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Version 1: 

Reviewer comments: 

Reviewer #1 

(Remarks to the Author) 
The authors made a recognized effort to answer our queries. 
Fig. 1a – at the end of page 3, it is stated that HMGB2 is depleted. According to the figure, this is not entirely accurate, as we
only see a decrease in protein levels. Consider updating the figure to reflect the actual reduction. 
End of page 4 – BANF1 reduction – no quantification. Did the authors verify BANF1 knockdown in cells that formed SICCs?
May be possible to estimate the minimal levels of BANF1 required for generation of SICCs. 
Top of page 5- the claim is that Tautomycetin dispersed many speckles; however, this is not apparent in Extended Data Fig.
4a. Additionally, Tautomycetin is not mentioned in the Methods section. Speckle dispersion by Tautomycetin is
concentration-dependent. Testing higher concentrations might effectively disperse nuclear speckles and potentially allow
SICC formation. 
Fig. 2C,D – please include the words " with SICCs" to % of cells in the graphs, and anywhere else if needed. It will be much
clearer like that. 
Page 8: “1,6-hexan treatment dissolved SICCs, but not nuclear speckles (Extended Data Fig. 3g).” This should be corrected
to Extended Data Fig. 5g. 
Fig. 3e – what is the difference between the two nuclei shown?; write under the zoomed images the protein name. In
addition, suggest to add the separated channels as it is very hard to see the green signal. 
Why don’t the authors connect the AS paragraph (page 9) to the findings of interactions with many splicing factors (page 6). 
Figure R2 does not need to be added to figure 2. 

Reviewer #2 

(Remarks to the Author) 
The authors have adequately addressed my questions. They also have expanded the relevance of their findings to
senescence and ageing contexts. 

Reviewer #3 

(Remarks to the Author) 
I want to thank the authors for the prompt sharing of many of the source images generated in this study. Upon in-depth
investigation, I’ve found a number of anomalies that need to be scrutinized before the manuscript can be considered for
publication. I have uploaded a pdf that present the issues in more detail. 

Major issues: 
1. Figure 2C: the BANF1 panel in the siBANF2 condition is a cut-out (jpg) that is completely black, with the exception of a
single dot of signal that becomes visible upon strong boosting of contrast. This is different from the widefield source file (tiff):
here a weak but noticeable background and a number of brighter puncta are visible (page 1 and 4 in the pdf). It seems
unlikely that the jpg was extracted from the widefield tiff, unless the authors selected a different region or used very different
contrast settings as compared to other panels in the manuscript. The authors need to trace back how the jpf file was
obtained from the source tiff file. 



The same issue may be present in Figure S2D-F of the supplemental data: the signal for the ATXN2, SQSTM1 and FMR1
panels in the siRNA-treated cells appears different from other panels. The source files for these panels were not shared and
therefore this issue remains to be confirmed. 

2. Figure 2D: the BANF1-Venus channel is nearly completely black in both the cut-out (jpg) and widefield soured file (tiff).
Upon strong boosting of contrast, very weak background signal becomes visible in the tiff file, but this is absent within the
cells (page 2 and 5 in the pdf). The jpg cut-out instead is evenly black, with the exception of some minor stripes, which may
be a jpg compression artifact. 
This signal pattern is highly unlike, as the Venus fluorescent protein emits light within a range that is quite close to the Alexa
fluor A488 fluorophore that was used to visualize the CTCF protein (see pdf). Using a conventional widefield microscope, as
used in this study, a minor bleedthrough of the A488 signal is expected in the Venus channel. The authors need to confirm
that the Venus protein was visualized using the correct laser and filter. 

The same issue may be present in Figure S6B of the supplemental data: a certain amount of bleedthrough is expected in the
SRRM2 RBD-Venus panels. The source files for these panels were not shared and therefore this issue remains to be
confirmed. 

Minor issue: 
Figure 2C: the visualized cell in the siCTRL condition is flipped and resized along the X-axis, which is undisclosed (page 1
and 3 in the pdf). Although this does not change the conclusions, such modifications relative to the source data are not
allowed. 

Version 2: 

Reviewer comments: 

Reviewer #1 

(Remarks to the Author) 

Open Access This Peer Review File is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were
made.
In cases where reviewers are anonymous, credit should be given to 'Anonymous Referee' and the source.
The images or other third party material in this Peer Review File are included in the article’s Creative Commons license,
unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain



permission directly from the copyright holder.
To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/
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Response to editorial requests: 

[...] For the study to be a good fit at Nature Aging, as discussed, we would require you to validate your 
key findings in the context of replicaAve senescence.  
The emergence of (replica2ve) senescence-induced CTCF clusters across different cells types has already 
been documented in our previous work (Zirkel et al, Mol Cell 2018; PMID 29706538), but we exemplify 
this again for primary endothelial cells (HUVECs) in Extended Data Fig 12d. In addi2on, we now show 
that BANF1- and SRRM2-knockdown averts CTCF clustering also in replica2vely senescent IMR90 
(Extended Data Fig 3b), which in turn delays their commitment to senescence significantly (Fig 7h). 
Last, we analysed alterna2ve splicing changes in replica2ve senescence from both IMR90 and HUVECs, 
as well as from HUVECs upon HMGB2-knockdown (which induces SICCs), and found significant 
correla2on to the changes already documented using ICM (Extended Data Fig 12a-f). Therefore, all this 
new data and analyses consolidate the validity of our original findings in the ICM-induced senescence 
model. 

We would addiAonally strongly encourage you to expand the physiological relevance of the work, in the 
context of aging. 
We are thankful for this sugges2on, because it mo2vated us to analyse alterna2ve splicing changes in 
chronologically aged human cells. We used RNA-seq data from primary skin fibroblasts (in which SICCs 
we could show that also form; see Extended Data Fig 12g) and whole blood derived from young or old 
individuals. Despite their diverging cell iden22es, aged human cells displayed substan2al overlap in their 
splicing changes and affected pathways compared to senescent IMR90 (when it comes to skin) and 
HUVECs (when it comes to whole blood). All these analyses have now been added to Extended Data 
Fig 12g-m and indeed expand the relevance of our findings in the context of senescence to human 
aging. 
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Point-by-point Response to the Reviewers' comments (shown italicised): 

Reviewer #1: This study sets out to show, using a wide range of experimental approaches, what are the 
nuclear formaAons of CTCF under senescence, and finds they are connected to nuclear speckles through 
the SRRM2 and BANF1 proteins. Examining 3D organizaAon and alternaAve splicing paRerns the authors 
suggest that under senescence there is reorganizaAon of genes in the 3D space with respect to nuclear 
speckles and this suggests changing alternaAve splicing paRerns. The study encompasses a very large 
body of work, however, while this reviewer found the first part clear to follow, once the large amount of 
sequencing and genome organizaAon data appeared, with far too many details, the study became very 
hard to follow and therefore to fully see how all the parts come together. 
We appreciate the Reviewer’s comment on the “wide range of experimental approaches” we used, as 
well as on the “very large body of work” in our study. We also acknowledge that the second half of the 
manuscript would benefit from rewri2ng and weeding through the many data and figure panels to 
streamline its main message. Nevertheless, this message is precisely as the Reviewer describes: “nuclear 
formaAons of CTCF …connected to nuclear speckles” ul2mately lead to a “reorganizaAon of genes in the 
3D space with respect to nuclear speckles …changing alternaAve splicing paRerns”. We hope that with 
our clarifica2ons (below) and the respec2ve changes and addi2ons to the manuscript, this message 
does come together more clearly now. Please also note that we added new analyses that confirm our 
key findings in replica2ve senescence of both HUVECs and IMR90, as well as in chronologically aged 
human skin fibroblasts and whole blood samples (see Extended Data Fig 12).  

Fig. 1a – top row has small nuclei, boRom row the nucleus is huge, yet there is only one scale bar – does 
that mean the nuclei grow under ICM treatment? If not, then show at same scale, and for the treatment 
show a field of cells, not just one. Also, comparing to Fig. 3a, in 3a the CTCF looks like nuclear speckles 
indeed, while in Fig. 1a its less typical.  
Yes, nuclei are shown at the same scale (hence the single scale bar); IMR90 typically become more flat 
and larger upon ICM treatment, which is very much what also happens upon replica2ve senescence via 
the serial passaging of cells. These effects were already described in our Palikyras et al (2024) Aging Cell 
paper, where the ICM-induced senescence system is presented in detail and is accompanied by a large 
resource of biochemical and genomics data for the community to use (see PMID 38196311). 
Now, regarding the comparison between Figs 1a and 3a (and generally between the many figure panels 
showing CTCF clustering), there is indeed some heterogeneity which is (also) reflected in the shape of 
these clusters – this is to be expected of senescence. We deliberately chose not to show only cells with 
uniformly round SICCs so that readers can appreciate this heterogeneity. Nevertheless, CTCF clusters 
will invariably overlap nuclear speckles. 

More biochemical measurements of HMGB2 are required to show the reducAon in total HMGB2. While 
under DMSO treatment HMGB2 looks more diffuse in the nucleus, adding ICM lowers the diffuse porAon, 
but the nucleolus remains predominant. Is there a connecAon between HMGB2 relocaAon to nucleolus 
and SICC appearance?  
We have documented this senescence-associated reduc2on of HMGB2 levels (both protein and RNA) in 
different primary human cell lines via different measurements (western blots, mass spectrometry, RNA-
seq, RT-qPCR, ELISA) in our previous work on replica2ve senescence (Zirkel et al, Mol Cell 2018; PMID 
29706538), as well as in our recent paper describing the ICM-induced senescence model (Palikyras et 



 3 

al, Aging Cell 2024; PMID 38196311). We therefore did not feel we had to reiterate this here. However, 
we now make this more explicit in the relevant part of the Results (see pg. 3). 
Regarding the nucleolar HMGB2 signal: this is a known side-effect of formaldehyde fixa2on (in response 
to which HMGB2 displays a peculiar behaviour likely due to the nature of its DNA-binding domain; Pallier 
et al, Mol Cell Biol; PMID 12925773), whereby some protein “s2cks” to the nucleolus. In senescence, 
whatever residual HMGB2 is lej will tend to appear nucleolar upon fixa2on. This is also documented 
for its sister protein, HMGB1, by us (Sofiadis et al, Mol Syst Biol 2021; PMID 34166567) and others 
(Mensah et al, Nature 2023; PMID 36755093), but does not influence quan2fica2on of total nuclear 
signal. We are happy to highlight this in the Methods sec2on for the sake of clarity (see pg. 30), and 
thank the Reviewer for poin2ng this out. 

Fig. S1b – large field, few, and very small nuclei. 
Senescent IMR90 generally grow sparse; we now provide a zoomed-in inset in this figure. 

Fig. 1b – mark BANF1 and SRRM2. 
This is a good sugges2on; both proteins are now demarcated in the plot. 

In some images there is a decrease (Fig. 1a) in HMG while in others there is a disappearance (Fig. 1d). 
Can the difference be explained? 
Although ICM produces largely homogeneous IMR90 popula2ons within 6 days of treatment (please 
see detailed quan2fica2on at the single cell-level in Palikyras et al, Aging Cell 2024; PMID 38196311), 
some heterogeneity will s2ll exist. Thus, some cells show more of a decrease in HMGB levels than others. 

ICM does not result in DNA damage (Fig. 1c) – please provide evidence. 
The experimental evidence for this is shown and quan2fied in Extended Data Fig 1d. 

Fig. 2a – any idea why CTCF has 2 bands a\er ICM? 
In western blots from prolifera2ng IMR90, CTCF will typically appear as a single 130-kDa band, although 
its presumed molecular weight based on its open reading frame is ˜70 kDa. This discrepancy is primarily 
because CTCF is post-transla2onally modified via poly(ADP)-ribosyla2on (Farrar et al, Methods Mol Biol 
2011; PMID 21870268). We have now discovered that CTCF becomes hypo-PARylated in senescence, 
regardless of whether this is induced by ICM or by serial passaging; hence this second band in the blot 
of Fig 2a. We have started inves2ga2ng this, and have validated that it is poly(ADP)-ribosyla2on-specific 
by the use of PARP inhibitors that also lead to the forma2on of SICCs (see Fig R1, below)—but we feel 
that this biochemical dissec2on is beyond the scope of our (adminedly already large) present study. 

Fig R1: A, Western blots showing the emergence of a second 
lower CTCF band upon treatment of IMR90 with Olaparib (2 μM 
for 24 h). B, Typical images of IMR90 nuclei treated or not with 
Olaparib, immunostained for CTCF (green), and counter-stained 
with DAPI. CTCF clusters emerge upon treatment. 
 

 
 
 

Fig. 2d – not sure why SC35 needs to appear here. 
Thank you for poin2ng this out; it does not, and we have now removed this sub-panel. 
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Would BANF1 overexpression lower the Ame or concentraAon of ICM treatment? Is there a correlaAon 
between the amount of BANF1 protein and the appearance of SICC, inferring that overexpression of 
BANF1 fastens senescence/ SICC formaAon. 
We have not explicitly tested whether BANF1 overexpression renders ICM treatment more efficient, 
mainly because heterogeneity in expression and ICM responsiveness can blur small effects during live-
cell monitoring of IMR90 prolifera2on. However, we have done the converse: assessed BANF1 levels in 
rela2on to the appearance of SICCs. Indeed, there seems to a correla2on between BANF1 availability in 
the nucleus and the emergence (or not) of SICCs (see Fig R2, below) in line with the Reviewer’s train of 
thought. We are happy to add this data to Fig 2, if requested. 

Fig R2: Le#: Typical images of 
IMR90 treated with ICM and with 
control or BANF1-targeOng siRNAs. 
Right: ScaQer plot quanOfying total 
BANF1 and CTCF intensity in cells 
carrying (green) or not SICCs (grey). 
DoQed lines represent the boQom 
and top values in each subset.  

 
 
The authors state that SICCs colocalize to nuclear speckles. Could it not be possible that with ICM, CTCF 
enters the NS and does not generate a different body? Perhaps SRRM2 connects CTCF to the NS, which 
is claim to be seen in Fig. 3c.  
We think that CTCF most likely forms a different body by clustering on nuclear speckles (perhaps even 
inside its outer-most layer; see Fei et al, J Cell Sci 2017; PMID 29133588) and is connected to them via 
SRRM2. Hence, SRRM2 deple2on leading to a complete SICC dissolu2on (Fig 3c). This is what our super-
resolu2on STED images also suggest (Fig 3e; the CTCF signal is somewhat offset with respect to the bulk 
of the speckle signal. We now back our postula2on up by lines scan (Fig 3e) and colocaliza2on analyses 
(Extended Data Fig 4h), and make it more explicit in our revised main text (see pg. 5). 

Note this publicaAon – PMID: 33095160, staAng that the main target of SC35 mAb is SRRM2, which 
means when SRRM2 is knocked down and NS are labeled with SC35 then this suggest that the knockdown 
wasn’t very good (need to add a SRRM2 staining for KD validaAon like with BANF1). Suggest to add SON 
staining, as it’s the 2nd core protein of the NS aside from SRRM2, for NS marking. 
We were aware of this issue, and chose the mouse monoclonal an2body an2-SC35 (NB100-1774) from 
Novus Biologicals because it was not one of those flagged in Ilik et al. (2020; PMID 33095160) as cross-
reac2ve with SRRM2. In fact, this an2body does not recognise any of the two parts of the SRRM2 protein 
that we overexpressed (i.e., RBD aa 197-259 or C-terminal IDR aa 1633-1695, the laner also included in 
the part of SRRM2 that Ilik et al. reported as the recogni2on region for SC-35 an2bodies) as evidenced 
from Fig 3g,h. Also, upon ~80% SRRM2-knockdown, SC-35 staining persists (see Extended Data Fig 4e). 
Nevertheless, we agree with the Reviewer that SON staining would resolve this, and we already provided 
an example of this in Extended Data Fig 4d. 

Short term treatment of 1,6 hexanediol dissolves liquid but not solid condensates (PMID: 38659924), 
maybe this can help differenAate between SICCs and NS. There are ways to disassemble nuclear speckles. 
What we see is that the short (2-min) treatment with 6% 1,6-HD will dissolve SICCs, but not drama2cally 
compromise nuclear speckles (see Extended Data Fig 4f), thus decoupling the two en22es, much like 
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the Reviewer suggests. However, once we begin disassembling nuclear speckles via the knock-down of 
SRRM2, SICCs will readily dissolve highligh2ng their interdependence. 

Verify that it’s clear in all the figures and images which channel is which in the colored merge. For 
example, in Fig 2c, DMSO, we don’t know which is green and which is red. If CTCF is red (like +ICM) where 
did it go in DMSO?  
We acknowledge this oversight, and we have now amended all relevant figure legends to display which 
channel corresponds to which staining. For Fig 2c specifically, the Reviewer is correct—CTCF was shown 
inadvertently in the green channel in control cells, but in the red in ICM-treated cells. We have redrawn 
this figure and checked all other for consistent data presenta2on. We now also provide zoomed-in insets 
of representa2ve regions of interest from all channels in our IF figures. Thank you for no2cing this. 

Fig. S2c-e – state that the cells were treated with ICM in both figure and legends. 
Now corrected, as suggested. 

Fig. 3a – show the unmerged channels separately. 
We could not do this due to space limita2ons in the crowded Fig. 3, but are happy to provide this below 
(see Fig. R3). These IFs do not differ to any other example of CTCF/SC-35 IFs provided throughout the 
manuscript, but to follow the Reviewer’s sugges2on we provide zoomed-in views of one SICC in all three 
relevant channels (CTCF, SC-35, and merge) as insets in Fig. 3a. 

Fig R3: A typical image of 
IMR90 treated with ICM, 
immunostained with SC-35 
(red) and CTCF (green), and 
counter-stained by DAPI. 

 
 

Fig. S3a – “TautomyceAn dispersed speckles and SICCs into smaller formaAons that are more ellipAcal 
(Supplementary Fig 3a,b)” – don’t see this in the images. 
We show a characteris2c field of view with three nuclei (Extended Data Fig 4a), but now also provide 
zoomed-in insets to exemplify the changes that the quan2fica2on of the radius and eccentricity of 70 
nuclei revealed (Extended Data Fig 4b). 

“Cantharidin caused them to fuse into more round, larger structures (Supplementary Fig 3c,d).” – just 
one nucleus. 
We have now replaced this image, but again show insets and quan2fica2on of radius and eccentricity 
in >50 nuclei alongside this (Extended Data Fig 4a,b). 

Fig. 3c,d – “This was not due to a reducAon in CTCF levels, but rather due to its redistribuAon (Fig 3c,d)” 
– would need a Western blot to show whether there is no reducAon. 
We now also provide a western blot following SRRM2-knockdown in ICM-treated cells to confirm that 
linle reduc2on in CTCF protein levels occurs (added to Extended Data Fig 4c, and agreeing with the IF 
quan2fica2on in Fig 3d). 
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Fig. 3e – the text is somewhat vague – on the one hand it says the signals are overlapping, on the other 
hand it says they are offset to each other. Perhaps some kind of colocalizaAon analysis could help make 
this observaAon more precise. 
Across all our conven2onal (e.g., Fig 3a) and super-resolu2on images (Fig 3e) there is clear overlap of 
CTCF (SICCs) with SC-35 foci (nuclear speckles). However, super-resolu2on gSTED imaging allows us to 
no2ce a small but no2ceable offset in CTCF peak signal intensity rela2ve to the center-of-mass of the 
nuclear speckles these colocalize with. We also provide addi2onal line scan analysis across a typical SICC 
in our gSTED images (Fig 3e; see also Fig R4 below), as well as colocaliza2on analysis in all gSTED images 
that indeed verifies this offset posi2oning of SICCs rela2ve to speckles (see Extended Data Fig 4h). We 
comment on this new analysis on pg. 5 of the Results. 

Fig R4: Line scan analysis of one characterisOc SICC (CTCF; green) in 
ICM-treated IMR90 overlapping a nuclear speckle (SC-35; red). The line 
crosses consecuOve CTCF signal maxima (black arrows), most of which 
are offset to the SC-35 signal maxima.  

 
 
 
 
 

Also, the CTCF signal appears quite weak and resembles background compared to the supplementary 
image (Fig. S3h) and other figures. Suggest replacing the images in Fig. 3e. 
There is a small, yet measurable decrease in CTCF of 15% protein levels in senescence (Palikyras et al, 
Aging Cell 2024; PMID 38196311), so such weaker signal is not an exposure artefact (compared to that 
in a prolifera2ng cell in Supplementary Fig 3h), but rather the result of drama2c relocaliza2on within a 
thin op2cal sec2on. 

Different cells throughout the manuscript show varying numbers of CTCF foci. Is there any correlaAon 
between nuclear speckles numbers and CTCF foci? 
Yes, there is a clear correla2on – for example, when we manipulate speckles pharmacologically either 
with cantharidin or with tautomyce2n to fuse or disperse, respec2vely, the CTCF foci follow, which also 
highlights their interconnec2on (see Supplementary Fig 3a-d). 

Fig. S4a,b – where are the controls showing the Rnase/Dnase treatments worked? 
We have lysed IMR90 cells and quan2fied residual RNA or DNA many 2mes ajer such treatment. Please 
see Fig R5 below for a reference on RNase A degrada2on. 

Fig R5: TapestaOon profiles of RNA isolated from mock- (Ctrl) and RNase A-treated IMR90 
(+RNase) following in situ permeabilizaOon as for immunofluorescence assays.  
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Fig. 3g – don’t really see nuclear speckles-like staining in the CTCF channel when the RBD is added; 
compare for instance to Fig. 3c. Therefore, the conclusion at the end of this secAon is not based on very 
strong evidence. 
In Fig 3g, the SRRM2-RBD-Venus signal overlaps the SC-35 foci shown for that same nucleus. However, 
there is an important considera2on here that explains the Reviewer’s observa2on: compared to Fig 3c 
(and to any other image of a senescent nucleus), the SRRM2-RBD ini2ates CTCF clustering in the context 
of a s2ll-prolifera2ng cell that is not permissive of SICCs. S2ll, focal CTCF signal becomes obvious (please 
compare the two cells in the field of view: the lej-hand-side one expresses the RBD, but the right-hand-
side one does not and has no SICCs). If one looks at the same experiment performed in senescent cells 
pre-depleted of full-length SRRM2, the RBD overexpression effect is essen2ally the same, but visually 
more pronounced (see Extended Data Fig 6b). To make this even clearer, we have now added insets of 
magnified SICC foci in Fig 3g and a textual explana2on on pg. 6. 

Fig. 4b – whats going on the top Venus image? 
This image shows expression of GFP alone (as a control) via the same Dox-inducible construct used in 
all panels; GFP expression is strong and not restricted to the nucleus, as expected. We have seen similar 
images in overexpression experiments before (see Zirkel et al, Mol Cell 2018; PMID 29706538). 

Page 5 third line- RBD instead of RDB. 
Thank you for no2cing this, it has now been corrected. 

Fig. 4j – not sure this panel is referred to in the text, and not clear what one is seeing or what it tells us 
(and Fig. S8). 
This figure panel, together with data in Extended Data Fig 8, is based on whole-genome coarse-grained 
simula2on via the Chrom3D framework that allows us to ask some ques2ons on CTCF clustering at the 
levels of larger chroma2n domains that are difficult to address experimentally. As men2oned in the text, 
these simula2ons of our actual experimental data further “supported the noAon that acAve, CTCF- and 
HMGB2-rich domains reside in spaAal proximity to nuclear speckles” and reorganise drama2cally upon 
entry into senescence. However, panel 4j was wrongly referred to as 4i, which is now corrected. 

The explanaAon of how SICC formaAon alters alternaAve splicing paRerns is missing.  
We agree with the Reviewer that we should have been more explicit with our model of how SICCs may 
work to alter splicing panerns upon senescence entry. In brief, the reorganiza2on of CTCF loops will now 
posi2on different genes (e.g., the three genes from chr5 shown in Fig 7g) at specific distances to nuclear 
speckles thereby affec2ng their splicing panerns. This is also evidenced by data that show that loci with 
altered AS panerns in senescence are enriched for TSA-seq signal (indica2ng speckle proximity; Fig 7f) 
and show exon-intron ‘GC signatures’ expected of speckle associated genes (Extended Data Fig 11i; 
signatures obtained from Tammer et al, Mol Cell 2022; PMID 35182478). We have added an expanded 
version of this explana2on in our revised Discussion (see pg. 13). We have also added a graphical model 
in Fig 7i to help readers visualize this concept (see also Fig R6 in response to Reviewer #2, below). 

The author should provide supplementary data demonstraAng that treatment of fetal lung fibroblasts 
with ICM induces senescence. 
As also men2oned above, the full descrip2on of the ICM model for replica2ve-like senescence in IMR90 
is detailed and accompanied by a large resource of biochemical and genomics data in our recent paper 
(Palikyras et al, Aging Cell 2024; PMID 38196311). We now explicitly direct readers to this (see pg. 3-4).  
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Reviewer #2: In this manuscript, Palikyras et al. provide an in-depth characterisaAon of SICC formaAon 
in unique culture models. Using a proteomics approach, they idenAfied BANF1 and speckles’ 
components, parAcularly SRRM2, as key regulators of SICC formaAon. In addiAon, using mulAmodal 
omics approaches and computaAonal simulaAon, they show evidence suggesAng a negaAve correlaAon 
between HMGB2 and CTCF-Speckles interacAon as well as formaAon of longer-range, nested CTCF loops. 
At the single-cell level, they employed 3D DNA tracing, validaAng some of these findings. Further 
introducing CLIP/APEX2 analyses suggests that alternaAve splicing events are associated with SICC 
formaAon. InteresAngly, they show that disrupAon of SICC integrity by depleAng SRRM2, BANF1 or CTCF 
alleviates proliferaAve arrest in ICM-treated cells. This study potenAally idenAfies important mechanisms 
for the spaAal clustering of SICC and its funcAonal relevance. The dynamic interacAon between HMGB2, 
CTCF, and speckles, as well as RNA, is interesAng, but the data integraAon is quite complex: the 
manuscript could benefit from the inclusion of a model illustraAon. 
We are happy to see that the Reviewer finds that we provide an “in-depth characterisaAon of SICC 
formaAon in unique culture models” in a study that “potenAally idenAfies important mechanisms for the 
spaAal clustering of SICC and its funcAonal relevance”, where the “dynamic interacAon between HMGB2, 
CTCF, and speckles, as well as RNA, is interesAng”. We also agree that the overall integra2on of different 
types of data, especially the link between biochemistry and cell biology with 3D genomics, can become 
quite complex. To remedy this, we have now revisited figures and text to streamline our main message, 
but also provide a model as suggested (see Fig 7i and Fig R6 below) to make this more comprehensible. 
Please also note that we added new analyses that confirm our key findings in replica2ve senescence of 
both HUVECs and IMR90, as well as in chronologically aged human skin fibroblasts and whole blood 
samples (see Extended Data Fig 12). 

Fig R6: Graphical model showing 3D reorganizaOon of 
CTCF-bound chromaOn with respect to speckles via BANF1 
and SRRM2 that ulOmately leads to senescence-associated 
splicing paQerns on the genes involved in these clusters. 

 

 

 

Major points: 
1. The role of RNA in SICC formaAon on speckles: Their data suggest that overall RNA inhibits CTCF-
speckles interacAon and RNA-unbound CTCF contributes to CTCF clustering. Yet, CTCF eCLIP shows 
increased peaks during senescence (supple fig. 4c). Do they mean that those CTCF CLIP peaks represent 
the non-SICC fracAon of CTCF? 
We agree with the Reviewer that our data suggest that RNA likely acts in a refractory manner for the 
CTCF-speckle interplay, which is in line with their stronger interac2on and ul2mately CTCF clustering on 
speckles in senescent cells, which anyway produce less RNA overall (see Palikyras et al, Aging Cell 2024; 
PMID 38196311). But how is this reflected in our eCLIP data? Our CTCF eCLIP from prolifera2ng IMR90 
show minimal (if any) specific associa2on of CTCF with RNA (just 74 targets can be iden2fied; Extended 
Data Fig 13d). This is fully in line with a recent careful biochemical dissec2on by the Gunman lab (see 
Guo et al, Mol Cell 2024; PMID 38387462) according to which CTCF does not show specific RNA binding 
capacity. However, the number of eCLIP peaks increases in senescence as CTCF is posi2oned on/around 
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RNA-rich speckles due to SICC forma2on (we now iden2fy >250 target RNAs; Extended Data Fig 13d). 
We believe that these associa2ons simply reflect persistent CTCF proximity to RNA in speckles, and when 
crossed with our APEX2-SRSF7 data, we find measurable overlap of co-associated genes. S2ll, we cannot 
formally rule out that some of the CTCF::RNA associa2ons occur outside of SICCs, and now acknowledge 
this on pg. 5 of our revised Results sec2on. 

2. Similarly, they show that overexpression of SRRM2-RBD is sufficient for CTCF clustering, where SRRM2-
RBD and CTCF clusters mostly colocalise. Could the authors clarify how they interpret the data? Do the 
data imply that the speckles-mediated ‘focal’ enrichment of RNA is criAcal for CTCF clustering, while the 
enzymaAc (global) depleAon of RNA does not compromise SICC formaAon? If so, can the authors test 
this by using an ectopic expression of an RNA-binding-deficient mutant (if available) of SRRM2-RBD? 
Together with the CTCF data, I wonder if the following interpretaAon is in line with the authors’ - while 
speckle-mediated RNA recruitment may be important for CTCF clustering, CTCF-RNA binding primarily 
occurs outside of CTCF clusters. 
We thank the Reviewer for this insight—it is a plausible scenario and our take on it is the following. First, 
the test that the Reviewer is asking for, we have essen2ally already performed by overexpressing a 
disordered region from the C-terminal part of SRRM2 that does not encompass its presumed RNA-
binding domain; this overexpression cannot induce SICC forma2on (Fig 3h). Unfortunately, since the 
SRRM2 RNA-binding domain has not been experimentally dissected (but rather in silico annotated in 
UniProt; hnps://www.uniprot.org/uniprotkb/Q9UQ35/), we would not know where to perform targeted 
muta2ons or dele2ons in order to confidently produce a binding-deficient SRRM2-RBD.  
However, there are two striking results from our SRRM2-RBD overexpression experiments. On the one 
hand, SRRM2-RBD overexpression already induces SICCs (Fig 3g) despite the presence of more RNA and 
HMGB2 (the factor that needs to be depleted in order for SICCs to appear in senescence; see Zirkel et 
al, Mol Cell 2018; PMID 29706538). On the other hand, introduc2on of this short SRRM2-RBD pep2de 
in senescent cells depleted of full-length SRRM2 with siRNAs, and thus also depleted of SICCs, suffices 
for de novo CTCF clustering (although these clusters are somewhat smaller; Extended Data Fig 6b). 
Thus, we think that it is rather protein-protein interac2ons that drive these effects, and that CTCF RNA-
binding is at best secondary. As the Reviewer suggests, this might mean that crosslinking of CTCF outside 
SICCs might produce these associa2ons or it might be that these RNA associa2ons simply reflect the 
persistent CTCF proximity to RNA in speckles via SICCs. Although we favor the laner (since the majority 
of CTCF is found on chroma2n at any given 2me; see Fig 2a), we cannot formally rule out the former. 
Accordingly, we amended the respec2ve sec2on of the Results (on pg. 5) to acknowledge this. 

3. What could be the funcAonal relevance of the longer-range, nested CTCF loops that emerge during 
senescence? Or more generally, can individual alternaAve splicing events be linked to differenAal loops 
at these loci? 
This is precisely what we are proposing on the basis of our 3D genomics (Micro-C and LoopTrace) data 
and mRNA splicing analysis. To elaborate a bit, we postulate that this reorganiza2on of CTCF loops will 
now posi2on many genes (e.g., the genes from chr5 shown in Fig 7g) at specific distances to nuclear 
speckles thereby affec2ng their splicing panerns. This is also evidenced by data in Fig 7f showing loci 
with altered AS panerns in senescence being focally enriched for TSA-seq signal (indica2ve of speckle 
proximity), and in Extended Data Fig 11i showing exon-intron ‘GC signatures’ expected of speckle-
associated genes (signatures obtained from Tammer et al, Mol Cell 2022; PMID 35182478). We have 

https://www.uniprot.org/uniprotkb/Q9UQ35/
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added an expanded version of this explana2on in our revised Discussion, which is also reflected in the 
graphical model added to Fig 7i following the Reviewer’s sugges2on. 

4. Suppl fig. 11i: HMGB2-binding mRNAs substanAally overlap with ICM-induced AS genes. Probably I 
miss some points, but I wonder how we interpret this. What is the relaAonship between these 287 
HMGB2-binding/AS mRNAs and APEX2-SRSF7 mRNA? 
We added the HMGB2 sCLIP data to the manuscript for the sake of comple2on, but our explana2on 
should have been more detailed. As the Reviewer correctly points out, there exists substan2al overlap 
between HMGB2-bound mRNAs and ICM-induced AS genes (Extended Data Fig 13a-c). There also 
exists substan2al overlap between ICM-induced and HMGB2-KD-induced AS genes (Extended Data Fig 
11g), and many individual AS events on mRNAs occur at posi2ons bound by HMGB2 prior to senescence 
entry (Fig 7e). Thus, we propose that the deple2on of HMGB2 from senescent cell nuclei underlies 
these AS changes due to its loss from its cognate sites on both chroma2n and RNA. 
As regards the overlap with the APEX2-SRSF7-captured mRNAs: we have now looked into this and >700 
(i.e., 57%) of all HMGB2-bound sCLIP targets are speckle-associated RNAs (given a 4-fold enrichment 
cutoff in APEX2-seq data), while ~1/4 of all HMGB2-bound sCLIP targets are significantly depleted from 
speckles in senescence (but none are enriched). Moreover, of the 287 HMGB2-bound AS mRNAs, 79 
qualify as ‘speckle-depleted’ and 188 as speckle-associated. We have now added this new informa2on 
on pg. 11—and we thank the Reviewer for mo2va2ng this. 

5. How do the alternaAve splicing events in this model compare to alternaAve splicing previously 
reported in other or similar senescence models (PMID 39118304)? 
We thank the Reviewer for poin2ng us to the work by Deschênes et al which we had missed. The authors 
make a number or interes2ng observa2ons, including that senescence downregulates mul2ple splicing 
factors (which we also see in our data from Palikyras et al, Aging Cell 2024; PMID 38196311), that the 
pharmacological inhibi2on of splicing alone can induce senescence and senescence-related AS changes 
or that splicing defects (elicited via SF3B1-knockdown) may also induce senescence signatures. Thus, 
we reanalysed their RNA-seq data (from early-passage and senescent BJs) and found significant overlap 
to the AS changes in our ICM model, but moderate overall correla2on (which should be expected given 
the different cell types). We provide this analysis below (see Fig R7), but we have now also included in 
the manuscript a comprehensive analysis comparing AS events in ICM-induced senescence with those 
in replica2ve senescence of IMR90 and endothelial cells (HUVECs), as well as with data from late-age 
individuals (whole blood and skin fibroblast transcriptomes; see Extended Data Fig 12). This new data 
highlights the broad relevance of our findings for senescence and its ageing-related implica2ons, which 
we discuss alongside the Deschênes et al observa2ons (which we cite on pg. 10). 

Fig R7: A, Venn diagrams showing the overlap of individual 
alternaOve splicing (AS) events (top) or AS mRNAs (boQom) 
following Whippet analysis of our data (IMR90+ICM) and 
those in Deschênes et al (using BJ fibroblasts). *: more 
than expected by chance. B, CorrelaOon of ΔPSi values of 
individual core exon (CE; top) or transcripOon start site AS 
events (TS; boQom) from the two datasets. 
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Minor points: 
6. “…. are not a result of accumulaAng DNA damage (Supplementary Fig 1c).” Do they mean acute DNA 
damage or DNA damage-induced senescence? 
Our wording was not ideal here. To rephrase: cells commi}ng to senescence following 6 days of ICM 
treatment do not accumulate DNA damage (therefore, they would not resemble DNA damage-induced 
senescence). We now clarify this in the main text (see pg. 4). 

7. The enzymaAc (RNase A) depleAon of RNA promotes CTCF-SON interacAon (supple fig. 4b). Do they 
see increased recruitment of speckles components to SICCs? This is not obvious in Supple fig. 4a (boRom). 
Essen2ally, we see linle change in immunofluorescence images following RNase A treatment. However, 
there likely are changes to speckle proper2es that we have not quan2fied here, hence our statement 
only pertains to how RNA affects the phenotype in reference to Extended Data Fig 5a,b. 

8. “…. (Fig 4c), suggesAng that its disordered tail alone interferes with CTCF-BANF1-SRRM2 interacAons 
…..” The imaging data alone (Fig. 4c), without addiAonal assays like co-IP, wouldn’t support this 
statement. 
Our imaging data in Fig 4c show that overexpression of the disordered C-terminal tail of HMGB2 alone 
suffices for dissolu2on of SICCs. This likely involves the same mechanism as the rescue via the full-length 
HMGB2 protein, which does interact with speckle components (see Fig 4d). Thus, it is not unreasonable 
to propose that this occurs via its disordered C-tail. Nevertheless, we performed a new co-IP experiment 
in IMR90 expressing the HMGB2 C-tail and find that it indeed interacts with mul2ple speckle-associated 
components as suggested (e.g., U2AF1, SF3B2, SRSF1, -2, and -9), as well as with BANF1 and SRRM2 (data 
presented in Extended Data Table 2).   

Reviewer #2 Remarks on Protocols: Apart from comment #6, I did not idenAfy any major issues regarding 
methods availability. 
We apologise for the oversight and have added these treatment details in the revised figure legend.  
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Reviewer #3: In this study, Palikyras and colleagues conAnue the characterizaAon of SICCs formaAon in 
senescence, addressing their mechanisms of formaAon and funcAon. For the former, they report that 
the clustering of CTCF during senescence entry, previously reported to depend on depleAon of HMGB2, 
also requires on a repurposing of the SRRM2 and BANF1 protein. For the laRer, they report that SICCs 
associate with nuclear speckles, which changes the RNA splicing program. 
I consider the funcAonal characterizaAon (Figures 4-7) interesAng, although some findings may be 
considered somewhat incremental. The characterizaAon of SICCs formaAon (Figures 1-3) instead has a 
range of issues: incomplete characterizaAon, tunnel vision and inconsistencies with previous work from 
the same group. Based on my evaluaAon, I advise against publicaAon in Nature Cell Biology. 
We are happy to see that the Reviewer finds the func2onal characteriza2on of SICCs (spanning Figs 4-
7) “interesAng”. We also understand where the issues with the characteriza2on of SICC forma2on (Figs 
1-3) may come from and have made changes to remedy this on the basis of the Reviewer’s comments. 
Please also note that we added new analyses that confirm our key findings in replica2ve senescence of 
both HUVECs and IMR90, as well as in chronologically aged human skin fibroblasts and whole blood 
samples (see Extended Data Fig 12). 

Major issues: 
1. The SICCs formaAon part of the study alludes regularly to phase separaAon / condensate formaAon, 
parAcularly through its computaAonal focus on IDRs and experiments with 1,6-hexanediol. As reported 
by many groups, the confirmaAon of phase separaAon effects requires careful experimental validaAon 
(see e.g. hRps://pubmed.ncbi.nlm.nih.gov/30682370/). Due to its ubiquitous effect on nuclear and 
cellular processes, 1,6-hexanediol experiments require careful follow up, for instance in-vitro 
reconsAtuAon of condensate formaAon or mutaAons / truncaAons of IDRs. This study does not include 
such experiments, rendering any conclusions premature and speculaAve (ie. discussion, page 12). 
We fully agree with the Reviewer here and are aware that we are not in a posi2on to formally comment 
on the “phase separa2on” nature of SICCs based on the data in our manuscript. We also agree the 1,6-
HD treatments do not provide a decisive readout due to pleiotropic effects. Nevertheless, the lack of 
further experiments in the direct of “phase separa2on” is not inten2onal, but rather due to various 
aspects pertaining to our system of study. First, IMR90 (as most primary human cells) are not amenable 
to genome edi2ng within their replica2ve lifespan (i.e., one cannot obtain pure genome-edited clones 
before cells senesce or start dying); this does not allow us to test the exact nature of SICCs via FRAP, 
because we cannot tag endogenous CTCF (and ectopic overexpression of CTCF-GFP in most primary 
cells, including IMR90, leads to immediate cell cycle defects). Second, the propensity of CTCF to form 
condensates in vitro has already been demonstrated (Zhou et al, iScience 2022; PMID 36117989). Third, 
nuclear speckles represent bona fide phase separated en22es that are well studied (e.g., Greig et al, 
Mol Cell 2020; PMID 32048997). These aspects make it almost impossible to discuss the forma2on of 
SICCs on speckles without alluding to “phase separa2on”, although we acknowledge that we offer no 
biophysical characterisa2on of the nature of SICCs (due to the aforemen2oned technical limita2ons).  
Our inten2on was to discover molecular partners that can control CTCF clustering in senescence (which 
we did in BANF1 and SRRM2), and to assess how SICC forma2on might be related to senescence 
commitment (which we also did by connec2ng 3D genome refolding to splicing panerns, and by showing 
that SICC dissolu2on delays commitment to senescence in both ICM-treated and replica2vely senescent 
cells). Thus, the Reviewer’s remark is not at odds with our inten2on, and we have carefully reworded 
the whole manuscript to reflect these caveats and removed this part from the revised Discussion. 

https://pubmed.ncbi.nlm.nih.gov/30682370/
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2. Other work, including citaAon 49 and notably the work of Karsten Rippe and colleagues, has shown 
that other mechanisms can explain the formaAon of nuclear foci. The study does not report any efforts 
to exclude alternaAve mechanisms beyond phase separaAon, nor does it give a raAonale why such 
avenues were not explored. The finding that SICCs formaAon is sensiAve to DNase treatment 
(Supplementary Fig. 4b) provides compelling evidence that phase separaAon is not involved in SICCs 
formaAon. This possibility should be addressed or excluded prior to publicaAon. 
We assume that the Reviewer is referring to LLPS (liquid-liquid phase separa2on) here, which is indeed 
not compa2ble with chroma2n dependence (and, thus, not compa2ble with sensi2vity to DNase I). We 
are in full agreement and now explicitly state this in our revised Results sectoin (on pg. 5). We should 
clarify though that, when it comes to condensates associated with chroma2n, “phase separa2on” is s2ll 
regularly used as a term that loosely implies a phase transi2on without specifying an exact biophysical 
mechanism (we actually discuss this issue in a recent review we co-wrote with Karsten Rippe; Papantonis 
and Rippe, Nat Rev GeneAcs 2025; PMID 40537661). Thus, taking into account the technical limita2ons 
discussed in response to comment #1 above, we now do state that the data in Extended Data Fig 5b 
essen2ally exclude LLPS for SICCs (see pg. 5). This makes the manuscript much clearer with respect to 
the “phase separa2on” aspect of the work, and we thank the Reviewer for mo2va2ng this. 

3. The study claims that SICCs formaAon criAcally relies on funcAonal repurposing of SRRM2 and BANF1. 
These proteins localize differently in the nucleus (SRRM2 at speckles, mostly centrally located and BANF1 
mostly at the nuclear periphery) and both proteins are studied independently from each other. In the 
discussion (page 12), the authors claim “a subset BANF1 molecules apparently move from the periphery 
to the nuclear interior”, but any proof for such behavior is missing. Without characterizaAon of a 
funcAonal interplay between both factors (MS upon senescence entry?), the dual dependence of SICCs 
formaAon on both factors remains poorly explained. 
First, we want to state that our anempt for an explana2on on pg. 13 is within the limits of the Discussion 
of our results, and does not claim any more direct evidence than that provided in the figures. We agree 
with the Reviewer that one might expect SRRM2 and BANF1 to co-associate in senescence, especially 
since (i) CTCF co-IP/MS show it interacts with both proteins in senescence, and (ii) that the knockdown 
of either protein prevents efficient SICC forma2on. To this end, we have performed a co-IP between the 
two factors to find that they indeed interact with one another (data added to Extended Data Fig 5b).  

4. Based on imaging, Fig. 1a claims a drasAc (~ 90%) reducAon in HMGB2 upon ICM treatment, but using 
the same experimental setup and a more direct measurement of protein amounts (Western bloyng; Fig. 
1h in ref. 38), the authors previously reported a much more moderate difference. Similarly, the reducAon 
in CTCF amounts upon ICM treatment were more moderate in ref. 38 (Western bloyng, Fig. 1h) as 
compared to this study (Western bloyng, total amount in Fig. 2a). This discrepancy raises quesAons 
about the reproducibility of the cell system that is used in this study, which remains unexplained. 
We understand where the Reviewer comes from here. The reduc2on in HMGB2 levels in Fig 1a of this 
manuscript is 6-fold (i.e., ˜83%) by immunofluorescence, whereas in western blots shown in Palikyras 
et al (Aging Cell 2024; PMID 38196311) it is in the order of ˜60%. A similar trend applies to CTCF when 
one compares Fig 2a here with Fig 1h in Palikyras et al (2024), although the blots in Fig 2a were exposed 
separately and might not be fully comparable (as we wanted chroma2n bands to not oversaturate). To 
reassure the Reviewer, we are showing below independent replicates of western blots using whole cell 
and frac2onated extracts from IMR90 treated with ICM for 0-6 days (see Fig R8). Nevertheless, in our 
hands (including hundreds of ICM treatments performed over the last 5 years) HMGB2 and CTCF are 
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consistently reduced, SICCs readily form, and the senescence gene expression program is ini2ated. Thus, 
although some heterogeneity arises, the phenotype of cells is robust and reproducible, and offers two 
key advantages in the study of replica2ve senescence. First, it dras2cally reduces the 2me required to 
obtain senescent cell popula2ons (6 days by ICM compared to >2 months by serial passaging); second, 
it produces an almost uniformly senescent IMR90 popula2ons rendering comparisons cleaner. We hope 
the Reviewer acknowledges these advantages especially for genomics approaches that require mul2ple 
replicates and large numbers of cells. 

 

Fig R8: A, Western on whole cell extracts from IMR90 treated with DMSO or ICM for 4 or 6 days; please note that 
CTCF is detected by two different anObodies, while tubulin levels provide a loading control. B, As in panel A, but 
from fracOonated IMR90 using HSC70 as a loading control. 

Minor issues:  
- Page 3: “All five proteins had a biophysical profile similar to that of CTCF”. What do the authors mean 
by biophysical profile? 
In hindsight, we agree that the word “profile” might not best reflect what is analysed in Extended Data 
Fig 2a. We meant to refer to the biophysical proper2es predic2ve or not of the condensa2on behaviour 
of proteins with intrinsically disordered domains as computed via the CIDER framework from the Pappu 
lab (Holehouse et al, Biophys J 2017; PMID 28076807). We have now changed this to read “protein state 
proper2es computed via CIDER” as per the authors’ nomenclature (see pg. 4). 

- Page 4: “CTCF and SC-35 immunostaining revealed a strong co-localizaAon between SICCs and speckles 
(Fig 3a)”. How was strength of co-localizaAon determined? The green signal appears generally enriched 
away from the nuclear periphery, whereas the red signal has peaks and valleys. In Fig. 3a: are the red 
and green lines the opposite from the color code in the image? How were arrows posiAoned in the graph: 
most but not all peaks are marked by an arrow, but an arrow is present within a dip as well. 
The line scan transverses 6 apparent SICCs (albeit not always directly across their center, which explains 
the variability in CTCF signal intensity). These are the ones highlighted by arrows in the graph. For clarity, 
we have now added zoomed-in insets of two characteris2c SICCs under the line scan (black rectangles), 
as well insets with all acquisi2on channels of another typical SICCs (white rectangle). 

- Page 4: discussion of results from Supplementary Fig. 3a-d: despite being significantly different, the 
actual differences are minor as compared to the diversity of speckles within the same group. These 
results should be presented in a more toned-down manner. 
We agree with the Reviewer that the differences between treatments and controls are not drama2c, 
and we have now toned this down in the relevant part of the Results (see pg. 5). 

- Page 4: “Thus, RNA likely competes with CTCF or repels it from clustering on speckles.” Based on the 
presented results, I don’t understand how the authors come to this conclusion.  
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This is based on a number of observa2ons. First, Extended Data Fig 5a shows that RNase A treatment 
of senescent IMR90 does not compromise SICCs. Second, Extended Data Fig 5b shows that RNase A 
treatment, in contrast to DNase I treatment, produces a much stronger CTCF-SON interac2on. Third, we 
know that senescent cells produce less RNA overall (Palikyras et al, Aging Cell 2024; PMID 38196311). 
Fourth, our eCLIP data show that CTCF shows linle RNA binding capacity in prolifera2ng cells (Extended 
Data Fig 5c) in line with recent biochemical evidence published by the Gunman lab (Guo et al, Mol Cell 
2024; PMID 38387462). Together, these observa2ons suggest that higher RNA levels likely repel CTCF 
interac2ons with an RNA-rich body like the speckles. But this changes drama2cally in senescence, where 
our APEX2-seq data show strong deple2on of RNAs from nuclear speckles (Extended Data Table 9). 

- Page 5: “inherent affinity for speckle-enriched proteins”. What result shows that this effect is inherent? 
Again, we acknowledge that the wording is not ideal and have reworded this to simply read “…affinity 
for speckle-enriched proteins”. We thank the Reviewer for poin2ng this out. 

- Page 5 and Fig. 4e: “Venn diagram showing the overlap between the HMGB2 (green circle) and CTCF 
interactomes (grey circle) from proliferaAng and senescent IMR90, respecAvely”. The figure purportedly 
shows two different data sets, but only a single Venn diagram is shown. 
There was a miswording here that causes confusion; we apologise. Fig 4e shows the overlap between 
proteins interac2ng with HMGB2 (which is only expressed in prolifera2ng cells), all proteins that CTCF 
co-immunoprecipitates with, and the TSA-MS catalogue of nuclear speckle components (from Dopie et 
al, J Cell Biol 2020; PMID 32609799). This was meant to show that some speckle-enriched interactors of 
HMGB2 in prolifera2ng cells, like SRRM2 may be “handed over” to CTCF in senescence, when HMGB2 
is depleted from cells. We have adjusted the figure legend and figure panel, and clarify this on pg. 6. 

- Page 5-8 and Figs 5 and 6: ChIPmentaAon results are illustrated with browser views and averaged 
enrichment plots. This provides liRle informaAon about genome wide behavior of peak signal or overlap 
between data sets. AddiAon or replacement by Venn diagrams and aligned heatmaps would be 
preferred. 
The informa2on conveyed by such Venn diagrams was already in the Results text on pg. 7, and we prefer 
this due to space limita2ons in a rather crowded figure. The aligned heatmaps we can of course provide, 
and they expand what the average profile plots show in Figs 4 and 5 (see Fig R9, below). We have now 
added these heatmaps to Extended Data Fig 7f. 

 
Fig R9: A, Heatmaps of CTCF CUT&Tag data in the 10 kbp around CTCF or SON peaks from proliferaOng IMR90 that 
match the average profile plots shown in Fig 4g. B, As in panel A, but for HMGB2 ChIPmentaOon data that match 
the average profile plots shown in Fig 4h. C, As in panel A, but for SON ChIPmentaOon data from proliferaOng and 
ICM-treated IMR90 that match the average profile plots shown in Figs 4h and 5b. 
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- Page 7: secAon from “interesAngly, >25% of HMGB2 peaks fell within”. Unless I’m mistaken, the 
menAoned HMGB2 peaks are those in proliferaAve cells (HMGB2 data upon ICM treatment is not 
shown). IntersecAng those with loop anchors in senescent cells is not opAmal. The authors should 
consider modifying this analysis and/or rephrase the discussion (for instance focusing on SON, which 
maintains its genomic posiAon upon HMGB2 degradaAon). 
This is indeed that comparison we made, but there is scope to it (which we did not make very clear in 
the text). Just like the Reviewer suggests, HMGB2 produces robust peaks only in prolifera2ng cells, as it 
is quan2ta2vely depleted from senescent nuclei. We intersected this HMGB2 peak list with loop anchors 
from both prolifera2ng and senescent cells. This helps reveal that many loop anchors previously bound 
by HMGB2 are affected at the onset of senescence, with >500 being rewired to form senescent-specific 
loops anchored at new genomic posi2ons. We now explain this more clearly (see pg. 8). 

- Page 7: “while loops with both anchors bound by HMGB2 were the smallest in size and essenAally 
dissolved”. Signal and enrichment for these loops remains clearly visible in Fig. 7d and the absolute 
reducAon is in a similar range as the other categories. The authors should more carefully interpret this 
result. 
We agree with the Reviewer and have rephrased this to reflect signal reduc2on rather than dissolu2on. 

- Page 7: “Last, we generated Micro-C data a\er 1,6- hexanediol treatment”. As menAoned above, the 
effect of 1,6- hexanediol is highly ubiquitous and aspecific. Without addiAonal validaAon, the authors 
should not interpret the changes relaAve to SICCs structure or funcAon. 
We do not disagree with the Reviewer on this. Indeed, 1,6-HD treatment will have pleiotropic effects, 
and work by the Maeshima lab showed that it may also condense chroma2n and reduce its overall 
mobility (assessed by live-cell imaging in Itoh et al, Life Sci Alliance 2021; PMID 33536240). At the same 
2me though, we hope that the Reviewer acknowledges that it is not by sheer coincidence that the loops 
lost upon 1,6-HD treatment are predominantly those that were gained upon senescence entry (Fig 5j,k). 
Thus, we are happy to tone down this part of the Results even more, and also point out the pleiotropic 
effects of this crude treatment (see pg. 8). S2ll, we would rather keep this data in the manuscript as (to 
our knowledge) it is the only Micro-C dataset generated using such a treatment and might also serve as 
a resource for others wan2ng to analyse 1,6-HD effects on 3D chroma2n folding. 

- Page 8: I appreciate the results from the LoopTrace studies. The authors should explain though why the 
three selected regions were chosen and where CTCF, HMGB2 and SON bind in these regions in 
proliferaAve and senescent cells. 
The Ellenberg lab had a small collec2on of readily-available probes targe2ng 1-Mbp regions on different 
chromosomes at the highest (12-kbp) resolu2on. We screened this collec2on for regions containing 
transcrip2onally-ac2ve genes mapping to the A1 subcompartment (harboring most speckle-associated 
chromosomal loci; see Ahanger et al, Nat Neurosci 2021; PMID 34239128). The 1-Mbp region on chr5 
studied here was chosen because it met these requirements; the lower resolu2on probe sets used 
alongside this one serve as internal controls for the LoopTrace experiment (i.e., were used to confirm 
expected 3D genome folding at 0.2- and 1-Mbp resolu2on; see Extended Data Fig 7a-c). We now 
explain this on pg. 9 of the revised Results sec2on, and we provide browser views of the HMGB2 and 
SON tracks under the exis2ng CTCF tracks in revised Fig 6c as requested. 

- At several places in the manuscript, words are used that convey an opposite message over what is 
reported: (1) Atle: “sustain” -> SICCs formaAon upon senescence entry instead appears to instruct a 
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different splicing program, (2) “rescue” on page 5: “we could rescue SICCs” and in the Atle of Fig. 4 -> 
HMGB2 reintroducAon perturbs SICCs formaAon; do the authors mean “revert” instead? 
We thank the Reviewer for poin2ng these issues out; we have now reworded all of these and combed 
the manuscript to correct any other mistakes. We are especially happy with the sugges2ons about the 
manuscript’s 2tle and now use “instruct” instead of “sustain”.  
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Point-by-point Response to the Reviewers' comments (italicized in blue): 

Reviewer #1:  

The authors made a recognized effort to answer our queries. 

We are happy to see the Reviewer acknowledging our effort; we have now also addressed all remaining 

remarks (below). 

Fig. 1a – at the end of page 3, it is stated that HMGB2 is depleted. According to the figure, this is not 

entirely accurate, as we only see a decrease in protein levels. Consider updating the figure to reflect 

the actual reduction. 

This is correct, the depletion is not complete; the actual extend of HMGB2 reduction is reflected in the 

signal quantification presented via the violin plots of Fig 1a (~70%). We now mention this number at the 

bottom of pg. 3 of the revised Results section. 

End of page 4 – BANF1 reduction – no quantification. Did the authors verify BANF1 knockdown in cells 

that formed SICCs? May be possible to estimate the minimal levels of BANF1 required for generation of 

SICCs. 

We have now added the percent of BANF1 reduction (~69%) on pg. 4 of the main text. The knockdown 

of BANF1 was indeed validated (see RT-qPCR in Fig 2b) and, as also explained in our previous rebuttal, 

we did assess BANF1 levels in relation to the appearance of SICCs, and there seems to be a threshold of 

BANF1 availability below which SICCs emerge (see Fig R2, below). This is the same figure the Reviewer 

refers to in their last comment (see next page), advising us not to add it to the manuscript.  

Fig R2: Left: Typical images of IMR90 
treated with ICM and with control 
or BANF1-targeting siRNAs. Right: 
Scatter plot quantifying total BANF1 
and CTCF intensity in cells carrying 
(green) or not SICCs (grey). Dotted 
lines represent the bottom and top 
values in each subset. 

 
 

Top of page 5- the claim is that Tautomycetin dispersed many speckles; however, this is not apparent in 

Extended Data Fig. 4a. Additionally, Tautomycetin is not mentioned in the Methods section. Speckle 

dispersion by Tautomycetin is concentration-dependent. Testing higher concentrations might effectively 

disperse nuclear speckles and potentially allow SICC formation. 

We agree that this may not be so apparent to the naked eye but, as already explained in our previous 

rebuttal, we quantified the radius and eccentricity of speckles in 70 cells treated with tautomycetin plus 

ICM, and in 64 cells treated with ICM alone; this analysis showed significantly reduced speckle radii and 

a trend towards higher eccentricity upon treatment with this drug (Extended Data Fig 4b). 

Apologies for omitting the treatment details. We have now added these for both tautomycetin and 

cantharidin in the first paragraph of the revised Methods (on pg. 24). Finally, we indeed tested different 

concentrations (0.1 -4 μM) and time points (1 or 4 hours) based on existing literature (by the Lawrence 

lab; see Hall et al, Anat Rec A Discov Mol Cell Evol Biol, 2006), but had to be cautious of toxicity effects 

to our primary cells; hence the final decision to use 2 μM for 4 hours (that is certainly at the higher end 

of the concentrations and time points tested). 
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Fig. 2C,D – please include the words " with SICCs" to % of cells in the graphs, and anywhere else if needed. 

It will be much clearer like that. 

These bar plots quantify the percent of cells with and without SICCs (and they are used throughout the 

manuscript). As they are meant to present both outcomes (“+SICCs” and “without SICCs”), the y-axis 

should be labeled as “% cells”. Moreover, we had already colour-coded these plots and labels (“+SICCs” 

in green and “without SICCs” in grey) to make interpretation of the graphs intuitive. 

Page 8: “1,6-hexan treatment dissolved SICCs, but not nuclear speckles (Extended Data Fig. 3g).” This 

should be corrected to Extended Data Fig. 5g. 

We thank the Reviewer for noticing this mistake, which we have now corrected (it should actually refer 

to Extended Data Fig 4f in this final version of the manuscript). 

Fig. 3e – what is the difference between the two nuclei shown? write under the zoomed images the 

protein name. In addition, suggest to add the separated channels as it is very hard to see the green 

signal. 

There is no difference, we just wanted to show two examples instead of one. The protein names that 

were missing under the zoom-ins of the top image have now been added. Unfortunately, the figure has 

not got enough space to add separate channels for the whole-cell view, but we already present each 

channel imaged for the three representative SICC zoom-ins, which we think provide good examples of 

the signal structure in either channel. 

Why don’t the authors connect the AS paragraph (page 9) to the findings of interactions with many 

splicing factors (page 6).  

This is a good suggestion; we have now added a sentence in the paragraph opening this section (see pg. 

10) that now reads: “Given that […] both CTCF and HMGB2 interact with numerous splicing factors, we 

hypothesized that alternative splicing (AS) might constitute a programmed driver of senescence entry.”. 

Figure R2 does not need to be added to figure 2. 

Thank you, we have not added it. 
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Reviewer #2: The authors have adequately addressed my questions. They also have expanded the 

relevance of their findings to senescence and ageing contexts. 

We thank the Reviewer for this endorsement. 
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Reviewer #3: I want to thank the authors for the prompt sharing of many of the source images generated 

in this study. Upon in-depth investigation, I’ve found a number of anomalies that need to be scrutinized 

before the manuscript can be considered for publication. I have uploaded a pdf that present the issues 

in more detail. 

We want to thank the Reviewer for pointing to these issues, which we address below. 

Major issues: 

1. Figure 2C: the BANF1 panel in the siBANF2 condition is a cut-out (jpg) that is completely black, with 

the exception of a single dot of signal that becomes visible upon strong boosting of contrast. This is 

different from the widefield source file (tiff): here a weak but noticeable background and a number of 

brighter puncta are visible (page 1 and 4 in the pdf). It seems unlikely that the jpg was extracted from 

the widefield tiff, unless the authors selected a different region or used very different contrast settings 

as compared to other panels in the manuscript. The authors need to trace back how the jpf file was 

obtained from the source tiff file. 

The same issue may be present in Figure S2D-F of the supplemental data: the signal for the ATXN2, 

SQSTM1 and FMR1 panels in the siRNA-treated cells appears different from other panels. The source 

files for these panels were not shared and therefore this issue remains to be confirmed. 

The BANF1 panel of the ‘siBANF1’ condition should indeed show the very weak signal that the Reviewer 

refers to. For the sake of clarity, we can explain how any microscopy panel in our figures is created: The 

raw image .LIF file from our Leica widefield microscope is opened in ImageJ (Fiji) and each channel is 

extracted in .TIFF format using default parameters. Then, this .TIFF file is “saved as” .JPEG (again under 

default settings) and imported into CorelDRAW to crop and present. For every set of images in a given 

figure panel, we will concertedly enhance contract by 5-10% (as typically advised to improve printing of 

the figures). We cannot say for certain if this process (with three different CorelDRAW versions used to 

date on these figures) might have somehow compressed the signal here, but we have recompiled the 

figure panel ensuring that the weak BANF1 signal is visible. Besides, no knockdown is 100% efficient (as 

seen in BANF1 RT-qPCR data in Fig 2b). Nevertheless, this does not at all affect data interpretation or 

the message of this figure panel. 

2. Figure 2D: the BANF1-Venus channel is nearly completely black in both the cut-out (jpg) and widefield 

soured file (tiff). Upon strong boosting of contrast, very weak background signal becomes visible in the 

tiff file, but this is absent within the cells (page 2 and 5 in the pdf). The jpg cut-out instead is evenly black, 

with the exception of some minor stripes, which may be a jpg compression artifact. 

This signal pattern is highly unlike, as the Venus fluorescent protein emits light within a range that is 

quite close to the Alexa fluor A488 fluorophore that was used to visualize the CTCF protein (see pdf). 

Using a conventional widefield microscope, as used in this study, a minor bleedthrough of the A488 signal 

is expected in the Venus channel. The authors need to confirm that the Venus protein was visualized 

using the correct laser and filter. 

The same issue may be present in Figure S6B of the supplemental data: a certain amount of 

bleedthrough is expected in the SRRM2 RBD-Venus panels. The source files for these panels were not 

shared and therefore this issue remains to be confirmed. 

We think that there is some misunderstanding here. The Reviewer says that the BANF1-Venus image in 

the ‘-Dox’ condition shows “very weak background signal”. We absolutely agree; this is the uninduced 

control, where no BANF1-Venus is supposed to be expressed and only background-level signal is to be 

expected (as Dox-inducible promoters can be slightly leaky). Based on our explanation above, this might 
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be a .JPEG compression artefact, as the Reviewer also assumes. We have also recompiled this panel just 

to be absolutely sure of the source of the cut-out (which we anyway provided to the Reviewers). 

Regarding “bleed-through”: If we interpret the Reviewer correctly, they assume that CTCF is imaged 

using an Alexa488 secondary antibody, and this is based on us not reporting the use of other secondaries 

in the Methods section. However, we feel that it would be apparent by the broad use of multi-colour 

IFs across the manuscript (e.g., Extended Data Figs 1d, 2d-f, 4a,e,f, 5a,g) that we would never image 

two protein targets in the same colour channel. In this particular case, CTCF was imaged in the red 

channel using a goat anti-rabbit-Cy3 secondary (#ab6939). In addition, should bleed-through occur, one 

would expect the two images to have similar signal patterns, which is not the case here. Nonetheless, 

this comment made us realise that we had forgotten to mention the additional secondary antibodies in 

the Methods section, which we have now corrected (see pg. 23-24). 

Minor issue: 

Figure 2C: the visualized cell in the siCTRL condition is flipped and resized along the X-axis, which is 

undisclosed (page 1 and 3 in the pdf). Although this does not change the conclusions, such modifications 

relative to the source data are not allowed. 

Looking at the Reviewer’s detailed analysis for the cell shown under ‘siCTRL’, we agree that resizing along 

the x-axis did occur, most likely during alignment of the figure panel elements. We thank the Reviewer 

for noticing this, since we wouldn’t have noticed resizing in the order of a few pixels. Both flipping and 

resizing have been corrected. 
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Point-by-point Response to the Reviewers' comments (shown italicised): 
 
Reviewer #1: This study sets out to show, using a wide range of experimental approaches, what are the 
nuclear forma8ons of CTCF under senescence, and finds they are connected to nuclear speckles through 
the SRRM2 and BANF1 proteins. Examining 3D organiza8on and alterna8ve splicing paKerns the authors 
suggest that under senescence there is reorganiza8on of genes in the 3D space with respect to nuclear 
speckles and this suggests changing alterna8ve splicing paKerns. The study encompasses a very large 
body of work, however, while this reviewer found the first part clear to follow, once the large amount of 
sequencing and genome organiza8on data appeared, with far too many details, the study became very 
hard to follow and therefore to fully see how all the parts come together. 
We appreciate the Reviewer’s comment on the “wide range of experimental approaches” we used, as 
well as on the “very large body of work” in our study. We also acknowledge that the second half of the 
manuscript would benefit from rewriCng and weeding through the many data and figure panels to 
streamline its main message. Nevertheless, this message is precisely as the Reviewer describes: “nuclear 
forma8ons of CTCF …connected to nuclear speckles” which ulCmately lead to “reorganiza8on of genes 
in the 3D space with respect to nuclear speckles …changing alterna8ve splicing paKerns”. We hope that 
with our clarificaCons (below) and the respecCve changes to the manuscript, this message does come 
together more clearly now. 

Fig. 1a – top row has small nuclei, boKom row the nucleus is huge, yet there is only one scale bar – does 
that mean the nuclei grow under ICM treatment? If not, then show at same scale, and for the treatment 
show a field of cells, not just one. Also, comparing to Fig. 3a, in 3a the CTCF looks like nuclear speckles 
indeed, while in Fig. 1a its less typical.  
Yes, nuclei are shown at the same scale (hence the single scale bar); they should become more flat and 
larger upon ICM treatment, which is very much what happens under inducCon of replicaCve senescence 
via serial passaging of cells. These effects were already described in our Palikyras et al (2024) Aging Cell 
paper, where the ICM-induced senescence system is presented in detail and is accompanied by a large 
resource of biochemical and genomics data for the community to use (see PMID 38196311). 
Now, regarding the comparison between Figs 1a and 3a (and generally between the many figure panels 
showing CTCF clustering), there is indeed some heterogeneity which is (also) reflected on the shape of 
these clusters – this is to be expected of senescence. We deliberately chose not to show only cells with 
uniformly round SICCs so that readers have an appreciaCon of this heterogeneity. We are of course 
happy to show more images, if needed. 

More biochemical measurements of HMGB2 are required to show the reduc8on in total HMGB2. While 
under DMSO treatment HMGB2 looks more diffuse in the nucleus, adding ICM lowers the diffuse por8on, 
but the nucleolus remains predominant. Is there a connec8on between HMGB2 reloca8on to nucleolus 
and SICC appearance?  
We have documented this senescence-associated reducCon of HMGB2 levels (both protein and RNA) in 
different primary human cell lines via different measurements (western blots, mass spectrometry, RNA-
seq, RT-qPCR, ELISA) in our previous work on replicaCve senescence (Zirkel et al, Mol Cell 2018; PMID 
29706538), as well as in our recent paper describing the ICM-induced senescence model (Palikyras et 
al, Aging Cell 2024; PMID 38196311). We therefore did not feel we had to reiterate this here. However, 
we now make this more explicit in the relevant part of the results. 
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Regarding the nucleolar HMGB2 staining: this is a known side-effect of formaldehyde fixaCon (to which 
HMGB2 displays a peculiar behaviour likely due its DNA-binding domain; Pallier et al, Mol Cell Biol; PMID 
12925773), where any residual protein will “sCck” to the nucleolus. This is now also documented for its 
sister protein, HMGB1, by us (Sofiadis et al, Mol Syst Biol 2021; PMID 34166567) and others (Mensah 
et al, Nature 2023; PMID 36755093), but does not influence quanCficaCon of total nuclear signal. We 
are happy to add these details in the Methods secCon for clarity, and thank the Reviewer for poinCng 
this out. 

Fig. S1b – large field, few, and very small nuclei. 
Thank you for pointing this out; we now provide a more zoomed-in version. 

Fig. 1b – mark BANF1 and SRRM2. 
Thank you for suggesCng this; now both proteins are demarcated in the plot. 

In some images there is a decrease (Fig. 1a) in HMG while in others there is a disappearance (Fig. 1d). 
Can the difference be explained? 
Although ICM produces largely homogeneous IMR90 populaCons within 6 days of treatment (please 
see detailed quanCficaCon at the single cell-level in Palikyras et al, Aging Cell 2024; PMID 38196311), 
some heterogeneity will sCll exist. Thus, some cells show more of a decrease in HMGB levels than others. 

ICM does not result in DNA damage (Fig. 1c) – please provide evidence. 
The experimental evidence for this is shown and quanCfied in Supplementary Fig 1c. 

Fig. 2a – any idea why CTCF has 2 bands aZer ICM? 
In western blots from proliferaCng IMR90, CTCF will typically appear as a single band of ˜130 kDa, but 
the presumed molecular weight of CTCF based on its open reading frame is ˜70 kDa. This discrepancy 
is because CTCF is post-translaConally modified, primarily poly(ADP)-ribosylated (Farrar et al, Methods 
Mol Biol 2011; PMID 21870268). We have now discovered that CTCF is hypo-PARylated in senescence, 
regardless of whether this is induced by ICM or by serial passaging; hence this second band in the blot 
of Fig 2a. We have started invesCgaCng this, and have validated that is poly(ADP)-ribosylaCon-specific 
by the use of PARP inhibitor—but we feel that this is beyond the scope of this (already large) study. 

Fig. 2d – not sure why SC35 needs to appear here. 
Thank you for poinCng this out; it does not, and we have now removed this sub-panel. 

Would BANF1 overexpression lower the 8me or concentra8on of ICM treatment? Is there a correla8on 
between the amount of BANF1 protein and the appearance of SICC, inferring that overexpression of 
BANF1 fastens senescence/ SICC forma8on. 
We have not explicitly tested whether BANF1 overexpression renders ICM treatment more efficient, 
mainly because primary cells like IMR90 are not easy to transfect with high efficiency, and it becomes 
difficult to obtain homogeneous populaCons overexpressing a given factor—and this required for live-
cell monitoring of cell prliferaCon. However, we do have the data on BANF1 amounts that the Reviewer 
is referring to. Indeed there seems to a correlaCon between the levels of BANF1 in a given nucleus and 
the appearance (or not) of SICCs (please see Fig R1, below). We are happy to add this data to Fig 2, if 
requested. 
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Fig R1: Le#: Merged IF images of 
IMR90 treated with ICM and with 
control (top) or BANF1-targeBng 
siRNAs (boDom). Right: ScaDer plot 
quanBfying total BANF1 and CTCF 
intensity from cells carrying (green) 
or not SICCs (grey). DoDed lines 
represent the boDom and top 
values for each subset.  

 
The authors state that SICCs colocalize to nuclear speckles. Could it not be possible that with ICM, CTCF 
enters the NS and does not generate a different body? Perhaps SRRM2 connects CTCF to the NS, which 
is claim to be seen in Fig. 3c.  
We agree with the Reviewer that CTCF most likely does not form a different body, but rather clusters on 
nuclear speckles (and perhaps inside its outer-most layer; see Fei et al, J Cell Sci 2017; PMID 29133588) 
and is connected to them via SRRM2. Hence, SRRM2 depleCon leads to SICC dissoluCon (Fig 3c). This is 
what our super-resoluton STED images would also suggest (Fig 3e; with the CTCF signal somewhat offset 
with respect to the bulk of the speckle signal. We now makes this postulaCon more explicit in our revised 
main text (see pg. 4). 

Note this publica8on – PMID: 33095160, sta8ng that the main target of SC35 mAb is SRRM2, which 
means when SRRM2 is knocked down and NS are labeled with SC35 then this suggest that the knockdown 
wasn’t very good (need to add a SRRM2 staining for KD valida8on like with BANF1). Suggest to add SON 
staining, as it’s the 2nd core protein of the NS aside from SRRM2, for NS marking. 
We were aware of this issue, and chose the mouse monoclonal anCbody anC-SC35 (NB100-1774) from 
Novus Biologicals because it was not one of those flagged in Ilik et al. (2020; PMID 33095160) to cross-
react with SRRM2. In fact, this anCbody does not recognise any of the two parts of the SRRM2 protein 
that we overexpress (i.e., RBD aa 197-259 or C-terminal IDR aa 1633-1695, the laler also included in 
the part of SRRM2 that Ilik et al. reported as the recogniCon region for SC-35 anCbodies) as evidenced 
from Fig 3g,h. Also, upon ~80% SRRM2-knockdown, SC-35 staining persists (see Supplementary Fig 3f). 
Nevertheless, we agree with the Reviewer that SON staining would resolve this, but we provided this in 
Supplementary Fig 3e. 

Short term treatment of 1,6 hexanediol dissolves liquid but not solid condensates (PMID: 38659924), 
maybe this can help differen8ate between SICCs and NS. There are ways to disassemble nuclear speckles. 
What we see is that the short (2-min) treatment with 1,6-HD will dissolve SICCs, but will not dramaCcally 
compromise nuclear speckles (see Supplementary Fig 3g), thus somewhat decoupling the two enCCes 
as the Reviewer suggests 

Verify that it’s clear in all the figures and images which channel is which in the colored merge. For 
example, in Fig 2c, DMSO, we don’t know which is green and which is red. If CTCF is red (like +ICM) where 
did it go in DMSO?  
We acknowledge this oversight, and we have now amended all relevant figure legends to display which 
channel corresponds to which staining. For Fig 2c specifically, the Reviewer is correct—inadvertently, 
CTCF is shown in the green channel in cells, but in the red in ICM-treated cells. We have redrawn this 
figure and checked all other for consistent data presentaCon. Thank you for noCcing this. 
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Fig. S2c-e – state that the cells were treated with ICM in both figure and legends. 
Now corrected, as suggested. 

Fig. 3a – show the unmerged channels separately. 
Now shown, as suggested. 

Fig. S3a – “Tautomyce8n dispersed speckles and SICCs into smaller forma8ons that are more ellip8cal 
(Supplementary Fig 3a,b)” – don’t see this in the images. 
We show a characterisCc field of view with one larger speckle upon treatment and many smaller ones; 
our statement is based on quanCficaCon of the radius, eccentricity and SICC formaCon in >60 nuclei as 
shown alongside this image. 

“Cantharidin caused them to fuse into more round, larger structures (Supplementary Fig 3c,d).” – just 
one nucleus. 
We showed one representaCve nucleus, but show quanCficaCon of >40 nuclei alongside this. We are 
happy to provide more examples, but—as also pointed out by this Reviewer—the paper is very data 
dense already and we thought that the quanCficaCon would suffice. 

Fig. 3c,d – “This was not due to a reduc8on in CTCF levels, but rather due to its redistribu8on (Fig 3c,d)” 
– would need a Western blot to show whether there is no reduc8on. 
We now also a western blot following SRRM2-knockdown in ICM-treated cells to show that no reducCon 
in CTCF levels occurs (added to revised Fig 3). 

Fig. 3e – the text is somewhat vague – on the one hand it says the signals are overlapping, on the other 
hand it says they are offset to each other. Perhaps some kind of colocaliza8on analysis could help make 
this observa8on more precise. 
There is clear overlap of the signals (also in non-super-resoluCon images like Fig 3a), and we now back 
our claim of (offset signal between the speckle and the CTCF stainings) via a line scan plot, as proposed. 

Also, the CTCF signal appears quite weak and resembles background compared to the supplementary 
image (Fig. S3h) and other figures. Suggest replacing the images in Fig. 3e. 
There is a small, yet measurable decrease in CTCF of 15% protein levels in senescence (Palikyras et al, 
Aging Cell 2024; PMID 38196311), so such weaker signal is not an exposure artefact (compared to that 
in a proliferaCng cell in Supplementary Fig 3h), but rather the result of dramaCc relocalizaCon within a 
thin opCcal secCon. 

Different cells throughout the manuscript show varying numbers of CTCF foci. Is there any correla8on 
between nuclear speckles numbers and CTCF foci? 
Yes, there is a clear correlaCon – for example, when we manipulate speckles pharmacologically either 
with cantharidin or with tautomyceCn to fuse or disperse, respecCvely, the CTCF foci follow, which also 
higlights their interconnecCon (see Supplementary Fig 3a-d). 

Fig. S4a,b – where are the controls showing the Rnase/Dnase treatments worked? 
We have lysed IMR90 cells and quanCfied residual RNA or DNA many Cmes aqer such treatment. Please 
see Fig R2 below for a reference on RNase A degradaCon. 
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Fig R2: TapestaBon profiles of RNA isolated from mock- (Ctrl) and RNase A-treated 
IMR90 (+RNase) following in situ permeabilizaBon as for immunofluorescence assays.  

 
 
 
 
 
 
 

 
Fig. 3g – don’t really see nuclear speckles-like staining in the CTCF channel when the RBD is added; 
compare for instance to Fig. 3c. Therefore, the conclusion at the end of this sec8on is not based on very 
strong evidence. 
In Fig 3g, the SRRM2-RBD-Venus signal overlaps the SC-35 foci shown for that same nucleus. However, 
there is an important consideraCon here that explains the Reviewer’s observaCon: compared to Fig 3c 
(and to any other image of a senescent nucleus), the SRRM2-RBD iniCates CTCF clustering in the context 
of a sCll-proliferaCng cell that is not permisive of SICCs. SCll, focal CTCF signal becomes obvious (please 
compare the two cells in the field of view: the leq-hand-side one expresses the RBD, but the right-hand-
side one does not and has no CTCF foci). If one looks at the same experiment performed in senescent 
cells pre-depleted of full-length SRRM2, the RBD overexpression effect is essenCaly the same, but more 
pronounced phenotypically (see Supplementary Fig 5b). 

Fig. 4b – whats going on the top Venus image? 
The expression of piggybac overexpression constructs can have varying output levels; here, HMGB2 is 
expressed quite highly and also spills out into the cytoplasm of these expanded senescent IMR90. This 
is not unusual, and is merely a reiteraCon of an experiment performed previously (i.e., that full-length 
HMGB2 rescue most SICC formaCon in senescent cells; see Zirkel et al, Mol Cell 2018; PMID 29706538). 

Page 5 third line- RBD instead of RDB. 
Thank you for noCcing this, it has now been corrected. 

Fig. 4j – not sure this panel is referred to in the text, and not clear what one is seeing or what it tells us 
(and Fig. S8). 
This figure panel, together with data in Supplementary Fig 8, is based on whole-genome coarse-grained 
simulaCon via the Chrom3D framework that allows us to ask some quesCons on CTCF clustering at the 
levels of larger chromaCn domains that are difficult to address experimentally. As menConed in the text, 
these simulaCons of our actual experimental data further “supported the noCon that acCve, CTCF- and 
HMGB2-rich domains reside in spaCal proximity to nuclear speckles” and reorganise dramaCcally upon 
entry into senescence. However, panel 4j was wrongly referred to as 4i on pg. 6, but is now corrected. 

The explana8on of how SICC forma8on alters alterna8ve splicing paKerns is missing.  
We agree with the Reviewer that we should have been more explicit with our model of how SICCs may 
work to alter splicing palerns upon senescence entry. In brief, the reorganizaCon of CTCF loops will now 
posiCon different genes (e.g., the three genes from chr5 presented in Fig 7h) at specific distances to 
nuclear speckles thereby affecCng their splicing palerns. This is also evidenced by data in Fig 7f,g that 
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show that loci with altered AS palerns in senescence are enriched for TSA-seq signal (indicaCng speckle 
proximity) and show exon-intron ‘GC signatures’ expected of speckle associated genes (the signatures 
are obtained from Tammer et al, Mol Cell 2022; PMID 35182478). We have added an expanded version 
of this explanaCon in our revised Discussion. We have also added a graphical model to revised Fig 7 to 
help readers visualize this concept (see also Fig R3, below). 

The author should provide supplementary data demonstra8ng that treatment of fetal lung fibroblasts 
with ICM induces senescence. 
As also menConed above, the full descripCon of the ICM model for replcaCve-like senescence in IMR90 
is detailed and accompanied by a large resource of biochemical and genomics data in our recent paper 
(Palikyras et al, Aging Cell 2024; PMID 38196311). We now explicitly direct readers to this. 
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Reviewer #2: In this manuscript, Palikyras et al. provide an in-depth characterisa8on of SICC forma8on 
in unique culture models. Using a proteomics approach, they iden8fied BANF1 and speckles’ 
components, par8cularly SRRM2, as key regulators of SICC forma8on. In addi8on, using mul8modal 
omics approaches and computa8onal simula8on, they show evidence sugges8ng a nega8ve correla8on 
between HMGB2 and CTCF-Speckles interac8on as well as forma8on of longer-range, nested CTCF loops. 
At the single-cell level, they employed 3D DNA tracing, valida8ng some of these findings. Further 
introducing CLIP/APEX2 analyses suggests that alterna8ve splicing events are associated with SICC 
forma8on. Interes8ngly, they show that disrup8on of SICC integrity by deple8ng SRRM2, BANF1 or CTCF 
alleviates prolifera8ve arrest in ICM-treated cells. This study poten8ally iden8fies important mechanisms 
for the spa8al clustering of SICC and its func8onal relevance. The dynamic interac8on between HMGB2, 
CTCF, and speckles, as well as RNA, is interes8ng, but the data integra8on is quite complex: the 
manuscript could benefit from the inclusion of a model illustra8on. 
We are happy to see that the Reviewer finds that we provide an “in-depth characterisa8on of SICC 
forma8on in unique culture models” in a study that “poten8ally iden8fies important mechanisms for the 
spa8al clustering of SICC and its func8onal relevance”, where the “dynamic interac8on between HMGB2, 
CTCF, and speckles, as well as RNA, is interes8ng”. We also agree that the overall integraCon of different 
types of data, especially the link between biochemistry and cell biology with 3D genomics, can become 
quite complex. To remedy this, we have now simplified figures and text to streamline our main message, 
but also provide a model as suggested (in Fig 7 and as Fig R3 below) to make this more comprehensible. 

Fig R3: Graphical model showing 3D reorganizaBon of CTCF-bound 
chromaBn with respect to speckles via BANF1 and SRRM2 that ulBmately 
leads to senescence-associated splicing paDerns on genes involved in 
these cluster formaBons. 

 

 

 

 

Major points: 
1. The role of RNA in SICC forma8on on speckles: Their data suggest that overall RNA inhibits CTCF-
speckles interac8on and RNA-unbound CTCF contributes to CTCF clustering. Yet, CTCF eCLIP shows 
increased peaks during senescence (supple fig. 4c). Do they mean that those CTCF CLIP peaks represent 
the non-SICC frac8on of CTCF? 
We agree with the Reviewer that our data suggest that overall RNA is likely acts in a reqactory manner 
for the CTCF-nuclear speckle interacCons, which is in line with stronger interacCon and ulCmately CTCF 
clustering on speckles in senescent cells that produce less RNA overall (see Palikyras et al, Aging Cell 
2024; PMID 38196311). We deduce from our simulaCons (Supplementary Fig 6g-i) and experiments 
using TPA or ZnCl2 (Supplementary Fig 4g) that unbound CTCF (not only from RNA, but primarily from 
chromaCn) will criCcally contribute to the observed clustering. But how does the CTCF eCLIP data reflect 
this? They are actually in line with a recent careful biochemical dissecCon by the Gulman lab (see Guo 
et al, Mol Cell 2024; PMID 38387462) where CTCF does not show specific RNA binding capacity. This 
also holds true in our data from proliferaCng IMR90, but the number of eCLIP peaks indeed increases in 
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senescence as CTCF is posiConed on RNA-rich speckles due to SICC formaCon (Supplementary Fig 11). 
We believe that these RNA associaCons simply reflect persistent CTCF proximity to RNA in speckles, and 
when crossed with our APEX2-SRSF7 data, we found measurable overlap of co-associated genes. 

2. Similarly, they show that overexpression of SRRM2-RBD is sufficient for CTCF clustering, where SRRM2-
RBD and CTCF clusters mostly colocalise. Could the authors clarify how they interpret the data? Do the 
data imply that the speckles-mediated ‘focal’ enrichment of RNA is cri8cal for CTCF clustering, while the 
enzyma8c (global) deple8on of RNA does not compromise SICC forma8on? If so, can the authors test 
this by using an ectopic expression of an RNA-binding-deficient mutant (if available) of SRRM2-RBD? 
Together with the CTCF data, I wonder if the following interpreta8on is in line with the authors’ - while 
speckle-mediated RNA recruitment may be important for CTCF clustering, CTCF-RNA binding primarily 
occurs outside of CTCF clusters. 
We thank the Reviewer for this insight—it is a plausible scenario and our take on it is the following. First, 
the test that the Reviewer is asking for, we have essenCally performed by overexpressing a disordered 
regions from the C-terminal part of SRRM2 that does not encompass its presumed RNA-binding domain; 
this overexpression cannot induce SICC formaCon (Fig 3h). Unfortunately, since the SRRM2 RNA-binding 
domain has not been experimentally dissected (but rather annotated in silico in the UniProt database; 
hlps://www.uniprot.org/uniprotkb/Q9UQ35/), we cannot perform targeted mutaCons or deleCons to 
confidently produce a binding-deficient pepCde.  
However, there are two striking results from our SRRM2-RBD overexpression experiments. On the one 
hand, SRRM2-RBD overexpression already induces SICCs (Fig 3g) despite the presence of more RNA and 
HMGB2 (the factor that needs to be depleted to induce SICCs in senescence; see Zirkel et al, Mol Cell 
2018; PMID 29706538). On the other hand, in senescent cells depleted of full-length SRRM2 with 
siRNAs, and thus of SICCs, introducCon of this short SRRM2-RBD pepCde suffices for CTCF clustering 
(although these clusters look somewhat smaller; Supplementary Fig 3f). Thus, we think that it is rather 
protein-protein interacCons that lead to these effects, and that CTCF RNA-binding is at best secondary. 
As the Reviewer suggests, this might mean that crosslinking of CTCF outside SICCs might produce these 
associaCons or it might be that these RNA associaCons simply reflect persistent CTCF proximity to RNA 
in speckles via SICCs that also involve chromaCn. Although we favor the laler (because the vast majority 
of CTCF is found in the chromaCn fracCon at any given Cme; see Fig 2a), we cannot formally rule out 
the former. Accordingly, we amended the respecCve secCon of the Results (on pg. 10) to reflect this. 

3. What could be the func8onal relevance of the longer-range, nested CTCF loops that emerge during 
senescence? Or more generally, can individual alterna8ve splicing events be linked to differen8al loops 
at these loci? 
This is precisely what we are proposing by combinaCon of our 3D genomics (Micro-C and LoopTrace) 
data and splicing analysis of RNA-seq. To elaborate a bit, we postulate that this reorganizaCon of CTCF 
loops will now posiCon different genes (e.g., the three genes from chr5 presented in Fig 7h) at specific 
distances to nuclear speckles thereby affecCng their splicing palerns. This is also evidenced by data in 
Fig 7f,g that show that loci with altered AS palerns in senescence are enriched for TSA-seq signal 
(indicaCng speckle proximity) and show exon-intron ‘GC signatures’ expected of speckle associated 
genes (the signatures are obtained from Tammer et al, Mol Cell 2022; PMID 35182478). We have added 
an expanded version of this explanaCon in our revised Discussion, which can be also visualized via the 
graphical model added to Fig 7 (see also Fig R3, above) as the Reviewer suggested. 

https://www.uniprot.org/uniprotkb/Q9UQ35/
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4. Suppl fig. 11i: HMGB2-binding mRNAs substan8ally overlap with ICM-induced AS genes. Probably I 
miss some points, but I wonder how we interpret this. What is the rela8onship between these 287 
HMGB2-binding/AS mRNAs and APEX2-SRSF7 mRNA? 
We added the HMGB2 sCLIP data to the manuscript for the sake of compleCon, but our explanaCon 
should have been more detailed. As the Reviewer correctly points out, there exists substanCal overlap 
between HMGB2-bound mRNAs and ICM-induced AS genes (Supplementary Fig 11i). There also exists 
substanCal overlap between ICM-induced AS and HMGB2-KD-induced AS genes (Supplementary Fig 
10g), and many individual AS events on mRNAs occur at posiCons bound by HMGB2 prior to senescence 
entry (see Fig 7e). Thus, we propose that the loss of HMGB2 in senescence is linked to these AS changes, 
which are further associated by their relaCve posiConing relaCve to the acCve speckle environment. 
As regards the overlap with the APEX2-SRSF7-captured mRNAs: we have now looked into this and we 
have added this informaCon on pg. 9-10, and we thank the Reviewer for moCvaCng this. 

5. How do the alterna8ve splicing events in this model compare to alterna8ve splicing previously 
reported in other or similar senescence models (PMID 39118304)? 
We are happy to provide this analysis (see Fig R4, below), but the work by Deschênes et al suggests that 
changes in splicing may be seen as defects, which might not be enCrely true. Our data suggest more of 
a programmed change to senescence-associated AS palerns implemented 3D genome reorganizaCon. 

Minor points: 
6. “…. are not a result of accumula8ng DNA damage (Supplementary Fig 1c).” Do they mean acute DNA 
damage or DNA damage-induced senescence? 
Maybe our wording was not ideal here. To rephrase: cells commiCng to senescence following 6 days of 
ICM treatment are not accumulaCng DNA damage (therefore, they would not resemble DNA damage-
induced senescence). We have now clarified this in the main text. 

7. The enzyma8c (RNase A) deple8on of RNA promotes CTCF-SON interac8on (supple fig. 4b). Do they 
see increased recruitment of speckles components to SICCs? This is not obvious in Supple fig. 4a (boKom). 
EssenCally, we see lille change in immunofluorescence images following RNase A treatment. However, 
there likely are changes to speckle properCes that we cannot quanCfy here, hence our statement only 
on how RNA affects this interacCon in reference to Supplementary Fig 4a,b. 

8. “…. (Fig 4c), sugges8ng that its disordered tail alone interferes with CTCF-BANF1-SRRM2 interac8ons 
…..” The imaging data alone (Fig. 4c), without addi8onal assays like co-IP, wouldn’t support this 
statement. 
Our imaging data in Fig 4c show that overexpression of the disordered C-terminal tail of HMGB2 alone 
suffices for dissoluCon of SICCs. This likely involves the same mechanism as the rescue via the full-length 
HMGB2 protein, which does interact with speckle components (see Fig XX). Thus, it is not unreasonable 
to propose that this interacCon is via its disordered C-tail. Nevertheless, we have now performed a co-
IP experiment in IMR90 expressing the disordered HMGB2 tail to show interacCons of the HMGB2 tail 
alone with speckle-associated components as suggested (see new Supplementary Fig 5d).   

Reviewer #2 Remarks on Protocols: Apart from comment #6, I did not iden8fy any major issues regarding 
methods availability. 
We apologise for the oversight and have added these treatment details in the Methods secCon.  
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Reviewer #3: In this study, Palikyras and colleagues con8nue the characteriza8on of SICCs forma8on in 
senescence, addressing their mechanisms of forma8on and func8on. For the former, they report that 
the clustering of CTCF during senescence entry, previously reported to depend on deple8on of HMGB2, 
also requires on a repurposing of the SRRM2 and BANF1 protein. For the laKer, they report that SICCs 
associate with nuclear speckles, which changes the RNA splicing program. 
I consider the func8onal characteriza8on (Figures 4-7) interes8ng, although some findings may be 
considered somewhat incremental. The characteriza8on of SICCs forma8on (Figures 1-3) instead has a 
range of issues: incomplete characteriza8on, tunnel vision and inconsistencies with previous work from 
the same group. Based on my evalua8on, I advise against publica8on in Nature Cell Biology. 
We are happy to see that the Reviewer finds the funcConal characterizaCon of SICCs (spanning Figs 4-
7) “interesCng”. We also understand where the issues with the characterizaCon of SICC formaCon (Figs 
1-3) may come from and have made changes to remedy this on the basis of the Reviewer’s comments. 

Major issues: 
1. The SICCs forma8on part of the study alludes regularly to phase separa8on / condensate forma8on, 
par8cularly through its computa8onal focus on IDRs and experiments with 1,6-hexanediol. As reported 
by many groups, the confirma8on of phase separa8on effects requires careful experimental valida8on 
(see e.g. hKps://pubmed.ncbi.nlm.nih.gov/30682370/). Due to its ubiquitous effect on nuclear and 
cellular processes, 1,6-hexanediol experiments require careful follow up, for instance in-vitro 
recons8tu8on of condensate forma8on or muta8ons / trunca8ons of IDRs. This study does not include 
such experiments, rendering any conclusions premature and specula8ve (ie. discussion, page 12). 
We fully agree with the Reviewer here and are aware that we are not in a posiCon to formally comment 
on the “phase separaCon” nature of SICCs based on the data in the paper. We also agree the 1,6-HD 
treatments do not provide a decisive readout for this due to pleiotropic effects. However, there are a 
number of aspects that need to be considered here given our parCcular system of study. First, IMR90 
(and most primary human cells) are not amenable to genome ediCng within their replicaCve lifespan 
(i.e., one cannot really obtain pure genome-edited clones before cells senesce or start dying); this does 
not allow us to test the liquid or other nature of SICCs via FRAP, because we cannot tag endogenous 
CTCF (and ectopic overexpression of CTCF-GFP in most primary cells including IMR90 leads to prompt 
cell cycle defects). Second, the propensity of CTCF to form condensates in vitro has already been 
demosntrated (Zhou et al, iScience 2022; PMID 36117989). Third, nuclear speckles represent bona fide 
phase separated enCCed that are well studied (e.g., Greig et al, Mol Cell 2020; PMID 32048997). These 
aspects make it almost impossible to discuss the formaCon of SICCs on speckles without any reference 
to “phase separaCon”, although we acknowledge that we have no biophysical characterisaCon of SICCs 
(mostly due to technical limitaCons), and that the 1,6-HD treatment is not sufficient.  
Our intenCon sCll is to discover molecular partners that can control CTCF clustering in senescence 
(which we find in BANF1 and SRRM2, and offer funcConal evidence for this), and to then assess how the 
formaCon of SICCs on speckles might be related to senescence commitment. Thus, the Reviewer’s 
remark is not at odds with our intenCon, and we have now reworded the manuscript to reflect the issues 
discussed here. Moreover, on pg. 12 of the Discussion, we now cauCously refer to this. 

2. Other work, including cita8on 49 and notably the work of Karsten Rippe and colleagues, has shown 
that other mechanisms can explain the forma8on of nuclear foci. The study does not report any efforts 
to exclude alterna8ve mechanisms beyond phase separa8on, nor does it give a ra8onale why such 
avenues were not explored. The finding that SICCs forma8on is sensi8ve to DNase treatment 

https://pubmed.ncbi.nlm.nih.gov/30682370/
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(Supplementary Fig. 4b) provides compelling evidence that phase separa8on is not involved in SICCs 
forma8on. This possibility should be addressed or excluded prior to publica8on. 
We assume that the Reviewer is referring to LLPS (liquid-liquid phase separaCon) here, which is indeed 
not compaCble with chromaCn dependence (and, thus, not compaCble with sensiCvity to Dnase I). We 
are in full agreement and now explicitly address this in the Results (already on pg. 3). We should clarify 
though that, when it comes to condensates associated with chromaCn, “phase separaCon” has been 
regularly used as a term that loosely implies a phase transiCon, without specifying any exact biophysical 
mechanism (we actually discuss this issue in a recent review we co-wrote with Karsten Rippe; please 
see Papantonis and Rippe, Nat Rev Gene8cs 2025; PMID 40537661). Thus, and also taking into account 
the limitaCons discussed in response to comment #1 above, we now explicitly state that the results in 
Supplementary Fig 4b essenCally exclude LLPS for SICCs. Next, in the Discussion we refer to chromaCn-
seeded condensates without claiming that we have addressed their underlying biophysical properCes 
or mechanisms. This makes the manuscript way more clear with respect to the “phase separaCon” 
aspect of the work, and we thank the Reviewer for moCvaCng this. 

3. The study claims that SICCs forma8on cri8cally relies on func8onal repurposing of SRRM2 and BANF1. 
These proteins localize differently in the nucleus (SRRM2 at speckles, mostly centrally located and BANF1 
mostly at the nuclear periphery) and both proteins are studied independently from each other. In the 
discussion (page 12), the authors claim “a subset BANF1 molecules apparently move from the periphery 
to the nuclear interior”, but any proof for such behavior is missing. Without characteriza8on of a 
func8onal interplay between both factors (MS upon senescence entry?), the dual dependence of SICCs 
forma8on on both factors remains poorly explained. 
First, we want to state that our alempt for an explanaCon on pg. 12 is within the limits of the discussion 
of our results, and does not claim any more direct evidence than that provided in the figures. We agree 
with the Reviewer that one might expect SRRM2 and BANF1 to co-associate in senescence, especially 
since (i) CTCF co-IP/MS show it interacts with both proteins in senescence, and (ii) that the knockdown 
of either protein prevents efficient SICC formaCon. To this end, we have performed a co-IP between the 
two factors to find that they do not directly interact.  

4. Based on imaging, Fig. 1a claims a dras8c (~ 90%) reduc8on in HMGB2 upon ICM treatment, but using 
the same experimental setup and a more direct measurement of protein amounts (Western blowng; Fig. 
1h in ref. 38), the authors previously reported a much more moderate difference. Similarly, the reduc8on 
in CTCF amounts upon ICM treatment were more moderate in ref. 38 (Western blowng, Fig. 1h) as 
compared to this study (Western blowng, total amount in Fig. 2a). This discrepancy raises ques8ons 
about the reproducibility of the cell system that is used in this study, which remains unexplained. 
We understand where the Reviewer comes from here. The reducCon in HMGB2 levels in Fig 1a of this 
manuscript is 6-fold (i.e., ˜83%) by immunofluorescence, whereas in western blots shown in Palikyras 
et al (Aging Cell 2024; PMID 38196311) it is in the order of ˜60%. A similar effect seems to documented 
for CTCF when one compares Fig 2a with Fig 1h in Palikyras et al (2024), although the blots in Fig 2a 
were exposed separately and might not be fully comparable (as we wanted the chromaCn bands to not 
oversaturate). However, in all cases (including hundreds of ICM treatments we have performed in the 
last 5 years) HMGB2 is consistently reduced by at least 60%, CTCF readily forms clusters, and relevant 
senescence markers are differenCally regulated. We now know that any discrepancies are simply due to 
ICM batch purity; when bought “off the shelf” from Sigma, ICM tends to be a bit less potent than the 
industrial-scale batch that we ordered recently and store in aliquots for future use. Thus, although some 
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discrepancies arise, the overall phenotype of the system is robust and reproducible, and offers two key 
advantages in the study of replicaCve senescence. First, it drasCcally reduces the Cme on has to wait in 
order to obtain senescent cell populaCons (6 days via ICM compared to >2 months via serial passaging); 
second, it produces an almost uniformly senescent populaCon which renders comparisons cleaner. We 
hope that the Reviewer acknowledges these advantages when studying molecular mechanisms via such 
approaches as genomics that require mulCple replicates and large cell numbers. 

Minor issues:  
- Page 3: “All five proteins had a biophysical profile similar to that of CTCF”. What do the authors mean 
by biophysical profile? 
In hindsight, we agree that the word “profile” might not best reflect what we show in Supplementary 
Fig 2a. We meant to refer to the biophysical properCes predicCve or not of the condensaCon behaviour 
of proteins with intrinsically disordered domains as computed via the CIDER framework from the Pappu 
lab (Holehouse et al, Biophys J 2017; PMID 28076807). We have now changed this to read “computed 
protein state properCes” as per the Pappu’s lab nomenclature. 

- Page 4: “CTCF and SC-35 immunostaining revealed a strong co-localiza8on between SICCs and speckles 
(Fig 3a)”. How was strength of co-localiza8on determined? The green signal appears generally enriched 
away from the nuclear periphery, whereas the red signal has peaks and valleys. In Fig. 3a: are the red 
and green lines the opposite from the color code in the image? How were arrows posi8oned in the graph: 
most but not all peaks are marked by an arrow, but an arrow is present within a dip as well. 
The line scan transverses 5 apparent SICCs (albeit not always directly across their center, which explains 
the variability in CTCF signal intensity). These are the ones highlighted by arrows in the graph. We have 
now added the same arrows also on the image for clarity, and have replaced the word “strong” with 
“apparent” as we indeed do not measure strength here, just qualitaCve overlap. 

- Page 4: discussion of results from Supplementary Fig. 3a-d: despite being significantly different, the 
actual differences are minor as compared to the diversity of speckles within the same group. These 
results should be presented in a more toned-down manner. 
We agree with the Reviewer that the differences between treatments and controls are not dramaCc, 
and we have now toned this down in the relevant Results secCon (see pg. 4). 
 
- Page 4: “Thus, RNA likely competes with CTCF or repels it from clustering on speckles.” Based on the 
presented results, I don’t understand how the authors come to this conclusion.  
This is based on a number of observaCons. First, Supplementary Fig 4a shows that RNase A treatment 
of senescent IMR90 does not compromise SICCs. Second, Supplementary Fig 4b shows that RNase A 
treatment, in contrast to DNase I treatment, produces a much stronger CTCF-SON interacCon. Third, we 
now that senescent cells produce less RNA overall (see Palikyras et al, Aging Cell 2024; PMID 38196311). 
Fourth, our eCLIP data show that CTCF does not show specific RNA binding capacity in proliferaCng cells 
(Supplementary Fig 4c) in line with recent biochemical evidence published by the Gulman lab (see 
Guo et al, Mol Cell 2024; PMID 38387462). Together, these observaCons would suggest that strong RNA 
presence likely repels CTCF interacCons with an RNA-rich body like the speckles, but this changes 
dramaCcally in senescence, where our APEX2-capture experiment showed strong depleCon of mRNAs 
from nuclear speckles (Supplementary Table 9). 

- Page 5: “inherent affinity for speckle-enriched proteins”. What result shows that this effect is inherent? 
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Again, we acknowledge that the wording is not ideal and have reworded this to simply read “…affinity 
for speckle-enriched proteins”. We thank the Reviewer for poinCng this out. 
 
- Page 5 and Fig. 4e: “Venn diagram showing the overlap between the HMGB2 (green circle) and CTCF 
interactomes (grey circle) from prolifera8ng and senescent IMR90, respec8vely”. The figure purportedly 
shows two different data sets, but only a single Venn diagram is shown. 
This is a misunderstanding; Fig 4e shows the overlap between the proteins interacCng with HMGB2 (as 
it is only expressed in proliferaCng cells) to the proteins that CTCF co-immunoprecipitates with in ICM-
treated cells (when CTCF now associates strongly with speckles). This overlap between condiCons is 
needed to show that speckle-enriched interactors of HMGB2 in proliferaCng cells are taken over by CTCF 
in senescence, when HMGB2 is absent/reduced in the cell nucleus. We now clarify this. 

- Page 5-8 and Figs 5 and 6: ChIPmenta8on results are illustrated with browser views and averaged 
enrichment plots. This provides liKle informa8on about genome wide behavior of peak signal or overlap 
between data sets. Addi8on or replacement by Venn diagrams and aligned heatmaps would be 
preferred. 
The informaCon conveyed by Venn diagrams is already in the Results text on pg. 7, and we opted for 
this due to space limitaCons in a rather crowded image. The aligned heatmaps we can of course provide, 
and they expand what the average plots in Figs 5 and 6 show.  

- Page 7: sec8on from “interes8ngly, >25% of HMGB2 peaks fell within”. Unless I’m mistaken, the 
men8oned HMGB2 peaks are those in prolifera8ve cells (HMGB2 data upon ICM treatment is not 
shown). Intersec8ng those with loop anchors in senescent cells is not op8mal. The authors should 
consider modifying this analysis and/or rephrase the discussion (for instance focusing on SON, which 
maintains its genomic posi8on upon HMGB2 degrada8on). 
There is scope to this comparison, but we failed to make it clear in the text. Indeed, HMGB2 produces 
robust peaks only in proliferaCng cells, as it is quanCtaCvely depleted from senescent nuclei. Here, we 
interested this HMGB2 peak list with loop anchors found in both proliferaCng and senescent cells. This 
was meant to reveal that many HMGB2-bound loop anchors are remodeled in senescence, and that the 
rest are rewired to form senescent-specific loops. We now explain this more clearly. 

- Page 7: “while loops with both anchors bound by HMGB2 were the smallest in size and essen8ally 
dissolved”. Signal and enrichment for these loops remains clearly visible in Fig. 7d and the absolute 
reduc8on is in a similar range as the other categories. The authors should more carefully interpret this 
result. 
We agree with the Reviewer and have rephrased this to reflect signal reducCon rather than dissoluCon. 

- Page 7: “Last, we generated Micro-C data aZer 1,6- hexanediol treatment”. As men8oned above, the 
effect of 1,6- hexanediol is highly ubiquitous and aspecific. Without addi8onal valida8on, the authors 
should not interpret the changes rela8ve to SICCs structure or func8on. 
We do not disagree with the Reviewer here. Indeed, 1,6-HD treatment will have pleiotropic effects, and 
work by the Maeshima lab showed that it may also condense chromaCn and reduce its overall mobility 
(as assessed by live-cell imaging in Itoh et al, Life Sci Alliance 2021; PMID 33536240). At the same Cme 
though, we hope that the Reviewer acknowledges that it is not by sheer coincidence that the loops lost 
upon 1,6-HD treatment are perdominantly those that were gained upon senescence entry of cells (Fig 
5j,k). Thus, we are happy to significantly tone down this part of the Results, while also poinCng out the 
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uncertain pleiotropic effects of this crude treatment, but we would rather keep this data in the paper 
as it is (to our knowledge) the only Micro-C dataset generated under such a treatment and might also 
serve as a resource for others studying 1,6-HD effects on 3D chromaCn structure. 

- Page 8: I appreciate the results from the LoopTrace studies. The authors should explain though why the 
three selected regions were chosen and where CTCF, HMGB2 and SON bind in these regions in 
prolifera8ve and senescent cells. 
The Ellenberg lab had a small collecCon of probes that targeted various domains on different human 
chromosomes at the highest (12-kbp) resoluCon. We screened this collecCon for probes that contained 
transcripConally acCve genes also mapping to the A1 subompartment (that was shown to contain most 
speckle-associated chromosomal parts (Ahanger et al, Nat Neurosci 2021; PMID 34239128). The 1-Mbp 
region on chr5 studied here matched these requirements and was thus chosen; the lower resoluCon 
probe sets used alongside this serve as internal controls for the LoopTrace experiment. Finally, we 
provide a browser view of the HMGB2 and SON tracks under the exisCng CTCF ones in this chr5 region 
from both proliferaCve and senescent IMR90 (in revised Fig 6c). 

- At several places in the manuscript, words are used that convey an opposite message over what is 
reported: (1) 8tle: “sustain” -> SICCs forma8on upon senescence entry instead appears to instruct a 
different splicing program, (2) “rescue” on page 5: “we could rescue SICCs” and in the 8tle of Fig. 4 -> 
HMGB2 reintroduc8on perturbs SICCs forma8on; do the authors mean “revert” instead? 
We thank the Reviewer for poinCng these mistakes out; we have now reworded all of these and combed 
the manuscript to correct language throughout. 
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Supplementary Fig 1 | SICC formation and CTCF protein interactors in senescence. a, Electron microscopy 
images from DMSO- and ICM-treated IMR90 immunostained for CTCF. Insets: CTCF clustering in senescence. 

b, Plot showing changes in confluence (mean SEM) of IMR90 (left) or HUVECs (right) treated with non-
targeting (siCTRL) or HMGB2-targeting siRNAs (siHMGB2; relative to the 0-hour time point) from three 
replicates. c, Left: Representative image (from two independent experiments) of 6-day ICM-treated or 
replicatively senescent IMR90 (passage 34) immunostained for CTCF. Right: Bar plots of the percent of cells 

displaying SICCs; N is the number of cells quantified per condition. P-values were deduced via a two-sided 
Fisher’s exact test. d, Left: Widefield images (from two independent experiments) of proliferating (DMSO), 
senescent (+ICM), etoposide- (+ETO; 1 μM for 24 h) and mitomycin-treated IMR90 (+MMC; 0.1 μM for 2 h) 
immunostained for HMGB2 and CTCF and counterstained by DAPI. Right: Plots of the percent of cells 

displaying SICCs; N is the number of cells quantified. P-values were deduced via two-sided Fisher’s exact 
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tests. e, Line plots showing the predicted IUPred3 disorder score along CTCF and eleven of its interactors 
from co-IP mass spectrometry data. 
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Supplementary Fig 2 | Properties of SICCs in respect to nuclear speckles. a, Left: Representative images (from 
two independent experiments with similar results) of senescent IMR90 (+ICM) immunostained for CTCF and 
SC-35, and counterstained by DAPI following treatment or not with tautomycetin or cantharidin to induce 
morphological changes to nuclear speckles. Insets: Characteristic nuclear CTCF and SC-35 signal foci. Right: 
Plots showing the percentage of cells displaying SICCs; N is the number of cells in each condition. P-values 
were deduced via two-sided Fisher’s exact tests. b, Box plots (lines show medians; box limits indicate the 
25th and 75th percentiles; whiskers extend 1.5x the 25th-75th interquartile range) showing changes in 

speckle radius (left) and eccentricity (right) upon tautomycetin (orange) or cantharidin treatment (red). P-
values were deduced via two-sided Mann-Whitney U-tests. c, Western blot of CTCF levels in senescent 
IMR90 (+ICM) treated or not with SRRM2-targeting siRNAs; β-tubulin levels provide a loading control (from 
two independent experiments with similar results). d, Representative images (from two independent 
experiments with similar results) of senescent IMR90 (+ICM) immunostained for SRRM2 and SON, and 
counterstained by DAPI 48 h after transfection with non-targeting (siCTRL) or SRRM2 siRNAs (siSRRM2). e, 
Plots showing relative changes in mRNA levels (mean ±SD from two independent replicates) upon HMGB2- 
and/or SRRM2-kncokdown in proliferating IMR90 (DMSO) normalized to HSC70 controls. f, Left: 
Representative images (from two independent experiments with similar results) of proliferating IMR90 
(DMSO) immunostained for CTCF and SC-35, and counterstained by DAPI at 48 h after transfection with non-
targeting (siCTRL), HMGB2- (siHMGB2), SRRM2- (siSRRM2) or HMGB2- plus SRRM2- targeting siRNAs 
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(siSRRM2/-B2). Characteristic nuclear CTCF and SC-35 signal foci are shown magnified (insets). Right: Bar 

plots showing the percent of cells displaying SICCs. N, the number of cells quantified in each condition; P-
values were deduced via two-sided Fisher’s exact tests. g, As in panel f, but for proliferating (DMSO) and 

senescent IMR90 (+ICM) treated or not with 6% 1,6-hexanediol for 1 min (+1,6-HD). P-values were deduced 
via two-sided Fisher’s exact tests. h, Super-resolution imaging of a proliferating (DMSO-treated) IMR90 
nucleus stained for CTCF and SC-35. Exemplary regions around nuclear speckles (white rectangles) are shown 
magnified. i, Colocalization analysis of nuclear speckles overlapping SICCs in gSTED images from senescent 
IMR90. A gaussian filter (σ=1 pixel) is applied to raw SC-35 and CTCF images to deduce clusters before overlap 
is calculated (top). The plot (below) shows the number of clusters overlapping to different extents.  
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Supplementary Fig 3 | SICCs are resistant to RNA degradation and Zn++ chelation. a, Widefield images of 
senescent IMR90 (+ICM) treated or not with RNase A for 20 min and immunostained for SRRM2 (top) or for 
CTCF and SC-35 (bottom) and counterstained by DAPI. Insets: magnified CTCF and SC-35 foci. b, Western blot 
analysis of SON (top row) and SRRM2 co-IP experiments (bottom row) in senescent IMR90 performed using 
benzonase, (RNase-free) DNase I or RNase A on lysates before blotting for CTCF or BANF1. Input lanes provide 
a control; from two independent experiments with similar results. c, Venn diagram of CTCF eCLIP peaks from 
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proliferating (DMSO) and senescent IMR90 (+ICM). d, Mean eCLIP signal from two biological replicates in the 
2 kbp around proliferating or senescent peaks. e, Plots showing CTCF eCLIP peak distribution from DMSO- 
and ICM-treated IMR90. f, GO term enrichment for the 259 CTCF-bound mRNAs in senescence. g, Left: As in 
panel a, but for proliferating (DMSO) and senescent IMR90 (+ICM) treated with 50 µM of a zinc-chelating 
agent (+TPA), with 30 µM ZnCl2 or with TPA plus 1,6-hexanediol. Characteristic nuclear CTCF and SC-35 signal 
foci are shown magnified (insets). Right: Plots showing percent of cells displaying SICCs. N, the number of 

cells quantified; P-values were deduced via two-sided Fisher’s exact tests.  
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Supplementary Fig 4 | Chrom3D modeling of 3D chromatin reorganization in senescence. a, Chrom3D diploid 
genome models from proliferating (DMSO) and senescent IMR90 (+ICM) showing TADs (beads) that carry 

the top 20% of CTCF signal (yellow). b, Bottom: Violin plots (circles show medians; plots extend 1.5x the 
25th-75th interquartile range) showing mean pairwise 3D distances of indicated beads. P-values were 
deduced via two-sided Mann-Whitney U-tests. c, As in panel a, but showing TADs (beads) that carry the top 
20% of CTCF (yellow), SON (light blue), or CTCF+SON signal (magenta). Insets: DMSO models with TADs 
carrying the top 20% of TSA-seq signal (blue) and their per cent overlap to other beads (bottom). d, Plots 
showing the percent of TADs in the models from panel c marked by top 20% CTCF (yellow), SON (light blue) 
or CTCF+SON signal (magenta). *P<10-4, two-sided Fisher’s exact tests. e, Plots showing scaled CTCF, SON or 
HMGB2 occupancy within CTCF- (yellow), SON- (light blue) and CTCF+SON-enriched TADs (magenta) in the 

proliferating (DMSO) and senescent Chrom3D models (+ICM) from panel c. f, Violin plots (circles show 
medians; plots extend 1.5x the 25th-75th interquartile range) showing mean pairwise 3D distances among 

the indicated groups in the models from panel c. P-values were deduced via two-sided Mann-Whitney U-
tests. g, Plots quantifying clustering (±SEM) of CTCF, SON or CTCF+SON TADs relative to randomized controls 
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in models from DMSO- or ICM-treated IMR90. N, number of clusters in each case; P-values were deduced 
via unpaired two-tailed Student’s t-tests. 
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Supplementary Fig 5 | HMGB2 and CTCF mRNA targets alternatively spliced in senescence. a, Heat map 
showing the number and relative enrichment [-log(P-value)] of AS events from HMGB2 target-mRNAs in 
HMGB2-KD and ICM-treated IMR90; -log(P-value) calculated by a two-sided Fisher’s exact test. b, Left: Venn 
diagram showing the overlap of AS genes in senescence (+ICM) with HMGB2 sCLIP targets in proliferating 
IMR90. Right: The top 10 GO terms enriched for the 287 shared targets. c, Left: As in panel a, but for SRRM2-
KD AS genes bound by HMGB2. Right: GO term analysis of genes undergoing core exon (CE) skipping; -log(P-
value) calculated by a two-sided Fisher’s exact test. d, Venn diagram of the overlap of CTCF- and HMGB2-
bound mRNAs from CLIP data. e, As in panel d, but for the overlap of AS genes in senescence (+ICM) and 
SRRM2-knockdown (KD) with CTCF eCLIP targets in ICM-treated IMR90. f, As in panel e, but for AS genes 
upon CTCF-knockdown. g, Widefield images from ICM-treated IMR90 expressing NLS-GFP (top) or SRSF7-GFP 
fusions (bottom) from two independent experiments with similar results. h, Plot showing the percent of 
speckle-enriched or -depleted genes in A1/A2 subcompartments. i, Venn diagram showing the overlap of 
speckle-depleted mRNAs with AS genes in senescence (+ICM). j, Plot showing the percent of AS event types 
linked to speckle-depleted mRNAs from APEX2-seq data. The numbers of genes (Ngenes) and AS events (Nevents) 
for each dataset are shown.  
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Supplementary Table 1 | List of qPCR primers used in this study. 

Target gene Forward primer (5’-3’) Reverse primer (5’-3’) 

HSC70 TTA TTG GAG CCA GGC CTA CAC GCG ACA TAG CTT GGA GTG GT 
ATXN2 CCC TTC AGT ACA AGC CCA CC GCA GTA GAA GGG AGG AGG GA 
CTCF CTCF CAG AGG TTA ATG CAG AGA AAG TG AAT GCC ATG CCA CAG AGA TG 
FMR1 TGT CTC TGG GAC TTT CTG CAA TCC TGA ATC AGC TTT CCA TTT T 

SRRM2 TAC GAA ACA GCC TAG CAG CC GGC TAG GTC GAG TTG CAG ATT 
BANF1 TCC CAA AAG CAC CGA GAC TTC ACT GGC CAA GGA CAA CAT AGG 

SQSTM1 CTG CAC AAG AAC CTG GCT TT CAC TGG AAA AGG CAA CCA AG 

 

 

Supplementary Table 2 | List of siRNAs used in this study. 

siRNA target Manufacturer Catalogue No. 

BANF1 Dharmacon E-011536-00-0050 
HMGB2 Dharmacon E-011689-00-0010 
SRRM2 Sigma-Aldrich NM_016333 

CTCF ThermoFischer 4392420 

ATXN2 Sigma-Aldrich NM_002973 
MR1 Sigma-Aldrich NM_002024 

SQSTM1 Sigma-Aldrich NM_003900 

non-targeting control Dharmacon D-001910-10-50 

universal negative control Sigma-Aldrich SIC001 
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Supplementary Source Data | Uncropped western blot scans. 

 

 


	Page 1
	Page 1
	NATAGING-A11028C tpr
	NATAGING-A11028A response
	NATAGING-A11028B response
	NATAGING-A11028T response

