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Transferred Reviews from Review Commons

Review #1

1. Evidence, reproducibility and clarity:
Evidence, reproducibility and clarity (Required)

The mechanisms that differentiate ER from the nuclear envelope (NE) remain to be
fully elucidated but likely depend at least in part on junctions between the ER and NE.
How such junctions are formed and maintained is the subject of this manuscript where
extensive correlative light and electron microscopy is used to observe and characterize
ER-nuclear envelope (ER-NE) junctions at distinct phases of the cell cycle. The
authors make use of their own electron tomography data as well as publicly available
focused-ion beam scanning electron microscopy (FIB-SEM) datasets to compare the
morphology of these junctions in different human cell types as well as in budding
yeast. The major finding is that ER-NE junctions in human cell lines are more
constricted than ER-ER junctions, often to the point of excluding lumen. The
examination of mitotic cells suggests that this constriction likely occurs at the end of
mitosis as the NE is completing its maturation from ER to NE. The implications of
these morphological changes are discussed but there are no mechanistic or functional
studies. Overall, the data are well presented, are of high quality and are rigorously
evaluated. The manuscript is well written and scholarly, and the speculations as to the
function of the constrictions are reasonable. I only have minor comments.

1. In Figure 2D, the authors present evidence to demonstrate that an hourglass-like
constriction occurs at ER-NE junctions. From the side view, it is difficult to interpret
this on the plot, particularly for the ER-NE junctions with a lumen. Perhaps, in the
supplemental data, the authors could plot both with and without lumen data
separately, and color-code individual traces? I believe this would convey the
hourglass nature of these constrictions more clearly.

2. In the Methods section, the authors should describe how carbon-coating of sapphire
discs was achieved. If these were provided from the manufacturer precoated, this
should be specified.

3. On page 10, Figure 5F callout 9 lines from the bottom likely should be 5E.

2. Significance:

Significance (Required)

Overall, this work provides an important new morphological perspective on the nature
of ER-NE junctions in human cells. As the authors describe in their introduction, such



junctions have been noted previously in the literature but not in a dedicated study
using modern imaging techniques in human cell lines. In describing the morphology
of these junctions, the authors lay the groundwork for future mechanistic, functional,
and structural studies.

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

Estimated time to Complete Revisions (Required)
(Decision Recommendation)

Less than 1 month

4. Review Commons values the work of reviewers and
encourages them to get credit for their work. Select 'Yes'
below to register your reviewing activity at Web of Science
Reviewer Recognition Service (formerly Publons); note that
the content of your review will not be visible on Web of
Science.

Web of Science Reviewer Recognition

No

Review #2

1. Evidence, reproducibility and clarity:

Evidence, reproducibility and clarity (Required)

**Summary:**

In this manuscript, Bragulat-Teixidor et al., use correlative live-cell imaging and

electron tomography to study the structure of the endoplasmic reticulum-nuclear
envelope (ER-NE) junction in HeLa cells (and also in S. cerevisiae). The authors also
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make use of publicly available whole-cell FIB-SEM datasets to study ER-NE
junctions in mouse pancreatic islet, HeLa, and human macrophage cells to corroborate
their findings in other cell types.

The authors show that the structure of the ER-NE junction in interphase cells adopts
an hourglass shape with a constricted neck. Comparing the ER-NE junction to the ER
tubule-sheet junction, the authors show that these structures are different: the ER
tubule-sheet junction is not constricted. Because the NE forms from the ER during
postmitotic NE assembly, the authors compare the structure of the ER-NE junctions in
anaphase, telophase, and interphase cells, and find that the junction becomes
constricted in telophase. The number of ER-NE junctions increase going from
telophase to interphase.

While the authors do not provide any direct evidence for this, they propose a
functional model where the ER-NE junction is constricted because it regulates the
supply of certain lipids and proteins from the ER to the NE. One proposed example is
that the constriction of the ER-NE junction might prevent the passage of large protein
aggregates from entering the NE.

The general question of how the structure of the ER-NE junction might regulate the
passage of lipids and proteins from the ER to the NE is interesting and potentially

important. However, the authors should address the following issues to improve the
accuracy and completeness of this manuscript for it to be considered for publication.

**Major comments:**

1. The authors compare the structure of the ER-NE junction to the structure of the ER
tubule-sheet junction in interphase cells. They should instead or in addition be
comparing the ER-NE junction to ER sheet-sheet junctions. This is likely a better
comparison for two reasons:

1) The NE is similar to an ER sheet due to its flat and extended structure. The ER
membranes surrounding the NE consists mostly of a dense network of sheet-like ER
(Zheng et al., 2022, PMID: 34912111). Therefore, the ER-NE junction should be
compared to these NE-adjacent ER sheet-sheet junctions and not ER tubule-sheet
junctions which are likely to be found in the cell periphery.

11) In HeLa cells, the NE assembles from large ER sheets and not ER tubules (Zhao et
al., 2023, PMID: 37098350; Otsuka et al., 2018, PMID: 29323269; Lu et al., 2011,
PMID: 21825076). Therefore, the ER-ER junctions the authors are already studying in
anaphase cells are likely to be ER sheet-sheet junctions, which should be kept the



same in their analysis of the ER-ER junctions in interphase cells.

Related to this point, comparing the side view panels in Figure 2D with 2H, it seems
that the width of the ER membranes on either side of the neck region of the ER-NE
junction is in fact getting wider (more sheet-like). This is in contrast to the ER-ER
junction where the width stays constant for the ER tubule that is fusing onto the ER
sheet. This suggests that indeed, the ER-NE junction is more similar to an ER sheet-
sheet junction.

2. The authors claim that in late anaphase cells, the ER-ER/NE (written like this
because the ER and NE cannot be distinguished like the authors also point out)
junctions are not constricted and had a similar morphology to ER-ER junctions in
interphase. However, this claim is only qualitative at the moment, as the authors do
not provide any quantification of the width of the ER-ER/NE junctions in late
anaphase cells. To make the current claim that the ER-NE junction only becomes
constricted in telophase, the authors should report the width of the ER-ER/NE
junctions in late anaphase cells.

In late anaphase cells, large ER sheets initially wrap around chromatin at the
periphery of the chromosome mass (Zhao et al., 2023, PMID: 37098350; Otsuka et
al., 2018, PMID: 29323269; Lu et al., 2011, PMID: 21825076). Therefore, the authors
might find it easier to identify ER-ER/NE junctions in the so-called "non-core"
regions, instead of in the current regions shown in Figure 3A.

**Minor comments:**

1. In the Supplementary Figures 1 A-D, make the scale bars white. Currently, the
black scale bars are especially difficult to see in the top panels in Supplementary
Figure 1C.

2. In the Results section entitled "The number of ER-NE junctions per cell increases
from telophase to interphase", the authors should tone down this claim because the
number of telophase cells examined is low (only 2 telophase versus 9 interphase
cells). It would be better to include the word "slightly" in the title to change it to
"slightly increases".

3. In the Results section entitled "The number of ER-NE junctions per cell increases
from telophase to interphase", the authors state "These densities were much lower
than those of ER-ER junctions...". For sure this is true for ER tubule-tubule junctions
in the periphery of the cell as ER tubules form an intricate network by constantly
fusing to each other, but it's not clear if this 1s also the case for ER tubule-sheet or ER
sheet-sheet junctions. For clarity, the authors should state that they mean ER tubule-
tubule junctions.



Same comment also for the statement "...although their abundance remains
considerably lower than that of ER-ER junctions or nuclear pores at both cell cycle
stages". The authors should state that they mean ER tubule-tubule junctions.

4. In the Results section entitled "The constricted morphology of ER-NE junctions is
observed in different mammalian cells, but not in budding yeast", the authors state
"...pancreatic islet cells (Figure 5A), HeLa (Figure 5B), and macrophage (Figure 5C)
were significantly smaller than most ER-ER junctions (Figure 5F)". The last figure
reference here is wrong and should be changed to Figures 5D-E.

5. In Discussion, the authors state "Proteins known to form and stabilize junctions in
the ER, including Atlastins and Lunapark...". The authors should specify that they
mean ER tubule-tubule three-way junctions. Also more generally throughout the
manuscript, the authors should be more careful in specifying which ER-ER junctions
they mean in each case.

6. In Discussion, the authors state "Thus, we favour a second scenario in which ER-
NE junctions are generated from ER tubules that contact and eventually fuse with the
ONM". Given that the ER membranes adjacent to the NE are mostly sheet-like (as
pointed out in Major comment 1 above), the authors need to explain how they think an
ER tubule (mostly found in the cell periphery) could access and fuse to the NE.

2. Significance:
Significance (Required)

Although the ER-NE junction has been studied in other organisms before, this study
represents the first structural characterisation of the ER-NE junction in mammalian
cells. Therefore, this study represents an advance for the field in gaining a better
understanding of different ER structures and morphologies. How the ER is remodelled
during the cell cycle is also an interesting question and an active field of research
(Merta et al., 2021 PMID: 34853314; Zhao et al., 2023, PMID: 37098350) which this
study further contributes to. This study would therefore be interesting for anyone
interested in ER structure/morphology, ER-NE connections, and cell cycle regulation
of such ER-NE connections.

My field expertise is in ER and NE. I do not have sufficient expertise to evaluate the
methodology for the EM tomography part of this paper.

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

Estimated time to Complete Revisions (Required)



(Decision Recommendation)

Between 3 and 6 months

4. Review Commons values the work of reviewers and
encourages them to get credit for their work. Select 'Yes'
below to register your reviewing activity at Web of Science
Reviewer Recognition Service (formerly Publons); note that
the content of your review will not be visible on Web of
Science.

Web of Science Reviewer Recognition

No

Review #3

1. Evidence, reproducibility and clarity:
Evidence, reproducibility and clarity (Required)

The manuscript by Bragulat-Teixidor et al. is a study of the connection of the ER with
the nuclear envelope. It uses advanced ultrastructural techniques: high pressure
freezing instead of chemical fixation and EM tomography instead of serial sectioning.
Synchronized HelLa cell cultures were examined during interphase, late anaphase (4-6
min after anaphase onset) and early telophase (8-10 minutes after anaphase onset).

The investigators find an unexpected, unusual structure - a constricted neck 7-20 wide
and about 10 nm long where the ER connects to the nuclear envelope. The 7 nm
connections had no apparent lumen. These are not seen in late anaphase when the NE
has not yet formed, but they are seen a few minutes later during early telophase when
there is a newly formed NE surrounding the chromosomes. A quantitation was made
of their abundance, more was found later during interphase, and with wider lumens.

It is very nice to show the EM images as uncolored and segmented (colored). The
images shown in the figures are presumably the best that were obtained during the
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study. Heavy metals do not stain membranes uniformly or exclusively, and
identification of structures doesn't always seem unambiguous. The three dimensional
information can certainly make this easier though this information is difficult or not
possible to show in journal format. In the end, the reader must depend on the
judgment of the person who did the analysis. Overall, the analysis seems trustworthy.

HeLa cells are very convenient for getting information on cell cycle dependence.
However, they are cancer cells in culture, so it is important to look at other cell types
as well. The same methodology was used on budding yeast and they saw a wide
tentlike connection, which reproduces an earlier study. This seems more consistent
with what is known or expected from ER membranes. It is not less interesting but
perhaps less puzzling.

To get evidence on other mammalian cells, the authors did an analysis of data from
OpenOrganelle. These are high pressure frozen cells / tissue imaged by FIB-SEM.
The voxels are 4 nm, which is significantly larger than those in EM tomography.
Unfortunately, the difficulty of identifying structures is correspondingly more
significant. The images shown do not contradict the HeLa results but by themselves
(without the HeLa cell data), a convincing case for narrow connections probably
couldn't be made.

The work in this manuscript seems to have been done well. Assuming that this
structure is confirmed in other mammalian cells, another kind of question comes to
mind: is this the final word on ER to NE connections? The lumenless neck does not
seem like it would be a stable structure, somehow it seems like a transient one. In the
future, it would help if a new structural protein was identified or some theoretical
analysis to help explain the shape.

It is generally now assumed that high pressure freezing preserves structure perfectly.
However, in this reviewer's mind, there is a possibility that some structures are not.
The sample is brought to 2000 atmospheres within a few milliseconds, frozen, then
the high pressure is released after a second. Although many intracellular structures do
seem well preserved, could the junction be susceptible to high pressure? A second
source of uncertainty is that in order to embed the samples in resin, the water was
removed by freeze substitution. This is known to cause a small amount of tissue
shrinkage and possibly could alter a delicate structure. Another way to look at this
kind of structure is cryo-EM tomography on hydrated lamellae from plunge frozen
cells. I don't recommend that the authors do another arduous, possibly too arduous set
of experiments with a completely different technique, but perhaps another group has
data which could support their findings.



The following are suggestions for the Discussion:

Yeast have many of the same biochemical processes as mammalian cells. Perhaps
their lack of narrow connections can be used as a clue to the function of the narrow
necks seen in Hela cells. For instance, the authors speculate that the narrow
connection serves to keep phosphatidylserine in the nuclear envelope low. If the yeast
nucleus has the same concentration of phosphatidylserine as the ER, it would provide
good evidence for this idea.

There might be other instances of lumenless neck structures. Dynamin mutants can
cause a stable constricted tubule - are the dimensions of this tubule similar to that of
the ER / NE connections? Or possibly some ESCRT related structure?

There do not seem to be any recent studies of the ER / nuclear membrane connection
in fixed cells. However, there is serial section data online which can be inspected.
There are connections in mouse brain cortex in the data of Kasthuri et al., 2015
(https://neurodata.io/project/ocp/). Instead of a tubule connection, there seems to be a
narrow sheet of ER that connects to the nuclear envelope. But there is something odd
about these too. The authors may like to mention something about this or similar work
in their manuscript. This reviewer has looked at chemically fixed data from several
cell types from his own unpublished data and connections are surprisingly hard to
find. Possibly, the connection is particularly sensitive to chemical fixation.

2. Significance:
Significance (Required)

This is a careful and thorough study of the connection between the ER and the nuclear
envelope. The discovery of reticulons and similar proteins, along with biophysical
modeling, made the form of the ER accessible to analysis. The factors that govern ER
structure are now much better understood. This is particularly true of sheets versus
tubules, the three way tubule junctions and to some extent, the junction of ER tubules
coming out of the edge of a sheet. However, with all this activity, the subject of the
connection of the ER to the nucleus has not been examined in detail. What makes it
different is that the tubule is connected perpendicular to the plane of a sheet.

The manuscript uses the best ultrastructural techniques and provides strong evidence
for a narrow neck at this connection in HeLa cells. With the same methodology, yeast
cells (S. cerevisiae) have a wider connection. OpenOrganelle data from other
mammalian cell types was examined. This data has less resolution and although it
does not contradict the HeLa cell data, it does not support it strongly.



This work is of interest to cell biologists specializing in membranous organelles or
those interested in nuclear physiology. The connection of ER to nuclear envelope is an
interesting problem that has not been studied recently. This manuscript could very
well serve as a starting point for further structural or functional work by the authors or
other groups.

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

Estimated time to Complete Revisions (Required)
(Decision Recommendation)

Less than 1 month

4. Review Commons values the work of reviewers and
encourages them to get credit for their work. Select 'Yes'
below to register your reviewing activity at Web of Science
Reviewer Recognition Service (formerly Publons); note that
the content of your review will not be visible on Web of
Science.

Web of Science Reviewer Recognition

Yes

Review #4

1. Evidence, reproducibility and clarity:
Evidence, reproducibility and clarity (Required)

**Summary:**

Membrane bound ribosomes and ER exit sites are present in the cytosolic side of


https://clarivate.com/products/scientific-and-academic-research/research-publishing-solutions/reviewer-recognition-service/
https://clarivate.com/products/scientific-and-academic-research/research-publishing-solutions/reviewer-recognition-service/

nuclear envelope (NE), suggesting that NE shares protein translocation, folding and
quality control functions with the endoplasmic reticulum (ER). Moreover, membrane
continuity between the ER and outer NE membrane is evident, and, thus, NE is
considered as a subdomain of the ER. To support this, during cell division, NE loses
its identity, and participates to daughter cells as part of the ER. However, NE has also
membrane proteins and luminal proteins that are enriched to NE and absent from ER
during interface, and the segregation of NE specific proteins/lipids occurs
concomitantly with NE formation during late anaphase/telophase. In this study, the
ultrastructure of the ER-NE junctions is described using high resolution electron
tomography. Results show convincingly a specific constriction at the ER-NE neck
during interface in several mammalian cell types. This structure is absent during
metaphase, and also from the budding yeast. Authors present a model for the
formation of ER-NE junctions in higher eukaryotes and speculate about their
functional role.

**Major comments:**

The main conclusion of the paper is that although the ER and outer NE membranes
are continuous, a specific hourglass shaped constriction at the neck is found in higher
mammalian cells during interphase. The structure is specific to ER-NE necks, as it is
absent during metaphase and ER-ER junctions. For the analysis, authors used high
pressure freezing to ensure best structural preservation. Unfortunately, fixation is not
the only potential source of artifacts; during tomography at ambient temperature, the
thinning of the plastic sections under the beam can be up to 30%. In evaluation of the
results, authors should consider how this thinning could affect the measurements of
membrane distances and luminal width, and what type of distortions may happen as a
consequence of asymmetric shrinkage.

In addition to analysis of own samples, authors took advantage of the publicly
available whole-cell datasets in OpenOrganelle and used these datasets to expand the
number of cell types analyzed. Moreover, the 3D-datasets were generated with
different imaging technique, FIB-SEM. Although this technique provides lower
resolution in general, it provides isotropic resolution, and the data could be used to
eliminate the shortcomings of the tomography, thinning of the sections and the
missing wedge. The authors could expand the comparison of the data from these
different sources from this perspective, especially since HeLa cells were used in their
own tomography studies and FIB-SEM datasets in OpenOrganelle. Similarly, it would
be interesting to see if similar approach could be used to compare their results to those
obtained by cryo-EM by utilizing the cryo-EM database. Have authors checked if any
suitable datasets for analysis of ER-NE junctions could be found from public
archives?

For the analysis of mitotic cells, double thymidine block was used to synchronize the



cell culture. It is not clear, why synchronization was necessary, as CLEM was used to
select the cells, and their number was rather low. Do cells continue growing and
synthesizing new proteins during thymidine blocks? As one way to control potential
artifacts due to the synchronization treatment, authors could compare the average
thickness of ER and NE in naturally occurring interphase and mitotic cells vs.
synchronized cells.

**Minor comments:**

On page 5, last chapter (+ Fig.1 legend and materials and methods): "the quick
tomograms covered the entire NE" is misleading, as the imaging covered a thin layer
of the entire NE only. - Authors could have analyzed the entire NE from the FIB-SEM
datasets but chose to use stereological approach to minimize their work.

To save time from the readers to follow the reference, authors could describe how the
specimens used in OpenOrganelle datasets were fixed and processed, especially as
they emphasize the importance of high pressure freezing in their own sample prep.
Similarly, in Fig.4 legend, authors refer to measurements done in the previous study
without explaining how and from what type of data.

Is there a difference between mesh generation and segmentation, or is it just two
different terms used for the same thing by different programs?

2. Significance:
Significance (Required)
*QGeneral assessment:*

ER-NE gates were described earlier in the literature for specific cell types using
standard thin-section TEM imaging, and in this study, the analysis was done with
modern technology at 3D. The text is fluent and clear, and the quality of the images
was excellent. The analysis of the data was thorough, and materials and methods
including image analysis part were presented accurately and clearly. Ultrastructural
analysis was done systematically, and generated models are beautiful and informative.
Much thought has put into planning of the experiments and experimental approach.
The shortcoming of the study is its limitation to ultrastructural analysis only without
attempts to connect to any mechanism. The discussion part contains lot of speculation
of the factors that might be needed for the formation and maintenance of the
constriction and present several hypotheses for the function of the constriction. The
paper would be much stronger if one of few of the leads would be followed, and if
there would be any explanation for the role of these structures, or factors affecting
them.



*Advance:*

The paper provides a very nice example for the reuse of publicly archived imaging
datasets to complement own experimental work. Hopefully this paper encourages
others to the same path, as the large volumeEM datasets require significant
investments and contain wealth of potential for reuse.

The paper strengthens the description of the ER-NE junction structure significantly
and convincingly but does not further our understanding of the mechanisms behind
the structure nor the function of them and raises more questions than provides
answers. For structural analysis of this kind, the state-of-the-art technology is cryo-
EM (e.g., preparation of lamella with cryo-FIB-SEM followed by cryo-tomography),
and in this study, the technical limitations come from plastic embedding and ambient
temperature imaging. The used techniques would be more adequate for cell biological
study, where the described structure is somehow connected to the function in cell, or
the factor(s) needed to the formation or maintenance are identified.

* Audience:*

This study will be of special interest to cell biology community. The study could be an
opening to several lines of research, e.g., identification of the factors forming or
maintaining the structure, the potential function of the structure, how the structure
affects the dynamics of the NE/ER membrane and luminal proteins.

*Reviewer's expertise:*

The reviewer has long experience in electron microscopy, volumeEM techniques and
image analysis, and operates mainly in the field of cell biology.

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

Estimated time to Complete Revisions (Required)
(Decision Recommendation)

Cannot tell / Not applicable



4. Review Commons values the work of reviewers and
encourages them to get credit for their work. Select 'Yes'
below to register your reviewing activity at Web of Science
Reviewer Recognition Service (formerly Publons); note that
the content of your review will not be visible on Web of
Science.

Web of Science Reviewer Recognition

Yes
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Authors' Response to the Reviews from Review Commons

Revision Plan Re\Aew

COMMONS
Manuscript number: RC-2023-02194
Corresponding author(s): Helena, Bragulat-Teixidor; Shotaro, Otsuka

1. General Statements

The endoplasmic reticulum (ER) and the nucleus are the two largest organelles in eukaryotic
cells. The ER membrane is physically connected to the nucleus by junctions with the outer
nuclear membrane of the nuclear envelope (NE). The ER-NE junctions are essential for
supplying lipids and transmembrane/luminal proteins that are synthesized in the ER to the NE.
Here, we revealed that ER-NE junctions are scarce and form constricted hourglass-shaped
membranous structures (7—20 nm in diameter) that are significantly distinct from the junctions in
the ER in several mammalian cells. We also found that ER-NE junctions become constricted at
early telophase, which indicates that their constricted shape is rapidly formed after mitosis and
maintained for the rest of the cell cycle. These findings strongly suggest that ER-NE junctions
contribute to regulating ER-to-NE transport that affects many important processes including
gene expression, nuclear organization, and nuclear pore biogenesis, as well as differentiation,
development, and pathogenesis. This work will open lines of investigation into the mechanism
and function of this fundamental ER-NE junctions.

2. Description of the planned revisions

Our manuscript has been reviewed by four reviewers through ReviewCommons. Overall, all the
reviewers commended the high technical quality of our work and appreciated the impact of our
findings as the groundwork for further mechanistic and functional studies.

The reviewers suggested several points to improve our manuscript. The major points are the
following: (i) clarify if ER-NE junctions are sheet-sheet or sheet-tubule junctions (Reviewer #2),
(i) quantify the width of ER-ER/NE junctions in late anaphase (Reviewer #2), and (iii) clarify the
structural preservation of our sample preparation methods for electron microscopy (Reviewers
#3 and #4). The points (i) and (ii) can be addressed by analyzing the EM tomograms that we
have already acquired, and the outcome will improve the accuracy and completeness of our
manuscript. The point (iii) will be addressed by comparing the morphology of the ER and NE in
our EM tomograms with the one in cryo-EM tomograms of rapidly-frozen and FIB-milled cells
that are available in public databases. This comparison will clarify the degree of deformation of
the sample that our EM protocol might introduce. As outlined in detail below, we will address all
the reviewers’ comments by additional image analyses, and modifying the text and figures.

Reviewer comments are indicated in blue italics, and our response in black.



Revision Plan Re\Aew
COMMONS

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

The mechanisms that differentiate ER from the nuclear envelope (NE) remain to be fully elucidated but
likely depend at least in part on junctions between the ER and NE. How such junctions are formed and
maintained is the subject of this manuscript where extensive correlative light and electron microscopy is
used to observe and characterize ER-nuclear envelope (ER-NE) junctions at distinct phases of the cell
cycle. The authors make use of their own electron tomography data as well as publicly available focused-
ion beam scanning electron microscopy (FIB-SEM) datasets to compare the morphology of these
junctions in different human cell types as well as in budding yeast. The major finding is that ER-NE
junctions in human cell lines are more constricted than ER-ER junctions, often to the point of excluding
lumen. The examination of mitotic cells suggests that this constriction likely occurs at the end of mitosis
as the NE is completing its maturation from ER to NE. The implications of these morphological changes
are discussed but there are no mechanistic or functional studies. Overall, the data are well presented, are
of high quality and are rigorously evaluated. The manuscript is well written and scholarly, and the
speculations as to the function of the constrictions are reasonable. | only have minor comments.

We thank the reviewer for the positive evaluation on our work and for the useful suggestions on how to
further improve the manuscript.

1. In Figure 2D, the authors present evidence to demonstrate that an hourglass-like constriction occurs at
ER-NE junctions. From the side view, it is difficult to interpret this on the plot, particularly for the ER-NE
junctions with a lumen. Perhaps, in the supplemental data, the authors could plot both with and without
lumen data separately, and color-code individual traces? | believe this would convey the hourglass
nature of these constrictions more clearly.

To make it easier to see individual membrane profiles, we will plot the profiles with and without lumen
separately and labelled each profile with distinct colour, as the reviewer suggested.

2. In the Methods section, the authors should describe how carbon-coating of sapphire discs was
achieved. If these were provided from the manufacturer precoated, this should be specified.

We coated the sapphire discs with carbon by ourselves. We will specify how the carbon-coating was done
in the revised manuscript.

3. On page 10, Figure 5F callout 9 lines from the bottom likely should be 5E.
We will correct this error.

Reviewer #1 (Significance (Required)):

Overall, this work provides an important new morphological perspective on the nature of ER-NE
junctions in human cells. As the authors describe in their introduction, such junctions have been noted
previously in the literature but not in a dedicated study using modern imaging techniques in human cell
lines. In describing the morphology of these junctions, the authors lay the groundwork for future
mechanistic, functional, and structural studies.

We thank the reviewer for appreciating the significance and the impact of our work.



Revision Plan Re\Aew
COMMONS

Reviewer #2 (Evidence, reproducibility and clarity (Required)):

Summary:

In this manuscript, Bragulat-Teixidor et al., use correlative live-cell imaging and electron tomography to
study the structure of the endoplasmic reticulum-nuclear envelope (ER-NE) junction in HeLa cells (and
also in S. cerevisiae). The authors also make use of publicly available whole-cell FIB-SEM datasets to
study ER-NE junctions in mouse pancreatic islet, HeLa, and human macrophage cells to corroborate
their findings in other cell types.

The authors show that the structure of the ER-NE junction in interphase cells adopts an hourglass shape
with a constricted neck. Comparing the ER-NE junction to the ER tubule-sheet junction, the authors show
that these structures are different: the ER tubule-sheet junction is not constricted. Because the NE forms
from the ER during postmitotic NE assembly, the authors compare the structure of the ER-NE junctions in
anaphase, telophase, and interphase cells, and find that the junction becomes constricted in telophase.
The number of ER-NE junctions increase going from telophase to interphase.

While the authors do not provide any direct evidence for this, they propose a functional model where the
ER-NE junction is constricted because it regulates the supply of certain lipids and proteins from the ER to
the NE. One proposed example is that the constriction of the ER-NE junction might prevent the passage
of large protein aggregates from entering the NE.

The general question of how the structure of the ER-NE junction might regulate the passage of lipids and
proteins from the ER to the NE is interesting and potentially important. However, the authors should
address the following issues to improve the accuracy and completeness of this manuscript for it to be
considered for publication.

We thank the reviewer for the appreciation of our work and the thoughtful suggestions for further
improvements.

Major comments:

1. The authors compare the structure of the ER-NE junction to the structure of the ER tubule-sheet
junction in interphase cells. They should instead or in addition be comparing the ER-NE junction to ER
sheet-sheet junctions. This is likely a better comparison for two reasons:

i) The NE is similar to an ER sheet due to its flat and extended structure. The ER membranes surrounding
the NE consists mostly of a dense network of sheet-like ER (Zheng et al., 2022, PMID: 34912111).
Therefore, the ER-NE junction should be compared to these NE-adjacent ER sheet-sheet junctions and
not ER tubule-sheet junctions which are likely to be found in the cell periphery.

ii) In HeLa cells, the NE assembles from large ER sheets and not ER tubules (Zhao et al., 2023, PMID:
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37098350; Otsuka et al., 2018, PMID: 29323269; Lu et al., 2011, PMID: 21825076). Therefore, the ER-
ER junctions the authors are already studying in anaphase cells are likely to be ER sheet-sheet junctions,
which should be kept the same in their analysis of the ER-ER junctions in interphase cells.

Related to this point, comparing the side view panels in Figure 2D with 2H, it seems that the width of the
ER membranes on either side of the neck region of the ER-NE junction is in fact getting wider (more
sheet-like). This is in contrast to the ER-ER junction where the width stays constant for the ER tubule that
is fusing onto the ER sheet. This suggests that indeed, the ER-NE junction is more similar to an ER sheet-
sheet junction.

It is a very interesting possibility that the ER-NE junction might be similar to the ER sheet-sheet junction.
We will inspect whether the ER that forms the ER-NE junction consists of sheet or tubular ER in our EM
tomograms, and describe the outcome in the revised manuscript.

2. The authors claim that in late anaphase cells, the ER-ER/NE (written like this because the ER and NE
cannot be distinguished like the authors also point out) junctions are not constricted and had a similar
morphology to ER-ER junctions in interphase. However, this claim is only qualitative at the moment, as
the authors do not provide any quantification of the width of the ER-ER/NE junctions in late anaphase
cells. To make the current claim that the ER-NE junction only becomes constricted in telophase, the
authors should report the width of the ER-ER/NE junctions in late anaphase cells.

In late anaphase cells, large ER sheets initially wrap around chromatin at the periphery of the
chromosome mass (Zhao et al., 2023, PMID: 37098350; Otsuka et al., 2018, PMID: 29323269; Lu et al.,
2011, PMID: 21825076). Therefore, the authors might find it easier to identify ER-ER/NE junctions in the
so-called "non-core" regions, instead of in the current regions shown in Figure 3A.

As the reviewer pointed out, we did not provide quantification of the width of ER-ER/NE junctions in late
anaphase cells. We will measure them and show the quantification in the revised manuscript.

Minor comments:

1. In the Supplementary Figures 1 A-D, make the scale bars white. Currently, the black scale bars are
especially difficult to see in the top panels in Supplementary Figure 1C.

We will change the colour of some scale bars to make them more visible in the Supplementary Figure 1.

2. In the Results section entitled "The number of ER-NE junctions per cell increases from telophase to
interphase”, the authors should tone down this claim because the number of telophase cells examined is
low (only 2 telophase versus 9 interphase cells). It would be better to include the word "slightly" in the
title to change it to "slightly increases".

We will modify the text accordingly.

3. In the Results section entitled "The number of ER-NE junctions per cell increases from telophase to
interphase”, the authors state "These densities were much lower than those of ER-ER junctions...”". For
sure this is true for ER tubule-tubule junctions in the periphery of the cell as ER tubules form an intricate
network by constantly fusing to each other, but it's not clear if this is also the case for ER tubule-sheet or
ER sheet-sheet junctions. For clarity, the authors should state that they mean ER tubule-tubule junctions.
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Same comment also for the statement "...although their abundance remains considerably lower than that
of ER-ER junctions or nuclear pores at both cell cycle stages". The authors should state that they mean
ER tubule-tubule junctions.

We will clarify what we mean by ER-ER junctions in the revised manuscript.

4. In the Results section entitled "*The constricted morphology of ER-NE junctions is observed in different
mammalian cells, but not in budding yeast™, the authors state "...pancreatic islet cells (Figure 5A), HeLa
(Figure 5B), and macrophage (Figure 5C) were significantly smaller than most ER-ER junctions (Figure
5F)". The last figure reference here is wrong and should be changed to Figures 5D-E.

We will correct this error.

5. In Discussion, the authors state "Proteins known to form and stabilize junctions in the ER, including
Atlastins and Lunapark...". The authors should specify that they mean ER tubule-tubule three-way
junctions. Also more generally throughout the manuscript, the authors should be more careful in
specifying which ER-ER junctions they mean in each case.

As pointed out in the Major comment 3 above, we will clarify this point in the revised manuscript.

6. In Discussion, the authors state "Thus, we favour a second scenario in which ER-NE junctions are
generated from ER tubules that contact and eventually fuse with the ONM". Given that the ER
membranes adjacent to the NE are mostly sheet-like (as pointed out in Major comment 1 above), the
authors need to explain how they think an ER tubule (mostly found in the cell periphery) could access and
fuse to the NE.

As mentioned in the response to Major comment 1 above, we will examine if the ER that forms ER-NE
junctions is tubule or sheet in our EM tomograms. Depending on the outcome of the examination, we will
rephrase the text.

Reviewer #2 (Significance (Required)):

Although the ER-NE junction has been studied in other organisms before, this study represents the first
structural characterisation of the ER-NE junction in mammalian cells. Therefore, this study represents an
advance for the field in gaining a better understanding of different ER structures and morphologies. How
the ER is remodelled during the cell cycle is also an interesting question and an active field of research
(Merta et al., 2021 PMID: 34853314; Zhao et al., 2023, PMID: 37098350) which this study further
contributes to. This study would therefore be interesting for anyone interested in ER
structure/morphology, ER-NE connections, and cell cycle regulation of such ER-NE connections.

My field expertise is in ER and NE. | do not have sufficient expertise to evaluate the methodology for the
EM tomography part of this paper.
We thank the reviewer for appreciating the novelty and the impact of our work.
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Reviewer #3 (Evidence, reproducibility and clarity (Required)):

The manuscript by Bragulat-Teixidor et al. is a study of the connection of the ER with the nuclear
envelope. It uses advanced ultrastructural techniques: high pressure freezing instead of chemical fixation
and EM tomography instead of serial sectioning. Synchronized HeLa cell cultures were examined during
interphase, late anaphase (4-6 min after anaphase onset) and early telophase (8-10 minutes after
anaphase onset).

The investigators find an unexpected, unusual structure - a constricted neck 7-20 wide and about 10 nm
long where the ER connects to the nuclear envelope. The 7 nm connections had no apparent lumen. These
are not seen in late anaphase when the NE has not yet formed, but they are seen a few minutes later
during early telophase when there is a newly formed NE surrounding the chromosomes. A quantitation
was made of their abundance, more was found later during interphase, and with wider lumens.

It is very nice to show the EM images as uncolored and segmented (colored). The images shown in the
figures are presumably the best that were obtained during the study. Heavy metals do not stain
membranes uniformly or exclusively, and identification of structures doesn't always seem unambiguous.
The three dimensional information can certainly make this easier though this information is difficult or
not possible to show in journal format. In the end, the reader must depend on the judgment of the person
who did the analysis. Overall, the analysis seems trustworthy.

We thank the reviewer for the comment. To better present the three-dimensional structure of ER-NE
junctions, we will provide movies of the EM sub-tomograms containing the junctions. In this way, the
readers will be able to inspect the three-dimensional structure of six ER-NE junctions.

HelLa cells are very convenient for getting information on cell cycle dependence. However, they are
cancer cells in culture, so it is important to look at other cell types as well. The same methodology was
used on budding yeast and they saw a wide tentlike connection, which reproduces an earlier study. This
seems more consistent with what is known or expected from ER membranes. It is not less interesting but
perhaps less puzzling.

To get evidence on other mammalian cells, the authors did an analysis of data from OpenOrganelle.
These are high pressure frozen cells / tissue imaged by FIB-SEM. The voxels are 4 nm, which is
significantly larger than those in EM tomography. Unfortunately, the difficulty of identifying structures is
correspondingly more significant. The images shown do not contradict the HeLa results but by themselves
(without the HeLa cell data), a convincing case for narrow connections probably couldn't be made.

The reviewer raises a very good point about a limitation of the FIB-SEM datasets in OpenOrganelle. We
agree with the reviewer that, as we had mentioned in the manuscript (line 6-11, page 10), the spatial
resolution of the FIB-SEM datasets are not enough to gain insights into the exact morphology of the 7-20
nm wide ER-NE junctions because the voxel size is 4 nm. However, the resolution is good enough to
examine if ER-NE junctions are narrower than ER-ER junctions, as shown in Figure 5A-E. The fact that
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we rarely found non-constricted ER-NE junctions in FIB-SEM datasets confirms the tiny nature of ER-
NE junctions. To clarify this point, we will modify the text (line 24-25 on page 10) as below:

Previous: This analysis of FIB-SEM images confirms the hourglass morphology that distinguishes ER—
NE from ER-ER junctions as seen in our EM tomograms...

Revised: This analysis of FIB-SEM images confirms that ER-NE junctions are narrower than ER-ER
junctions as seen in our EM tomograms...

The work in this manuscript seems to have been done well. Assuming that this structure is confirmed in
other mammalian cells, another kind of question comes to mind: is this the final word on ER to NE
connections? The lumenless neck does not seem like it would be a stable structure, somehow it seems like
a transient one. In the future, it would help if a new structural protein was identified or some theoretical
analysis to help explain the shape.

Certainly, this will not be the final word on ER-NE junctions, which are crucial for the ER-to-NE
transport of lipids and transmembrane proteins. In the future, it will be important to identify structural
proteins regulating the junctions and reveal how their constricted morphology affects the ER-to-NE
transport. We believe that, as you kindly mentioned in the last paragraph of your comments, our
observations “serve as a starting point for further structural and functional work™ for this unique yet
fundamental junctions that connect the ER to nucleus.

It is generally now assumed that high pressure freezing preserves structure perfectly. However, in this
reviewer's mind, there is a possibility that some structures are not. The sample is brought to 2000
atmospheres within a few milliseconds, frozen, then the high pressure is released after a second. Although
many intracellular structures do seem well preserved, could the junction be susceptible to high pressure?
A second source of uncertainty is that in order to embed the samples in resin, the water was removed by
freeze substitution. This is known to cause a small amount of tissue shrinkage and possibly could alter a
delicate structure. Another way to look at this kind of structure is cryo-EM tomography on hydrated
lamellae from plunge frozen cells. | don't recommend that the authors do another arduous, possibly too
arduous set of experiments with a completely different technique, but perhaps another group has data
which could support their findings.

We think it is very unlikely that ER-NE junctions were deformed due to the high-pressure freezing. In
general, high-pressure freezing allows vitrification of specimens up to 0.5 mm in thickness and the
vitrification works better for thinner specimens. Our specimens are only 0.02 mm thick monolayer cells
frozen in a chamber with 0.03 mm depth. Thus, the vitrification is expected to occur fast and the ER-NE
junctions must have been frozen in the same way as in other regions of the cell.

However, as the reviewer pointed out, it is possible that the dehydration of the samples due to freeze
substitution might cause deformation in ER-NE junctions. To verify the structural preservation of ER-NE
junctions in our protocol, we will compare the morphology of the ER and NE in cryo-EM datasets that are
available in public databases with ours. We will describe the outcome in the revised manuscript.

We think that our conclusion from the EM analysis is solid, because we observed significant structural
difference between ER-NE junctions and ER-ER junctions in the same cells (Figure 2). In addition, we
found the morphology change of ER-NE junctions in late-anaphase, early-telophase, and interphase cells
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that were high-pressure frozen and freeze-substituted on the same sapphire disc, and found that the ER-
NE junctions became progressively constricted from telophase to interphase (Figure 3).

The following are suggestions for the Discussion:

Yeast have many of the same biochemical processes as mammalian cells. Perhaps their lack of narrow
connections can be used as a clue to the function of the narrow necks seen in HelLa cells. For instance,
the authors speculate that the narrow connection serves to keep phosphatidylserine in the nuclear
envelope low. If the yeast nucleus has the same concentration of phosphatidylserine as the ER, it would
provide good evidence for this idea.

Yes, it is indeed the case. It was shown that the yeast outer nuclear membrane has the same concentration
of phosphatidylserine as the ER (Tsuji et al., Proc. Natl. Acad. Sci. U. S. A., 2019). We had described this
in the discussion on page 14 “this phosphatidylserine enrichment occurs in mammalian cells and not in
budding yeast (Tsuji et al., 2019)”, which was probably overlooked by the reviewer. In the revised
manuscript, we will rephrase the text to make this point clearer.

There might be other instances of lumenless neck structures. Dynamin mutants can cause a stable
constricted tubule - are the dimensions of this tubule similar to that of the ER / NE connections? Or
possibly some ESCRT related structure?

These are very interesting questions. As shown in Figure 2A-D and Supplementary Figure 1B, the inner
diameter (an inner leaflet distance) of the lumenless ER-NE junctions is below 1 nm. In contrast, the inner
diameter of most constricted membrane tubules that the dynamin mutant K44A Dynamin 1 generates is
3.7 nm (Antonny et al., EMBO J., 2016, doi: 10.15252/embj.201694613). The inner diameter of
membrane tubules that ESCRT-111 subunits CHMP1B and IST1 form is 4.4 nm (Nguyen et al., Nat.
Struct. Mol. Biol., 2020, doi: 10.1038/541594-020-0404-x). Thus, the lumenless ER-NE junctions is
unique in their highly-constricted nature and might be regulated by proteins other than dynamin or
ESCRT proteins. We will discuss this point in the revised manuscript.

There do not seem to be any recent studies of the ER / nuclear membrane connection in fixed cells.
However, there is serial section data online which can be inspected. There are connections in mouse
brain cortex in the data of Kasthuri et al., 2015 (https://neurodata.io/project/ocp/). Instead of a tubule
connection, there seems to be a narrow sheet of ER that connects to the nuclear envelope. But there is
something odd about these too. The authors may like to mention something about this or similar work in
their manuscript. This reviewer has looked at chemically fixed data from several cell types from his own
unpublished data and connections are surprisingly hard to find. Possibly, the connection is particularly
sensitive to chemical fixation.

We inspected the serial section data of mouse brain cortex that was chemically fixed. The nuclear
envelope in this dataset is deformed and does not seem well preserved. We do not think that we can
extract useful information on the ultrastructure of ER-NE junctions from this dataset, and thus will not
mention this work in our manuscript.

It is great to hear that the reviewer tried to look for ER-NE junctions in their own EM data. The frequency
of ER-NE junctions is rare (only 0.1 junction per square micrometer, Figure 4). Thus, we think that the
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reason why it was hard to find the junctions in the reviewer’s data is due to the low-frequent nature of this
junction and not due to the chemical fixation.

Reviewer #3 (Significance (Required)):

This is a careful and thorough study of the connection between the ER and the nuclear envelope. The
discovery of reticulons and similar proteins, along with biophysical modeling, made the form of the ER
accessible to analysis. The factors that govern ER structure are now much better understood. This is
particularly true of sheets versus tubules, the three way tubule junctions and to some extent, the junction
of ER tubules coming out of the edge of a sheet. However, with all this activity, the subject of the
connection of the ER to the nucleus has not been examined in detail. What makes it different is that the
tubule is connected perpendicular to the plane of a sheet.

We thank the reviewer for appreciating the quality and novelty of our work.

The manuscript uses the best ultrastructural techniques and provides strong evidence for a narrow neck
at this connection in HeLa cells. With the same methodology, yeast cells (S. cerevisiae) have a wider
connection. OpenOrganelle data from other mammalian cell types was examined. This data has less
resolution and although it does not contradict the HeLa cell data, it does not support it strongly.

As mentioned in the response to one of this reviewer’s comments above, the spatial resolution of FIB-
SEM datasets is good enough to examine if ER-NE junctions are narrower than ER-ER junctions. We
think that our observation of several mammalian cells in FIB-SEM datasets strongly supports the
conclusion that ER-NE junctions are narrower than ER-ER junctions and extends our findings in HeLa
cells to two other mammalian cell types.

This worKk is of interest to cell biologists specializing in membranous organelles or those interested in
nuclear physiology. The connection of ER to nuclear envelope is an interesting problem that has not been
studied recently. This manuscript could very well serve as a starting point for further structural or
functional work by the authors or other groups.

We thank the reviewer for appreciating the significance and impact of our work.

Reviewer #4 (Evidence, reproducibility and clarity (Required)):

Summary:

Membrane bound ribosomes and ER exit sites are present in the cytosolic side of nuclear envelope (NE),
suggesting that NE shares protein translocation, folding and quality control functions with the
endoplasmic reticulum (ER). Moreover, membrane continuity between the ER and outer NE membrane is
evident, and, thus, NE is considered as a subdomain of the ER. To support this, during cell division, NE
loses its identity, and participates to daughter cells as part of the ER. However, NE has also membrane
proteins and luminal proteins that are enriched to NE and absent from ER during interface, and the
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segregation of NE specific proteins/lipids occurs concomitantly with NE formation during late
anaphase/telophase. In this study, the ultrastructure of the ER-NE junctions is described using high
resolution electron tomography. Results show convincingly a specific constriction at the ER-NE neck
during interface in several mammalian cell types. This structure is absent during metaphase, and also
from the budding yeast. Authors present a model for the formation of ER-NE junctions in higher
eukaryotes and speculate about their functional role.

We thank the reviewer for the appreciation of our work and the valuable suggestions for further
improvements.

Major comments:

The main conclusion of the paper is that although the ER and outer NE membranes are continuous, a
specific hourglass shaped constriction at the neck is found in higher mammalian cells during interphase.
The structure is specific to ER-NE necks, as it is absent during metaphase and ER-ER junctions. For the
analysis, authors used high pressure freezing to ensure best structural preservation. Unfortunately,
fixation is not the only potential source of artifacts; during tomography at ambient temperature, the
thinning of the plastic sections under the beam can be up to 30%. In evaluation of the results, authors
should consider how this thinning could affect the measurements of membrane distances and luminal
width, and what type of distortions may happen as a consequence of asymmetric shrinkage.

In addition to analysis of own samples, authors took advantage of the publicly available whole-cell
datasets in OpenOrganelle and used these datasets to expand the number of cell types analyzed.
Moreover, the 3D-datasets were generated with different imaging technique, FIB-SEM. Although this
technique provides lower resolution in general, it provides isotropic resolution, and the data could be
used to eliminate the shortcomings of the tomography, thinning of the sections and the missing wedge.
The authors could expand the comparison of the data from these different sources from this perspective,
especially since HelLa cells were used in their own tomography studies and FIB-SEM datasets in
OpenOrganelle. Similarly, it would be interesting to see if similar approach could be used to compare
their results to those obtained by cryo-EM by utilizing the cryo-EM database. Have authors checked if
any suitable datasets for analysis of ER-NE junctions could be found from public archives?

For the analysis of mitotic cells, double thymidine block was used to synchronize the cell culture. It is not
clear, why synchronization was necessary, as CLEM was used to select the cells, and their number was
rather low. Do cells continue growing and synthesizing new proteins during thymidine blocks? As one
way to control potential artifacts due to the synchronization treatment, authors could compare the
average thickness of ER and NE in naturally occurring interphase and mitotic cells vs. synchronized
cells.

We agree with the reviewer that it is important to clarify the degree of shrinkage and deformation of the
sample that our EM protocol might introduce. To access the degree of sample shrinkage and deformation
in the plastic sections, we will compare the ONM-INM distance measured in our plastic sections with the
one in cryo-EM tomograms of rapidly-frozen and FIB-milled mammalian cells that are publically
available (EMPIAR, the Electron Microscopy Public Image Archive,
https://www.ebi.ac.uk/pdbe/emdb/empiar/), and describe the outcome in the revised manuscript.

The reason why we synchronized the cell cycle is to enrich cells in late anaphase and early telophase in
the same plastic sections, so that we can compare their ultrastructure side-by-side. In the revised
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manuscript, we will examine if the double thymidine block affects the ER-NE junction morphology by
comparing the morphology of the ER and NE between the synchronised and non-synchronised cells.

As we described in the response to Reviewer 3, we think that our conclusion from the EM analysis is
solid because of the following reasons. (i) We observed a significant structural difference between ER-NE
junctions and ER-ER junctions in the same cells (Figure 2). (ii) We discovered a morphology change of
ER-NE junctions in late-anaphase, early-telophase, and interphase cells that were freeze-substituted on
the same sapphire disc; the ER-NE junctions became progressively constricted from telophase to
interphase (Figure 3).

Minor comments:

On page 5, last chapter (+ Fig.1 legend and materials and methods): "the quick tomograms covered the
entire NE" is misleading, as the imaging covered a thin layer of the entire NE only. - Authors could have
analyzed the entire NE from the FIB-SEM datasets but chose to use stereological approach to minimize
their work.

We will modify the text to make it clear that the quick tomograms covered the NE in a section and not the
entire NE of the cell in the revised manuscript.

To save time from the readers to follow the reference, authors could describe how the specimens used in
OpenOrganelle datasets were fixed and processed, especially as they emphasize the importance of high
pressure freezing in their own sample prep. Similarly, in Fig.4 legend, authors refer to measurements
done in the previous study without explaining how and from what type of data.

We thank the reviewer for pointing these out. We will describe how the OpenOrganelle datasets were
generated and how the nuclear surface area measurement was done.

Is there a difference between mesh generation and segmentation, or is it just two different terms used for
the same thing by different programs?
We apologize our short description of these terms. We will clarify these terms in the revised manuscript.

Reviewer #4 (Significance (Required)):

General assessment:

ER-NE gates were described earlier in the literature for specific cell types using standard thin-section
TEM imaging, and in this study, the analysis was done with modern technology at 3D. The text is fluent
and clear, and the quality of the images was excellent. The analysis of the data was thorough, and
materials and methods including image analysis part were presented accurately and clearly.
Ultrastructural analysis was done systematically, and generated models are beautiful and informative.
Much thought has put into planning of the experiments and experimental approach.

The shortcoming of the study is its limitation to ultrastructural analysis only without attempts to connect
to any mechanism. The discussion part contains lot of speculation of the factors that might be needed for
the formation and maintenance of the constriction and present several hypotheses for the function of the
constriction. The paper would be much stronger if one of few of the leads would be followed, and if there
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would be any explanation for the role of these structures, or factors affecting them.

We thank the reviewer for the appreciation of the clarity and quality of our work. The molecular
mechanism that regulates the function, shape and biogenesis of ER-NE junctions will be the subject of
future studies, for which our discovery of a highly-constricted morphology of the ER-NE junctions lays
the groundwork.

Advance:

The paper provides a very nice example for the reuse of publicly archived imaging datasets to
complement own experimental work. Hopefully this paper encourages others to the same path, as the
large volumeEM datasets require significant investments and contain wealth of potential for reuse.

We strongly agree with the reviewer. The volume EM datasets that are publically available contain wealth
of potential for new discoveries. We also hope that our paper encourages other scientists to make good
use of those datasets and also to deposit their own data to the public databases. We will deposit our EM
tomograms to EMPIAR, the Electron Microscopy Public Image Archive.

The paper strengthens the description of the ER-NE junction structure significantly and convincingly but
does not further our understanding of the mechanisms behind the structure nor the function of them and
raises more questions than provides answers. For structural analysis of this kind, the state-of-the-art
technology is cryo-EM (e.g., preparation of lamella with cryo-FIB-SEM followed by cryo-tomography),
and in this study, the technical limitations come from plastic embedding and ambient temperature
imaging. The used techniques would be more adequate for cell biological study, where the described
structure is somehow connected to the function in cell, or the factor(s) needed to the formation or
maintenance are identified.

Indeed, a limitation of our current study is that we did not reveal the underlying molecular mechanism
and the functions of the constricted morphology of ER-NE junctions. We do not think that cryo-EM is
necessarily required because we have collected evidence that the ER-NE connections are distinct from the
ER-ER junctions in not only our EM tomography data (Fig. 2) but also in the EM datasets deposited in
public databases (Fig. 5).

Audience:

This study will be of special interest to cell biology community. The study could be an opening to several
lines of research, e.g., identification of the factors forming or maintaining the structure, the potential
function of the structure, how the structure affects the dynamics of the NE/ER membrane and luminal
proteins.

We thank the reviewer for appreciating the impact of our work.

Reviewer's expertise:
The reviewer has long experience in electron microscopy, volumeEM techniques and image analysis, and
operates mainly in the field of cell biology.
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3. Description of the revisions that have already been incorporated in
the transferred manuscript

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

Thank you for the transfer of your research manuscript to our journal. As discussed, we would like to invite you to revise your
manuscript as outlined in your point-by-point response to the referees from Review Commons.
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****IMPORTANT NOTE:
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handling will be delayed IN CASE the following APPLIES:

1) A data availability section providing access to data deposited in public databases is missing. If you have not deposited any
data, please add a sentence to the data availability section that explains that.
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be calculated if n=2.
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part of the EMBO Press transparent editorial process, the point-by-point response is part of the Review Process File (RPF),
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4) a complete author checklist, which you can download from our author guidelines (). 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
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respective legends should be included in the main text after the legends of regular figures.
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the main text as: "Appendix Figure S1, Appendix Figure S2" etc. See detailed instructions regarding expanded view here:

- Additional Tables/Datasets should be labeled and referred to as Table EV1, Dataset EV1, etc. Legends have to be provided in



a separate tab in case of .xls files. Alternatively, the legend can be supplied as a separate text file (README) and zipped
together with the Table/Dataset file.

7) Please note that a Data Availability section at the end of Materials and Methods is now mandatory. In case you have no data
that requires deposition in a public database, please state so instead of refereeing to the database.

See also < https://www.embopress.org/page/journal/14693178/authorguide#dataavailability>). Please note that the Data
Availability Section is restricted to new primary data that are part of this study.

8) At EMBO Press we ask authors to provide source data for the main figures. Our source data coordinator will contact you to
discuss which figure panels we would need source data for and will also provide you with helpful tips on how to upload and
organize the files.

Additional information on source data and instruction on how to label the files are available .

9) The journal requires a statement specifying whether or not authors have competing interests (defined as all potential or actual
interests that could be perceived to influence the presentation or interpretation of an article). In case of competing interests, this
must be specified in your disclosure statement. Further information: https://www.embopress.org/competing-interests

10) Figure legends and data quantification:
The following points must be specified in each figure legend:

- the name of the statistical test used to generate error bars and P values,
- the number (n) of independent experiments (please specify technical or biological replicates) underlying each data point,
- the nature of the bars and error bars (s.d., s.e.m.)

- If the data are obtained from n {less than or equal to} 5, show the individual data points in addition to the SD or SEM.
- If the data are obtained from n {less than or equal to} 2, use scatter blots showing the individual data points.

Discussion of statistical methodology can be reported in the materials and methods section, but figure legends should contain a
basic description of n, P and the test applied.

See also the guidelines for figure legend preparation:
https://www.embopress.org/page/journal/14693178/authorguide#figureformat

- Please also include scale bars in all microscopy images and define their size in the legend, not the image.

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 .

12) All Materials and Methods need to be described in the main text. We would encourage you to use 'Structured Methods', our
new Materials and Methods format. According to this format, the Materials and Methods section should include a Reagents and
Tools Table (listing key reagents, experimental models, software and relevant equipment and including their sources and
relevant identifiers) followed by a Methods and Protocols section in which we encourage the authors to describe their methods
using a step-by-step protocol format with bullet points, to facilitate the adoption of the methodologies across labs.

More information on how to adhere to this format as well as downloadable templates (.doc or .xls) for the Reagents and Tools
Table can be found in our author guidelines: <
https://www.embopress.org/page/journal/14693178/authorguide#manuscriptpreparation>. An example of a Method paper with
Structured Methods can be found here: .

13) As part of the EMBO publication's Transparent Editorial Process, EMBO Reports publishes online a Review Process File to
accompany accepted manuscripts. This File will be published in conjunction with your paper and will include the referee reports,
your point-by-point response and all pertinent correspondence relating to the manuscript.

You are able to opt out of this by letting the editorial office know (emboreports@embo.org). If you do opt out, the Review
Process File link will point to the following statement: "No Review Process File is available with this article, as the authors have
chosen not to make the review process public in this case."



We would also welcome the submission of cover suggestions, or motifs to be used by our Graphics lllustrator in designing a
cover.

I look forward to seeing a revised form of your manuscript when it is ready and please let me know if you have questions or
comments regarding the revision.

Kind regards,
Martina
Martina Rembold, PhD

Senior Editor
EMBO reports



1st Authors' Response to Reviewers 8th Apr 2024

Reviewer comments are indicated in blue italics, and our response in black.
Reviewer #1 (Evidence, reproducibility and clarity (Required)):

The mechanisms that differentiate ER from the nuclear envelope (NE) remain to be fully elucidated
but likely depend at least in part on junctions between the ER and NE. How such junctions are formed
and maintained is the subject of this manuscript where extensive correlative light and electron
microscopy is used to observe and characterize ER-nuclear envelope (ER-NE) junctions at distinct
phases of the cell cycle. The authors make use of their own electron tomography data as well as
publicly available focused-ion beam scanning electron microscopy (FIB-SEM) datasets to compare
the morphology of these junctions in different human cell types as well as in budding yeast. The major
finding is that ER-NE junctions in human cell lines are more constricted than ER-ER junctions, often
to the point of excluding lumen. The examination of mitotic cells suggests that this constriction likely
occurs at the end of mitosis as the NE is completing its maturation from ER to NE. The implications of
these morphological changes are discussed but there are no mechanistic or functional studies.
Overall, the data are well presented, are of high quality and are rigorously evaluated. The manuscript
is well written and scholarly, and the speculations as to the function of the constrictions are
reasonable. | only have minor comments.

We thank the reviewer for the positive evaluation on our work and for the useful suggestions on how
to further improve the manuscript.

1. In Figure 2D, the authors present evidence to demonstrate that an hourglass-like constriction
occurs at ER-NE junctions. From the side view, it is difficult to interpret this on the plot, particularly
for the ER-NE junctions with a lumen. Perhaps, in the supplemental data, the authors could plot both
with and without lumen data separately, and color-code individual traces? I believe this would convey
the hourglass nature of these constrictions more clearly.

To make it easier to see individual membrane profiles, we have plotted the profiles with and without
lumen separately and labelled each profile with distinct colour, as the reviewer suggested. We now
show these new plots in the new Figure EV1B.

2. In the Methods section, the authors should describe how carbon-coating of sapphire discs was
achieved. If these were provided from the manufacturer precoated, this should be specified.

We coated the sapphire discs with carbon by ourselves. We have specified how the carbon-coating
was done in the Methods section on page 17.

3. On page 10, Figure 5F callout 9 lines from the bottom likely should be 5E.
We have corrected this error.

Reviewer #1 (Significance (Required)):

Overall, this work provides an important new morphological perspective on the nature of ER-NE
junctions in human cells. As the authors describe in their introduction, such junctions have been noted
previously in the literature but not in a dedicated study using modern imaging techniques in human
cell lines. In describing the morphology of these junctions, the authors lay the groundwork for future
mechanistic, functional, and structural studies.

We thank the reviewer for appreciating the significance and the impact of our work.



Reviewer #2 (Evidence, reproducibility and clarity (Required)):

Summary:

In this manuscript, Bragulat-Teixidor et al., use correlative live-cell imaging and electron tomography
to study the structure of the endoplasmic reticulum-nuclear envelope (ER-NE) junction in HeLa cells
(and also in S. cerevisiae). The authors also make use of publicly available whole-cell FIB-SEM
datasets to study ER-NE junctions in mouse pancreatic islet, HeLa, and human macrophage cells to
corroborate their findings in other cell types.

The authors show that the structure of the ER-NE junction in interphase cells adopts an hourglass
shape with a constricted neck. Comparing the ER-NE junction to the ER tubule-sheet junction, the
authors show that these structures are different: the ER tubule-sheet junction is not constricted.
Because the NE forms from the ER during postmitotic NE assembly, the authors compare the structure
of the ER-NE junctions in anaphase, telophase, and interphase cells, and find that the junction
becomes constricted in telophase. The number of ER-NE junctions increase going from telophase to
interphase.

While the authors do not provide any direct evidence for this, they propose a functional model where
the ER-NE junction is constricted because it regulates the supply of certain lipids and proteins from
the ER to the NE. One proposed example is that the constriction of the ER-NE junction might prevent
the passage of large protein aggregates from entering the NE.

The general question of how the structure of the ER-NE junction might regulate the passage of lipids
and proteins from the ER to the NE is interesting and potentially important. However, the authors
should address the following issues to improve the accuracy and completeness of this manuscript for it
to be considered for publication.

We thank the reviewer for the appreciation of our work and the thoughtful suggestions for further
improvements.

Major comments:

1. The authors compare the structure of the ER-NE junction to the structure of the ER tubule-sheet
junction in interphase cells. They should instead or in addition be comparing the ER-NE junction to
ER sheet-sheet junctions. This is likely a better comparison for two reasons:

i) The NE is similar to an ER sheet due to its flat and extended structure. The ER membranes
surrounding the NE consists mostly of a dense network of sheet-like ER (Zheng et al., 2022, PMID:
34912111). Therefore, the ER-NE junction should be compared to these NE-adjacent ER sheet-sheet
junctions and not ER tubule-sheet junctions which are likely to be found in the cell periphery.

We thank the reviewer for pointing this out and apologize for our short description of the definition of
ER junctions. We have now provided new supplementary figures showing (i) the ER junctions that we
analysed are mostly perinuclear (new Figure EV1E) and (ii) the shape of the approaching ER to a flat
ER sheet is mostly sheet like at 100 nm away from the junction base (new Figure EV1C). In the
previous version of the manuscript, we referred to these junctions as “ER tubule-sheet junction”
because the cross-section of the approaching ER was considerably smaller than the flat sheet base. To
avoid such confusion, we have revised the text on pages 7-8 and 21 as below:

Previous: We analysed specifically junctions that had a similar topology to ER-NE junctions, i.e. an
ER tubule fused perpendicularly to an ER sheet.

Revised: We analysed specifically the ER—ER junctions that are located near the NE and had a similar
topology to ER—NE junctions, i.e. an ER piece fused to the flat side of an ER sheet.

ii) In HeLa cells, the NE assembles from large ER sheets and not ER tubules (Zhao et al., 2023,
PMID: 37098350; Otsuka et al., 2018, PMID: 29323269; Lu et al., 2011, PMID: 21825076).



Therefore, the ER-ER junctions the authors are already studying in anaphase cells are likely to be ER
sheet-sheet junctions, which should be kept the same in their analysis of the ER-ER junctions in
interphase cells.
We have now quantified the shape of the ER-ER/NE junctions in anaphase cells. We noticed that, at
most of the ER-ER/NE junctions, the ER pieces connect to the edge of flat membrane sheets and not
to the flat side of sheets (new Figures 3A, EV4A). The topology of ER-ER/NE junctions in anaphase
is not comparable to the ER-ER junctions in interphase, and thus we have decided not to compare their
morphology to ER-ER junctions in interphase. Instead, we focus on the fact that the ER-ER/NE
junctions in anaphase are much wider and elongated than the ones in telophase and interphase. We
have clarified this point in the manuscript (page 8-9).

Related to this point, comparing the side view panels in Figure 2D with 2H, it seems that the width of
the ER membranes on either side of the neck region of the ER-NE junction is in fact getting wider
(more sheet-like). This is in contrast to the ER-ER junction where the width stays constant for the ER
tubule that is fusing onto the ER sheet. This suggests that indeed, the ER-NE junction is more similar
to an ER sheet-sheet junction.

To clarify this point, we have now examined whether the ER piece that forms the ER-NE junction is
tubule- or sheet-like ER at 100 nm away from the junction base. As shown in the new Figure EV1C,
the ER that forms ER-NE junctions is a mixture of tubules, sheets, and with other morphologies. The
result indicates that the ER-NE junctions are constricted irrespective of the shape of the approaching
ER. Moreover, we captured one example in which the ER piece forms simultaneously a constricted
junction to the NE and a wide junction to an ER sheet (new Figure EV1F, Movie EV4), which
highlights that the constricted hourglass shape is an exclusive feature to ER-NE junctions. We have
included these new analyses in the revised manuscript. We have also provided videos that show the
3D EM images and meshes of these junctions, so that anyone can evaluate the shape of the
approaching ER (new Movies EV2-6).

2. The authors claim that in late anaphase cells, the ER-ER/NE (written like this because the ER and
NE cannot be distinguished like the authors also point out) junctions are not constricted and had a
similar morphology to ER-ER junctions in interphase. However, this claim is only qualitative at the
moment, as the authors do not provide any quantification of the width of the ER-ER/NE junctions in
late anaphase cells. To make the current claim that the ER-NE junction only becomes constricted in
telophase, the authors should report the width of the ER-ER/NE junctions in late anaphase cells.

In late anaphase cells, large ER sheets initially wrap around chromatin at the periphery of the
chromosome mass (Zhao et al., 2023, PMID: 37098350; Otsuka et al., 2018, PMID: 29323269; Lu et
al., 2011, PMID: 21825076). Therefore, the authors might find it easier to identify ER-ER/NE
junctions in the so-called "non-core™ regions, instead of in the current regions shown in Figure 3A.
We thank the reviewer for the constructive suggestion. We have now quantified the 3D ultrastructure
of the ER-ER/NE junctions in late anaphase cells. As shown in the new Figures 3 and EV2E,F, the
width and aspect ratio of the ER-NE junctions in late anaphase are indeed larger and distinct from the
ER-NE junctions in early telophase and interphase. We have added these new data to the revised
manuscript.

Regarding the comparison of ER-ER/NE junctions in late anaphase with ER-ER junctions in
interphase, we do not compare their morphology as we described in the response to your previous
comment and focus on the fact that the ER-ER/NE junctions in anaphase are much wider and
elongated than the ones in telophase and interphase. We have modified two parts in the main text on
pages 8 and 9 as below:

Previous: The junctions at these ER membranes touching chromatin were not constricted and had a
similar morphology to ER-ER junctions in interphase.

Revised: At these ER membrane junctions touching chromatin, the ER pieces connect to the edge of
flat membrane sheets and not to the flat side of sheets. The junctions were not constricted and were



significantly wider and more elongated than the ER-NE junctions in interphase (Figure 3A,B, Figure
EV2E,F).

Previous: Ultrastructural analysis revealed that most of ER-NE junctions in telophase... The average
width... is between that of ER-NE and ER-ER junctions in interphase...

Revised: Ultrastructural analysis revealed that most ER-NE junctions in telophase... The average
width... is between ER-ER/NE junctions in anaphase and ER—NE junctions in interphase.

Minor comments:

1. In the Supplementary Figures 1 A-D, make the scale bars white. Currently, the black scale bars are
especially difficult to see in the top panels in Supplementary Figure 1C.

We have positioned the scale bars outside the images to make them more visible in the new Figure
EV1A (previous Supplementary Figure 1A-D).

2. In the Results section entitled "The number of ER-NE junctions per cell increases from telophase to
interphase”, the authors should tone down this claim because the number of telophase cells examined
is low (only 2 telophase versus 9 interphase cells). It would be better to include the word "slightly" in
the title to change it to "slightly increases".

We have modified the text accordingly on page 9.

3. In the Results section entitled "The number of ER-NE junctions per cell increases from telophase to
interphase”, the authors state "These densities were much lower than those of ER-ER junctions...". For
sure this is true for ER tubule-tubule junctions in the periphery of the cell as ER tubules form an
intricate network by constantly fusing to each other, but it's not clear if this is also the case for ER
tubule-sheet or ER sheet-sheet junctions. For clarity, the authors should state that they mean ER
tubule-tubule junctions.

Same comment also for the statement "...although their abundance remains considerably lower than
that of ER-ER junctions or nuclear pores at both cell cycle stages". The authors should state that they
mean ER tubule-tubule junctions

We apologize our short description of the ER-ER junctions. What we mean by “ER-ER junctions”
here is all types of junctions; i.e., when the ER is observed by electron microscopy at nanometer
resolution in a whole cell, the ER is interconnect by junctions of tubule-tubule, tubule to the edge of
sheet, tubule to the flat side of sheet, sheet-sheet, fenestrated sheets, etc. (Heinrich et al., Nature, 2021,
DOI: 10.1038/s41586-021-03977-3; Parlakgdl et al., Nature, 2022, DOI: 10.1038/s41586-022-04488-
5). To clarify that we refer to all types of junctions within the ER network, we have specified it as
“junctions within the highly interconnected ER network of sheets and tubules (Heinrich et al., 2021,
Tikhomirova et al., 2022)” on page 10.

4. In the Results section entitled "The constricted morphology of ER-NE junctions is observed in
different mammalian cells, but not in budding yeast", the authors state "...pancreatic islet cells (Figure
5A), HelLa (Figure 5B), and macrophage (Figure 5C) were significantly smaller than most ER-ER
junctions (Figure 5F)". The last figure reference here is wrong and should be changed to Figures 5D-
E.

We have corrected this error.

5. In Discussion, the authors state "Proteins known to form and stabilize junctions in the ER, including
Atlastins and Lunapark...". The authors should specify that they mean ER tubule-tubule three-way
junctions. Also more generally throughout the manuscript, the authors should be more careful in
specifying which ER-ER junctions they mean in each case.



We have clarified that the ER junctions what we mean here are three-way tubular junctions in the
revised manuscript (on page 13). We have also specified which ER-ER junctions we mean in other
parts of the text (on pages 7, 8, 12).

6. In Discussion, the authors state "Thus, we favour a second scenario in which ER-NE junctions are
generated from ER tubules that contact and eventually fuse with the ONM". Given that the ER
membranes adjacent to the NE are mostly sheet-like (as pointed out in Major comment 1 above), the
authors need to explain how they think an ER tubule (mostly found in the cell periphery) could access
and fuse to the NE.

As mentioned in the response to Major comment 1 above, the ER pieces that form ER-NE junctions
are mixtures of tubules and sheets. Therefore, we have modified the text on page 15 as below:
Previous: ...ER-NE junctions are generated from ER tubules...

Revised: ...ER-NE junctions are generated from ER tubules or sheets...

Reviewer #2 (Significance (Required)):

Although the ER-NE junction has been studied in other organisms before, this study represents the
first structural characterisation of the ER-NE junction in mammalian cells. Therefore, this study
represents an advance for the field in gaining a better understanding of different ER structures and
morphologies. How the ER is remodelled during the cell cycle is also an interesting question and an
active field of research (Merta et al., 2021 PMID: 34853314; Zhao et al., 2023, PMID: 37098350)
which this study further contributes to. This study would therefore be interesting for anyone interested
in ER structure/morphology, ER-NE connections, and cell cycle regulation of such ER-NE
connections.

My field expertise is in ER and NE. | do not have sufficient expertise to evaluate the methodology for
the EM tomography part of this paper.
We thank the reviewer for appreciating the novelty and the impact of our work.

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

The manuscript by Bragulat-Teixidor et al. is a study of the connection of the ER with the nuclear
envelope. It uses advanced ultrastructural techniques: high pressure freezing instead of chemical
fixation and EM tomography instead of serial sectioning. Synchronized HelLa cell cultures were
examined during interphase, late anaphase (4-6 min after anaphase onset) and early telophase (8-10
minutes after anaphase onset).

The investigators find an unexpected, unusual structure - a constricted neck 7-20 wide and about 10
nm long where the ER connects to the nuclear envelope. The 7 nm connections had no apparent
lumen. These are not seen in late anaphase when the NE has not yet formed, but they are seen a few
minutes later during early telophase when there is a newly formed NE surrounding the chromosomes.
A quantitation was made of their abundance, more was found later during interphase, and with wider
lumens.

It is very nice to show the EM images as uncolored and segmented (colored). The images shown in the
figures are presumably the best that were obtained during the study. Heavy metals do not stain
membranes uniformly or exclusively, and identification of structures doesn't always seem
unambiguous. The three dimensional information can certainly make this easier though this



information is difficult or not possible to show in journal format. In the end, the reader must depend
on the judgment of the person who did the analysis. Overall, the analysis seems trustworthy.

We thank the reviewer for the comment. To better convey the three-dimensional structure of ER-NE
junctions, we provided movies of the EM sub-tomograms containing the junctions. In the new Movies
EV2-6, the reader can inspect the three-dimensional structure of six more ER-NE junctions. In
addition, we have deposited the tomograms containing junctions to the Electron Microscopy Public
Image Archive (EMPIAR; https://www.ebi.ac.uk/pdbe/emdb/empiar/) under accession codes 12025,
12048, 12050, 12051, so that anyone can observe and judge the ultrastructure of the junctions. The
tomograms will be available after the publication of this manuscript, but can be accessed for reviewers
by these credentials: information redacted.

HeLa cells are very convenient for getting information on cell cycle dependence. However, they are
cancer cells in culture, so it is important to look at other cell types as well. The same methodology was
used on budding yeast and they saw a wide tentlike connection, which reproduces an earlier study.
This seems more consistent with what is known or expected from ER membranes. It is not less
interesting but perhaps less puzzling.

To get evidence on other mammalian cells, the authors did an analysis of data from OpenOrganelle.
These are high pressure frozen cells / tissue imaged by FIB-SEM. The voxels are 4 nm, which is
significantly larger than those in EM tomography. Unfortunately, the difficulty of identifying
structures is correspondingly more significant. The images shown do not contradict the HelLa results
but by themselves (without the HelLa cell data), a convincing case for narrow connections probably
couldn't be made.

The reviewer raises a very good point about a limitation of the FIB-SEM datasets in OpenOrganelle.
We agree with the reviewer that, as we had mentioned in the manuscript (page 10), the spatial
resolution of the FIB-SEM datasets is not enough to gain insights into the exact morphology of the 7—
20 nm wide ER-NE junctions because the voxel size is 4 nm. However, the resolution is good enough
to examine if ER-NE junctions are narrower than ER-ER junctions, as shown in Figure 5A-E. The fact
that we rarely found non-constricted ER-NE junctions in FIB-SEM datasets confirms the tiny nature of
ER-NE junctions in other mammalian cells. To clarify this point, we have modified the text on page
11 as below:

Previous: This analysis of FIB-SEM images confirms the hourglass morphology that distinguishes
ER-NE from ER-ER junctions as seen in our EM tomograms...

Revised: This analysis of FIB-SEM images confirms that ER-NE junctions are narrower than ER-ER
junctions as seen in our EM tomograms...

The work in this manuscript seems to have been done well. Assuming that this structure is confirmed
in other mammalian cells, another kind of question comes to mind: is this the final word on ER to NE
connections? The lumenless neck does not seem like it would be a stable structure, somehow it seems
like a transient one. In the future, it would help if a new structural protein was identified or some
theoretical analysis to help explain the shape.

Certainly, this will not be the final word on ER-NE junctions, which we think are crucial for the ER-
to-NE transport of lipids and transmembrane proteins. In the future, it will be important to identify
structural proteins regulating the junctions and reveal how their constricted morphology affects the
ER-to-NE transport. We believe that, as you kindly mentioned in the last paragraph of your comments,
our observations “serve as a starting point for further structural and functional work” for this unique
yet fundamental junctions that connect the ER to nucleus.

It is generally now assumed that high pressure freezing preserves structure perfectly. However, in this
reviewer's mind, there is a possibility that some structures are not. The sample is brought to 2000
atmospheres within a few milliseconds, frozen, then the high pressure is released after a second.
Although many intracellular structures do seem well preserved, could the junction be susceptible to
high pressure? A second source of uncertainty is that in order to embed the samples in resin, the water



was removed by freeze substitution. This is known to cause a small amount of tissue shrinkage and
possibly could alter a delicate structure. Another way to look at this kind of structure is cryo-EM
tomography on hydrated lamellae from plunge frozen cells. | don't recommend that the authors do
another arduous, possibly too arduous set of experiments with a completely different technique, but
perhaps another group has data which could support their findings.

We think it is very unlikely that ER-NE junctions were deformed due to the high-pressure freezing. In
general, high-pressure freezing allows vitrification of specimens up to 0.5 mm in thickness and the
vitrification works better for thinner specimens. Our specimens are only 0.02 mm thick monolayer
cells frozen in a chamber with 0.025 mm depth. Thus, the vitrification is expected to occur fast and the
ER-NE junctions must have been frozen in the same way as other regions of the cell.

However, as the reviewer pointed out, it is possible that the dehydration of the samples due to
freeze substitution might cause deformation in ER-NE junctions. To verify the structural preservation
of ER-NE junctions in our protocol, we looked for ER-NE junctions in cryo-EM tomograms of HelLa
cells that are publicly available on EMPIAR (the Electron Microscopy Public Image Archive).
Unfortunately, we could not find ER-NE junctions in those datasets. Given that the frequency of ER-
NE junctions is very low (~0.13 junction per square micrometer, Figure 4C), more cryo-EM
tomograms of the NE would need to be taken and inspected to find them. Thus, we cannot technically
exclude the possibility that ER-NE junctions are deformed due to the freeze substitution. However, we
think that the conclusion from our EM analysis is solid because we observed structural differences
between ER-NE and ER-ER junctions in the same cells (Figure 2). In addition, we inspected ER-NE
junctions in late-anaphase, early-telophase, and interphase cells that were high-pressure frozen and
freeze-substituted on the same region of the sapphire disc, and found that the ER-NE junctions became
progressively constricted from telophase to interphase (Figure 3). Furthermore, we did not observe
highly constricted ER-NE junctions in yeast cells that we high-pressure froze and freeze-substituted
into resin in the same way as HeLa cells. Therefore, we think that the highly-constricted shape of ER-
NE junctions in interphase mammalian cells is not an artefact but rather represents the native structure.

The following are suggestions for the Discussion:

Yeast have many of the same biochemical processes as mammalian cells. Perhaps their lack of narrow
connections can be used as a clue to the function of the narrow necks seen in HeLa cells. For instance,
the authors speculate that the narrow connection serves to keep phosphatidylserine in the nuclear
envelope low. If the yeast nucleus has the same concentration of phosphatidylserine as the ER, it
would provide good evidence for this idea.

Yes, it is indeed the case. It was shown that the yeast outer nuclear membrane has the same
concentration of phosphatidylserine as the ER does (Tsuji et al., Proc. Natl. Acad. Sci. U. S. A., 2019).
We had described this in the discussion on page 15 “this phosphatidylserine enrichment occurs in
mammalian cells and not in budding yeast (Tsuji et al., 2019)”.

There might be other instances of lumenless neck structures. Dynamin mutants can cause a stable
constricted tubule - are the dimensions of this tubule similar to that of the ER / NE connections? Or
possibly some ESCRT related structure?

These are very interesting questions. As shown in Figure 2A-D, the inner diameter (an inner leaflet
distance) of the lumenless ER-NE junctions is below 1 nm. In contrast, the inner diameter of most
constricted membrane tubules that the dynamin mutant (K44A Dynamin 1) generates is 3.7 nm
(Antonny et al., EMBO J., 2016, doi: 10.15252/embj.201694613). The inner diameter of membrane
tubules that ESCRT-11I subunits CHMP1B and IST1 create is 4.4 nm (Nguyen et al., Nat. Struct. Mol.
Biol., 2020, doi: 10.1038/s41594-020-0404-x). Thus, the lumenless ER-NE junctions is unique in their
highly-constricted nature and might be regulated by proteins other than dynamin or ESCRT proteins.
We have included this point in the Discussion on page 13-14.

There do not seem to be any recent studies of the ER / nuclear membrane connection in fixed cells.



However, there is serial section data online which can be inspected. There are connections in mouse
brain cortex in the data of Kasthuri et al., 2015 (https://neurodata.io/project/ocp/). Instead of a tubule
connection, there seems to be a narrow sheet of ER that connects to the nuclear envelope. But there is
something odd about these too. The authors may like to mention something about this or similar work
in their manuscript. This reviewer has looked at chemically fixed data from several cell types from his
own unpublished data and connections are surprisingly hard to find. Possibly, the connection is
particularly sensitive to chemical fixation.

We inspected the serial section data of mouse brain cortex that was chemically fixed. The nuclear
envelope in this dataset is deformed and does not seem well preserved. We do not think that we can
extract useful information on the ultrastructure of ER-NE junctions from this dataset, and thus will not
mention this work in our manuscript.

It is great to hear that the reviewer tried to look for ER-NE junctions in their own EM data. The
frequency of ER-NE junctions is rare (only 0.13 junction per square micrometer, Figure 4C). We think
that the reason why it was hard to find the junctions in the reviewer’s data is due to the low-frequent
nature of this junction and not due to the chemical fixation.

Reviewer #3 (Significance (Required)):

This is a careful and thorough study of the connection between the ER and the nuclear envelope. The
discovery of reticulons and similar proteins, along with biophysical modeling, made the form of the
ER accessible to analysis. The factors that govern ER structure are now much better understood. This
is particularly true of sheets versus tubules, the three way tubule junctions and to some extent, the
junction of ER tubules coming out of the edge of a sheet. However, with all this activity, the subject of
the connection of the ER to the nucleus has not been examined in detail. What makes it different is that
the tubule is connected perpendicular to the plane of a sheet.

We thank the reviewer for appreciating the quality and novelty of our work.

The manuscript uses the best ultrastructural techniques and provides strong evidence for a narrow
neck at this connection in HelLa cells. With the same methodology, yeast cells (S. cerevisiae) have a
wider connection. OpenOrganelle data from other mammalian cell types was examined. This data has
less resolution and although it does not contradict the HeLa cell data, it does not support it strongly.
As mentioned in the response to one of this reviewer’s comments above, the spatial resolution of FIB-
SEM datasets is good enough to examine if ER-NE junctions are narrower than ER-ER junctions. We
think that our observation of several mammalian cells in FIB-SEM datasets strongly supports the
conclusion that ER-NE junctions are narrower than ER-ER junctions and extends our findings in HeLa
cells to two other mammalian cell types.

This work is of interest to cell biologists specializing in membranous organelles or those interested in
nuclear physiology. The connection of ER to nuclear envelope is an interesting problem that has not
been studied recently. This manuscript could very well serve as a starting point for further structural
or functional work by the authors or other groups.

We thank the reviewer for appreciating the significance and impact of our work.

Reviewer #4 (Evidence, reproducibility and clarity (Required)):

Summary:
Membrane bound ribosomes and ER exit sites are present in the cytosolic side of nuclear envelope
(NE), suggesting that NE shares protein translocation, folding and quality control functions with the


https://neurodata.io/project/ocp

endoplasmic reticulum (ER). Moreover, membrane continuity between the ER and outer NE
membrane is evident, and, thus, NE is considered as a subdomain of the ER. To support this, during
cell division, NE loses its identity, and participates to daughter cells as part of the ER. However, NE
has also membrane proteins and luminal proteins that are enriched to NE and absent from ER during
interface, and the segregation of NE specific proteins/lipids occurs concomitantly with NE formation
during late anaphase/telophase. In this study, the ultrastructure of the ER-NE junctions is described
using high resolution electron tomography. Results show convincingly a specific constriction at the
ER-NE neck during interface in several mammalian cell types. This structure is absent during
metaphase, and also from the budding yeast. Authors present a model for the formation of ER-NE
junctions in higher eukaryotes and speculate about their functional role.

We thank the reviewer for the appreciation of our work and the valuable suggestions for further
improvements.

Major comments:

The main conclusion of the paper is that although the ER and outer NE membranes are continuous, a
specific hourglass shaped constriction at the neck is found in higher mammalian cells during
interphase. The structure is specific to ER-NE necks, as it is absent during metaphase and ER-ER
junctions. For the analysis, authors used high pressure freezing to ensure best structural preservation.
Unfortunately, fixation is not the only potential source of artifacts; during tomography at ambient
temperature, the thinning of the plastic sections under the beam can be up to 30%. In evaluation of the
results, authors should consider how this thinning could affect the measurements of membrane
distances and luminal width, and what type of distortions may happen as a consequence of asymmetric
shrinkage.

We agree with the reviewer that it is important to clarify the degree of shrinkage and deformation of
the sample that our EM protocol might introduce. Indeed, the irradiation of electrons shrinks the resin-
embedded cells in the sections. To evaluate the degree of sample shrinkage, we compared the diameter
of the nuclear pore complex, a regular macromolecular complex spanning the double membrane of the
NE, in our EM tomograms with the one determined by cryo-EM tomography. The nuclear pore
diameter in our EM tomograms of interphase HeLa cells was 77 nm £ 3.2 nm (mean * S.D., 80 pores
in 9 cells, new Figure EV3A,B), while it is on average 92 nm in cryo-EM tomograms of interphase
HeLa cells that were vitrified by plunge freezing (Mosalaganti et al., Science, 2022, DOI:
10.1126/science.abm9506). Thus, the shrinkage of the specimen in our EM tomograms is 17%, which
is consistent with the reported values of the shrinkage in epoxy resin (e.g. Kizilyaprak et al., J. Struct.
Biol., 2015, DOI: 10.1016/j.jsb.2014.10.009; Otsuka et al.,, Elife, 2016, DOI:
10.7554/eLife.19071.001). This means that our measurements on the junction width are 17% smaller
than the native value. We have included this analysis (new Figure EV3), and clarified the shrinkage
value in the main text on page 7.

To minimize the variation in shrinkage in different cells and to ensure a homogenous shrinkage
throughout individual cells, we pre-irradiated the cells with the electron beam at a low magnification
on the entire cell. To verify that the variation of the shrinkage between different samples is minimal,
we compared the nuclear pore diameter in our EM tomograms. The nuclear pore diameter was
comparable between different cells (new Figure EV3C), and thus we think that the shrinkage occurred
to a similar degree in our EM tomograms and does not significantly affect our structural analysis. We
have added this analysis and clarified how we minimized the shrinkage variation in the Method
section on page 20.

In addition to analysis of own samples, authors took advantage of the publicly available whole-cell
datasets in OpenOrganelle and used these datasets to expand the number of cell types analyzed.
Moreover, the 3D-datasets were generated with different imaging technique, FIB-SEM. Although this
technique provides lower resolution in general, it provides isotropic resolution, and the data could be
used to eliminate the shortcomings of the tomography, thinning of the sections and the missing wedge.
The authors could expand the comparison of the data from these different sources from this



perspective, especially since HelLa cells were used in their own tomography studies and FIB-SEM
datasets in OpenOrganelle. Similarly, it would be interesting to see if similar approach could be used
to compare their results to those obtained by cryo-EM by utilizing the cryo-EM database. Have
authors checked if any suitable datasets for analysis of ER-NE junctions could be found from public
archives?

The spatial resolution of the FIB-SEM datasets is good enough to examine if ER-NE junctions are
narrower than ER-ER junctions as shown in Figure 5A-E, but is not high enough to inspect the exact
morphology of the membrane constriction. Therefore, we would refrain from extracting fine details of
the ultrastructure of ER-NE junctions from FIB-SEM. We would also want to emphasize that the
missing wedge effect is minor in our EM tomograms, because we took dual axis tomography that
minimizes this missing wedge effect (Arslan et al., Ultramicroscopy, 2006, DOI:
10.1016/j.ultramic.2006.05.010; Winter & Chlanda, J. Struct. Biol., 2021, DOI:
10.1016/j.jsh.2021.107742) for most of the junctions. Since we did not highlight this point in our
previous manuscript, we have now clarified this point in the Method section on page 21. Regarding the
effect of sample shrinkage in our EM tomograms, we have defined its effect in the main text as
described in the response to the above comment.

We agree that it would be good to compare the ultrastructure of ER-NE junctions in our EM
tomograms with the one in cryo-EM. We looked for ER-NE junctions in cryo-EM tomograms of HelLa
and other mammalian cells that are publicly available on EMPIAR (the Electron Microscopy Public
Image Archive). Unfortunately, we could not find ER-NE junctions in those datasets. Given that the
frequency of ER—NE junctions is very low (~0.13 junction per square micrometer, Figure 4C), more
cryo-EM tomograms of the NE would need to be taken and inspected to find them in the future.

For the analysis of mitotic cells, double thymidine block was used to synchronize the cell culture. It is
not clear, why synchronization was necessary, as CLEM was used to select the cells, and their number
was rather low. Do cells continue growing and synthesizing new proteins during thymidine blocks? As
one way to control potential artifacts due to the synchronization treatment, authors could compare the
average thickness of ER and NE in naturally occurring interphase and mitotic cells vs. synchronized
cells.

The reason why we synchronized the cell cycle is to enrich cells in late anaphase and early telophase
in the same plastic sections, so that we can compare the ultrastructure side-by-side among several
dividing and interphase cells under the electron microscope. To assess if the double thymidine block
affects the ER and NE morphology, we compared the thickness of the ER and NE in the synchronised
and non-synchronised cells, as the reviewer kindly suggested. As shown

in the plot, the NE thickness is comparable between synchronised and %0
non-synchronised HelLa cells in published EM datasets (Otsuka et al., E 40-

Elife, 2016, Figure 2C, DOI: 10.7554/eLife.19071; Otsuka et al., Nat. @
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Minor comments:
On page 5, last chapter (+ Fig.1 legend and materials and methods): "the quick tomograms covered
the entire NE" is misleading, as the imaging covered a thin layer of the entire NE only. - Authors



could have analyzed the entire NE from the FIB-SEM datasets but chose to use stereological approach
to minimize their work.

We have modified the text to make it clear that the quick tomograms covered the NE in a section and
not the entire NE of the cell in the main text on page 6, and the legend of Figure 1.

To save time from the readers to follow the reference, authors could describe how the specimens used
in OpenOrganelle datasets were fixed and processed, especially as they emphasize the importance of
high pressure freezing in their own sample prep. Similarly, in Fig.4 legend, authors refer to
measurements done in the previous study without explaining how and from what type of data.

We thank the reviewer for pointing these out. We have described how the OpenOrganelle datasets
were generated and how the nuclear surface area measurement was done in the text on pages 10 and
11.

Is there a difference between mesh generation and segmentation, or is it just two different terms used
for the same thing by different programs?

We apologize our short description of these terms. We have clarified these terms in the Method on
page 24.

Reviewer #4 (Significance (Required)):

General assessment:

ER-NE gates were described earlier in the literature for specific cell types using standard thin-section
TEM imaging, and in this study, the analysis was done with modern technology at 3D. The text is
fluent and clear, and the quality of the images was excellent. The analysis of the data was thorough,
and materials and methods including image analysis part were presented accurately and clearly.
Ultrastructural analysis was done systematically, and generated models are beautiful and informative.
Much thought has put into planning of the experiments and experimental approach.
The shortcoming of the study is its limitation to ultrastructural analysis only without attempts to
connect to any mechanism. The discussion part contains lot of speculation of the factors that might be
needed for the formation and maintenance of the constriction and present several hypotheses for the
function of the constriction. The paper would be much stronger if one of few of the leads would be
followed, and if there would be any explanation for the role of these structures, or factors affecting
them.

We thank the reviewer for the appreciation of the clarity and quality of our work. The molecular
mechanism that regulates the function, shape and biogenesis of ER-NE junctions will be the subject of
future studies, for which our discovery of a highly-constricted morphology of the ER-NE junctions
lays the groundwork.

Advance:

The paper provides a very nice example for the reuse of publicly archived imaging datasets to
complement own experimental work. Hopefully this paper encourages others to the same path, as the
large volumeEM datasets require significant investments and contain wealth of potential for reuse.
We strongly agree with the reviewer. The volume EM datasets that are publicly available contain
wealth of potential for new discoveries. We also hope that our paper encourages other scientists to
make good use of those datasets and also to deposit their own data to the public databases. We have
deposited the tomograms containing junctions to the Electron Microscopy Public Image Archive
(EMPIAR; https://www.ebi.ac.uk/pdbe/emdb/empiar/) under accession codes 12025, 12048, 12050,
12051, so that anyone can observe and judge the ultrastructure of the junctions. The tomograms will
be available after the publication of this manuscript, but can be accessed for reviewers by these
credentials: information redacted.



The paper strengthens the description of the ER-NE junction structure significantly and convincingly
but does not further our understanding of the mechanisms behind the structure nor the function of
them and raises more questions than provides answers. For structural analysis of this kind, the state-
of-the-art technology is cryo-EM (e.g., preparation of lamella with cryo-FIB-SEM followed by cryo-
tomography), and in this study, the technical limitations come from plastic embedding and ambient
temperature imaging. The used techniques would be more adequate for cell biological study, where
the described structure is somehow connected to the function in cell, or the factor(s) needed to the
formation or maintenance are identified.

Indeed, a limitation of our current study is that we did not reveal the underlying molecular mechanism
and the functions of the constricted morphology of ER-NE junctions. We do not think that cryo-EM is
necessarily required because we have collected evidence that the ER-NE connections are distinct from
the ER-ER junctions in not only our EM tomography data (Fig. 2) but also in the EM datasets
deposited in public databases (Fig. 5).

Audience:

This study will be of special interest to cell biology community. The study could be an opening to
several lines of research, e.g., identification of the factors forming or maintaining the structure, the
potential function of the structure, how the structure affects the dynamics of the NE/ER membrane and
luminal proteins.
We thank the reviewer for appreciating the impact of our work.

Reviewer's expertise:
The reviewer has long experience in electron microscopy, volumeEM techniques and image analysis,
and operates mainly in the field of cell biology.



1st Revision - Editorial Decision 15th May 2024

Dear Dr. Otsuka

Thank you for the submission of your revised manuscript to EMBO reports. We have now received the reports from the referees
who were asked to evaluate it (copied below).

As you will see, both referees are very positive about the study and support publication without further revisions.

Browsing through the manuscript myself, | noticed a few editorial things that we need before we can proceed with the official
acceptance of your study:

- Please provide up to 5 keywords.

- Please update the 'Conflict of interest' paragraph to our new 'Disclosure and competing interests statement'. For more
information see

https://www.embopress.org/page/journal/14693178/authorguide#conflictsofinterest

It also needs to be placed after the Acknowledgments section.

- Regarding the Author Contributions, we now use CRediT to specify the contributions of each author in the journal submission
system. Therefore, please remove the Author Contributions from the manuscript file and make sure that the author contributions
in our manuscript tracking system are correct and up-to-date. The information you specified in the system will be automatically
retrieved and typeset into the article. You can enter additional information in the free text box provided, if you wish.

- Reference list: please only list the first 10 authors followed by et al.

- Please remove the DOI from Schindelin et al 2012 in the reference list. DOIs are only used for bioRxiv citations or
Github/Zenodo citations (such as Gillies et al) but not for published manuscripts.

- All funding information must be entered in our online manuscript tracking system. This is the information that is transferred to
our publisher and to PubMed. In this regard we note that the following are missing in the system: DOC Fellowship of the
Austrian Academy of Sciences (no. 25951), Max Perutz PhD Fellowship (University of Vienna and the Medical University of
Vienna).

- | note that you provided Figure EV4 as eps file in a zip folder since it is 304 MB. | am not sure that this can be typeset and used
as a zip archive. Any chance to reduce file size, while maintaining good resolution?

- In text callouts for Figure 3C and Figure 5D are missing and the following callout needs to be updated to the correct one:
"Supplementary Figure 2b"

- Movie legends need to be removed from the manuscript. Each should be saved as a readme.txt file and then zipped up
together with its corresponding movie; movies should then be uploaded as one folder (Movie EV1, etc.) per movie.

- Materials and Methods should be Methods
- Data availability section: please provide links that resolve directly to the datasets, not just to the database as such.

- Our production/data editors have asked you to clarify several points in the figure legends (see below). Please incorporate these
changes in the manuscript and return the revised file with tracked changes with your final manuscript submission:

A) Please note that a separate 'Data Information' section is required in the legends of figures 2a-b, f-g; 3 a(i-iv), d (i-iv); 5a-c, f.
This means that you add e.g., "Data Information: (A, B, F, G) Scale bars: 20 nm".

B) Please note that the scale bar needs to be defined for figure EV 2a and for figure EV4.

C) Figure EV4: please add more description so that the figure can be understood without having to go back to Figure 3. Please
define the arrowheads.

- Finally, EMBO Reports papers are accompanied online by

A) a short (1-2 sentences) summary of the findings and their significance,

B) 2-3 bullet points highlighting key results and

C) a schematic summary figure that provides a sketch of the major findings (not a data image).

Please provide the summary figure as a separate file in PNG or JPG format at a size of 550x300-600 pixels (width x height).
Please note that the size is rather small and that text needs to be readable at the final size. Please send us this information
along with the revised manuscript.



- On a different note, | would like to alert you that EMBO Press offers a new format for a video-synopsis of work published with
us, which essentially is a short, author-generated film explaining the core findings in hand drawings, and, as we believe, can be
very useful to increase visibility of the work. This has proven to offer a nice opportunity for exposure i.p. for the first author(s) of
the study. Please see the following link for representative examples and their integration into the article web page:
https://www.embopress.org/video_synopses

https://www.embopress.org/doi/full/10.15252/embj.2019103932

Please let me know, should you be interested to engage in commissioning a similar video synopsis for your work. According
operation instructions are available and intuitive.

We look forward to seeing a final version of your manuscript as soon as possible.

With kind regards,

Martina Rembold, PhD
Senior Editor
EMBO reports
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Referee #2:

The authors have addressed all the concerns and suggestions previously raised by this reviewer. The manuscript is now suitable
for publication in EMBO Reports without further revision.

Referee #4:

The paper is technically sound and thoroughly done and have addressed all concerns that | raised in my initial review. Although
the paper does not further our understanding of the mechanisms behind the structure or the function of NE-ER junctions, it will
serve as initial high-quality description of the morphology of the NE-ER junction for further studies.

The paper provides a very nice example for the reuse of publicly archived imaging datasets to complement own experimental
work, and provides new material for open access and potential reuse.
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2nd Authors' Response to Reviewers 27th May 2024

All editorial and formatting issues were resolved by the authors.



2nd Revision - Editorial Decision 3rd Jun 2024

Dr. Shotaro Otsuka
Max Perutz Lab, Vienna
Dr. Bohr Gasse 9
Vienna, Vienna 1030
Austria

Dear Shotaro,

| am very pleased to accept your manuscript for publication in the next available issue of EMBO reports. Thank you for your
contribution to our journal.

Your manuscript will be processed for publication by EMBO Press. It will be copy edited and you will receive page proofs prior to
publication. Please note that you will be contacted by Springer Nature Author Services to complete licensing and payment
information.

You may qualify for financial assistance for your publication charges - either via a Springer Nature fully open access agreement
or an EMBO initiative. Check your eligibility: https://www.embopress.org/page/journal/14693178/authorguide#chargesguide

Should you be planning a Press Release on your article, please get in contact with embo_production@springernature.com as
early as possible in order to coordinate publication and release dates.

If you have any questions, please do not hesitate to contact the Editorial Office. Thank you for your contribution to EMBO
Reports.

Kind regards,
Martina
Martina Rembold, PhD

Senior Editor
EMBO reports

>>> Please note that it is EMBO Reports policy for the transcript of the editorial process (containing referee reports and your
response letter) to be published as an online supplement to each paper. If you do NOT want this, you will need to inform the
Editorial Office via email immediately. More information is available here: https://www.embopress.org/transparent-
process#Review_Process
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This checklist is adapted from Materials Design Analysis Reporting (MDAR) Checklist for Authors. MDAR establishes a minimum set of requirements in

transparent reporting in the life sciences (see Statement of Task: 10.31222/osf.io/9sm4x). Please follow the journal's guidelines in preparing your
Please note that a copy of this checklist will be published alongside your article.

Abridged guidelines for figures

1. Data

The data shown in figures should satisfy the following conditions:
— the data were obtained and processed according to the field’s best practice and are presented to reflect the results of the experiments in an

accurate and unbiased manner.
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— ideally, figure panels should include only measurements that are directly comparable to each other and obtained with the same assay.
— plots include clearly labeled error bars for independent experiments and sample sizes. Unless justified, error bars should not be shown for technical
— if n<5, the individual data points from each experiment should be plotted. Any statistical test employed should be justified.

— Source Data should be included to report the data underlying figures according to the guidelines set out in the authorship guidelines on Data

2. Captions
Each figure caption should contain the following information, for each panel where they are relevant:
— a specification of the experimental system investigated (eg cell line, species name).
— the assay(s) and method(s) used to carry out the reported observations and measurements.

—

—
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an explicit mention of the biological and chemical entity(ies) that are being measured.

an explicit mention of the biological and chemical entity(ies) that are altered/varied/perturbed in a controlled manner.
the exact sample size (n) for each experimental group/condition, given as a number, not a range;
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?

- 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.

Please complete ALL of the questions below.
Select "Not Applicable” only when the requested information is not relevant for your study.

Materials

Newly Created Materials

Information included in
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In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

New materials and reagents need to be available; do any restrictions
apply?

Antibodies

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

For antibodies provide the following information:

- Commercial antibodies: RRID (if possible) or supplier name, catalogue
number and or/clone number

- Non-commercial: RRID or citation

DNA and RNA sequences

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Short novel DNA or RNA including primers, probes: provide the
sequences.

Cell materials

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Cell lines: Provide species information, strain. Provide accession number
in repository OR supplier name, catalog number, clone number, and/OR
RRID.

Yes

Materials and Methods

Primary cultures: Provide species, strain, sex of origin, genetic
modification status.

Report if the cell lines were recently authenticated (e.g., by STR profiling)
and tested for mycoplasma contamination.

Experimental animals

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Laboratory animals or Model organisms: Provide species, strain, sex,
age, genetic modification status. Provide accession number in repository
OR supplier name, catalog number, clone number, OR RRID.

Animal observed in or captured from the field: Provide species, sex,
and age where possible.

Please detail housing and husbandry conditions.

Plants and microbes

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Plants: provide species and strain, ecotype and cultivar where relevant,
unique accession number if available, and source (including location for
collected wild specimens).

Microbes: provide species and strain, unique accession number if
available, and source.

Human research participants

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

If collected and within the bounds of privacy constraints report on age, sex
and gender or ethnicity for all study participants.

Core facilities

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

If your work benefited from core facilities, was their service mentioned in
the acknowledgments section?

Yes
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Ethics

Study protocol

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

If study protocol has been pre-registered, provide DOI in the
manuscript. For clinical trials, provide the trial registration number OR cite
DOIl.

Report the clinical trial registration number (at ClinicalTrials.gov or
equivalent), where applicable.

Laboratory protocol

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Provide DOI OR other citation details if external detailed step-by-step
protocols are available.

Yes

Materials and Methods

Experimental study design and statistics

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Include a statement about sample size estimate even if no statistical
methods were used.

Yes

Materials and Methods

Were any steps taken to minimize the effects of subjective bias when
allocating animals/samples to treatment (e.g. randomization procedure)?
If yes, have they been described?

Yes

Materials and Methods

Include a statement about blinding even if no blinding was done.

Yes

Materials and Methods

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

If sample or data points were omitted from analysis, report if this was due
to attrition or intentional exclusion and provide justification.

For every figure, are statistical tests justified as appropriate? Do the data
meet the assumptions of the tests (e.g., normal distribution)? Describe any
methods used to assess it. Is there an estimate of variation within each
group of data? Is the variance similar between the groups that are being
statistically compared?

Yes

Materials and Methods; Figure legends

Sample definition and in-laboratory replication

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

In the figure legends: state number of times the experiment was replicated
in laboratory.

Yes

Figure legends

In the figure legends: define whether data describe technical or biological
replicates.

Yes

Figure legends

Ethics

Information included in
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In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Studies involving human participants: State details of authority granting
ethics approval (IRB or equivalent committee(s), provide reference
number for approval.

Studies involving human participants: 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.

Studies involving human participants: For publication of patient photos,
include a statement confirming that consent to publish was obtained.

Studies involving experimental animals: State details of authority
granting ethics approval (IRB or equivalent committee(s), provide
reference number for approval. Include a statement of compliance with
ethical regulations.

Studies involving specimen and field samples: State if relevant permits
obtained, provide details of authority approving study; if none were
required, explain why.

Dual Use Research of Concern (DURC)

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Could your study fall under dual use research restrictions? Please check
biosecurity documents and list of select agents and toxins (CDC):
https://www.selectagents.gov/sat/list.htm

If you used a select agent, is the security level of the lab appropriate and
reported in the manuscript?

If a study is subject to dual use research of concern regulations, is the
name of the authority granting approval and reference number for the
regulatory approval provided in the manuscript?

Reporting

The MDAR framework recommends adoption of discipline-specific guidelines, established and endorsed through community initiatives. Journals have their own policy about

requiring specific guidelines and recommendations to complement MDAR.

Adherence to community standards

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

State if relevant guidelines or checklists (e.g., ICMJE, MIBBI, ARRIVE,
PRISMA) have been followed or provided.

For tumor marker prognostic studies, we recommend that you follow the
REMARK reporting guidelines (see link list at top right). See author
guidelines, under ‘Reporting Guidelines’. Please confirm you have followed
these guidelines.

For phase Il and lll randomized controlled trials, please refer to the
CONSORT flow diagram (see link list at top right) 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.

Data Availability

Data availability

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Have primary datasets been deposited according to the journal's
guidelines (see 'Data Deposition' section) and the respective accession
numbers provided in the Data Availability Section?

Yes

Data Availability Section

Were human clinical and genomic datasets deposited in a public access-
controlled repository in accordance to ethical obligations to the patients and
to the applicable consent agreement?

Are computational models that are central and integral to a study
available without restrictions in a machine-readable form? Were the
relevant accession numbers or links provided?

If publicly available data were reused, provide the respective data citations
in the reference list.

Yes

reference list
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