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ABSTRACT

The in vivo three-dimensional genomic architecture of adult mature neurons at homeostasis
and after medically relevant perturbations such as axonal injury remains elusive. Here we
address this knowledge gap by mapping the three-dimensional chromatin architecture and gene
expression programme at homeostasis and after sciatic nerve injury in wild-type and cohesin-
deficient mouse sensory dorsal root ganglia neurons via combinatorial Hi-C and RNA-seq. We
find that cohesin is required for the full induction of the regenerative transcriptional program,
by organising 3D genomic domains required for the activation of regenerative genes.
Importantly, loss of cohesin results in disruption of chromatin architecture at regenerative
genes and severely impaired nerve regeneration. Together, these data provide an original three-
dimensional chromatin map of adult sensory neurons in vivo and demonstrate a role for

cohesin-dependent chromatin interactions in neuronal regeneration.
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INTRODUCTION

Hi-C studies have revealed that the genome is folded into self-interacting regions
known as topologically associating domains (TADs) or contact domains, which regulate gene
transcription by spatially restricting and facilitating enhancer-promoter interactions (1-4). The
three dimensional (3D) chromatin organization allows enhancers to loop over long genomic
distances to engage with target gene promoters, affecting gene transcription by providing
binding sites for transcription factors (TFs) and chromatin remodelers, and by recruiting RNA
polymerase II machinery and RNA polymerase Il regulators (5, 6). Such 3D organization arises
from the coordinated activity of cohesin and CCCTC-binding factor (CTCF) (7-10). According
to the loop extrusion model, the ring-like cohesin complex translocates on the DNA in an ATP-
dependent way progressively extruding bidirectional chromatin loops until it is halted by CTCF
bound in a convergent orientation (11, 12).

Despite the critical role of 3D genome looping in gene regulation, the in vivo map of
chromatin architecture in mature adult neurons at homeostasis and after injury remains elusive.
Similarly, whether chromatin organization and enhancer-promoter interactions are modified by
loss of neuronal homeostasis and whether these interactions play a role in axonal regeneration
after injury remain undetermined. The axonal regenerative capacity in the peripheral nervous
system is underpinned by the coordinated changes in the expression of hundreds of genes
involved in multiple interconnected biological processes (13-15). Studies in the dorsal root
ganglia (DRG), which contain sensory neurons, have shown that histone acetylation, DNA
methylation and hydroxymethylation contribute to the regenerative transcriptional program
after nerve injury by affecting chromatin accessibility at promoters and enhancers of
regenerative genes (15-24). However, they did not show an absolute requirement of these
epigenetic mechanisms for nerve regeneration, and they did not account for the role of 3D
chromatin folding in the regulation of gene expression after injury. Furthermore, when
systemic studies were performed, they were conducted from bulk DRG tissue and did not
discriminate between neurons versus stromal and glial cells (15, 25, 26).

Here we provide a chromatin architecture map of in vivo mature sensory neurons and
determine the role of neuronal 3D chromatin organisation in gene expression regulation at
homeostasis and after a nerve injury. To this end, we performed Hi-C and RNA-seq in purified
DRG neurons following sciatic nerve crush (SNC) from wild-type (WT) and Rad21 (cohesin
structural subunit) conditional knock-out (KO) mice. We show that 3D chromatin integrity of
regenerative genes is required for nerve regeneration. Cohesin is needed for the organization

of 3D genomic domains indispensable for the full activation of regenerative genes. Importantly,
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loss of cohesin prevents nerve regeneration in vivo. These data provide an in vivo neuronal 3D
chromatin and gene expression map at homeostasis, revealing for the first time a central role
for 3D genome architecture in regulating regenerative gene expression, and identifying cohesin

as a critical regulator of nerve regeneration.

RESULTS

Neuronal cohesin depletion abrogates nerve regeneration

Given the role of cohesin and CTCF in 3D genome organization and chromatin looping,
we took advantage of published transcriptomic datasets from purified DRG neurons at
homeostasis and following nerve injury (27) as well as ChIP-seq datasets of CTCF and
structural maintenance of chromosomes 1 (SMC1, cohesin subunit) from neuronal tissue (28-
30) to examine the binding of CTCF and cohesin to the promoters of genes at homeostasis and
after axonal injury. A high proportion of neuronal promoters displayed binding sites for cohesin
at both homeostatic and injury conditions. Specifically, 47.5% of the injury-responsive
promoters showed binding sites for cohesin, while only 27.3% showed binding sites for CTCF
(SI Appendix, Fig. S1A). Interestingly, genes with cohesin binding sites were enriched for
biological processes associated with regenerative ability including nervous system
development, neuronal differentiation, axon projection and guidance, microtubule
organization, axon transport, and synapse organization (13, 31, 32) (SI Appendix, Fig. SIB).
However, genes with CTCF binding sites were less enriched for such biological processes (SI
Appendix, Fig. SIB). By screening published transcriptomic datasets from purified cortical
and retinal ganglion neurons in regenerative conditions (33, 34), we found that neuronal
promoters displayed binding sites for cohesin and CTCF, and that a higher proportion of genes
showed preferential binding to cohesin over CTCF, as in DRG neurons (SI Appendix, Fig.
S1A). Although genes with cohesin binding sites showed a higher enrichment for biological
processes associated with regenerative ability, genes with CTCF binding sites were also
associated with multiple regenerative pathways (SI Appendix, Fig. S1B). Altogether, these data
suggest that 3D genome architecture mechanisms might regulate gene expression that is
required for axon regeneration in response to injury and that cohesin might have a preferential
role with respect to CTCF.

To test this hypothesis, we assessed nerve regeneration in cohesin-depleted versus WT
DRG neurons. To this end, we conditionally deleted the cohesin subunit Rad21, which is

required for to the integrity of the cohesin complex (35), as well as cohesin-mediated chromatin
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looping and domain organization (7-10). We injected AAV-Cre-GFP or AAV-GFP in the
sciatic nerves of Scc! flox/flox mice (35) four weeks before a sciatic nerve crush (SNC). Nerve
regeneration was assessed by measuring the intensity of Stathmin-like 2 (STMN2 or SCG10)
immunolabelling, as a marker of regenerating axons (36). Neuron-specific loss of RAD21 (SI
Appendix, Fig. S2A-C) resulted in a strong impairment of nerve regeneration at 7 days after
nerve crush (Fig. 1A-C). Furthermore, 14 days after nerve crush, we injected cholera toxin
subunit B (CTB) in the tibialis anterioris and gastrocnemius muscles, to specifically trace DRG
neurons that regenerated their axons across the injury site into the muscle. The number of CTB-
positive DRG neurons was significantly reduced in RAD21-depleted neurons (Fig. 1D-E).
Consistently, we found a severe reduction in epidermal reinnervation 18 days post injury, as
assessed by counting the number of Ubiquitin C-terminal hydrolase L1 (UCHL1 or PGP9.5)
positive fibres in the hind paw interdigital skin (Fig. 1F-H). This defect in nerve regeneration
was not due to neuronal death, as established by staining for active-caspase 3 and by counting
the number of DRG neurons per surface unit (SI Appendix, Fig. S2D-F); instead, it was
associated with loss of regenerative associated genes (RAGs) activation as shown by ATF3
and c-Jun expression studies (SI Appendix, Fig. S3).

Together, these data show that cohesin is required for nerve regeneration and suggest
that cohesin-dependent chromatin 3D architecture mechanisms might underpin the

regenerative program after injury.

Cohesin is required for the activation of neuronal regenerative genes and pathways
following injury

Next, we investigated whether cohesin is required for the establishment of the gene
expression programme that follows nerve injury and supports regeneration. To this end, we
performed RNA-seq from WT or Rad?1 conditionally deleted DRG neuronal nuclei in naive
conditions as well as three days after SNC versus sham control. We took advantage of the
isolation of nuclei tagged in specific cell types (INTACT) mouse (37) and generated INTACT-
AdvillinCre mice (see Methods) that express a super folded GFP-Myc tagged version of SUN1
(nuclear membrane protein) in Advillin positive cells following tamoxifen injection (SI
Appendix, Fig. S4A). Since Advillin is expressed in all sensory neurons (38), this allows
purification of the DRG sensory neuronal nuclei at high yield and purity (SI Appendix, Fig.
S4B-D). We then crossed INTACT-AdvillinCre mice with Scc/flox/flox mice to induce
uniform depletion of RAD21 in DRG neurons (SI Appendix, Fig. S5). Sixteen days after

tamoxifen injection, RNA-seq was performed. Spearman correlation and principal component
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analysis (PCA) of the RNA-seq data showed high reproducibility between replicates (SI
Appendix, Fig. S6). RNA-seq confirmed a 70% loss of Rad21 expression in DRG neurons.
RAD?21 depletion induced downregulation of 711 and upregulation of 283 genes in naive
conditions (FDR<0.05) (SI Appendix, Fig. S7A). Following injury, the number of differentially
expressed genes increased, with 1093 downregulated and 694 upregulated genes (FDR<0.05)
(SI Appendix, Fig. S7B).

To investigate the biological significance of the genes affected by the lack of cohesin,
we performed a gene ontology analysis of the differentially expressed genes in Rad2l KO
versus WT neurons in different conditions. In naive condition, Rad21 deletion induced the
downregulation of genes involved in neuronal-specific functions, such as ion transport and
neurotransmitter signalling (Fig. 2A, first column). In agreement with previous findings (15,
27,31, 32, 39, 40), in WT neurons nerve injury triggered regenerative pathways as shown by
the expression of genes involved in transcription, immune regulation, nervous system
developmental processes, signal transduction, cytoskeleton remodelling, circadian rhythms,
axonogenesis, angiogenesis, cell adhesion, reactive oxygen species signalling, and
downregulation of genes involved in ion transport and synaptic transmission (Fig. 2A, second
column, and SI Appendix, Fig. S7C). However, in RAD21 depleted neurons most of the genes
belonging to regenerative pathways either failed to be activated at all by injury, were induced
at lower levels, or were downregulated compared to WT neurons (Fig. 2A, third and fourth
columns). Genes that were downregulated after injury in WT neurons were also downregulated
in Rad21 KO neurons. Genes that remained inducible or were upregulated in the absence of
cohesin were enriched for categories involved in the inflammatory response (Fig. 2A, third and
forth columns). This suggests that cohesin is specifically required for the activation of the
regenerative transcriptional program in response to injury.

To directly explore this hypothesis, we analysed constitutive homeostatic genes (genes
that were not differentially regulated after SNC versus Sham in WT neurons, n=23008) and
genes that were activated by injury (upregulated after SNC vs Sham) in WT neurons (n=1230),
separately. Only between 3.4 and 5.5% of the constitutive genes were differentially expressed
in Rad21 KO versus WT neurons in naive and injury conditions, respectively (Fig. 2B, top). In
striking contrast, 21.2% of the injury-activated genes were downregulated in Rad2] KO versus
WT neurons following injury, but not in naive conditions (Fig. 2B, bottom). Only 6.0% of the
injury-activated genes were upregulated in Rad?! KO neurons following injury.

We then assessed the expression pattern of the 1230 injury-activated genes, in Rad21
KO and WT neurons. We found that 651 genes were still fully inducible and upregulated in
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Rad21 KO neurons after SNC versus Sham to WT levels or higher (Fig. 2C, and SI Appendix,
Fig. S7D, cohesin-independent). These cohesin-independent genes were enriched for immune-
related functions (Fig. 2D, left). We found 579 genes that were either downregulated in injured
cohesin depleted neurons with respect to WT or that were not inducible after injury. Among
these 579 cohesin-dependent genes, 106 were partially inducible but exhibited a lower baseline
expression and a decreased response to injury (Fig. 2C, and SI Appendix, Fig. S7D, cohesin-
dependent, inducible) and 473 genes failed to respond to injury (Fig. 2C, and SI Appendix, Fig.
S7D, cohesin-dependent, not inducible). Cohesin-dependent genes were mainly enriched for
actin cytoskeleton remodelling, axon guidance, neuron development, signalling, RNA
polymerase II dependent transcription, nucleosome assembly, and immune-modulation
pathways (Fig. 2D, middle and right). Accordingly, we found that the lack of cohesin impaired
the injury-driven activation of RNA polymerase II, with only modest effects on the steady-state
levels of the active enzyme (SI Appendix, Fig. S8).

Altogether, these data indicate that cohesin is required for the transcriptional response
to injury that is related to the regenerative potential by controlling the expression of genes

involved in regenerative pathways.

Cohesin-dependent 3D chromatin architecture is required for the activation of neuronal
regenerative genes following injury

To gain insights into the role of the 3D genomic architecture of DRG neurons in the
transcriptional regulation at homeostasis versus nerve injury, we next performed Hi-C from
WT and RAD21 depleted DRG neurons three days following SNC versus sham by using the
same inducible-INTACT-AdvillinCre mouse model used for RNA-seq. Stratum-adjusted
correlation coefficients (SCC) scores of the Hi-C data showed high reproducibility between
replicates (SI Appendix, Fig. S9). After aligning and filtering an average of 712 million Hi-C
sequenced read pairs, we obtained an average of 210 million long-range (>20Kb) intra-
chromosomal contacts (MAPQ>0). A/B compartments and chromatin 3D domains were called
on replicate-pooled, balanced Hi-C contact matrices (see SI Appendix, Supplementary
Methods). We identified 7662, 7683, and 7753 domains in WT neurons in naive, sham, and
injury conditions, respectively.

Hi-C revealed that Rad?] KO in DRG neurons resulted in mild effects on global
genome A/B compartmentalization (SI Appendix, Fig. S10), whereas it strongly disrupted the
organization of 3D chromatin domains in both naive and injury conditions (Fig. 3A-D).

Cohesin-depleted neurons showed a loss of insulation at 3D domain boundaries (Fig. 3A and
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C) and led to the loss of 5,873 and 4,598 domains in naive and injury conditions, respectively.
We also observed a genome-wide reduction in contact frequency as a function of the genomic
distance in cohesin-depleted vs WT neurons (Fig. 3C). The distance between the “within
domains” and “between domains” curves was strongly decreased indicating a loss of the
chromatin contacts in cohesin-depleted neurons (Fig. 3B). We then normalized and balanced
the Hi-C contact frequencies (see SI Appendix, Supplementary Methods) coupled with RNA-
seq to identify changes in chromatin interactions within domains and their correlation with
gene expression between WT and Rad21 KO neurons. We identified 6,624 and 5,359 domains
with a lower interaction frequency (FDR<0.05) in naive and injury conditions, respectively,
(Fig. 3D). Differentially expressed, mainly downregulated, genes were more strongly
associated with domains showing a decreased frequency of interaction (Fig. 3E).

Downregulated genes residing in genomic domains that were lost or showed a reduction
in strength in Rad?2] KO neurons were enriched for regenerative pathways, such as axon
extension and guidance, nervous system development, neuronal differentiation, circadian
rhythm, angiogenesis, actin cytoskeleton remodelling (15, 31, 32, 39, 40) (Fig. 4A). The
previously identified 579 cohesin-dependent genes, including several RAGs, were
preferentially found within domains that were lost or showed a reduction in strength (Fig. 4B-
D). Altogether, these data indicate that cohesin activates the transcriptional response to injury
that is related to the regenerative potential by controlling the 3D chromatin architecture of
genes involved in regenerative pathways (Fig. 4E).

In cortical neurons, cohesin is required for the activation of activity-dependent genes
that form long-range chromatin loops (41). To explore whether cohesin facilitates long-range
chromatin loops between the promoters of injury-responsive genes and their regulatory
elements, we leveraged recently published deep Hi-C studies in mouse cortical neurons (42).
We found that injury-activated genes were involved in longer loops compared to constitutive
homeostatic genes (Fig. 5A). Importantly, cohesin-dependent genes were associated with more
frequent and longer loops compared to cohesin-independent genes (Fig. 5B-D). Several RAGs
were found among the injury-activated genes and involved in longer loops (Fig. 5D). These
data suggest a key role for cohesin-dependent 3D genome organisation in the coordination of
the transcriptional response to injury in DRG neurons, by facilitating long-range chromatin

loops at regenerative genes.

Transcriptional reprogramming after injury is associated with a more immature

chromatin looping signature
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Neuronal regeneration has been associated with a regression towards a transcriptional
signature that mimics a less mature developmental state (33, 39). The 3D chromatin
architecture changes during neuronal development, with the formation of chromatin loops and
domains correlated with neuronal gene activation (42-44). To explore whether the injury-
induced “transcriptional dematuration” involves a change in chromatin looping towards a state
resembling a less mature development stage, we leveraged a Hi-C study on nuclei isolated from
18-24 weeks post-conception human foetal cortical plate (the period when neurons are
transitioning towards functional maturation) and neurons from adult prefrontal cortex (44). We
found that downregulated genes after injury preferentially overlapped with genes that were
associated with E-P loops that were more specific to adult neurons. Conversely, upregulated
genes after injury, and in particular cohesin-dependent genes, preferentially overlapped with
genes that were associated with E-P loops that were more specific to foetal cortical plate (Fig.
5A). Constitutive genes did not show any preferential overlap between foetal cortical plate
versus adult neurons (Fig. 5A). Together, these data suggest that injured neurons assume a
transcriptional signature associated to a chromatin looping profile similar to that of immature,
developing neurons. Downregulated genes associated with adult human neurons E-P loops
were enriched for mature neuron functions, such as ion transport and synaptic transmission;
upregulated genes associated with foetal E-P loops were enriched for genes related to
transcription, axon guidance, dendrite morphogenesis, and Ras and VEFG signaling (Fig. 5B).

These data suggest that the “transcriptional dematuration” in response to injury is
associated with a rewiring of chromatin looping towards a 3D chromatin architecture

characteristic of a less mature neuronal developmental stage.

DISCUSSION

Our work provides a map of the 3D chromatin architecture of adult mature DRG
sensory neurons in vivo at homeostasis and after injury. It showed that the 3D chromatin
structure of adult mature neurons is important for the regenerative response to injury.

We initially observed that cohesin binding sites are present in a significantly high
percentage of neuronal injury-responsive genes. Cohesin generates chromatin loops that
facilitate long-range chromatin contacts between gene promoters and their enhancers within
3D genomic domains, and, in collaboration with CTCF, participates in the insulation of such
domains. (9, 45). Others have shown that co-expression of CTCF with other TFs contributes to

promoting axon growth (46). While we also found that injury-responsive genes were enriched
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for binding sites for CCCTC-binding factor (CTCF), these were significantly less numerous
than the ones identified for cohesin. Additionally, while we observed a modest impairment in
nerve regeneration after neuronal conditional deletion of CTCF (15), disruption of the cohesin
complex via Rad21 deletion in sensory neurons abrogated nerve regeneration. This prompted
us to investigate the role of 3D chromatin folding and cohesin at homeostasis and after nerve
injury.

Here, we show that the integrity of 3D chromatin organization is critical for nerve
regeneration. In accordance with previous findings, we observed that cohesin depletion led to
loss of 3D genomic domains, without affecting genome compartmentalization (8, 9). Such
extensive alteration of 3D genome architecture resulted in the downregulation of genes that
support neuronal function, including ion channels, synaptic transmission, and cell adhesion in
naive neurons, similar to what has been found in cortical neurons (41), suggesting that this is a
conserved mechanism, supporting its physiological relevance in neuronal homeostasis.
However, the most severe changes in gene expression were found after injury, where we
observed a further downregulation of neuronal-specific genes and of several transcripts that are
normally activated in response to nerve injury in WT neurons. Interestingly, it was recently
demonstrated that cohesin is required for gene activation following stimulus rather than
constitutive gene expression, for example for the induction of activity-dependent genes in
cortical neurons and inflammatory genes in macrophages (41, 47).

Lack of cohesin did not affect all the genes that are activated in response to injury.
While genes that are involved in immune and inflammatory functions were independent from
cohesin for their activation, genes affected by cohesin depletion were enriched for biological
pathways that have been reported to be pro-regenerative (15, 31, 32, 39, 40). These included a
high proportion of RAGs (13, 14), which were found enriched within chromatin contacts that
were disrupted by cohesin depletion. The downregulation of neuron-specific genes has been
linked to a neuronal de-maturation process that facilitates axon growth (33, 39). These data
suggest that downregulation of neuron maturation genes might not be sufficient to promote
axon growth if it is not followed by activation of the full regenerative program.

Cohesin-dependent genes, in particular the ones that lost their inducibility after injury
in Rad21 KO neurons, were involved in longer loops with respect to cohesin-independent ones
in cortical neurons. This suggests that 3D chromatin architecture after nerve injury might be
required to facilitate enhancer-promoter contacts at regenerative genes. It has been shown that
neuronal maturation is associated with an increased frequency of E-P loops that regulate

neuronal activity related genes (44). We found that the downregulated genes after nerve injury
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were associated with E-P loops specific to adult human neurons. We also found that nerve
injury induces upregulation of genes related to axon guidance, dendrite morphogenesis,
signaling cascades, and regulation of transcription that were associated with E-P loops specific
to foetal cortical plate. Interestingly, many genes that are upregulated in response to injury are
involved in the regulation of transcription and have been described to be kept repressed via
repressor-loops in mature human neurons at homeostasis (44). This suggests that, in addition
to the loss of chromatin accessibility (48), the rewiring of chromatin looping across
development might underpin the poor regenerative capacity of adult neurons and that this
phenomenon seems to be conserved between mice and humans. These findings are also in line
with loss of function mutations in the cohesin complex that are associated with
neurodevelopmental diseases (49-51).

In summary, this work overcomes the limitations of previous multiomic studies
performed in bulk DRG tissue (15), highlights a previously uncharacterized role for chromatin
3D architecture in controlling the nerve regenerative response after injury, and provides a 3D
chromatin map of sensory neurons in their physiological and injury state. Along with chromatin
accessibility and transcription factor activity and binding, 3D chromatin mechanisms, such as
promoter-enhancer interactions, should be considered as an added layer of transcriptional
regulation in the response to nerve injury. Furthermore, the presence of cohesin binding sites
in a high percentage of genes activated in central neurons in conditions where their regeneration
capacity has been stimulated, suggests that 3D chromatin mechanisms might also play a role

in the central nervous system injury-response, opening new avenues for repair.

METHODS

Mice

Scclflox/flox mice (gift from Dr. Matthias Merkenschlager) have been described (35).
INTACT-Scclflox/flox-AdvillinCre and INTACT-AdvillinCre mice were generated by
crossbreeding INTACT mice (37) (129-Gt(ROSA)26Sortm3(CAG-Sunl/sfGEP)Nat/y - JAX stock
#021039) with Scclflox/flox mice and with AdvillinCre (38) (Tg(Avil-icre/ERT2)AJwo/J,
JAX stock #032027).

Animal procedures
Animal work was carried out in accordance with the regulations of the UK Home Office. Mice
were maintained in-house under standard housing conditions (12-h light/dark cycles) with 24-

h access to water and a standard chow diet at temperatures between 20 °C and 24 °C and

11


https://doi.org/10.1101/2024.06.09.597974
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.09.597974; this version posted June 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

relative humidity between 45% and 65%, according to the UK Home Office Code of Practice.
Males and females of 10-20 weeks were used, and animals were matched by sex and age in
all experiments, whenever appropriate. INTACT-Scclflox/flox-AdvillinCre and INTACT-
AdvillinCre mice were injected intraperitoneally with tamoxifen in corn oil (100 mg/kg body
weight, Sigma) once per day for 4 consecutive days, and used 16 days following the last
injection, unless otherwise stated. Sciatic nerve crush (SNC) and nerve injection were
performed as previously reported (15). Briefly, mice were anesthetized with isofluorane (3%
induction, 2% maintenance), and buprenorphine (0.1mg/kg)/carprophen (5mg/kg) was
administered preoperatively as analgesic. The sciatic nerve was exposed by blunt dissection of
the biceps femoris and the gluteus superficialis and was crushed by applying pressure for 30sec
with haemostatic forceps (FST). The crush site was marked by carbon powder. In control mice
(sham) the sciatic nerve was exposed without crush. For nerve injection of AAV1-CAG-Cre-
GFP or AAV1-CAG-GFP (Tebu-bio, CAG=cytomegalovirus (CMV) enhancer fused to the
chicken beta-actin promoter), 3 ul of viral particles were injected into the nerve with a
Hamilton syringe slowly, and mice were used after 4 weeks to allow complete transgene
expression. All (100%) infected cells were neurons. In selected experiments, 14 days after
SNC, 5 ul of 10% CTB were injected in the gastrocnemius and tibialis anterior and sacrificed
4 days afterward to trace regenerating neurons in the DRG, as a measure of muscle

reinnervation.

Replication

All attempts of replication were successful.

Blinding

All assessments were performed in blind by two independent experimenters.

Detailed descriptions of experimental methodologies used in the study are provided in SI

Appendix, Supplementary Methods.
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Figure 1. Loss of cohesin impairs nerve regeneration. (A-B) Representative micrographs
and quantification of SCG10 intensity at the indicated distances from the lesion site in sciatic
nerves from AAV-GFP or AAV-Cre-GFP injected Scclflox/flox mice at 7 days following
SNC. Asterisk marks the lesion site; scale bar, Imm. (means.e.m of n=5 nerves from 4 AAV-
GFP mice and n=6 nerves from 4 AAV-Cre-GFP mice; **P<0.05, ****P<0.0001, 2-way
Anova, Sidak’s multiple comparisons test). (C) Bar charts of the regeneration index in AAV-
GFP or AAV-Cre-GFP injected Scciflox/flox mice at 7 days after SNC (mean+s.e.m of n=5
nerves from 4 AAV-GFP mice and n=6 nerves from 4 AAV-Cre-GFP mice; two-sided unpaired
Student’s #-test). (D) Micrographs showing GFP (green) and CTB (magenta) signal in DRG 4
days after injection of CTB in the tibialis anterioris and gastrocnemius muscle 14 days after
SNC. Arrowheads mark GFP positive neurons. Scale bar, 100 um. (E) Bar graphs of the CTB
positive neurons as percentage of GFP expressing neurons (mean+s.e.m of #=4 mice; two-
sided unpaired Student’s t-test). (F) Representative micrographs of PGP9.5 immunostaining
with 4',6-diamidino-2-phenylindole (DAPI) counterstaining in the interdigital hind-paw skin
from AAV-GFP or AAV-Cre-GFP injected Scclflox/flox mice 18 days after SNC. The dashed
lines indicate the boundary between the epidermis and dermis; scale bar, 100 um. (G-H)

Quantification of the number of intra-epidermal fibres (IEDF) per millimeter of interdigital
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skin and the percentage of IEDF versus dermal fibres (DF) (meants.e.m of #=5 skins from 4

AAV-GFP mice; n=7 skins from 4 AAV-Cre-GFP mice; two-sided unpaired Student’s z-test).
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Figure 2. Cohesin-dependent and independent genes. (A) Dot plot of the semantically

clustered gene ontology (GO) biological process categories of the upregulated (red) and

downregulated (blue) genes in the indicated conditions. Color code reflects the P-value

(modified Fisher’s exact P <0.005) and the size of the dot the gene count in each category

(gene count>6). (B) Pie charts of the expression of constitutive (top) and injury-activated

(bottom) genes in Rad2] KO neurons in naive and injured conditions (#n=3 independent

samples; FDR<0.05). (C) Line plots of the expression in the indicated conditions of the
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cohesin-independent and dependent (inducible and non-inducible) genes (TPM=transcripts per
million). (D) Heatmaps of the semantically clustered GO biological process categories of the
cohesin-dependent and independent genes. Color code reflects the P-value (modified Fisher’s

exact P<0.001).
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Figure 3. Loss of cohesin leads to a decrease in chromatin interactions. (A) Genome-wide
plot of the averaged insulation scores around strong boundaries (the size of flanks around each
strong boundary is 400 Kb) in the indicated conditions. (B) P(s) curve (contact probability vs
genomic distance) within and between genomic domains of length 300-500 Kb for the indicated
conditions. (C) Average Hi-C contact matrices at 10-Kb resolution of the indicated number of
3D chromatin domains of length 300-400 Kb in the indicated conditions. (D) Bar charts of the
number of 3D chromatin domains showing an average increased, decreased, and unchanged
frequency of contacts (n=3 independent samples; FDR<0.05). (E) Odds ratios analysis of the
association between up- and down-regulated genes and differentially expressed genes present
in increased, decreased, or unchanged domains; the numbers in red represent the P-value given

by two-sided Fisher’s exact test.

18


https://doi.org/10.1101/2024.06.09.597974
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.09.597974; this version posted June 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

e"’ge‘s
ok Qeé
A AP oo B C
V0% 3o
-Log10(Pvalue) Domains
30 . .
cell adhesion Cohesin ¢ Cohesin-dependent genes
I signal transduction @ Lost domains=314 @ Decreased domains=188 ¢ Unchanged domains=84
I axon guidance
I nervous system developme
[ axon extension
20 I neuron differentiation
i ferati Fosi2
cell proliferation Vgf
synaptic transmission NFil3
ynap! Mapk6
L Adam8
ion transport = Gadd45a
I TGFbeta signallin Lost | Creb3l4
gnating Lost | Atf3
I GPCR signallin Lost | KIf7
10 9 9 Itga7
- circadian rhythm [ Lost |Gap43
Lost Cdkn1a
I PIP signalling Lost Cebpb
Jak2
I angiogenesis Rest
Gadd45g
- ERK1 and ERK2 cascade Kifé
; | Lost |Cebpg
I actin cytoskeleton Lost Cebpd
0 Lost [ Stat3
D Cited2 Cebpg E T
176 17.7 17.8 179 18.0 18.1 18.2 Mbp 35.000 35050 35100 35.150 Mbp Homeostasis
[$) chr10 I chr7
z > ?
(I)I ml *:
= £ 7o = 240
S & A akiis Rad o T B siadadah
g %) —
> ¢
UJI ml
o : ; p s
O i i i © il
+1Gma7769 ICited2 +H{Heca 4 #Reps1 13 e [ 7 =1
1Gm47768 #Gm20655 HlAbracl WG .
4Gm47770 1 HTXInb, J6m17711 % " 3D domains
¢ GmaT7L jom7ses a2 it allow regenerative gene activation
Cebpb Stat3
167.6 167.7 167.8 167.9 Mbp 1?0 920 10|0 95 1?1 00 1&?1 50 Mbp
o chr2 chri1 KO
S Q Homeostasis Injury
U)I U)I 4
= e R ¥ ﬁ\
% = M \\ R"ff\/
7 £ 7
Q o Z\!
¢ -4
e ® ) — )
Q. & Q ; £ X
Y e e it iy i il i, — /R
o S ) - > A
uS‘n‘awl :G‘m‘l‘qg;?; 2&31 #A530013C23Rik «12\)\):07;1:: " J/ ‘R
e e - .
onazss - 3D domain disruption
5 2 8 3 g 8 impairs regenerative gene activation
= S S S S =
< < 9 9 )
[ — | @o CTCF
Log10 contact frequency 2 cohesin

Figure 4. Regenerative genes reside within cohesin-dependent chromatin domains. (A)
Heatmap of the semantically clustered gene ontology (GO) biological process categories of the
downregulated genes in Rad2! KO injured neurons residing within domains that were either
lost or showed a decreased contact frequency and unchanged domains. Color code reflects the
P value (modified Fisher’s exact P<0.001). (B) Heatmap showing the residence of RAGs
within genomic domains that were either lost or showed a decreased interaction frequency in
Rad?] KO neurons. (C) Network visualization of the injury-activated, cohesin-dependent
genes (red) (cohesin is depicted in orange). Cohesin-dependent genes are preferentially

associated with lost domains (blue=314) and domains with decreased frequency (green=188)
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with respect to unchanged domains (gray=_84). Edges connecting the genes to their genomic
domains define the fold change of Hi-C interactions in SNC KO vs SNC WT. For a better
visualization, all the domains on each chromosome are visualized as a unique circle. (D)
Example of Hi-C maps of the contact frequency in the indicated conditions within 3D genomic
domains. The contacts between the three successive bins (the one containing TSS and its two
neighbors) and bins within a genomic distance of 500 Kb are extracted from 5-Kb Hi-C contact
matrices. (E) Cohesin facilitates the formation of 3D genomic domains where regenerative
genes are co-regulated. Loss of cohesin disrupts the architecture of 3D genomic domains

impairing the activation of the regenerative program.
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Figure 5. Cohesin-dependent genes engage in longer and more frequent chromatin loops

in cortical neurons. (A) Box plot of the chromatin loop length for injury-activated and

constitutive genes in cortical neurons. P-values are computed from a two-sided unpaired

Student’s #-test. (B) Box plot of the chromatin loop length for cohesin-dependent and

independent genes in cortical neurons.

P-values are computed from a two-sided unpaired

Student’s #-test. (C) Box plot of the number of chromatin loops for cohesin-dependent and

independent genes in cortical neurons.

P-values are computed from a two-sided unpaired

Student’s #-test. (D) Examples of loops at constitutive, cohesin-dependent and independent

genes.
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Figure 6. Injury-responsive genes display a more immature chromatin looping signature
after injury. (A) Odds ratios analysis of the association between up-, down-regulated genes,
cohesin-dependent and independent genes, constitutive genes, versus genes associated to foetal
cortical plate and adult neuron E-P loops; the numbers in red represent the P-value given by
two-sided Fisher’s exact test. (B) Heatmap of the semantically clustered gene ontology (GO)
biological process categories of the upregulated genes associated with foetal cortical plate and
downregulated genes associated with adult neuron E-P loops. Color code reflects the P-value

(modified Fisher’s exact P <0.001).
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