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MYOD-directed fibroblast trans-differentiation into skeletal muscle provides a unique
model to investigate how one transcription factor (TF) reconfigures the three-
dimensional chromatin architecture to control gene expression, which is otherwise
achieved by the combinatorial activities of multiple TFs. Integrative analysis of
genome-wide high-resolution chromatin interactions, MYOD and CTCF DNA-binding
profile and gene expression revealed that MYOD directs extensive re-wiring of
interactions involving cis-regulatory and structural genomic elements, including
promoters, enhancers and insulated neighborhoods (INs). Re-configured INs were hot-
spots of differential interactions, whereby MYOD binding to highly constrained
sequences of IN boundaries and/or inside INs leads to alterations of promoter-
enhancer interactions to repress cell-of-origin genes and to activate muscle-specific
genes. Functional evidence shows that MYOD-directed re-configuration of chromatin
interactions temporally preceded the effect on gene expression and was mediated by
direct MYOD-DNA binding. These data illustrate a model whereby a single TF alters
multi-loop hubs to drive somatic cell trans-differentiation.
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Cover Letter

Pier Lorenzo Puri, M.D.
Professor
Development, Aging, and Regeneration Program

La Jolla, February 27th 2019

Dear Dr. Plosky,

We would like to submit to Molecular Cell our manuscript entitled “Transcription Factor-Directed Re-
Wiring of Chromatin Architecture for Somatic Cell Nuclear Reprogramming Toward Trans-
differentiation”, as Research Article.

Somatic cell trans-differentiation into another somatic cell type is a key issue in regenerative medicine.
While transcription factor (TF)-directed somatic cell reprogramming toward another lineage has been
reported, the mechanism by which TFs re-organize the 3D genome architecture to coordinately activate
and repress specific subsets of genes is currently unknown.

MYOD-directed reprograming of somatic cells into skeletal muscle is a remarkable and unique example
of trans-differentiation induced by the ectopic expression of a single TF. However, MYOD-mediated
regulation of gene expression has been so far studied in a linear way - that is, by associating MYOD
binding at enhancers and promoters to target genes based on the linear sequence of the DNA.

We exploited the ability of MYOD, master regulator of skeletal myogenesis, to reprogram fibroblasts to
skeletal muscle cells as an experimental paradigm to characterize the mechanisms used by
transcription factors to reprogram somatic cells. By combining high resolution Hi-C, ChiP-seq and RNA-
seq with 3C analysis and deadCas9-mediated functional challenging, we show that MYOD directs an
extensive re-wiring of chromatin interactions, involving cis-regulatory and structural elements of the
genome, to repress cell-of-origin genes and activate tissue-specific genes. In particular, we observed
that MYOD frequently binds to and alters the boundaries of sub-TAD structures, referred to as insulated
neighborhood, at highly constrained genomic sequences enriched in pathogenic variants.

Either RNAi-mediated depletion or deadCas9-directed blockade of DNA binding specifically eliminated
MYOD-mediated alterations of chromatin interactions and related local changes in gene expression.
Of note, we determined that MYOD-directed re-configuration of chromatin interactions preceded the
effect on gene expression, thereby establishing the temporal relationship between the DNA binding
and the alterations in chromatin interactions instigated by one TF that induced somatic nuclear cell
reprogramming toward a specific lineage.

As suitable reviewers of our manuscript we would like to propose:
o Jeffrey Dilworth, Ottawa Hospital Research Institute, Ottawa, Canada. jdilworth@ohri.ca
e Andrew Lassar, Harvard Medical School. Boston, USA. andrew_lassar@hms.harvard.edu
o Vittorio Sartorelli, Laboratory of Muscle Stem Cells and Gene Regulation, NIAMS, Bethesda,
USA sartorev@mail.nih.gov

T 3.646.3100 10901 Nort rey Pines Road La f y SBPdiscovery.org



o Stephen Tapscott, Fred Hutchinson Cancer Research Center, Human Biology and Clinical
Research Divisions, Seattle, USA stapscot@fhcrc.org

We kindly ask to exclude from the review process:

Benoit Bruneau, Gladstone Institute, San Francisco, USA

Leonid Mirny, Massachussets Institute of Technology, Boston, USA

Erez Lieberman-Aiden, Baylor College of Medicine & Rice University, Houston, USA
Robert Tijan, University of California, Berkeley, USA

Danny Reinberg, NYU Langone School of Medicine, NY, USA

Brian Dynlacth, NYU, NY, USA

Victor Corces. Emory University, Atlanta, USA

We believe that the important findings described above will be interesting to a broad scientific
community and hope that you will consider our work exciting and suitable for publication in Molecular
Cell.

Your Sincerely,
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Pier Lorenzo Puri, M.D.
Professor, Development, Aging and Regeneration Program



Response to reviewers

View Letter

Date: Mar 20, 2019

To: "Pier Lorenzo Puri" Ipuri@sbpdiscovery.org

cc: bplosky@cell.com

From: "Molecular Cell Editorial Office" molecule@cell.com
Subject: Editor's Decision on MOLECULAR-CELL-D-19-00392
Mar 20, 2019

RE: MOLECULAR-CELL-D-19-00392
"Transcription Factor-Directed Re-Wiring of Chromatin Architecture for Somatic Cell
Nuclear Reprogramming Toward Trans-differentiation”

Dear Lorenzo,

Thank you for the opportunity to consider your manuscript at Molecular Cell. I've heard
from two reviewers who both found the manuscript interesting and are generally
supportive of considering a revised version for Molecular Cell. Reviewer 1's
suggestions, while rather lengthy, are mainly aimed at providing greater clarity - both in
the organization and presentation of the findings and to have more clarity about some of
the experiments. Reviewer 2 is very positive and has one major experimental
suggestion, which is to validate MyoD-dependent looping by an orthogonal approach.

We hope that the comments below will prove constructive as your work progresses, and
| would be happy to discuss any potential plans for a revision once you've had a chance
to consider the points raised in this letter.

Our typical timeframe for revisions is two to three months, and our general policy is that
papers are considered through only one revision cycle, so any revised manuscript will
be either accepted or rejected on the basis of the reviewers' comments (but not returned
for further work).

Your revised paper should be no longer than 45,000 characters including spaces and
figure legends, with no more than 7 figures and/or tables. Please note that our
article length guidelines have been recently adjusted to reflect that references are no
longer counted towards the overall character count of the manuscript. You can visit our
author's information page for more details concerning stylistic and formatting guidelines.
Figures must be prepared in accordance with the Cell Press Data Processing Policy,
which you can find here along with other details for preparing figures. For example, if
you have digitally eliminated irrelevant or superfluous lanes from a gel or blot image,
you must indicate the position of the deletion with a line or a space, and explain the
manipulation in the figure legend. If you need to access your username and password,
you can do so at https://www.editorialmanager.com/molecular-cell/.

As you make your revisions, I'd like to make you aware of a couple of changes that we
are implementing at Molecular Cell.



1.

Please keep in mind that, should we publish your paper, we will require that it be
in compliance with our publication guidelines, including use of the STAR Methods
format for reporting experimental procedures, methods, and analysis. At this
stage, we require that your revised manuscript follows the STAR Methods format
so both the editors and the reviewers are able to review the details of the
experimental procedures and consider a version of the manuscript that closely
reflects what would potentially be published. Cell Press introduced the STAR
Methods format to help improve the rigor in reporting methods and resources for
reproducibility. This section replaces the Experimental Procedures and
Supplemental Experimental Procedures sections and does not count toward the
main-text character limits. For detailed instructions on STAR Methods and a
template for the Key Resources Table, see our STAR Methods webpage. Please
contact me if you have any questions about restructuring your manuscript using
the STAR Methods format.

To ensure best practices in data transparency and archiving, we are requiring
authors to submit their unprocessed and uncompressed imaging data (microscopy
as well as gels and blots) to their editor through Mendeley Data. This source data
will only be required if and at the time that authors are invited to submit a revised
paper for Molecular Cell. We also encourage, but do not require, submission of
other non-imaging data. These original datasets will only be used for internal
evaluation. However, to promote data transparency with the community, we also
encourage authors to publish their source datasets alongside the paper. Click
here for more detailed instructions on how to submit source data to your editor and
publish it alongside your paper.

Should your manuscript be accepted for publication in the future, we’ll encourage
you to contribute any of these optional features:

1. Figure360: Create a narrated, animated version of one of your figures that
helps the reader zoom in on the most important take-home message in a
matter of minutes. The video should contain data and panels from only one
figure, and include minimal introduction. For guidelines and examples,
please click here.

2. Methods Videos: We encourage you to make a Methods Video for your
paper if you report any methods that are challenging or nuanced, or if you
have an experimental setup that is hard to describe. These videos are short
(=1 min) and are intended to improve reproducibility and transparency. For
examples and guidelines, go here.

Best wishes,

Brian

Brian Plosky, Ph.D.
Editor-in-Chief, Molecular Cell



Response to Reviewers’ Comments

We thank the reviewers for their valuable suggestions and comments, which have helped
us to improve our manuscript. We were very pleased to see that both reviewers deemed
our work as “exciting” and “solid”, and that “nicely complement current hypotheses on the
field” and “provides several novel aspects to our understanding of the role for transcription
factors in establishing cell-specific organization of chromatin”. However, while Reviewer
#2 found that our results are “clearly presented”, Reviewer #1 requested to improve the
clarity of the data description in the text and recommended to revise length and structure
of the manuscript. Reviewers also asked for additional explanations of some of the
experiments performed, as well as additional analyses and experiments to help support
our model.

We have modified the introduction and the result sections of the text according to reviewer
indications. We have also improved the clarity of the description of specific experiments
and made few modifications to the data presentation in the figures, including the inclusion
of data results that were referred to as “data not shown” in the original submission, as
recommended by the Reviewers. Finally, we have performed DNA-FISH to validate with
an independent approach our Hi-C results, as requested by Reviewer 2.

A point-by-point response (blue font) to reviewer comments (black font) can be found
below.

Reviewer comments:

Reviewer #1: The manuscript by Dall'Agnese et al., investigates the role of transcription
factors (TF) in 3D chromatin organization and transcriptional control. By employing an in
vitro differentiation system, the authors systematically address this question by
performing Hi-C, ChlP-seq and RNA-seq at crucial timepoints of the differentiation
process. The authors claim that the uniqueness of their approach relies on the fact that
only one TF (MYOD) is required to promote the differentiation of human fibroblasts into
myotubes. This fact allows, in principle, the elucidation of the role of that single TF in
inducing major 3D-conformational and transcriptional changes.

The manuscript is broadly divided into two distinct sections. The first part focuses on a
genome wide analysis of the differentiation process at the level of chromatin organization
and transcription. On the second part, functional assays are performed, which validate
the previous findings and provide important insights into how transcription is achieved.
The authors report specific examples of different types of enhancer-promoter interactions
mediated by MYOD. Specifically, one example is dependent of active transcription and
another mediated by CTCF. Notably, such interactions appear to be reversible as the
authors highlight after manipulation of the stimulus dosage. Furthermore, the authors
extrapolate some of their findings on human cells into mouse, highlighting the



evolutionary conservation of the identified mechanisms. In general, the results nicely
complement current hypotheses on the field.

Overall, the methodology and experiments of the study look solid. There are some
concerns, however, related to data interpretation. Another important criticism of the
manuscript relates to its density, length and its difficulty to read in certain sections.

RE: We thank the reviewer for appreciating our work. The reviewer noted that the
methodology and experiments of our original submission were solid, but expressed
concerns about our interpretation of some of our data and the difficulty in following certain
parts of the manuscript, because of the density and sometimes redundancy of the data.
To address these concerns, we modified the manuscript following the reviewer’
suggestions as detailed in the answers to the reviewer's comments below.

Following, | provide a list of comments that the authors should take in consideration:

- As mentioned above, the manuscript is divided into two parts, the first mainly descriptive
and the second more functional. There is a clear imbalance towards the first section,
which includes a very long description of their biological system and a plethora of analysis
that, in most cases, appear quite redundant.

| feel that the manuscript would clearly benefit from a more concise description of the
results in certain sections and of a more careful thinking of to which audience the
manuscript is targetting. Some of the findings might be of great interest for the 3D
chromatin regulation community and, in that sense, there is no need to provide five dense
pages of results explaining the differentiation system in detail. Similarly, an entire section
is dedicated to present the results from Figure S5, although they can be easily merged
with the previous section to make it more clear and concise. Another example can be
found on the separate sections on insulated neighborhoods, covering chromatin contacts
and transcription, which again are highly complementary and could be merged.

RE: We thank the reviewer in expressing his/her concerns regarding the text of the
manuscript which helped us write a more concise, straight to the point and clear text. The
reviewer correctly noted that our manuscript is divided into two sections. The first section
describes the 3D chromatin changes associated to MYOD DNA binding and the
associated changes in gene expression during MYOD-mediated myogenic commitment
and differentiation. The second part consists of functional experiments proving that
MYOD is indeed the transcription factor that mediates at least some of those changes in
3D chromatin interaction regulating gene expression.

We are indeed aware of this potential concern, as this manuscript is directed to a broad
audience, which includes colleagues working in fields quite distant in terms of background
and technologies used. While this clearly emphasizes the general relevance of our work,
we believe that for this reason our data should be made accessible to such a broad
audience, by providing enough information on background and technologies required for
optimal data interpretation and overall understanding of our work. Thus, in the first part of



the manuscript an audience specialized in epigenetics and gene expression needs to be
informed on “cell biology” of MYOD-directed reprogramming of somatic cells into skeletal
muscle (Figure 1), while cell and developmental biologists need to be provided with an
essential background of 3D chromatin interactions, Hi-C technology and related recent
discoveries (i.e. TAD and INs) (Figure 2-4).

Regardless, we note that the data reported in the first part of the manuscript are novel
and generated with unprecedented approaches that would invaviably require a detailed
description. Indeed, we report on the first comprehensive analysis of the changes in 3D
chromatin organization observed during somatic cell trans-differentiation that are
associated with the binding of a master transcription factor, by exploiting a top-down
approach: from the largest and most stable topological structures to the smallest and most
variable chromatin interactions.

We argue that providing an accurate description of the experimental setting and data in
the first part of the manuscript is necessary for a coincise description of the functional
data in the second part of the manuscript. This is why the first part will necessarily be
longer than the second one.

Having said that, we agree with the reviewer that some sections in the first part of the
original version of our manuscript were too long and redundant, and that a more coincise
description would help the readership to focus on key data. Likewise, we agree that
providing a clearer presentation of the central biological question we are pursuing was an
important modification to make.

Following this reviewer recommendation, we have made modifications to the text of our
manuscript, by merging sections and by eliminating redundant and unnecessary
sentences and figure panels.

We acknowledge that after this extensive re-hauling of the text, the revised manuscript
reads more coincise and definitely accessible to the broad target audience.

In addition, the introduction section lacks a clear presentation of the biological question
that the authors are pursuing. The motivations exposed at the end of paragraphs two and
five are numerous and redundant. The section would benefit from exposing a more clear
aim.

RE: The reviewer raised a proper point. We have replaced the numerous and redundant
motivations for our work in paragraph two with one clear motivation. We have substituted
the numerous and redundant motivations at the end of paragraph five with a clear
presentation of the biological question we are pursuing.

- The authors state that the single expression of MYOD is sufficient to induce the
differentiation into myotubes. Following that logic, the authors claim that they have a
unique model to investigate the action of a single TF.

In my opinion, this is not entirely correct. The overexpression of MYOD alone commits
the cells to a new fate, but they do not differentiate in growth media (GM). It is the
presence of the differentiation media (DM) what ultimately triggers terminal differentiation.
It is reasonable to think that MYOD is not doing the job alone, but in cooperation with



external signaling molecules that might induce the expression of other transcription
factors that also contribute to the process.

That would mean that the differences on comparing "empty-GM vs MYOD-GM" can be
attributed to MYOD, but not on "MYOD-GM vs MYOD-DM", where changes are resulting
from components of the differentiation media (in cooperation with MYOD).

Luckily enough, all follow-up functional experiments were performed at loci where
chromatin changes are observed at the commitment phase (empty-GM vs MYOD-GM),
so the main authors” conclusions hold true.

Nevertheless, it is important to make this distinction clear across the entire manuscript in
introduction, results and conclusions.

RE: We agree with the reviewer on this point, and indeed we did not claim that MYOD is
sufficient to induce the differentiation into myotubes. We rather claim that MYOD
expression is sufficient to initiate the process of somatic cell reprogramming into another
lineage and that terminal differentiation requires exposure to specific conditions (DM) that
entail the cooperative activity of additional transcription factors. Still, MYOD-mediated
conversion of fibroblasts into skeletal muscles provides a unique model in which one
single transcription factor is sufficient to initiate and drive somatic cell reprogramming,
which is otherwise achieved by the co-expression of multiple transcription factors. The
epigenetic basis of this unique feature of MYOD are well accounted by the data reported
in our manuscript, as they show that: 1) ~60% of the differentially interacting bins during
reprogramming (considering both commitment and differentiation) differentially interacted
during lineage commitment (Figure 2D); 2) changes in chromatin interactions largely
precede changes in gene expression (Figure 7); 3) ~50% of changes in chromatin
interactions are promoted by MYOD DNA binding, either directly or indirectly (Figure 2F
and Figure S3). Importantly, we also show that the residual amount of changes in
chromatin interactions that did not involve direct or indirect MYOD DNA binding, might
actually involve transcription factors whose expression is upregulated by MYOD and are
known to cooperate with MYOD in the activation of skeletal myogenesis (Figure 2F and
S3). These data are consistent with a model, whereby MYOD operates as a master
transcription factor, by instigating changes in 3D chromatin architecture that are sufficient
to promote the cooperative action of other transcription factors toward completion of
somatic cell transdiferentiation. We discuss this concept within current evidence showing
that no other master transcription factor is able to initiate somatic cell reprogramming
when expressed alone (see discussion section).

- The literature of the manuscript is not appropriate in some cases. A particular example
is found in the introduction, where the authors discuss about the importance of 3D
chromatin organization in transcriptional control, but they do not cite important literature
on the topic. Studies by Duboule, Spitz, Furlong or Mundlos labs, among others, have
contributed to a better understanding of the biological relevance of 3D chromatin
organization in vivo and are not properly referenced. Important work on chromatin
organization by the Aiden lab is also not cited.

The authors should make an additional effort to provide a more comprehensive and
rationale citation of background work.



RE: We thank the reviewer for pointing out that we need to reference the important work
from the laboratories of Duboule, Spitz, Furlong, Mundlos and Aiden, which we have not
included previously, as well as other important works that have initially escaped our
attention.

- There are multiple statements across the manuscript without supporting data (indicated
as "data not shown"). In some instances, like in page 13, such statements hold important
conclusions. In those cases, the appropriate data should be provided to facilitate a proper
evaluation of the claims.

RE: We have now included all the data in the revised version of the manuscript.
They include:
a) results showing that differentially expressed genes within the same TAD tend to
be all up-regulated or all down-regulated (figure 2C);

MYOD GM vs EMPTY GM MYOD DM vs MYOD GM
s 1500 s 2000 [ TAD with upregulated genes and downregulated genes
a )
P a I TAD with only upregulated genes or only
o 1000 9 downregulated genes
3 S 1000 o i
& 500 ) - P
2 p=1.4x10 < S—
£ =
4 0 =z 0
1 >=2 1 >=2
DE gene DE genes DE gene DE genes

Figure 2C: Number of TADs with one or more DE genes. Black represents the TADs
whose differentially expressed genes are all upregulated or all downregulated, while
grey represents the TADs containing upregulated genes and downregulated genes.
LEFT: gene expression comparison between EMPTY GM and MYOD GM. TADs used
were identified in MYOD GM. RIGHT: gene expression comparison between MYOD
GM and MYOD DM. TADs used were identified in MYOD DM. pvalue represent the
significant prevalence of TADs with two or more differentially expressed genes that
were either all upregulated or all downregulated compared to TADs that have both
upregulated genes and downregulated genes. pvalue was calculated using the two-
sided exact binomial test.

b) a more detailed sentence explaining the results that suggest there is no difference
in TAD boundary location during MYOD-mediated conversion: “boundary location
did not significantly differ during MYOD-mediated fibroblast conversion into
myoblasts or myotubes (Figure 2B), since the percentage of overlap of TAD
boundaries between samples (~90%) was similar to the percentage of overlap of
TAD boundaries between biological replicates (~90%)”



MYOD GM
EMPTY GM

TAD boundaries
comparison:

Only for Reviewer Figure 1: Venn
diagram of common or unique
boundaries between EMPTY GM and
MYOD GM (left) or MYOD GM and
MYOD DM (right).

4740
~93%

c) Results in Figure 13 that the reviewer specifically requested in his/her comments
are now shown in figure S3B and S3C. We report below the section and the figures.

“To determine the extent to which the differential chromatin interactions were orchestrated
by MYOD, we considered altered interactions directly bound as well as indirect events
potentially generated by MYOD DNA binding, as illustrated in Figure S3A. According to
this model the initial chromatin alterations are conceivably caused by MYOD binding to
the DNA (Bin2, “MYOD-dependent and MYOD-bound”). MYOD binding to the DNA could
promote the interaction with another bin that may be bound by MYOD (“MYOD-dependent
and MYOD-bound”) or not (Bin3, “MYOD-dependent and directly interacting”). MYOD
binding to the DNA could also dis-engage previously interacting bins (i.e., Bin1 and Bin2)
thereby generating free bins (i.e., Bin1) available for new interactions with other bins
(Bin?), either bound by MYOD (“MYOD-dependent and MYOD-bound”) or not (Bin?,
“‘“MYOD-dependent and indirectly interacting”). Moreover, some altered chromatin
interactions can form independently on the initial chain of differential interactions triggered
by MYOD DNA binding (others). These differential interactions could be mediated by
other TFs, whose expression might be also regulated by MYOD (Figure S3A, co-
operating TF).”
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Figure S3B, Differential gene expression by RNA-seq of TFs whose DNA binding motif
is present around the TSS contained within indirectly-interacting bins and other bins
(right). indirectly-interacting bins and other bins refer to Fig 2F EMPTY GM vs MYOD
GM.

Figure S3C, Motif analysis at the summit of MYOD peaks (+/-50bp) that mapped at
differentially interacting IN boundaries during MYOD-mediated commitment or
differentiation.

- An average of 470 million contacts are generated per Hi-C map. However, there is no
information on the quality parameters of individual libraries, more than the maps in Fig 2.
Although the maps look overall of good quality, it would be important to provide a table
containing detailed statistics for each experiment, to check for consistency.

RE: We have performed systematic quality controls on our data that we did not include in
the original version of the manuscript, but that is now reported in new Table S1. We
initially reported the reproducibility of interaction maps between biological replicates using
two independent methods: Bing Ren’s published method (Dixon et al., 2015) and HiC-
spector (Yan et al., 2017). However, we also performed the following analyses:

1) percentage of mapped reads (for both mates in a read pair)

2) percentage of reported pairs (removal of unmapped pairs, multiple pairs
alignments, low quality pairs, not reported pairs and pairs with singleton - %
considering the total number of reads)

3) percentage of valid putative interaction pairs (removal of dangling ends, fragments
with no restriction site, self circles etc - % considering the number of reported pairs)

4) percentage of unique read pairs (removal of duplicates - % considering the valid

putative interaction pairs)
) number of unique read pairs
) percentage of cis-read pairs
) number of long-range cis-read pairs
) percentage of trans read pairs
These additional analyses further prove the high quality of our data. We have included
these statistics in a combined table — new Table S1.

0 N O O
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Table S1: Quality control of Hi-C libraries

e o2

Sample icate_[Total Reads akb resolution analys!

- While chromatin interactions are detected in Hi-C datasets using 4Kb bins, TADs are
identified using 40Kb bins. Is there a specific reason for such discrepancy? The authors
should justify here.

RE: We called TADs at various resolutions, but we report data on TADs called at 40kb
resolution, because 40kb was the highest resolution that gave us reproducible TAD calls
between biological replicates. We have added the following sentence in the TAD calling
section of the Methods.

“We called TADs at various resolutions, but we report data on TADs called at 40kb
resolution, because 40kb was the highest resolution that gave us reproducible TAD calls
between biological replicates.”

In addition, the authors state that TAD boundaries are not altered during fibroblast
conversion into myoblast and myotubes. It would be useful to provide data supporting the
conclusion (i.e. percentages). Indeed, the analysis depicted in Fig 2 contradicts the
statement, as there are boundaries that change between conditions.

RE: We thank the reviewer pointing out that we should show the percentages of TAD
boundaries in common between the experimental conditions. We have included in the
rebuttal letter a Venn diagram of common or unique boundaries between EMPTY GM
and MYOD GM or MYOD GM and MYOD DM in Only for Reviewer Figure 1 (see above).
There is a negligible variability between experimental conditions; however, the
percentage of common TAD boundaries between different experimental conditions was
similar to the percentage of common boundaries between biological replicates (~90%).
We therefore concluded that TAD boundaries were not altered during fibroblast
conversion into myoblasts and myotubes.

For clarity we changed the following sentence:

“the location of TAD boundaries was highly not altered during MYOD-mediated fibroblast
conversion into myoblasts and myotubes”

to

‘boundary location did not significantly differ during MYOD-mediated fibroblast
conversion into myoblasts or myotubes (Figure 2B), since the percentage of overlap of
TAD boundaries between samples (~90%) was similar to the percentage of overlap of
TAD boundaries between biological replicates (~90%)”

11



- Did the authors evaluate possible changes in A/B compartimentalization? It would be

interesting to investigate this aspect.

RE: We have performed A/B compartment analysis and we detected some switches
between A and B compartments (see figure below). We also found that there is a higher
percentage of upregulated genes and a lower percentage of downregulated genes in the
regions where the compartment switched from B to A as compared to regions whose PC1
value does not change. However, we did not find any correlation between MYOD binding
and A/B compartment switch. While we decided not to include these results in the
manuscript, which is already quite dense, we are happy to include these data below, for

the reviewer’s information.
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A. A (purple) and B (yellow) compartments along chromosome 1 or specific
portions of chromosome 1 in EMPTY GM, MYOD GM and MYOD DM. Results
of each replicate (R1 and R2) is reported. Areas between dashed lines represent
areas of A/B compartment switch between experimental conditions, but not
biological replicates

B. Comparison of PC1 values between EMPTY GM and MYOD DM. For categories
are represented in different colors: A to B switch (orange, A->B), B to A switch
(purple, B->A), PC1 values decrease but no switch (yellow, NP), PC1 values
increase but no compartment switch (pink, PP).

C. Percentage of genes located in the regions described in (B) that are upregulated
(left) or downregulated (right). Chi-squared test was used for statistical analysis.

- The introduction would benefit from a brief explanation of TADs, subTADs and insulated
neighborhoods (INs), as well as how they relate to each other.

RE: We have added a brief explanation of TADs, subTADs and INs and their relationship
with each other in the Introduction, and eliminated the paragraph dedicated to the same
explaination in the Result section, to avoid reduncancy.

We have however maintained the schematic drawing of this structures in the figures for
clarity.

Also, the authors focus on analyzing INs extensively. It would be necessary to provide
more details on how these domains are defined. How do the authors deal with nested
domains? Are just the smallest possible domains considered or also larger ones
containing them?

RE: As written in the original version of the manuscript “We defined altered INs as regions
of DNA that contained at least one gene and whose boundaries were i) co-bound by
CTCF in IMR90 and ii) showed differential interaction strength during MYOD-mediated
commitment or differentiation (Figure 4A)”. We did not select the altered INs to study
based on size or if they are contained within other altered INs or if they contain other
altered INs. We considered each altered IN as an entity on its own. We have clarified this
important point in the text as follows:

“Each altered IN was considered as a separate entity, regardless its inclusion within larger
altered INs or the presence of smaller altered INs inside it.”

- The authors describe an interesting case at the ITGA-RDH5 locus, where MYOD seems
to interact with CTCF to form a regulatory domain. Are CTCF motifs present at the summit
of CTCF ChIP-seq peaks identified at the locus? An absence of them might suggest
indirect binding mediated by MYOD, which might support the results of their functional
experiments.
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If CTCF motifs are present, do they follow the convergent-orientation, loop-extrusion
theory?

RE: We find investigating CTCF motifs and their orientation of great interest. We used
JASPAR?%'8 to identify predicted putative CTCF binding sites with relative profile score
threshold 80%. Please see below the DNA sequence of CTCF peaks at ITGA7-RDH5
locus. The summit is represented with bold white letter and blue highlight (E). The DNA
sequences highlighted in green correspond to putative CTCF sites closest to the summit,
while the DNA sequences highlighted in yellow correspond to putative CTCF sites that
are relatively far from the summit.

On the DNA sequence of ITGA7 CTCF peak, JASPAR predicted three putative sites in
the (-) strand:

1) :

2) GCT C (it overlaps with the DNA site above)

3) TCTGAAGGTGGCCCC
None of them overlap the summit of CTCF peak, but the first and second motifs are only
~10bp far from the summit.

On the DNA sequence of RDH5 CTCF peak, JASPAR predicted two putative sites with
relative profile score threshold 80% in the (-) strand:

1. CACATAGCTGGAGCC

2.

Interestingly GACCTACAGGICBEABEE is located at the summit of CTCF peak and

it is a partial CTCF canonical motif (CTCF canonical motif is CCACNAGGTGGCAG, as
reported in Rao et al., 2014).

These results are of particular interest as, they imply a potential genetic code guiding
cross-recruitment of MYOD and CTCF at IN boundaries, based DNA motif sequences
and orientation. Although we acknowledge that this issue requires further studies (which
are outside the scope of this manuscript), it is interesting to note that at the RDHS5 locus,
where the partial canonical CTCF motif is present, MYOD expression did not affect CTCF
recruitment; however, at the ITGA7 locus, where a non-canonical CTCF motif is present,
MYOD expression and MYOD DNA binding could affect CTCF recruitment (Figure 5H
and Figure 6D).

The CTCF motif sequences and orientations at RDH5 and ITGA7 loci are show below:
ITGA7 CTCF peak, strand (-), summit is [&;
CCTCCTCTCTGAAGGTGGCCCCTGGTTCCGTCTCCCAGAGCCAAGCTGGGGCCTT
TCCCAGAGGGCCTGACTGCCTCACCCTGCTTTTGCTECAGEAGEEEETGEICTGC
TGCTGGIGGGCGGGGGGTATGTGAGAGGCCAGGCACCTGCTCAGTCCCTAGCTT
TTGAGTTGCAGGTGGCCTGCCTTAGCACTCACTGATGAAAAAAACTTCTTG

RDH5 CTCF peak, strand (-), summit is [€:
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AGAAGGCGCCCAAAGCCTGAGTCACAGCCGGTGATGAAGACAAAGGCATTGCTG
GCGGGCAGGCTCTGCCGGTCCCTGAGCAACCACAGCACTGCCCAGAGTAAGGCA
CCCAGCAGAAGAGGCAGCCACATAGCTGGAGCCCAAG

BB TAGGCTGGGCAGAAAAACTTGTCCAGTTTACTGTGGCCCTCAAGCCCTTTCCCC
TAATACCCTCCCTAGCTGGAAGCATCTGGTGTGAGCATATTGAGAAATTATCTGGT
TGGCAGATAATTGG

- In their Dox-withdrawal experiments, did the authors assess the molecular identity of
cells after stimuli removal? Do they go back to the initial state?

RE: The reviewer raised an interesting point. We have not assessed the molecular
identity of the cells globally after Dox-withdrawal as this was beyond the aim of the
presented experiments. However, given that our results show a decrease in MYOD
expression (MYOD expression is not completely inhibited) and partial restoration of 3D
chromatin organization, gene expression profile and CTCF recruitment at the selected
loci, we assume that at the cells are not back at their initial state.

Overall, our results represent a proof of principle for the requirement of MYOD to maintain
myogenic chromatin organization and myogenic identity during at the commitment stage,
since decreasing its expression already affects chromatin organization, gene expression
and CTCF recruitment.

We believe that this issue is of particular relevance in the field of regenerative medicine,
in particular within the context of skeletal muscle regeneration. In this regard, we have
referred to recent data from Goldhamer group showing that acute genetic deletion of
MYOD in vivo alters the gene expression profile and compromises satellite cell
differentiation and efficiency of muscle regeneration (Yamamoto et al., 2018).

- Across the entire manuscript, data from replicates is displayed as bars, although the
number of replicates is low (3). It would be more appropriate to provide the data for each
replicate as individual points.

RE: Representing data as mean +/- SEM is a well-accepted method of showing results
and the reproducibility of experiments. We think that consistency in data representation
is very important to help the reader follow easily the figures, without mentally switching
from one data representation to another, and it improves the visual clarity of the figures,
which are already full of objects. Showing each replicate as individual points throughout
the paper would result in busier figures and some will be very hard to interpret when we
plot the results for different conditions in the same graph. For all these reasons we prefer
to keep the data representation as mean +/- SEM for all the experiments.

- Significance tests are missing in several graphs. Notably Fig 5E, 5H or 5D. As important
conclusions are derived from there graphs, the data should be displayed.
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RE: The reviewer is correct. We have added the results of the statistical significance in
Figure 5E, 5H and 5D. While we often find a statistically significant change when
comparing MYOD GM ON/ON and MYOD GM ON/OFF, in Fig 5E and Fig 5H left, we find
a reproducible, but not statistically significant, change between these two conditions.
However, since the difference between EMPTY GM and MYOD GM ON/ON is statistically
significant, but the difference between EMPTY GM and MYOD GM ON/OFF is not, we
conclude that there is a decrease of MYOD binding (Fig 5E) and CTCF binding (Fig 5H
left) upon doxy removal from the media.

- Overall, the results delineate MYOD as an important factor for muscle fate commitment.
It would important to discuss the findings in the context of current concepts such as
pioneer TF factors or pre-established chromatin interactions.

RE: We thank the reviewer for raising this interesting point. Indeed, in the Discussion
section, we discuss this issue in regard to the role of MYOD as master TF (mTF). It is
currently unclear whether a mTF can also function as pioneer TF, and data from the
literature would rather suggest that MYOD does not entirely fulfill the typical definition as
pioneer TF — including evidence reported from Tapscot and Imbalzano groups showing
that MYOD actually requires the action of the ubiquitous pioneer TF Pbx1/Meis to access
chromatin at previously silent loci (Berkes et al. 2004; de la Serna et al. 2005; Fong et al.
2015). An extensive discussion of differences and similarities between master and
pioneer TFs within the context of MYOD, cell lineage commitment and differentiation is
reported in a review recently published in Mol Cell (Sartorelli and Puri 2019). We prefer
to refer to this review, as we feel it is premature to speculate on the ability of MYOD to
reconfigure 3D chromatin architecture as a pioneer TF.

- The MYOD transgene is repeatedly referred as MyoD. If it is not from mouse origin, it
should be named in capital letters.

RE: We thank the reviewer for paying very close attention to our manuscript. Since the
transgene is from mouse origin, we referred to it as MyoD.
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Reviewer #2: This manuscript by Dall'Agnese et al. examines chromatin architectural
changes directed by lineage specific master transcription factor MyoD during trans-
differentiation of IMR90 fibroblasts into skeletal muscle progenitor cells. Using Dox-
inducible system for MyoD expression, the authors transdifferentiated fibroblasts into
skeletal muscle progenitor cells, which eventually differentiate to form myotubes. RNA-
seq analysis in trans-differentiated myotubes and primary human myotubes revealed an
over-lap in the modulation of key gene regulatory networks such as up regulation of
myogenic regulatory genes and down regulation of fibrotic and inflammatory network
genes. MyoD ChIP Seq showed enrichment of E-box motifs and a higher DNA sequence
constraint with enrichment of annotated disease variant genomic bins. This study also
provided a corroborating evidence for the genomic distribution of MyoD, specifically in the
promoters and distal enhancers of differentially expressed genes. An intriguing
observation the authors made is MyoD's enrichment at CTCF binding sites. Examining
MyoD regulated chromatin interactions, the authors performed in situ Hi-C to show the
existence of MyoD bound sites within TADs and at TAD boundaries. The authors also
went on to prove that chromatin topological changes during IMR90 trans-differentiation is
a consequence of MyoD DNA binding directly and indirectly. By integrating the MyoD
ChIP Seq data with differential interactome maps, the authors provide evidence for the
binding of MyoD at differentially interacting promoters and insulated neighborhoods. The
authors provide evidence for these interpretations by reducing the expression of MyoD in
the trans-differentiated cells, by siRNA knockdown of MyoD in C2C12 myoblasts. Using
catalytically inactive Cas9 the authors prove that direct binding of MyoD is required for
these chromatin interactions. Based on these findings, the authors propose a model
whereby MyoD drives lineage reprograming through an alteration of chromatin loops.

This is an exciting manuscript that that demonstrates a role for lineage-specific
transcription factors in mediating topological changes in chromatin architecture that
establish cell specific interactions between insulated neighbors. Using an inducible
expression system, they were further able to demonstrate that these chromatin changes
are reversible. In addition, the use of the Cas9 system allowed them to demonstrate that
the local insulated neighborhoods form independent of one another. Thus, this work
provides several novel aspects to our understanding of the role for transcription factors in
establishing cell-specific organization of chromatin. The authors have performed
extensive analysis of the 3D-organization directed by MyoD and the results are clearly
presented.

RE: We thank the reviewer for his/her detailed summary of our work. The reviewer found
that our work is exciting and that it provides “several novel aspects to our understanding
of the role for transcription factors in establishing cell-specific organization of chromatin”.
We thank the reviewer for pointing out that we have performed extensive analyses and
that our results are clearly presented.

We also thank this reviewer for having captured few small mistakes (see Other
concerns/corrections) that escaped our attention.

Nevertheless several points should be addressed:

17



Major Points.

1) The data strongly suggests that MyoD alone can mediate a reversible change in
chromatin interactions during lineage reprogramming. These results are all analyzed
using the 3C technologies looking at a single view point. The authors should demonstrate
the MyoD-dependent chromatin looping for a locus using a second technique such as
DNA-FISH to further support the findings.

RE: The reviewer asked us to validate the changes in 3D chromatin interaction using
another method, such as DNA-FISH. We could not perform DNA-FISH to investigate the
interactions between the loci we deeply studied in the manuscript, because these loci are
too close to each other. Given the large size of DNA-FISH probes (which usually span
~100 kb) and the limit of microscopy resolution, these loci would always appear
overlapping with each other. At this time, only 3C-based technologies (as shown in our
manuscript) could be used to validate and quantify differential chromatin interaction
identified by Hi-C at such high resolution.

Still, we have identified an illustrative differential chromatin interaction suitable for DNA
FISH, based on the following criteria:

- distance between the differentially interacting bins was higher than 100kb

- at least one bin was bound by MYOD
This example corresponds to the increased interaction between chr22 50160001
50164000 and chr22 50584001 50588000 that we identified by Hi-C when we compared
EMPTY GM and MYOD GM. We designed DNA FISH probes spanning 100kb (from
Agilent) for these two loci and performed DNA FISH in EMPTY GM and MYOD GM
samples. We found that the distance between the selected loci was reproducibly
decreased upon MYOD-mediated commitment by DNA-FISH, thereby validating our Hi-
C result — see data below.

EMPTY GM MYOD GM
. . N
. T

L =
EMPTY MYOD

Distance (um)

Only for Reviewer Figure 3: DNA FISH for two

representative loci (green and magenta) whose interaction is higher in MYOD GM as
compared to EMPTY GM based on Hi-C data. One z slice is shown. Right:
quantification of distance between the loci.

While these data would in principle confirm that interactions detected by Hi-C, we also
note that they are biased by limitations intrinsic to DNA FISH, which can detect differential
interactions between 100kb regions, and our differentially interacting 4kb bins consist only
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a small fraction of those 100kb regions. Thus, we are reluctant to include these data as
formal validation of Hi-C and 3C data. Considering also the very large amount of figures
and data already presented in this work, we suggest that these data are not included in
the manuscript, but are shown for reviewer vision only.

2) The authors suggest that MyoD would co-regulate genes present within a TAD without
providing data. The authors should present the data showing this coregulation in a
supplemental figure to support their rational that MyoD would alter interactions between
promoters, enhancers and insulators.

RE: The reviewer is correct in stating that we should show the tendency of genes to be
co-regulated when they belong to the same TAD. We have added these results in new
figure 2C.

MYOD GM vs EMPTY GM MYOD DM vs MYOD GM
2000 [ TAD with upregulated genes and downregulated genes

I TAD with only upregulated genes or only
downregulated genes
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Figure 2C: Number of TADs with one or more DE genes. Black represents the TADs
whose differentially expressed genes are all upregulated or all downregulated, while
grey represents the TADs containing upregulated genes and downregulated genes.
LEFT: gene expression comparison between EMPTY GM and MYOD GM. TADs used
were identified in MYOD GM. RIGHT: gene expression comparison between MYOD
GM and MYOD DM. TADs used were identified in MYOD DM. pvalue represent the
significant prevalence of TADs with two or more differentially expressed genes that
were either all upregulated or all downregulated compared to TADs that have both
upregulated genes and downregulated genes. pvalue was calculated using the two-
sided exact binomial test.

Other concerns/corrections

1) The authors should change the legend in Figure 1F from MyoD-GM and MyoD DM to
MyoD-mediated commitment and MyoD-mediated differentiation (as in figure 2F).

RE: We have replaced MYOD-GM and MYOD-DM with MYOD-mediated commitment

and MYOD-mediated differentiation, as correctly suggested by the reviewer, in previous
Figure 1F and current Figure 1E.
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2) In figure 1G, it would be informative to see the % of MyoD peaks in promoters,
enhancers and TAD boundaries rather than having these different elements pooled
together under the caption "Others".

RE: MYOD association to promoters, enhancers and CTCF-bound sites is presented in
the initial figure 1F (now figure 1E). The goal of initial figure 1G (now figure 1D) is to show
the low association of MYOD peaks to differential gene expression if we only consider the
linear sequence of the DNA. This message cannot come across if we show MYOD binding
to all promoters, all enhancers and all TAD boundaries, because MYOD can also bind
promoters of non-differentially expressed genes as well as enhancers that have not been
assigned to target genes at this stage of the manuscript progression— please, note that
TAD boundaries are introduced later in the manuscript (Figure 2), so it was premature to
analyze them in Figure 1. We therefore prefer to maintain the original flow of the figures,
as it has been purposely designed to transition from one finding (low percentage of MYOD
peaks bound at the promoter of differentially expressed genes; high amount of MYOD
peaks at distal regulatory and architectural elements) to the overall purpose of the work
(role of MYOD in promoting/altering long range chromatin interactions).

3) Infigure 3l, it would be informative to incorporate the acetylation profile on the enhancer
regions as well.

RE: We agree with the reviewer that for completeness we should show the acetylation
profile on the enhancer. We have now added the H3K27ac ChIP-qPCR results on the
enhancer region in figure 3I.
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4) In page 16, paragraph 2, if the conclusion "2% altered interactions occurred between
IN boundaries" is based on data from figure 3F. This has to be referred at the end of the
sentence.

RE: The conclusion that "2% altered interactions occurred between IN boundaries" came
from a mathematical calculation that did not refer to any figure panel. We realized that
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this sentence is ambiguous and we therefore replaced it with the following sentence: “We
found that only ~2% (1,332 or 1,595) of altered interactions accounted for changes in
interaction strength between IN boundaries”. We have also added a figure panel to
represent this information for clarity that is now in figure 4B (see below).
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to altered IN boundary interactions
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5) In page 19, there is never figure 4L. This has to be corrected in text as well as in the
figure legends of figure 5 and figure 6 where 4L is referred.

RE: We thank the reviewer for pointing out this mistake. We have corrected the
references to the figure panels.

6) In page 85, the figure legend B "compared to hMB and hMB" should be corrected
"compared to hMB and hMT".

RE: We appreciate that the reviewer read very carefully our manuscript. We have
corrected the mistake the reviewer pointed out.

7) On page 13, listing of six categories of DIs begins with numbering for 1-3 (ie. 1)....,

2)..., 3)) but this does not continue for 4-6.

RE: We have added 4), 5), 6) to the list of the six categories of Dls.
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Summary

MYOD-directed fibroblast trans-differentiation into skeletal muscle provides a unique
model to investigate how one transcription factor (TF) reconfigures the three-dimensional
chromatin architecture to control gene expression, which is otherwise achieved by the
combinatorial activities of multiple TFs. Integrative analysis of genome-wide high-
resolution chromatin interactions, MYOD and CTCF DNA-binding profile and gene
expression revealed that MYOD directs extensive re-wiring of interactions involving cis-
regulatory and structural genomic elements, including promoters, enhancers and
insulated neighborhoods (INs). Re-configured INs were hot-spots of differential
interactions, whereby MYOD binding to highly constrained sequences of IN boundaries
and/or inside INs leads to alterations of promoter-enhancer interactions to repress cell-
of-origin genes and to activate muscle-specific genes. Functional evidence shows that
MYOD-directed re-configuration of chromatin interactions temporally preceded the effect

on gene expression and was mediated by direct MYOD-DNA binding. These data
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illustrate a model whereby a single TF alters multi-loop hubs to drive somatic cell trans-

differentiation.



Introduction

Growing evidence indicates the importance of the three-dimensional (3D) genome
organization for the spatiotemporal regulation of gene expression (Andrey and Mundlos,
2017; Bonev and Cavalli, 2016; Bonev et al., 2017; Franke et al., 2016; Guerreiro et al.,
2016; Hnisz et al., 2016a; Kragesteen et al., 2018; Lupianez et al., 2015; Noordermeer et
al., 2014; Noordermeer et al., 2011; Ong and Corces, 2014; Palstra et al., 2003;
Remeseiro et al., 2016; Rodriguez-Carballo et al., 2017; Schauer et al., 2017; Spielmann
et al., 2018; Symmons et al., 2016). The genome is folded into a hierarchy of chromatin
domains (Dekker and Mirny, 2016; Dixon et al., 2012; Dowen et al., 2014; Hnisz et al.,
2016a; Nora et al., 2012; Phillips-Cremins et al., 2013; Rao et al., 2014; Sexton et al.,
2012), which facilitate and constrain interactions between regulatory elements and genes.
Among these chromatin domains, topologically associating domains (TADs) and
insulated neighborhoods (INs) are structural units that are largely conserved across cell
types (Beagan et al., 2016; Bonev et al., 2017; Chandra et al., 2015; Dixon et al., 2015;
Ji et al., 2016; Jin et al., 2013; Krijger et al., 2016; Siersbaek et al., 2017). TADs consist
of genomic regions that interact more frequently within the domain than with regions
outside, and are separated by boundaries across which chromatin interactions are
relatively scarce (Dixon et al., 2012; Nora et al., 2012). Within each TAD there may be
subTADs forming a hierarchical and nested topological organization (Phillips-Cremins et
al., 2013; Schmitt et al., 2016b). TADs and subTADs are generally composed of and/or
contain INs (Hnisz et al., 2016a), which are regions of the DNA that contain one or more
genes and whose boundaries are co-bound by CTCF and cohesin and interact with each

other (Dowen et al., 2014; Flavahan et al., 2016; Hnisz et al., 2016b; Ji et al., 2016;



Narendra et al., 2015). INs contrain gene regulation within their boundaries, by harboring
interactions between cis-regulatory elements, such as promoter-enhancer
communication (Sun et al., 2019).

While higher genomic structures appear to be generally conserved, chromatin
interactions within TADs, subTADs and INs, are instead cell-type specific and dynamic
(Bonev et al., 2017; Dixon et al., 2015; Hnisz et al., 2013; Hnisz et al., 2016a; Javierre et
al., 2016; Ji et al., 2016; Phanstiel et al., 2017; Remeseiro et al., 2016; Siersbaek et al.,
2017) and the role of transcription factors (TFs) in regulating these interactions at the
genome-wide level has not been directly addressed yet. Previous studies have been
mostly based on correlative analysis of 3D chromatin reorganization and DNA sequence
motifs for multiple ubiquitous TFs (Phanstiel et al., 2017) or DNA binding of neural (Bonev
et al., 2017) or pluripotency TFs (Stadhouders et al., 2018), or cMYC expression (Kieffer-
Kwon et al., 2017). Furthermore, the ubiquitous TF YY1 has been shown to contribute to
the formation of enhancer/promoter loops (Weintraub et al., 2017). Other studies
investigated promoter-related chromatin loops formed by tissue-specific TFs at individual
gene level (de Wit et al., 2013; Krijger et al., 2016). However, the causative role of a single
tissue-specific TF in directing genome-wide rewiring of 3D chromatin organization during
lineage commitment and differentiation has yet to be determined.

Somatic cell reprogramming into another somatic cell type (trans-differentiation) or
toward pluripotency (induced pluripotency) by ectopic expression of TFs provides an
experimental model to address the role of master TFs (mTFs) in re-wiring chromatin
interactions to regulate gene expression during establishment of cell identity, stemness,

lineage commitment and terminal differentiation. However, nuclear somatic cell



reprograming almost invariably requires the combinatorial overexpression and activity of
multiple mTFs (Caiazzo et al., 2011; Chronis et al., 2017; leda et al., 2010; Pang et al.,
2011; Pfisterer et al., 2011; Qian et al., 2012; Schaub et al., 2018; Stadhouders et al.,
2018; Takahashi et al., 2007; Tsunemoto et al., 2018; Vierbuchen et al., 2010; Wada et
al., 2013), which complicates the interpretation of the relative contribution of each
individual mTF to this process.

The analysis of the relative contribution of individual mTFs to changes in 3D chromatin
architecture is also hindered by the functional versatility, context-specificity, redundancy
and cooperative activity of most mTFs. A notable exception is provided by somatic cell
trans-differentiation into skeletal muscle cells through the ectopic expression of one single
mTF, MYOD, which is sufficient to reprogram virtually all somatic cells into skeletal
muscles (Davis et al., 1987; Weintraub et al., 1989). MYOD-mediated trans-differentiation
also permits the study of two separate and sequential stages of trans-differentiation:
lineage commitment and terminal differentiation. Several distinctive features of MYOD,
even among other myogenic bHLH factors (Conerly et al., 2016; Gerber et al., 1997),
predict that MYOD possesses unique properties that enable epigenetic and
transcriptional events necessary to coordinate repression of cell-of-origin gene
expression and transcription of new lineage-specific genes, a complicated task that is
otherwise carried out by the concerted action of multiple mTFs (Sartorelli and Puri, 2018).
As such, MYOD-mediated somatic cell trans-differentiation into skeletal muscles provides
a unique experimental system to investigate whether and how one single TF can re-wire
3D chromatin architecture to orchestrate activation and repression of gene expression

during lineage commitment and terminal differentiation.



Genome-wide analysis of MYOD DNA binding revealed a pervasive binding through
the genome; however, only a small percentage of MYOD binding sites are associated
with regional gene expression (i.e. binding to proximal promoters of target genes) (Cao
et al., 2010; Fong et al., 2012). Thus, the function of most MYOD binding sites remains
unknown. Previous works reporting on MYOD interactions with architectural proteins,
such as CTCF (Delgado-Olguin et al. 2011), and on MYOD-regulated chromatin
interactions (Harada et al. 2015; Battistelli et al., 2014; Busanello et al., 2012), suggest
that MYOD could regulate gene expression also by altering the 3D genome architecture.

Here we investigated the ability of MYOD to mediate topological changes in chromatin
organization, establishing cell-type specific interactions to regulate gene expression

programs important for myogenic commitment and differentiation.

Results

MYOD-driven myogenic conversion of primary human fibroblasts

To investigate the impact of MYOD on 3D chromatin architecture during skeletal
myogenesis, we exploited the model of MYOD-directed reprogramming of fibroblasts into
skeletal muscle (Davis et al., 1987; Weintraub et al., 1989). To this purpose, we
introduced a tetracycline-inducible Myod1 transgene (MYOD) or vector control (EMPTY)
in human primary IMR90 fibroblasts (Figure 1A). Upon doxycycline treatment in growth
media (GM) for 24hrs, ~95% of cells transfected with Myod1 expressed Myod1, but not
the skeletal muscle differentiation marker myosin heavy chain (MyHC) (Figure 1B and
Figures S1A-C). At this stage, MYOD-expressing cells continued to proliferate (Figure

S1D), indicating that Myodl expression levels were compatible with proliferation and



therefore the progenitor state. Following 72hrs in differentiation medium (DM), most
MYOD-expressing cells (over 90%) differentiated into MyHC-expressing multinucleated
myotubes (Figure 1B, Figures S1A-C). We further validated MYOD-mediated
transdifferentiation of IMR90 at the trascriptome level by RNA-seq in two biological
replicates. We identified 1,446 or 2,772 differentially expressed (DE) genes (see
Methods) during MYOD-mediated commitment (MYOD GM vs EMPTY GM) or
differentiation (MYOD DM vs MYOD GM), respectively. Gene ontology (GO) and
upstream regulator prediction analysis of the DE genes showed that MYOD committed
IMR9O0 fibroblasts toward the skeletal muscle lineage in GM by activating myogenic
transcriptional networks and repressing pro-fibrotic and pro-inflammatory transcriptional
networks (Figure S1E and Figure 1C) that are typically active in fibroblasts and
antagonize skeletal myogenesis (Gerber et al., 1997; Liu et al., 2001; Loell and Lundberg,
2011; Puri and Sartorelli, 2000). The exposure to DM was required for the activation of
the gene expression program of terminal muscle differentiation (Figure S1E). Activation
or repression of these transcriptional networks was also observed when we compared
RNA-seq data between EMPTY GM and primary human myotubes (hMTs, data from
ENCODE), revealing that ~40% of the DE genes between MYOD DM and EMPTY GM
were in common with the DE genes between hMTs and EMPTY GM (Figure S1F).
Activation or repression of these transcriptional networks was validated by RT-gPCR
(Figure S1G). Taken together, these results show that this system is highly suitable for
investigating MYOD activity during myogenic commitment and differentiation.

The repression of the original transcriptional program is a feature shared with fibroblast

reprogramming to induced-pluripotent stem cells (iPSCs). Analysis of mouse embryonic



fibroblasts (MEFs) and MEF-derived iPSCs using available gene expression data
(Chronis et al., 2017) revealed that OCT4, SOX2 and NANOG inhibited the same
transcriptional networks repressed upon MYOD expression in IMR90 fibroblasts (Figure
S1H). These results indicate that master TFs share the ability to coordinately activate and
repress specific transcriptional programs during reprogramming, as previously suggested
(Ciglar et al., 2014) and that MYOD can integrate multiple activities that are otherwise

accounted for by the combinatorial activity of multiple TFs.

A small fraction of MYOD binding sites are associated with local transcription
regulation

To study whether MYOD regulates gene expression by direct DNA binding, we
performed ChIP-seq for MYOD in IMR90-derived myoblasts (MYOD GM) and myotubes
(MYOD DM). We found that MYOD pervasively bound the genome (~50,000 and ~80,000
MYOD binding sites in MYOD GM and DM, respectively), with a large preference for the
prototypical E-box motif CA(G/C)GTG (Figure S1l), as previously reported (Cao et al.,
2010). Two examples are reported in Figure S1J. By integrating MYOD ChIP-Seq and
RNA-Seq analyses, we found that only ~5% of MYOD binding sites were located at
promoters of DE genes, both during myogenic commitment (GM) and differentiation (DM)
(Figure 1D), in agreement with previous studies (Cao et al., 2010; Fong et al., 2012).
Since only a small fraction of MYOD binding sites are associated to local transcription
regulation, we investigated MYOD DNA binding distribution to cis-regulatory elements
and insulators using publicly available H3K27ac and CTCF ChIP-seq datasets in IMR90,

human myoblasts (hMBs) and myotubes (hMTs) (Consortium, 2012; Jin et al., 2013; Yue



et al., 2014). We found enrichment of MYOD binding i) at promoters of DE genes (Figure
1E, see Methods), with no preference for promoters of up or down-regulated genes
(Figure S1K), ii) at distal enhancers, and iii) at CTCF-binding sites in IMR90, hMBs and
hMTs during both MYOD-mediated commitment (MYOD GM vs EMPTY GM) and
differentiation (MYOD DM vs MYOD GM) (Figure 1E). These results suggest that MYOD
might regulate transcription by binding distal regulatory and/or structural genomic

elements.

MYOD DNA binding correlates with significant alterations in chromatin interactions

The enrichment of MYOD binding at cis-regulatory elements and at DNA elements
bound by CTCF, an architectural protein implicated in chromatin looping (Hnisz et al.,
2016a; Nora et al., 2017; Ong and Corces, 2014; Tsui et al., 2016), prompted us to
investigate whether MYOD could regulate transcription by re-organizing interactions
between functional and/or structural genomic elements.

To study MYOD-mediated changes in chromatin structure during myogenic
conversion, we conducted in situ Hi-C (Rao et al., 2014) in two biological replicates in
EMPTY GM, MYOD GM and MYOD DM. We collectively detected 2.6 billion unique
pairwise contacts (each map contained on average ~470M unique pairwise contacts).
Our Hi-C libraries were of high quality (Table S1, see Methods) and were highly
reproducible (Figure S2A-B, see Methods).

The genome is compartmentalized into TADs (Figure 2A) that we identified using
Armatus (Filippova et al., 2014), and we called TAD boundaries as in Crane et al, 2015

(Crane et al., 2015) from Hi-C matrices binned at 40kb resolution, i.e., by partitioning the
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genome in 40kb bins. Although we detected MYOD DNA binding both inside TADs and
at TAD boundaries, boundary location did not significantly differ during MYOD-mediated
fibroblast conversion into myoblasts or myotubes (Figure 2B), since the percentage of
overlap of TAD boundaries between samples (~90%) was similar to the percentage of
overlap of TAD boundaries between biological replicates (~90%). This result is consistent
with previous observations showing TAD conservation across cell types (Dixon et al.,
2015; Schmitt et al., 2016a; Siersbaek et al., 2017). Interestingly, we observed a general
pattern of co-regulation of genes within MYOD-bound TADs (Figure 2C), suggesting that
MYOD could alter chromatin interactions between promoters, enhancers and insulators
within TADs.

To test this hypothesis, we analyzed the in situ Hi-C maps at 4kb resolution and
identified differential intra-chromosomal interactions between bin-pairs using diffHic (Lun
and Smyth, 2015). Around 14% of the genome differentially interacted in cis during
MYOD-mediated myogenic commitment (MYOD GM vs EMPTY GM) and/or
differentiation (MYOD DM vs MYOD GM) (Figure 2D). Examples of differential chromatin
interactions are shown in Figure S2C.

By integrating the differential interactome maps with MYOD ChlIP-seq profile, we found
that the number of bins with altered chromatin interactions and bound by MYOD was
significantly higher than expected by chance (chi-squared test, p<2.2x106, circular
permutations, p=0, see Methods) during myogenic commitment or differentiation (Figure
2E).

To determine the extent to which the differential chromatin interactions were

orchestrated by MYOD, we considered altered interactions directly bound as well as
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indirect events potentially generated by MYOD DNA binding, as illustrated in Figure S3A.
According to this model the initial chromatin alterations are conceivably caused by MYOD
binding to the DNA (Bin2, “MYOD-dependent and MYOD-bound”). MYOD binding to the
DNA could promote the interaction with another bin that may be bound by MYOD
(“MYOD-dependent and MYOD-bound”) or not (Bin3, “MYOD-dependent and directly
interacting”). MYOD binding to the DNA could also dis-engage previously interacting bins
(i.e., Binl and Bin2) thereby generating free bins (i.e., Binl) available for new interactions
with other bins (Bin?), either bound by MYOD (“MYOD-dependent and MYOD-bound”) or
not (Bin?, “MYOD-dependent and indirectly interacting”). Moreover, some altered
chromatin interactions can form independently on the initial chain of differential
interactions triggered by MYOD DNA binding (others). These differential interactions
could be mediated by other TFs, whose expression might be also regulated by MYOD
(Figure S3A, co-operating TF).

When we applied this analysis to our experimental system, we found that about 50%
of the differentially interacting (DI) bins could be dependent on MYOD binding to the DNA
(Figure 2F). We observed that ~12% and ~18% of DI bins during MYOD-mediated
commitment and differentiation, respectively, were “MYOD-dependent and MYOD-
bound” bins; ~14% of the DI bins during both MYOD-mediated commitment and
differentiation were “MYOD-dependent and directly interacting” bins; over 22% of the DI
bins during both MYOD-mediated commitment and differentiation were “MYOD-
dependent and indirectly interacting” bins (Figure 2F). Interestingly, directly interacting
bins were enriched in binding motifs for TFs that are typically found at MYOD-bound

promoters and/or enhancers, and reported to facilitate MYOD DNA binding (i.e., Pbx)
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(Berkes et al., 2004) and potentiate MYOD activation of target genes (i.e., MEF2) (Black
et al., 1998; Dodou et al., 2003) (Figure S3B). Finally, ~50% of the DI bins detected in
IMR90 upon MYOD expression do not appear to derive from the “domino effect” of
differential interactions triggered by direct MYOD-DNA binding. However, we note that
bins involved in these interactions, as well as bins involved in MYOD-dependent indirect
interactions, were enriched in motifs for endogenous TFs that were up- or down-regulated
as a consequence of direct MYOD binding at their promoter (Figure S3C). This is
consistent with a model whereby changes in chromatin topology during IMR90 trans-
differentiation derive from initial MYOD DNA binding, with MYOD-regulated expression of
TFs adding an additional layer of complexity to further expand the extent of 3D chromatin
re-configuration through a cooperative action of TFs.

To determine the identity of the regulatory elements involved in the differential
interactions (DIs) bound by MYOD, we divided the DIs into six categories: 1) all DIs (All),
2) Dls involving promoters (Promoter-all), 3) DIs involving enhancers (Enhancer-all), 4)
DIs between promoters and enhancers (Promoter-enhancer), 5) DIs bound by CTCF
(CTCF), 6) DIs between bins co-bound by CTCF (CTCF-CTCF) (Figure 2G). Interestingly,
the percentage of Promoter-all DIs, Enhancer-all DIs, Promoter-enhancer DIs, CTCF Dls
and CTCF-CTCF Dis that was bound by MYOD was higher than the percentage of all DIs
bound by MYOD (Figure 2G), suggesting that MYOD could re-wire chromatin architecture
at promoter, enhancers and insulators during fibroblast trans-differentiation into skeletal

muscle.

MYOD DNA binding at regions showing differential interactions at gene promoters
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We observed a significant enrichment in MYOD binding at altered chromatin
interactions involving promoters (chi-squared p<2.2x10-16, Figure 3A) and at promoter-
enhancer pairs (chi-squared p<2.2x10-16, Figure 3B). Of note, differential chromatin
interactions anchored at promoters were more frequently associated to DE genes as
compared to genomic regions not bound by MYOD during MYOD-mediated commitment
or differentiation (chi-squared p<2.2x10-%6, Figure 3C-D), suggesting that MYOD re-wires
chromatin interactions to regulate transcription.

GO analysis on the DE genes whose promoters were involved in MYOD-mediated
differential chromatin interactions revealed that MYOD-bound differential interactions
involving promoters were associated with cell proliferation and muscle contractility in GM
(Figure 3E), consistent with MYOD ability to stimulate proliferation of myoblasts (Latella
etal., 2017), while in DM MYOD-bound differential promoter interactions were associated
with cell cycle arrest and terminal muscle differentiation (Figure 3E). GO analysis on the
DE genes whose promoter was involved in differential MYOD-bound interactions with
enhancers revealed activation of muscle specific genes and inhibition of anti-myogenic
signaling (e.g. TGF-B) (Figure 3F).

A representative example of enhancer-promoter interactions increased by MYOD is
illustrated by the interaction between TNNT2 promoter and a pre-existing putative
enhancer, marked by H3K27ac, whose target gene was not previously known (Figure 3G
and 3H). Upon Myod1 expression, MYOD bound the TNNT2 promoter (Figure 3H), and
this binding correlated with a local increase of H3K27ac (Figure 3l) and with increased

interaction between TNNT2 promoter and a pre-existing enhancer, as determined by Hi-

14



C and validated by 3C analyses (Figure 3G and 3H bottom panel). Importantly, these
events coincided with the upregulation of TNNT2 transcription (Figure 3J).

These results establish a functional link between MYOD-directed re-wiring of chromatin
interactions among cis-regulatory elements and dynamic regulation of gene expression
that enables fibroblast conversion into skeletal muscle cells, through a stepwise model of

somatic cell reprogramming.

MYOD DNA binding at re-configured insulated neighborhoods

Changes in IN strength regulate chromatin interactions and expression of genes within
INs during cell differentiation (Bonev et al., 2017); however, the molecular effectors of
these events remain poorly understood. Since MYOD is known to physically and
functionally interact with CTCF (Battistelli et al., 2014; Delgado-Olguin et al., 2011) (see
also Figure 1E and Figure 2G), we postulated that MYOD could alter the INs present in
fibroblasts by targeting CTCF-organized IN boundaries.

We defined altered INs as regions of DNA that contained at least one gene and whose
boundaries were i) co-bound by CTCF in IMR90 and ii) showed differential interaction
strength during MYOD-mediated commitment or differentiation (Figure 4A). Each altered
IN was considered as a separate entity, regardless its inclusion within larger altered INs
or the presence of smaller altered INs inside it.

We found that only ~2% (1,332 or 1,595) of altered interactions accounted for changes
in interaction strength between IN boundaries during MYOD-mediated commitment or
differentiation, respectively (Figure 4B). Interestingly, a large proportion (greater than

40%) of the altered genome-wide interactions, e.g. enhancer-promoter intreactions,
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involved DI bins within the altered INs and between bins located inside and outside altered
INs (Figure 4C). The altered INs comprised a higher percentage of bins involved in
differential interactions than expected by chance during both MYOD-mediated
commitment and differentiation (Figure 4D). Thus, altered INs appear to be “hot-spots” of
differential chromatin contacts during myogenic conversion of fibroblasts. This is
consistent with the insulation effect of INs (Hnisz et al., 2016b; Lupianez et al., 2015; Nora
et al., 2017; Sanborn et al., 2015; Schuijers et al., 2018; Sun et al., 2019).

By overlaying MYOD binding profile with the map of altered INs, we observed an
enrichment of MYOD binding at IN boundaries whose interaction strength significantly
changed during MYOD-mediated myogenic commitment or differentiation, as compared
to the genome-wide binding of MYOD at CTCF-bound bins (chi-squared test p<2.2x10"
16 Figure 4E, see Methods). Consistently, we detected an overlap between MYOD ChIP-
seq signal and CTCF peak summits detected at changing IN boundaries (Figure 4F).
Furthermore, MYOD-binding distribution at altered INs revealed that over 90% of altered
INs during myogenic commitment or differentiation were bound by MYOD at the
boundaries and/or inside INs (Figure 4G). These results suggest that MYOD alters IN
strength and highly re-configures the chromatin interactions landscape at those INs.

We next set to analyze genetic determinants that could discriminate between MYOD-
bound IN boundaries with increased or decreased interaction strength. DNA motif
analysis indicated that MYOD-bound IN boundaries in both cases were enriched in CTCF-
and MYOD-binding motifs, as expected, with no significant differences in nucleotide
composition (Tables S2 and S3); however, while MYOD-bound IN boundaries with

increased interaction strength were strongly enriched in AP1 (Jun/Fos dimers) motifs
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(Table S2), these motifs were notably absent in MYOD-bound IN boundaries with
decreased interaction strength (Table S3). Conversely, MYOD-bound IN boundaries with
decreased interaction strength were enriched in motifs for a collection of TFs that did not
rank in the top 20 TF binding motifs found in MYOD-bound IN boundaries with increased
interaction strength, with the notable exception of TCF 12 and 21, which encode potential
bHLH heterodimerization partners of MYOD, and were common to both sets (Table S3).
These results suggest that the presence of MYOD and other TFs at specidic loci may
determine whether the interaction strength between IN boundaries is increased or
decreased.

Given the transcriptional regulatory function of INs (Dowen et al., 2014; Flavahan et
al., 2016; Hnisz et al., 2016b; Ji et al., 2016; Narendra et al., 2015; Sun et al., 2019) and
our evidence of a significant clustering of differential interactions at altered INs (Figure
4D), we investigated whether a functional relationship exists between altered interaction
strength of MYOD-bound IN boundaries and gene expression regulation within INs.
Genes were considered within an IN when at least the promoter was inside the IN. We
found that increased interaction strength of IN boundaries correlated with upregulation of
genes within INs, especially when both IN boundaries were bound by MYOD compared
to no MYOD binding or MYOD-binding at one IN boundary (Wilcoxon rank sum test p-
value = 0.05 and 0.01, respectively, Figure 4H). Interestingly, these MYOD co-bound IN
boundaries were also enriched in H3K27ac in the proximity of MYOD and CTCF binding
sites, as compared to control IMR9O0 fibroblasts (Figure 4l). These results suggest that a
functional relationship exists between MYOD binding, increased H3K27ac levels,

transcription and increased IN boundary interactions.
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GO analysis of the DE genes in INs altered by MYOD revealed inhibition of fibrosis
(TGF-p1), activation of function of muscle and contractility of muscle (TNNT2, ACTC1)
during MYOD-mediated commitment; activation of muscle differentiation and contractility
during MYOD-mediated differentiation (Figures 4J).

An illustrative example of MYOD binding that correlated with increased IN boundary
interaction and transcription upregulation is the ITGA7-RDHS5 locus (Figures 4K-L). Upon
ectopic expression, MYOD bound the promoter of ITGA7 and RDH5 at CTCF-bound
elements in IMR90 (Figure 4L) and this coincided with increased interaction between the
two CTCF-bound regions, as measured by Hi-C (Figures 4K-L) and validated by 3C
(Figure 4L, bottom right). Importantly, these events correlated with an increased
expression of both ITGA7 and RDH5 (Figure L, bottom left).

The TGF-p1 locus is an example of MYOD binding that correlated with multiple
changes in chromatin interactions — e.g. decreased IN boundary interaction strength and
disruption of interactions between regulatory elements — for transcriptional repression.
TGF-f1 was downregulated by MYOD (Figure S1G and S4) and is contained within an
IN whose boundaries were both bound by MYOD in GM and whose interaction intensity
significantly decreased during MYOD-mediated commitment (Figure S4A-B).
Furthermore, MYOD binding to TGF-$1 promoter coincided with increased interaction
strength with a putative enhancer, whose H3K27ac levels were lower in hMB than in
IMR90 (Figure S4B-C). Changes in interaction strength between IN boundaries as well
as between the putative enhancer and TGF-£1 promoter were first observed by Hi-C and

then validated by 3C (Figure S4A-C). TGF-f1 repression is therefore an example in which
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3D chromatin reorganization occurs at multiple levels upon MYOD binding to IN

boundaries as well as inside the IN that contains the TGF-41 locus.

MYOD-bound differentially interacting elements are highly constraint and
enriched in annotated pathogenic variants

To determine the biological significance of MYOD we performed genetic constraint
analysis using context-dependent tolerance score (CDTS) (di lulio et al., 2018), which is
an estimate of sequence constraint and functional importance that is calculated as the
absolute difference of the observed variation from the expected variation (di lulio et al.,
2018). This analysis revealed that differentially interacting bins (DI) were more
constrained than the whole-genome (WG) (Figure S5A). Sequence constraint was even
higher when considering DI bins either bound by CTCF (DI_CTCF) or MYOD (DI_MYQOD)
or co-bound by these two TFs (DI_MYOD_CTCF) (Figure S5A). Analysis of annotated
pathogenic variants revealed that CTCF and/or MYOD-bound DI bins are enriched in
single nucleotide variants associated with inflammatory and muscle diseases, with a
notable preference for MYOD-bound DI bins (Figure S5B). Moreover, differentially
interacting IN boundaries (Bd) were also significantly more constrained than CTCF-bound
4kb bins (WG_CTCF), DI bins (DI) and all bins (WG) (Figure S5C). The high constraint
was further pronounced for differentially interacting IN boundaries bound by MYOD
(Figure S5C). Of note, MYOD-anchored IN boundaries were enriched in annotated
pathogenic variants, including inflammatory and skeletal muscle diseases (Figure S5D).

The high level of constraint and the enrichment in disease-associated pathogenic variants
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observed at CTCF/MYOD-bound altered interactions indicate the biological relevance of
MYOD-altered chromatin interactions.

These results also further emphasize the importance of studying the effects of
mutations outside of the coding genome in altering the 3D chromatin architecture

interfering with transcriptional control as reviewed in (Spielmann and Mundlos, 2016).

MYOD expression is required for sustained MYOD re-wiring of chromatin
interactions.

We investigated whether MYOD expression is required for the maintenance of MYOD
effects on 3D chromatin interactions, once the myogenic commitment has been
established. To address this question, we turned Myod1 expression on with doxycycline
(ON) for 24hrs and then we decreased its expression by doxycycline withdrawal (OFF)
for additional 48hrs, or maintained MYOD expression ON during the whole time (72hrs)
(Figure 5A). Once verified the decreased expression of Myodl after doxycycline
withdrawal (Figure 5B-C), we investigated the effect of turning OFF Myod1 expression on
MYOD-upregulated genes — TNNT2, ITGA7 and RDH5 — or repressed genes — TGF-41.

Upon MYOD induction in fibroblasts and its binding to TNNT2 promoter, we observed
an increase in TNNT2 promoter-enhancer interaction together with an increase in TNNT2
expression (Figure 5D-F). Decreasing Myod1 expression at the commitment stage (GM)
led to a reduction of MYOD binding to TNNT2 promoter, which coincided with a decrease
in promoter-enhancer interaction strength to levels similar to those detected in control
IMR9O0 fibroblasts, and a consensual reduction of TNNT2 expression (Figure 5D-F). We

obtained similar results for ITGA7-RDH5 locus. Upon MYOD expression in fibroblasts,
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we observed increased ITGA7 and RDH5 expression, MYOD binding to CTCF-bound
elements in ITGA7 and RDH5 promoters, increased CTCF binding at ITGA7 promoter
and increased CTCF-CTCF interaction between ITGA7 and RDH5 promoters (Figure 5G-
). Decreasing Myodl expression drastically reduced MYOD binding to CTCF-bound
elements in ITGA7 and RDH5 promoters (Figure 5H), which was paralleled by reduction
in the expression levels of ITGA7 and RDH5 (Figure 5G), decreased CTCF binding at
ITGA7 promoter (Figure 5H), and reduced CTCF-CTCF interaction strength (Figure 5I).
Finally, decreasing MYOD restored the original expression pattern of TGF-£1 (Figure
S6A) and interactions (Figure S6B, C and E) as well as chromatin occupancy of MYOD
and CTCF (Figure S6D and F) at the regulatory elements of TGF-41 locus.

These results suggest that steady expression of MYOD is required for the maintenance
of the 3D chromatin landscape at the stage of myogenic commitment. The reversible
nature of MYOD-directed chromatin interactions to coordinate repression of fibrotic genes
and activation of myogenic genes observed during lineage determination in our system
could be implicated in the altered differentiation and gene expression observed in satellite
cells upon acute loss of MYOD in vivo, as reported by Yamamoto et al (Yamamoto et al.,

2018).

MYOD regulates chromatin interactions in mouse myoblasts.

To further validate the role of MYOD in regulating the 3D chromatin landscape within
the physiological context of skeletal myogenesis, we analyzed, as a proof of concept, the
Tnnt2 enhancer-promoter interaction in mouse C2C12 skeletal myoblasts. Upon siRNA-

mediated silencing of Myod1 (Figure S7A), we observed a significant decrease in Myod1
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and Tnnt2 expression (Figure S7B-C). We then used publicly available MYOD ChlIP-seq
dataset in C2C12 (Yue et al., 2014) and identified a MYOD peak in the murine Tnnt2
promoter (golden eye Figure S7D) that corresponds to the peak detected in MYOD-
expressing IMR90 cells (shown in Figure 3H). By inspecting the sequence conservation
between the human and murine genomes, we identified in myoblasts a DNA element that
is conserved with the human TNNT2 enhancer region (shown in Figure 3H) (Figure S7D),
suggesting that it could be a conserved Tnnt2 enhancer. Interestingly, we found that in
myoblasts the MYOD-bound DNA element at Tnnt2 promoter interacted with the putative
Tnnt2 enhancer by 3C; and the interaction strength between these two genomic regions
dramatically decreased upon Myodl silencing, (Figure S7D). These results extend to
mouse skeletal muscle cells the notion that MYOD could regulate gene expression by re-

organizing the 3D chromatin architecture.

MYOD rewires chromatin structure by direct DNA binding.

To investigate whether MYOD directly rewires chromatin interactions, and whether
directly interplays with CTCF to alter INs, we employed a catalytically inactive Cas9
(dCas9) to block MYOD and/or CTCF binding at specific genomic loci. Briefly, we
transfected IMR90 fibroblasts with dCas9-expressing vector and guide RNAs (gRNAS)
that direct dCas9 to specific MYOD-bound DNA elements in the TNNT2 locus, in MYOD
and CTCF co-bound DNA elements in ITGA7 locus or CTCF-bound elements in RDH5
locus (Figure 6A-C). We then monitored MYOD and CTCF DNA binding, gene expression
and chromatin interaction changes after dCas9 blockade of MYOD and/or CTCF DNA

binding at the target sites. When we targeted dCas9 to MYOD binding site at TNNT2
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promoter, MYOD binding was decreased at TNNT2 promoter, but not at ITGA7-RDH5
locus (used as negative control) (Figure 6D), demonstrating the efficacy and specificity of
this approach. We found that blocking MYOD binding at the TNNT2 promoter caused a
decreased expression of TNNT2, while no effect on TNNT2 expression was observed by
the same dCas9 in the absence of MYOD expression (EMPTY GM) (Figure 6E). MYOD-
mediated TNNT2 promoter-enhancer interaction also decreased upon dCAS9-gRNA-
mediated E-box targeting to TNNT2 promoter (Figure 6F). These results suggest a direct
role of MYOD DNA binding in promoting TNNT2 promoter-enhancer interaction and
TNNT2 expression.

We next investigated the direct interplay between MYOD and CTCF in mediating IN
boundary interaction between ITGA7 and RDH5 promoters (Figure 6C). Interestingly, we
found that dCas9-mediated blockade of MYOD and CTCF DNA binding at ITGA7 gene
decreased MYOD and CTCF binding at both ITGA7 and RDH5 promoters (Figure 6D),
but not at a distal gene TNNT2. Likewise, dCas9-mediated blockade of CTCF DNA
binding at RDH5 gene resulted in decreased binding for MYOD and CTCF at both ITGA7
and RDH5 promoters, but not at a distal gene TNNT2 (Figure 6D). Blocking CTCF and
MYOD binding at ITGA7 promoter or blocking CTCF binding at RDH5 promoter invariably
decreased MYOD-mediated CTCF-CTCF interactions and decreased ITGA7 and RDH5
expression (Figure 6G-H). These results show that CTCF and MYOD cooperate in
recruiting each other at specific DNA elements, directly altering chromatin interactions

that spatially regulate tissue-specific gene expression.
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The absolute requirement of MYOD-DNA binding for changes in chromatin interactions
in the above loci indicates a direct role of MYOD in re-configuring 3D chromatin

architecture.

Relationship between MYOD-mediated chromatin interactions and transcription

It has been previously shown that transcription can be implicated in the formation of
chromatin interactions (Isoda et al., 2017). We therefore investigated the dependency of
MYOD-driven chromatin interactions on transcription in our system. We first performed a
time-course experiment, in which we monitored the expression of Myodl, TNNT2 and
ITGA7 and MYOD-driven interactions. We found that Myodl expression and MYOD-
mediated interactions preceded TNNT2 and ITGA7 upregulation (Figure 7A-D). We
detected chromatin interactions already 3hrs after Myod1 induction (Figure 7C-D), while
upregulation of TNNT2 and ITGA7 became apparent after 12hrs (Figure 7B). These
results suggest that chromatin interactions can be dissociated temporally from the
transcriptional regulation of their target genes. To address whether the interactions
depend on active transcription, 6 hours after inducing Myodl expression we inhibited
transcription with the Polymerase Il inhibitor Actinomycin D (ActD) for 30min. ActD
treatment reduced the levels of GAPDH nascent RNA, but not of GAPDH mRNA, as
compared to DMSO control, thus confirming that ActD effectively blocked transcription
(Figure 7E). We then investigated the effect of ActD on MYOD-mediated chromatin
interactions. Interestingly, we found that while ActD prevented MYOD-dependent
enhancer-promoter interaction at TNNT2 locus (Figure 7F), it did not affect the MYOD-

promoted CTCF-CTCF chromatin interaction at ITGA7-RDH5 locus (Figure 7G). These
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results indicate that, at least in some instances, MYOD-mediated chromatin interactions

occur independently on active transcription.

Discussion

Our data prompt a model for master-transcription factor (mTF)-driven re-wiring of
chromatin interactions during two sequential stages of somatic cell nuclear
reprogramming toward trans-differentiation: lineage commitment and terminal
differentiation. Upon expression in human fibroblasts, the pervasive genome-wide binding
of the mTF MYOD leads to significant alteration of chromatin interactions to direct the
erasure of the cell-of-origin identity and the commitment toward the skeletal muscle
lineage. At this stage, MYOD-driven chromatin interaction changes were reversed after
Myod1l downregulation. Upon differentiation stimuli, which promote MYOD hetero-
dimerization with E-proteins and activation of terminal differentiation, we observe further
re-configuration of the chromatin 3D interactions, indicating a stepwise and signal-
regulated, MYOD-directed alteration of the genome architecture.

MYOD-mediated somatic cell trans-differentiation provides a unique model to
investigate whether and how one single TF re-wires the 3D genome architecture in order
to disengage chromatin interactions responsible for the gene expression pattern of the
cell of origin (i.e., fibroblasts) and at the same time establish new genomic contacts that
promote the expression of new lineage-specific genes (i.e., skeletal muscle cells).
Somatic cell nuclear reprogramming toward either trans-differentiation or pluripotency is
a multi-step task that is typically achieved by the combinatorial activities of multiple TFs

(Caiazzo et al., 2011; Chronis et al., 2017; leda et al., 2010; Pang et al., 2011, Pfisterer
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et al., 2011; Qian et al., 2012; Schaub et al., 2018; Stadhouders et al., 2018; Takahashi
et al., 2007; Tsunemoto et al., 2018; Vierbuchen et al., 2010; Wada et al., 2013). This is
consistent with a model whereby defined TFs complement each other activity, which is
otherwise not sufficient to drive the entire program. Our data suggest that the unique
property of MYOD to initiate a successful program of somatic cell trans-differentiation,
upon ectopic expression, might rely on its ability to re-configure 3D chromatin
architecture, via binding to its consensus DNA motifs — the myogenic E-boxes — at
structural and cis-regulatory elements. Importantly, our data show that MYOD-mediated
changes in nuclear architecture temporally precede the changes in the expression of
target genes, as also predicted bioinformatically (Liu et al., 2018) and shown previously
for some genes (Ghavi-Helm et al., 2014). Moreover, while MYOD-mediated alteration of
IN boundary interaction is independent on active transcription, at least some MYOD-
mediated alteration of enhancer-promoter interactions appear to depend on active
transcription, as it is sensitive to the Polll inhibitor ActD. It is possible that short-lived
RNAs may cooperate with MYOD in looping cis-regulatory elements, as recently
proposed by Sartorelli and colleagues (Mousavi et al., 2013; Tsai et al., 2018).

DNA binding of pluripotency factors has also been shown to correlate with chromatin
topological changes that occurred prior to transcriptional regulation (Stadhouders et al.,
2018). Indeed, many analogies could be found between somatic cell nuclear
reprogramming by MYOD alone vs multiple “defined factors”, including the genome
reorganization at multiple architectural levels, in order to coordinate the erasure of the
pre-existing transcriptional program and the selective activation of the gene expression

pattern that defines the new cell identity. In this regard, we argue that our data provide an
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initial model for TF-driven re-configuration of 3D chromatin architecture for somatic cell
nuclear reprogramming. In support to this model, a recent work that exploited the ectopic
expression of just one of the pluripotency factors, KLF4, in mouse embryonic fibroblasts
(MEFs), has shown striking analogies with MYOD, including the ability to promote
enhancer-promoter interactions enriched with H3K27ac that activate the expression of
pluripotency genes (Di Giammartino D., 2018). However, KLF4 is not able to drive the
entire somatic cell nuclear reprogramming toward pluripotency without the co-expression
of other defined factors (i.e. NANOG, OCT4, MYC). We speculate that MYOD integrates
multiple architectural and transcriptional properties into one TF, thereby providing a
general paradigm for TF-directed re-wiring of chromatin interactions to instruct somatic
cells toward a specific lineage.

Figure 2 shows that the large majority of changes in chromatin interactions identified
in fibroblasts upon the ectopic expression of MYOD are actually orchestrated by a single
TF (i.e. MYOD), either directly or indirectly. TF-directed processive re-configuration of the
3D chromatin interactions illustrates how the effects of MYOD on 3D chromatin
interactions is amplified by events secondary to the direct formation of initial interactions.
It shows that MYOD-bound DlIs regulate the expression of downstream TFs that can
mediate new chromatin interactions. This model is consistent with the current view of
cooperative activity of TFs in nuclear re-programming and accounts for the expansion of
the architectural repertoire of master TFs, such as MYOD.

Our study shows that MYOD promotes or impairs interactions between cis regulatory
elements, i.e., enhancers and promoters. Moreover, we discovered that MYOD can affect

the topological organization of the genome at the subTAD level, by altering INs structure,
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via binding at CTCF-anchored boundaries as well as by targeting interactions inside INs.
This finding further extends recent observations reported in mESCs (Sun et al., 2019).

The reported MYOD-dependent changes in chromatin contacts suggest that
multiple levels of 3D chromatin organization imposed by mTFs might provide robustness
(and possibly redundancy) to newly erased or acquired interactions, which might account
for tolerance of gene expression to genetic mutations. This finding will inspire future
studies to determine whether there is a functional hierarchy or reciprocal connectivity
between MYOD-directed chromatin interactions at IN boundaries and within INs. At the
same time, the high constraint of sequences implicated in MYOD-directed genomic
interactions in the human population and their enrichment in disease-associated single
nucleotide variants indicate that TF-altered INs could be “hotspots” for re-configuration of
nuclear architecture for lineage determination during developmental and post-natal
skeletal myogenesis.

Of note, we found a strong association between MYOD-mediated increased
strength of IN boundaries, enrichment in H3K27ac and activation of genes within the INs.
Co-bound of MYOD to IN boundaries and presence of AP1 binding sites appear as two
major determinants of transcriptional activation of genes within INs. Enrichment of AP1
binding sites flanking MYOD peaks has been consistently observed in ChlP-seq studies
(Cao et al. 2010) and was anticipated by earlier studies reporting on physical interactions
between MYOD and cJUN (Bengal et al., 1992). However, previous reports, based on
overexpression experiments, have suggested a functional antagonism between MYOD
and AP1 (Li et al., 1992). Our finding that AP1 binding motifs selectively associate with

MYOD-mediated alteration of INs that activate gene expression suggests that AP1 could
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represent a major genetic determinant of MYOD-directed control of local gene
expression. This is consistent with the role currently assigned to APl as frequent
component of super-enhancers (Phanstiel et al., 2017).

Another interesting aspect of MYOD-mediated somatic nuclear cell reprogramming
concerns its ability to repress the expression of cell-of-origin genes by altering pre-
existing chromatin interactions through binding to E-box sequences. This is well illustrated
by the MYOD-mediated alterations of promoter-enhancer interactions at the insulated
neighborhood that harbors the TGFglocus. MYOD has been known since its discovery
as a sequence-specific transcriptional activator (Weintraub et al., 1991), with no structural
and functional features that can account for its ability to repress gene expression (Puri
and Sartorelli 2000). Although transient interactions with co-repressors has been reported
(Puri et al., 2001; Singh et al., 2015), this mechanism has been implicated in the temporal
regulation of target gene activation, rather than the stable repression of other lineage
genes. Thus, our data suggest that MYOD-mediated re-wiring of chromatin interactions
can account for its ability to stably repress gene expression, via direct DNA binding to E-
box motifs.

Overall, our work revealed previously unappreciated features and mechanistic insights
on alterations in 3D genome architecture by a single TF that allow significant changes in
gene expression, leading to coordinated repression of cell of origin gene networks and
activation of tissue-specific genes during somatic cell reprogramming, therefore
significantly extending our knowledge on TF-mediated lineage activation and terminal

differentiation (Heinz et al., 2010; Natoli, 2010; Spitz and Furlong, 2012).
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STAR METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal MYOD Santa Cruz M-318

Rabbit polyclonal H3K27Ac Active Motif

Mouse monoclonal MYOD BD Bioscience 554130

Mouse monoclonal MyHC DSHB MF20

Goat anti-mouse IgG, Fc subclass 1 specific Jackson Immuno NC0469362

Goat anti-mouse IgG, Fc subclass 2b specific Jackson Immuno NC0266980

Mouse monoclonal GAPDH Abcam ab9485

Anti-bActin-HRP Abcam ab20272

Anti-human TNNT2 Abcam ab10214

Bacterial and Virus Strains

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Doxycycline Sigma-Aldrich D3072-1ML

Puromycin dihydrochloride MP Biomedicals ICN10055210

ITS Sigma-Aldrich 12146

Hoechst 33258 Life Technologies H3569

PMSF Sigma-Aldrich 93482

Protease inhibitors Roche 11697498001

Dpnll NEB R0543

T4 DNA Ligase NEB M0202L

Proteinase K NEB P8107

BSA NEB B9000

biotin-14-dATP Life Technology 19524-016

Critical Commercial Assays

Neon Transfection System Invitrogen MPK5000,
MPK10025

BCA Protein Assay Kit Invitrogen 23235

TruSeq Stranded mRNA Library Prep Kit set A lllumina RS-122-2101

Deposited Data

RNA-seq, ChlP-seq, Hi-C This paper GEO: TBD
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cDNA

Alessandro Rosa

Other ChIP-seq data (Consortium, 2012; Jin GEO:
etal.,, 2013; Yue et al., GSM935404,
2014) GSM733762,
GSM733783,
GSM1055818,
GSM915188,
GSM733666,
GSM733755,
GSM915165
Other RNA-seq data (Chronis et al., 2017) GEO:
GSM2417196,
GSM2417197,
GSM2417198,
GSM2417204,
GSM2417203
Experimental Models: Cell Lines
IMR90 Coriell 190-83
C2C12 ATCC CRL-1772
Experimental Models: Organisms/Strains
Oligonucleotides
PCR primers — see list at the end of STAR This paper N/A
Methods
siScr Dharmacon D-001210-01-05
siMyod Ambion 5232596
Recombinant DNA
Helper plasmid Provided by Dr. N/A
Alessandro Rosa
epB-Puro-TT plasmid EMPTY Provided by Dr. N/A
Alessandro Rosa
epB-Puro-TT plasmid EMPTY mouse Myod1 Provided by Dr. N/A

Software and Algorithms

TopHat2.1.1

(Kim et al., 2013)

https://ccb.jhu.ed
u/software/tophat/ind
ex.shtml

HTSeq-0.6.1

(Anders et al., 2015)

http://www-
huber.embl.de/HTSe

g/doc/overview.html|

DESeqg2

(Love et al., 2014)

https://bioconduct
or.org/packages/rele

ase/bioc/html/DESeq

2.html

Ingenuity Pathway Analysis

Qiagen

https://www.giage
nbioinformatics.com/

products/ingenuity-

pathway-analysis/
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https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/
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https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/
https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/

Bowtie2-2.0.5/bowtie2 (Langmead and http://bowtie-
Salzberg, 2012) bio.sourceforge.net/

bowtie2/index.shtml

Samtools1.3 (Li et al., 2009) http://samtools.so
urceforge.net/

Macs2v2.1.1 (Zhang et al., 2008) http://liulab.dfci.h
arvard.edu/MACS/

Bedtoolsv2.26.0 (Quinlan and Hall, 2010) http://bedtools.rea
dthedocs.io/en/latest
/

HiCPro-v2.7.7 (Servant et al., 2015) https://github.com
/nservant/HiC-Pro

HITC (Servant et al., 2012) https://bioconduct
or.org/packages/rele
ase/bioc/htmI/HITC.h
tml

HiCPlotter (Akdemir and Chin, https://github.com

2015) /kcakdemir/HiCPlotte

r

Armatus (Filippova et al., 2014) https://www.cs.c
mu.edu/~ckingsf/soft
ware/armatus/

DiffHic (Lun and Smyth, 2015) https://bioconduct
or.org/packages/rele
ase/bioc/html/diffHic.
html

Jaspar (Mathelier et al., 2014) http://jaspar.gene
reg.net/

MEME (Bailey et al., 2009) http://meme-
suite.org/tools/meme
-chip

HOMER (Heinz et al., 2010) http://homer.ucsd.
edu/homer/

Other

Olympus IX71 microscope

Sequences. Primers sequences for expression analysis,

experiments are provided in Supplementary Table 4,5 and 6.

ChlIP-gPCR and 3C

Antibodies and recombinant proteins. The following primary antibodies were used in

this study: rabbit polyclonal anti-MYOD (Santa Cruz, sc-760), mouse monoclonal anti-

MYOD (Santa Cruz, sc-377460 and BD Bioscience, 554130), rabbit polyclonal anti-
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H3K27ac (Active Motif, 39135), mouse monoclonal anti-MyHC (DSHB, MF-20), mouse
monoclonal anti-GAPDH (Abcam, ab9485), mouse monoclonal anti-beta Actin (Abcam,
ab20272) and mouse monoclonal anti-TNNT2 (Abcam, ab10214). The secondary
antibodies were anti-mouse IgG HRP conjugated (Thermo Fisher Scientific), goat anti-
mouse IgG, Fc subclass 1 specific Cy3-conjugated (Jackson ImmunoResearch, 115-545-
207) and goat anti-mouse 1IgG, Fc subclass 2b specific 488-conjugated (Jackson
ImmunoResearch, 115-165-205). Dpnll (R0543), T4 DNA Ligase (M0202L), Proteinase
K (P8107) and BSA (B9000) were from NEB. Biotin-14-dATP from Life Technology

(19524-016).

Cell Culture Experiments. IMR90 cells (Coriell) were grown in growth media (GM)
consisting of EMEM (ATCC) supplemented with 10% FBS (Omega Scientific).
Electroporation was performed in proliferating cells at passage 11-15. All other
experiments were performed in proliferating cells at passage 23-28. Doubling passage is
crucial for success of myogenic conversion. C2C12 cells (ATCC) were grown in growth

media (GM) consisting of DMEM/High Glucose (HyClone) supplemented with 10% FBS.

Myogenic conversion. IMR90 cells were electroporated using the Neon Transfection
System (Invitrogen, MPK5000, MPK10025) with helper plasmid and epB-Puro-TT
containing or not murine MYOD cDNA. Cells were then selected with 2 ug/ml of puromycin
dihydrochloride (MP Bio). When cells were 60% confluent, Myod1l was induced with 200
ng/ml doxycycline (Sigma) in GM for 24 hr and cells were collected for the GM point.

When cells were 95-100% confluent, MYOD was induced with 200 ng/ml doxycycline
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(Sigma) in GM for 24 hr and then cells were differentiated in EMEM supplemented with
2% horse serum (Gibco), 1% ITS (Sigma), 200 ng/ml doxycycline for three days for the

DM time point. Media with doxycycline was refreshed every 2 days.

MYOD Time-course. When cells were 60% confluent, Myodl was induced with 200
ng/ml doxycycline (Sigma) in GM and cells were collect for IF, RNA or 3C after 3, 6, 12

and 24 hrs.

Transcription inhibition. When cells were 60% confluent, Myod1 was induced with 200
ng/ml doxycycline (Sigma) in GM for 6 hours and treated with 1ug/ml of Actinomycin D
(Sigma) for 30 minutes at 37C. DMSO was used as vehicle control. Following the

treatment cells were collected for gene expression and 3C analyses.

SiRNA transfection. C2C12 cells were transfected with 12.5 pmol of siScr (Dharmacon)
or siMyod (Ambion) using Lipofectamine RNAIMAX (Life Technologies) according the
manufacturer's instructions. 48hrs post transfection media containing transfection mix has
been replaced with 2 ml fresh GM media. Cells have been collected after additional 24hrs

in culture.

Generation of gRNAs expressing plasmid. gRNA plasmids have been generated
according to Kabadi et al (2014)(Kabadi et al., 2014). Briefly oligos DNA, with the
appropriate overhangs have been annealed and cloned into the appropriate donor

plasmid and subsequently cloned into pLV hUbC-dCas9-T2A-GFP. phU6-gRNA; pmU6-
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gRNA; phH1-gRNA; p7SK-gRNA and pLV hUbC-dCas9-T2A-GFP are gift from Charles

Gersbach (Addgene # 53187, 53187, 53186, 53189, 53191 respectively).

Plasmid Transfection. IMR90 were grown in GM media until approximately 60-70%
confluency and transfected with gRNA expressing vectors using Lipofectamine 2000 (Life
Technologies) according to the manufacturer's instructions. 36 hrs after transfections
media was changed with GM media containing 200 ng/ml doxycycline to induce MYOD
expression and cells were grown for additional 24hrs before being collected for in-situ 3C

and RNA expression analysis.

Immunofluorescence. Cells were fixed with 4% PFA in PBS, permeabilized with 0.5%
TX100 and blocked with 5% BSA in PBS. Cells were stained with anti-MYOD (BD
Bioscience, 554130) and anti-myosin heavy chain (DSHB, MF20) for 3 hrs or O/N at RT
followed by anti-mouse 1gG, Fc-subclass 2b 488 conjugate (Jackson ImmunoResearch)
and anti-mouse 1gG, Fc-subclass 1 Cy3 conjugated (Jackson ImmunoResearch) for 1hr
at RT in the dark. Nuclei were then counterstained with 2 ug/ml Hoechst 33258
pentahydrate (bis-benzimide) (Life Technologies). Images were acquired with
fluorescence microscope. Fields reported in figures are representative of all examined

fields.

Western Blot. Cells were lysed in RIPA Buffer (50 mM Tris-HCI, 0.1M NacCl, 0.5% sodium

deoxycholate, 1% IGEPAL CA630, 0.5% SDS, 1mM EDTA) supplemented with 1mM

PMSF (Sigma) and protease inhibitors cocktail (Roche). Protein concentration was
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measured by BCA Protein Assay Kit (Invitrogen). 5-20ug of proteins were run on a 4%-
12% or 10% tris-glycine gel (Novex) and transferred to a 0.45 pm nitrocellulose
membrane. Membrane was blocked with 2.5% skim milk (BD) in PBS-Tween (PBS with
0.1% Tween 20) for 1 hr at RT. Membrane was incubated with primary antibodies anti-
MYOD (1:1000 BD Bioscience, 554130) and anti-myosin heavy chain (DSHB, MF20),
anti-TNNT2 (1:1000 Abcam, ab10214) O/N at 4C or with anti-GAPDH (1:21000 Abcam,
ab9485) anti-bACTIN (1:1000 Abcam ab20272) for 1hr at RT. After three washes in PBS-
Tween, membrane was incubated O/N with anti-mouse IgG HRP (Thermo Fisher

Scientific). For detection, ECL (Thermo Scientific, 32106) was used.

MRNA expression analysis. Cells were lysed in Trizol (Ambion) and RNA was extracted
following manufacture’s recommendation. RNA concentration was measured on Qubit
(Invitrogen). 100-500 ng of RNA was reverse transcribed using QuantiTek Reverse
Transcrition Kit (Qiagen). Real-time quantitative PCR (QPCR) was performed using
Power SYBR Green Master Mix (Life Technologies) following manufacture’s indications.
Expression was normalized to Gadph for IMR90 cells or b-actin for C2C12 using 24¢

method.

RNA Sequencing and data analysis. Cells were collected from the plate using
trypsin, that was then inhibited by adding the media cells were in before trypsinization.
Spike-in were added based on number of nuclei, but not used for the analysis. PolyA
RNA-seq Libraries were prepared using TruSeq RNA Library Prep Kit (Illumina) and deep

sequenced on the HiSeq2500 ~50 million reads per conditions. Read quality was
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determined using FASTQC. Reads were mapped to the female Homo sapiens hgl9
genome using TopHat2.1.1{Kim:2013eo0} using the following options: : -p 8 —.g 1 —
segment-length 17 —library-type fr-firststrand. Over 84% of the reads successfully
mapped. HTSeq-0.6.1p1173 with —stranded=reverse option was used to assign mapped
reads to Homo Sapiens GRCh37.75 genes. Differential expression analysis was
performed using DESeqg2 (Love et al., 2014). Genes were considered differentially
expressed if p<0.05 and fold change was lower than 0.5 or higher than 2. For integrated
analysis with ChlP-seq and Hi-C, we considered differentially expressed if p<0.05 and
fold change was lower than 0.5 or higher than 2 and gene transcript per million was higher
or equal to 1 in at least one of the conditions compared. Ingenuity pathway analysis
(IPA®, QIAGEN Redwood City, www.giagen.com/ingenuity) was used for gene ontology.
Human skeletal myotubes RNASeq was taken from ENCODE database (SRR307932.sra
and SRR307933.sra). Reads were trimmed to 50 bases using fastx_trimmer. Reads were
mapped to the male Homo sapiens hg19 genome using TopHat2.1.1{Kim:2013eo0} using
the following options: -p 8 -g 1 --segment-length 17. HTSeq-0.6.1p1173 with —
stranded=no option was used to assign mapped reads to Homo Sapiens GRCh37.75

genes. Differential analysis was performed as described above.

ChIP and ChlIP-seq. Cells were fixed in 1% formaldehyde (Sigma, F8775) in PBS for
15 min at RT. Formaldehyde was then quenched with 125mM Glycine for 5 min at RT.
Cells were washed in PBS and harvested in PBS supplemented with 1ImM PMSF and
protease inhibitors. Dry cell pellet was stored at -80C. Nuclei were then extracted and

then lysed in lysis buffer containing 50 mM Tris-HCI, pH 8.0, 150 mM NacCl, 5 mM EDTA,
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pH 8.0, 0.5% SDS, 0.5% NP-40, 1 mM PMSF and a protease inhibitor. Chromatin was
sheared with sonicator (ColeParmer, Misonix 3000) to an average DNA fragment length
of 200-500bp. Chromatin was then diluted 5 times in lysis buffer without SDS. DNA
amount was measured with the Qubit (Invitrogen Q32854). DNA was immunoprecipated
with either rabbit anti-MYOD (Santa Cruz), or rabbit anti-H3K27ac (Active Motif) O/N at
4C. The immunocomplexes were captured with protein A magnetic beads (Life
Technologies) for 3-4 hrs at 4C. After four washes with buffer containing 50 mM Tris-HCI,
pH 8.0, 150 mM NaCl, 5 mM EDTA, pH 8.0, 0.1% SDS, 1% NP-40, 0.5% sodium
deoxycholate, one wash with a buffer containing 250 mM LiCl, 100 mM NacCl, 5 mM
EDTA, pH 8.0, 1% NP-40, 1% sodium deoxycholate and two washes with TE buffer
(10mM Tris-HCI pH=8, 1mM EDTA) chromatin was then eluted and decrossliked with 1%
SDS in TE O/N at 65C 600RPM rotation. Also, the input is decrosslinked with 1% SDS in
TE O/N at 65C 600RPM rotation. After 2 hrs digestion at 37C with 0.2 mg/ml proteinase
K, DNA was extracted with phenol/chloroform and ethanol precipitated O/N at -20C. Prior
to sequencing, DNA was then suspended in mQ water. The DNA was then analysed by
gPCR calculating the amount of immunoprecipitated DNA relative to the input DNA
(percentage of input). Library preparation and sequencing of immunoprecipitated and
input DNA were performed as described http://bioinformatics-

renlab.ucsd.edu/RenLabLibraryProtocolV1.pdf.

ChlP-seq analysis. Read quality was determined using FASTQC. Reads were mapped

using bowtie2-2.0.5/bowtie2 to the female Homo sapiens hg19 genomes with options: --

very-sensitive-local. Over 85% of the reads successfully mapped. Duplicate reads were
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removed using samtoolsl.3. Peaks were called using macs2 2.1.1.20160309 with
gvalue=0.01, macs2 2.1.1.20160309 was also used for differential peak calling among
samples. Reads were extended based on the fragment size predicted with macs2.
Heatmap of ChIP-seq signal was generated using Segminer. We also analyzed
previously published ChlP-seq data. To compare H3K27ac levels between IMR90, hMB
and hMT we started from the same number of reads. These data were analyzed following
the same workflow as our MYOD ChlIP-seq data. Motif analysis was performed using
MEME Suite (Bailey et al., 2009), Jaspar (Mathelier et al., 2014) or HOMER (Heinz et al.,

2010).

In situ Hi-C. Hi-C was performed as previously described (Rao et al., 2014) with the
following modifications. Cells were cross-linked with 2% formaldehyde in media.
Formaldehyde was then quenched with 200mM of glycine for 5 min at RT. Cells were
then washed in PBS and pelleted. Cell pellet was then saved at -80C. 2x10° cells were
then lysed with lysis buffer (10mM Tris-HCI pH 8.0, 10mM NaCl, 0.2% Igepal CA630).
Incubation of cells in 0.5% SDS in mQ at 62C for 10 min is followed by SDS quenching
with TritonX-100 for 15 min at 37C. NEB3 buffer was added to reach 1X final
concentration. DNA was then digested with DPNII O/N at 37C at 900RPM. Inactivation of
DPNII was performed by incubating the samples at 62C for 20 min. Fill in of the digested
end was performed by adding biotin-14-dATP (Life Technology, 19524-016), dCTP,
dGTP, dTTP (Invitrogen) and Klenow (NEB, M0210). Mixture was incubated at 37C for
90 min 500RPM. Ligation was performed in 1.2ml by adding mQ water, T4 DNA ligase

buffer to concentration 1X (NEB, B0202), 0.083% TritionX-100, 0.01lmg/mL BSA,
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2000U/uL T4 DNA Ligase (NEB, M0202) for 4 hr at RT with slow rotation. DNA is then
ethanol precipitated, resuspended in 10mM Tris-HCI pH=8 and sheared using Covaris
sonicator. Size selection of DNA (200-600bp) was performed using AmpureXP beads.
DNA ends were then repaired and biotin removed from un-ligated samples by incubating
the DNA at 37C for 30 min in 1X T4 DNA ligase buffer with 0.5mM dNTPs (Invitrogen),
50U T4 PNK (NEB, M0201), 12U T4 DNA Polymerase (NEB, M0203) and 5U Klenow.
Biotin-labelled DNA was pulled down using Dynabeads My One T1 Streptavidin beads
(Life Tech). Illumina Indexed adapter are then ligated with NEB DNA Quick Ligase (NEB,
M2200). Beads were then washed and dissolved in 10mM Tris-HCI| pH=8. KAPA gPCR
assay was then performed to estimate concentration and cycle number needed for final

PCR.

Hi-C analyses. Read quality was determined using FASTQC. For interaction matrix,
HiCPro-v2.7.7 was used for read mapping, detection of valid ligation products, quality
control, and sparse chromosomal interaction maps(Servant et al.,, 2015) using the
following settings: BOWTIE2_GLOBAL_OPTIONS = --very-sensitive -L 30 --score-min
L,-0.6,-0.2 --end-to-end —reorder, BOWTIE2_LOCAL_OPTIONS = --very-sensitive -L 20
--score-min L,-0.6,-0.2 --end-to-end —reorder, REFERENCE_GENOME = hgl9 XX,
LIGATION_SITE = GATCGATC, MIN_FRAG_SIZE =100, MAX_FRAG_SIZE = 100000,
MIN_INSERT_SIZE = 100, MAX_INSERT_SIZE = 600, MAX_ITER = 100,
FILTER_LOW_COUNT_PERC = 0.02, FILTER_HIGH_COUNT_PERC = 0, EPS = 0.1.
Quiality of the libraries based on percentage of mapped reads (for both ends), percentage

of reported pairs (removal of unmapped pairs, multiple pairs alignments, low quality pairs,
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not reported pairs and pairs with singleton - % considering the total number of reads),
percentage of valid putative interaction pairs (removal of dangling ends, fragments with
no restriction site, self-circles etc - % considering the number of reported pairs),
percentage of unique read pairs (removal of duplicates - % considering the valid putative
interaction pairs), number of unique read pairs, percentage of cis-read pairs, number of
long-range cis-read pairs, percentage of trans read pairs was determined using HiCPro-
v2.7.7 (Servant et al., 2015). HITC was used to transform sparse matrices to NxN
matrices(Servant et al., 2012). For Hi-C library quality analysis presented in Table S1
please refer to (Servant et al., 2015). Hi-C data reproducibility between replicates per
chromosome was calculated in two ways a) as previously described by Dixon et al, 2012
(Dixon et al., 2012) and b) using HiC-spector (Yan et al., 2017). For the first method, the
set of all possible intra-chromosomal interactions for two replicates were correlated by
comparing each point in interaction matrix at 4kb resolution from one replicate with the
same point from the second replicate. We restricted the correlation to a maximum
distance between points of 2Mb (500 bins), since Hi-C data is skewed toward proximal
interactions (Dixon et al., 2012). We used the cor function of R (version 3.2.3) to calculate
the Pearson correlation between the two vectors. For the second method, we used the
python script HiC-spector (Yan et al., 2017) on 4kb raw intra-chromosomal triple sparse
format matrices. Hi-C heatmap in Figure 2B and Figure S6A were generated using
HiCPlotter (Akdemir and Chin, 2015). TAD calling: TADs were called on NxN ICE-
normalized matrices using Armatus (Filippova et al., 2014) (v2.1), with gamma-max (-g)
set to 0.3, resolution (-r) set to 40kb and the remaining parameters left as default. We

called TADs at various resolutions, but we report data on TADs called at 40kb resolution,
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because 40kb was the highest resolution that gave us reproducible TAD calls between
biological replicates. Boundaries calling: TAD boundaries were called following a
previously described method (Crane et al., 2015) using a window size of 400kb, which
was selected based on the reproducibility across biological replicates. We chose the
smallest window size that would give high (>=90%) reproducibility. Differential
interaction calling: differential interactions were called with diffHic (Lun and Smyth,
2015)v1.4.2,in R (v3.3.1), on raw matrices at 4kb resolution, with two biological replicates
for each condition. Triplet sparse format matrices generated by HiCPro were converted
to InteractionSet objects with the Glnteractions function from the InteractionSet package
(v1.0.4) and then organized in a counts matrix with the InteractionSet function. Differential
analysis was performed for each chromosome separately, considering only intra-
chromosomal bin pairs where the average logCPM > 1 across samples. Data were
normalized using Loess normalization, applied separately to regions near (<=2L) and far
from the Hi-C matrix diagonal. InteractionSet was converted to a DGELIst object to be
used as input for EdgeR (Robinson et al., 2010) v3.14.0. Once calculated data dispersion
with the estimateDisp and glmQLFit functions, differential analysis is performed using a
Quasi-Likelihood F-Test and Benjamini-Hochberg FDR correction. Requirement for
significant differential interaction: fold change lower than 0.5 or higher than 2 and p-value
lower than 0.05. All differential interactions falling on the diagonal were excluded. For fold
change distribution analysis, we converted all fold changes between 0 and 1 as -1/(Fold

change).
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Data integration analysis. To integrate data from RNA-seq, ChIP-seq and Hi-C
experiments, we used bedtools 2.26.0(Quinlan and Hall, 2010) and R packages.
Promoters were defined based on the location of the TSS of Homo sapiens GRCh37.75
genes (+/- 4kb from annotated TSS). Enhancers were defined as DNA regions containing

H3K27ac that did not overlap with promoters.

Circular permutations. Chromosome-bound circular permutations test described in
Cabrera et al., 2012(Cabrera et al., 2012) was applied to evaluate if the observed overlap
between Hi-C differentially interacting bins found in the different comparisons (i.e.,
EMPTY GM vs. MYOD GM and MYOD GM vs. MYOD DM) and MYOD ChlP-seq peaks
was significantly enriched compared to the expected overlap. For each permutation,
differentially interacting bins obtained from the comparison in analysis were shifted of a
randomly generated number of bins (comprised between 1 and the maximum number of
bins of the smallest chromosome in analysis, chr21), for a total of 10,000 permutations.
When the shift exceeded the end of the chromosome, the permutation continued from the
chromosome start, thus regarding chromosomes as circularized. Randomly generated
genomic intervals were then overlapped with MYOD ChiP-seq peaks found in MYOD GM
and MYOD DM, respectively. The number of permuted datasets, n, having a number of
bins overlapping MYOD peaks greater than or equal to the observed number were noted

and used to estimate approximate p-values (n/10,000) for enrichment.

Gene expression analysis inside differential INs. For Figure S5A, the list of INs

whose boundaries show a higher interaction strength between boundaries in MYOD GM
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as compared to EMPTY GM, and the list of MYOD ChlIP-seq peaks in MYOD GM, were
overlapped with bedtools (intersectbed, with parameters —wa and —u) in order to partition
the differential INs in three categories: i) INs whose boundaries are not bound by MYOD,
i) INs where only one boundary is bound by MYOD and iii) INs where MYOD binds both
boundaries. These sub-lists, together with the initial list of all INs whose boundaries
interaction is strengthen upon MYOD expression, were overlapped with the list of human
promoters (NB. genes were considered within an IN when at least the promoter
overlapped the IN). Promoters were defined based on the location of the TSS of Homo
sapiens GRCh37.75 genes (+/- 4kb from annotated TSS). Genes were subsequently
filtered in order to retain only those with p-val<0.01 from the RNA-seq differential analysis
(EMPTY GM vs MYOD GM comparison) and mapping exclusively to only one of the
subgroups, in order to exclude the potential confounding effects due to the presence of
nested INs. The bed intervals of the INs whose boundary interaction strength increases
upon MYOD expression and that are bound by MYOD at both boundaries were used to
plot the ChlP-seq signal of CTCF, MYOD and H3K27 acetylation (the latter both in
EMPTY GM and in human myoblasts) with the NGSplot R s, with parameters -G hgl19 -R

bed -L 2500 -MW 7 -YAS 0,0.7 (Shen et al., 2014).

Calculations of “expected number” of events for each figure panel._For Figure 1F,

observed/expected ratios were calculated as in Chronis et al., 2017 (Chronis et al., 2017),
as the ratio between the observed and the expected overlap for each feature based on

their sizes and the size of the hg1l9 human genome:

FNS
F+S/G
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where F is the number of base pairs annotated for the feature F (e.g. MYOD peaks), S is
the size of the feature S (e.g. promoters of differentially expressed genes) and G is the
length of the human genome.

For Figure 2D, expected frequency of MYOD binding at differentially interacting bins (fex)

= (total number of 4kb bins bound by MYOD)/(total number of 4kb bins genome-wide)
Expected number of bins that differentially interacted that are bound by MYOD =

= fex* (number of 4kb bins that differentially interacted).

For Figure 3A, expected frequency of MYOD binding at differentially interacting bins (fex)

= (total number of 4kb bins bound by MYOD)/(total number of 4kb bins genome-wide)
Expected number of bins that differentially interacted that are bound by MYOD =

= fex* (number of 4kb bins that differentially interacted, in this case one of the differentially
interacting partner bin has to be in a promoter).

For Figure 3B, expected frequency of MYOD binding at differentially interacting bins (fex)

(number of 4kb bins that coincide with promoters or enhancers that are bound by
MYOD)/(number of 4kb bins genome-wide that coincide with promoters or enhancers)
Expected number of bins that differentially interacted that are bound by MYOD =

= fex* (number of differentially interacting 4kb bins involved in differential enhancer-
promoter interaction).

For Figure 4E, expected frequency of MYOD binding at differentially interacting bins co-

bound by CTCF (fex) =
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= (number of 4kb bins that are co-bound by MYOD and CTCF)/(number of 4kb bins that
are bound by CTCF)

Expected number of bins that differentially interacted that are bound by MYOD =

= fex* (number of 4kb bins that differentially interacted with each other and that are both
bound by CTCF)

To determine statistical significance between observed and expected, chi-squared test

was performed using R version 3.2.3, function chisg.test().

Genetic constraint analysis. The hgl9 human reference genome was downloaded
from ftp://ngdownload.cse.ucsc.edu/goldenPath/hg19/chromosomes/ and split into 4kb
bins, which corresponds to the experimental resolution. The bins were further classified
into separate categories, using bedops (v2.4.30)(Neph et al., 2012), depending on
whether they contained MYOD and/or CTCF peaks, were present in differentially
interacting regions or boundaries. Of note, the categories are not mutually exclusive. The
names and number of bins per categories are the following: DI (N=71,501 in
EMPTY_GMvsMYOD_GM and N=74,327 in MYOD_GMvsMYOD_DM); DI_CTCF
(N=7,414 in EMPTY_GMvsMYOD_GM and N=7,327 in MYOD_GMvsMYOD_DM);
DI_MYOD (N=9,096 in EMPTY_GMvsMYOD GM and N= 13,206 in
MYOD_GMvsMYOD_DM); DI_MYOD_CTCF (N=2,666 in EMPTY_GMvsMYOD_GM
and N=3,447 in MYOD_GMvsMYOD_DM); WG (N=759,086); WG_CTCF (N=47,625);
WG_MYOD (N=44,741 MYOD_GM and N=68,989 MYOD_DM); Bd (N=2,241 in
EMPTY_GMvsMYOD _GM and N=2,596 in MYOD_GMvsMYOD DM); Bd_MYOD

(N=933 in EMPTY_GMvsMYOD_GM and N=1,373 in MYOD_GMvsMYOD_DM). The
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mean CDTS value (di lulio et al., 2018) of every 4kb bin was extracted using bedops and
the cumulative distribution function of all genomic bins in a given category were plotted
using R version 3.4.3. The CDTS used was computed with whole genome sequencing
data obtained from the gnomAD dataset (N=15,496). The explanation is provided here:
http://www.hliopendata.com/noncoding/Pipeline/README_compute_CDTS_fromPublic
Dataset.txt

The difference in the cumulative distribution function of different categories was

assessed using two-sample Kolmogorov-Smirnov test.

Pathogenic variants distribution analysis. Variants from HGMD (Stenson et al.,
2003) were filtered to retain only “High DM” flagged variants. The pathogenic variants
were categorized into three non-mutually exclusive groups (All, Skeletal Muscle and
Inflammation). All (N=154,503) — encompasses all pathogenic variants. Skeletal Muscle
(N=5,888) — encompasses variants retrieved with the following key word extraction using
grep: > grep "[Mm]usc\|[[Mm]yopath\|[Mm]yogen\|[Mm]yasten® and grep -v
"[Cc]ardio\|[Ss]tatin\|[Cc]ardiac\|[Cc]orne\|[Ss]mooth\|[Aa]drenoleukodystrophy".
Inflammation (N=2,737) — includes variants retrieved with the following key word
extraction using grep: > grep "“[li]nflam\]itis" and grep -V
"British_Columbia\|Pseudohermaphroditism\|[Hh]epatitis [ABC]". The fraction of genomic
bins containing at least one pathogenic variant was then extracted. The difference in the
fraction of bins with pathogenic variant of different categories was assessed using one

sided Fisher's Exact Test, with the following assumptions of expected fraction of variants
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per category: WG < DI; WG <WG_CTCF; WG < Bd; WG <Bd_MYOD; WG_CTCF < Bd;

DI < Bd.

In situ 3C. 3C was performed as described for the in-situ Hi-C omitting the biotinylation
step. Following Ethanol precipitation DNA is resuspended in 10mM Tris-HCI pH=8 and
diluted to 25ng/pl. 1ul of the diluted DNA is then analysed by qPCR. Primers were
designed using Primer3 and blasted to hg19 genome to ensure specificity for the fragment
analyzed. For positive control, equimolar amount of BAC DNA containing the locus of

interested were digested and ligated in the same way of sample DNA.
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Supplementary Table 4: Primers for gene expression

Primer Name

Primer Sequence

mouse MYOD mRNA For

AGCACTACAGTGGCGACTCA

mouse MYOD mRNA Rev GGCCGCTGTAATCCATCAT

hGAPDH mRNA For GAAGGTGAAGGTCGGAGTC
hGAPDH mRNA Rev GAAGATGGTGATGGGATTTC
hGAPDH premRNA Rev CCATACGACTGCAAAGACCC

hbeta-actin mRNA For

CCTGGGCATGGAGTCCTGTGG

hbeta-actin mMRNA Rev

CTGTGTTGGCGTACAGGTCTT

hMYOG mRNA For

AATGCAGCTCTCACAGCGCCTC

hMYOG mRNA Rev

TCAGCCGTGAGCAGATGATCC

hMYHC1 mRNA For

CGAAGCTGGAGCTACTGTAA

hMYHC1 mRNA Rev

CCATGTCCTCGATCTTGTCATA

hCKM mRNA For

TGGAGAAGCTCTCTGTGGAAG

hCKM mRNA Rev

TCCGTCATGCTCTTCAGAGGGT

hTGF-1 mRNA For GCCTGAGGCCGACTACTA

hTGF-B1 mRNA Rev CTGTGTGTACTCTGCTTGAACT
hCTGF mRNA For TGTGCACCGCCAAAGAT

hCTGF mRNA Rev GCACGTGCACTGGTACTT

hPOSTN mRNA For CTGCTTATTGTTAACCCTATAAACGC
hPOSTN mRNA Rev CAGACATTTGGGCCTTGGT

hIL6 mMRNA For CGGGAACGAAAGAGAAGCTCTA
hIL6 mRNA Rev GGCGCTTGTGGAGAAGGAG
hVCAM1 mRNA For CCGGATTGCTGCTCAGATTG

hVCAM1 mRNA Rev

AGCGTGGAATTGGTCCCCTCA

hiIL1b mRNA For

CATCTACGAATCTCCGACCAC

hiL1b mRNA Rev

GGCAGGGAACCAGCATCTTC

hTNNT2 mRNA For

TCAAAGTCCACTCTCTCTCCATC

hTNNT2 mRNA Rev

GGAGGAGTCCAAACCAAAGCC

hCTCF mRNA For

GTGGCGCGGAGAATGATTA

hCTCF mRNA Rev

AATAGAACCCAGCTCTCAAGC
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hITGA7 mRNA For CGCCTTCAATCTGGACGTGA
hITGA7 mMRNA Rev CCCACCAGCAGCCAGC
hRDH5 mRNA For TTAGTGTGGGAGGCTGGGAA
hRDH5 mRNA Rev GTGGCAGCCTCCTGTGG
hBLOC1S1 mRNA For CAGGCACTCAAGGAAATTGGG
hBLOC1S1 mRNA Rev GACTGCAGCTGCCCTTTGTA
hLAD1 mRNA For CACGGCCATACGGAGATCAG
hLAD1 mRNA Rev TTCTCAAAGAGGTGGCGCTT
hTNNI1 mRNA For GAGGTGTTCCAACCTGGGAG
hTNNI1 mMRNA Rev ACGCATACACACCATGCTCA
hPKP1 mRNA For ACCGCGTCATCATTCCCTTC
hPKP1 mRNA Rev AGCTCAGGTTCCTCAAGCAG
hIGFN1 mRNA For CAGCTGTACACCCAGGGTAAT
hIGNF1 mRNA Rev TCACTCCAGGGATGTGGGAC
hSARNP mRNA For TCTTGCTCGTGGTTTGGAGA
hSARNP mRNA Rev TTTGCCTCCTCTTCAGCATGT
mouse b-actin mRNA For GGCTGTATTCCCCTCCATCG
mouse b-actin mRNA Rev CCAGTTGGTAACAATGCCATGT
mouse Tnnt2 mRNA For CAGAGGAGGCCAACGTAGAAG
mouse Tnnt2 mRNA Rev CTCCATCGGGGATCTTGGGT

Supplementary Table 5: Primers for ChIP-gPCR

Primer Name

Primer Sequence

hTNNT2 promoter For

GCAGAGGGCAAGAGTTATGT

hTNNT2 promoter Rev

AAGGCTGCTCAGTCCATTAG

hTNNT2 enhancer For

TCACATGCTGTTCCCTCTATTT

hTNNT2 enhancer Rev

GGTGTCATGGAGCAATTGATTT

hIL6 promoter For

CTTCGGTCCAGTTGCCTTC

hIL6 promoter Rev

GCGGCTACATCTTTGGAATCT

hTGF-B1 promoter For

GTCACCAGAGAAAGAGGACCAG

hTGF-B1 promoter Rev

CTACCTTGTTTCCCAGCCTGA

hTGF-B1 enhancer For

CAAAACAGACCCACACAACTCC

hTGF-B1 enhancer Rev

CAGTGTTTGTCTGTGTGAGGG

hTGF-B1 IN5 For

CGTCAAAATGTCAAAATGCCGT

hTGF-B1 IN5 Rev

TTACATTCTCAAGCAGGCAGTG

hTGF-B1 IN3 For

TGAGCTTCAAAACGAGACACAG

hTGF-B1 IN3 Rev

GGTTGCCCTATTTCTTTGTGGA

hITGA7 promoter For

ACCCATCACGTCCAGATTGAAG

hITGA7 promoter Rev

CTCCGGGATTTGCTACCTTTT

hITGA7 enhancer For

CTGTAGGTCACTTGGGCTCC

hITGA7 enhancer For

CGGTGATGAAGACAAAGGCATT

Supplementary Table 6: Primers for 3C

Primer Name

Primer Sequence Genomic Coordinates
Dpnll Fragment

Human hg19
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3C_LoadingCtrl F

AATGGGCTTAATGGAAGACAAAT

chrl2 6632801 6634701

3C_LoadingCtrl R

TGTGCTTAAAATTTCGGTCATCT

chrl2 6632801 6634701

TNNT2_201347539

Viewpoint MYOD peak

GTCATCCCCTAACGGCTTTAAAA

chrl 201346773 201347562

TNNT2_201346763

Viewpoint CTCF peak

GAGCCTTACCTCAGAACAGCAG

chrl 201345693 201346776

TNNT2_201354973

AGTGTCACATAAGAGGTCTAGGG

chrl 201354133 201355158

TNNT2_201356497

AAGGTATCATCTGAGCAAAGCAC

chrl 201355155 201356621

TNNT2_201352732

TTCCAAGAAACGTCCCATTCAAT

chrl 201352335 201352895

TNNT2_201351662

CTCCTGAAATGACTCCTCCTCTC

chrl 201350893 201351795

TNNT2_201349564

AACTCTCGGCTATGAAGTTGGAA

chrl 201348865 201349739

TNNT2_201357190

CCCCACCTCATAATCCCAAAATC

chrl 201356659 201357298

TNNT2_201354065

AAGACATGTCCTCCTCCTCTTC

chrl 201353778 201354136

TNNT2_201353395

AGTAAATGTTCATGGGGCAGATG

chrl 201352950 201353451

TNNT2_201353646

CCTTTCCCTGTCCTAACCTCAAG

chrl 201353448 201353713

TNNT2_201352338

ACAGGAGCCACGAATAACTCAG

chrl 201351817 201352338

TGF-p1_41946123
Viewpoint IN

TCTCCACAAAGAAATAGGGCAAC

chrl9 41946101 41946123

TGF-B1 41827968

TTGAGAATGTAAGCCCATGTGTC

chrl9 41827946 41827968

TGF-B1_41827078

CATCAGGAAAGTGGGAATTGTGA

chrl9 41827056 41827078

TGF-B1_41825348

CCTGCATGTTTTCCTGTGTTTT

chrl9 41825327 41825348

TGF-B1_41829197

TTAGGTTCCCATCTCTCCTTCTG

chrl9 41829175 41829197

TGF-B1_41830037

CAACCAGAATTAGAGCCAGACAG

chr19 41830015 41830037

TGF-B1_41859165
Viewpoint Prom

TCCCACGGAAATAACCTAGATG

chrl9 41858791 41859165

TGF-B1_41832499

CTGAGAACCACAGGAAGCATG

chrl9 41830487 41832499

TGF-B1_41834210

GATGTCAGACTGAGTGGGTAAGA

chrl9 41832786 41834210

TGF-B1 41835463

CACCACAATGCCAGACTAATTTT

chrl9 41834207 41835463

TGF-f1_41838117

CCAACTCACCTCTCTGACTTTAC

chrl9 41837557 41838117

ITGA7_56100255
Viewpoint

ACAGTAGAGGCAGAAGACAGTC

chrl2 56099397 56100255

ITGA7_56112320

TAACCACAGCCCATACCTTGAT

chrl2 56111586 56112320

ITGA7_56114416

GGAACTGAGAAGACTAGCCAGA

chrl2 56112971 56114416

ITGA7 56115224

CAGAGAGGCTTCCGAGTCC

chrl2 56114729 56115224

ITGA7_56115639

CGGGTGCTGAATGTGAACAC

chrl2 56115321 56115639

Mouse mm10

3C_loadingCtrl_mm_F

GAACGGTACCACACTCAGTTTAC

chrb 142911269 142911402

3C_loadingCtrl_mm_R

AGACCTGACTCTTCAAGCTATCA

chrb 142911269 142911402

Tnnt2_135836700
Viewpoint Myod

TGTTTCCAGGACAGACTCTAACA

chrl 135835646 135836700

Tnnt2_135835151

CACACATGTCTCAGGATAAGCC

chrl 135834524 135835151

Tnnt2_135834527
Viewpoint CTCF

GTGTAGGAGGTGACATTTGAGTG

chrl 135833823 135834527

Tnnt2_135833826

CCCTTTGTCTTAGGCCCTATAGT

chrl 135833115 135833826

Tnnt2_135832869

AGTGCTAGACCTATTTACCGCTC

chrl 135832431 135832869

Tnnt2_135832434

TCCCTTTCCTTGTTCTAATTGGC

chrl 135831572 135832434

Tnnt2_135831575

CGTGACATCAAGACTTAACCTGT

chrl 135831231 135831575

Tnnt2_135831234

GTACTGAAGTCCTTGTCACACCT

chrl 135830616 135831234

Tnnt2_135830422

GCAAGAGGAGAACAATGACAAGA

chrl 135828430 135830422

Tnnt2 135828433

GGTAGCCTAGACTCCTGTTTTCT

chrl 135826900 135828433

Tnnt2_135825883

CCTGAGTTCAACCACAGATGATG

chrl 135825088 135825883
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Supplementary Table 7: guide RNAs

Name Sequence PAM | Coordinates

TNNT2_M1 CAGCAGCTGCCGACAGATCC | TGG chrl 201346758 201346777
TNNT2_ M2 CCACATGGGCTTATATGGCG | TGG chrl 201346994 201347013
TNNT2_ M3 TAGCTTATCTGAGCAGCTGG AGG chrl 201347018 201347037
TNNT2_ M4 AGGGCTTTAAGCAGGCATGT |GGG | chrl 201346829 201346848
ITGA7_CM1 TGGCTCTGGGAGACGGAACC  |AGG chr12 56099833 56099852
ITGA7_CM2 CCCCCTGCTGGAGCAAAAGC  |AGG chr12 56099774 56099793
ITGA7_CM3 CCACCTGCAACTCAAAAGCT AGG chrl2 56099697 56099716
RDH5_CTCF1 |CTGCCACCTGTAGGTCACTT GGG |chr1256114938 56114957
RDH5_CTCF2 |TTCTGCTGGGTGCCTTACTC TGG chr12 56114982 56115001
RDH5_CTCF3 |GCTTGAGGGCCACAGTAAAC  |TGG chr12 56114891 56114910
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Figure 1: MYOD regulation of gene expression in the linear sequence of the DNA.

A, Experimental design. IMR9O0 fibroblasts were electroporated with doxycycline-inducible MYOD or
EMPTY vector, cells were treated with doxycycline (dox) for 24hrs in growth media (GM) prior
differentiation stimuli (DM) with doxycycline for 72hrs. Experiments were always performed at these
time points, unless otherwise stated.

B, Representative immunofluorescence images of IMR90 cells stained for MYOD (magenta) and
MyHC antibody (green). The nuclei were stained with Hoechst (blue).

C, Transcriptional networks predicted to be altered by MYOD comparing MYOD GM vs EMPTY GM
(Ingenuity Pathway Analysis, IPA, Qiagen). For all predictions, p<0.001.

D, Percentage of MYOD peaks at promoters of differentially expressed (DE) genes (yellow) or not
(grey).

E, Observed/expected ratio of MYOD binding at the genomic regions listed in the y axes, as
described in Chronis et al, 2017 (see Methods).
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Figure 2: Profound alteration of chromatin contacts by MYOD during myogenic
conversion

A, Graphical representation of TADs and TAD boundaries.

B, Hi-C interaction pattern (red heat map) and TAD boundaries (light blue) in EMPTY
GM, MYOD GM and MYOD DM, MYOD ChlP-seq in MYOD GM and MYOD DM
(black).

C, Number of TADs with one or more DE genes. Black represents the TADs whose
differentially expressed genes are all upregulated or all downregulated, while grey
represents the TADs containing upregulated genes and downregulated genes. LEFT:
gene expression comparison between EMPTY GM and MYOD GM. TADs used were
identified in MYOD GM. RIGHT: gene expression comparison between MYOD GM and
MYOD DM. TADs used were identified in MYOD DM. pvalue represent the significant
prevalence of TADs with two or more differentially expressed genes that were either all
upregulated or all downregulated compared to TADs that have both upregulated genes
and downregulated genes. pvalue was calculated using the two-sided exact binomial
test.

D, Percentage of 4kb bins involved in at least one differential interaction only during
MYOD-mediated commitment (magenta), only during MYOD-mediated differentiation
(green), or at both stages (violet).

E, Number (N) of bins involved in altered chromatin interactions during MYOD-mediated
commitment (magenta) or differentiation (green) that were observed or expected to be
bound by MYOD. Expected bin number was calculated based on the number of bins
bound by MYOD genome-wide. Chi-squared test was used for statistical analysis.

F, Percentage of DI bins bound by MYOD (red), DI bins directly interacting with MYOD-
bound bins (orange), DI bins indirectly interacting (dark yellow), others (yellow) — see
figure S3A for the schematic representation of this classification

G, Left: number (N) of differential interactions, including all differential interactions (All)
Promoters-all (indicating interactions between promoters and any other genomic
region), Enhancers-all (indicating interactions between enhancers and any other
genomic region), Promoter-enhancers and CTCF-bound regions during MYOD-
mediated commitment (magenta) or differentiation (green). Right: percentage of the
differential interactions described on the left that were bound by MYOD during MYOD-
mediated commitment (magenta) or differentiation (green) (right). Dashed lines
represent the percentage of all differential interactions that are bound by MYOD during
MYOD-mediated commitment (red) or differentiation (blue).
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Figure 3: Characterization of MYOD-altered cis-regulatory interactions

A, Number (N) of MYOD-bound bins involved in altered interactions between promoters and
other genomic elements during MYOD-mediated commitment (magenta) or differentiation
(green). The expected number of MYOD-bound bins was calculated based on MYOD-binding
genome-wide (see methods).

B, Number (N) of MYOD-bound bins involved in altered enhancer-promoter interactions during
MYOD-mediated commitment (magenta) or differentiation (green). The expected number of
MYOD-bound bins was calculated based on MYOD-binding to enhancer or promoter (see
methods).

C,D, Percentage (%) of MYOD-bound or unbound (dashed) differential interactions between
promoters of DE genes and (C) other genomic elements or (D) enhancers.

E, Heatmap representing biological functions activated (orange) or inhibited (blue) based on
the DE genes whose promoter was involved in MYOD-bound differential interactions during
MYOD-mediated commitment or differentiation. Analysis performed using IPA.

F, DE genes whose promoter was involved in MYOD-bound differential interactions with
enhancers during MYOD-mediated commitment or differentiation. Analysis performed using
IPA.

G, Normalized contact heatmap at TNNT2 locus in EMPTY GM (top left) or MYOD GM
(bottom right). The region in blue box corresponds to TNNT2 enhancer-promoter interaction.
Enlargement of the interaction of interest in the corners.

H, From top to bottom: Magenta bars represent bins whose interaction increased during
MYOD-mediated commitment determined by Hi-C. UCSC snapshots of: H3K27ac ChlP-seq in
IMR9O0 (blue), hMB (violet), P indicates the TNNT2 promoter, E represents an enhancer,
MYOD ChlP-seq in MYOD GM (magenta), RefSeq genes, black bars represent regions with
increased H3K27ac levels in hMBs compared to IMR90. Close up representation of the
enhancer region in the dashed blue box H3K27ac ChlP-seq in hMB (violet), and Dpnll sites.
Relative crosslinking frequencies (RCF) by in situ 3C using as view point MYOD peak at
TNNT2 promoter (red eye) (n=3).

I, Relative enrichment of H3K27ac by ChIP-gPCR at TNNT2 promoter and enhancer, n=3.
Data is represented as mean +/- SEM.

J, Relative mRNA expression of TNNT2 (n=3).

In A-D chi-squared test was used for statistical analysis, *** p<2.2x10-16

In H-J data is represented as mean + SEM. T-test was used for statistical analysis, * p<0.05,
** p<0.01.
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Figure 4: MYOD alters insulated neighborhoods to regulate myogenesis.

A, Graphical representation of altered IN: black line represents the DNA, light-blue boxes represent
IN boundaries, blue ovals represent CTCF, violet line represent gene, zig-zagged red lines represent
altered interaction.

B, Percentage (%) and number (N) of differential interactions corresponding to altered IN boundary
interactions.

C, Percentage (%) and number (N) of DIs with at least one bin that mapped inside altered INs during
MYOD-mediated myogenic commitment or differentiation.

D, Percentage of DI bins genome-wide (GW) and distribution of percentages of DI bins inside altered
INs.

E, Number (N) of IN boundaries which differentially interacted during myogenic commitment
(magenta) or differentiation (green) that were observed (Obs) or expected (Exp) to be bound by
MYOD. Expected number of MYOD-bound IN boundaries was calculated based on MYOD binding at
bins containing CTCF genome-wide (see Methods). For statistical analysis Chi-squared test was
used.

F, MYOD ChlIP-seq signal over CTCF-summit +/-5kb at IN boundaries which differentially interacted
during MYOD-mediated myogenic commitment or differentiation.

G, MYOD binding distribution at altered INs. For statistical analysis Chi-squared test was used.

H, Boxplots of the gene expression changes EMPTY GM vs MYOD GM of DE genes (p<0.01) in DI
INs with strengthen interaction between boundaries (All); among these, DI INs not bound by MYOD
at the boundaries (hoMYQOD), at only one boundary (oneSide), and at both boundaries (bothSides).
I, NGSplot of CTCF, MYOD and H3K27ac signal ChlP-seq from IMR90 (CTCF, H3K27ac EMPTY
GM) and myoblast (MYOD, H3K27ac_myoblast). 167 regions

J, IPA-based GO analysis of the DE genes within MYOD-bound altered INs.

K, Normalized contact heatmap for EMPTY GM (top left) and MYOD GM (bottom right) at ITGA7-
RDHS5 locus. Interaction under investigation is highlighted by blue boxes. Magnification of the blue
boxes is shown in the corners.

L, From top to bottom: Magenta bars represent bins whose interaction increased during MYOD-
mediated commitment. UCSC snapshots of: MYOD ChlP-seq in MYOD GM (magenta) and CTCF in
IMR9O0 (blue), RefSeq genes from UCSC browser, Dpnll sites (black). Close up representation of the
region in the dashed red box. Relative crosslinking frequencies (RCF) by in situ 3C using as view
point MYOD-CTCF peak at ITGA7 promoter (red eye) (n=3). 3C data is represented as mean +
SEM. Relative mRNA expression of ITGA7 and RDH5 (n=3). Data is represented as mean +/- SEM.
T-test was used for statistical analysis, * p<0.05, ** p<0.01, *** p<0.001.
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Figure 5: MYOD expression is necessary for the maintenance of MYOD-regulated
chromatin interactions

A, Scheme of the experimental approach used for all experiment in Fig. 5, EMPTY or MYOD
IMR90 were exposed to doxycycline for 24h in GM followed by additional 48h of with/out
doxycycline (ON/ON, ON/OFF).

B, Relative mRNA expression of Myod1 compared to EMPTY ON/ON (n=3). Data is represented
as mean +/- SEM.

C, Immunoblot analysis of the whole cell lysate. GAPDH is used as loading control

D, Relative mRNA expression of TNNT2 compared to EMPTY ON/ON (n=3). Data is represented
as mean +/- SEM

E, ChIP-gPCR for MYOD at TNNT2 promoter relative to EMPTY ON/ON (n=3).

F, Relative crosslink frequency (RCF) values between MYOD peak at TNNT2 promoter (view
point — red eye — see Fig. 3H) and the enhancer. Data is represented as mean + SEM (n=3).

G, Relative mRNA expression of ITGA7 and RDH5 compared to EMPTY ON/ON (n=3). Data is
represented as mean +/- SEM

H, ChIPgPCR for CTCF and MYOD at regulatory elements in the locus relative to EMPTY
ON/ON (n=3).

I, Relative crosslink frequency (RCF) values between CTCF MYOD peak at ITGA7 promoter
(view point — red eye — see Fig. 4L) and the CTCF MYOD peak in RDH5. Data is represented as
mean + SEM (n=3).

T-test was used for statistical analysis, * p<0.05, ** p<0.01, *** p<0.001



Dall’Agnese et al., Figure 6

-

v
+
o
o
x
<
N

36h 24h
B T i
DI Bins I | N |
0-100
myop -om 0% A ! :
Hak27ac hms0-100] O | v - :
= H : TNNT2 LAD1 2 g - '
Dpnll I N T N N N R TN I I I (N I T T TR AT '|—,*
dCAS9 ‘ b i
TNNT2_M
[ == = - -
C DI Bins | X L
mvob-oM 075 B __ A
CTCF - IMR90 [0-150] R ! A
i il [ & 1
ITGA7 o -
Dpn|| [N | | [ | | | I 1l I | | IBllTOIIC 111 L _____ I_I_U_R_Dlj?_l__l _II_I_III
dCAS9 \
ITGA7_CM RDHS
D
2.0 1 2.0 1
*%
n.s.
- nz.s. - n.s. n.s s
c 1_5 . n.s. n.s. — c 1'5 i % —_—
g " o g = " - = gRNA CTRL
[ = xk * n <
SRR 5¢ 10 mgRNA ITGA7_CM
S5 Q&
o 59 mgRNA RDH5_C
£ 051 £ 051 #gRNA TNNT2_M
g g
0.0 -
ITGA7 RDH5 TNNT2 ITGA7 RDH5 TNNT2
e 1
E TNNT2 F Hakz7ac hvs (0100 v - l
— T
c 12 4 = Dpnll L__iLi___ o .
2 10 - B MYOD GM 1.2 -
27 . —e— Empty
g9 08+ B EMPTY GM s 10 —e—MYOD gRNA CTRL
35 06 A 29 —s—MYOD gRNA TNNT2_M
Q= EES 0.8 1
%5 0.4 1 n.s 'g_ega
o 0.2 - =S 2c5® 0.6 1
4 : .g Na ™~
d b -
0.0 2 % 0.4
g G
NN 0.0
Chrl 201345000 201350000 201355000 201360000
G H Myop-gm ([0-75] 7 77 T T !
ITGAT ROHS CTCF |MR905[0'150] - ______‘ :
15 1 - ! A
5 1.5 1 " - - : H MYOD GM DpnllC- - I __J____LL_____¢
i T 1041 B EMPTY GM
£ 8104 - L 127 e Empy
5% =8k J —e— Myod gRNA ctrl
LE05 1 ns 007 s S Sou 081 ——MyodgRNAITGATCM | |*
&~ $53¢ —e— Myod gRNA RDH5C
€ 00 - 0.0 - ><8%
 ESOESO E=0E =0 >99§0.4— :
Oo|§’loo|§l Og'§og'§ - =
<3 <0 SE 38 0 74 corr
o O o o Chrl2 56111000 56116000
E-E =k



Figure 6: Direct MYOD binding is required for MYOD-directed changes in the 3D
chromatin structure

A, Scheme of the experimental approach used for all experiments in Fig. 6, EMPTY or MYOD
IMR90 were transfected with plasmid encoding dCAS9 and specific gRNAs 36hours, then
cells were treated with doxycycline for 24h in GM.

B, From top to bottom: TNNT2 locus - magenta bars represent bins whose interaction
increased during MYOD-mediated commitment, UCSC genome browser snapshots of MYOD
ChIP-seq in MYOD GM (magenta), H3K27ac ChIP-seq in hMB (violet), RefSeq genes, Dpnll
sites (black). Orange arrow indicates the region targeted by the gRNAs, which is MYOD and
CTCF peak at TNNT2 promoter (TNNT2_M).

C, From top to bottom: ITGA7-RDH5 locus - magenta bars represent bins with increased
interaction between during MYOD-mediated commitment, UCSC genome browser snapshots
of MYOD ChlIP-seq in MYOD GM (magenta), CTCF ChIP-seq in IMR90 (blue), RefSeq genes,
Dpnll sites (black). Red arrow indicates gRNAs targeting the MYOD-CTCF in the ITGA7
promoter (ITGA7_CM), green arrow indicates gRNAs targeting the CTCF in the RDH5
promoter (RDH5_C).

D, ChIP-gPCR for MYOD (left) or CTCF (right) at regulatory elements in ITGA7, RDH5 or
TNNT2 loci. Data is represented as relative enrichment over MYOD expressing IMR90
transfected with CTRL gRNAs (n=3) Data is represented as mean + SEM.

E, Relative mRNA expression of TNNTZ2. Data is represented as mean +/- SEM

F, Close up representation of the enhancer region in the dashed blue box H3K27ac ChIP-seq
in hMB (violet), and Dpnll sites. Relative crosslinking frequencies (RCF) by in situ 3C using as
view point MYOD peak at TNNT2 promoter (red eye, see Fig 3H) (n=3). 3C data is
represented as mean + SEM.

G, Relative mRNA expression of ITGA7 and RDH5. Data is represented as mean +/- SEM

H, Close up representation of the enhancer region in the dashed red box MYOD ChlP-seq in
MYOD GM (magenta), CTCF ChIP-seq in IMR9O0 (blue) and Dpnll sites. Relative crosslinking
frequencies (RCF) by in situ 3C using as view point CTCF-MYOD peak at ITGA7 promoter
(red eye, see Fig 4L) (n=3). 3C data is represented as mean + SEM.

T-test was used for statistical analysis, * p<0.05, ** p<0.01, *** p<0.001.
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Figure 7: MYOD loop formation and transcription

A, Time course analysis of Myod1 expression in doxycycline-treated IMR9O0 cells.
Representative immunofluorescence images of IMR90 cells stained for MYOD. The nuclei were
stained with DAPI.

B, Relative expression of exogenous Myod1, endogenous TNNTZ2, ITGA7 (n=3). Data is
represented as mean +/- SEM.

C,D, In situ 3C analysis of the TNNT2 (C), ITGA7 (D) loci at different time points of MYOD
inductions. View point for TNNT2 locus is MYOD peak at TNNT2 promoter (Fig. 3H red eye).
View point for ITGA7-RDH5 locus is MYOD and CTCF co-peak at ITGA7 promoter (Fig. 4L, red
eye).

E, Relative expression of pre-GAPDH or GAPDH mRNA after treatment with 1pg/ml of
Actinomycin D (ActD) or DMSO for 30 minutes at 37°C after 6 hours of Myod1 induction.

F,G, In situ 3C analysis of the TNNT2, ITGA7 loci after treatment with 1pg/ml of Actinomycin D
(ActD) or DMSO for 30 minutes at 37°C after 6 hours of MYOD induction.

3C data is represented as mean + SEM. View point for TNNT2 locus is MYOD peak at TNNT2
promoter (Fig. 3H red eye). View point for ITGA7-RDH5 locus is MYOD and CTCF co-peak at
ITGA7 promoter (Fig. 4L, red eye).

T-test was used for statistical analysis, * p<0.05, ** p<0.01, *** p<0.001. p-values have been
calculated comparing Ohr vs 24hrs time point (blue), 3hrs vs 24hrs time point (green) in C and
D and DMSO in F and G.
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Figure S1. Related to Figure 1. Master transcription factor-driven transcription
reprogramming and chromatin binding

A, Percentage of MYOD-positive nuclei. (n=3). Data are represented as mean +/- standard
error of the mean (SEM). Two-way ANOVA was used for statistical analysis, corrected for
multiple testing (Tukey), *** p<0.001.

B, Percentage of nuclei in MyHC positive cells. (n=3). Data are represented as mean +/-
standard error of the mean (SEM). Two-way ANOVA was used for statistical analysis, corrected
for multiple testing (Tukey), *** p<0.001.

C, Immunoblot analysis of the whole cell lysate (left). Data is represented as mean +/- SEM.
D, Cell cycle analysis (n=3). Data is represented as mean +/- SEM.

E, Selected biological functions enriched by MYOD comparing MYOD GM vs EMPTY GM and
MYOD DM vs EMPTY DM (IPA).

F, Percentage of up- or down-regulated genes in MYOD DM vs EMPTY GM that are common
to up- or down-regulated genes in hMT vs EMPTY GM.

G, Relative expression of muscle, fibrotic and inflammatory genes (n=2-4) by RT-gPCR. Data
is represented as mean +/- SEM. Two-way ANOVA was used for statistical analysis, corrected
for multiple testing (Tukey), * p<0.05, ** p<0.01, *** p<0.001.

H, Upstream prediction analysis by IPA based on the gene expression profile of MEFs and
MEF-derived iPSCs. All categories have p< 1x10-.

I, E-box motif enrichment (left) and distribution (right) at +/-50bp from MYOD peak summit, in
GM (top) and DM (bottom).

J, UCSC snapshot of MYOD ChlP-seq in MYOD GM and in MYOD DM on SMARCD3 (top) or
MYOG (bottom) loci.

K, Percentage of up- (black) or down- (grey) regulated genes during commitment and
differentiation (All DE genes). Percentage of MYOD-bound up- or down-regulated genes during
commitment and differentiation (MYOD-bound DE genes).
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Figure S2. Related to Figure 2. Hi-C Reproducibility and examples of differential
interactions

A, Scatter plot representing reproducibility of two biological replicates as in Dixon et al, 2012.
B. Reproducibility score of intra-chromosomal Hi-C contact matrices among biological
replicates calculated using HiC-spector. Each chromosome is represented as a single circle.
C, Normalized Hi-C contact heatmaps for EMPTY GM (top left) vs MYOD GM (bottom right),
and for MYOD GM (top left) vs MYOD DM (bottom right). Interaction under investigation is
highlighted by blue boxes. Magnification of the blue boxes is shown on the corners of each
heatmap.
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Figure S3. Related to Figure 2. MYOD-domino effect of differential interactions

A, Schematic representation of MYOD-domino effect on differential chromatin interactions.

B, Differential gene expression by RNA-seq of TFs whose DNA binding motif is present around
the TSS located inside directly interacting bins (left). The directly interacting bins refer to Fig 2F
EMPTY GM vs MYOD GM.

C, Differential gene expression by RNA-seq of TFs whose DNA binding motif is present around
the TSS contained within indirectly-interacting bins and other bins (right). indirectly-interacting
bins and other bins refer to Fig 2F EMPTY GM vs MYOD GM.
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Figure S4. Related to Figure 4. 3D Regulation of TGF-B1 Expression.

A, Differential interaction NbyN map of TGF-B1 locus and location of altered IN during MYOD-
mediated commitment (black bar).

B, From top to bottom: blue arch representing decreased interaction between two IN
boundaries (CTCF-bound bins) during MYOD-mediated commitment, red arch representing an
increased interaction during MYOD-mediated commitment, UCSC snapshot of p300 ChIP-seq
in IMR90 (blue), H3K27ac ChiP-seq in IMR90 (blue), H3K27ac ChiIP-seq peaks enriched in
IMR90 as compared to hMB and hMT (black bars), H3K27Ac ChIP-Seq in hMB, H3K27Ac
ChIP-Seq in hMT, MYOD ChIP-seq in MYOD GM (magenta) and MYOD DM (light green),
CTCF ChIP-seq in IMR90 (blue), RefSeq genes from UCSC browser, RNASeq of EMPTY GM
(blue), EMPTY DM (light blue), MYOD GM (magenta), MYOD DM (light green). Dpnll digestion
sites (black)

C, Left: Close up representation of the DNA regions delimited by violet dashed box in (B), from
top to bottom: H3K27ac ChIP-seq in IMR90 (blue) and hMB (violet), MYOD ChlIP-seq in MYOD
GM (magenta), Dpnll sites, relative crosslinking frequencies (RCF) by in situ 3C using as view
point MYOD peak at TGF-B1 promoter (gold eye) and measuring RCF with Dpnll fragments
above. Right: Close up representation of the DNA regions delimited by blue dashed box in (B),
from top to bottom: MYOD ChiIP-seq in MYOD GM (magenta), CTCF ChIP-seq in IMR90
(blue) and Dpnll sites. Relative crosslinking frequencies (RCF) by in situ 3C using as view
point CTCF peak at IN boundaries containing TGF-B1 (red eye) and measuring RCF with Dpnlli
fragments above (n=3). 3C data is represented as mean + SEM. T-test was used for statistical
analysis, * p<0.05, ** p<0.01.
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Figure S5. Related to Figure 2 and 4. MYOD-bound differentially interacting elements
are highly constraint and enriched in annotated pathogenic variants

A, DNA sequence constraint of all bins genome-wide bins (WG, black), differentially
interacting bins (DI, yellow), MYOD-bound bins DI bins (DI_MYOD, magenta), CTCF-bound
DI bins (DI_CTCEF, light blue) or MYOD and CTCF bound DI bins (DI_MYOD_CTCF,
purple). Two-sample Kolmogorov-Smirnov test was used for statistical analysis.

B, Fraction of genome-wide bins (WG, black), differentially interacting bins (DI, yellow),
MYOD-bound bins DI bins (DI_MYOD, magenta), CTCF-bound DI bins (DI_CTCEF, light
blue) or MYOD and CTCF bound DI bins (DI_MYOD_CTCF, purple) harboring variants
associated to all diseases (left), inflammatory diseases (middle) or muscle diseases (right).
One sided Fisher’s Exact Test was used for all statistical analysis in the figure.

C, DNA sequence constraint of all bins genome-wide (WG), differentially interacting bins
(DI), CTCF-bound bins (WG_CTCF), differentially interacting bins co-bound by CTCF (Bd),
and differentially interacting bins co-bound by CTCF and bound by MYOD (Bd_MYQOD).
Two-sample Kolmogorov-Smirnov test was used for statistical analysis.

D, Fraction of genome-wide (WG), differentially interacting bins (DI), CTCF-bound bins
(WG_CTCEF), differentially interacting bins co-bound by CTCF (Bd), and differentially
interacting bins co-bound by CTCF and bound by MYOD (Bd_MYOD) harboring annotated
pathogenic variants associated to all annotated diseases (left), inflammatory (middle) or
muscle diseases (right).One sided Fisher’s Exact Test was used for all statistical analysis in
the figure.
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Figure S6. Related to Figure 5. Requirement of Myod1 expression for maintaining
myogenic 3D interaction

A, Relative mRNA expression of TGF-$1 compared to EMPTY ON/ON (n=3). Data is
represented as mean +/- SEM.

B, From top to bottom: magenta boxes representing bins with an increased interaction
during MYOD-mediated commitment; blue boxes representing bins with decreased
interaction between two IN boundaries (CTCF-bound bins) during MYOD-mediated
commitment; UCSC snapshot of H3K27ac ChlIP-seq in IMR90 (blue), in hMBs (purple) and
in hMTs (dark green); MYOD ChlP-seq in MYOD GM (magenta) and MYOD DM (light
green); CTCF ChIP-seq in IMR90 (blue); RefSeq genes; Dpnll digestion sites (black);
regions analyzed by ChIP-gPCR; eyes are viewpoints for 3C experiments.

C, From top to bottom: UCSC snapshot of the same region that in panel (B) within dashed
blue box, MYOD ChlIP-seq in MYOD GM; CTCF ChlIP-seq in IMR90; Dpnll sites; RCF
values between CTCF peak at 5’ the region of an altered IN containing TGF-B1 (view point
—red eye — see panel B) and the CTCF peak at 3’ region after 1 day of doxycycline
treatment and 2 days with/out doxycycline treatment (ON/ON, ON/OFF). Data is
represented as mean + SEM (n=3).

D, ChIP-gPCR analysis for CTCF, MYOD enrichment on the IN1 region (top panels) and on
the IN2 region (bottom panels). Data are shown as relative enrichment to EMPTY ON/OFF,
as mean +/- SEM (n=2).

E, From top to bottom: UCSC snapshot of the same region that in panel (B) within dashed
red box, H3K27ac ChIP-seq in IMR90; H3K27ac ChlP-seq in hMBs; MYOD ChIP-seq in
MYOD GM; Dpnll sites; RCF values between a Dpnll fragment containing MYOD peak in
the promoter of TGF-B1 (view point — gold eye — see panel B) and an enhancer located at
the 3’ of the gene after 1 day of doxycycline treatment and 2 days with/out doxycycline
treatment (ON/ON, ON/OFF). (Right panel) Data is represented as mean + SEM (n=3).

F, ChIP-gPCR analysis for MYOD enrichment on the TGF-B1 promoter region (top panel)
and on the Enhancer region (bottom panel). Data are shown as relative enrichment to
EMPTY ON/OFF, as mean +/- SEM (n=2).

T-test was used for statistical analysis, * p<0.05, ** p<0.01.
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Homology with human TNNT2 enhancer

Figure S7. Related to Fig. 5. MYOD mechanisms to regulate gene expression conserved
between human and mouse

A, Scheme of the experimental approach in C2C12. C2C12 cells were kept non-confluent and
transfected with SIRNA scramble (siScr) or siRNA targeting Myod1 (siMyod1) for 72h.

B, Relative mRNA expression of Myod1, Tnnt2 (n=3). Data is represented as mean +/- SEM.
*** n<0.001

C, Immunoblot analysis of the whole cell lysate. b-ACTIN is used as loading control.

D, From top to bottom: UCSC snapshot of MYOD ChIP-seq in C2C12 myoblasts, UCSC genes
(arrow indicates transcription direction), conservation levels between human and mouse
genomes, Dpnll sites, RCF values between MYOD peak at Tnnt2 promoter (view point - gold
eye symbol) and mouse homolog region to the human TNNT2 enhancer. Data is represented
as mean + SEM (n=3).
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Motif TF p-value
SELELCCCEFCTaETOLESEL  cror le-52
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;ééCLCT < Myf5 le-9
é_éCA CT MyoG le-8
zéCA CT TQ—A—A MyoD le-8

ng: 2CATA CT Atohl le-7

SCAGCTGSE= Tef12 le-7

(_;ACT < i le-7
;‘ﬂ? Fli1

AQCAICT NeuroD1 le-6
AA_'_C,A,,_, QT,,, ; Ap4 le-5
X=ATGASTCALXx Fra2 15
CEéCAﬁ,CT I Tcf21 le-4
ggx AAT:.—E TEAD2 le-4
AéT 7ASTCA§%$ Jun-AP1 le-4

fQQATCT LIS Olig2 -4
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g:ggQA;EI ;: Ascl1 le-4

cggT = AQTCA Bach2 le-4
QQCATQT :I—‘;l:- NeuroG2 le-3

Table S2. Related to Fig. 4

HOMER motif analysis at the center of MYOD peaks (+/-500bp) that mapped at IN boundaries
with strengthen interaction bound by MYOD at both sides during MYOD-mediated commitment



Motif TF p-value

SEACZLGCCASFCTZSTGESEA crer 16-37

SERFRECOCCCCCCTZEE (GG BorisicTerL le-23
$EZCAGCTGE Ap4 le-4
<& (3 Tflcff‘ KLF6 le-4
gAgTTCCT%A Elk1 le-4

AACAGCT
éAQA AA AI Ets1-distal le-3

géCA CI 924[%% MyoD le-3
lgg_ T bl N E ) Egrl le-3
éé:'; » % ¢ Tﬁeg KLF14 le-2
Q;Ic Q C(;AArA E2F3 le-2
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I.:AA Q fAQA Sp5 le-2
S£ACAGGAAAL EWS:FLI1-fusion le2
SACCGCAACT GABPA 12

ACACCT TcT Tcfl2 le-2
CEéCLCT - Tcf21 le-2
SZT ITTAQ Foxol le-2
fg;!;TATTTAQ%EQ% Foxa3 le-2
;ééCA‘:CT I Myf5 le-2

Table S3. Related to Fig. 4

HOMER motif analysis at the center of MYOD peaks (+/-500bp) that mapped at IN boundaries
with weakened interaction bound by MYOD at both sides during MYOD-mediated commitment
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