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22nd Nov 20191st Editorial Decision

Thank you for submit t ing your manuscript for considerat ion by the EMBO Journal. We have now 
received three referee reports on your manuscript , which are included below for your informat ion. 

As you will see from the comments, reviewers #1 and #3 express interest in the work and 
appreciate the presented connect ion between Satb2-mediated regulat ion of nuclear shape and 
neuronal plast icity. While reviewer #2 is more crit ical, they also raise several part ially overlapping 
concerns that need to be addressed in the revised version. Based on the interest expressed by 
reviewers #1 and #3, I would like to invite you to submit a revised version of your manuscript . 
Please address the comments of reviewers #1 and #3 and the related comments from reviewer #2 
(points 5 and 9). Comments by reviewer #2 do not have to be addressed in full: addressing their 
points 4, 6, 7 and 8 is not required. However, please consider addressing at least in part the points 
1, 2 and 3 from reviewer #2 (especially the elect rophysiology/IEG response regulat ion aspects). 
Please note that public database deposit ion of acquired datasets is mandatory upon acceptance 
of the manuscript (point 10 by reviewer #2). I should add that it is The EMBO Journal policy to allow 
only a single major round of revision and that it is therefore important to resolve the main concerns 
at this stage. 

We generally allow three months as standard revision t ime. Please contact us in advance if you 
would need an addit ional extension. As a mat ter of policy, compet ing manuscript s published during 
this period will not negat ively impact on our assessment of the conceptual advance presented by 
your study. However, please contact me as soon as possible upon publicat ion of any related work in 
order to discuss how to proceed. 

When preparing your let ter of response to the referees' comments, please bear in mind that this will 
form part of the Review Process File, and will therefore be available online to the communit y. For 
more details on our Transparent Editorial Process, please visit our website:
ht tps://www.embopress.org/page/journal/14602075/authorguide#t ransparentprocess 

Please feel free to contact me if you have any further quest ions regarding the revision. Thank you 
for the opportunity to consider your work for publicat ion. I look forward to receiving your revised 
manuscript . 



------------------------------------------------ 

Referee #1: 

This is an ext remely innovat ive paper exploring the cooperat ive funct ion/interact ion of SATB2 
chromat in organizer and LEMD2 inner nuclear membrane protein and a subset of ESCRT protein 
complexes as regulator of the shape of neuronal nuclei, in context of act ivity-regulated paradigms 
and with implicat ions for neuronal gene expression. 
The paper presents a huge amount of work and in general has been conducted state of the art as it 
pertains to the co-immunoprecipit at ion experiments, the microscopy, with the hypothesis 
stringent ly tested in cell culture and in vivo mouse mutant models. 
The paper is innovat ive and will have significant impact as the regulat ion of the 3D shape of 
neuronal nuclei is heavily understudied , with very lit t le knowledge on molecular mechansism s thus 
far. 

My only comment /crit icsm is that there is one peculiar piece of evidence missing in this paper, 
which is the spat ial proximit y of genes joint ly targeted by the SATB2-LEMD2 proteins to the inner 
nuclear membrane. One would expect that their SATB2-LEMD2 sensit ive genes will show a change 
in their proximit y to the inner nuclear membrane. could this be tested for at least some of the 
genes. 
At the very least , this should be bet ter discussed in the paper, or even bet ter, tested 
experimentally. 

Referee #2: 

The manuscript  by Feurle and colleagues invest igates the interact ion between SATB2 and LEMD2
and their role regulat ing act ivity-dependent changes of nuclear morphology and transcript ion. The
most novel and interest ing part  of this study discusses the impact of Satb2 eliminat ion and
overexpression on act ivity-dependent changes of nuclear morphology. However, unfortunately, the
project  cannot effect ively relate these changes in morphology and the reported protein interact ions
with the mechanisms regulat ing act ivity-driven transcript ion, nor provide novel insight into neuronal
plast icity or memory processes. 

Main crit icisms: 



1. At least  three different studies have invest igated the consequences of Satb2 eliminat ion in
neurons on mouse behavior and physiology. Two of these studies are referred in the text : Jaitner et
al., 2016 and Li et  al., 2017a. The third one by Zhang et  al. 2019 is, however, not referred. The
authors should discuss these results and refer whether the behavioral analyses were preformed in
the same combinat ion of floxed strain and cre driver. The art icle lacks a biological frame to interpret
the relevance of the reported changes in nuclear morphology and gene expression. The authors
should consider to include their own electrophysiological or behavioral analyses in the neuronal-
specific KOs invest igated here and strengthen the connect ion between Satb2, changes in nuclear
morphology, and plast icity. For example, are the neurons responding to a given experience (i.e., Fos
posit ive) more likely to present nuclear infoldings? Does this situat ion change in Stab2-cKOs in
correlat ion with memory impairments?

2. After report ing that the eliminat ion of Satb2 or Lemd2 impairs act ivity-dependent changes in
nuclear morphology, it  would be interest ing to examine how these deficits affect  act ivity-driven
transcript ion. The decision of restrict ing the RNA-seq experiments to the st imulated condit ion,
excluding the analysis of t ranscript ion in the basal condit ion, prevents a proper evaluat ion of gene
induct ion. We do not know if the reported changes correspond to basal differences between
genotypes or specifically emerge after st imulat ion. A 2x2 design (wt/cKO x Sal/Bic) would enable
more analyses and might provide much more interest ing results, part icularly if the main object ive is
to relate the morphological changes with act ivity-dependent t ranscript ion and plast icity.

3. As summarized by the authors (p. 16), the study provides evidence that cooperat ion between
SATB2 and other proteins of the nuclear envelope/lamina determine plast ic changes in nuclear
envelope geometry in response to act ion potent ial burst ing. However, they did not conduct any
experiment to explore the relevance and biological role of these changes. They later indicate (p. 18):
"Consistent with this hypothesis, we did observe an impaired IEG response upon both SATB2
knockout and LEMD2 deplet ion in bicuculline-st imulated primary cort ical neurons". Unfortunately,
this sentence is not accurate the authors did not explore the IEG response, because to do that
they would need to compare basal and induced levels in WT and cKO. As indicated above, this is
one of the main caveats of the study.

4. The authors should demonstrate the specificity and efficiency of their condit ional knockout.
What is the percentage of neurons present ing Satb2 ablat ion? If the percentage is not close to
100% (as it  happens in some CamK2a-cre lines), the authors could explore in the same slide the
different ial response and morphology of neurons expressing or lacking Satb2.

5. To complement the experiments in neuronal cultures, the authors should examine if act ivity-
dependent changes of nuclear morphology are also impaired in vivo. For example, inducing status
epilept icus with kainic acid or pilocarpine. It  would be also very interest ing to see if IEG induct ion
(e.g., Fos) is affected in Satb2-KO cells and if the deficit  somehow correlates with the impaired
change in the nuclear envelope.



6. The experiment using rAAV to overexpress Satb2 could suggest that  Satb2 is produced in
response to response to act ivity and the act ivity-dependent increase in Satb2 levels causes the
nuclear morphology change. This view is consistent with the results presented by Li and colleagues
(2017). Is Satb2 also upregulated in the st imulat ion paradigms examined in this study?

7. In the same experiment, as they previously claimed that the infolding is t riggered by the act ion
potent ial, it  would be interest ing to block the act ion potent ial and examine if the overexpression st ill
causes an increase in infolded nuclei.

8. The authors refer in the Discussion to a possible role of SATB2 and LEMD2 in the regulat ion of
epigenet ic marks (in part icular they ment ion H3K9me2 ans H3K9me3). Given the current
shortcomings of the study, it  would be interest ing that the authors strengthen their study by
direct ly invest igat ing the proposed connect ion between these proteins and the histone
modificat ions.

9. It  would be interest ing to examine the spat ial relocat ion in the nucleus (center to periphery) of
some of the candidate genes ident ified in the transcriptome screen by fluorescence in situ
hybridizat ion (FISH) analysis. This would definit ively strengthen the proposed model.

10. Availability of the datasets. The authors should indicate that their RNA-seq datasets have been
deposited in a public database such as GEO and provide the access number in the manuscript . In
addit ion, they should provide a token for access during peer review to the editor and reviewers. In
most journals dealing with genomic data, the deposit ion of the datasets in a public repository is a
mandatory requirement for publicat ion.

Other comments: 
11. The Abstract  should be re-writ ten to summarize better the object ives, results and conclusions
of the study. It  is surprising, for example, that  the third sentence already states the main conclusion,
when the results of the study have not been presented.

12. The results of the IPs and western-blot  presented in Figure 1 should be quant ified. This is
advisable in all cases, but part icularly important in the case of Figure 1A(iii) given the very subt le
difference between co-IP SATB2 using the LEMD2 IgG ant ibodies. How do the authors explain the
poor recovery compared to the other experiments.

13. In page 6, the authors study BAF, a protein that binds LEM domains. They prove that BAF is not
important in the interact ion between LEMD2 and SATB2. They should provide some background
informat ion about why they thought that  BAF could be important in the interact ion.

14. In page 6, line 17, the author ment ion that HeLa cells devoid of endogenous SATB2. They
should probably ment ion this earlier because they also used HeLa in the GST experiment.

15. In Fig. 1C ii. Authors indicate SATB2(1-156) while in page 6 they refer to SATB2(1-157). Please,
indicate which of them is correct .

16. Also, in page 7, line 4 the authors refer to "HD domain(346-733)"; but  based on Figure 1 they
likely meant to say (616-733).

17. P. 9: The authors wrote: "Inject ion with rAAV8‐EGFP did not rescue the loss of infoldings in



Satb2‐deficient CA1 pyramidal neurons (Fig 2E)". However, Figure 2E does not present this result
and, supposedly, correspond to non-infected mice. 

18. In page 10 line 9 and 10, the authors ment ion "a cocktail of three siRNAs target ing dist inct  parts
of the Lemd2 mRNA 3'UTR reproducibly caused a strong reduct ion of LEMD2 (Fig 3A, I and Suppl.
Fig 4A)". However it  is not clear if the results presented in the Figures correspond to the cocktail or
to an individual siRNA. This should be indicated in the legends. Also, the sequence of the siRNAs
target ing Lemd2 mRNA should be provided.

19. In page 11, the authors claim that the "ectopic expression of STAB2 or VPS4 increased the
number of infolded nuclei", as well as a dominant negat ive of Vps4 abolished the increase in
infolded nuclei. However in Suppl Fig5 there is not image present ing these differences just  a bar
plot . Also the meaning of VPS4aDN is not explained (although I suppose it  corresponds to the
dominant negat ive mutant).

20. Fig. 4A and Suppl. Fig 7: Why did the authors decide to collapse the values higher than 6 in the
Y-axis. These highly significant strongly up- and down-regulated genes re likely the most
interest ing candidates for further explorat ion. Are the IEGs located in this area?

21. The authors should probably highlight  the axes and their intersect ion in the heatmap presented
in Fig. 4C. The descript ion of the graph is quite obscure, but it  seems that a significant number of
genes upregulated in cKOs show the opposite behavior in the siLemd2 experiment.

22. In page 13, line 14: Fig 3D does not exist , probably they refer to 4D.

23. In page 13, line 20: they said "62 genes were co-regulated by SATB2 in adult  cortex", based in
the numbers of Figure 4E, ii, there are 61 genes.

24. In Figure 4E, iii some negat ive genes should be added to illustrate the differences.

25. Some genome browser images showing representat ive genes different ially expressed in the
RNA-seq analysis could be added to Fig. 4. It  would be part icularly interest ing to present this
together with the profile for Satb2 act ivity-dependent binding.

26. The first  sentences of page 14 ment ion early and late response genes but do not cite the
source of these lists and classificat ion.

27. Also in page 14, line 7: the stat ist ic needs a parenthesis to be reported in the same format than
below.

28. In page 16, the authors claim that their analysis "reveals a previously unexpected overlap of the
human phenotypes that converge on SATB2- and LEMD2-controlled gene-sets". They should test
this by comparing the enrichments in the geneset corresponding to the overlap of the SATB2-KO
and LEMD2-depleted screens and those exclusive of the SATB2 and LEMD2 screens.

Referee #3: 

In the submit ted manuscript , Feurle et  al. describe the Satb2-Lemd2 interact ions and their potent ial



role in the nuclear organizat ion and gene expression regulat ion. Satb2 is an important chromat in
regulator and transcript ion factor involved in the control of mult iple aspects of brain development
and funct ions. The authors have recent ly ident ified LEMD2 protein as and interact ing partner of
SATB2. LEMD2 is a nuclear protein implicated in organizat ion of chromat in and nuclear structure. 
In the current manuscript  the authors characterized Satb2-Lemd2 both physical and genet ic
interact ions. They show that Satb2 and LEMD2 interact  physically via Cut domain on Satb2 and
this interact ion does not depend on BAF protein. On the other hand they show that Satb2 can
control neuronal act ivity induced nuclear shape changes. Most important ly, in a series of genet ic
experiments, they show that Satb2 mediated nuclear folding induct ion requires Lemd2 as well as its
partner, ATPase VPS4. 
Next the authors compared gene expression changes in Satb2 and Lemd2 depleted neurons after
bicucullin-t reated neurons. Bicucullin is a GABA blocker that causes high levels of excitat ion and
used in vit ro to model neuronal act ivity. In these experiments the authors detected a number of
genes that are regulated by both genes. Finally, the authors carried out computat ional analysis of
Lemd2 regulated genes and found that some of these genes were mutated in human aut ism,
schizophrenia and ID pat ients 
To summarize: this is an impressive work that clearly shows a novel role of Satb2 in organizing
nuclear shape as well as ident ifies its interact ing partner. Both genet ic and biochemical experiments
are well designed and conducted. However, there are several week points as out lined below. 

Involvement of Lemd2 in shaping neuronal nucleus is shown only in vit ro, while for Satb2, the
authors used both in vit ro and in vivo approaches. 
I suggest similar in vivo experiment for Lemd2. The authors seem to have all the tools, to t ransfect
cort ical or hippocampal neurons in vivo, without necessity of making a null allele. It  would be
interest ing to see if absence of Lemd2 will have a similar phenotype in vivo, and whether it  is Satb2
dependent. 

Second problem is that  the authors use bicucullin t reatment as a model for act ivity induced genes.
This is OK to a certain extent, however as any in vit ro model has its limitat ions. On the other hand it
is a model of epilept iform act ivity. Since it  is a t reatment that can cause robust non physiological
changes, it  can cause a lot  of gene expression changes too that could be artefacts of global
network malfunct ion. I would recommend the authors to be careful in their interpretat ions and tone
down their conclusions about act ivity induced genes.



Response to reviewers 

Referee #1: 

This is an extremely innovative paper exploring the cooperative function/interaction of SATB2 

chromatin organizer and LEMD2 inner nuclear membrane protein and a subset of ESCRT protein 

complexes as regulator of the shape of neuronal nuclei, in context of activity-regulated 

paradigms and with implications for neuronal gene expression. 

The paper presents a huge amount of work and in general has been conducted state of the art 

as it pertains to the co-immunoprecipitation experiments, the microscopy, with the hypothesis 

stringently tested in cell culture and in vivo mouse mutant models. 

The paper is innovative and will have significant impact as the regulation of the 3D shape of 

neuronal nuclei is heavily understudied , with very little knowledge on molecular mechansism s 

thus far. 

My only comment/criticsm is that there is one peculiar piece of evidence missing in this 

paper, which is the spatial proximity of genes jointly targeted by the SATB2-LEMD2 proteins 

to the inner nuclear membrane. One would expect that their SATB2-LEMD2 sensitive genes 

will show a change in their proximity to the inner nuclear membrane. could this be tested for 

at least some of the genes. 

At the very least, this should be better discussed in the paper, or even better, tested 

experimentally. 

11th Sep 20201st Authors' Response to Reviewers



Response: 

First, we would like to thank the reviewer for referring to our manuscript as “extremely 

innovative”. This comment provides very strong motivation for us. 

We agree with the referee that studying nuclear localization and mobility relative to the inner 

nuclear membrane of LEMD2/SATB2-regulated loci upon neuronal activation is important. In 

order to address this question, we first successfully established immunofluorescence / DNA FISH 

in cortical cultures for cFos and Gadd45γ using protocol and probes described previously by 

Crepaldi et al. (PLoS Genet. 2013; 9(8):e1003699). An example of our experimental results is 

included below as a Figure (shown is a 2D LSM section of a cortical neuron nucleus, LaminB2-

staining in red and cFos FISH signal in green). We next attempted to establish useful parameters 

for distance measurements between FISH signals and nuclear lamina (detected as Lamin B2-

positive regions) in 3D-reconstructed nuclei. We soon realized that this is not a meaningful 

approach with the available image analysis tools due to the enormously complex 3D geometry 

of infolded nuclei. In the figure below arrows show only two examples of possible different 2D 

distances to the nuclear envelope that can be measured in an infolded nucleus. Obviously it 

becomes really complicated in 3D. We are currently establishing algorithms for clustering 3D-

reconstructed neuronal nuclei according to their morphology using UMAP. This should allow us 

to measure mobility of FISH signals relative to complex shapes of the nuclear envelope in 

clusters rather than individual nuclei. While these experiments are ongoing, we are currently 

unable to provide reliable data. Therefore, we refrain from showing results of our preliminary 

experiments. Instead, we followed the recommendation of the reviewer to explain the situation 

in the discussion part of our manuscript. 

Figure for referees removed.



Referee #2: 

The manuscript by Feurle and colleagues investigates the interaction between SATB2 and 

LEMD2 and their role regulating activity-dependent changes of nuclear morphology and 

transcription. The most novel and interesting part of this study discusses the impact of Satb2 

elimination and overexpression on activity-dependent changes of nuclear morphology. 

However, unfortunately, the project cannot effectively relate these changes in morphology 

and the reported protein interactions with the mechanisms regulating activity-driven 

transcription, nor provide novel insight into neuronal plasticity or memory processes. 

Main criticisms: 

1. At least three different studies have investigated the consequences of Satb2 elimination in

neurons on mouse behavior and physiology. Two of these studies are referred in the text: 

Jaitner et al., 2016 and Li et al., 2017a. The third one by Zhang et al. 2019 is, however, not 

referred. The authors should discuss these results and refer whether the behavioral analyses 

were preformed in the same combination of floxed strain and cre driver.  

Response: 

We are aware of the publication by Zhang et al. 2019, however we fail to see its relevance for 

our study. This work describes experiments with a Satb2 Emx1-Cre knockout line that survives 

into adulthood allowing behavioral testing. It is not entirely clear why these animals survive 

while an - in essence identical - transgenic Satb2 Emx1-Cre line described previously by Sue 

McConnell’s laboratory is perinatal lethal (Leone et al. Proc Natl Acad Sci U S A. 2015 Sep 

15;112(37):11702-7). In order to avoid any uncertainty, we used Nestin-Cre as deleter. No Satb2 

immunoreactivity is detected in neurons of these Satb2NesCre conditional knockout mice (see 

Cera et al. 2019 and Appendix Figure 1). Consistent with the report by Leone et al. (Cerebral 

Cortex (2015) 25(10) 3406-3419) for their Emx1-Cre driven Satb2 knockout, our Satb2NesCre 

conditional knockout animals lack corpus callosum and die for unknown reasons at around P30. 



This precludes any behavioral analyses of these mutants. Instead, we use Satb2CamkCre 

conditional knockout mice for behavioral studies and analyses of adult brain. This line was 

described in detail in one of our previous publications (Jaitner et. al. 2016, Elife 5, e17361). The 

reasoning behind using these 2 different Satb2 cKO lines in our study is now outlined explicitly 

in the manuscript and we have added a supplementary figure describing the Satb2NesCre 

phenotype (Appendix Figure 1). 

The article lacks a biological frame to interpret the relevance of the reported changes in 

nuclear morphology and gene expression. The authors should consider to include their own 

electrophysiological or behavioral analyses in the neuronal-specific KOs investigated here and 

strengthen the connection between Satb2, changes in nuclear morphology, and plasticity. For 

example, are the neurons responding to a given experience (i.e., Fos positive) more likely to 

present nuclear infoldings? Does this situation change in Stab2-cKOs in correlation with 

memory impairments? 

Response: 

We have added the requested behavioral experiment in adult animals. Using Satb2CamkCre mice, 

for which we have previously described deficient L-LTP and long-term memory, allowed for the 

correlation of cFos expression, nuclear infolding and memory deficit. To study the correlation 

between nuclear infoldings and neuronal activation in vivo, we used exposure to novel 

environment as an experimental model. In contrast to pharmacologically-triggered neuronal 

activation, e.g. KA-induced status epilepticus that causes strong and synchronous activation in 

all hippocampal subfields, the exploration of a novel and rich spatial context is an established 

behavioral paradigm that activates sparse neuronal assemblies throughout the hippocampus by 

a natural stimulus, thus allowing for the analysis of both activated (cFos-positive) and inactive 

(cFos-negative) neurons. As outlined in the modified manuscript as well as in the novel Fig 5, the 

results show that the deep invaginations of the nuclear membrane are a correlate of neuronal 

activation triggered by a naturalistic stimulus and that SATB2 is required for both nuclear 

envelope plasticity and cFos induction in vivo.  



2. After reporting that the elimination of Satb2 or Lemd2 impairs activity-dependent changes

in nuclear morphology, it would be interesting to examine how these deficits affect activity-

driven transcription. The decision of restricting the RNA-seq experiments to the stimulated 

condition, excluding the analysis of transcription in the basal condition, prevents a proper 

evaluation of gene induction. We do not know if the reported changes correspond to basal 

differences between genotypes or specifically emerge after stimulation. A 2x2 design (wt/cKO 

x Sal/Bic) would enable more analyses and might provide much more interesting results, 

particularly if the main objective is to relate the morphological changes with activity-

dependent transcription and plasticity. 

Response: 

New sequencing data have been added to the manuscript. We first tested validity of our 

neuronal in vitro stimulation paradigm by transcriptome sequencing of control Satb2 floxed 

neurons under stimulated (Bic-treated) and moderately active/inhibited (NBQX-treated) 

conditions. We found the expected regulation of activity-dependent genes described in two 

previous papers: Tyssowski, K.M.et al. (Neuron 98, 530-546.e11, 2018) and Hrvatin et al. (Nat. 

Neurosci. 21, 120–129, 2018) as references (Figure EV4). We than tested the effect of both 

Lemd2 and Satb2 loss-of-function in both the stimulated and inhibited condition in the 

requested 2x2 design. The results of these experiments on the global transcriptome are 

depicted in the new Fig 4 and the new Fig EV4. The effect of SATB2 and LEMD2 deficiency on 

activity-regulated genes under both conditions is also depicted in new panels in Fig 4 and Fig 

EV4 and Table EV3. The new results confirm and expand our previous results of robustly 

overlapping gene sets under all conditions for the global transcriptome and in particular for 

activity-dependent genes. 

3. As summarized by the authors (p. 16), the study provides evidence that cooperation

between SATB2 and other proteins of the nuclear envelope/lamina determine plastic changes 

in nuclear envelope geometry in response to action potential bursting. However, they did not 

conduct any experiment to explore the relevance and biological role of these changes. They 



later indicate (p. 18): "Consistent with this hypothesis, we did observe an impaired IEG 

response upon both SATB2 knockout and LEMD2 depletion in bicuculline-stimulated primary 

cortical neurons". Unfortunately, this sentence is not accurate the authors did not explore the 

IEG response, because to do that they would need to compare basal and induced levels in WT 

and cKO. As indicated above, this is one of the main caveats of the study. 

Response: 

As outlined above, we have added a comparison of transcriptomes obtained under stimulated 

and inhibited conditions in SATB2-deficient and Lemd2-knockdown cultures. In addition, we 

addressed the biological relevance of Satb2 for the stimulation response by analysis of cFos as 

an established marker of neuronal activiation in hippocampal neurons in vivo after exposure of 

freely behaving adult mice to stimulation by novel environment. 

 

4. The authors should demonstrate the specificity and efficiency of their conditional knockout. 

What is the percentage of neurons presenting Satb2 ablation? If the percentage is not close to 

100% (as it happens in some CamK2a-cre lines), the authors could explore in the same slide 

the differential response and morphology of neurons expressing or lacking Satb2. 

Response: 

Both conditional Satb2 knockout lines employed in this study have non-detectable levels of 

SATB2 in all neurons (Nestin-Cre) or adult pyramidal forebrain neurons (CamkII-Cre). For the 

CamkII-Cre line this is documented in Jaitner et al, eLIFE 2016. For the Nestin-Cre line, which we 

first described in Cera et.al 2019 PLOS Genet. 15, e1007890, we have provided additional 

evidence in Appendix Fig 1. 

We are very grateful for the suggestion to analyze a mosaic of Satb2-deficient and Satb2-

expressing cells in the same histological sections. This was not possible for Satb2 due to the 

complete nature of the transgenic modification as stated above. However, motivated by the 

reviewer’s comment, we followed such a mosaic-analysis strategy for our in vivo Lemd2 

knockdown analysis as will be outlined below. 



5. To complement the experiments in neuronal cultures, the authors should examine if

activity-dependent changes of nuclear morphology are also impaired in vivo. For example, 

inducing status epilepticus with kainic acid or pilocarpine. It would be also very interesting to 

see if IEG induction (e.g., Fos) is affected in Satb2-KO cells and if the deficit somehow 

correlates with the impaired change in the nuclear envelope. 

Response: 

Here we refer to our response given to point number 1. The requested experiment has been 

added, however instead of using harsh pharmacological stimulation, we decided to stimulate 

neurons with natural sensory stimulation by exposure to novel environment. 

6. The experiment using rAAV to overexpress Satb2 could suggest that Satb2 is produced in

response to response to activity and the activity-dependent increase in Satb2 levels causes 

the nuclear morphology change. This view is consistent with the results presented by Li and 

colleagues (2017). Is Satb2 also upregulated in the stimulation paradigms examined in this 

study? 

Response: 

We have characterized the effect of neuronal activation and BDNF on SATB2 levels in 

hippocampal cultures in substantial detail. This work, we would like to point out, was already 

published in 2016 (Jaitner et al. eLIFE 2016). We found that while both neuronal activity and 

BDNF stimulated Satb2 expression, the kinetics of both activity-dependent Satb2 up-regulation 

after stimulation as well as Satb2 down-regulation after inhibition with Trk inhibitor K252a 

occur with a half-life of 6 – 12 h. By contrast, nuclear infolding occurs with fast kinetics within an 

hour (Wittmann et al. 2009). Therefore, activity-dependent regulation of SATB2 is unlikely to 

explain Satb2-dependent infolding of the nuclear envelope in stimulated neurons. It appears 

more likely that SATB2 undergoes activity-dependent homo di- or tetramerisation or post-

translational modification. However, this remains to be established in future experiments. 



7. In the same experiment, as they previously claimed that the infolding is triggered by the 

action potential, it would be interesting to block the action potential and examine if the 

overexpression still causes an increase in infolded nuclei. 

Response: 

We have tested the effect of overexpression of Satb2 on infoldings in hippocampal neurons in 

the absence of Bic-stimulation. Since under these conditions neurons are only sparsely active, 

further pharmacological inhibition will have no or very little effect. 

 

8. The authors refer in the Discussion to a possible role of SATB2 and LEMD2 in the regulation 

of epigenetic marks (in particular they mention H3K9me2 ans H3K9me3). Given the current 

shortcomings of the study, it would be interesting that the authors strengthen their study by 

directly investigating the proposed connection between these proteins and the histone 

modifications. 

Response: 

We agree with the referee that analyses of Satb2-dependent alterations in epigenetic marks are 

important. However, we fail to see an immediate link to the content of the present study 

focusing on nuclear shape. These epigenetic analyses are part of a separate study, in which we 

will describe the effect of Satb2 on 3D chromatin configuration in pyramidal neurons. 

 

9. It would be interesting to examine the spatial relocation in the nucleus (center to 

periphery) of some of the candidate genes identified in the transcriptome screen by 

fluorescence in situ hybridization (FISH) analysis. This would definitively strengthen the 

proposed model. 

Response: 

We refer to our response given to the same point raised by Reviewer #1 



 

10. Availability of the datasets. The authors should indicate that their RNA-seq datasets have 

been deposited in a public database such as GEO and provide the access number in the 

manuscript. In addition, they should provide a token for access during peer review to the 

editor and reviewers. In most journals dealing with genomic data, the deposition of the 

datasets in a public repository is a mandatory requirement for publication. 

Response: 

All transcriptome data sets have been deposited as requested by the policy of EMBO J.  

 

Other comments: 

11. The Abstract should be re-written to summarize better the objectives, results and 

conclusions of the study. It is surprising, for example, that the third sentence already states 

the main conclusion, when the results of the study have not been presented. 

Response: 

The abstract has been modified according to this comment. 

 

12. The results of the IPs and western-blot presented in Figure 1 should be quantified. This is 

advisable in all cases, but particularly important in the case of Figure 1A(iii) given the very 

subtle difference between co-IP SATB2 using the LEMD2 IgG antibodies. How do the authors 

explain the poor recovery compared to the other experiments. 

Response: 

Western blot raw data are provided following EMBO J guidelines. Two different explanations for 

the comparably weak LEMD2 signal can be put forward. First, the available antibodies for 

LEMD2 are of poor quality in stark contrast to SATB2 antibodies. Second, it appears likely that 

only a minor fraction of LEMD2 is bound to SATB2 in primary neurons and can be co-



immunoprecipitated with SATB2. Due to these limitations, we deemed it important to 

corroborate the protein interaction between SATB2 and LEMD2 with recombinant tagged 

versions of both proteins. As is evident from the results depicted in Fig.1, these experiments 

provided evidence for very robust and strong interactions between SATB2 and LEMD2. 

13. In page 6, the authors study BAF, a protein that binds LEM domains. They prove that BAF

is not important in the interaction between LEMD2 and SATB2. They should provide some 

background information about why they thought that BAF could be important in the 

interaction. 

Response: 

The manuscript has been modified accordingly. 

14. In page 6, line 17, the author mention that HeLa cells devoid of endogenous SATB2. They

should probably mention this earlier because they also used HeLa in the GST experiment. 

Response: 

The manuscript has been modified accordingly.  

15. In Fig. 1C ii. Authors indicate SATB2(1-156) while in page 6 they refer to SATB2(1-157).

Please, indicate which of them is correct. 

Response: 

The reviewer is correct and we apologize for the mistake. The manuscript has been corrected. 

16. Also, in page 7, line 4 the authors refer to "HD domain(346-733)"; but based on Figure 1

they likely meant to say (616-733). 

Response: 



Again the reviewer is correct. The manuscript has been corrected. 

17. P. 9: The authors wrote: "Injection with rAAV8‐EGFP did not rescue the loss of infoldings in

Satb2‐deficient CA1 pyramidal neurons (Fig 2E)". However, Figure 2E does not present this 

result and, supposedly, correspond to non-infected mice. 

Response: 

Figure 2 has been reorganized in the revised manuscript. 

18. In page 10 line 9 and 10, the authors mention "a cocktail of three siRNAs targeting distinct

parts of the Lemd2 mRNA 3'UTR reproducibly caused a strong reduction of LEMD2 (Fig 3A, I 

and Suppl. Fig 4A)". However it is not clear if the results presented in the Figures correspond 

to the cocktail or to an individual siRNA. This should be indicated in the legends. Also, the 

sequence of the siRNAs targeting Lemd2 mRNA should be provided. 

Response: 

We have used commercially available cocktails of siRNAs (targeting Lemd2, Vps4a, Vps4b and 

scrambled siRNA) with proprietary sequences not disclosed to the customer. The order numbers 

of the cocktails are provided in the manuscript. For the revision of the manuscript we have 

generated AAV-shRNA viruses which we then used to knockdown Lemd2 in vitro and in vivo. We 

have designed these shRNAs and the sequences are described in the revised manuscript. We 

found results to be consistent between siRNA and shRNA knockdown in all comparisons. 

19. In page 11, the authors claim that the "ectopic expression of STAB2 or VPS4 increased the

number of infolded nuclei", as well as a dominant negative of Vps4 abolished the increase in 

infolded nuclei. However in Suppl Fig5 there is not image presenting these differences just a 

bar plot. Also the meaning of VPS4aDN is not explained (although I suppose it corresponds to 

the dominant negative mutant). 



 

Response: 

We decided against showing these infoldings because their appearance is not principally 

different from the other infolded nuclei depicted in the manuscript rendering their display 

redundant information. The reviewer is correct, DN stands for dominant negative. This 

information has been added to the manuscript. 

 

20. Fig. 4A and Suppl. Fig 7: Why did the authors decide to collapse the values higher than 6 in 

the Y-axis. These highly significant strongly up- and down-regulated genes re likely the most 

interesting candidates for further exploration. Are the IEGs located in this area? 

Response: 

The entire figure 4 has been reorganized. New data have been added in the format of Volcano 

blots. The effect on IEGs specifically is described in Table EV3.  

 

21. The authors should probably highlight the axes and their intersection in the heatmap 

presented in Fig. 4C. The description of the graph is quite obscure, but it seems that a 

significant number of genes upregulated in cKOs show the opposite behavior in the siLemd2 

experiment. 

Response: 

The reviewer is correct. Some genes are regulated in opposite direction by Satb2 versus Lemd2 

loss-of-function. All relevant information about individual genes is available in the deposited 

GEO dataset. IEG expression in general is affected in the same direction for individual genes, up- 

or down-regulated, by Satb2 or Lemd2 loss-of-function. 

 

 



22. In page 13, line 14: Fig 3D does not exist, probably they refer to 4D. 

Response: 

The manuscript has been corrected. 

 

23. In page 13, line 20: they said “62 genes were co-regulated by SATB2 in adult cortex”, based 

in the numbers of Figure 4E, ii, there are 61 genes. 

Response: 

These figures have changed (increased) due to the addition of more sequencing information. 

 

24. In Figure 4E, iii some negative genes should be added to illustrate the differences. 

Response: 

We are not sure what the referee is referring to with “negative genes”. 

 

25. Some genome browser images showing representative genes differentially expressed in 

the RNA-seq analysis could be added to Fig. 4. It would be particularly interesting to present 

this together with the profile for Satb2 activity-dependent binding. 

Response: 

Figure 4 panel G depicts a combination of genome browser images of Lemd2 regulated genes 

combined with ChIP-seq data for SATB2. 

 

26. The first sentences of page 14 mention early and late response genes but do not cite the 

source of these lists and classification. 



Response: 

Our reference lists for activity-dependent genes stem from Tyssowski, K.M.et al. (2018) Neuron 

98, 530-546.e11. and Hrvatin et al., (2018) Nat. Neurosci. 21, 120–129. Both papers were 

already cited in the previous version of the manuscript. In the revised version they are now 

explicitedly referenced in the Results part. 

27. Also in page 14, line 7: the statistic needs a parenthesis to be reported in the same format

than below. 

Response: 

The Manuscript has been modified accordingly. 

28. In page 16, the authors claim that their analysis "reveals a previously unexpected overlap

of the human phenotypes that converge on SATB2- and LEMD2-controlled gene-sets". They 

should test this by comparing the enrichments in the geneset corresponding to the overlap of 

the SATB2-KO and LEMD2-depleted screens and those exclusive of the SATB2 and LEMD2 

screens. 

Response: 

The primary motivation for the GSA analyses was to characterize the relevance of the novel 

LEMD2-regulated gene set for human phenotypes. We were surprised to observe that it is 

associated with in essence the same phenotypes that we have reported before for SATB2-

dependent genes. Restricting the analysis to the commonly regulated gene sets would 

drastically reduce statistical power and consequently the quality of the results.  



Referee #3: 

In the submitted manuscript, Feurle et al. describe the Satb2-Lemd2 interactions and their 

potential role in the nuclear organization and gene expression regulation. Satb2 is an important 

chromatin regulator and transcription factor involved in the control of multiple aspects of brain 

development and functions. The authors have recently identified LEMD2 protein as and 

interacting partner of SATB2. LEMD2 is a nuclear protein implicated in organization of chromatin 

and nuclear structure. 

In the current manuscript the authors characterized Satb2-Lemd2 both physical and genetic 

interactions. They show that Satb2 and LEMD2 interact physically via Cut domain on Satb2 and 

this interaction does not depend on BAF protein. On the other hand they show that Satb2 can 

control neuronal activity induced nuclear shape changes. Most importantly, in a series of 

genetic experiments, they show that Satb2 mediated nuclear folding induction requires Lemd2 

as well as its partner, ATPase VPS4. 

Next the authors compared gene expression changes in Satb2 and Lemd2 depleted neurons 

after bicucullin-treated neurons. Bicucullin is a GABA blocker that causes high levels of 

excitation and used in vitro to model neuronal activity. In these experiments the authors 

detected a number of genes that are regulated by both genes. Finally, the authors carried out 

computational analysis of Lemd2 regulated genes and found that some of these genes were 

mutated in human autism, schizophrenia and ID patients 

To summarize: this is an impressive work that clearly shows a novel role of Satb2 in organizing 

nuclear shape as well as identifies its interacting partner. Both genetic and biochemical 

experiments are well designed and conducted. However, there are several week points as 

outlined below. 

Involvement of Lemd2 in shaping neuronal nucleus is shown only in vitro, while for Satb2, the 

authors used both in vitro and in vivo approaches. 



I suggest similar in vivo experiment for Lemd2. The authors seem to have all the tools, to 

transfect cortical or hippocampal neurons in vivo, without necessity of making a null allele. It 

would be interesting to see if absence of Lemd2 will have a similar phenotype in vivo, and 

whether it is Satb2 dependent. 

Response: 

We agree with the referee that studying the effect of LEMD2 depletion on nuclear morphology 

is important. Unfortunately, siRNA-mediated knockdown, while very useful in vitro, is practically 

impossible in vivo due to the unstable nature of the agent. We are not aware of relevant 

publications applying this method in CNS. Hence, in order to perform the requested experiment, 

we generated and characterized shRNA expressing AAV viruses which turned out to very 

effectively reduce LEMD2 protein levels. As additional advantage, these viruses also encode 

mCherry as fluorescent marker allowing us to discriminate virus-transduced from non-

transduced neurons on identical sections. We are happy to report in the revised manuscript that 

upon stereotactic injection of these viruses into adult hippocampus our analyses of mosaic 

sections containing both tranduced and non-transduced neurons yielded highly significant 

results demonstrating that Lemd2 knockdown in fact causes deficit in nuclear infolding of 

pyramidal neurons in vivo . 

Second problem is that the authors use bicucullin treatment as a model for activity induced 

genes. This is OK to a certain extent, however as any in vitro model has its limitations. On the 

other hand it is a model of epileptiform activity. Since it is a treatment that can cause robust 

non physiological changes, it can cause a lot of gene expression changes too that could be 

artefacts of global network malfunction. I would recommend the authors to be careful in their 

interpretations and tone down their conclusions about activity induced genes. 

Response: 

Again, the reviewer is making a very valid point. Bic treatment has been used in a large number 

of studies to force neuronal primary cultures into bouts of activity. The level of activation by Bic 



remains close to what can be described as physiological levels of activity for example as 

compared to the classic method of depolarization by KCl. However, we agree that 

pharmacological treatment is not a good option in vivo. Therefore, we chose the naturalistic 

sensory stimulation of novel environmental stimulation for our in vivo analyses that were 

conducted for the revision of our manuscript. The result of this in vivo stimulation paradigm is 

described in the new Figure 5. It is consistent with what we observed in Bic-treated cultures in 

vitro. In addition, we have modified the manuscript following the reviewer’s advice. 



8th Oct 20201st Revision - Editorial Decision

Thank you for submit t ing a revised version of your manuscript . Your study has now been seen by 
two of the original referees, who find that most of their main concerns have been addressed and 
support publicat ion of the revised manuscript . There now remain only a few editorial issues that 
have to be addressed before I can extend formal acceptance of the manuscript.

------------------------------------------------ 

Referee #2: 

The art icle presents a number of new experiments and has been great ly improved. I find the 
novelty exposure experiment presented in the new Fig. 5 part icularly compelling and important to 
support authors' conclusions. The extended transcriptome analysis also strengthened the study. I 
therefore support the acceptance of the manuscript . 

Referee #3: 

In the revised version, the authors addressed my concerns about Lemd KD in vivo experiments as 
well as bicuculline t reatment . They also performed experiments suggested by other reviewers. 



22nd Oct 20202nd Authors' Response to Reviewers

The authors performed the requested changes.



6th Nov 20202nd Revision - Editorial Decision

Editor accepted the manuscript. 
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C- Reagents

D- Animal Models

E- Human Subjects

HeLa cell line was obtained form ATCC cell bank. The cell line was tested for mycoplasma 
contamination.

Yes

Commercial antibodies were used in the experiments. We relied on the validation data reported by 
the vendor. Antibodies have been validated for the specific applications. Antibody catalog numbers 
are listed in the "Methods" section.

Mus Musculus, C57Bl6, males, Satb2flx/flx::Camk2a-Cre (C57Bl6 background), Satb2flx/flx::Nes-
Cre (C57Bl6 background), Satb2flx/flx (C57Bl6 background), 3 months of age. Genetically modified 
animals were generated by our group. Wild-type mice (C57Bl6 strain) were obtained from Charles 
River. Mice were housed under standard housing conditions. Environmental enrichment like 
nesting material, mouse homes and gnawing sticks were provided.

All experimental procedures were approved by the Austrian Animal Experimentation Ethics Board.

Yes

G- Dual use research of concern

F- Data Accessibility

NA

NA

NA

No

NA

NA

NA

NA

RNA-seq data generated by this study have been deposited to GEO, accession # GSE157375.

NA

NA

NA
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