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eLife Assessment

This work provides a map of enhancer-promoter interactions associated with genes
controlling the development of a specific neuronal cell population. The study offers a
valuable resource and integrates multiple complementary datasets to provide insights
into regulatory mechanisms, although the conceptual advances are moderate and the
central message could be clearer. The evidence supporting the conclusions is generally
solid, but the lack of direct functional testing of key regulatory elements limits the
strength of some claims.
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Abstract

Neuronal specification, expansion and differentiation are tightly regulated by the concerted
actions of transcription and chromatin modifying factors that are recruited to regulatory elements
in the genome. Tissue-specific distal regulatory elements are typically located tens to hundreds of
kilobases from the gene they regulate. Thus, to identify the distal enhancers that directly regulate
a gene, information on the localisation of enhancers relative to the gene promoter in the nucleus is
crucial. Cerebellar granule cell progenitors (GCps) are important transit amplifying neuronal
progenitors, giving rise to the most abundant neuronal cell type in the brain. Many of the key
factors that regulate fundamental developmental processes in GCps have been identified. For
instance, the proneural transcription factor Atohl is essential for GCp specification, proliferation
and differentiation and the ATP-dependent chromatin remodeller CHD7 is necessary for normal
GCp proliferation and differentiation. However, both these factors are recruited to distal
regulatory elements and the direct regulatory relationships between these factors, the enhancers
they are recruited to, and the genes they regulate in GCps remain uncharacterised. To identify
active, long-range gene regulatory interactions in GCps, we used promoter capture Hi-C (pcHi-C),
and integrated pcHi-C data with ATAC-seq and ChIP-seq data. We present a rich dataset consisting
of 46,428 interactions between 22,797 putative distal regulatory regions and 12,905 protein coding
gene promoters in primary mouse GCps. Using VISTA-designated hindbrain enhancers as an
example, we identify the genes most likely regulated directly by these enhancers and update their
annotation accordingly. Motif enrichment analyses identified a significant enrichment of
proneural transcription factor motifs in CHD7-regulated enhancers. Further analyses revealed co-
localisation of Atoh1 and CHD7 at gene enhancers, suggesting a novel regulatory relationship
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between Atoh1 and CHD7 in controlling the expression of key genes in the GCp lineage. We used
our data to identify >1,500 Atoh-regulated enhancers, contacting the promoters of 577 genes in
GCps, and 197 enhancers of 22 genes that appear to be co-regulated by Atoh1 and CHD?7. Co-
immunoprecipitation experiments showed that Atoh1 and CHD7 proteins interact with each other.
These findings support the emerging picture of CHD7 as an important gene regulatory co-factor
for lineage-specific transcription factors. The pcHi-C data is presented as a useful resource to the
community for investigating the function of long-range enhancers in the cerebellar GCp lineage.

Introduction

Cellular differentiation is directed by the action of cell- and tissue-specific transcription factors.
These factors are recruited to enhancer elements, which establish and maintain appropriate levels
of gene expression at the correct time and place during development (Bulger & Groudine, 2010 ().
Enhancers may be located at long distances from the genes they regulate and are brought in close
physical proximity to these genes by means of chromatin looping (Bouwman & de Laat, 2015C2;
Kadauke & Blobel, 2009 (% ; Schoenfelder & Fraser, 2019(%). Although a combination of local
genomic features e.g. mono-methylation of lysine 4 on histone 3 (H3K4me1), acetylation of lysine
27 on histone 3 (H3K27ac) and accessible chromatin can identify active enhancer elements in the
genome of different cell types (Calo & Wysocka, 2013 (%), this information cannot identify the
genes regulated by these enhancers. Chromatin conformation capture technologies like Hi-C
(Lieberman-Aiden et al, 2009 (%), and in particular an extension of Hi-C, promoter capture Hi-C
(pcHi-C) that enriches for promoter interactions, overcome this limitation by identifying genomic
regions that are in close spatial proximity to gene promoters (Mifsud et al, 20152 ; Schoenfelder et
al, 20152). The frequency with which gene promotors and distal genomic regions are ligtaed in
Hi-C is used as a measure to infer the likelihood of physical interaction in the nucleus and
regulatory potential (Dekker et al, 2002 % ). We used this approach to identify putative gene
promoter-enhancer interactions in the developing cerebellum.

The cerebellum is essential for fine motor coordination and motor learning, and cerebellar
hypoplasia or damage often leads to movement disorders like ataxia (Basson & Wingate, 2013®%).
The cerebellum forms circuits with cortical regions that regulate movement, but also with regions
involved in language and social processing (D’Mello & Stoodley, 2015 @), and may therefore have
important functions in cognitive, affective and sensory processing (Allen & Courchesne, 2003®).
Cerebellar defects are associated with neurodevelopmental disorders, including Autism Spectrum
Disorders (ASDs) (Fatemi et al, 2012 % ; Wang et al, 2014 @), possibly by disrupting connectivity
between the cerebellum and the medial prefrontal cortex (Kelly et al, 20202).

The most numerous neuronal cell type of the entire brain, cerebellar granule cells (GCs), are
generated in the external germinal layer (EGL), a transient cell layer on the outer (pial) surface of
the developing cerebellum, where transient amplifying divisions exponentially expand GCps
(Consalez et al, 2020®). In the mouse, GCps that form the EGL are specified in the rhombic lip
from E13.5 (Ben-Arie et al, 1997 2 ; Machold & Fishell, 2005 @) and a clear EGL can be observed in
the cerebellar anlage from E14 (Ben-Arie et al., 1997 (@) of development. The GCp pool is amplified
by proliferation from this stage and differentiation, induced by neurogenic factors like NeuroD1,
can be detected from PO onwards (Miyata et al, 1999 ).

After several cell divisions, GCps exit the cell cycle and initiate their differentiation programme.
These post-mitotic progenitors migrate into the cerebellar cortex to form the internal granule cell
layer (IGL), where these cells mature into GCs. Several transcription factors and chromatin
regulators that control key steps in GCp differentiation have been identified. These factors are
recruited to distal regulatory elements, although it is often unclear which genes they regulate.
Glutamatergic cell specification in the cerebellum, as well as GCp expansion and differentiation
are dependent on the Atoh1 pro-neural transcription factor (Klisch et al, 20112 ; Yamada et al,

2014 (@). Atoh1 is preferentially recruited to distal enhancers, marked by H3K4me1 (Klisch et al.,

conformation capture approaches are required. One such Atoh1-regulated gene is Zic4 (Zinc finger
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protein of cerebellum 4) (Klisch et al., 2011 @), which functions together with Zic1 to maintain the
progenitor state of GCps and therefore their proliferative capacity (Aruga et al, 1998 3 ; Blank et al,
2011 3; Grinberg et al, 2004 ).

In addition to transcription factors, ATP-dependent chromatin remodelling factors like CHD7
(Chromodomain Helicase DNA-binding factor 7) are recruited to distal enhancers, where they
remodel chromatin structure to regulate gene expression (Schnetz et al, 2010 2 ). CHD7 is essential
for normal expansion of GCps in the postnatal mouse cerebellum (Whittaker et a/, 2017b ) and

al, 2017 % ; Reddy et al, 2021 @ ; Whittaker et al., 2017b (% ). CHD7 haploinsufficiency is also
sufficient to cause cerebellar hypoplasia and foliation defects both in mouse models and in the
context of CHARGE syndrome in humans (Whittaker et al, 2017a(%; Yu et al, 2013 &).Thus,
identifying CHD7- and Atoh1-regulated enhancers and their cognate genes is key to understanding
fundamental transcriptional processes that control cerebellar GCp development.

The aim of this study was to identify active, long-range regulatory elements in cerebellar GCps and
to use pcHi-C to identify genes directly regulated by these enhancers. To validate this dataset and
provide further biological insights into gene regulatory mechanisms in GCps, we integrated our
data with CHD7 ChIP-seq, differential chromatin accessibility and gene expression changes in
Chd7-deficient GCps, as well as Atoh1 ChIP-seq and RNA-seq data from AtohI-deficient GCps to
identify genes directly regulated by Atoh1 and CHD?7.

We report putative distal regulatory elements for >12,000 genes, identify CHD7- and Atoh1-
regulated enhancer elements and show that these factors interact and likely co-regulate the
expression of key genes in the GCp lineage.

Results

Promoter Capture Hi-C identifies long-range regulatory elements
in cerebellar granule cell progenitors

To generate a genome-wide atlas of long-range promoter interactions at restriction fragment
resolution in GCps, we generated two HindIII digested Hi-C libraries using freshly isolated
proliferating mouse GCps. Promoter-containing fragments were captured from these Hi-C libraries
with 39,684 biotinylated RNA baits (Yun et a/, 2021a(% ) which targeted 22,449 unique HindIII
digested regions in the mouse mm10 genome (Suppl. Table 12). Of these targeted ‘bait’ fragments,
21,643 contained transcriptional start sites (TSSs), with 17,335 of these regions encompassing
protein coding promoters. The pcHi-C libraries were processed using the Hi-C User Pipeline
(HiCUP) (Wingett et al, 2015(%) to yield ~155 million and ~134 million unique valid reads pairs for
biological replicate one and biological replicate two, respectively. As is common in pcHi-C analysis
(Freire-Pritchett et al, 2017 (%), biological replicates were then bioinformatically combined into a
‘superset’ to increase sampling coverage, and significant interacting regions were identified using
the Capture Hi-C analysis of Genomic Organisation (CHiCAGO) pipeline (Cairns et al, 2016 (%),
which identified 164,387 unique and significant interactions between a captured HindIII bait
fragment and a distal genomic region. From hereon we will refer to these regions as promoter
interacting fragments or PIFs. Of these interactions, 164,162 occurred in cis (intrachromosomal)
and 195 in trans (interchromosomal). As we were interested in identifying unannotated cis-
regulatory elements controlling transcription of genes important for cerebellar development, all
trans-, bait-to-bait and non-protein-coding transcriptional start site (TSS) bait-to-PIF interactions
were filtered from the dataset, resulting in 106,589 significant interactions for further analysis
(Fig. TAZ, Suppl. Table 2(@). The median number of PIFs per bait was 5 and median distance of cis
PIFs was ~215kb, with 90% of interactions falling within ~671kb (Fig. 1B (3), demonstrating the
ability of this approach to identify long-range cis-regulatory interactions. These findings are in line
with previously published pcHi-C datasets generated from other cell types (Mifsud et al., 2015(2;
Siersbaek et al, 2017 ). To identify putative enhancer elements, we classified PIFs with respect to
the presence of H3K4me1l and H3K27ac. This analysis revealed a 2.14-fold enrichment of H3K4me1l
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expected at random. Furthermore, heterochromatin regions, as defined by Ensembl regulatory
annotations for brain (E14.5), were depleted from PIFs (Fig. 1EC2) and PIFs were highly enriched
(4.52-fold) for active cerebellar enhancers identified by FANTOMS5 (Dalby et al, 20182) (Fig. 1F2).
As an example, we identified three Zic1 and Zic4 PIFs, located ~672kb (PIF1), ~241kb (PIF2) and
~592Kkb (PIF3) from the Zic1 and Zic4 promoters, which are located on the same restriction

fragment in a head-to-head configuration (Fig. 1G ). These regions were characterised by

corresponds to the hs654 VISTA embryonic midbrain enhancer, indicating that this enhancer
functions across different tissues and developmental time point to regulate Zic1/Zic4 gene
expression (Chen et al, 2024 2). The full set of PIFs with accessible chromatin (ATAC-seq),
H3K4mel and H3K27ac histone modifications are presented in Suppl. Table 3(%.

fragments #1.1 and #1.2 (Suppl. Fig. 1B, C, D@). Luciferase assays were performed in SHH-NPD
cells, a GCp-derived cell line generated by Fults laboratory (Jenkins et al. 2014). To generate this
cell line, GCps were infected to constitutively produce the mitogen SHH and maintain
proliferation. Compared to the empty vector control, both #1.1 and #1.2 significantly induced
luciferase activity in these cells (Suppl Fig. 1F (%) as expected for elements with enhancer activity
in GCps.

When chromatin conformation or 3D organisation data is not available, studies typically assign
regulatory elements to the nearest gene promoter. To test the validity of this approach, we
compared this approach to the use of pcHi-C data to determine promoter-enhancer interactions.
The majority (80%) of the PIF interactions we identified, bypassed the nearest gene promoter to
interact with a more distal gene promoter. An additional 9% interacted both with the nearest gene
as well as distal genes, with only 11% interacting exclusively with the nearest gene (Fig. 1H3). To
further demonstrate the power of this dataset to accurately assign cis-regulatory elements to their
target gene, we investigated promoter interactions of experimentally validated hindbrain
enhancers from the VISTA enhancer browser (Visel et al, 2007 (2). At present, VISTA enhancers are
annotated by their closest gene, with the assumption that these enhancers preferentially regulate
the nearest gene. Of the 81 PIFs containing 65 experimentally validated VISTA hindbrain
enhancers in our dataset, only 31 PIFs were found to ligate to promoter fragments from the
nearest gene in our pcHi-C experiment. Of these, 16 were annotated in the VISTA database (see e.g.

Fig. 112). We were able to assign additional distal interactions for 15 of these enhancers that

enhancers for the remaining 50 PIFs containing VISTA enhancers that did not appear to interact
with the closest gene in our data (see e.g. Fig. 1K(2). This suggests, as reported by several other
studies (Chen et al., 2024 Li et al, 20122 ; Mifsud et al., 2015 (%; Sanyal et al, 2012 2), that
nearest-gene annotations do not accurately annotate the majority of enhancer elements. In our
case, 65/81 (80%) of PIFs containing VISTA enhancers were found to have additional promoter
interactions beyond their nearest annotated gene. The gene annotations for the 81 PIFs containing
VISTA hindbrain enhancers are presented in Suppl. Table 4% . In summary, >80% of enhancers
appeared to regulate distal genes in GCps, although we cannot rule out that some additional
interactions with the nearest gene promoters might be identified in our pcHi-C dataset with
deeper sequencing or alternative interaction calling algorithms that prioritise proximal

interactions.
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Figure 1. Promoter Capture Hi-C identifies long-range regulatory elements in cerebellar granule cell
progenitors (GCps).

(A) Schematic of the number of significant interactions (in grey) with a CHiCAGO score >=5 identified in our pcHi-C data-sets
following each data filtering step (in ovals). Two independent replicates of pcHi-C library were pooled to create a ‘Superset’.
Following filtering, 106589 cis protein-coding bait-to-otherEnd interactions (referred to as promoter interacting fragments or
PIFs) were taken further for downstream analyses. (B) Graph demonstrating the cumulative percentage of significant
interactions detected as genomic distance from the promoter capture baits increased. The first blue dotted line indicates the
median interaction distance of cis PIFs (~215kb) and the second blue dotted line indicates that 90% of interactions fell within
6711kb. (C-F) Bar charts illustrating the overlap of PIFs with (C) H3K4me1 ChIP-seq peaks, (D) H3K27ac ChIP-seq peaks, (E)
heterochromatin regions defined by ensembl regulatory annotations for brain (E14.5) and (F) Fantom5 enhancers active in
the cerebellum during p6-p9. Numbers above each graph indicate the enrichment (fold-change) of this overlap relative to 100
random subsets of HindIII fragments that have the same distribution in distances to the bait promoter regions as the
significant PIFs. Error bars on random overlaps represent 95% confidence intervals from 100 permutations. (G) Top plot
shows number of total normalised reads detected for each HindIII fragment interacting with the restriction fragment
encompassing the Zic7 locus from the pcHi-C dataset. Pink indicates locations PIFs identified as ‘significant’ with a CHICAGO
score >=5. Genome tracks show ATACseq (turquoise) peaks, and H3K27ac (pink) and H3K4me1 (navy) ChIPseq peaks for the
same genomic region. (H) Plots illustrating the proportion of all PIFs (left) or PIFs containing VISTA hindbrain enhancers
(right) that interact with either only the promoter of their nearest protein-coding gene (light green), those that interact with
the promoter of their nearest protein-coding gene and interact with promoters of distal protein-coding genes (mid-green)
and the proportion of PIFs interacting with one or more distal promoters that are not their nearest protein-coding gene
(blue). Note that the majority of interactions identified are long-range and not with the nearest promoter. (I-K) Examples of
interactions detected in our dataset for experimentally validated VISTA hindbrain enhancer regions showing (I) a VISTA
enhancer that interacts with its nearest protein-coding gene promoter, Ntrk2, (J) a VISTA enhacer interacting with its nearest
protein-coding gene promoter (Tubb2) as well as promoters for distal genes Bphl/ and Ripk1 and (K) a VISTA enhancer that
does not interact with its nearest protein-coding promoter but the distal promoter for Kmt2d. Insets show reporter activity for
these VISTA enhancers in E11.5 or E12.5 mouse embryos (from VISTA enhancer site). Interacting HindIII fragments are shown
in black with black arcs indicating fragments that localise together in the nucleus. Location of VISTA enhancer regions are
shown in orange. Ensembl gene annotations are shown in dark navy, followed by H3K27ac (pink) and H3K4me1 (navy)
ChlPseq data.
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Integration of pcHi-C data with ATAC-seq improves the resolution
of PIFs containing distal regulatory elements

As PIFs are relatively large (median size 4.2 kb) and frequently found in clusters around open
chromatin regions in our data we integrated DNA accessibility (ATAC-seq) data with pcHi-C to
identify enhancers. ATAC-seq data from P7 GCps identified >112,000 500bp wide ATAC-seq peak
summits across the GCp genome and intersection with our pcHi-C data demonstrated that ~27%
(30,296/112,341) of these fell within PIFs. A total of 37% (22,797/61,928; Fig. 2A2) of PIFs and 44%

Many remaining PIFs appear to flank PIFs with ATAC-seq peaks. The median distance of a PIF
without an ATAC-seq peak from a PIF with an ATAC-seq peak was 4.5 Kb (Fig 2C(%), which is just
over the median length of a PIF in the dataset (4.2Kb). 66% of PIFs without ATAC-seq peaks were
found within 5 restriction fragments of a PIF containing an ATAC-seq peak (Fig. 2D ). Together,
these observations suggest that the majority of PIFs that do not contain an ATAC-seq peak are
proximal to PIFs with accessible genomic regions and that focusing on those regions with
accessible sites will enable a more accurate identification of regulatory sites than using PIFs

identified by pcHi-C alone.

To further confirm the relationship between accessibility and PIFs for each promoter in the pcHiC
dataset we identified the ‘lead PIF’ with the highest CHICAGO score for each promoter region and
plotted the PIF and chromatin accessibility status of the upstream and downstream flanking
HindIII restriction fragments either side (Fig. 2ECZ). The ‘lead PIF’ with the highest CHiCAGO score
for each bait tended to be surrounded by significant PIFs on either side which decreased as the
number of restriction fragments from the primary PIF increased (Fig. 2E left panel @) and
demonstrated a strong co-localisation with accessible ATAC-seq peaks (Fig. 2E2 right panel). We
therefore focused our analysis on the ATAC-seq sites within PIFs rather than on the PIF fragments
themselves as these sites are likely to contain the distal regulatory sequences driving promoter

interactions (Suppl. Table 5@).

Annotation of the ATAC-seq peaks within PIFs revealed that the majority of these accessible sites
were located in distal intergenic regions or intronic regions (Fi %), whilst ATAC-seq peaks that
did not colocalise with our PIF dataset contained a slightly higher proportion of promoter regions
as would be expected due to the removal of ‘bait-to-bait’ promoter-to-promoter interactions from
our PIF dataset. Integration of this data with bulk RNA-seq data allowed the examination of the
expression levels of 14,403 protein-coding genes that could be linked to PIFs. The 12,354 genes that
were linked to a PIF containing an ATAC-seq peak were found to have a higher median expression
level than the 2,049 genes that had PIFs that did not coincide with ATAC-seq peaks (Fig. 2G@).

Gene Ontology analysis of genes with accessible PIFs revealed a significant enrichment for 119
biological processes with embryonic organ morphogenesis (GO:0048562; P = 1.42 x 10712, axon
guidance (GO:0007411; P = 1.24x10%) and neuron projection guidance (G0O:0097485; P = 1.24x109)
in the top 5 most significant terms, whilst no significant processes were enriched in the genes
PIFs containing accessible regions, and the ATAC-seq peaks within these PIFs to identify the
sequences and transcription factors that might be driving promoter-enhancer interactions in
GCps.

The chromatin remodeller CHD7 regulates gene expression in GCps
by promoting chromatin accessibility at distal enhancer elements

As the chromatin remodeller CHD7 is primarily recruited to distal gene enhancers, rather than
promoters (Reddy et al., 2021 %; Schnetz et al., 2010(%), it has not been possible to identify the
genes directly regulated by CHD7 in GCps. We therefore integrated our pcHi-C and ATAC-seq
datasets with ChIP-seq data to identify CHD7-regulated genes in GCps.
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Figure 2. The majority of promoter interacting fragments (PIFs) are within 5kb of a PIF that contains an
accessible ATAC peak.

Plots illustrating the number and proportions of (A) PIFs containing an accessible ATAC peak and (B) promoter-PIF
interactions with a PIFs containing an accessible ATAC peak. Cumulative percentage graphs demonstrating the genomic
distance (C) and number of HindIII restriction fragments (D) PIFs without accessible regions (without ATAC peak) are located
from their nearest accessible PIF (PIF with ATAC peak). The blue dotted line in (C) indicates the median distance between a
PIF without an ATAC peak and a PIF with an ATAC peak is 4.5 kb, whilst 66% of PIFs without an ATAC peak are within a range of
5 genomic HindIII fragments from an accessible PIF (D). (E) PIF and accessibility status of the 10 upstream and downstream
genomic HindIII restriction fragments surrounding the ‘lead PIF’ with the highest and most significant CHiCAGO score for
each captured promoter. Central point of heatmaps and coverage plots show the lead PIF (fragment 0). Heatmaps show the
PIF status (left, green in heatmap if genomic fragment is PIF, white if not a PIF), ATAC status (middle, purple in heatmap if
genomic fragment contains ATAC peak, white if no ATAC peak) and combined PIF and ATAC status (right, orange if genomic
fragment is identified as a PIF and contains a ATAC peak, while if not). Each row represents the primary PIF for a different
captured promoter, with rows ordered by descending CHiCAGO score, i.e most significant PIF at the top. Coverage plots at
the top of each heatmap indicate the overall proportion of fragments flanking the primary PIF on either side that are also
designated as PIFs (left, green), containing ATAC peaks (purple, middle) or PIF with an ATAC peak within it (orange, right). (F)
Genomic location of ATAC peaks within and not in PIFs. (G) Boxplot showing the distributions of the average expression levels
(TPM) of genes with promoters in proximity to PIFs containing ATAC peaks compared to promoters with PIFs that do not
contain accessible regions.
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Differential accessibility analysis of the 112,341 accessible chromatin regions in the GCp genome,
identified 5,369 regions that showed significant changes (p-adj<0.05) in accessibility in Chd7-

1,465 (27%) of the ATAC-seq regions affected by Chd7 deficiency to a gene promoter using the pcHi-
C dataset. Several of the CHD7-regulated elements were in contact with multiple gene promoters,
such that 2,371 protein coding genes appeared to have distal sites with chromatin accessibly
regulated by CHD7. As some of the accessibility changes at these putative enhancer elements may
be indirect, we further integrated the ATAC-seq data with RNA-seq from Chd7-deficient GCps
(Whittaker et al., 2017b 2) and CHD7 ChIP-seq data (Feng et al., 2017 (@) to identify enhancers that
are likely directly regulated by CHD7. This analysis identified 210 enhancers occupied by CHD7
that changed in accessibility on CHD7 depletion (Fi %), with 66 of these interacting with the

genes represent direct CHD7 targets with high confidence. Over-representation analysis confirmed
an enrichment of genes linked to nervous system development (Padj:9.3x10'4) and neurogenesis

and 44 downregulated in Chd7-deficient GCps (Fig. 3B (2, Suppl. Table 8(®).

We were able to identify accessible distal regulatory elements for 632 (76%) of the 830 genes that
are differentially expressed in the Chd7-deficient GCps. In addition to the 63 genes that were
linked to distal sites both bound by CHD7 and demonstrating altered accessibility (direct CHD7
targets), we identified a further 206 genes with a) CHD7 binding at distal elements but no changes
in accessibility of these regulatory regions (64 genes, putative direct CHD7 targets), b) chromatin
accessibility changes with no CHD7 binding (99 genes) or ¢) with neither CHD7 recruitment or
accessibility changes detected (43 genes), the latter two groups representing indirect CHD7 targets
(Suppl. Table 8(%).

The cerebellar hypoplasia and foliation changes in CHD7 mutants have been linked with
dysregulation of the Reln gene (Whittaker et al., 2017a (@ ). We therefore asked if our pcHi-C data
can identify any CHD7-regulated Reln enhancers. We identified three putative intronic Reln
enhancers: 396kb, 395kb and 249kb downstream of the Reln TSS which showed altered
accessibility in Chd7-deficient GCps. The region 395kb downstream, located within intron 43 of the
Reln gene, is also bound by CHD7 and therefore a CHD7-regulated Reln enhancer. Importantly, the
putative Reln enhancer in intron 8 highlighted in our previous publication as a putative CHD7-
regulated enhancer (Whittaker et al., 2017b (%), does not show any interaction with the Reln
promoter in our pcHi-C data, suggesting that this is not a CHD7-regulated enhancer in GCps,
although we cannot exclude that deeper sequencing will identify such interactions.

enhancers (H3K27ac+, H3K4me1+), promoters (H3K27ac+, H3K4me3+), regulatory elements
(H3K27ac+, H3K4mel+, H3K4me3+), or poised enhancers (H3K4me1+) (Creyghton et al, 2010(%;
Gates et al, 2017 (). Genomic regions likely to be directly regulated by CHD7 (differential
accessibility (DA) ATAC-seq sites and CHD7 binding sites) were marked as active enhancers
(183/445=41%) and regulatory elements (159/445=36%), with 61/445 = 14% marked as “poised”
enhancers by H3K4me1 alone (Fig. 3D @). Active and poised enhancer elements were mostly

accessibility but no clear CHD7 binding, were predominantly classified as poised
(2,052/4,635=44%) or active enhancers (1,682/4,635=36%) (Fig. 3F 3). ATAC-seq sites with CHD7

binding but no change in chromatin accessibility comprised mostly of active (H3K27ac) elements
with H3K4me3 (2,251/3443=65%) (Fig. 3G (%), suggesting that the presence of CHD7 at active

promoters was rarely associated with clear alterations in chromatin structure. These data are
consistent with previous studies which demonstrated that CHD7 primarily regulates enhancers.
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Figure 3. The chromatin remodeller CHD7 regulates gene expression in GCps by promoting chromatin
accessibility at distal enhancer elements.

(A) Venn diagram showing the number of ATAC accessible chromatin peaks found within PIFs (30,296 - pink), with altered
accessibility in Chd7-deficient GCps (5369 - green), that overlap CHD7 ChiPseq peaks (4016 - blue) and the overlap of these
subsets. 210 promoter-proximal ATAC peaks with CHD7 recruitment and which change accessibility in Chd7-deficient GCps
are considered direct CHD7 targets. (B) Heatmap of direct CHD7 target genes which are differentially expressed in Chd7-
deficient GCps and have at least one PIF which overlaps a CHD7 binding site that shows altered accessibility in Chd7-deficient
GCps. Values depict z-score of normalized, log2 transformed and scaled RNAseq data between p7 WT (n=2) and Chd7-
deficient KO (n=2) GCps. (C) Genome tracks at the Reln locus (chr5:21843156-22533049) showing the location of three putative
Reln enhancers with CHD7 binding signal and decreased accessibility in Chd7-deficient GCps identified 395kb, 394kb and
249kb downstream of the Reln promoter (within the two orange shaded regions). Promoter proximal PIFs are designated by
arcs (grey for any PIF with significant CHICAGO score 25, pink for PIFs that also contain an ATAC peak that overlaps with CHD7
binding signal. Regions of differential chromatin accessibility (p-adj < 0.05) are displayed in the interval track (ATAC DA)
showing 500bp regions of decreased (green) and increased (purple) accessibility in Chd7-deficient GCps between the WT
ATAC (n=3) and Chd7-deficient (KO) ATAC signal (n=3). A representative ATAC signal track for WT (green) and CHD7 KO (black)
GCps are shown above the ChIPseq signal tracks for CHD7 (grey), H3K27ac (pink) and H3K4me1 (dark blue). (D) UpSet plot
showing the predominant combinations of chromatin modifications present at ATAC peaks that overlap CHD7 ChIPseq peaks
and change accessibility in Chd7-deficient GCps. Number of ATAC peaks overlapping individual chromatin marks are shown in
smaller horizontal bars on left of plot, vertical bars of main plot indicate number of ATAC peaks with combinations of
H3K27ac, H3K4me1 and H3K4me3 marks as denoted in the panel below x-axis. Diagram illustrates CHD7-mediated chromatin
remodelling (arrow). (E) Dot plot showing the number of ATAC peaks at different genomic locations (y-axis) for different
combinations of chromatin marks (x-axis) from (D) for the direct CHD7 target sites that have ATAC peaks which change in
accessibility in Chd7-deficient GCps and overlap CHD7 ChIPseq signal. (F) UpSet Plots illustrating predominant chromatin
mark combinations for ATAC peaks that change in accessibility upon Chd7-depletion but do not exhibit CHD7 recruitment.
Diagram illustrates chromatin remodelling (arrow) by an unknown factor (?). (G) aUpSet plots of ATAC peaks with CHD7
recruitment but no changes in accessibility upon Chd7-depletion. Diagram illustrates CHD7 presence without detectable
chromatin remodelling. (H) Heatmap of significant SEA motif-enrichment results (p<0.05, q<0.05) for TAL-family transcription
factors for genomic regions with ATAC peaks that are direct targets of CHD7 with CHD7 occupancy and change in accessibility
in Chd7-deficient GCps (DA & CHD7), those that alter accessibility upon CHD7 depletion but do not display CHD7 occupancy in
WT (DA no CHD7) and those which display CHD7 recruitment but do not alter accessibility upon CHD7 depletion (CHD7 no
DA). White boxes denote no statistically significant enrichment and consensus motifs for TAL family members that show
differential enrichment across the subsets are shown on the right. Also see Suppl. Fig. 133
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CHD7-regulated enhancers are enriched for proneural
transcription factor motifs

CHD7 has been shown to cooperate with tissue-specific transcription factors in different cell types
(Engelen et al, 2011 %; Hsu et al, 2020 & ; Stathopoulou et al, 2023 (7). We reasoned that a
comparison of transcription factor motifs enriched within CHD7-regulated enhancers might
identify transcription factors that cooperate with CHD7 in GCps.

We used the MEME suite Simple Enrichment Analysis (SEA) tool (Bailey & Grant, 2021b (%) to
identify motifs from the HOCOMOCO Mouse v11 CORE database that were overrepresented in
ATAC-seq regions of interest in our PIFs, compared to all ATAC-seq sites in the cells. This analysis
revealed a highly significant enrichment of E-box motifs corresponding to putative consensus sites
for proneural bHLH TAL-family of proteins Neurog2, Neurod2, Neurod1 and Atoh1 in elements
that show CHD7 recruitment as well as differential chromatin accessibility in CHD7-deficient GCps
(Fig. 3H2). The even stronger enrichment in regions without obvious CHD7 recruitment might
indicate that some CHD7-regulated elements are being missed due to poor CHD7 ChIP-seq. All
these proneural factors were expressed in GCps, and their expression was not altered in Chd7-
deficient GCps, ruling out the possibility that these effects are mediated via changes in the
expression of proneural transcription factors (Suppl. Fig. 2(2) . Together, these findings suggests
that CHD7 preferentially regulates chromatin accessibility at enhancer regions containing these
motifs and therefore may work in concert with proneural factors to regulate gene expression in
cerebellar GCps. Intriguingly, the Atoh1 motif was specifically enriched at those elements that
showed chromatin accessibility changes, whilst Neurod1, Neurod2 and Neurog2 motifs were also

present in elements that showed no chromatin accessibility changes in Chd7-deficient GCps (Fig.

Atohl-regulated enhancer regions, whilst chromatin at Neurod1-regulated regions may not yet be
remodelled by CHD7. This finding agrees with our finding that Chd7-deficiency preferentially
affects GCp proliferation, the primary process regulated by Atoh1 and not differentiation, the
process initiated by Neurod1 (Whittaker et al., 2017b (2). Regions with CHD7 recruited but without
clear changes in chromatin accessibility in CHD7-deficient GCps were enriched for the Tal-Family
member NHLH1 (Fig. 3H (@) along with other transcription factors including NF1A, bHLH ZIP

factors (SREBF1/2, 3 Zn finger families (SP2-5, EGR1/2, ZIC1, ZBTB), E2F-related, AP2, TCF7-related
and RFX-related factors (Suppl. Fig. 22).

Regions bound by CHD7 showed a lack of enrichment for TALE-type homeodomains, SMAD, FOS,
JUN and PAS motifs that were enriched in PIFs with altered chromatin accessibility but no clear
CHD7 ChIP-seq signals, suggesting that these transcription factors motifs were engaged indirectly
SREBF2 and E2F1 were downregulated in Chd7-deficient cells whilst Smad3 and Mafb gene
expression was upregulated (Suppl. Fig. 2(2), suggesting that some effects on the activity of these
enhancers and altered expression of their cognate genes in Chd7-deficient GCps may be secondary
to transcription factor expression changes, rather than a direct effect of CHD7 loss. Together, these
finding strongly suggested that CHD7 may function as an important co-factor of the lineage-
specific proneural transcription factor Atoh1 in GCps. Given the critical role for Atoh1 in the GCp
lineage, we next sought to determine if CHD7 is recruited to Atoh1-regulated enhancers.

Long-range enhancers bound by the key GCp lineage proneural
factor Atoh1

Atoh1, a proneural, basic helix-loop-helix transcription factor, is essential for GCp fate
specification and proliferation (Ben-Arie et al., 1997 @). Previous studies have suggested that Atoh1
functions at H3K4me1l+ enhancers (Klisch et al., 2011 (%), however, the genes directly regulated by
these enhancers have not been identified. We reanalysed ChIP-seq and RNA-seq datasets from
Klisch et al. and identified 7406 accessible regions bound by Atoh1 in 6890 PIFs proximal to
promoters of 7090 protein-coding genes (Fig. 4A2). Of these, 1,854 accessible ATAC-seq sites could

be assigned to 577 genes that are differentially expressed (adjusted P-Value < 0.05) in Atohl-
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deficient cells (Fig. 4B, Suppl. Table 9 (@). Consistent with our analysis of our full data-set and
VISTA enhancers reported above, only ~14% of Atoh1 bound ATAC-seq sites (263/1854) interacted
with only their nearest protein-coding gene promoters (Fig. 4C ).

Klisch et al. previously proposed a set of 601 Atohl-regulated genes (P < 0.01) from an integrative
analysis using linear DNA distances to link Atoh1, H3K4me1 and H3K4me3 with differential RNA
expression in Atohl-deficient GCps. We confirmed the interaction of 102 of these genes in our set
of 577 Atoh1-bound genes derived from the pcHi-C analysis. These included genes with established
roles in GCp development such as Pax6, Neurod1, Neurod6, Nhlh1/2, Ccnd1, Ccnd2, Cxcr4 and
Sema7a. By using pcHi-C we identified 475 additional Atoh1-regulated target genes, including Zic1
and Zic4, and assigned these to their cognate enhancers (Fig. 4D (3 ; See Suppl. Table 10 2 for the
complete data).

Atoh1 is recruited to the majority of CHD7-regulated enhancers

Having identified CHD7- and Atoh1-regulated enhancers, we next asked to what extent the CHD7-
and Atoh1-regulated enhancers overlapped. We found that 829/1132 (73%) of CHD7-bound
exhibited no change in chromatin accessibility in Chd7-deficient GCps in the majority of cases
(290/303 = 96%), while 197/829 (24%) CHD7-Atoh1 co-occupied regions showed altered chromatin
accessibility upon Chd7 deletion. Thus, the majority of regions directly regulated by CHD7 are co-
occupied by Atoh1 and chromatin accessibility changes upon CHD7 depletion appear to be
strongly biased against regions without Atoh1. 197 Atoh1-CHD7 co-regulated enhancers could be
assigned to 22 genes that were differentially expressed in both Atoh1- and Chd7-deficient GCps
(overlap greater than expected by chance, P=6.9x10-7, One-way Fisher’s exact-test) (Suppl. Table

cerebellar development, including Neurod2, Pax6 and Gli2 (Corrales et al, 2004 (2 ; Pieper et al,
20193; Swanson & Goldowitz, 2011 @) (Fig. 5B([#). As an example, our analysis identifies several
potential Atoh1-CHD7 co-regulated Gli2 enhancers (Fig. 5C %) Pathway enrichment analysis of the
22 genes compared to all genes that were expressed in GCps shows a significant enrichment of
terms: Hypoplasia of the pons (HP:0012110 P=0.006) and Abnormal pons morphology (HP:0007361
P=0.016) from human phenotype ontology, due to the presence of Reln, Dcc, (Rad et al, 2019() and

Gli2 (Suppl Table 12 2) (Corrales et al, 2006 @ ; Hong et al, 2000 (%3; Marsh et al, 2018(2).

These findings suggested that Atoh1 and CHD7 are frequently recruited to the same enhancers in
GCps. We therefore tested if Atoh1 and CHD7 complexes might interact directly. Indeed, co-
immunoprecipitation experiments revealed that CHD7 and Atoh1 interact with each other (Fig.

Together, these findings suggest that CHD7 cooperates closely with Atoh1 in GCps, akin to other
lineage-specific transcription factors. However, we also note that the majority of putative
regulatory elements with Atoh1 recruitment in GCps did not appear to be regulated by CHD7 (Fig.
4A @), suggesting that Atoh1 may regulate other enhancers and genes in concert with other

transcription factors and chromatin remodelling factors.

Discussion

Understanding the mechanisms whereby distal enhancers regulate developmental processes
remains a significant challenge, partly due to the fact that these mechanisms operate over long
genomic distances. Here we used pcHi-C to identify distal regulatory elements of genes expressed
in cerebellar GCps during early postnatal development,enabling the mechanistic interrogation of
bona fide enhancer-promoter interactions in GCps. By integrating pcHi-C, histone ChIP-seq and
ATAC-seq data, we identified 46,428 promoter-enhancer interactions in cerebellar GCps, including
22,797 potential distal regulatory regions for 12,905 genes. We illustrate the utility of this data by
identifying the genes regulated by hindbrain VISTA enhancers in GCps, and identifying genes
regulated by CHD7- and Atoh1-regulated enhancers. Our analysis identified CHD7-Atoh1 co-
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Figure 4. Atoh1-regulated distal regulatory elements and gene targets in primary GCps.

(A) Schematic venn diagram of the number of accessible ATAC-seq sites in PIFs that overlap with accessible ATAC-seq sites
that display Atoh1 occupancy in GCps. The 7406 accessible sites in PIFs that have Atoh1 occupancy are proximal to promoters
of 7090 protein coding genes, 599 of which are differentially expressed in Atoh1-deficient GCps. (B) Volcano plot showing
magnitude of multiple testing corrected p-value and log2-fold expression changes of 599 protein coding genes in the Atoh1-
deficient cerebellum that have been linked to distal regulatory regions with accessible sites that have Atoh1occupany (C) Plot
demonstrating the number and proportion of Atoh1 bound ATAC-seq sites that interact their nearest promoter (263/1854),
their nearest promoter and others (542/1854) and other promoters (1049/1854). (D) Genome tracks (chr9:90,467,566-
92,242,745) showing the PIFs proximal to the Zic7 promoter. Promoter proximal PIFs are designated by arcs (grey for any PIF
with significant CHiICAGO score 25, pink for PIFs that also contain an ATAC peak that overlaps with CHD7 binding signal,
orange for PIFs that contain an ATAC peak that overlaps with Atoh1 ChIP peak and blue for a PIF that contains an ATAC peak
overlapping with both a CHD7 and Atoh1 binding signals). The interval track below uses the same colour coding as the arcs
(with the addition of black regions to show the captured promoter fragment) to show the width and location of the PIFs. A
representative male ATAC signal track for WT (green) GCps are shown above the ChIP-seq signal tracks for Atoh1 (orange),
CHD7 (grey), H3K27ac (pink) and H3K4me1 (dark blue).
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Figure 5. Atoh1 is recruited to the majority of CHD7-regulated enhancers

(A) Venn diagram demonstrating the total number of accessible chromatin sites in PIFs that also have Atoh1 recruitment
(pink). The number of genomic locations that demonstrate altered accessibility in Chd7-deficient GCps (light blue), 751/1465
of which were in PIFs that demonstrate Atoh1 recruitment. The number of ATAC sites with altered accessibility in Chd7-
deficient GCps that also exhibit CHD7 recruitment in PIFs (light green), 632/1132 of which were in PIFs that also demonstrate
Atoh1 recruitment. Finally, 197 PIFs were identified that exhibit differential accessibility in Chd7-deficient GCps and to which
both Atoh1 and CHD?7 are recruited. (B) Genome tracks at the G/i2 locus (chr1:118,717,920-119,121,120) showing the location
of three putative, promoter-proximal PIFs designated by arcs (grey for any PIF with significant CHiCAGO score >5, orange for
PIFs that also contain an ATAC peak that overlaps with Atoh1 binding signal and blue for PIFs that contain accessible regions
that overlap with regions of Atoh1 and Chd7 binding). Regions of differential chromatin accessibility (p-adj < 0.05) are
displayed in the interval track (ATAC DA) showing 500bp regions of decreased (green) and increased (purple) accessibility in
Chd7-deficient GCps between the WT ATAC (n=3) and Chd7-deficient (KO) ATAC signal (n=3). A representative ATAC signal
track for WT (green) and CHD7 KO (black) GCps are shown above the ChIPseq signal tracks for Atoh1(orange), CHD7 (grey),
H3K27ac (pink) and H3K4me1 (dark blue). (C) Co-immunoprecipitation of ATOH1 and CHD7 in HEK293T cells, transiently
transfected with FLAG-tagged CHD7, HA-tagged Atoh1, both or empty vector (EV). CHD7 was immunoprecipitated with anti-
FLAG followed by western blot against FLAG and HA. Note the co-immunoprecipitation of HA-tagged ATOH1 upon FLAG-CHD7
immunoprecipitation.
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localisation at many enhancer regions, and together with a demonstration that Atoh1 and CHD7
can interact in co-immunoprecipitation experiments, suggest that Atoh1 and CHD7 function
together to control gene expression in GCps.

We previously reported a significant downregulation of the Reln gene in Chd7-deficient GCps and
showed that Reln downregulation was partly responsible for the cerebellar hypoplasia in these
mutants. We identified putative enhancer regions 127kb upstream and in exon 8 of Reln, but
without further evidence, it was not known if these regions were Reln enhancers (Whittaker et al.,

In addition to confirming that Reln is indeed a direct target of CHD7, we identified 62 other direct
CHD7 target genes with their cognate distal enhancers. These direct targets included several genes
with known functions in GCps. Perhaps surprisingly, two of these genes, Gli2 and Ccnd1, with
known functions as mediators of SHH-induced GCp proliferation (Corrales, Rocco et al. 20047,
Pogoriler, Millen et al. 2006), were upregulated in Chd7-deficient GCps. Upregulation of these genes
are expected to lead to cerebellar hyperplasia, rather than the observed hypoplasia. One possible
explanation is that the expression of other genes might counter-act the effects of Gli2 and Ccnd1
upregulation by having more pronounced effects on GCp proliferation. Another intriguing
possibility is that the increased expression of Gli2, which is also known to mediate the SHH-
induced foliation in the developing cerebellum (Corrales, Rocco et al. 2004 (%, Corrales, Blaess et al.
2006 (%), might mediate some of the cellular changes that underlie the polymicrogyria phenotype

reported in these mutants (Reddy, Majidi et al. 2021 ).

We compared our pcHi-C data with data from Reddy et al., who performed Hi-C from the anterior
cerebellum of P4 mice. This study identified 5,174 enhancer-promoter (E-P) interactions, compared
to the 46,428 promoter-accessible PIF regions identified in the present study, demonstrating the
advantage of promoter capture in enriching for E-P interactions. Reddy et al. identified long-range
interacting regions for 1207 genes. A substantial portion of these genes (843/1207=82%) are also
represented in our pcHi-C dataset (Suppl. Fig. 3A, Suppl Table 13@). Comparing the E-P
interactions of these 843 genes between these two studies found the same E-P interactions for 38%
(Suppl. Fig. 3B @) This relatively low overlap can be explained by two differences: 53% of the 3229
interactions unique to the Reddy data are not detectable in the pCHi-C data due to the removal of
bait-to-bait interactions during our data analysis or the absence of probes to capture gene
promoters (Suppl. Fig. 3B ). For the remaining interactions identified by Reddy et al, we identify
other distal interacting regions, possibly due to E-P interactions in cell types other than GCps being
detected in the Reddy study. In addition to experimental differences, there are also notable
differences in analysis strategies. Reddy et al. binned the Hi-C data into 10kb regions to identify
interacting regions and subsequently used chromatin marks to identify possible enhancer and
promoter regions within these large regions. By contrast, we have used the pCHi-C and CHiCAGO
algorithm to identify individual HindIII restriction fragments and prioritised those that have

accessible regions within them for integration with chromatin modifications.

We demonstrated the utility of pcHi-C to assign genes to distal regulatory elements. Most
importantly, we found that 80% of the putative enhancers we identify bypass their neighbouring
genes to interact with a more distal gene. This is consistent with a recent study by Chen et al. who
found 61% of developmental enhancers bypassing their closest genes (Chen et al., 2024 ). Thus,
inferring enhancer-gene regulatory relationships based on linear proximity on the genome in cis
is unreliable. Similarly, we found that 77% of VISTA hindbrain enhancers were incompletely
annotated. However, it should be noted that unctional studies are still required to confirm
enhancer-gene regulatory relationships inferred from pcHi-C data.

Identifying CHD7-regulated enhancers is challenging, mostly due to the low quality of available
CHD7 ChIP-seq data. However, integrating CHD7 ChIP-seq data with ATAC-seq accessibility, histone
modification ChIP-seq and pcHi-C data has allowed us to identify a subset of enhancers that are
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most likely directly regulated by CHD7. However, given these technical limitations, we would be
hesitant to conclude from the present data that the majority of chromatin accessibility changes in
enhancers in Chd7-deficient GCps are indirect, as suggested by the data in Fig. 3AC2.

Previous studies have shown that CHD7 cooperates with lineage-specific transcription factors. This
suggests that CHD7 is recruited to specific sequence motifs chromatin via lineage-specific
transcription factors. In addition to already reported interactions with Sox2 in neural and
oligodendrocyte progenitors (Engelen, Akinci et al. 2011 2, Doi, Ogata et al. 2017) , Sox10 in
oligodendrocyte progenitors (He, Marie et al. 2016), Runx1 in haematopietic stem and progenitor
cells (Zhen, Kwon et al. 2017, Hsu, Huang et al. 2020(®), and Isl1 in secondary heart field
(Stathopoulou, Wang et al. 2023 @), we show here that CHD7 interacts with Atoh1 and is recruited
with Atoh1 to enhancers in cerebellar GCps. Based on studies in other cellular contexts, it seems
likely that Atoh1 recruits CHD7 to enhancers in GCps, where CHD7 remodels chromatin, although
cooperative recruitment of CHD7 and Atoh1 and other non-remodelling functions of CHD7 cannot
be excluded without further experimentation. It also seems likely that CHD7 might control later
stages of GCp differentiation by interacting with other neurogenic bHLH transcription factors like
Neurod1.

Our analysis confirmed that Atoh1 is preferentially recruited to distal enhancers, marked by
H3K4mel (Klisch et al., 2011 @). In our analysis, 10,0505 ATAC-seq peaks with Atoh1 were distal
intergenic, 7,837 intronic, with only 3,602 located <3kb of the promoter (<600 each further away
from the promoter, exonic or in 5’ or 3’ UTRs). We were able to identify 679 gene promoters that
were in close proximity to Atoh1-bound distal regulatory elements, 102 of which were proposed by
Klisch et al. and 475 new Atohl-regulated target genes.

Although the present study represents a significant advancement in our ability to assign distal
regulatory elements to their cognate gene promoters in primary GCps, our study and analysis have
certain limitations. First, although pcHi-C significantly enriches for promoter-enhancer
interactions, and we sequenced our libraries at considerable depth, the fact that our replicate
libraries showed incomplete (57-65%) overlap, suggests that coverage is still limited. Additional
replicates would enable further confidence in results and potentially increase coverage of under
sampled regions. A similar limitation has to be recognised for other datasets e.g. ChIP-seq and
ATAC-seq. For instance, our data suggests that the majority of Atohl-bound enhancers are not
elements are regulated by CHD7 but our ability to detect these by CHD7 ChIP-seq and differential
ATAC-seq analyses are limited. However, whilst individual datasets each have their own have
limitations, by combining and intersecting datasets from multiple sources we have built a robust
set of distal regulatory elements supported by multiple datasets.

Materials and methods

Animals

Mice were bred and maintained according to Home Office regulations in New Hunt’s House
Biological Service Unit, King’s College London. C57BL/6] animals were supplied from internal
breeding stocks at the New Hunt’s House Biological Service Unit, King’s College London.

Cerebellar granule cell progenitor purification

GCp purification was performed as previously described (Hatten, 1985 ; Whittaker et al.,

2017b %). Cerebella were dissected at P7 in DPBS (Gibco 14190144, 0.0001% phenol red) ensuring
to remove the meninges. Cerebella were cut into small pieces and dissociated using Papain I (100U;
Worthington) in DPBS with 200pl DNase I (Sigma, D4527) and 2mg L-Cysteine (Sigma, C1276), for
30 minutes at 37°C. Subsequently, GCps were isolated by a two-step Percoll (Sigma, P4937) gradient

(35%/65%). The GCps on the 35%/65% interface were taken for further analyses.
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Luciferase assays

Two PIFs identified by pCHi-C were PCR amplified from mouse genomic DNA using the following
primer sequences that contained Kpnl and Xhol restriction enzyme sites for cloning and 3
additional nucleotides prior to the restriction enzyme recognition site to enhance cutting
efficiency:

Genomic
ID coordinates Forward primer Reverse Primer
(mm10)

11 chr9:90691148- | CGGGGTACCGCCAAATT | CGGCTCGAGTAAGGCT
’ 90693202 GTGCAGATTGTTACA GGAGAGTAACGGG
12 chr9:90693023- | CGGGGTACCGGGGTTGT | CGGCTCGAGGAAGTCT

’ 90695995 TTAGACGCAAAGT GCTGGCATGAAGG

PCR products were run on a 0.8% agarose gel and extracted using the Monarch DNA Gel Extraction
Kit, per manufacturer’s instructions. DNA was digested with KpnI (NEB), at 37°C for 15 minutes.
The reaction was cleaned up using the Monarch PCR and DNA Cleanup Kit and DNA eluted in 6ul
elution buffer. Subsequently, the DNA was digested with XhoI (NEB) at 37°C for 15 minutes. Xhol
was heat-inactivated at 65°C for 20 minutes and the reaction was cleaned-up using the Monarch
PCR and DNA Cleanup Kit. DNA was eluted in 6pl. 1ug of pGL3 was digested with KpnI and XholI as
described above and dephosphorylated with rSAP at 37°C for 30 minutes, followed by a 5 minute
heat-inactivation step at 65°C. Subsequently, the vector was run on a 0.8% gel, extracted using the
Monarch DNA Gel Extraction Kit and eluted in 10yl elution buffer. A ligation reaction using the
NEB T4 DNA ligase, as per manufacturer’s instructions. A vector only ligation was always run
alongside each ligation, as an internal control for vector self-ligation. 100ng of vector was used in
ligations and typically a 3:1 molar excess of the insert was added into the reaction, as calculated
using the NEBioCalculator Tool. Ligations were performed at 16°C in the Eppendorf Mastercycler
Gradient o/n. Subsequently, the T4 DNA ligase was heat-inactivated at 65°C for 15 minutes and the
ligation reactions stored at -20°C until further use. Ligation reactions were transformed into NEB
5-alpha Competent E.coli (High Efficiency), as per manufacturer’s instructions. 150yl of the
reactions were spread on pre-warmed ampicillin (100ug/ml final concentration) LB Agar plates
and incubated at 37°C o/n. Ligations were deemed successful when the vector only ligation
ampicillin plate contained <10% colonies compared to experimental plates. Single colonies from
experimental plates were picked and grown in mini-cultures of 6-8ml LB (100ug/ml ampicillin) o/n.
To screen colonies for successful integration of the insert, 1ml of the mini-cultures were used and
plasmid DNA isolated using the Monarch Plasmid Miniprep Kit, per manufacturer’s instruction.
mini-prep DNA was used for a diagnostic digest, using Kpnl and XholI in the same 25pl reaction,
and DNA run on a 0.8% gel. Clones that contained bands of the correct size for both the vector and
insert were sent for Sanger sequencing. Plasmid DNA of reactions demonstrating correct
integration of the insert were extracted using the kit-free mini-prep protocol from Addgene.

To introduce plasmid DNA into SHH-NPDs, the SG Cell Line 4D-Nucleofector X Kit was used. 1x10°
cells were resuspended in 20pl of SG nucleofection solution and 400ng of each of the desired
plasmid(s) DNA was added. DNA volume never exceeded >10% of the final sample volume. This
mix was rapidly added to 1 well in the 16-well cuvette and the cells were nucleofected using the
CM138 setting on the X-unit of the 4D Nucleofector unit. Following nucleofection, the cells were
left to recover for 10 minutes at RT. Subsequently, 80ul of pre-warmed whole cell media was added
to the cuvette well harbouring the nucleofected cells and this mix was plated in 100yl of pre-
warmed media in a flat bottom Greiner 96 well plate.
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Luciferase assays were performed 36-48h later using the Dual-Glo Luciferase Assay System in a flat
bottom Greiner 96 well plate on the GloMax 96 Microplate luminometer. The Renilla vector was
always used in each well as an internal transfection control and the empty pGL3 vector as the
experimental control. Experimental (firefly, pGL3) luminescence readings were divided by Renilla
luminescence readings for each well tested, to gain relative luminescence values. The relative
luminescence values for experimental conditions were divided by the average of the relative
luminescence for the experimental control (empty pGL3) to calculate normalized luminescence.

Co-immunoprecipitation

Human embryonic kidney 293T (HEK293T) cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma) with 10% fetal bovine serum (FBS; Thermo Fisher Scientific), 1% l-
glutamine (Gibco) and 1% penicillin- streptomycin (Gibco). Cells were maintained in a 5% CO,
humidified incubator at 37°C. Twenty- four hours prior to transfection, cells were plated into a
10cm dish in media without penicillin-streptomycin. After 24 hours, when 60-70% confluent, cells
were transiently transfected with FLAG- tagged CHD7 inserted into a pcDNA3.1(+) vector (Bajpai et

vector) expression constructs in OptiMEM (Thermo Fisher Scientific) using Lipofectamine
(Invitrogen), according to manufacturer’s instructions. Cells were cultured for 60 hours following
transfection. Cells were collected in ice cold PBS, pH 7.4 (Thermo Fisher Scientific) with protease
inhibitors (cOmplete, Sigma-Aldrich) using a cell scraper and pelleted by centrifugation (1100rpm,

MgCl2, 10mM KCI) with protease inhibitors and were incubated on ice for 10 minutes to allow cell
lysis. The nuclei were lysed by incubation in buffer C (20mM Hepes-KOH pH 7.6, 20% glycerol,
420mM NacCl, 1.5mM MgCl2, 0.2mM EDTA) with protease inhibitors at 4°C for 30 minutes. The
nuclei and protein precipitates were removed by centrifugation and the supernatant containing
the nuclear extract was transferred to a new eppendorf tube. After protein quantification with a
Bradford assay, samples were diluted with C-0 buffer (20mM Hepes-KOH pH 7.6, 20% glycerol,
1.5mM MgCl2, 0.2mM EDTA) to a final salt concentration of 200mM and 300ug of protein from each
sample used for immunoprecipitation. Magnetic flag beads (anti- FLAG M2 magnetic beads,
Millipore) were added to each sample for immunoprecipitation and incubated for 4 hours at 4°C
rotating. Samples were washed with C-100 buffer (20mM Hepes- KOH pH7.6, 20% glycerol, 200mM
NaCl, 1.5mM MgCl2, 0.2mM EDTA, 0.02% NP-40 (Sigma) and eluted in SDS loading buffer with beta
mercaptoethanol. Co-immunoprecipitation was evaluated by western blot using anti- FLAG (F3165,
Sigma-Aldrich, 1:5000) and anti- HA antibodies (C29F4, Cell signalling, 1:1000).

pcHi-C

PCHi-C was carried out essentially as described (Villiers et al, 2023 ). 3-4 x107 isolated GCps were
fixed in a 2% final concentration of formaldehyde for 10 min at room temperature. The reaction
was quenched, the cells resuspended in ice-cold lysis buffer and incubated for 30 min at 4°C.
Approximately 1 x 107 GCps were incubated overnight with 1500U of HindIII (NEB, R0O104T) at
37°C. DNA ends were labelled with biotin-14-dATP (Life Technologies, 19524-016) in a Klenow
(NEB, M0210L) end-filling reaction. Blunt-end ligation using T4 DNA ligase (Life Technologies,
15224-025) was performed at 16°C overnight, followed by an overnight proteinase K digestion
(20mg/ml;Roche, 3115879001) at 65°C to remove protein. DNA was purified by a double phenol-
chloroform extraction and quantified using the Qubit broad range assay (Qubit). Subsequently,
biotin was removed from non-ligated DNA ends in a T4 polymerase (NEB, M0203L) reaction and
again subjected to phenol-chloroform purification. To obtain an average of 400bp fragments, DNA
was sheared using the Covaris Focused ultra-sonicator, according to the manufacturers’
instructions. The sheared DNA was end-repaired, adenine tailed and double size selected
employing AMPure XP beads (Beckman Coulter Ampure XP beads, A63881) to isolate DNA ranging
from 250 to 550 bp in size. Ligation junctions were isolated using Dynabeads MyOne Steptavidin
T1 beads (Life Technologies, 65601). DNA was ligated to paired-end adaptors (Illumina) and
amplified using PE PCR 1.0 and PE PCR 2.0 primers (Illumina) for 6 cycles. For promoter capture,
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the Hi-C library was hybridised to 39,684 custom-designed biotinylated RNA probes “baits”, using
SureSelect Target Enrichment kit (Agilent Technologies) according to the manufacturer’s

pulled down using Dynabeads MyOne Streptavidin T1 (Life Technologies, 65601). The library was
amplified using PE PCR 1.0 and PE PCR 2.0 primers (Illumina). Two replicate libraries were
prepared as described and sent for paired-end sequencing (75bp) on a HiSeq 4000 platform to a
depth of 675,941,525 and 589,050,886 read pairs for the two replicates. Each replicate required two
sequencing runs to reach sufficient sequencing depth.

pcHi-C data processing and interaction calling

For each pcHiC replicate Fastq files from individual sequencing runs were combined and each
replicate was processed separately using the HiCUP pipeline version 0.5.8 (Wingett et al., 2015%).
Briefly, a HindIII restriction fragment map for the mm10 genome (chromosomes 1-19,X,Y & M only,
random and ChrUN contigs were removed) was obtained by running the hicup_digester tool with
the options ‘-z --rel AAAGCTT,HindIIT’. Read mapping was performed using Bowtie 1.1.2
(Langmead et al, 2009 @) to the mm10 genome (chromosomes 1-19,X,Y & M only) and default
parameters were used to remove reads resulting from ligation artefacts and PCR duplication to
obtain valid di-tags to take forward to CHICAGO analysis.

Prior to interaction calling mm9 probe coordinates were converted to mm10 using UCSCliftover
(Hinrichs et al, 2006 () and HindIII digested mm10 genome fragments were deemed to be pulled
down by the probes and assigned as ‘bait’ regions if they overlapped the probe fragments by >=
110bp. This resulted in a Baitmap input file for CHiCAGO analysis (Cairns et al., 2016 ) of 39,671
probes targeting 22,449 unique HindlIII restriction fragments. All HindIII restriction fragments
were annotated by intersecting fragments with gene and transcript annotations from Ensembl
version 81 using pybedtools (0.7.10). Bait names were reassigned based on their overlap with
transcript TSS, or if no TSS was present in fragment the name was assigned as overlapping the
gene body of any transcripts the bait overlapped, and if no overlap with any transcripts was
detected the bait name was updated to indicate this along as well as a reference to the regions it
was intended to target. CHiICAGO design files and chinput files for each replicate were generated
using default options with the chicagoTools scripts from the CHiCAGO package version 1.12.0. Both
replicates were provided to the RunChicago.R script (R version 3.6.1) to produce a ‘superset’. Bait-
PIF interactions were identified using default parameters and deemed significant with a CHiCAGO
interaction score >=5. RunChicago.R was run 10 times, and the output with the fewest number of
significant bait-PIF interactions was taken forward and filtered to remove trans chromsomal PIFs,
bait-to-bait PIFs and interactions where the baits did not overlap a TSS of a transcript from the
Ensembl 81 gtf with a ‘protein_coding’ gene_biotype. Summary metrics (cumulative distance
percentiles) were calculated using Python & plotted using R.

It should be noted the number of reads needed to score an interaction by the CHiCAGO algorithm
depends on the both the distance between a PIF and the promoter, modelled using a distance-
dependent component that accounts for decay of contact frequence with genomic distance, and a
component that models how the sequence or other technical artifacts might influence the capture
bias of some sequences compared to others. For each promoter a background model is generated
of the expected number of reads that would be captured based on the above considerations and if
the number of reads for that region exceeds this background model by a certain threshold the
interaction is deemed significant using a p-value like score. In practice this means that regions
further from the promoter will often require fewer reads to signify a significant interaction
compared to regions that are much closer to the promoter. The significant PIFs in the dataset are
all evidenced by a minimum of 3 reads in at least one biological replicate.
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ChIP-Seq for H3K4me1, H3K4me3 and Atoh1

ChIP-seq data (Klisch et al., 2011 ) were downloaded from ENA (PRJNA128899) trimmed for
Truseq2 adapter sequences using Trimmomatic (v0.36) in single end ILLUMINACLIP mode with
default parameters apart from setting mismatches to 1 and MINLENGTH:24. Paired-end H3K27ac
& CHD7 ChIP-seq data from P7 GCps (Feng et al., 20172 ) were downloaded from ENA
(PRJNA309175) and adapters were removed using Trimmomatic PE ILLUMINACLIP with the
settings 1:30:10:1:True LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36. Reads were
mapped to the mm10 genomes using bwa aln v0.7.17 (Bolger et a/, 2014 (%). Unmapped and
secondary alignment reads were filtered using SAMTools (Danecek et al, 2021 (%) and BEDTools
intersect (Quinlan & Hall, 20102 ) was used to remove those in encode blacklisted regions
(Amemiya et al, 2019 3). Duplicate reads were removed using PICARD MarkDuplicates (v2.18.0,
http://broadinstitute.github.io/picard 3 ). Replicates were then combined where available and
peakcalling performed using MACS2 (Zhang et al, 2008 (2 ) with parameters callpeak --bdg --SPMR -
gsize mm --call summits —tsize against a GCps ChIP-seq input control where available. H3K4me1l
peakcalling used the additional --broad parameter. Bigwig ’treatment’ coverage tracks produced by
MACS2 were used for visualisation.

ATAC-seq

ATAC-seq libraries were the same as those prepared for our previously published manuscript
(Whittaker, Riegman et al. 2017) (GSE90466) and reanalysed for this study. Reads were trimmed to
remove adapters using Trimmomatic v0.36.6 with the parameters ‘-phred33 NexteraPE-
PE.fa:1:30:10:1:True LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:30’, and aligned to
mm10 (chr1-19,M,X & Y) with Bowtie2 v2.3.4.1 (Langmead & Salzberg, 2012 %) with default
parameters plus -X2000. Aligned reads were filtered using PICARD v2.18.0 MarkDuplicates
‘ASSUME_SORTED=true REMOVE_DUPLICATES=true VALIDATION_STRINGENCY=SILENT’ to
remove duplicates and samtools v1.9 view to remove reads that were unmapped (-F 4), secondary
alignments (-F 0x100), unpaired (-f1 -f 2), low quality with a MAPQ < 30 (-q 30) and those on chrM.

A mm10 combined blacklist of regions with high similarity to mitochondrial reads and high signal
artifacts identified by ENCODE was downloaded from
https://github.com/buenrostrolab/mitoblacklist/tree/master/combinedBlacklist 2 (Buenrostro et al,

0.00000010 -type neither’.

The master peaklist was generated from WT samples by downsampling each sample to 43,355,200
reads, then combining all into to a single bam file and calling peaks using MACS2 callpeak (v2.1.1)
and the following arguments ‘--format=BAMPE --bdg --SPMR --call-summits --keep-dup all --gsize
mm --tsize 58’. Summit regions were extended +/- 250bp to create 500bp wide regions. When
regions overlapped those with the highest -log10 p-value were retained, producing a final peak list
of 112,341 non-overlapping 500bp regions. For differential accessibility analysis reads in WT peaks
list were counted for the 3x WT and 3x Chd7-deficient samples (not downsampled) using
deepTools multiBamSummary --outRawCounts 3.1.3 (Ramirez et al, 2016 2). Differential
accessibility analysis was performed using DESeq2 (v 1.22.1) (Love et al, 2014 (%). Whilst all peaks
were tested for differential accessibility, size factors were calculated using only promoter peaks of
genes whose RNA was not differentially expressed in the Chd7-deficient GCps. Homer
annotatePeaks.pl (v4.10) (Heinz et al, 2010 @) was used to annotate peak location of promoters
based on Ensembl 81 GTF file and those assigned as ’promoter-TSS’ were selected for size factor
calculation if their nearest gene ID had a p-adjusted value > 0.95 in the RNA-seq differential
expression (see RNA-seq section for details). The DESeq2 design used a model controlling for
sample sex (design=~sex + genotype) and multiple testing correction was applied using the
Independent Hypothesis Weighting package (version 1.10.1) (Ignatiadis et a/, 2016 2) where alpha
=0.05. Log-fold change values were calculated using the ‘normal’ shrinkage method. Peaks with a
p-adjusted value < 0.05 were deemed to be differentially accessible in the Chd7-deficient GCps.
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ATACSeq Coverage Tracks

ATAC-seq bigwigs for individual libraries were generated using deepTools bamCoverage (v3.1.3),
using the parameters “-binSize 1 --extendReads --scaleFactor’ the scaling factor for each sample
was computed using 1/(total reads in peaks on chromosomes 1-19)*18. WiggleTools (v1.2.3)
(Zerbino et al, 2014 @) write_bg was then used to create coverage tracks representing the median
coverage of the replicates and coverted to bigwig files using ucsc bedGraphToBigWig (v377), (Kent
etal,20102).

RNA-seq

RNA-seq libraries were the same as those prepared for our previously published manuscript
(Whittaker et al., 2017b (2) (GSE90466) and reanalysed for this study. Reads were quantified using
Kallisto version 0.43.0 (Br. 2016 (). A Kallisto index was generated using -k 31 and a fasta
file generated for exonic regions of transcripts from Ensembl 81 annotations where gene_biotype
= “protein coding”. Quantification was performed using ‘Kallisto quant --bias -t 1 --bootstrap-
samples=100’. TPM values were transformed to gene level counts using tximport (1.6.0) (Soneson

with the model design (~replicate + group). Multiple testing correction was applied using
Independent Hypothesis Weighting (THW) with a default alpha of 0.1, and genes deemed
differentially expressed if p-adjusted value of < 0.05. Log-fold change values were generated using
‘normal’ Bayesian shrinkage method. The RNA-seq data from Klisch et al. (2011) % was analysed as
above, but due to an imbalance of sex-specific genes between the WT and KO samples chr X&Y
were excluded from the differential expression analysis. Expression heatmaps were generated
using pheatmap (https://CRAN.R-project.org/package=pheatmap 2 ) from log2(normalised counts
+1) and scaled by row. Genes were ordered via log-fold change.

RNA-seq Coverage Tracks

Coverage tracks were created by trimming reads to remove adapters using Trimmomatic (0.32)
with the parameters “phred33 ILLUMINACLIP:TruSeq2-PE.fa:1:30:10:8:true LEADING:3
TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36’. Alignment was performed using STAR 2.4.2a -
runMode alignReads --outSAMstrandField intronMotif --outSAMunmapped Within --outFilterType
BySJout --outFilterMismatchNmax 999 --outFilterMismatchNoverLmax 0.04 --outFilterIntronMotifs
RemoveNoncanonicalUnannotated’ (Dobin et al, 2013 2). Individual bigwig files were normalised
using sizeFactors generated from DESeq2 analysis using deeptools 3.4.3 bamCoverage --binSize1l, --
scaleFactor 1/sizeFactor and replicates were then combined using wiggletools write_bg (1.2.3) and
bedGraphToBigWig (version 377) to generate mean coverage tracks.

Publicly available datasets used

H3K27ac and CHD7 ChIP-seq data from P7 GCps from (Feng et al., 2017 ) (GSE93741), ATOH1
ChIP-seq at P5 GCps and E18.5 rhombic lip RNA-seq with or without inducible Atoh1 gene deletion
in the Atoh1+ lineage (Klisch et al., 2011 @) (GSE22111) were downloaded as raw sequencing files
from the European Nucleotide Archive and processed as described above.

Locations of all 140 mouse loci- Mouse hindbrain enhancers were downloaded from the Vista
Enhancer Browser (Visel et al., 2007 ) and converted to mm10 coordinates using UCSC liftOver
(Hinrichs et al., 2006 (@) for intersection with PIFs.

Ensembl heterochromatin features were obtained from the Ensembl (version 81) Regulatory build

Postnatal day 6-9 FANTOMS5 Cerebellum Enhancers (NO6 & N09) were curated by selecting the
libraries for postnatal day 6 and postnatal day 9 mouse cerebellum samples (n=3 for each
timepoint) from F5.mm10.enhancers.expression.usage.matrix.gz
(https://doi.org/10.5281/zenodo.1411211 ). 818 regions that were present in at least 2 of the
libraries were retained for CHiCAGO enrichment analysis.
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Integration and Analysis

PCHiC analysis and enrichment of features

Absolute distances between interactions were calculated from the mid-point of each restriction
fragment. Enrichment of PIFs for H3K27ac, H4K4mel, FANTOMS5 enhancers and encode
heterochromatic regions analysis was performed using CHICAGO using all interacting fragments
with protein-coding baits, overlap of randomly sampled distance-matched subsets was performed
100 times and using default settings. Weighted mean of scaled read counts were calculated using
CHiCAGO.

Nearest gene Analysis

Locations of PIFs fragments significantly interacting with protein coding bait regions were
protein coding gene using a custom transcript databasegenerated by txdb bioconductor package
after extracting protein coding genes (gene_biotype: ‘protein_coding’) from the mm10 Ensembl
(version 81) annotation gtf file. These nearest gene annotations were compared with the
annotations of promoters linked to all PIFs, those containing VISTA enhancer fragments and those
with Atoh1 bound ATAC-seq peak regions using custom python scripts.

Assessment of ATAC-seq peaks in PIFs

PIFs overlapping an ATAC-seq site by at least 1 bp (as determined using pybedtools intersect) were
assigned as PIFs containing an ATAC-seq site. Distances from PIF without an ATAC-seq peak to a
PIF with an ATAC-seq peak were calculated using pybedtools closest using default parameters. The
PIF with the highest CHICAGO score for each promoter bait fragment was selected and assigned
the ‘lead PIF’ for that bait. The 10 HindIII fragments flanking either side of the lead PIF’ were
designated as being a PIF if an interaction of that fragment was found with any bait. The fragment
was assigned as containing an ATAC-seq peak if it intersected any peak from the wild-type (WT)
ATAC-seq peak list.

pcHi-C, RNASeq, ATAC-seq and ChIP-seq Integration

Probed HindIII fragments containing a TSS for a protein coding transcript were assigned to the
expression levels and differential expression status in Chd7 and Atohl RNA-seq experiments of
their corresponding protein_coding gene. Mean expression level in Chd7 +/+ and Atoh1 +/+ mice
(TPM) were assigned to genes in baits and categorised into 5 categories: 'not expressed’, if TPM < 4
with the remaining expression values divided into quartiles and labelled as
’very_low’,’low’,’mid’,’high’ expression genes.

All WT ATAC-seq peaks were annotated in a binary fashion as to whether they intersected with
CHD7 & Atoh1, H3K27ac, H3K4me1l and H3K4me3 ChIPSeq peaks using pybedtools intersect along
with their differential accessibility status in Chd7-deficient mice. These annotated ATAC-se(q sites
were used to annotate all HindIII fragments to enable identification and assess properties of ATAC-
seq sites contained within PIFs. ChIPSeeker (v 1.22) was used to annotate ATAC-seq locations as
described above for PIFs. Combinations of Histone marks and locations were plotted using UPSetR
and ggplot.

Motif Enrichment

Motif enrichment was performed using SEA from MEME suite (v5.5.5) (Bailey & Grant, 2021a®)
with the Mouse HOCOMCOCOv11 CORE database. 100bp fasta sequences were prepared with 50bp
+/- from the summit of each WT ATAC-seq peaks. Enrichment of accessible peaks in PIFs was tested
against a background of all ATAC-seq peaks, using default options. Where multiple motifs for the
same DNA binding factor were recovered the most significant was taken through to further
analysis. Significantly enriched motifs were filtered to remove motifs with (q-value <0.05) and
motifs of genes with an expression level of TPM < 4 (i.e. ‘not expressed’) in the wildtype RNA-seq
data. Motifs were annotated using TFClass (REF) in R and grouped by transcription factor ‘family’.

Riegman, George et al., 2026 eLife 15:RP111003. https://doi.org/10.7554/eLife.111003.1 21 0of 49


https://doi.org/10.7554/eLife.111003.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/developmental-biology
https://elifesciences.org/subjects/chromosomes-gene-expression

7 eLife

Developmental Biology | Chromosomes and Gene Expression

Gene and Pathway Enrichment

enrichment of genes with/without ATAC-seq sites in PIFs results were generated against a
background gene-set of all protein coding genes. Results were filtered to only include GO:BP
genesets containing between 200-400 terms (Biomart release 2024-01-17). Over representation
analysis of 63 genes that were differentially expressed in Chd7-deficient GCps and had PIFs
containing accessible regions that overlapped with CHD7 ChIP-seq peaks and were differentially
accessible in ATAC-seq from Chd7-deficient GCps were compared against all protein-coding genes
that were included in the differential expression analysis by DESeq2 analysis (i.e. with padj > 0),
no post-analysis filtering was performed based on number of terms in gene set. Over
representation analysis of genes differentially expressed in Atohl-deficient cerebellar tissue and
Chd7-deficient GCps was performed against a background of genes that were included in both
differential expression analyses and gene-sets were not filtered post-analysis for number of terms
in gene-sets.

Klisch significant targetome

601 genes identified in Atoh1 targetome (p<0.01) by Klisch et al. (2011) 3 were obtained from
Supplementary Table 5 of their paper. Ensembl IDs were used to map Atoh1 targetome genes to
the pcHi-C dataset. Targetome Refseq IDs were mapped to protein coding Ensembl gene identifiers
and mgi symbols using biomart (Ensembl 86). Where an Ensembl gene id or mgi symbol was not
automatically detected, manual searching of the Refseq ID was performed using NCBI to identify
an appropriate protein coding Ensembl gene ID or to assess if that Refseq ID was defunct. If more
than one Ensembl ID was identified for a Refseq entry the protein-coding version of that Ensembl
ID was selected.

Genome Visualisation

Coverage tracks and PCHIC interaction arcs were visualised using the Integrative Genomics Viewer
web application (IGV-Web) (Robinson et al, 2011 ). Unless otherwise stated the transcript
annotation displayed are from Ensembl 81 gtf file, that was filtered to only keep transcripts where
the gencode tag= ‘basic’.
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Suppl Figure 1. Putative enhancer elements within PIFs exhibit enhancer activity in GCps (A) Table showing
the genomoic location, size and difference from Zic1 TSS of two putative enhancer-containing fragments from
PIF1 (Fig. 1G2). (B) Diagram of Zic1/4 locus with ATAC-seq, histone modification ChIP-seq and pcHi-C interactions

shown in pink arcs. Note the location of PIF1, and the location of fragments #1, .1 and #1.2 in the magnified view
below. Note the overlaps with VISTA enhancers hs1203 and hs654. (C,D) Enhancer activity of hindbrain VISTA
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enhancers in E11.5 mouse embryos. Mb=midbrain, Cb=cerebellum, RL-rhombic lip, Fo=forebrain. (E) Diagram of
luciferase reporter construct. (F) Normalised luciferase activity of empty vector (pGL3) and enhancer fragments in
SHH-NPD cells. *p<0.05, **p<0.01, t-test.
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Suppl Figure 2. CHD7-regulated enhancers are enriched for proneural transcription factor motifs

A comparison of HOCOMOCO Mouse v11 CORE database transcription factor motifs enrichened within regulatory elements
linked to CHD7 by SEA tool from MEME suite. Left panel describes TFClass family each transcription factor belongs to. Middle
heatmap of g-values for significant SEA motif-enrichment results (P<0.05, Q<0.05) for genomic regions with ATAC peaks that
are direct targets of CHD7 with CHD7 occupancy and change in accessibility in Chd7-deficient GCps (DA & CHD7), those that
alter accessibility upon CHD7 depletion but do not display CHD7 occupancy in WT (DA no CHD7) and those which display
CHD7 recruitment but do not alter accessibility upon CHD7 depletion (CHD7 no DA). White boxes denote no statistically
significant enrichment. RNA expression level of transcription factors in WT GCps (n=2) is shown in right panel and color of bar
indicates if the RNA expression level of that factor is unchanged in Chd7-depleted GCps (blue), upregulated (green) or
downregulated (purple).
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Reddy et al
enhancer-promoters
(E-Ps)

5,174

1151

Interactions in pcHIC
1,945

bait-to-bait Interactions
(removed in pcHIC)
524

Interactions no probes to capture
not in pcHIC these promoters in pcHIC
3,229 1,185

other PIFs with ATAC peaks
identified in pcHIC for

these promoters

1,085

Suppl Figure 3. Comparison between our pcHi-C data from P7 mouse GCps and Hi-C data from P4 mouse

cerebellum by Reddy et al.

(A) Overlap of promoters with distal interactions identified in Reddy et al (green) vs. pCHIC (blue). (B) Sankey diagram
demonstrating the number of E-P interactions from Reddy et al dataset replicated in the pCHiC data along with regions that
are unique to the Reddy et al data, illustrating the proportion of the the E-P interactions that we would not expect to replicate
in our data due to the technical design of the capture experiment. A substantial subset of Reddy E-P interactions were not
found in our data due to technical differences (promoters not captured in our study), bioinformatic reasons (removal of bait-
to-bait interactions. For some of the Reddy E-Ps, no interactions were identified in our data, or different potential enhancers
(PIFs) were found, which might reflect differences in cell type and developmental timing.
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Data availability

Raw sequencing reads have been deposited to the Gene Expression Omnibus and will be made
available upon publication. Details of code and pipelines used for analysis can be found at
(https://github.com/sims-lab/GranuleProgenitor_pcHiC ).
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Peer reviews
Reviewer #1 (Public review):

This study by Riegman & George et al. investigates the roles of the chromatin remodeling
factor CHD7 and the proneural transcription factor Atoh1 at enhancers in cerebellar granule
cells (GCs). Enhancers were categorized based on epigenetic marks and cross-referenced with
promoter capture-HiC, ATAC-seq, and expression datasets to identify their long-range target
genes, which were found to be enriched for critical neurodevelopmental processes.
Differential expression and chromatin accessibility analyses in CHD7 knockout (KO)
conditions suggest that this factor regulates a significant number of enhancers. These same
enhancers are enriched for proneural transcription factor motifs, with Atoh1 being the most
frequently present and likely the most affected. Finally, the direct interaction between CHD7
and Atoh1 was assessed via co-immunoprecipitation in co-transfected cells.

While the paper presents an interesting aspect of enhancer regulation in neurodevelopment,
several points warrant attention:

Major Strengths:

The use of chromatin marks increases the resolution of promoter-interacting enhancer
regions when integrated with capture-HiC, refining the identification of distal enhancers.
Additionally, performing promoter capture-HiC experiments for the first time in this cell type
constitutes a valuable resource for the community working on 3D genome organization and
neurodevelopment.

Major Weaknesses:

As noted by the authors, limited sequencing depth reduces confidence in the conclusions and
may result in missed weaker long-range interactions. Furthermore, the absence of capture-
HiC and Atoh1 ChIP-seq experiments in the KO condition prevents direct comparison, thereby
limiting the strength of the conclusions.

Additional Consideration:

Caution should be exercised regarding the assumption that every enhancer must physically
contact its target promoter. While true for many enhancers, some act in trans through eRNAs
or IncRNAs without direct physical contact.

https://doi.org/10.7554/eLife.111003.1.sa3
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Reviewer #2 (Public review):

Summary:

In this manuscript, the authors aim to identify active, long-range regulatory interactions in
cerebellar granule cell progenitors (GCps). As such, the authors perform promoter capture Hi-
C to map long-range interactions for all gene promoters, using cells isolated from P7 mouse
brain samples. While the resolution of these maps is limited by the relatively large fragment
sizes generated from a 6-bp cutter, the authors combine these interactions with other
available published datasets, including from their own previous work, (e.g. ATAC-seq and
ChIP-seq) to more precisely map putative enhancers within the long-range interacting regions
of captured promoters. The paper further focuses on the importance of transcription factor
Atoh1 and chromatin remodeller CHD7 in regulation of these putative enhancers in GCps.
The authors suggest a direct interaction between CHD7 and Atoh1 by overexpression and co-
immunoprecipitation in human embryonic kidney cells.

As stated by the authors, this study represents a valuable resource for researchers interested
in the identification of enhancers in GCps cells, and their linked target genes. While broadly
descriptive, the study does highlight some gene loci of interest and of biological relevance.
For example, through integration of previously published datasets, the study resolves which
putative regulatory elements at the Reln locus may regulate its activity.

This manuscript will be of interest to researchers interested in analysing long-distance
targets of as well as researchers trying to understand the precise gene regulation in
cerebellar development. It may also be of interest to clinical geneticists to interpret novel
putative non-coding disease mutations.

Strengths:

The strengths of this manuscript are the integrated approach to identify cell-type specific
enhancers utilizing available epigenomic datasets, and leveraging 3D genome topology to
directly link them to their target genes. For example for the Reln gene previously implicated
in cerebellar phenotypes for CHD7 mutants. The pcHi-C dataset generated in this study
provides a valuable reference for the community of enhancer-promoter pairs for a specific
cell-type of interest with human disease relevance.

Weaknesses:

The limitations of the study are partially addressed in the text by the authors, including the
resolution from the pcHi-C using a 6-bp cutter, the limitation of sequencing depth (more
interactions may have been identified with more depth), and the limited of correlation
between replicates (likely due to undersampling the library). Page 9 "some additional
interactions with the nearest gene promoters might be identified in our pcHi-C dataset with
deeper sequencing".

https://doi.org/10.7554/eLife.111003.1.sa2

Reviewer #3 (Public review):

Summary:

In this work, Riegman et al. establish the promoter interactome of cerebellar granule cell
progenitors (CGPs) and identify thousands of putative enhancers regulating key genes in this
cell population. The authors isolate primary CGps cells from the mouse cerebellum and
perform promoter capture Hi-C in order to reanalyse previously generated epigenomic
datasets (ATAC-seq, H3K4me1/3, H3K27ac) in these cells. They identify 22'797 enhancers
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interacting with gene promoters. The authors then use CHD7 ChIP-seq experiments to better
annotate regulatory regions linked to genes deregulated upon CHD7 loss of function. After
observing that CHD7 is frequently co-bound with ATOH1, they compare the binding profiles
of ATOH1 and CHD7 together with genes deregulated in loss-of-function datasets, and refine
the regulatory elements associated with each of these proteins.

Strengths:

The work is well designed and carefully executed, leading to an enhancer-promoter (E-P)
interaction cartography that largely surpasses the current standard in the field. The pc-HiC
dataset enables a deeper analysis of previously generated datasets (ChIP-seq and loss-of-
function), which clearly improves the understanding of the mechanisms underlying CGps
proliferation and differentiation. Moreover, the integration of published loss-of-function
datasets for CHD7 and ATOH1 is relatively novel in this type of study and helps reduce the
purely descriptive nature of the work. In particular, the analysis sheds light on genes with
potential functions in CGps that had not previously been identified, as well as their
regulatory connections. Overall, the study is convincing and supports the conclusions
presented by the authors.

Weaknesses:

(1) A substantial part of the manuscript focuses on E-P interactions in CGPs, which gives the
impression that this is primarily a genome organisation study. However, in this regard the
manuscript does not bring major conceptual novelties. In contrast, the biological insights
related to CGPs and the identification of new candidate genes likely represent the most novel
aspect of the work. The authors should clarify the central message of the manuscript and
reorganise the presentation of the results accordingly.

(2) The numbers presented throughout the manuscript are sometimes confusing. For
instance, the authors initially report 106'589 PIF (line 175), but later only 61'928 (line 243)
when calling enhancers. The relationship between these numbers is not straightforward.
More generally, simplifying the nomenclature used to describe interaction analyses would
help emphasise the biological insights rather than the computational framework.

(3) ATAC-seq alone is a relatively poor predictor of enhancers. In this context, H3K27ac would
provide a more accurate marker of enhancer activity. This point is particularly important
because the authors' data suggest that CHD7 does not function as a pioneer factor capable of
opening chromatin. Instead, this role appears to be more closely associated with ATOH1.
Therefore, alterations in CHD7 are more likely to affect enhancer activity (reflected by
H3K27ac) rather than chromatin accessibility itself. If the authors do not have access to
H3K27ac ChIP-seq data, this limitation should be explicitly acknowledged.

(4) The authors do not functionally test most enhancers and instead discuss primarily
putative enhancers (with the exception of VISTA-tested elements). Although the term
"putative enhancer" appears in some subsections, it is not consistently applied throughout
the manuscript. This limitation should be clearly stated early in the manuscript with a
sentence such as: "As these regions have not been functionally validated, they should be
considered putative enhancers. However, for simplicity, we will refer to them as enhancers
throughout the manuscript.”

(5) Where feasible, the enhancer identified at the Reln gene should be functionally tested to
demonstrate the added value of the approach.

https://doi.org/10.7554/eLife.111003.1.sa1
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Author response:

| General Statements

We thank the reviewers for their careful and supportive reviews of our manuscript. We have
addresses all the reviewers comments and extensively revised the manuscript accordingly.

During our revisions, we discovered a bug in the code that calculated the linear genomic
distance between the captured promoter regions (bait regions) and the promoter-interacting
fragments (PIFs). The error inadvertently halved the distance measurements in the output
tables. This has been corrected in the revised manuscript and has resulted in updates to
Figure 1B and corrected values in the ‘interaction_distance’ and/or ‘interaction_type’ columns
of Supplementary Tables 2, 3, 6 and 8. We thank the reviewers for the opportunity to correct
this.

Point-by-point description of the revisions
Reviewer #1 (Evidence, reproducibility and clarity):

In this article, the authors conducted promoter-capture HiC experiments (pcHiC) in
Mouse Cerebellar granule cell progenitors (GCps) and obtained a good set of 3D genome
interactions map of protein-coding genes' promoters. This dataset was later integrated
with ATAC-seq and ChIP-seq experiments to identify putative enhancer regions within
promoter-interacting regions, and with higher base-pair resolution than what is
obtained by pcHiC experiments. This set of enhancers is then compared to and presented
as being more reliable than those present in VISTA enhancer database. In addition, ATAC-
seq sites and RNA-seq datasets, both obtained in WT and CHD7 and KO conditions, are
integrated to correlate expression of a set of genes to the chromatin accessibility of their
distal enhancer(s) which is believed to be promoted by CHD7. The study is completed by
focusing on transcription factor motif analysis on CHD7-regulated enhancers which
shows an enrichment for proneural transcription factors, with special emphasis on Atoh1
found to be frequently co-recruited with CHD7. Data and methods are well detailed and
correctly replicated and will be useful as a resource for the community. The overlap
obtained between pcHiC experiments and auto-criticized by the authors is very common
and expected in this kind of experiments. In general, the conclusions drawn the article
are convincing but some aspects such as comparison to VISTA and the naming of
'enhancers’ should be moderated.

We thank the reviewer for their positive and constructive comments. We have amended the
manuscript as indicated in detail below.

(1) The comparison of pcHiC-identified enhancers vs. VISTA enhancers should be more
balanced, as the two approaches have important conceptual differences. Although VISTA
enhancers are based on functional annotation, their target genes might not necessarily
be correctly assigned based on the distance. On the other hand, putative enhancer
regions identified by pcHiC experiments do not rely on functional testing. So both type of
information are useful but can be put in perspective.

We thank the reviewer for making this point. We have amended the text to present a more
balanced view e.g. “Using VISTA-designated hindbrain enhancers as an example, we identify
the genes most likely regulated directly by these enhancers and update their annotation
accordingly.”

(2) To increase the strength of the paper, it would be preferable that authors include
simple functional enhancer assays (e.g. CRISPR deletion of contacting enhancer,
luciferase assay) to support their perspective since 3D conformation information in KO
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condition is lacking in the article. Although ideally these experiments should be better
performed for a full demonstration, it would be acceptable to at least include a simple
functional assay in the WT context to demonstrate that the regulatory regions obtained
by crossing genomic data are real enhancers. This point is even more critical knowing
that enhancers lacking classical histone marks (H3K27ac+H3K4me1) has been described.
The same comment applies to promoter interacting fragments lacking these marks, that
could be missing enhancers (i.e enhancers without these marks).

Chromosomes and Gene Expression

To address this point, we performed luciferase assays to show that putative enhancers
identified with our integrated bioinformatic approach (pcHi-C + ATACseq + H3K4me1 +
H3K27ac) do indeed exhibit enhancer activity. For these experiments, we tested these
putative fragments in an immortalized cell line SHH-NPD, a GCp-derived cell line generated
by Fults laboratory (Jenkins et al. 2014). The results of these experiments are included as

Suppl. Fig. 1 in the revised manuscript.
Minor point

- Figure 5B is lacking labels.

Reviewer #1 (Significance):

Atoh1 in distal regulation in these cells.

We apologise for this oversight —labels have now been added.

This article, when completed with possible revision, will be be useful for the community in
terms of useful resource of experimentally determined putative enhancers in Cerebellar
granule cell progenitors. It also provides some insights into the association of CHD7 and

We thank the reviewer for acknowledging the significance of our work.

kidney cells.

activity.

We thank the reviewer for their supportive comments.

Reviewer #2 (Evidence, reproducibility and clarity):

In this manuscript, the authors aim to identify active, long-range regqulatory interactions
in cerebellar granule cell progenitors (GCps). As such, the authors perform promoter
capture Hi-C to map long-range interactions for all gene promoters, using cells isolated
from P7 mouse brain samples. While the resolution of these maps is limited by the
relatively large fragment sizes generated from a 6-bp cutter, the authors combine these
interactions with other available published datasets, including from their own previous
work, (e.g. ATAC-seq and ChIP-seq) to more precisely map putative enhancers within the
long-range interacting regions of captured promoters. The paper further focuses on the
importance of transcription factor Atoh1 and chromatin remodeler CHD7 in regulation of
these putative enhancers in GCps. The authors suggest a direct interaction between
CHD7 and Atoh1 by overexpression and co-immunoprecipitation in human embryonic

As stated by the authors, this study represents a valuable resource for researchers
interested in the identification of enhancers in GCps cells, and their linked target genes.
While broadly descriptive, the study does highlight some gene loci of interest and of
biological relevance. For example, through integration of previously published datasets,
the study resolves which putative regulatory elements at the Reln locus may regulate its

We provide a summary of our major and minor comments here.

| Major comments:
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(1) The main take-home messages of the manuscript could be more clearly stated in the
introduction to help readers understand the main conclusions of the work.

We have added a sentence to the Introduction to clarify the key take-home messages:

“We report putative distal regulatory elements for >12,000 genes, identify CHD7- and Atoh1-
regulated enhancer elements and show that these factors interact and likely co-regulate the
expression of key genes in the GCp lineage.”

(2) In the discussion, a previous Hi-C dataset is referred to "Reddy et al. annotated 5,175
promoter-enhancer interactions in GCps using Hi-C without enrichment (Reddy, Majidi et
al. 2021)." It would be beneficial to compare the interactions identified previously with
the current study (5,175 vs 46,428 interactions).

To address this comment we have performed an additional analysis and include text and
Suppl. Figure 3 and Suppl. Table 13 to demonstrate the extent the two datasets compare,
overlap and diverge. We have also added additional text to the discussion to highlight the
difference and technical considerations between the two approaches and how they
complement each other.

The 5,174 enhancer-promoter (E-P) interactions identified by Reddy et al were downloaded
and intersected with the 46,428 promoter-accessible PIF regions identified in our study. The
new supplementary Figure 3A illustrates that 82% (843/1207) of genes that Reddy et al
identifies long-range interacting regions for are represented in our pcHiC dataset. Our pcHiC
data contains information on distal interacting regions and potential enhancer regions for an
additional 11,511 protein coding genes. Suppl. Figure 3B provides an overview of the Reddy et
al E-P interactions that are, and are not identified in the pcHiC. We replicate 38% of Reddy et
al’s E-P findings, whilst 53% of the 3229 interactions unique to the Reddy data would not be
detected in the pCHiC data due to technical reasons resulting from the capture design and
analysis protocol. Of the remaining interactions that are specific to the Reddy data, we
identify other distal regions interacting with those same promoters . Suppl. Table 13 details
the full comparision of Reddy’s E-P interactions that are found within our dataset.

The differences between the two datasets and the increased number of interactions detected
in the pcHiC dataset likely result from the increased enrichment for the captured promoters
enabling the detection of interactions that would have been below the detection threshold for
the HiC study. In addition there are notable differences in analysis strategies for the two
datasets which also contribute to differences in detection of regions. Reddy et al binned the
HiC data into 10Kb regions to identify interacting regions and subsequently used chromatin
marks to identify possible enhancer and promoter regions within these large regions. In
contrast we have used the pCHiC and CHiCAGO algorithm to identify individual HindIII
restriction fragments that are proximal to targeted promoter regions (PIFs), and prioritised
those that have accessible regions within them which could represent various types of
regions that play regulatory roles such as enhancers, CTCF site or facilitator regions,
independent of their chromatin mark composition rather than focusing solely on enhancers.

(3) The authors identify an overlap with some of their identified enhancers with those
from VISTA. Is this a fair comparison seeing as the enhancer reporters were tested during
early embryonic development (e.g. E11.5 and E13.5) and seen to be active in the
hindbrain, would these stages be relevant to GCps from P7? Can the authors identify
ATAC-seq for example from hindbrain from embryonic stages and determine if the
enhancer accessibility profile looks similar to that for the P7 GCps cells?

We thank the reviewer for this important question regarding the developmental relevance of
our VISTA comparison and acknowledge that direct comparison between the time point
requires careful consideration. Firstly ,to address the question of how similar the chromatin
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accessibility profiles are between the embryonic and P7 timepoints, we compared the ATAC-
seq data from our paper to ENCODE data from the hindbrain. Of the 140 vista enhancers that
were intersected with the pCHi-C dataset, 119 were identified from the lacZ studies as active
in the hindbrain at E11.5 whilst 21 were identified as active at timepoint E12.5. We compared
ENCODE ATAC-seq peaks from the E11.5 (ENCFF743IYX) and E12.5 (ENCFF198TLF) hindbrain
to the GCps from P7 across both the entire genome (global accessibility) as well as specifically
+/- 3MB around the VISTA enhancer regions in the PIFs from the pCHiC to assess the
conservation of local accessibility profiles.

When looking at the global accessibility profile of embryonic hindbrain versus P7 GCps
across the whole genome there was a large degree of overlap with ~85% (E11.5) and ~88%
(E12.5) of all ENCODE ATAC peaks overlapping with accessible ATAC summit regions from P7

GCps:
BT GCpt

Encoca E11,5 hindbrsin 2

ATAC iIEHn’JTmI:
Mg PN
Encade E12.5 hindbrain H:; GGpe s

ATAC poaks summi

L 3083 B4438

Author response image 1.

To identify if this was consistent in the immediate chromatin environment of the VISTA
enhancers themselves, we compared the accessibility profiles across timepoints in the local
environment surrounding the VISTA enhancers. This local environment was defined as a
region that added an additional 3MB on either side of all VISTA enhancer positions found in
PIFs. 3MB was chosen as the longest interaction found for a single VISTA element was
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approximately 2.7MB. Consistent with the global analysis a similarly high level of overlap of
accessible regions between the timepoints was found for the local chromatin environment in
surrounding the VISTA enhancers that were found within PIFs in the pCHiC dataset with
~87% (E11.5) and ~89% (E12.5) of encode detected peaks overlapping with accessible ATAC

summit regions from P7 GCps.

Encode E11.5 hindbrain

ATAC peaks
602

4027

P7 GCps
ATAC summits
13230

Author response image 2. Regions +/-3MB of VISTA enhancers in PIFs
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537 13144

4135

Author response image 3. Regions +/-3MB of VISTA enhancers in PIFs

Genome browser shots at the three example VISTA loci from Figure 1 further support this
approach. In addition to this we also note that a recent study by Chen et al (2024
https://www.nature.com/articles/s41588-024-01681-2(4) where capture-HiC performed at
E11.5 of 935 VISTA enhancers across multiple tissues confirmed that the majority of VISTA
enhancer regions (61%) bypass adjacent genes which is consistent with our nearest gene
comparison.

(4) The co-IP experiment appears to support the conclusion that Atoh1 and CHD7 can
interact, however there are bands in lanes where there should not be (i.e. Input lanes 1
and 4 for FLAG blot). It would be recommended to repeat this result at least once.
[Expected time 2-4 weeks].

This experiment has been repeated 3 times with the same result. It is normal for non-specific
background bands to appear on Western blot from total cell lysates (inputs) as most
antibodies have significant cross-reactivity. The anti-FLAG antibody clearly detects bands
above background in lysates where FLAG-tagged CHD?7 is expressed. Most critically, despite
the presence of non-specific bands in input, FLAG-tagged CHD7 is only detected in
immunoprecipitated samples where either FLAG-tagged proteins have been precipitated and
FLAG-tagged CHD7 is expressed and HA-tagged Atoh1 has been precipitated when both FLAG-
tagged CHD7 and HA-tagged Atoh1 are expressed.

(5) The methods section describes analysis of several datasets, however we could not
access the code at the time of review. Do the authors intend to make this code available
at the time of publication?

Yes once the publication is approved all code will be made available along with conda
environment yaml files to replicate the software environment in which the analysis was
performed.
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(6) Page 7 "replicate one and two, respectively". Can the authors clarify the number of
biological replicates performed for pcHi-C?

Two biological replicates were performed for pcHiC which were then bioinformatically
combined into a ‘superset’ for CHiCAGO interaction calling as is standard practice for pcHiC
data (see e.g. Cairns et al, 2016. We have revised the text to make this clearer.

Minor comments:

(1) Page 3 "controlling the expression of 577 genes in GCps" - the authors do not provide
evidence that these enhancers control gene expression directly, this should be reworded.

Thank you. We have reworded to: “contacting the promoters of 577 genes” to indicate that
these were identified using pcHi-C and not functional assays.

(2) Page 5 "where transient amplifying divisions exponentially expand GCps" - at what
stages of embryonic/postnatal development are GCps first detected, and when do they
amplify and then differentiate?

GCps that form the EGL are specified in the rhombic lip from E13.5 (Machold, 2005 and Wang,
2005) and a clear EGL can be observed in the cerebellar anlage from E14 (Ben-Arie, 1997) of
development. They amplify from this stage and differentiation, induced by neurogenic
factors like NeuroD1 is visible from PO onwards (Miyata, 1999). We have amended the text to
include this additional information: “GCps that form the EGL are specified in the rhombic lip
from E13.5 (Ben-Arie et al, 1997; Machold & Fishell, 2005) and a clear EGL can be observed in
the cerebellar anlage from E14 (Ben-Arie et al., 1997) of development. They amplify from this
stage and differentiation, induced by neurogenic factors like NeuroD1 is visible from P0
onwards (Miyata et al, 1999).”

(3) Page 7 "identified 164,387 unique and significant interactions" - how is an interaction
defined, a single read, or evidenced by a certain number of reads. "promoter interacting
fragments or PIFs" - is PIF referring to a single read evidencing an interaction?

An interaction is defined by the CHiCAGO algorithm. The number of reads needed to score an
interaction depends on the both the distance away that PIF is from the promoter (this is
modelled using a distance-dependent component that accounts for decay of contact
frequence with genomic distance) and also includes a component that models how the
sequence or other technical artifacts might influence the capture bias of some sequences
compared to others. For each promoter a background model is generated of the expected
number of reads that would be captured based on the above considerations and if the
number of reads for those regions exceeds this background model by a certain threshold the
interaction is deemed significant using a p-value like score. In practice this means that
regions further from the promoter will often require less reads to signify a significant
interaction compared to regions that are much closer to the promoter. The significant PIFs in
the dataset are all evidenced by a minimum of 3 reads in at least one biological replicate. We
have included a short explanation of this in the methods of the revised manuscript for clarity.

The maximum reads in a single replicate library for a specific PIF was 1557, and the median
number of reads per PIF was 17.

(4) Page 8. What is the distinct between PIFs and "promoter interacting regions (PIRs)"?
These could be better defined in the text.

Thank you for picking up this discrepancy, we were using PIR and PIF interchany. We have
amended the manuscript to refer to PIFs consistently throughout.

| (5) Figure 1C-F. Labels "Random" and "PIFs" don't line up well with the two bars.
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Thank you, this has been corrected.

(6) Page 9. Could the authors show some representative images for the "VISTA hindbrain
enhancers" (e.g. for Figure 1I-K).

We have inserted representative images showing in vivo activity of these enhancers in mouse
embryos from the VISTA enhancer site.

(7) Fig 2G, Page 11 "The 12,354 genes that were linked to a PIF containing an ATAC-seq
peak were found to have a higher median expression level than the 2,049 genes that had
PIFs that did not coincide with ATAC-seq peaks" - is this significant?

Apologies for this oversight. We have performed a two-sided t-test on the log transformed
TPMs between the two groups and have included the significance in the revised figure (p=1.8
e-40).

(8) "Gene Ontology analysis of genes with accessible PIFs revealed a significant
enrichment for 119 biological processes” - can you include the GO terms in a
supplementary table? Is there a way to prioritise down the 12,354 genes to a shorter
more significant list of genes, this seems a long list to include in GO analysis.

We have included a supplementary table with this data in the revised manuscript (Suppl.
Table 6). We included all 12,354 genes in this analysis as the point of this analysis was to
demonstrate that developmental processes are enriched in the PIFs with accessible
chromatin, compared to the genes where only PIFs without ATAC were identified.

(9) Page 11 - "The chromatin remodelling factor CHD7 is essential for normal expansion
of GCps in the postnatal mouse cerebellum (Whittaker et al., 2017b) and deletion of Chd7
from GCps results in striking cerebellar hypoplasia and polymicrogyria (Feng et al., 2017;
Reddy et al., 2021; Whittaker et al., 2017b). CHD7 haploinsufficiency is also sufficient to
cause cerebellar hypoplasia and foliation defects both in mouse models and in the
context of CHARGE syndrome in humans (Whittaker et al, 2017a; Yu et al, 2013)." - this
appears more suitable for the introduction.

Thank you, we have moved this text to the Introduction.

(10) Page 12 "the majority of which (4,663/5,369) displayed decreased accessibility when
Chd?7 is depleted". This was difficult to understand initially - which are expected to be the
direct effects? Increased or decreased accessibility? Perhaps it would be better to focus
only on the decreased accessibility sites?

We have previously shown that the majority of differentially accessible regions in Chd7-
deficient GCps show decreased accessibility. Chromatin remodelling by CHD7 could
conceptually reduce or increase accessibility of a particular locus and the only way to infer
direct effects are by identifying regions to which CHD?7 is recruited.

Approximately ~9% of the sites that decreased in accessibility overlapped with regions bound
by CHD7 (464/4663), whilst ~2% of sites that increased in accessibility overlapped with
regions of CHD7 binding (14/706). Whilst it is likely that the majority of directly regulated
sites decrease in chromatin accessibility when CHD?7 is removed, the number of sites that
increases in accessibility is small but observed and should be included for completeness.

(11) The analysis in Fig 3A reveals that only a small number of CHD7-bound enhancers
show differential accessibility and altered linked gene expression upon CHD7-knock
down. This requires a little more discussion - why do so many sites change in accessibility
compared to the number of sites which change accessibility or are associated with gene
expression change?
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Identifying CHD7-regulated enhancers is challenging, mostly due to the inefficiency of CHD7
ChIP-seq. The low quality of available CHD7 ChIP-seq data has made it particularly difficult to
identify CHD7 peaks. However, the integration of this data with ATAC-seq accessibility,
chromatin modification and pcHi-C data has allowed us to identify a subset of enhancers that
are most likely directly regulated by CHD7. However, given these technical limitations, we
would be hesitant to conclude from the present data that the majority of chromatin
accessibility changes in enhancers in Chd7-deficient GCps are indirect. We have added the
following text to the discussion to indicate this: “Identifying CHD7-regulated enhancers is
challenging, mostly due to the inefficiency of CHD7 ChIP-seq. The low quality of available
CHD7 ChIP-seq data has made it particularly difficult to identify CHD7 peaks. However,
integrating CHD7 ChIP-seq data with ATAC-seq accessibility, histone modification ChIP-seq
and pcHi-C data has allowed us to identify a subset of enhancers that are most likely directly
regulated by CHD7. However, given these technical limitations, we would be hesitant to
conclude from the present data that the majority of chromatin accessibility changes in
enhancers in Chd7-deficient GCps are indirect, as suggested by the data in Fig. 3A.”

(12) Page 12 - "Over-representation analysis confirmed an enrichment of genes linked to
nervous system development” - could this and the GO term analysis be included in a
supplementary figure?

We have included these results as Suppl. Table 7 in the revised manuscript.
| (13) Fig 3D - what does the arrow represent in the chromatin schematic?

The arrow in the schematic indicates chromatin remodelling — we have clarified this in the
figure legend and added headings to these panels to indicate the 3 different types of
elements: Direct CHD7 targets, Indirect targets and CHD7-bound elements.

(14) Fig 3G does not appear to be referenced in the text. The value of the Upset plots in
the main figure 3 wasn't very clear, perhaps these could be moved to the supplement? Is
there a clearer plot to support the conclusion "CHD7 primarily regulates enhancers".

We apologise, the panels were mis-labeled in the text. This has now been corrected. We hope
that the amendments in response to point 13 above now clarifies these findings showing that
direct CHD7 targets are characterised by active enhancer marks.

(15) Page 14 "putative consensus sites for proneural bHLH TAL-family of proteins
Neurog2, Neurod2, Neurod1, and, Atoh1 in elements" - HOCOMOCO motifs are only
shown for Atoh1 and Nhih1. It may be valuable to show the sites for all the listed TFs.
What does white represent in the heatmap in Fig 3H? This plot is difficult to interpret, and
also relatively small in the figure but appears important to conclusions. Perhaps Fig 3H
could be made more prominent?

Thank you for highlighting that the white boxes might be confusing. The white blocks
indicate that these motifs do not pass threshold for significantly enriched in the dataset based
on the p and q values.This has now been clarified in the figure legend.

We have enlarged panel H to make more prominent.

(16) Page 15 - "Myb was the only motif specific to CHD7 bound regions that changed in
accessibility compared to those that exhibited accessibility changes without CHD7
binding or CHD7 binding without accessibility changes (Suppl. Fig. 1)." I couldn't interpret
this sentence, requires clarifying.
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We agree that this description is confusing and since it is difficult to draw clear conclusions
about the significance of enhancers with Myb motifs in this context, we have removed this
sentence from the revised manuscript.

(17) Page 16 and Fig 4B - a discussion of why both up and down regulated genes are
detected for Atoh1 depletion? Which class of genes are expected to be directly regulated
(the down-regulated genes)?

Like most transcription factors, ATOH1 may be able to function as both a repressor and
activator depending on the context. Although the majority of genes are downregulated in
Atoh1-defivcient cells, suggesting that Atoh1 functions as an activator in most cases, our
analysis have identified several up-regulated genes that contain Atoh1 ChIP-seq peaks in their
cognate enhancers (See Suppl. Table 7), consistent with these also being direct Atoh1 targets.

| (18) Fig 5B - the genomic traces are not labelled in this figure.
Thank you, labels have been added.

(19) Page 17 - "Pathway enrichment analysis of the 22 genes compared to all genes that
were expressed in GCps shows a significant enrichment of terms: Hypoplasia of the pons
(HP:0012110 P=0.006) and Abnormal pons morphology (HP:0007361 P=0.016) from
human phenotype ontology, due to the presence of Reln, Dcc, Mab2111 and Gli2." - this
analysis should be included in the supplementary tables.

These results have been included as Suppl. Table 12 in the revised manuscript.

(20) Do the authors have a suggestion for which domains of Atoh1 and CHD7 could be
interacting? Could the authors design truncated constructs for overexpression in HEK
cells to test this hypothesis? [Expected time 4-6 weeks, interesting but not essential to do
experimental work here].

We agree this is an interesting question. Our collaborator, Professor Peter Scambler (UCL) has
performed a yeast two hybrid screen for CHD7 interacting proteins in a mouse E11.5 library
using the CHD7 BRK domain (aa 2521-2708) as bait. The screen had a single hit, which
encompassed the N-term 127aa of ATOH1 (personal communication). This observation
supports our co-IP data and suggests that the N-terminus of ATOH1 interacts with the BRK
domain of CHD7 but further validation will be needed to confirm this.

(21) Page 28 "Differential accessibility analysis was performed using DESeq2 (v 1.22.1)"
and Page 19 "Whereas chromatin accessibility at some of these enhancers were affected
by Chd7-deficiency" - what were the cutoffs used for looking at differentially accessible
regions? Complete loss of accessibility or a quantitative change?

Quantitative change rather than complete loss was used. Thresholds based on adjusted p-
values (padj<0.05) were used as indicated in the methods.

Requested comments on referencing:

- "Long-range" - how do the authors define long-range? Can this be referenced. CO? good
reference here.- look to CHiCAGO paper

- "When chromatin conformation or 3D organisation data is not available, studies
typically assign regulatory elements to the nearest gene promoter" - needs referencing.
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- "Many of these 22 genes requlated by CHD7 and Atoh1 have established critical roles in
cerebellar development, including Neurod2, Pax6 and Gli2 (Fig. 5B)" - needs referencing.
"from human phenotype ontology, due to the presence of Reln, Dcc, Mab2111 and Gli2" -
needs referencing.

Thank you, references have been added.

- "active enhancers (H3K27ac+, H3K4me1+), promoters (H3K27ac+, H3K4me3+),
regulatory elements (H3K27ac+, H3K4me1+, H3K4me3+), or poised enhancers
(H3K4me1+)" - needs referencing.

Thank you, references have been added.

- Reference required in main text for VISTA (e.g. Visel et al., 2007)
Thank you, reference added.

Reviewer #2 (Significance):

The strengths of this manuscript are the integrated approach to identify cell-type specific
enhancers utilizing available epigenomic datasets, and leveraging 3D genome topology
to directly link them to their target genes. For example for the Reln gene previously
implicated in cerebellar phenotypes for CHD7 mutants. The pcHi-C dataset generated in
this study provides a valuable reference for the community of enhancer-promoter pairs
for a specific cell-type of interest with human disease relevance.

We thank the reviewer for recognising the potential value of our work to the community.

The limitations of the study are partially addressed in the text by the authors, including
the resolution from the pcHi-C using a 6-bp cutter, the limitation of sequencing depth
(more interactions may have been identified with more depth), and the limitated of
correlation between replicates (likely due to undersampling the library). Page 9 "some
additional interactions with the nearest gene promoters might be identified in our pcHi-C
dataset with deeper sequencing”.

We thank the reviewer for highlighting our acknowledgements of the potential limitations of
our work.

Additional limitations include the use of the VISTA browser mouse LacZ embryos to
validate some of their enhancers, the limitation here being that the VISTA browser tests
enhancers at embryonic stages (focused at E11.5 and E13.5) while the GCps cells were
collected at P7. The LacZ images from VISTA are also not shown. The HEK cells used for
the co-IP could be seen as a limitation as these are not relevant cells for the cell state
studied, the authors could clarify their use of these cells.

We thank the reviewer for their careful assessment of the limitations of our study. We have
now included images of the VISTA enhancers in Fig. 1L],K. Rather than a limitation, using
irrelevant cells for co-IP might be seen as a better approach, as conceivably the chances of an
indirect interaction between the two proteins being tested by a bridging complex is less in an
irrelevant cell types that might not contain such complexes. Either way, HEK293T cells is the
standard laboratory model for co-IP studies as they can be transfected with ease.

The study reported here is largely based on previous work from the authors (Whittaker et
al 2017b). This study reported that the chromatin remodelling factor CHD7 is essential
for normal expansion of GCps in the postnatal mouse cerebellum and deletion of CHD7
from GCps resulted in the phenotype of cerebellar hypoplasia. This study also largely
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leverages previously published datasets from the Whittaker et al 2017b (e.g. CHD7
deletion data) and reanalyses it in the light of the new pcHi-C datasets.

This manuscript will be of interest to researchers interested in analysing long-distance
targets of as well as researchers trying to understand the precise gene regulation in
cerebellar development. It may also be of interest to clinical geneticists to interpret novel
putative non-coding disease mutations.

We thank the reviewer for highlighting the wide interest of our manuscript.

In assessing this manuscript, my expertise lies in models of human development and
gene regulation, with a focus on enhancer function.

Reviewer #3 (Evidence, reproducibility and clarity):

Riegman et al have explored the gene requlatory landscapes of cerebellar granule cell
progenitors (GCps). They have generated promoter capture Hi-C data to identify regions
that interact with promoters in these cells. In addition they generate ATACseq data in
wild-type and CDH7 knock-out cells. They integrate these data to identify enhancers that
potentially regulate genes in GCps. In addition, the authors identify an interaction
between CHD7 and ATOH1, whose binding sites also overlap in the genome.

The dataset can be potentially interesting for people studying cerebellar development.

I have a few concerns regarding the paper. The most pressing one is that the authors
seem to equate interactions in pcHi-C with regulation. This is problematic for two
reasons. First whether interaction equates regulation is still debated and whether this
can be detected with a low-resolution C-method (i.e. using HindIII) is a further point of
contention.

We thank the reviewer for pointing this out. We agree and apologise for not being clear in
our manuscript. We have made the necessary amendments to indicate that pcHi-C by itself
only assess proximity in the nucleus, not function.

We acknowledge the limitations of the pcHi-C method, including that resolution is limited by
the use of a restriction enzyme. However, we (see e..g. Suppl. Fig. 1) and others (see e.g.
Freire-Pritchett et al (2017) and Mifsud et al (2015)) have used this approach successfully to
identify functional enhancer elements.

The second issue has to do with the way the pcHi-C data is interpreted. What is detected
as a significant interaction by Chicago are regions that have a contact frequence above
background. This means that local regions with a (much) higher contact frequency may
not be called as significant. When we follow the logic that contact frequency is related to
gene activation (which may not necessarily be true) whether a fragment is more
frequently contacted than the background should not matter (relative contact
frequency), rather it should be interpreted based on the absolute contact frequency.

The reviewer is right that local regions will have a higher contact frequency and that local
contacts aren’t always captured by the CHiCAGO model. However, the purpose of this study
was to prioritise the identification of distal elements that are not captured by existing
methods including nearest gene annotation.

There are a number of reasons why absolute contact frequency might not be an appropriate
measure to infer gene regulation: 1) Many factors can affect the absolute contact frequency
including the proportion of cells that are exhibiting active transcription at that time across a
population, especially if expression is limited to a small number of this population at that
time. 2) Absolute contact frequency assumes that more contact results in more regulation
which is not necessarily true and would depend on the combination of factors that are
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associated with that regulatory element. Figure 1 from
https://www.nature.com/articles/s41596-023-00817-8 ™ - Figure 1 — Micro capture C show that
regions with low absolute contact frequency compared to adjacent regions have potential to
regulate gene expression, as have other studies that have used CHiCAGO to identify
regulatory elements. 3) The sequence of some fragments makes them more likely to captured
or enriched in the HiC protocol, which the relative contact frequency above background
controls for.

This becomes relevant because the authors claim that 80% of enhancers are wrongly
annotated based on their metrics. The only way to correctly annotate an enhancer is to
knock it out and checking the effect on genes in the vicinity. Therefore, to claim that their
method can correctly annotate enhancer is grossly overstated, particularly when
considering the issues with contact frequency stated above. Therefore, claims like 80% of
enhancers are wrongly annotated should be removed from the paper. The authors
should discuss how to annotate enhancers, in the Discussion and what the proper
method is for annotations.

We have amended the text to indicate that we do not suggest that VISTA enhancers are
wrongly annotated but incompletely assigned. We apologise for making this suggestion in the
first draft. There is however complementary evidence from Cheng et al (2024), now
referenced in the revised manuscript, that also find 60% of the VISTA enhancers skip their
adjacent gene. It is also well established in the literature that nearest genes are not always
regulated.

Other points:

- The authors claims that PIFs have 2.14 and 2.69 fold enrichment of H3K4me1 and
H3K27ac sites. Did the authors use the whole genome as background. If so, they should
take into account that promoter are more likely in regions of high gene density, which
are more dense in active marks. It would be better to perform local, circular permuation
of the the PIFs around the promoter.

The reviewer is correct that a whole genome background is not an appropriate background
for testing enrichment of active marks within PIFs. Fortunately, this is taken into account in
the CHiCAGO enrichment test which selects the background from fragments that are matched
to the same distance of the PIFs to account for the observation that promoters are more likely
in regions of high gene density and are therefore more enriched for active chromatin
modifications.

- The authors talk about "lead PIF", which is the fragment with the "most significant
CHICAGO score". What does this mean? Something is significant or not, despite common
misuse of the term there is no gradient of significance.

The reviewer makes a good point here and we apologise for the oversight in wording and
have corrected the text to be more specific that the lead PIF is the one with the highest
ChiCAGO score.

- In the GO analysis the categories with the lowest p-value are presented, but this biases
for large categories. It would be more relevant to also select for and show the
enrichment scores.

We agree with the reviewer that a drawback of GO analysis is that it biases for large
categories and that if by ‘enrichment score’ the reviewer means the -log10(p-value) we have
included that in the supplementary tables which also includes the size of the category and
number of genes detected in it.

| Reviewer #3 (Significance):
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The study provides a dataset that may be interesting for people studying cerebellar
development. In that sense the data is mostly interesting from a fundamental viewpoint.
The data seem of good quality.

The authors claim that they a very sizeable fraction of enhancers are misannotated, but I do
not believe that this is correct.

We thank the reviewer for pointing this out. We apologise for creating the impression that
VISTA enhancers are incorrectly annotated. We have amended the text to reflect that these
are incompletely annotated.

| My expertise is 3D genome, bioinformatics.

https://doi.org/10.7554/eLife.111003.1.sa0
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