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Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
n/a | Confirmed
|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

L OO

|X| The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested

X X

|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X| A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

[0 [

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XX

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Illumina NextSeq 550.

Data analysis CapCruncher pipeline v.0.2.3 (https://github.com/sims-lab/CapCruncher); MCC pipeline v.1 (https://github.com/jojdavies/Micro-Capture-C),
based on scripts available for academic use through the Oxford University Innovation software store (v1; https://process.innovation.ox.ac.uk/
software/p/165294/micro-capture-c-academic/1); Bowtie2 v.2.3.5; HiC-Pro v.2.11.1; oligo design tool v.0.1.1b (https://oligo.readthedocs.io/
en/latest/); MACS2 v.2.1.2; deepTools v.3.3.0; DESeq2 v.1.36.0; NGseqgBasic pipeline v.1 (https://github.com/Hughes-Genome-Group/
NGseqBasic/releases); R v.4.2.0; rtracklayer v.1.56.1; UCSC bigWigMerge v.2; nf-core/rnaseq pipeline v.3.12.0 (https://nf-co.re/
rnaseq/3.12.0/); STAR v.2.6.1d; featureCounts v.2.0.6; cooltools v.0.5.4; FlowJo v.10.8.1.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The Micro-Capture-C, Capture-C, Tri-C, ChIPmentation and RNA-seq datasets generated and analyzed for the current study are available from the Gene Expression
Omnibus (GEO) as a SuperSeries under accession number GSE263641 (reviewer token: wxmfyugqghrcptsh).

Reference genome for data from BLaER1 and BLaER1-CTCF-mAID cell lines was human assembly Dec. 2013 (GRCh38/hg38). Reference genome for Dosophila spike-
in was D. melanogaster assembly Aug. 2014 (BDGP Release 6 +1SO1 MT/dm6). Index files were downloaded from Bowtie2 website (https://bowtie-
bio.sourceforge.net/bowtie2/manual.shtml).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender n/a

Reporting on race, ethnicity, or n/a
other socially relevant

groupings

Population characteristics n/a
Recruitment n/a
Ethics oversight n/a

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

& Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The data presented in the manuscript represent the averages of three biological replicates, which is standard in the field. No statistical
method was used to pre-determine sample sizes. These sample sizes were chosen to generate data at sufficient depth and assess differences
between conditions robustly. These sample sizes are sufficient, since the observed biological effects of interest are clearly detectable between
conditions and robust across replicates. For Micro-Capture-C and Tri-C experiments, multiple technical replicates for each biological replicate
were included to boost the complexity of the data.

Data exclusions  Two viewpoints (IFNGR2 and TASL) were excluded from the quantifications of Micro-Capture-C and Tri-C experiments due to poor data
quality. The capture coordinates targeting promoter in Micro-Capture-C were: IFNGR2 - chr21:33403238-33403358, TASL -
chrX:30577754-30577874 and in Tri-C targeting enhancer were: IFNGR2 - chr21:33216352-33216472, TASL - chrX:30596991-30597111.

Replication All experiments based on sequencing data were performed for n=3 biologically independent samples as described and all attempts were
successful.

Randomization  Samples were randomly allocated into different experimental groups prior to their treatment with auxin or control conditions.

Blinding All samples were analyzed with the same pipelines, in which results are generated by scripts without interference of the researchers. Since
potential expectations of the researchers cannot influence the data analysis and results, blinding is not relevant to this study.

Reporting for specific materials, systems and methods
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |:| ChlP-seq

Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging
Animals and other organisms

Clinical data

Dual use research of concern
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Antibodies
Antibodies used Flow cytometry: Human FcR Binding Inhibitor (1:5, eBiosciences, 16-9161-73), APC-Cy7 Mouse Anti-Human CD19 (1:20, BD
Pharmingen, 348794), APC Mouse Anti-Human CD11b (1:5, BD Pharmingen, 550019).
ChIPmentation: Rabbit anti-CTCF (2 g, Diagenode, C15410210-50), Rabbit anti-SMC1A (2 pg, Abcam, ab9262), Rabbit anti-MED26 (2
ug, Bethyl Laboratories, A302-370), Drosophila spike-in antibody (1 g, Biozol, 61686).
Validation Validation was performed by the manufacturer. The antibodies were purified using immunogen affinity and validated by

immunoprecipitation, immunohistochemical analysis, and western blotting.

- Human FcR Binding Inhibitor (eBiosciences, 16-9161-73) validated for flow cytometry (https://www.thermofisher.com/antibody/
product/Fc-Receptor-Binding-Inhibitor-Antibody-Polyclonal/16-9161-73).

- APC-Cy7 Mouse Anti-Human CD19 (BD Pharmingen, 348794) validated for flow cytometry (https://www.bdbiosciences.com/en-us/
products/reagents/flow-cytometry-reagents/clinical-discovery-research/single-color-antibodies-ruo-gmp/apc-cy-7-mouse-anti-
human-cd19.348794?tab=format_details).

- APC Mouse Anti-Human CD11b (BD Pharmingen, 550019) validated for flow cytometry (https://www.bdbiosciences.com/en-ca/
products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/apc-mouse-anti-human-cd11b.550019?
tab=format_details).

- Rabbit anti-CTCF (2 pg, Diagenode, C15410210-50), ChIP-grade, validated for Western Blot and ChIP-seq (https://
www.diagenode.com/en/p/ctcf-polyclonal-antibody-classic-50-mg).

- Rabbit anti-SMC1A (2 ug, Abcam, ab9262) validated for Western Blot and Immunoprecipitation (https://www.abcam.com/en-us/
products/primary-antibodies/smcla-antibody-ab92627?
srsltid=AfmBOopPzSVjxgsokl23cisdMQFvcEjvAh9WVoNIu2UgEWLZLY1slpnWi). Validated for ChIP in Dluhosova et al., 2014: https://
doi.org/10.1371/journal.pone.0092635.

- Rabbit anti-MED26 (2 pg, Bethyl Laboratories, A302-370) validated for Western Blot and Immunoprecipitation (https://
www.thermofisher.com/antibody/product/CRSP7-Antibody-Polyclonal/A302-370A).

- Drosophila spike-in antibody (1 pg, Biozol, 61686) validated by Active Motif for ChIP-seq spike-in normalisation (https://
www.activemotif.com/catalog/1091/chip-normalization).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) The wild type Human B-cell Precursor Leukemia Cell Line (BLaER1) was a gift from the laboratory of Patrick Cramer (MPI-NAT,
Goettingen). This cell line was originally created by the laboratory of Thomas Graf (CGR, Barcelona) in Rapino et al., 2013, Cell
Reports from the parental B cell precursor leukemia (RCH-ACV, ACC 548) cell line. The cell line is also available commercially
from Sigma-Aldrich (SCC165). The BLaER1-CTCF-mAID cell line was a gift from Grégoire Stik (CRG, Barcelona), and was
created from the parental BLaER1 cell line in Stik et al., 2020, Nature Genetics.

Authentication The BLaER1 cells were authenticated using the KaryoStat+ assay (Thermo Fisher). The BLaER1-CTCF-mAID cell line was
created from the authenticated BLaER1 line and not further authenticated.

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines No commonly misidentified lines were used.
(See ICLAC register)




Plants

Seed stocks n/a

Novel plant genotypes  n/a

Authentication n/a

ChlIP-seq
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Data deposition

& Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|X| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links GEO link: https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE263641
May remain private before publication.  Reviewer token: wxmfyugghrcptsh

Files in database submission GSM8195732 BLaER, SMC1A_ChIP_Oh_repl
GSM8195733 BLaER, SMC1A_ChIP_Oh_rep2
GSM8195734 BLaER, SMC1A_ChIP_Oh_rep3
GSM8195735 BLaER, SMC1A_ChIP_12h_repl
GSM8195736 BLaER, SMC1A_ChIP_12h_rep2
GSM8195737 BLaER, SMC1A_ChIP_12h_rep3
GSM8195738 BLaER, SMC1A_ChIP_24h_repl
GSM8195739 BLaER, SMC1A_ChIP_24h_rep2
GSM8195740 BLaER, SMC1A_ChIP_24h_rep3
GSM8195741 BLaER, SMC1A_ChIP_72h_repl
GSM8195742 BLaER, SMC1A_ChIP_72h_rep2
GSM8195743 BLaER, SMC1A_ChIP_72h_rep3
GSM8195744 BLaER, SMC1A_ChIP_96h_repl
GSM8195745 BLaER, SMC1A_ChIP_96h_rep2
GSM8195746 BLaER, SMC1A_ChIP_96h_rep3
GSM8195747 BLaER, MED26_ChIP_0Oh_repl
GSM8195748 BLaER, MED26_ChIP_0Oh_rep2
GSM8195749 BLaER, MED26_ChIP_0Oh_rep3
GSM8195750 BLaER, MED26_ChIP_12h_repl
GSM8195751 BLaER, MED26_ChIP_12h_rep2
GSM8195752 BLaER, MED26_ChIP_12h_rep3
GSM8195753 BLaER, MED26_ChIP_24h_repl
GSM8195754 BLaER, MED26_ChIP_24h_rep2
GSM8195755 BLaER, MED26_ChIP_24h_rep3
GSM8195762 BLaER subclone CTCF-AID, CTCF_ChIP _96h_control_repl
GSM8195763 BLaER subclone CTCF-AID, CTCF_ChIP _96h_control_rep2
GSM8195764 BLaER subclone CTCF-AID, CTCF_ChIP _96h_depl_repl
GSM8195765 BLaER subclone CTCF-AID, CTCF_ChIP _96h_depl_rep2
GSM8195756 BLaER, MED26_ChIP_72h_repl
GSM8195757 BLaER, MED26_ChIP_72h_rep2
GSM8195758 BLaER, MED26_ChIP_72h_rep3
GSM8195759 BLaER, MED26_ChIP_96h_repl
GSM8195760 BLaER, MED26_ChIP_96h_rep2
GSM8195761 BLaER, MED26_ChIP_96h_rep3
GSM8740797 BLaER subclone CTCF-AID, SMC1A_ChIP _96h_control_repl
GSM8740798 BLaER subclone CTCF-AID, SMC1A_ChIP _96h_control_rep2
GSM8740799 BLaER subclone CTCF-AID, SMC1A_ChIP _96h_depl_repl
GSM8740800 BLaER subclone CTCF-AID, SMC1A_ChIP _96h_depl_rep2
GSM8740801 BLaER subclone CTCF-AID, MED26_ChIP _96h_control_repl
GSM8740802 BLaER subclone CTCF-AID,MED26_ChIP _96h_control_rep2
GSM8740803 BLaER subclone CTCF-AID, MED26_ChIP _96h_depl_repl
GSM8740804 BLaER subclone CTCF-AID, MED26_ChIP _96h_depl_rep2

Genome browser session https://genome-euro.ucsc.edu/cgi-bin/hgTracks?
(e.g. UCSC) db=hg38&lastVirtModeType=default&lastVirtModeExtraState=&virtModeType=default&virtMode=0&nonVirtPosition=&posit
ion=chr6%3A133824244%2D136599852&hgsid=348343346_rZSyfdVVteG8voU2PaaW4P2jFgAO




Methodology

Replicates ChIPmentation experiments for MED26 and SMC1A were performed in 3 biological replicates per condition; ChIPmentation
experiments for CTCF were performed in 2 biological replicates per condition; ChIPmentation experiments for MED26 and SMC1A
after CTCF depletion were performed in 2 biological replicates per condition.

Sequencing depth The samples were sequenced using the NextSeq550 Illumina platform (75-bp paired-end reads) to a sequencing depth of ~20 M
reads per sample.

Antibodies ChIPmentation: Rabbit anti-CTCF (2 ug, Diagenode, C15410210-50), Rabbit anti-SMC1A (2 ug, Abcam, ab9262), Rabbit anti-MED26
(2 pg, Bethyl Laboratories, A302-370), Drosophila spike-in antibody (1 pg, Biozol, 61686).

Peak calling parameters Paired-end reads were processed for adapter removal and duplicate filtering and mapped to the hg38 reference genome using
Bowtie2. Peak calling was performed with MACS2 (consensus peaks with parameter g = 0.1 were selected). All peak profiles were
generated using Deeptools.

Data quality The quality of the data was assessed by comparing CTCF-control samples to available CTCF ChIP-seq data (Stik, et al., 2020, Nature
Genetics). As SMC1A and MED26 ChiPmentation experiments have been performed for the first time in this cell line, data quality was
assessed by comparing 3 biological replicates.
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Software Paired-end reads were processed for adapter removal and duplicate filtering and mapped to the hg38 reference genome using
Bowtie2. Peak calling was performed with MACS2. All peak profiles were generated using Deeptools.

Flow Cytometry

Plots
Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation The BLaER1 cells were cultured and differentiated and flow cytometry analysis was performed at different differentiation
stages for 2 biological replicates. Cells were harvested, washed with PBS, blocked with human Fc Receptor Binding Antibody,
stained with antibodies, washed with PBS and analyzed. A more detailed protocol is described in the Methods section.

Instrument Sony SH800 Cell Sorter (MPI-NAT, Goettingen).

Software FloJov.10.8.1

Cell population abundance Cells were analyzed for the expression of the cell surface markers CD19 (B cell marker) and CD11b (iMacs marker). All the
BLaER1 cells were positive for CD19 and after 7 days of transdifferentiation around 90 % of the cells lost the CD19 marker
and acquired the CD11b marker.

Gating strategy Initial gating was performed based on forward and side scatters to identify single cells and exclude cell debris. Firstly, a gate

was set on forward scatter height (FSC-H) vs forward scatter area (FSC-A) plot to exclude doublets. Secondly, a gate was set
on side scatter height (SSC-H) vs forward scatter area (FSC-A) plot to exclude debris cells. Thirdly, a gate was set on the
histogram to include only GFP positive, alive cells. Quadrant gates were based on non-differentiated B-cell population as
negative control. They were set on 0 h sample, which is CD19 positive and CD11b negative. All relevant data are shown in
Extended Data Fig. 1b.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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Peer Review File

CTCF depletion decouples enhancer-mediated gene
activation from chromatin hub formation

Corresponding Author: Dr Marieke Oudelaar

Version 0:
Decision Letter:
14th Nov 2024
Dear Dr. Oudelaar,

Thank you again for your patience and for submitting your manuscript "CTCF depletion decouples enhancer-mediated gene
activation from chromatin hub formation during cellular differentiation". We now have comments (below) from the 3 reviewers
who evaluated your paper. In light of those reports, we remain interested in your study and would like to see your response
to the comments of the referees, in the form of a revised manuscript.

Please be sure to address/respond to all concerns of the referees in full in a point-by-point response (particularly the
concerns outlined by Reviewer #2, including the request for additional ChIP-seq profiling and integration of relevant public
datasets). Please also highlight all changes in the revised manuscript text file. If you have comments that are intended for
editors only, please include those in a separate cover letter.

We are committed to providing a fair and constructive peer-review process. Do not hesitate to contact us if there are specific
requests from the reviewers that you believe are technically impossible or unlikely to yield a meaningful outcome.

We expect to see your revised manuscript within the next 3-6 months. If you cannot send it within this time, please contact us
to discuss an extension; we would still consider your revision, provided that no similar work has been accepted for
publication at NSMB or published elsewhere.

As you already know, we put great emphasis on ensuring that the methods and statistics reported in our papers are correct
and accurate. As such, if there are any changes that should be reported, please submit an updated version of the Reporting
Summary along with your revision.

Please follow the links below to download these files:

Reporting Summary:
https://www.nature.com/documents/nr-reporting-summary.pdf

Please note that the form is a dynamic ‘smart pdf’ and must therefore be downloaded and completed in Adobe Reader.

When submitting the revised version of your manuscript, please pay close attention to our
href="https:/www.nature.com/nature-portfolio/editorial-policies/image-integrity">Digital Image Integrity Guidelines.</a> and
to the following points below:

-- that unprocessed scans are clearly labelled and match the gels and western blots presented in figures.
-- that control panels for gels and western blots are appropriately described as loading on sample processing controls
-- all images in the paper are checked for duplication of panels and for splicing of gel lanes.

Finally, please ensure that you retain unprocessed data and metadata files after publication, ideally archiving data in
perpetuity, as these may be requested during the peer review and production process or after publication if any issues arise.

If there are additional or modified structures presented in the final revision, please submit the corresponding PDB validation
reports.



Please note that all key data shown in the main figures as cropped gels or blots should be presented in uncropped form, with
molecular weight markers. These data can be aggregated into a single supplementary figure item. While these data can be
displayed in a relatively informal style, they must refer back to the relevant figures. These data should be submitted with the
final revision, as source data, prior to acceptance, but you may want to start putting it together at this point.

SOURCE DATA: we urge authors to provide, in tabular form, the data underlying the graphical representations used in
figures. This is to further increase transparency in data reporting, as detailed in this editorial
(http://www.nature.com/nsmb/journal/v22/n10/full/nsmb.3110.html). Spreadsheets can be submitted in excel format. Only
one (1) file per figure is permitted; thus, for multi-paneled figures, the source data for each panel should be clearly labeled in
the Excel file; alternately the data can be provided as multiple, clearly labeled sheets in an Excel file. When submitting files,
the title field should indicate which figure the source data pertains to. We encourage our authors to provide source data at
the revision stage, so that they are part of the peer-review process.

Data availability: this journal strongly supports public availability of data. All data used in accepted papers should be
available via a public data repository, or alternatively, as Supplementary Information. If data can only be shared on request,
please explain why in your Data Availability Statement, and also in the correspondence with your editor. Please note that for
some data types, deposition in a public repository is mandatory - more information on our data deposition policies and
available repositories can be found below:
https://www.nature.com/nature-research/editorial-policies/reporting-standards#availability-of-data

We require deposition of coordinates (and, in the case of crystal structures, structure factors) into the Protein Data Bank with
the designation of immediate release upon publication (HPUB). Electron microscopy-derived density maps and coordinate
data must be deposited in EMDB and released upon publication. Deposition and immediate release of NMR chemical shift
assignments are highly encouraged. Deposition of deep sequencing and microarray data is mandatory, and the datasets
must be released prior to or upon publication. To avoid delays in publication, dataset accession numbers must be supplied
with the final accepted manuscript and appropriate release dates must be indicated at the galley proof stage.

While we encourage the use of color in preparing figures, please note that this will incur a charge to partially defray the cost
of printing. Information about color charges can be found at http:/www.nature.com/nsmb/authors/submit/index.html#costs

Nature Structural & Molecular Biology is committed to improving transparency in authorship. As part of our efforts in this
direction, we are now requesting that all authors identified as ‘corresponding author’ on published papers create and link
their Open Researcher and Contributor Identifier (ORCID) with their account on the Manuscript Tracking System (MTS), prior
to acceptance. This applies to primary research papers only. ORCID helps the scientific community achieve unambiguous
attribution of all scholarly contributions. You can create and link your ORCID from the home page of the MTS by clicking on
‘Modify my Springer Nature account’. For more information please visit please visit <a
href="http:/www.springernature.com/orcid">www.springernature.com/orcid</a>.

Please use the link below to submit your revised manuscript and related files:

Link Redacted

Note: This URL links to your confidential home page and associated information about manuscripts you may have
submitted, or that you are reviewing for us. If you wish to forward this email to co-authors, please delete the link to your
homepage.

We look forward to seeing the revised manuscript and thank you for the opportunity to review your work.

Best regards,

George

George Inglis, PhD

Senior Editor

<a href="https://www.nature.com/nsmb/research-cross-journal-editorial-team">Research Cross-Journal Editorial Team</a>
Nature Structural & Molecular Biology

Referee expertise:
Referee #1: Enhancer-promoter interactions, CTCF dynamics, 3D genome organization
Referee #2: CTCF dynamics, 3D genome organization

Referee #3: MD simulations in chromatin folding and genome organization

Reviewers' Comments:



Reviewer #1 (Remarks to the Author):

The study by Karpinska et al expands on the work by Stik and colleagues (PMID: 32514124) that had describedmodest
gene expression changes upon CTCF degradation, during conversion of leukemic B cells to Macrophages. Here, the
authors confirmed these observations and incorporate high-resolution Micro-Capture-C (MCC), and Tri-C during the same
trans-differentiation experiment. They then assess the impact of degrading CTCF on gene expression, and on pairwise and
multi-way interactions.

The data presented here are of very high quality and the claims are well supported. The MCC experiments show important
correlations between changes in expression and enhancer—promoter contacts, but the major novelty of the work resides in
the identification by Tri-C of three-way interactions at cell-type specific enhancers that require CTCF for their formation but
not for gene regulation of the genes within the hubs. At a time that the physiological role of hubs is under intense discussion,
this observation suggests that regulation of gene expression of genes within hubs does not require formation of these
structures.

I have the following main comments suggestions/comments for the authors:

1 - B cells do not differentiate to Macrophages. | think it would be important to refer to this process as transdifferentiation or
cellular conversion as the Graf lab normally does. Or at least clearly mention that this is not a physiological or a model of a
differentiation process.

3 - Did all regions assessed by Tri-C show evidence of formation of enhancer-containing multi-way interactions similar to the
loci shown in figure 3 and extended data figure 3? That is not possible to assess from the quantifications in figure 3f-i.

4 — Whether the number of gene expression changes upon CTCF depletion is large, modest, or minor, is a matter of
interpretation and expectation. Rather than using these qualitative terms it would probably be better to show how many
genes are labelled as upregulated and downregulated in the plot in Extended Data Fig6. | also couldn’t see a table with that
list. | also think that extended data figure 6 should be in the main figure. Probably more important than the current Figure 6A.

5- Along these lines, it isn’t clear to me how much the expression of genes with MCC viewpoints changes upon CTCF
depletion and how much their interactions change. While Figure 2 was highly correlational repeating the promoter and
promoter-proximal CBS analyses with and without CTCF would be more functional and interesting. Throughout the paper
the authors did an effort to always show a few gene examples and then quantify what happens at all viewpoints. However
when it came to CTCF degradation, this was not done and instead we see just a few example loci. It would be nice to have a
better understanding of how much CTCF depletion affected the loci for which viewpoints were designed.

6 - Some genes are strongly impacted by CTCF degradation. It would be important to characterize these. Are they B or iMac
specific genes? Do they have proximal or distal enhancers? Do they form tri-way interactions. It seems to me that viewpoint

choice shouldn’t have been limited by genes that are differentially expressed during cell conversion but instead also include
genes that are differentially expressed upon CTCF depletion.

7 — It would probably be helpful to readers to add a drawing/model on how the authors interpret their data. Especially
representing the CTCF versus noCTCF condition

Minor issues:

1 - Although there is nothing wrong in the title, you need to read the whole paper before you understand what the authors
mean. Maybe something that more directly reflects their main finding would be more appropriate. For example, something
along the lines of: Formation of CTCF-mediated cell type-specific enhancer hubs does not affect gene regulation.

2 - In the abstract the authors highlight concepts and technical details that are hardly mentioned in their results. For example,
single-allele topologies are not mentioned anywhere in the results and therefore either the concept shouldn’t be used in the
abstract or use the same language should be used in the results. The authors highlight base-pair resolution but in the
description of the results itisn’t really clear why this is important. 10 or 100bp bins would also work to distinguish promoter
and promoter-proximal CBS, right? | understand that the base pair resolution is used for MCC quantification, but | don’t
believe the authors describe it in the results or explain its advantages. If they don’t, then it shouldn’t be highlighted in the
abstract either. The sentence starting at line 26 is a bit ambiguous and does not clearly reflect the authors intent of saying
that gene expression changes explained by rewired E-P contacts are modest. As it stands, it can also be interpreted as
saying that the mild effects on gene expression can be explained by rewired E-P contacts. This is not that the authors mean,
| believe.

3 - This is a comment for almost all boxplots but especially figure 2c. It would be helpful to know how many datapoints there
are in each boxplot. Concerning this figure, | had a hard time following its description and | am not sure it adds much to the
paper compared with the other plots in this same figure. It isn’t clear to me what the differences between All and Distal only
represent, and whether the presence or absence of Promoter Proximal CBS influences these interactions much. This needs
to either be better summarized or potentially removed.

4 - Figure 4E-can the authors point to a promoter-promoter interaction that increased upon CTCF depletion? | had a hard



time finding one. If the genes shown don’t have one maybe had to at least extended data?

Reviewer #2 (Remarks to the Author):

The manuscript by Karpinska, Zhu et al investigate the formation of 3D chromatin structures during cell differentiation, and
their link with transcriptional regulation. For this purpose, the authors employ a B-cell leukemia cell line (BLaER1) that can
converted into induced macrophages (iIMACSs) by the expression of CEBPA. At different time points of the differentiation
process the authors generate state-of-the-art Micro-Capture-C and Tri-C data for a panel of loci containing B-cell-specific
and iIMAC-specific genes. The datasets include viewpoints on promoters and additional cis-regulatory elements, such as
enhancers or CTCF-binding sites (CBS). These datasets are further complemented with binding profiles for Mediator and
Cohesin, as well as with publicly available data for gene expression, chromatin accessibility and H3K27Ac and CTCF
binding. This constitutes an optimal and comprehensive resource to pursue the questions that the authors pose.

Overall, the analyses performed in this differentiation system show that the dynamics enhancer-promoter interactions at
activating /repressed promoters correlate well with those of Mediator and Cohesin binding. Tri-C experiments also revealed
that interactions between promoters, enhancers and CBS exist in the context of 3D chromatin hubs, and that their formation
and dissolution also mimics the dynamics of gene expression. The study also explores an interesting phenomenon, which is
the recurrent presence of CBS near promoters. MCC data revealed that those sites display a preference to interact with
enhancers than their counterparts located Topologically Associating Domains (TADs) boundaries, suggesting the existence
of different functional classes of CBS. The authors further explore the role of CTCF in chromatin hub formation, by coupling
the BLaER1 differentiation system with an auxin degron. These experiments revealed that CTCF impairment results has a
considerable impact on 3D chromatin hub structures, but minor effects on individual enhancer-promoter interactions.

This is a well-rounded study providing high quality datasets that provide novel insights into the regulatory dynamics of
differentiation systems. The derived results contribute significantly to the ongoing discussion on the instructive role of
chromatin structure on gene expression. Overall, the manuscript is suited for the readership of Nature Structural and
Molecular Biology. Yet, there are certain aspects of the study that require further clarification.

Major comments:

- The number of viewpoints studied in MCC/Tri-C experiments seems sufficient to inform on generalizable gene regulatory
principles. In that respect, it would be recommended that the authors provide additional statistics such as how many
enhancers, CBS and additional promoters compose on average the regulatory landscapes of the studied genes. Since these
analyses have been performed across several stages, it would be useful to examine how the composition of the landscapes
evolves over differentiation time. Further, what percentage of the individual enhancers detected in MCC experiments engage
in multi-way contacts in Tri-C data?

- Fig 1e displays data profiles that are representative of genes undergoing repression. Mediator and MCC profiles display
dynamic changes at the upstream gene region, suggesting a loss of contact with enhancer elements. However, the
downstream region shows opposite dynamics: contacts are gained with other elements. This profile may suggest that
interaction with other type of regulatory elements (i.e. repressors) could be in play. Are those patterns recurrently observed
for other repressed genes? Is the opposite trend also observed during the activation of genes (i.e. a loss of contacts with
specific genomic regions)? Have the authors considered integrating additional epigenetic datasets that mark repression in
their analysis (for example H3K27me3 from GSE257528), to gain further mechanistic insights?

- The authors generate MCC profiles for promoter proximal and boundary CBS (ppCBS and bCBS respectively), finding that
each category has distinct interaction preferences. | missed the contextualization of those findings in the discussion, in
particular with respect to previous studies that have also pointed to the existence of different CBS categories (for example
Huang et al Nat Genet 2021).

Regarding this analysis, it is also not entirely clear what were the exact criteria followed to allocate CBS in the two
categories. In which category would be allocated those CBS at the promoters of genes that are close or embedded in TAD
boundary? Such “intermediate” cases seem to exist in the dataset. For example, at the TRIB1 locus from Fig1ic, the gene is
located in a region that may well be called as a TAD boundary, depending on the parameters of the detection algorithm.
How would those “intermediate” cases behave in terms of interactions with respect to the effects observed in the ppCBS and
bCBS categories?

- Lines 443-444: “However, interestingly, cooperative interactions involving only enhancers and promoters are also notably
decreased.”

The global data from Fig. 5j supports this observation. Yet, this effect does not seem to occur at the NFKBIZ locus (cyan
circles in Fig 5b). In this case, cooperative interactions between enhancers and promoter are largely preserved. | wonder if
this effect could be explained by the lack of CBS inside the NFKBIZ TAD, in comparison with the CCR1 and TRIB1 loci.
Can the authors check if there is an influence of intra-TAD CBS density on enhancer-promoter cooperative interactions?

- Fig 4e. Does the increase of promoter-promoter interaction upon CTCF depletion occur preferentially between genes that



would be otherwise located in different TADs?

- The analysis on Figs 1h and | are interesting as they suggest that Mediator and Cohesin are important to support enhancer-
promoter interactions. In that respect, it would have been nice to complement these analyses with ChlP-seq experiments for
Mediator in Cohesin in CTCF-depleted cells and subsequent analogous correlation analyses with differential enhancer-
promoter interactions against control cells.

- Lines 567-569: “...but that the higher-order configuration of enhancers and promoters in CTCF-dependent hub structures
does not have a specific function in gene regulation”.

This is a strong statement that cannot be supported by the data included in the manuscript. One cannot simply exclude that
the alterations in chromatin hubs have also certain contribution on the observe changes in transcription. Furthermore, gene
regulation is more complex than what can be inferred by simply looking at expression levels in a individual timepoint. For
example, temporal changes in gene activation or alterations in spatial patterns are aspects that cannot be measured in this
differentiation system, and that may well be compromised by the impairment of chromatin hubs. | would suggest that the
authors tone down this statement.

Minor comments:

- Line 129: “Characterization of this system by gPCR and FACS shows that cellular differentiation occurs synchronously and
completely, with >90% of B-cells converting into iMacs over the differentiation course”

This percentage is not correct, based on the flow cytometry profile at 168 h.

- Capture-C experiments were also performed in this study. Yet, the only reference in the manuscript are a few profiles in
Extended Data Fig 1c and d. It would be appropriate to refer to these experiments in the main text, explaining the motivation
to perform them as well as discussing the results obtained.

- It would be useful to add the CTCF ChIP-seq profiles of the different timepoints in Fig 2 and Extended Data Fig. 2, as it is
shown for the other experiments in these figures.

- It could be good for the flow of the text to provide background information on the modeling framework in the main text.
Alternatively, the authors may indicate in the main text that the principles of the model are extensively described in the
Methods section.

Reviewer #3 (Remarks to the Author):

The work by Karpinska at al. combines Micro-Capture-C, Tri-C, and simulations to investigate the interplay between gene
expression and 3D genome structure over the course of cell differentiation. This is challenging problem, with a literature
showing contradictory evidence supporting alternative theories. The study is remarkable in that it produced rich and high-
resolution information clarifying how CTCF and cohesin shape the structure of chromatin and support the formation of
enhancer-promoter contacts that likely explain changes in gene expression. One major finding to me is the observation of a
clear correlation between enhancer-promoter contacts and gene expression level, likely made possible by the high
resolution of their data, which is important considering this the role of 3D chromatin conformation for gene regulation is still
being questioned in the literature. Another is the observation that the minor effect of CTCF degradation on gene expression
is due to the fact that the original co-operative 3-way contacts favored by stable stalling at CBS is compensated by pairwise
contacts in a way that the overall strength of enhancer-promoter interactions remains mostly unaffected. While these
observations are perhaps not entirely surprising, | believe that they are very important for the both the chromatin and gene
regulation fields. Overall, | find the methodology and analysis appropriate and the conclusions robust.

I would like to comment mainly on the simulation methods and their presentation. | find that the simulations are critical to
rationalize the observations that CTCF depletion affects 3-way contact while leaving pairwise enhancer-promoter
interactions unaffected. For this, the specific way in which CTCF, cohesin and RNAPol are treated is fundamental, but this is
not clarified in the paper itself. | believe adding more information about the model is important to explain what is actually
going on inside the real system. My major issue about the modeling results is that the authors do not show evidence from the
model that CTCF depletion would be expected leave the pairwise enhancer-promoter contacts not affected, as only the
effect on 3-way interactions is actually reported. A more detailed analysis of the simulations would therefore be helpful.

Version 1:

Decision Letter:

Dear Dr. Oudelaar,

Thank you for your patience and for submitting your revised manuscript "CTCF depletion decouples enhancer-mediated

gene activation from chromatin hub formation during cellular differentiation" (NSMB-A49808A). It has now been seen by the
original referees and their comments are below. The reviewers find that the paper has improved in revision, and therefore



we'll be happy in principle to publish itin Nature Structural & Molecular Biology, pending minor revisions to satisfy the
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Reviewer #1 (Remarks to the Author):

Thanks for addressing my comments. | believe this paper is ready for publication at NSMB.

Reviewer #2 (Remarks to the Author):
I would like to thank the authors for performing additional experiments and analyses to complement their initial conclusions.

This new version of the manuscript addresses the concerns raised through the review process and | am happy to support the
study for its publication.

Reviewer #3 (Remarks to the Author):

The reviewers have carefully addressed my previous comments on the simulations, | have nothing to add.

Version 2:
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Dear Dr. Oudelaar,
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paper and our Author Services team will be in touch regarding any additional information that may be required.

After the grant of rights is completed, you will receive a link to your electronic proof via email with a request to make any
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risproduction@springernature.com immediately.

You will not receive your proofs until the publishing agreement has been received through our system.
Due to the importance of these deadlines, we ask that you please let us know now whether you will be difficult to contact
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Reviewer #1 (Remarks to the Author):

The study by Karpinska et al expands on the work by Stik and colleagues (PMID: 32514124)
that had describedmodest gene expression changes upon CTCF degradation, during
conversion of leukemic B cells to Macrophages. Here, the authors confirmed these
observations and incorporate high-resolution Micro-Capture-C (MCC), and Tri-C during the
same trans-differentiation experiment. They then assess the impact of degrading CTCF on
gene expression, and on pairwise and multi-way interactions.

The data presented here are of very high quality and the claims are well supported. The MCC
experiments show important correlations between changes in expression and enhancer—
promoter contacts, but the major novelty of the work resides in the identification by Tri-C of
three-way interactions at cell-type specific enhancers that require CTCF for their formation but
not for gene regulation of the genes within the hubs. At a time that the physiological role of
hubs is under intense discussion, this observation suggests that regulation of gene expression
of genes within hubs does not require formation of these structures.

We thank the Reviewer for their helpful and constructive feedback on our work. As detailed
below, we have addressed the Reviewer’s comments in our revised manuscript, which we
think has significantly improved the manuscript.

| have the following main comments suggestions/comments for the authors:

1 - B cells do not differentiate to Macrophages. | think it would be important to refer to this
process as transdifferentiation or cellular conversion as the Graf lab normally does. Or at least
clearly mention that this is not a physiological or a model of a differentiation process.

We agree with the Reviewer and now refer to this process as "transdifferentiation" throughout
the manuscript.

3 - Did all regions assessed by Tri-C show evidence of formation of enhancer-containing multi-
way interactions similar to the loci shown in figure 3 and extended data figure 3? That is not
possible to assess from the quantifications in figure 3f-i.

We thank the Reviewer for raising this point, which we agree is important to clarify in the
manuscript. We detect multi-way interactions in the majority of the loci that we investigated,
with 44/51 loci showing multi-way interactions with the enhancer viewpoints and 41/51 loci
showing multi-way interactions with the CTCF binding site (CBS) viewpoints. Of note: many
of the loci at which we do not detect hubs have very local interactions (which we cannot reliably
distinguish from the general proximity signal) and/or relatively sparse data, which suggests
that the actual proportion of tissue-specific loci containing multi-way interactions is even
higher. We have added a histogram to show the distribution of the number of multi-way
interactions per viewpoint in our dataset to Extended Data Fig. 3e,f (pasted below).
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Extended Data Fig. 3: Dynamic chromatin hub formation during lymphoid-to-myeloid transdifferentiation.
(e) Histogram showing the distribution of the number of multi-way interactions with the enhancer viewpoints per
locus as detected by Tri-C. (f) Histogram showing the distribution of the number of multi-way interactions with the
bCBS viewpoints per locus as detected by Tri-C.

4 — Whether the number of gene expression changes upon CTCF depletion is large, modest,
or minor, is a matter of interpretation and expectation. Rather than using these qualitative
terms it would probably be better to show how many genes are labelled as upregulated and
downregulated in the plot in Extended Data Fig6. | also couldn’t see a table with that list. | also
think that extended data figure 6 should be in the main figure. Probably more important than
the current Figure 6A.

We agree with the Reviewer that it is informative to add more quantitative information about
the gene expression changes to the manuscript. We have now labelled the number of up- and
downregulated genes in Extended Data Fig. 6a and included a list with all expression
changes in Supplementary Table 2. We have also changed the text to include more objective,
quantitative information about the gene expression changes. We would prefer not to swap the
main figure and supplemental figure, because we find it informative that Fig. 6A shows the
gene expression changes upon CTCF depletion in relation to differential gene expression over
the transdifferentiation course. However, we have added more quantitative information
describing Extended Data Fig. 6a in the main text, so readers can more easily access this
information (lines 521-527; pasted below).

Lines 521-527:

In agreement with previous reports®468.69 and with the observation that BLaER1 cells still
efficiently transdifferentiate into iMacs in absence of CTCF (Extended Data Fig. 4b), we find
that CTCF depletion has modest effects on gene expression during lymphoid-to-myeloid
transdifferentiation (Fig. 6a). Upon CTCF depletion, 718 genes are significantly
downregulated and 558 genes are significantly upregulated, with a log- fold-change < 2 for
90% of the significantly differentially expressed genes (Extended Data Fig. 6a and
Supplementary Table 2).

5- Along these lines, it isn’'t clear to me how much the expression of genes with MCC
viewpoints changes upon CTCF depletion and how much their interactions change. While
Figure 2 was highly correlational, repeating the promoter and promoter-proximal CBS
analyses with and without CTCF would be more functional and interesting. Throughout the
paper the authors did an effort to always show a few gene examples and then quantify what
happens at all viewpoints. However when it came to CTCF degradation, this was not done
and instead we see just a few example loci. It would be nice to have a better understanding
of how much CTCF depletion affected the loci for which viewpoints were designed.

We agree that it is informative to clarify specifically for the targeted loci how their expression
levels change upon CTCF depletion. We have therefore labelled all targeted loci with



significant changes in Extended Data Fig. 6a and clarified this in the legend. In response to
the Reviewer’s previous comment, we have also included a list with all expression changes to
Supplementary Table 2. Please note that we had already included a quantification of the
MCC interaction changes upon CTCF depletion across all viewpoints in Fig. 4f (Fig. 4e in the
previous version of the manuscript). We have clarified this in the main text (lines 407-410;
pasted below).

Lines 407-410:

Systematic quantification of the MCC interactions shows similar patterns as in the described
examples (Fig. 4f). Across upregulated loci, promoter-CBS interactions are weakened,
enhancer-promoter interactions are relatively stable, and promoter-promoter interactions are
increased after CTCF depletion.

As we do not have MCC data for promoter-proximal CBS (ppCBS) viewpoints after CTCF
depletion, we are not able to perform the promoter and ppCBS analyses with and without
CTCF. However, to address this point, we have analyzed the effect of the presence of a
ppCBS on gene expression changes after CTCF depletion genome-wide, as discussed in the
next point.

6 - Some genes are strongly impacted by CTCF degradation. It would be important to
characterize these. Are they B or iMac specific genes? Do they have proximal or distal
enhancers? Do they form tri-way interactions. It seems to me that viewpoint choice shouldn’t
have been limited by genes that are differentially expressed during cell conversion but instead
also include genes that are differentially expressed upon CTCF depletion.

Following this helpful suggestion from the Reviewer, we have performed additional analyses
to characterize the genes that are strongly affected by CTCF depletion. We have added these
analyses to Extended Data Fig. 6 (pasted below) and updated the main text accordingly (lines
527-551; pasted below). In Extended Data Fig. 6b, we show that B-cell- and iMac-specific
genes are more likely to be significantly up- or downregulated compared to genes that are
stable during transdifferentiation, with roughly equal representation of B-cell- and iMac-
specific genes in the up- and downregulated gene groups. In Extended Data Fig. 6¢, we
show the distribution of the distances between the nearest CBS and the gene promoter for
genes that are not significantly affected, upregulated, or downregulated upon CTCF depletion.
This analysis shows that significantly changed genes are more likely to have a CBS close to
their promoter compared to unaffected genes. In Extended Data Fig. 6d, we show the
distribution of the distances between the enhancers and the gene promoter for genes that are
not significantly affected, upregulated, or downregulated upon CTCF depletion. For this
analysis, we have paired enhancers and promoters based on available TT-seq and Hi-C data
(see Methods; in brief, we assigned an enhancer to a gene if they show similar changes in
eRNA and gene expression levels over the differentiation course and are located in the same
TAD). This analysis shows that genes that are downregulated after CTCF depletion are more
likely to have long-range enhancers. In line with this, we show in Extended Data Fig. 6e that
decreased enhancer-promoter interactions after CTCF depletion as measured by MCC are
more distal compared to increased interactions. Please note that several of the targeted genes
are differentially expressed upon CTCF depletion. We have included additional examples of
these genes to the manuscript: in Extended Data Fig. 6f,g, as well as in Fig. 6b-c, we show
significantly up- and downregulated gene loci. Please note that most targeted gene loci form
multi-way interactions (see response to main comment #3) and that there is no correlation
with their sensitivity to CTCF depletion.
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Extended Data Fig. 6: Changes in gene expression following CTCF depletion can be explained by rewired
pair-wise enhancer-promoter interactions. (a) Volcano plot showing differentially expressed genes between
control-treated and CTCF-depleted cells at 96 h after differentiation induction, as measured by RNA-seq inn =2
replicates. The x-axis shows the fold change (FC) in expression; the y-axis shows the adjusted P-value. The
horizontal line and vertical lines indicate the significance threshold of adjusted P-value < 0.01 and effect size
threshold of log=FC > 0.6 or < -0.6, respectively. Targeted genes are highlighted and those that are significantly
changed upon CTCF depletion are labelled. Targeted genes described in the text that are not labelled (e.g., CCR1
and NFKBIZ) are not significantly up- or down-regulated upon CTCF depletion. (b) Comparison of the proportion
of B-cell-specific genes, iMac-specific genes, and genes that are stably expressed during lymphoid-to-myeloid-
transdifferentiation among the genes that are downregulated, unchanged, or upregulated upon CTCF depletion.
(c) Distribution of CBS-promoter distances (of the nearest CBS) of genes that are unchanged, upregulated, or
downregulated upon CTCF depletion. (d) Distribution of enhancer-promoter distances (of all paired enhancers, see
Methods) of genes that are unchanged, upregulated, or downregulated upon CTCF depletion. (e) Distribution of
enhancer-promoter distances of increased and decreased enhancer-promoter interactions upon CTCF depletion
in targeted iMac-specific loci as identified by MCC. The grey line marks the 150 kb threshold used to classify distal
enhancers in Extended Data Fig. 2c. (f) Chromatin interactions in the IRF8 locus (chr16:85,769,160-86,069,160;
300 kb) in control and CTCF-depleted cells at 96 h after differentiation induction. From top to bottom: gene
annotation; chromatin accessibility (ATAC-seq); Mediator occupancy (MED26 ChlPmentation); Cohesin
occupancy (SMC1A ChlPmentation); CTCF occupancy (CTCF ChiP-seq); Micro-Capture-C (MCC) data from the
viewpoint of the promoter. The axes of the profiles are scaled to signal and have the following ranges: Accessibility
= 0-1776; Mediator = 0-4261; Cohesin = 0-3315; CTCF = 0-12417; MCC = 0-40. The orientations of CTCF motifs
at prominent CBSs are indicated by arrowheads (forward orientation in red; reverse orientation in blue). MCC
interactions with CBSs, enhancers, and promoters are annotated with cyan, magenta, and orange triangles,
respectively, and prominent changes in CTCF-depleted cells are highlighted in grey. (g) Chromatin interactions in
the MAFB locus (chr20:40,156,606-40,976,606; 820 kb) in control and CTCF-depleted cells, as described in panel



f, with prominent changes highlighted in blue. The axes of the profiles are scaled to signal and have the following
ranges: Accessibility = 0-3567; Mediator = 0-5231; Cohesin = 0-2232; CTCF = 0-10212; MCC = 0-30.

Lines 527-551:

Differentially expressed genes are enriched for B-cell- and iMac-specific genes and are more
likely to have a CBS near their promoter and to be regulated by distal enhancers compared to
unaffected genes (Extended Data Fig. 6b-e). However, interestingly, we do not generally
observe a significant decrease in gene expression in the upregulated gene loci in which we
observe a strong impairment in chromatin hub formation, including CCR1, NFKBIZ and TRIB1
(Extended Data Fig. 6a). This suggests that CTCF-dependent chromatin hubs do not have a
critical role in the regulation of gene expression during cellular differentiation.

It has previously been shown that CBSs contribute to the specificity of enhancer-promoter
communication by preventing interactions between enhancers and promoters across TAD
borders™. In agreement with this model, we observe that CTCF depletion leads to the
formation of ectopic interactions in two of the targeted upregulated loci. In the LMOZ locus,
we observe increased interactions with the promoter of CAPRIN1 (Fig. 6b); in the KDM7A
locus, we observe increased interactions with cis-regulatory elements of the SLC37A3 gene
(Fig. 6¢). These rewired interactions are associated with a significant increase in CAPRIN1
and SLC37A3 expression (Fig. 6d,e). In addition to the ectopic interactions in the LMOZ2 and
KDM7A loci, we find subtle changes in interaction profiles in some of the other targeted loci,
which are also associated with small changes in gene expression. For example, in the IRF8
and MAFB locus, both enhancer-promoter interactions and gene expression levels are slightly
decreased and increased, respectively, after CTCF depletion (Extended Data Fig. 6a,f,g).
Furthermore, consistent with the observation that downregulated genes are more likely to
have distal enhancers (Extended Data Fig. 6d), we find that decreased enhancer-promoter
interactions upon CTCF depletion are more likely to be distal (> 150 kb) from the promoter
compared to increased enhancer-promoter interactions (Extended Data Fig. 6e).

7 — It would probably be helpful to readers to add a drawing/model on how the authors interpret
their data. Especially representing the CTCF versus noCTCF condition

We thank the Reviewer for this suggestion and have included a graphical summary in Fig. 7
(pasted below).

A
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B, ./ CTCF-bound

site

CTCF depletion

—

Fig. 7: Graphical summary. Extruding cohesin molecules are stalled at CBSs, promoters, and enhancers. In
presence of CTCF (left), this leads to detectable clustering of these elements in chromatin hubs. In absence of
CTCF (right), these clusters form less frequently. However, enhancers still interact with their cognate promoters in
a pair-wise manner (example only shown for one of the two enhancers) and thereby maintain gene expression
levels. TFs = transcription factors.

Minor issues:

1 - Although there is nothing wrong in the title, you need to read the whole paper before you
understand what the authors mean. Maybe something that more directly reflects their main



finding would be more appropriate. For example, something along the lines of: Formation of
CTCF-mediated cell type-specific enhancer hubs does not affect gene regulation.

We thank the Reviewer for this suggestion and understand their point. However, we think that
the title suggested by the Reviewer includes a very strong statement, that we were asked to
nuance by Reviewer 2 (major comment #7). We therefore prefer to keep the title as it is.

2 - In the abstract the authors highlight concepts and technical details that are hardly
mentioned in their results. For example, single-allele topologies are not mentioned anywhere
in the results and therefore either the concept shouldn’t be used in the abstract or use the
same language should be used in the results. The authors highlight base-pair resolution but
in the description of the results it isn’t really clear why this is important. 10 or 100bp bins would
also work to distinguish promoter and promoter-proximal CBS, right? | understand that the
base pair resolution is used for MCC quantification, but | don’t believe the authors describe it
in the results or explain its advantages. If they don’t, then it shouldn’t be highlighted in the
abstract either. The sentence starting at line 26 is a bit ambiguous and does not clearly reflect
the authors intent of saying that gene expression changes explained by rewired E-P contacts
are modest. As it stands, it can also be interpreted as saying that the mild effects on gene
expression can be explained by rewired E-P contacts. This is not that the authors mean, |
believe.

We thank the Reviewer for their helpful feedback on the abstract. We have replaced "single-
allele topologies" with "multi-way interaction analyses" and replaced the ambiguous sentence
with the following two sentences: "Depletion of CTCF strongly impairs the formation of these
structures. However, the effects of CTCF depletion on gene expression are modest and can
be explained by rewired enhancer-promoter interactions."

The Reviewer is correct that the base-pair resolution is important for distinguishing interactions
between elements in very close proximity. This makes it indeed possible to generate distinct
interaction profiles from promoters and ppCBSs, but also to distinguish interactions between
enhancers, promoters, and CBSs in close proximity within a given interaction profile. This is
very clear when comparing the MCC data (which have base-pair resolution) in Fig. 1d,e with
the Capture-C data (which are plotted at a resolution of single Nlalll fragments with a median
size of 132 bp) in Extended Data Fig. 1c,d. The Reviewer is correct that this is critical for
accurate quantification. We have clarified this throughout the manuscript.

(In case the Reviewer is interested: we have included a comparison of the correlation between
enhancer-promoter interaction frequencies and gene expression based on MCC data and
Capture-C data in our reply to Reviewer 2, minor comment #2.)

3 - This is a comment for almost all boxplots but especially figure 2c. It would be helpful to
know how many datapoints there are in each boxplot. Concerning this figure, | had a hard time
following its description and | am not sure it adds much to the paper compared with the other
plots in this same figure. It isn’t clear to me what the differences between All and Distal only
represent, and whether the presence or absence of Promoter Proximal CBS influences these
interactions much. This needs to either be better summarized or potentially removed.

We agree with the Reviewer that Fig. 2c is not very intuitive. We have clarified this figure in
the main text and in the legend. Furthermore, we have swapped this figure with Extended
Data Fig. 2c, which makes a similar point but is easier to grasp and therefore better suited for
a main figure. We have added the number of datapoints in the boxplots to all relevant figures.



4 - Figure 4E-can the authors point to a promoter-promoter interaction that increased upon
CTCF depletion? | had a hard time finding one. If the genes shown don’t have one maybe had
to at least extended data?

We have included additional annotation to Fig. 4b-e (and similar figures throughout the
manuscript) to highlight promoter-promoter interactions. There is an increased promoter-
promoter interaction in the TRIB1 locus (Fig. 4d, far upstream). We have also added an
additional locus with a clearer example to Fig. 4e (pasted below).
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Fig. 4: CTCF is not required for pair-wise enhancer-promoter interactions. (e) Chromatin interactions in the
SRGN locus (chr10:68,884,514-69,234,514; 350 kb) in control and CTCF-depleted cells, as described in panel b.
The axes of the profiles are scaled to signal and have the following ranges: Accessibility = 0-5900; Mediator = 0—
1430; Cohesin = 0-777; CTCF = 0-318; MCC = 0-50.



Reviewer #2 (Remarks to the Author):

The manuscript by Karpinska, Zhu et al investigate the formation of 3D chromatin structures
during cell differentiation, and their link with transcriptional regulation. For this purpose, the
authors employ a B-cell leukemia cell line (BLaER1) that can converted into induced
macrophages (IMACSs) by the expression of CEBPA. At different time points of the
differentiation process the authors generate state-of-the-art Micro-Capture-C and Tri-C data
for a panel of loci containing B-cell-specific and iIMAC-specific genes. The datasets include
viewpoints on promoters and additional cis-regulatory elements, such as enhancers or CTCF-
binding sites (CBS). These datasets are further complemented with binding profiles for
Mediator and Cohesin, as well as with publicly available data for gene expression, chromatin
accessibility and H3K27Ac and CTCF binding. This constitutes an optimal and comprehensive
resource to pursue the questions that the authors pose.

Overall, the analyses performed in this differentiation system show that the dynamics
enhancer-promoter interactions at activating /repressed promoters correlate well with those of
Mediator and Cohesin binding. Tri-C experiments also revealed that interactions between
promoters, enhancers and CBS exist in the context of 3D chromatin hubs, and that their
formation and dissolution also mimics the dynamics of gene expression. The study also
explores an interesting phenomenon, which is the recurrent presence of CBS near promoters.
MCC data revealed that those sites display a preference to interact with enhancers than their
counterparts located Topologically Associating Domains (TADs) boundaries, suggesting the
existence of different functional classes of CBS. The authors further explore the role of CTCF
in chromatin hub formation, by coupling the BLaER1 differentiation system with an auxin
degron. These experiments revealed that CTCF impairment results has a considerable impact
on 3D chromatin hub structures, but minor effects on individual enhancer-promoter
interactions.

This is a well-rounded study providing high quality datasets that provide novel insights into the
regulatory dynamics of differentiation systems. The derived results contribute significantly to
the ongoing discussion on the instructive role of chromatin structure on gene expression.
Overall, the manuscript is suited for the readership of Nature Structural and Molecular Biology.
Yet, there are certain aspects of the study that require further clarification.

We thank the Reviewer for their helpful and constructive feedback on our work. As detailed
below, we have addressed the Reviewer’s comments in our revised manuscript, which we
think has significantly improved the manuscript.

Major comments:

1) - The number of viewpoints studied in MCC/Tri-C experiments seems sufficient to inform
on generalizable gene regulatory principles. In that respect, it would be recommended that the
authors provide additional statistics such as how many enhancers, CBS and additional
promoters compose on average the regulatory landscapes of the studied genes. Since these
analyses have been performed across several stages, it would be useful to examine how the
composition of the landscapes evolves over differentiation time. Further, what percentage of
the individual enhancers detected in MCC experiments engage in multi-way contacts in Tri-C
data?

We thank the Reviewer for raising this point, which we agree is important to clarify in the
manuscript. We have quantified the number of enhancer, promoter, and CBS interactions per



viewpoint and how the interaction averages per category change during the differentiation
course. We have included these data in Extended Data Fig. 1 h-k (pasted below).
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Extended Data Fig. 1: Characterization of the BLaER1 lymphoid-to-myeloid transdifferentiation system. (h)
Histogram showing the distribution of the number of enhancer interactions with the promoter viewpoints per locus
as detected by MCC. (i) Histogram showing the distribution of the number of promoter interactions with the
promoter viewpoints per locus as detected by MCC. (j) Histogram showing the distribution of the number of CBS
interactions with the promoter viewpoints per locus as detected by MCC. (k) Overview of the average number of
enhancer, promoter, and CBS interactions with the promoter viewpoints as detected by MCC at 0 h, 24 h, and 96
h.

96 h

We have also calculated the number of multi-way interactions per viewpoint, which we have
included in Extended Data Fig. 3e,f (pasted below).
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Extended Data Fig. 3: Dynamic chromatin hub formation during lymphoid-to-myeloid transdifferentiation.
(e) Histogram showing the distribution of the number of multi-way interactions with the enhancer viewpoints per
locus as detected by Tri-C. (f) Histogram showing the distribution of the number of multi-way interactions with the
bCBS viewpoints per locus as detected by Tri-C.

We generally detect many more pair-wise interactions compared to multi-way interactions.
However, since the resolution and sensitivity of MCC is much higher compared to Tri-C, we
cannot draw any meaningful conclusions about the percentage of pair-wise interactions that
engage in multi-way interactions. We have clarified this in the text (lines 311-313; pasted
below).

Lines 311-313:

Tri-C uses the restriction enzyme Nlalll for chromatin digestion and therefore generates lower-
resolution data compared to MCC, which complicates direct quantitative comparisons
between these datasets.

2) - Fig 1e displays data profiles that are representative of genes undergoing repression.
Mediator and MCC profiles display dynamic changes at the upstream gene region, suggesting
a loss of contact with enhancer elements. However, the downstream region shows opposite
dynamics: contacts are gained with other elements. This profile may suggest that interaction
with other type of regulatory elements (i.e. repressors) could be in play. Are those patterns
recurrently observed for other repressed genes? Is the opposite trend also observed during



the activation of genes (i.e. a loss of contacts with specific genomic regions)? Have the authors
considered integrating additional epigenetic datasets that mark repression in their analysis
(for example H3K27me3 from GSE257528), to gain further mechanistic insights?

We thank the Reviewer for bringing this up. Indeed, we observe increased interactions in many
downregulated gene loci (60%). We do not observe the opposite trend for upregulated genes.
We had not commented on these interactions in the manuscript, as we have not yet been able
to characterize these elements extensively. We also thank the Reviewer for pointing us to the
H3K27me3 dataset, which we were not aware of. However, none of these elements overlap
with H3K27me3 peaks, as can be appreciated from the example of the MYB locus in
Extended Data Fig. 1d and the larger region surrounding MYB and additional example below
(Rebuttal Fig. 1). (We tried to quantify this systematically, but as none of the elements overlap
with H3K27me3 peaks, this turned out to be a quantification of ChiP-seq noise and not
meaningful.) Instead, we find that these elements overlap with H3K27ac and Mediator. We
therefore do not think that they correspond to silencers and think that it is more likely that they
function as "transient enhancers", as described by Vermunt et al. Molecular Cell 2023,
because many of these interactions increase mid-transdifferentiation and decrease in a later
stage. We have included annotation of these elements in Fig. 1 and Extended Data Fig. 1,2
and added the H3K27me3 data to Extended Data Fig. 1. We have also added a paragraph
to the main text to describe these elements (lines 170-178; pasted below). We hope to be able
to characterize these elements and their function in more detail in the future, by knocking them
out and assessing the effects on gene expression.

Lines 170-178:

Interestingly, we also observe cis-regulatory elements that interact more frequently with the
MYB promoter as it is de-activated. These elements are not characterized by repressive
chromatin marks such as H3K27me3 (Extended Data Fig. 1d). Instead, they transiently gain
chromatin accessibility, H3K27ac, and binding of Mediator and cohesin. We therefore
speculate that these elements may function as transient enhancers that modulate the kinetics
of gene silencing, as recently described in the context of erythroid differentiation®, although
further characterization is required to confirm this. We observe elements with similar
characteristics in approximately 60% of the targeted downregulated loci.

10
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Rebuttal Fig. 1a. UCSC screenshot of a wide region surrounding the MYB gene. H3K27me3 peaks do not overlap
with putative transient enhancer elements, which are highlighted in red.
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3) - The authors generate MCC profiles for promoter proximal and boundary CBS (ppCBS and
bCBS respectively), finding that each category has distinct interaction preferences. | missed
the contextualization of those findings in the discussion, in particular with respect to previous
studies that have also pointed to the existence of different CBS categories (for example Huang
et al Nat Genet 2021).

Regarding this analysis, it is also not entirely clear what were the exact criteria followed to
allocate CBS in the two categories. In which category would be allocated those CBS at the
promoters of genes that are close or embedded in TAD boundary? Such “intermediate” cases
seem to exist in the dataset. For example, at the TRIB1 locus from Fig1c, the gene is located
in a region that may well be called as a TAD boundary, depending on the parameters of the
detection algorithm. How would those “intermediate” cases behave in terms of interactions
with respect to the effects observed in the ppCBS and bCBS categories?

We thank the Reviewer for pointing this out. We have now added a section to the Discussion
in which we discuss the different CBS categories and their potential function in the context of
the current literature (incl. Huang et al. Nature Genetics 2021; lines 643-657; pasted below).

Lines 643-657:

Consistent with the concept of distinct classes of functional CBSs%, we observe that ppCBSs
interact more frequently with enhancers compared to bCBSs. In addition, we observe that
genes with a ppCBS are more likely to engage in long-range interactions and to be
downregulated upon CTCF depletion compared to genes without a ppCBS. These and
previous observations®’ suggest that ppCBSs may contribute to the formation of (distal)
enhancer-promoter interactions. However, the general importance of ppCBSs for gene
regulation remains unclear since we do not observe significant changes in gene expression in
many of the targeted loci that contain a ppCBS and are characterized by long-range enhancer-
promoter interactions. It is possible that there are subtle changes in the expression of these
genes that are difficult to detect due to previously observed increased variability of gene
expression in the context of cohesin and CTCF perturbations’. In addition, it is of interest that
we observe a tendency for proximal enhancers to interact more frequently with their cognate
promoters upon CTCF depletion. Although speculative at this stage, this could provide a
mechanism to compensate for loss of long-range CTCF-dependent interactions and thereby
to buffer gene expression changes after CTCF depletion.

The Reviewer is correct that the TRIB1 promoter is close to a boundary. (Please note that this
particular boundary is not called as a TAD boundary though; it appears to be a sub-TAD
boundary.) With respect to categorizing the CBSs, we have classified CBSs as promoter-
proximal (pp) when they are close (< 5 kb) to a promoter regardless of whether they are also
close to a boundary. The Reviewer is correct that there are a few ppCBSs that are close to a
boundary; these are categorized as ppCBSs in our analysis. We have clarified this in the text
(lines 880-883). Based on visual inspection, the ppCBSs close to a boundary show similar
patterns in their interaction profiles as the ppCBSs that are further from a boundary.

4) - Lines 443-444: “However, interestingly, cooperative interactions involving only enhancers
and promoters are also notably decreased.”

The global data from Fig. 5j supports this observation. Yet, this effect does not seem to occur
at the NFKBIZ locus (cyan circles in Fig 5b). In this case, cooperative interactions between
enhancers and promoter are largely preserved. | wonder if this effect could be explained by
the lack of CBS inside the NFKBIZ TAD, in comparison with the CCR1 and TRIB1 loci. Can
the authors check if there is an influence of intra-TAD CBS density on enhancer-promoter
cooperative interactions?

13



We thank the Reviewer for this suggestion and agree that the low density of CBSs in the
NFKBIZ locus is a likely explanation for the smaller effect of CTCF depletion on multi-way
interactions at this locus compared to e.g., the CCR1 locus. It is not very common for tissue-
specific gene loci to have a low density of CBSs and we have unfortunately targeted too few
of such regions to assess whether there is a general correlation between the intra-TAD CBS
density and the effect of CTCF depletion on multi-way enhancer-promoter interactions.
However, we have added a sentence to the main text to acknowledge this possibility (lines
451-454; pasted below).

Lines 451-454:

However, interestingly, cooperative interactions involving only enhancers and promoters are
also decreased. This effect appears stronger in CBS-dense regions (e.g., CCR1) compared
to regions with relatively little CTCF binding (e.g., NFKBIZ), although it is detectable across
all targeted regions.

5) - Fig 4e. Does the increase of promoter-promoter interaction upon CTCF depletion occur
preferentially between genes that would be otherwise located in different TADs?

We observe examples of increased promoter-promoter interactions upon CTCF depletion both
within TADs and spanning TAD boundaries. We have included an example of each for the
Reviewer in the figure below (Rebuttal Fig. 2), added an additional example locus with clearly
increased promoter-promoter interactions to Fig. 4e, and clarified this point in the text (lines
405-407; pasted below).

Lines 405-407:

As exemplified in the TRIB1 and SRGN loci, we observe that many promoter-promoter
interactions are increased after CTCF depletion, both within and beyond TAD boundaries (Fig.
4d,e).

14
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6) - The analysis on Figs 1h and | are interesting as they suggest that Mediator and Cohesin
are important to support enhancer-promoter interactions. In that respect, it would have been
nice to complement these analyses with ChlP-seq experiments for Mediator in Cohesin in
CTCF-depleted cells and subsequent analogous correlation analyses with differential
enhancer-promoter interactions against control cells.

We agree with the Reviewer and have performed ChIPmentation experiments for both
Mediator and cohesin after CTCF depletion. We have included example tracks in Fig. 4 and
further analyses in Extended Data Fig. 4c,d (pasted below). As expected, CTCF depletion
leads to a reduction of Cohesin occupancy at CBSs, as can be clearly appreciated from Fig.
4. However, CTCF depletion has little effect on the distribution of Mediator and cohesin at
enhancers and therefore does not strongly correlate with the changes in enhancer-promoter
interactions. We have clarified this in the main text (lines 412-419; pasted below).
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Fig. 4: CTCF is not required for pair-wise enhancer-promoter interactions. (b) Chromatin interactions in the
CCR1 locus (chr3:45,902,299-46,427,299; 525 kb) in control and CTCF-depleted cells at 96 h after differentiation
induction. From top to bottom: gene annotation; chromatin accessibility (ATAC-seq); Mediator occupancy (MED26
ChlPmentation); Cohesin occupancy (SMC1A ChlPmentation); CTCF occupancy (CTCF ChlPmentation); Micro-
Capture-C (MCC) data from the viewpoint of the promoter. The axes of the profiles are scaled to signal and have
the following ranges: Accessibility = 0—1565; Mediator = 0-1463; Cohesin = 0-975; CTCF = 0—468; MCC = 0—-40.
The orientations of CTCF motifs at prominent CBSs are indicated by arrowheads (forward orientation in red;
reverse orientation in blue). MCC interactions with CBSs, enhancers, and promoters are annotated with cyan,
magenta, and orange triangles, respectively. (c) Chromatin interactions in the NFKBIZ locus (chr3:101,766,932-
102,266,932; 500 kb) in control and CTCF-depleted cells, as described in panel b. The axes of the profiles are
scaled to signal and have the following ranges: Accessibility = 0-4883; Mediator = 0-760; Cohesin = 0-367; CTCF
= 0-286; MCC = 0—40. (d) Chromatin interactions in the TRIB1 locus (chr8:125,079,965-125,739,965; 660 kb) in
control and CTCF-depleted cells, as described in panel b. The axes of the profiles are scaled to signal and have
the following ranges: Accessibility = 0-8276; Mediator = 0-1858; Cohesin = 0—1660; CTCF = 0-468; MCC = 0—
40. (e) Chromatin interactions in the SRGN locus (chr10:68,884,514-69,234,514; 350 kb) in control and CTCF-
depleted cells, as described in panel b. The axes of the profiles are scaled to signal and have the following ranges:
Accessibility = 0-5900; Mediator = 0—1430; Cohesin = 0—777; CTCF = 0-318; MCC = 0-50.
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Extended Data Fig. 4: Characterization of CTCF depletion during lymphoid-to-myeloid transdifferentiation.
(c) Correlation between differential enhancer-promoter interaction frequencies and differential Mediator binding
levels at the interacting elements during lymphoid-to-myeloid transdifferentiation (grey datapoints; 24 h vs Oh and
96 h vs 0 h) and upon CTCF depletion (red datapoints; 96 h control vs 96 h CTCF depletion), based on Spearman’s
correlation test. (d) Correlation between differential enhancer-promoter interaction frequencies and differential
cohesin binding levels at the interacting elements, as described in panel c.

Lines 412-419:

Given the strong correlation between differential Mediator and cohesin binding levels and
enhancer-promoter interaction frequencies during differentiation, we performed additional
ChlPmentation experiments after CTCF depletion to investigate whether we can explain the
observed changes in interaction patterns by changes in the binding levels of Mediator and
cohesin. As expected, CTCF depletion leads to a reduction in cohesin occupancy at CBSs
(Fig. 4b-e). In contrast, we observe minor changes in the distribution of Mediator and cohesin
at enhancers, which do not correlate well with the minor changes we observe in enhancer-
promoter interactions after CTCF depletion (Extended Data Fig. 4c,d).

7) - Lines 567-569: “...but that the higher-order configuration of enhancers and promoters in
CTCF-dependent hub structures does not have a specific function in gene regulation”.

This is a strong statement that cannot be supported by the data included in the manuscript.
One cannot simply exclude that the alterations in chromatin hubs have also certain
contribution on the observe changes in transcription. Furthermore, gene regulation is more
complex than what can be inferred by simply looking at expression levels in a individual
timepoint. For example, temporal changes in gene activation or alterations in spatial patterns
are aspects that cannot be measured in this differentiation system, and that may well be
compromised by the impairment of chromatin hubs. | would suggest that the authors tone
down this statement.

We agree with the Reviewer and have toned down this statement. In addition, we have added
a section to the discussion to clarify that the loss of CTCF and CTCF-dependent chromatin
hubs may impact gene regulation and cell functioning in ways that we have not assessed in
this manuscript (lines 672-676; pasted below).

Lines 672-676:

Furthermore, it is possible that CTCF-dependent hubs have a more pronounced function in
specific cellular contexts or in regulating dynamic aspects of gene expression that are not
reflected in RNA-seq data. In this regard, it is of interest that it has previously been shown that
CTCF-depleted iMacs have impairments in their acute inflammatory response®*.

Minor comments:

1) - Line 129: “Characterization of this system by qPCR and FACS shows that cellular
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differentiation occurs synchronously and completely, with >90% of B-cells converting into
iMacs over the differentiation course”

This percentage is not correct, based on the flow cytometry profile at 168 h.

We thank the Reviewer for spotting this mistake. We have corrected it; the sentence now
reads "Characterization of this system by gPCR and FACS shows that cellular differentiation
occurs synchronously and completely, with approximately 90% of B-cells converting into
iMacs over the differentiation course".

2) - Capture-C experiments were also performed in this study. Yet, the only reference in the
manuscript are a few profiles in Extended Data Fig 1c and d. It would be appropriate to refer
to these experiments in the main text, explaining the motivation to perform them as well as
discussing the results obtained.

We thank the Reviewer for pointing this out. We performed the Capture-C experiments before
we had established a robust MCC protocol in our lab in Géttingen. When we were able to
generate high-quality MCC data, we realized that MCC data would be very beneficial for this
project, as these data would allow us to analyze changes in the interaction profiles of cis-
regulatory elements with more precision. As shown in Fig. 1d,e and Extended Data Fig. 1c,d,
the MCC and Capture-C data generally show the same trends of increased and decreased
interactions in up- and downregulated gene loci, respectively. However, the MCC data reveal
more details and can be quantified across loci more reliably. This is clear when calculating the
correlation between changes in gene expression and enhancer-promoter interaction
frequencies. While analysis based on the MCC data results in a correlation coefficient R =
0.821 (Fig. 6f), the correlation coefficient based on Capture-C data equals R = 0.14 (Rebuttal
Fig. 3).
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Rebuttal Fig 3. Correlation between differential expression levels and total enhancer-promoter interaction
frequencies based on Capture-C data (24 h vs Oh and 96 h vs 0 h). R = 0.14 (Spearman’s correlation test).

We apologize for not properly referring to the Capture-C data in the main text previously and
have now added references in lines 140 and 153.

18



3) - It would be useful to add the CTCF ChIP-seq profiles of the different timepoints in Fig 2
and Extended Data Fig. 2, as it is shown for the other experiments in these figures.

We thank the Reviewer for noticing this and have added the CTCF ChlP-seq profiles for the
different timepoints to Fig. 2 and Extended Data Fig. 2.

4) - It could be good for the flow of the text to provide background information on the modeling
framework in the main text. Alternatively, the authors may indicate in the main text that the
principles of the model are extensively described in the Methods section.

We have provided additional background information about the modeling framework in the
Methods section (lines 950-972; pasted below) and a clear reference to this section in the
main text (line 462).

Lines 950-972:

2 Mb regions around the CCR1, NFKBIZ, and TRIB1 loci were modelled based on a previously
described modelling framework®%:67 using the multipurpose EspressoMD package'?”. Briefly,
the chromatin fiber is modelled as a self-avoiding polymer chain consisting of equisized beads
representing 2 kb of chromatin. Beads were classified as binding the transcription machinery
(i.e., promoters and enhancers; based on Mediator ChlPmentation peaks), binding CTCF
(based on CTCF ChlPmentation peaks, including motif orientation), as transcribed genic
regions (gene bodies of active genes; based on TT-seq data), or as neutral (with none of the
above-mentioned features). Polymers were used in molecular dynamics simulations in a 3D
space following Langevin equations to model thermal motion of chromatin and its binding
factors in an implicit solvent (the nucleoplasm), with the following postulations®s: (1) the
transcription machinery has affinity for promoters and enhancers and traverses gene bodies;
(2) components of the transcription machinery (RNAPII, Mediator) also have affinity for each
other to simulate condensate formation; (3) cohesin complexes can bind anywhere on the
polymer and extrude loops, but have a preference for loading at enhancers and promoters.
To account for the experimentally observed accumulation of cohesin at CTCF- and Mediator-
bound sites, extrusion of loops by cohesin stalls when encountering a CTCF-bound site with
a motif oriented towards the direction of extrusion or when meeting the transcription
machinery. By dynamically forming and dissolving protein-chromatin bonds, this framework
simulates chromatin loop extrusion by the cohesin complex and traversing of RNAPII during
transcription. The rates of loop extrusion and RNAPII translocation along chromatin were set
within the range of experimentally deduced values (RNAPII: 1-5 kb/min; cohesin: 15-30
kb/min)é”. RNAPII-cohesin and cohesin-cohesin crossing rates were set at 1.5 and 0.15
crossings per second, respectively.
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Reviewer #3 (Remarks to the Author):

The work by Karpinska at al. combines Micro-Capture-C, Tri-C, and simulations to investigate
the interplay between gene expression and 3D genome structure over the course of cell
differentiation. This is challenging problem, with a literature showing contradictory evidence
supporting alternative theories. The study is remarkable in that it produced rich and high-
resolution information clarifying how CTCF and cohesin shape the structure of chromatin and
support the formation of enhancer-promoter contacts that likely explain changes in gene
expression. One major finding to me is the observation of a clear correlation between
enhancer-promoter contacts and gene expression level, likely made possible by the high
resolution of their data, which is important considering this the role of 3D chromatin
conformation for gene regulation is still being questioned in the literature. Another is the
observation that the minor effect of CTCF degradation on gene expression is due to the fact
that the original co-operative 3-way contacts favored by stable stalling at CBS is compensated
by pairwise contacts in a way that the overall strength of enhancer-promoter interactions
remains mostly unaffected. While these observations are perhaps not entirely surprising, |
believe that they are very important for the both the chromatin and gene regulation fields.
Overall, | find the methodology and analysis appropriate and the conclusions robust.

| would like to comment mainly on the simulation methods and their presentation. | find that
the simulations are critical to rationalize the observations that CTCF depletion affects 3-way
contact while leaving pairwise enhancer-promoter interactions unaffected. For this, the
specific way in which CTCF, cohesin and RNAPol are treated is fundamental, but this is not
clarified in the paper itself. | believe adding more information about the model is important to
explain what is actually going on inside the real system. My major issue about the modeling
results is that the authors do not show evidence from the model that CTCF depletion would
be expected leave the pairwise enhancer-promoter contacts not affected, as only the effect
on 3-way interactions is actually reported. A more detailed analysis of the simulations would
therefore be helpful.

We thank the Reviewer for their helpful and constructive feedback on our work. We agree that
the simulations are an important part of the manuscript and have added more detailed
information to describe the modeling framework (lines 950-972; pasted below). The Reviewer
also raises an important point with respect to the effect of CTCF depletion on pair-wise
interactions in the model. Consistent with our experimental data, the model shows that CTCF
depletion leads to a reduction of multi-way interactions but has no significant effect on the
pair-wise interactions. To clarify this, we have added a comparison of quantified pair-wise
interactions and multi-way interactions in the three modeled loci based on both the
experimental data and the model (Extended Data Fig. 5d-g; pasted below).

Lines 950-972:

2 Mb regions around the CCR1, NFKBIZ, and TRIB1 loci were modelled based on a previously
described modelling framework®%:67 using the multipurpose EspressoMD package'®”. Briefly,
the chromatin fiber is modelled as a self-avoiding polymer chain consisting of equisized beads
representing 2 kb of chromatin. Beads were classified as binding the transcription machinery
(i.e., promoters and enhancers; based on Mediator ChlPmentation peaks), binding CTCF
(based on CTCF ChlPmentation peaks, including motif orientation), as transcribed genic
regions (gene bodies of active genes; based on TT-seq data), or as neutral (with none of the
above-mentioned features). Polymers were used in molecular dynamics simulations in a 3D
space following Langevin equations to model thermal motion of chromatin and its binding
factors in an implicit solvent (the nucleoplasm), with the following postulations®s: (1) the
transcription machinery has affinity for promoters and enhancers and traverses gene bodies;
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(2) components of the transcription machinery (RNAPII, Mediator) also have affinity for each
other to simulate condensate formation; (3) cohesin complexes can bind anywhere on the
polymer and extrude loops, but have a preference for loading at enhancers and promoters.
To account for the experimentally observed accumulation of cohesin at CTCF- and Mediator-
bound sites, extrusion of loops by cohesin stalls when encountering a CTCF-bound site with
a motif oriented towards the direction of extrusion or when meeting the transcription
machinery. By dynamically forming and dissolving protein-chromatin bonds, this framework
simulates chromatin loop extrusion by the cohesin complex and traversing of RNAPII during
transcription. The rates of loop extrusion and RNAPII translocation along chromatin were set
within the range of experimentally deduced values (RNAPII: 1-5 kb/min; cohesin: 15-30
kb/min)é?. RNAPII-cohesin and cohesin-cohesin crossing rates were set at 1.5 and 0.15
crossings per second, respectively.
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Extended Data Fig. 5: CTCF supports the formation of enriched multi-way interactions in chromatin hubs.
(d) Interaction frequencies of the promoters of modelled gene loci (CCR1, NFKBIZ, and TRIB1) with enhancers
and CBSs at 96 h in control and CTCF-depleted cells, derived from experimental MCC data. Boxplots show the
interquartile range (IQR) and median of the data; whiskers indicate the minima and maxima within 1.5 * IQR;
asterisks indicate significance (P < 0.01, two-sided paired Wilcoxon signed rank test). (e) Interaction frequencies
of the promoters of modelled gene loci (CCR1, NFKBIZ, and TRIB1) with enhancers and CBSs at 96 h in control
and CTCF-depleted cells, extracted from the models. Boxplots as described in panel d. (f) Multi-way interaction
frequencies of E-E-P and E-C-X hubs in the modelled gene loci at 96 h in control and CTCF-depleted cells, derived
from experimental Tri-C data. Boxplots as described in panel d. (g) Multi-way interaction frequencies of E-E-P and
E-C-X hubs in the modelled gene loci at 96 h in control and CTCF-depleted cells, extracted from the models.
Boxplots as described in panel d.
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