 patients by Dr Canafoglia.

13. For publication of patient photos, include a statement confirming that consent to publish was obtained. NA
14. Report any restrictions on the availability (and/or on the use) of human data or samples. NA
15. Report the clinical trial registration number (at ClinicalTrials.gov or equivalent), where applicable. NA
16. For phase Il and Ill randomized controlled trials, please refer to the CONSORT flow diagram (see link list at top right) [NA
and submit the CONSORT checklist (see link list at top right) with your submission. See author guidelines, under ‘Reporting
Guidelines’. Please confirm you have submitted this list.

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

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

F- Data Accessibility

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

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

b. Macromolecular structures

c. Crystallographic data for small molecules

d. Functional genomics data

e. Proteomics and molecular interactions

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium
via the PRIDE [Perez-Riverol Y, Csordas A, Bai J, Bernal-Llinares M, Hewapathirana S, Kundu DJ,
Inuganti A, Griss J, Mayer G, Eisenacher M, Pérez E, Uszkoreit J, Pfeuffer J, Sachsenberg T, Yilmaz
S, Tiwary S, Cox J, Audain E, Walzer M, Jarnuczak AF, Ternent T, Brazma A, Vizcaino JA (2019). The
PRIDE database and related tools and resources in 2019: improving support for quantification data.
Nucleic Acids Res 47(D1):D442-D450 (PubMed ID: 30395289)] partner repository with the dataset
identifier PXD018021.

19. Deposition is strongly recommended for any datasets that are central and integral to the study; please consider the
journal’s data policy. If no structured public repository exists for a given data type, we encourage the provision of datasets
in the manuscript as a Supplementary Document (see author guidelines under ‘Expanded View’ or in unstructured
repositories such as Dryad (see link list at top right) or Figshare (see link list at top right).

The differentially expressed proteins from mass spec analysis are also provided as Expanded View
Tables, Table EV1 and Table EV2

20. Access to human clinical and genomic datasets should be provided with as few restrictions as possible while respecting
ethical obligations to the patients and relevant medical and legal issues. If practically possible and compatible with the
individual consent agreement used in the study, such data should be deposited in one of the major public access-
controlled repositories such as dbGAP (see link list at top right) or EGA (see link list at top right).

NA

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

G- Dual use research of concern

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

NA






