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Abstract

Enhancer elements that reside within 3
′ untranslated regions (UTRs) are an understudied phenomenon. Given

the independent regulatory functions of enhancers and 3
′ UTRs - enhancers governing pre-transcriptional

control of gene expression and 3
′ UTRs mediating post-transcriptional regulation of messenger RNA (mRNA)

fate - 3′ UTR-associated enhancers may integrate these complementary layers to coordinate gene expression

across multiple regulatory stages. Non-coding variation, impacting regulatory DNA, underpins the genetic

architecture of disease. Indeed, the vast majority of single nucleotide polymorphisms (SNPs) associated with

human complex diseases map to the non-coding genome, with causal variants particularly enriched within

enhancers. Amyotrophic lateral sclerosis (ALS) is a complex neurodegenerative disorder associated with non-

coding risk variants, many of which are increasingly linked to enhancer disruption. The CAV1 gene, encoding

the neuroprotective protein Caveolin-1, is a known ALS risk gene, yet the functional consequences of ALS-

associated variation in its regulatory elements remain largely unexplored. Here, we combine genome-wide

enhancer proőling with targeted experimental validation to deőne a previously uncharacterised ALS-associated

enhancer embedded within the CAV1 3
′ UTR, systematically assess its regulatory potential, and evaluate

the impact of ALS-associated SNPs on enhancer function. We show that an individual ALS-associated SNP

within this 3
′ UTR-associated enhancer may disrupt function on multiple levels: at the DNA and chromatin

level, by altering transcription factor binding with potential effects on recruitment of epigenetic co-regulators;

and at the RNA level, by reshaping the structure and stability of a novel enhancer RNA transcribed from this

locus. Collectively, our őndings highlight this proximal CAV1/CAV2 enhancer as a functionally important

regulatory element embedded with the 3
′ UTR of an ALS risk gene, illustrate how non-coding variants can

impact multiple layers of gene regulation, and provide mechanistic insight into how intragenic enhancers

contribute to ALS risk. More broadly, this work underscores the importance of 3′ UTR-associated enhancers

as modulators of risk gene expression and underexplored contributors to human complex disease.

Key words: Enhancer, 3′ untranslated region (3′ UTR), intragenic enhancer, enhancer RNA (eRNA); amyotrophic

lateral sclerosis (ALS), Caveolin-1 (CAV1), single nucleotide polymorphism (SNP)

Introduction

In contrast to single gene disorders, which are largely driven by

protein-coding variants that often result in substantial phenotypic

effects, complex diseases are caused primarily by non-coding

variants which presumably affect gene regulation (Pickrell, 2014;

Welter et al., 2014). In fact, the vast majority of single nucleotide

polymorphisms (SNPs) associated with human complex diseases

by genome wide association studies (GWAS) map to the non-

coding genome, with causal disease variants enriched within cis-

regulatory elements, particularly promoters and enhancers (Bal

et al., 2022; ENCODE Project Consortium, 2012; Farh et al., 2015;

Hindorff et al., 2009; van Arensbergen et al., 2019). Many complex

trait alleles may therefore act by altering regulatory elements to

inŕuence gene regulation in a cell type-speciőc manner, speciőcally

affecting cell types most relevant to disease phenotype (Farh et al.,

2015; Finucane et al., 2015; Roadmap Epigenomics Consortium
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et al., 2015; Trynka et al., 2013). Yet, the mechanisms by which

non-coding variants contribute to complex disease remain largely

undeőned.

Amyotrophic Lateral Sclerosis (ALS) is a late-onset progressive

neurodegenerative disorder characterised by the degeneration of

the upper and lower motor neurons, presenting with lower motor

neuron-related muscle atrophy resulting from denervation, and

upper neuron-related sclerosis of the corticospinal tract and its

cortical origins (reviewed in Bäumer et al., 2014). The vast

majority of ALS cases are considered to be sporadic, likely

resulting from interactions between genetic and environmental

factors in predisposed individuals, indicative of ALS as a complex

disease (reviewed in Bäumer et al., 2014). Despite genetic factors

being estimated to account for up to 52% of the variance in

ALS development risk in a population-based parent-offspring

heritability study, the majority of sporadic ALS cases have no

associated genetic risk factor identiőed (Ryan et al., 2019). The

bulk of ALS heritability is accounted for by SNPs with associations

below genome-wide signiőcance, potentially implying that many

genetic risk variants of weak effect size are yet to be discovered

and may account for the łmissing heritabilityž associated with

ALS as a complex disease (Manolio et al., 2009; Speed et al., 2012;

van Rheenen et al., 2016). ALS-associated SNPs are increasingly

linked to disruption in enhancer function (Cooper-Knock et al.,

2021; Zhang et al., 2022; Youseőan-Jazi et al., 2020). Sequence

polymorphisms within enhancer elements may contribute to ALS

aetiology via alterations in transcription factor (TF) binding,

chromatin architecture, or enhancer RNA (eRNA) structure and

function (reviewed in Carullo and Day, 2019).

The CAV1 gene, encoding the membrane lipid raft scaffold

protein Caveolin-1 (CAV1), has been established as an ALS

risk gene, with functional genetic variants enriched within

the CAV1 coding sequence in ALS patients (Cooper-Knock

et al., 2021). CAV1 is a key protein component of caveolae,

submicroscopic invaginations in the plasma membranes abundant

in many mammalian cell types (reviewed in Parton and del

Pozo, 2013). Converging evidence suggests a neuroprotective role

for CAV1 in ALS (Cooper-Knock et al., 2021; Egawa et al.,

2018; Head et al., 2011, 2008; Sawada et al., 2019; Takayasu

et al., 2010). Indeed, CAV1 (and CAV2 ) gene expression is

consistently signiőcantly higher in post-mortem brain tissues of

ALS patients versus healthy control individuals (Adey et al., 2023).

Beyond the functional link between CAV1 coding variants and

ALS, rare variant burden analysis has uncovered ALS-associated

variants within enhancers linked with both the CAV1 gene,

and the paralogous Caveolin-2-encoding gene, CAV2 (Cooper-

Knock et al., 2021). Such pathogenic enhancer variants have been

hypothesised to result in reduced transcription of their target

genes, with the associated reduction in CAV1/CAV2 expression

proposed to induce neurotoxicity via the disruption of the

heterooligomeric caveolin complex within membrane lipid rafts of

motor neurons, resulting in impaired cell signalling (Cooper-Knock

et al., 2021; Scherer et al., 1997; Head et al., 2008, 2010). However,

the regulatory activity of candidate CAV1/CAV2 enhancers

containing ALS-associated variants has not been directly tested.

Here, we combine genome-wide enhancer proőling with

targeted experimental validation of a previously uncharacterised

proximal CAV1/CAV2 enhancer within the CAV1 3′ UTR,

systematically assessing its enhancer potential and examining

how ALS-associated variants within this element may inŕuence

enhancer activity. This intragenic location represents a rare

example of an ALS-associated enhancer embedded within the

3′ UTR of an established ALS risk gene, offering a unique

opportunity to investigate how non-coding variants may modulate

enhancer function while directly overlapping a disease-relevant

host gene. Enhancer function is governed by a complex interplay

of factors at multiple levels: at the chromatin level, through

compartmentalisation (Dixon et al., 2012; Nora et al., 2012;

Rao et al., 2014), histone modiőcations (Creyghton et al., 2010;

Heintzman et al., 2007; Rada-Iglesias et al., 2011), and accessibility

(Ernst et al., 2011); at the DNA level, through proximity to

target promoters (Zuin et al., 2022) and the presence of TF

binding motifs (reviewed in Spitz and Furlong, 2012); and at the

transcriptional level, through the production and regulatory roles

of eRNAs (De Santa et al., 2010; Hah et al., 2011; Kaikkonen et al.,

2013; Kim et al., 2010; Li et al., 2013). This multi-dimensional

complexity presents a major challenge in deciphering how enhancer

variants contribute to complex disease. We hypothesise that

ALS-associated SNPs within enhancer regions may disrupt one

or multiple of these molecular features, thereby contributing to

disease phenotype. Importantly, given the dual genicśregulatory

context of 3′ UTR-associated enhancers, the effects of these

variants may reŕect disruption of enhancer activity, 3′ UTR

function, or both. Understanding how such variants shape CAV1

regulation therefore provides a broader framework for linking

non-coding genetic risk to pathogenic mechanisms in ALS.

Results

Chromatin organisation and genomic location of

ALS-associated candidate enhancers

Enhancers located in closer proximity to their target genes -

be that in close linear genomic distance (Zuin et al., 2022) or

through preferential interactions in 3D space (Dixon et al., 2012;

Nora et al., 2012; Sexton et al., 2012; Shen et al., 2012) - are

often associated with stronger regulatory activity. We examined

whether such preferential enhancer-gene proximity is reŕected

in the chromatin organisation of the candidate CAV1/CAV2

enhancer landscape in ALS patient-derived motor neurons.

In order to assess the 3D chromatin architecture of the

candidate CAV1/CAV2 enhancer landscape in the context of

ALS, we utilised published Hi-C count matrices from ALS

patient őbroblast-derived induced pluripotent stem cells (iPSCs)

differentiated in vitro into motor neurons, downloaded from the

ENCODE portal; accession numbers listed in Table 1 (ENCODE

Project Consortium, 2012; Hitz et al., 2023; Luo et al., 2020).

Topologically associating doamins (TADs) were assigned at a

100kb resolution, while sub-TAD structures were resolved at 10kb

to capture őner-scale chromatin interactions (Figure 1a). While

TAD organisation is largely invariant regardless of cell type (Dixon

et al., 2012; Nora et al., 2012; Dixon et al., 2015), sub-TADs can

reconőgure in a cell type-speciőc manner (Dowen et al., 2014; Ji

et al., 2016; Phillips-Cremins et al., 2013; Rao et al., 2014). To

assess őne-scale chromatin structure conservation, we identiőed

whether CTCF in neuroblastoma model cell lines binds at regions

identiőed as sub-TAD boundaries in in vitro differentiated motor

neurons. Using published CTCF ChIP-seq data from SK-N-SH

neuroblastoma cell lines, downloaded from the ENCODE portal,

accession number listed in Table 1 (ENCODE Project Consortium,

2012; Hitz et al., 2023; Luo et al., 2020), we identiőed enrichment

of CTCF ChIP-seq signal at sub-TAD boundaries (Figure 1a;
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Fig. 1: Chromatin organisation of ALS-associated CAV1/CAV2 enhancers

(a) Chromosome topology, as determined by Hi-C contact frequencies, at both 100kb resolution and 10kb resolution, at chr7:114,600,000-

117,950,000 (hg38) in patient-derived iPSCs differentiated in vitro into motor neurons (Zhang et al., 2022); CTCF binding as determined

by CTCF ChIP-seq in SK-N-SH neuroblastoma cells (ENCODE Project Consortium, 2012; Hitz et al., 2023; Luo et al., 2020); candidate

CAV1/CAV2 enhancers identiőed by the ABC model (Cooper-Knock et al., 2021; Fulco et al., 2019); ALS-associated SNPs within

candidate CAV1/CAV2 enhancers identiőed by GWAS (Cooper-Knock et al., 2021). (b) Trackline at chr7:116,164,500-116,201,500 (hg19)

demonstrating ATAC-seq in patient-derived motor neurons; H3K4me1 ChIP-seq in patient-derived motor neurons; H3K27ac ChIP-seq

in patient-derived motor neurons (Zhang et al., 2022); candidate CAV1/CAV2 enhancers identiőed by the ABC model (Cooper-Knock

et al., 2021; Fulco et al., 2019) and ALS-associated SNPs (Cooper-Knock et al., 2021). Position of the CAV1/CAV2 proximal enhancer

(chr7:116,196,622-116,201,351) is highlighted by red dashed box. (c) Trackline at chr7:116,164,500-116,201,500 (hg19) demonstrating

H3K27ac CUT&RUN in SH-SY5Y cells; candidate CAV1/CAV2 enhancers identiőed by the ABC model (Cooper-Knock et al., 2021; Fulco

et al., 2019) and ALS-associated SNPs (Cooper-Knock et al., 2021). Position of the CAV1/CAV2 proximal enhancer (chr7:116,196,622-

116,201,351) is highlighted by red dashed box.

Figure S1), consistent with stable boundary positioning between

these two neurally-relevant cell types.

Both CAV1 and CAV2 were located within the same

TAD (Figure 1a), which, despite its relatively small sub-

megabase size compared to adjacent TADs, contained 64%

of all candidate enhancers in our dataset, predicted to be

associated with CAV1/CAV2 by the Activity-By-Contact (ABC)

model (Fulco et al., 2019; Cooper-Knock et al., 2021). Across

the candidate enhancer landscape, nine sub-TADs (A-I) were

identiőed (Figure 1a), with CAV1 and CAV2 residing in sub-TAD

D. Notably, 48% of enhancers were located within sub-TAD D,

supporting a preferential spatial association between CAV1 and

its putative enhancers in ALS patient-derived motor neurons.

To explore whether candidate enhancers in close spatial

proximity to CAV1/CAV2 harbour ALS-associated SNPs, we

quantiőed ALS-associated SNPs ś identiőed by GWAS as part

of Project MiNE (Cooper-Knock et al., 2021) ś within candidate

CAV1/CAV2 enhancers located in the same TAD as CAV1 and

CAV2. Consistent with the enrichment of candidate enhancers

within the same TAD as CAV1 and CAV2, 70% of the ALS-

associated SNPs in our dataset were within enhancers located

with the CAV1/CAV2 TAD. Similarly, 48% of the ALS-associated

SNPs resided within enhancers in sub-TAD D, mirroring the

enrichment of candidate enhancers in this domain.

Taken together, we have demonstrated that both candidate

CAV1/CAV2 enhancers - identiőed via the ABC model (Fulco

et al., 2019) - and ALS-associated SNPs within these enhancers

- identiőed via GWAS and burden testing (Cooper-Knock et al.,

2021) - preferentially reside within the same chromatin domain as

the CAV1 and CAV2 genes. This pattern persists both at the level

of higher-order chromatin organisation (TADs) and őner-scale

chromatin structures (sub-TADs).

Biochemical annotation of ALS-associated candidate

CAV1/CAV2 enhancers

Next, we characterised the chromatin signatures of candidate

CAV1/CAV2 enhancers to identify disease-relevant, putatively

active enhancers. Speciőcally, we aimed to identify enhancers

of interest that were in accessible chromatin and co-enriched

for characteristic enhancer-associated histone modiőcations across

ALS patient-derived motor neuron samples, enabling the selection

of enhancers for subsequent functional annotation in SH-SY5Y
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cells. To explore chromatin accessibility at candidate CAV1/CAV2

enhancers, we have utilised published ATAC-seq datasets from

iPSC-derived motor neurons from healthy controls and ALS

patients (Zhang et al., 2022), downloaded from the ENCODE

portal; accession numbers listed in Table 1 (ENCODE Project

Consortium, 2012; Hitz et al., 2023; Luo et al., 2020). To explore

the distribution of enhancer-associated histone modiőcations,

H3K4me1 and H3K27ac, across the candidate CAV1/CAV2

enhancer landscape, we have utilised published ChIP-seq datasets

from the same iPSC-derived motor neuron lines (Zhang et al.,

2022), downloaded from the ENCODE portal; accession numbers

listed in Table 1 (ENCODE Project Consortium, 2012; Hitz et al.,

2023; Luo et al., 2020).

We identiőed a proximal enhancer region of interest, spanning

chr7:116,196,622-116,201,351, that is located across the 3′ UTR

of the CAV1 gene, henceforth referred to as the proximal

CAV1/CAV2 enhancer. This enhancer was in accessible chromatin

in all healthy control-derived and patient-derived in vitro

differentiated motor neuron samples, as indicated by ATAC-seq

signal enrichment (Figure 1b). Furthermore, this enhancer region

was co-enriched for H3K4me1 and H3K27ac ChIP-seq signal in

all ALS patient-derived in vitro differentiated motor neuron lines,

and the eldest healthy control-derived sample (Figure 1b).

With the candidate proximal CAV1/CAV2 enhancer displaying

chromatin features characteristic of an active enhancer in ALS

patient-derived motor neurons, we next aimed to functionally

characterise this enhancer and assess the impact of ALS-associated

SNPs in the SH-SY5Y neuroblastoma model cell line. Firstly, to

conőrm that this enhancer remains putatively active in SH-SY5Y

cells, we utilised CUT&RUN for H3K27ac in SH-SY5Y cells to

identify transcriptionally active enhancers in this model cell line.

We observed a signiőcant enrichment for H3K27ac CUT&RUN

signal across the proximal enhancer region (Figure 1c). This

enhancer region demonstrated the highest H3K27ac CUT&RUN

signal enrichment of all of the candidate CAV1/CAV2 enhancers

in our dataset, with a 13.4-fold enrichment in H3K27ac signal

over histone H3 signal. This suggests that, akin to in ALS patient-

derived motor neurons, this candidate enhancer region is predicted

to be active in SH-SY5Y cells.

How does repression of ALS-associated enhancers impact

CAV1 expression?

Next, we aimed to functionally characterise ALS-associated

CAV1/CAV2 enhancer regions to validate enhancer-gene

relationships between putative enhancer regions of interest and

CAV1. Despite biochemical annotation data supporting enhancer

identity for the proximal CAV1/CAV2 enhancer region, this alone

does not conőrm a direct regulatory relationship with CAV1. To

validate that the proximal CAV1/CAV2 enhancer does indeed

regulate CAV1 expression, we targeted the CRISPR interference

(CRISPRi) effector, dCas9-Zim3, to the proximal enhancer,

and for comparison, to the candidate CAV1 promoter and to

a recently characterised distal CAV1/CAV2 enhancer located

∼20kb downstream (chr7:116,220,523-116,225,513), hereafter

referred to as the distal CAV1/CAV2 enhancer (Cooper-Knock

et al., 2021), and observed the impact on CAV1 expression

(Figure 2a,b).

We generated a SH-SY5Y cell line stably expressing the

dCas9-Zim3 CRISPRi effector (via transduction with pHR-UCOE-

SFFV-Zim3-dCas9-P2A-Hygro), with Cas9 expression conőrmed

via western blot (Figure 2c). This cell line was further transduced

with lentiGuide-Puro constructs containing sgRNAs targeting the

regulatory regions of interest and CAV1 pre-mRNA expression was

subsequently measured via RT-qPCR. As expected of regulatory

elements implicated in CAV1 expression, targeting the CRISPRi

effector to both the proximal and distal enhancers, in addition to

the promoter, signiőcantly reduced CAV1 pre-mRNA expression

compared to a scrambled control (Figure 2d). Notably, CRISPRi

targeting of the distal enhancer resulted in a 66% reduction in

CAV1 expression relative to scrambled control, while targeting

the proximal enhancer yielded a 57ś63% reduction, depending

on the sgRNA used. These reductions in expression are of

a comparable magnitude to that observed when targeting the

candidate promoter, which induced a 63% relative reduction in

CAV1 expression, supporting that both the proximal and distal

enhancers act as bona őde CAV1 enhancers.

ALS-associated SNPs alter the regulatory function of the

proximal CAV1/CAV2 enhancer

To quantitatively evaluate the regulatory potential of the

proximal CAV1/CAV2 enhancer, we performed a luciferase

reporter assay in SH-SY5Y cells, with luminescence produced

by the reporter gene directly proportional to the capacity

of the enhancer to drive mammalian gene expression in

vitro. Beyond testing the regulatory function of the WT

proximal CAV1/CAV2 enhancer region, we also employed the

luciferase reporter system to test the basal regulatory impact

of ALS-associated SNPs on enhancer function. We introduced

5 ALS-associated SNPs into the enhancer sequence of the

reporter construct: chr7:116,199,522T>C, chr7:116,200,589T>A,

chr7:116,200,705C>T, chr7:116,200,719C>A and

chr7:116,200,953A>T (Figure 3a). As controls, we included

a negative control reporter construct lacking both the SV40

promoter and enhancer (Figure 3b) and a positive control

construct containing both the SV40 promoter and enhancer

(Figure 3c).

While the proximal CAV1/CAV2 enhancer appeared to

be a comparatively weak enhancer, relative to the strong

SV40 enhancer, it drove signiőcantly more Renilla luciferase-

normalised őreŕy luciferase expression than the negative control

(Figure 3d). Furthermore, two ALS-associated mutations,

chr7:116,200,589T>A and chr7:116,200,705C>T, signiőcantly

impaired enhancer-driven luciferase expression in vitro, compared

to the WT enhancer sequence. Notably, the enhancer sequence

containing the chr7:116,200,589T>A SNP failed to drive luciferase

expression beyond the levels observed in the negative control,

which lacked an enhancer altogether (Figure 3d).

Transcription at candidate CAV1/CAV2 enhancers

Transient transcriptome sequencing is capable of

capturing transient non-coding transcripts

To detect eRNA transcription in SH-SY5Y cells we utilised

transient transcriptome sequencing (TT-seq). TT-seq couples

metabolic labelling with 4-thiouridine (4sU) with RNA fragmentation

for the high-throughput capture of transient non-coding RNAs

(ncRNAs) prior to degradation by the RNA exosome (Schwalb

et al., 2016), and thus has great potential to capture eRNAs,

despite their transience (Figure 4a). For normalisation purposes,

we have utilised a 4-thiouracil (4tU)-labelled Saccharomyces

cerevisiae RNA spike-in. To demonstrate the efficacy of the
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Fig. 2: CRISPRi conőrms identity of CAV1 enhancers

(a) Hi-C contact frequencies at chr7:116,200,000-116,650,000 (hg38) in patient őbroblast-derived iPSCs differentiated in vitro into motor

neurons (Zhang et al., 2022), CTCF binding as determined by CTCF ChIP-seq in SK-N-SH neuroblastoma cells (ENCODE Project

Consortium, 2012, Hitz et al., 2023, Luo et al., 2020), candidate CAV1 cis-regulatory elements identiőed by the ABC model (Cooper-

Knock et al., 2021, Fulco et al., 2019) and ALS-associated SNP within candidate CAV1/CAV2 enhancers identiőed by GWAS (Cooper-

Knock et al., 2021). Candidate CAV1 promoter is shown in blue, proximal enhancer is shown in purple and distal enhancer is shown

in yellow. (b) sgRNA target locations utilised for targeting of dCas9-Zim3 to candidate CAV1 promoter and enhancers. (c) Western

blot demonstrating stable expression of dCas9 in dCas9-Zim3 SH-SY5Y cells, conőrmed by probing with α-Cas9 (Abcam, ab191468)

and α-GAPDH (Proteintech, 60004-1-Ig). (d) Expression of CAV1 mRNA in CRISPRi SH-SY5Y cell lines, as determined by RT-qPCR.

Error bars determined by standard error, p-values determined by Student’s t-test. n=6
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Fig. 3: ALS-associated SNPs alter the regulatory function of the proximal CAV1/CAV2 enhancer

(a) Plasmid map of the luciferase reporter vector, modiőed from pGL3-Promoter, containing the proximal CAV1/CAV2 enhancer with

either the wild-type sequence or with ALS-associated SNPs introduced by site-directed mutagenesis. (b) Plasmid map of the pGL3-Basic

negative control reporter vector. (c) Plasmid map of the pGL3-Control positive control reporter vector. (d) Background-subtracted

őreŕy/Renilla luminescence ratio for the őreŕy reporter construct containing WT and mutated enhancer sequences in SH-SY5Y cells.

Error bars determined by standard error, p-values determined by one-way ANOVA by Tukey’s Honestly Signiőcant Difference (HSD)

test. n = 3

spike-in for controlling variation in global gene expression counts

between replicates, we compared the gene counts between

unnormalised versus spike-in normalised TT-seq data (Figure 4b).

We observed a very strong positive linear relationship between

the gene expression counts of the two replicates of WT SH-SY5Y

TT-seq (Figure 4c).

The coverage of transient intronic transcripts with respect to

exonic transcripts is estimated to be ∼60% for TT-seq, compared

to ∼8% for total RNA-seq (Schwalb et al., 2016). To validate the

usage of TT-seq in SH-SY5Y cells for the capture of transient non-

coding transcripts, we investigated whether we could recapitulate

this ratio in our samples. For each given GENCODE gene

annotation (Frankish et al., 2019), the ratio of intronic versus

exonic transcripts was calculated, for both our TT-seq data and a

published total RNA-seq dataset from WT SH-SY5Y cells (Liu

et al., 2022), data accessible at NCBI GEO database (Edgar

et al., 2002), accession number listed in Table 1. For TT-seq,

we observed a mean percentage intron read count of ∼69% and

∼68% per gene, for replicate 1 and 2, respectively, compared to

∼21% for total RNA-seq (Figure 4d). In order to identify if the

capacity to capture unstable transcripts extended beyond introns,

we investigated the TT-seq coverage over the non-coding genome

as a whole. In comparison to total RNA-seq, where only 13.2%

of the total reads mapped to the non-coding genome, 32.5% and

31.5% of the total reads mapped to non-coding genome for TT-seq

replicate 1 and 2, respectively (Figure 4e).

Using nascent transcription data to identify active

enhancers

Further, we explored the capacity for TT-seq to capture eRNAs in

SH-SY5Y cells by investigating the TT-seq coverage over enhancer

predictions from the ABC model (Fulco et al., 2019). As a control,

we generated chromosome-matched, non-exonic shuffled regions by

randomly permuting the genomic locations of the ABC enhancer

predictions along the same chromosome, excluding coding exons.

In a direct comparison of TT-seq read coverage between ABC

enhancer regions and these non-exonic shuffled control regions,

we observed signiőcantly higher transcriptional activity at ABC

enhancers (Figure 4f), consistent with TT-seq capturing eRNA

transcription genome-wide.

To test whether disease-associated SNPs localise to active

enhancers in physiologically relevant cell types, we investigated

the number of ALS-associated SNPs in actively transcribed

candidate CAV1/CAV2 enhancers versus those absent of TT-seq

read coverage. As expected, transcribed candidate CAV1/CAV2

enhancers, as determined by TT-seq coverage, contain signiőcantly

more ALS-associated SNPs than untranscribed enhancers

(Figure 4g). Transcribed enhancers contained on average 3 SNPs,

whereas untranscribed enhancers contained on average 1 SNP, to

the closest integer. Taken together, these results demonstrate the

utility of TT-seq for capturing transient non-coding RNA species,

including eRNAs transcribed from active enhancers, in SH-SY5Y

cells. Furthermore, the enrichment of ALS-associated SNPs within

transcribed enhancers, as detected by TT-seq highlights the

biological relevance of this approach for linking enhancer activity

to disease-associated genetic variation.

ALS-associated SNPs are predicted to alter eRNA structure

and stability

Identiőcation of novel eRNAs in SH-SY5Y cells

While TT-seq effectively captures eRNA transcription, providing

valuable insights into enhancer activity (Schwalb et al., 2016),

it also detects nascent transcription of other RNA species,

including pre-mRNAs and long non-coding RNAs (lncRNAs).
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Fig. 4: Transient transcriptome sequencing can capture eRNAs genome-wide

(a) Schematic representing the workŕow of TT-seq. Nascent RNA is metabolically labelled in vivo via nucleoside analogue, 4-thiouridine

(4sU). Total RNA is extracted and fragmented. 4sU-labelled fragmented RNA is biotinylated and captured using steptavidin pull-down

prior to library preparation and sequencing (Gregersen et al., 2020; Schwalb et al., 2016). (b) Log-transformed gene counts of WT

SH-SY5Y TT-seq data from two replicates both prior and post spike-in normalisation. (c) Correlation of spike-in normalised gene counts

between WT SH-SY5Y TT-seq replicates. Correlation strength quantiőed by the Pearson correlation coefficient. (d) Exonic to intronic

per gene transcript ratios for TT-seq in SH-SY5Y cells, compared to total RNA-seq in SH-SY5Y cells (Liu et al., 2022), to recapitulate

the expected values for TT-seq, with the coverage of intronic to exonic transcripts per gene estimated to be ∼60% (Schwalb et al., 2016).

(e) Proportion of total TT-seq reads in SH-SY5Y cells that map to non-coding regions of the genome, compared to the corresponding

proportions observed in total RNA-seq data from the same cell type. (f) WT SH-SY5Y TT-seq coverage (log2 CPM+1) over ABC

candidate enhancers (Fulco et al., 2019) compared to shuffled control regions. p-values determined by Wilcoxon Rank Sum. (g) Number

of ALS-associated SNPs (Cooper-Knock et al., 2021) transcribed versus untranscribed candidate CAV1/CAV2 enhancers (Cooper-Knock

et al., 2021; Fulco et al., 2019), as determined by TT-seq in WT SH-SY5Y cells. p-value deteremined by Wilcoxon Rank Sum.
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This broader transcriptional capture introduces potential biases

when quantifying enhancer transcription, as signal attributed to

eRNA production may be confounded by overlapping or nearby

transcription from non-enhancer sources.

To mitigate this, we performed de novo transcript assembly

from TT-seq data, comparing assembled transcripts to the

reference transcriptome and excluding those that exactly matched

or were fully contained within the reference annotation. We further

őltered for transcripts both originating from and fully contained

within candidate CAV1/CAV2 enhancer loci, retaining only those

detected in both SH-SY5Y TT-seq replicates. We identiőed a novel

antisense transcript transcribed from the proximal CAV1/CAV2

enhancer at chr7:116,196,623-116,201,351, henceforth referred to

as eCAV1_WT, consistently assembled from both replicates of

TT-seq (Figure 5a).

To corroborate eRNA production from this enhancer - which

overlaps the CAV1 3′ UTR - and conőrm the presence of

transcription start sites (TSSs) independent of genic transcription,

we analysed publicly available Cap Analysis of Gene Expression

and Sequencing (CAGE-seq) data from WT SK-N-SH cells,

downloaded from the ENCODE portal, accession number listed in

Table 1. (ENCODE Project Consortium, 2012; Hitz et al., 2023;

Luo et al., 2020). CAGE-seq speciőcally captures the 5′ m7G-

cap of RNAs (Shiraki et al., 2003), making it a robust method

for detecting capped RNAs such as eRNAs, which like mRNAs,

are often 5′-capped (Kristjánsdóttir et al., 2020). We observed

complete overlap between the eCAV1_WT transcript and a

CAGE-seq peak within the proximal CAV1/CAV2 enhancer,

supporting enhancer-derived transcription.

eRNA structure and stability prediction

RNA folding into secondary structures can be conceptualised

as the traversal of a complex free energy landscape, where

different secondary structures correspond to local energy minima.

The minimum free energy (MFE) structure represents the

most thermodynamically stable conformation under speciőc

temperature and ionic conditions (Zuker and Stiegler, 1981).

Dynamic programming algorithms, such as RNAfold from the

ViennaRNA package (Lorenz et al., 2011; Hofacker et al., 1994)

and RNAstructure (Reuter and Mathews, 2010), predict RNA

secondary structure by iteratively evaluating the thermodynamic

costs of possible intra-sequence base-pairing interactions to

identify the globally minimal free energy structure (Zuker and

Stiegler, 1981; McCaskill, 1990). Functional RNAs, including

mRNAs and microRNA (miRNA) precursors, exhibit more

negative MFE values than expected based on their nucleotide

composition alone (Bonnet et al., 2004; Seffens and Digby, 1999),

establishing RNA MFE as an indicator of not only potential RNA

stability, but also functionality.

To assess the predicted stability and potential functionality

of CAV1/CAV2 enhancer-associated eRNAs, we performed RNA

secondary structure prediction using RNAfold (Lorenz et al.,

2011). To normalise predicted MFE values, we calculated the MFE

density (MFEden) index, successfully excluding the predominant

inŕuence of sequence length on MFE, allowing for evaluation of

the contributions of nucleotide composition and order to RNA

structural stability, while reducing length-related bias (Trotta,

2014).

The MFE (MFE) of a given RNA sequence with a nucleotide

length (L) is normalised by calculating the MFEden using the

following formula (Trotta, 2014):

MFEden = 100×

MFE − MFErefL
L− L0

Where the MFErefL is the expected MFE for an RNA

sequence of L nucleotides with equimolar ratios of each nucleotide

(A, C, G, and U) and L0 for MFEs computed by RNAfold is

empirically equal to 8 nt (Trotta, 2014).

MFEden mitigates length dependence but remains sensitive

to nucleotide composition and order, providing an estimate of

how sequence features contribute to RNA structural stability

independently of length (Trotta, 2014). Notably, pre-miRNAs

typically exhibit lower MFEden values than expected based on

nucleotide content alone (Trotta, 2014), highlighting the inŕuence

of nucleotide order on RNA folding in this functional RNA species.

To separate the contributions of overall GC content from

explicit nucleotide order to eRNA free energy values, we modelled

expected MFEden as a function of GC content. We computed

the MFEden of shuffled sequences ranging in length from 50 nt

to 1000 nt (in 50 nt intervals) with GC contents of 20%, 40%,

50%, 60%, 70% and 80%, with 100 shuffled sequences generated

for each iteration. Across lengths, GC content emerged as the

dominant contributor to MFEden, remaining largely uniform for

each given GC% (Figure 5b). We őt a second-degree polynomial

regression to describe this non-linear relationship (Figure 5c),

achieving an R2 of 0.979 on the training data and 0.978 on an

independent test set. Residuals were centred near zero (ētrain =

1.90e-13; ētest = 1.36e-01) with negligible correlation to GC

content (rtrain = -7.81e-13; rtest = -2.11e-03), indicating minimal

bias (Figure S2).

In addition to MFEden, we employed the thermodynamic

z-score to statistically evaluate the contribution of nucleotide

order to eRNA stability (Andrews et al., 2018, 2022). Functional

ncRNAs typically have signiőcantly lower MFE values than

randomised sequences with identical nucleotide compositions,

reŕecting ordered nucleotide arrangements forming stable local

secondary structures (Babak et al., 2007; Clote et al., 2005).

The thermodynamic z-score compares the MFE of the native

sequence to the mean MFE of multiple shuffled sequences,

normalised by the standard deviation of all MFE values (Andrews

et al., 2018, 2022; Clote et al., 2005):

z-score =
MFEnative − MFErandom

σ

Where the MFEnative is the MFE of the native RNA sequence,

MFErandom is the mean MFE of the shuffled RNA sequence and

σ is the standard deviation of all MFE values. Negative z-scores

indicate that the native sequence is more stable than expected by

chance, isolating the effect of nucleotide order.

To further assess the contribution of nucleotide order to

predicted RNA stability, we also compared the MFE of native

eRNAs to that of 10 shuffled sequences of identical nucleotide

composition and length, providing a benchmark to distinguish

stability due to speciőc structural motifs from that driven by

general nucleotide composition. This approach assumes that

explicitly stable RNA motifs contribute more substantially to

overall stability than base composition alone.

Together, these metrics provide complementary perspectives

on RNA structural stability. Consistent results across them
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Fig. 5: ALS-associated SNPs in the proximal CAV1/CAV2 enhancer are predicted to alter eRNA structure and stability

(a) Trackline at chr7:116,164,500-116,201,500 (hg19) demonstrating transcripts assembled from TT-seq data in WT SH-SY5Y cells,

including the canonical CAV1 mRNA transcript and novel de novo transcripts of enhancer origin and the corresponding TT-seq coverage;

CAGE-seq in SK-N-SH neuroblastoma cells (ENCODE Project Consortium, 2012; Hitz et al., 2023; Luo et al., 2020); the candidate

enhancers identiőed by the ABC model (Cooper-Knock et al., 2021; Fulco et al., 2019) and ALS-associated SNPs (Cooper-Knock et al.,

2021). eCAV1_WT transcripts are highlighted with a red border. Transcription start sites, as determined by CAGE-seq peaks, denoted

by red asterisks. (b) Mean MFEden versus RNA sequence length for shuffled sequences 50-1000 nt in length (in 50nt intervals) with

GC content of 20%, 30%, 40%, 50%, 60%, 70% and 80%. Each point corresponds to the mean MFEden of 100 shuffled sequences.

(c) Mean MFEden for sequences 50 nt to 1000 nt versus GC content. Line is őtted using a quadratic linear regression model. (d)

MFE structure prediction for the novel CAV1 enhancer-associated antisense eRNA eCAV1_WT (chr7:116,199,437-116,199,680). (e)

Thermodynamic z-score across the length of eCAV1_WT. (f) Native eCAV1_WT eRNA MFE compared to MFE values of shuffled

RNA sequences (n=10). (g) MFE structure prediction for the CAV1 enhancer-associated antisense eRNA upon computational induction

of the chr7:116,199,522T>C ALS-associated SNP, eCAV1_ALS. Location of SNP is denoted by the red star. SNP-dependent structural

changes are highlighted with red boxes. (h) Thermodynamic z-score across the length of eCAV1_ALS. (i) eCAV1_ALS eRNA MFE

compared to MFE values of shuffled RNA sequences (n=10).
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strengthen conődence in predicted eRNA stability, while

discrepancies may reveal biases in structural determinants.

eRNA structure and stability prediction to model

ALS-associated SNPs

To investigate whether ALS-associated SNPs possess the capacity

to alter eRNA structure and stability, we focussed on the

eCAV1_WT transcript, which overlaps the ALS-associated

SNP chr7:116,199,522T>C within the proximal CAV1/CAV2

enhancer. We computationally introduced this SNP into the

eCAV1_WT sequence, generating a variant hereafter referred to

as eCAV1_ALS. By comparing the predicted secondary structure

of eCAV1_ALS to that of the native WT sequence, we assessed

the potential structural and stability changes resulting from this

single disease-associated nucleotide substitution.

We predicted the secondary RNA structure of eCAV1_WT

(Figure 5d) using RNAfold, yielding an MFE of −26.73 kcal/mol

and an observed MFEden (MFEdenobs) of 12.69kcal/mol.

Employing our polynomial prediction model to generate the

expected MFEden (MFEdenexp) for a sequence with the same

GC content (28.28%) yielded the relatively more negative MFEden

value of 12.06kcal/mol, suggesting that eCAV1_WT may be

somewhat less stable than expected from nucleotide composition

alone. The thermodynamic z-score across the eRNA averaged

−0.032 with a minimum z-score of −6.78 (Figure 5e). Comparison

of the MFE of eCAV1_WT to that of 10 shuffled sequences

of identical nucleotide composition and length resulted in very

similar MFE values (Figure 5e), indicating a limited contribution

of speciőc local sequence motifs to overall RNA stability.

To model the impact of the chr7:116,199,522T>C SNP,

we predicted the secondary RNA structure of eCAV1_ALS

(Figure 5g), yielding a relatively more negative MFE of

−29.61 kcal/mol and a slightly lower MFEdenobs of 11.47kcal/mol.

Introduction of the SNP marginally increased the GC-content

of the eRNA (28.69%), with the polynomial prediction model

generating a MFEdenexp of 11.92kcal/mol. In contrast to

eCAV1_WT, the MFEdenobs for eCAV1_ALS was slightly

more negative than expected, suggesting that nucleotide order

may enhance stability beyond the effect of GC content alone.

In addition to the changes in the MFE, we visually observed

alterations in the secondary RNA structure upon induction of the

ALS-associated SNP. The large multiloop present in eCAV1_WT

- with two small hairpin loops and a helix - was replaced in

the eCAV1_ALS variant by a smaller multiloop containing two

helices and an interior loop, in addition to a larger hairpin loop

branching off the multiloop. In concordance with the reduction in

MFE upon induction of the mutation, the mean thermodynamic

z-score decreased to −0.066, with a minimum z-score of −10.1

(Figure 5h), indicating increased structural stability associated

with the SNP. Of note, the minimum z-score in the WT eRNA

sequence, and hence the most stable structure within the eRNA,

corresponded to the stem loop 84 nt into the RNA sequence,

whereas in the ALS variant it was attributed to a larger stem

loop absent in the WT eRNA structure. Comparing the MFE of

eCAV1_ALS to shuffled sequences revealed that the ALS SNP-

containing eRNA had a consistently more negative MFE than

random sequences (Figure 5i), indicating that, when compared

to the WT sequence, introduction of the ALS-associated SNP

enhanced structural stability.

The predicted impact of ALS-associated SNPs on transcription

factor binding and downstream coactivator function

The impact of CBP/p300 inhibition on CAV1 mRNA

and eRNA transcription

As previously established, the proximal CAV1/CAV2 enhancer

exhibits strong enrichment of H3K27ac CUT&RUN signal

(Figure 1c), overlapping sites of de novo eRNA transcription

(Figure 5a). CREB-binding protein (CBP)/p300 are key histone

acetyltransferases responsible for depositing acetyl groups on

histones ŕanking enhancers (Hilton et al., 2015; Narita et al.,

2021; Miao et al., 2022). To determine whether CBP/p300

catalytic activity contributes to the regulation of CAV1 expression

and enhancer activity, we treated SH-SY5Y cells with A-

485, a potent CBP/p300 catalytic inhibitor (Lasko et al.,

2017), and quantiőed CAV1 pre-mRNA and bidirectional eRNA

expression at the proximal CAV1/CAV2 enhancer by RT-

qPCR relative to untreated cells (Figure 6a). A-485 treatment

resulted in a reduction in overall CAV1 pre-mRNA expression,

relative to untreated SH-SY5Y cells. Indicative of CBP/p300-

dependent activity at the proximal CAV1/CAV2 enhancer, we

also detected a signiőcant decrease in both sense and antisense

eRNA transcription upon A-485 treatment, compared to untreated

SH-SY5Y cells (Figure 6b).

ALS-associated SNPs are predicted to alter

protein-binding motifs in CAV1/CAV2 enhancers

Utilising the JASPAR database for TF binding proőles

(Rauluseviciute et al., 2024), we investigated whether ALS-

associated SNPs within the proximal CAV1/CAV2 enhancer

disrupt putative TF binding sites. After őltering for statistical

signiőcance (p = 10−4), we identiőed motifs for MEF2A, MEF2B,

MEF2C and MEF2D that overlap with the site of the ALS-

associated SNP chr7:116,199,522T>C. The MEF2 family was of

particular interest, as MEF2 TFs are implicated in neuronal

survival (Gong et al., 2003; Mao et al., 1999; Yang et al., 2009)

and are key regulators of activity-dependent synapse development

(Flavell et al., 2006; Shalizi et al., 2006). Homo- and heterodimers

of MEF2 proteins bind directly to DNA regions possessing the

MEF2 response element consensus sequence YTA(A/T)4TAR

(Gossett et al., 1989), and nearly exact matches to this

sequence were present on the reverse strand at chr7:116,199,520-

116,199,531, placing the SNP directly within the binding motif

(Figure 6c).

Position weight matrix (PWM) analysis revealed that at

chr7:116,199,522, MEF2B and MEF2D have maximal binding

preference for A, with a frequency of 1.00, suggesting that

the chr7:116,199,522T>C SNP could strongly disrupt binding.

MEF2A and MEF2C also exhibited strong preference for A at

the same position, with frequencies of 0.96 and 0.99, respectively.

With the T>C substitution resulting in a base change to a G on

the reverse strand, binding potential for MEF2A and MEF2C may

be retained, though diminished, with frequencies of 0.03 and 0.01

for G, respectively.

To test the functional impact of impaired MEF2 binding at the

proximal CAV1/CAV2 enhancer, we performed siRNA-mediated

knockdown of Mef2d in SH-SY5Y cells and quantiőed CAV1

mRNA and eRNA expression by RT-qPCR (Figure 6d). While we

observed no signiőcant difference in CAV1 pre-mRNA expression

between Mef2d siRNA-treated cells and control siRNA-treated

cells, we observed a signiőcant reduction in expression of both
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GCCAAAAATGGA

GCCAAAAATAGA WT

chr7:116,199,522T>C

MEF2A 
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Fig. 6: ALS-associated SNPs are predicted to impact transcription

factor and cofactor binding at the proximal CAV1/CAV2 enhancer

(a) Schematic representation of the primers used for RT-qPCR.

Sense and antisense eRNA primers designed based on assembled

TT-seq transcripts. (b) RT-qPCR for overall CAV1 pre-mRNA,

sense and antisense eRNA expression in SH-SH5Y cells treated

with A-485 compared to untreated SH-SY5Y cells. Error bars

determined by standard error, p-values determined by unpaired

t-test. n=3. (c) MEF2 binding site motifs and position weight

matrices from the JASPAR database (Rauluseviciute et al.,

2024) at chr7:116,199,520-116,199,531 (-), comparing the CAV1

sequence occurrence and the motif consensus, with sites of the

chr7:116,199,522T>C shown in red. (d) RT-qPCR for overall

CAV1 pre-mRNA, sense and antisense eRNA expression in SH-

SH5Y cells treated with PBS (negative control), negative control

siRNA and with Mef2d siRNA. Error bars determined by standard

error, p-values determined by unpaired t-test. n=3.

the sense and antisense CAV1 eRNAs in Mef2d siRNA-treated

cells, in comparison to control siRNA-treated cells.

Taken together, these results suggest that CBP/p300 and

MEF2D activity is required for robust transcriptional activity at

the proximal CAV1/CAV2 enhancer, with the catalytic activity

of CBP/p300 additionally required to support CAV1 mRNA

transcription.

Discussion

We conőrm the identity of an ALS-associated enhancer located

within the 3′ UTR of the ALS risk gene CAV1. Prioritising

enhancers for functional assessment based on their proximity to

the CAV1 promoter - under the assumption that closer enhancers

may exert stronger regulatory effects (Zuin et al., 2022) - led

to the identiőcation of this 3′ UTR-associated enhancer. Within

the CAV1/CAV2 regulatory network, ALS-associated enhancer

variants converge on a spatially clustered enhancer landscape,

with both candidate CAV1/CAV2 enhancers and their embedded

disease-associated SNPs preferentially residing within the same

TAD and sub-TAD as CAV1/CAV2 in ALS patient-derived motor

neurons (Figure 1a). To our knowledge, this represents one of the

őrst examples of a disease-associated enhancer located within the

3′ UTR of its own risk gene. This őnding highlights a rare instance

of an intragenic, disease-associated enhancer within an established

ALS risk gene.

3′ UTR-associated enhancers remain an underexplored

regulatory phenomenon, largely due to the challenges of

distinguishing eRNA transcription from readthrough of the host

gene into its 3′ UTR. For this reason, most enhancer discovery

efforts have focused on intergenic and intronic regions, where the

signatures of enhancer activity are less confounded by overlapping

gene transcription. This challenge is exacerbated by the increasing

recognition of transcription at the 3′ termini of protein-coding

genes, which gives rise to terminus-associated non-coding RNAs

(TANRs) with regulatory functions (Ni et al., 2020). At the CAV1

3′ UTR, biochemical proőling of enhancer-associated histone

modiőcations indicated strong enhancer activity (Figure 1b, c),

which we validated in vitro by CRISPRi and luciferase reporter

assays (Figure 2, Figure 3). Proőling nascent transcription

genome-wide using TT-seq in SH-SY5Y cells further revealed

nascent transcription across the CAV1 3′ UTR (Figure 5a). To

determine whether this observed nascent transcription represented

eRNA rather than readthrough transcription from CAV1, we

combined de novo transcript assembly with publicly available

CAGE-seq (Figure 5a). Transcript assembly recovered the

canonical CAV1 mRNA and the novel downstream transcript,

eCAV1_WT. The overlap of eCAV1_WT with a distinct CAGE-

seq peak downstream of the assembled CAV1 mRNA supports

transcription initiation from a de novo TSS in the CAV1 3′

UTR. Together, these data substantiate the presence of bona

őde enhancer activity at the CAV1 3′ UTR that drives eRNA

transcription.

Having established enhancer activity at this locus, we

investigated the potential impact of ALS-associated SNPs within

the proximal CAV1/CAV2 enhancer. By combining in silico

predictions with experimental validation, we modelled how these

enhancer variants may inŕuence molecular function on multiple

levels, including the impact on enhancer regulatory DNA and

the eRNA transcribed from this locus. Even within the same

enhancer element, ALS-associated SNPs may exert their effects
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through distinct pathways. This complexity is further compounded

by the dual genic-regulatory context of 3′ UTR-associated

enhancers. As such, we cannot conclude whether the predicted

or observed impacts of ALS-associated SNPs reŕect disruption of

enhancer activity, 3′ UTR function, or both. However, explicitly

disentangling enhancer from 3′ UTR function at this locus

risks overlooking the integrated regulatory impact of this locus.

The presence of őve independent ALS-associated SNPs within

the proximal CAV1/CAV2 enhancer suggests that disruption of

this region is functionally important, with individual variants

potentially acting through distinct mechanisms - differentially

impacting enhancer activity, 3′ UTR regulation, or both - yet

converging on pathways relevant to ALS pathogenesis.

Screening ALS-associated SNPs within the proximal CAV1/

CAV2 enhancer via luciferase reporter assays demonstrated that

enhancer variants can reduce enhancer regulatory activity in

this system, with chr7:116,200,589T>A and chr7:116,200,705C>T

signiőcantly impairing the ability of the enhancer to drive reporter

gene expression compared to the WT enhancer sequence. In

contrast, our in silico predictions did not implicate these SNPs as

potential disruptors of TF binding and eRNA structure, instead

highlighting chr7:116,199,522T>C as a variant with potential

multifactorial effects, predicted to impact enhancer function at

both the DNA and RNA level.

To explore the RNA-level consequences of ALS-associated

SNPs in the proximal CAV1/CAV2 enhancer, we modelled the

structure and stability of the antisense eRNA eCAV1_WT,

assembled from SH-SY5Y TT-seq data, compared to eCAV1_ALS,

generated by the in silico introduction of the chr7:116,199,522T>C

substitution (Figure 5). The ALS variant induced predicted

structural rearrangements and consistently increased predicted

stability across multiple computational metrics, including more

negative MFE and MFEden values and lower thermodynamic

z-score minima. Structural modelling revealed the emergence

of a hairpin loop structure in eCAV1_ALS absent from the

WT structure, highlighting the ability of a single nucleotide

substitution to reorganise local RNA folding and enhance overall

folding stability. These observations provide a proof-of-concept

that ALS-associated SNPs can substantially alter eRNA folding

landscapes and underscore the importance of nucleotide order in

shaping eRNA structure and stability.

Such structural rearrangements may inŕuence eRNA half-

life, RNA-protein interactions, and recruitment of chromatin

regulators, potentially altering enhancer activity and downstream

target gene expression. The expanded hairpin loop structure

introduced by the ALS variant may have functional consequences,

as such structural motifs can act as kinetic barriers to unfolding,

enhancing overall RNA stability (Rissone et al., 2022), or

provide platforms for structure-speciőc protein binding (reviewed

in Svoboda and Di Cara, 2006; Harrison and Bose, 2022). For

sequence-independent functions of eRNAs, such as CBP binding

(Bose et al., 2017), the increased overall stability bestowed by

the hairpin loop could enhance eRNA functionality by improving

resistance to degradation. Thus disease-associated alterations in

eRNA structure and stability may represent a mechanism by

which non-coding SNPs contribute to disease risk. Experimental

approaches such as road-block qPCR (Watson et al., 2020) or

thiol(SH)-linked alkylation for the metabolic sequencing of RNA

(SLAM-seq) (Herzog et al., 2017) could be employed to test

whether ALS-associated SNPs indeed alter eRNA half-life, while

future studies will be necessary to test whether these structural

changes exist in a physiological context, impact eRNA function,

enhancer activity, or target gene expression in neuronal contexts

relevant to ALS. The proximal CAV1/CAV2 enhancer may be

more prone to DNA sequence-dependent changes in activity, due to

the inherent evolutionary conservation of 3′ UTR sequences (Siepel

et al., 2005; Xie et al., 2005). Disease-associated variants are

enriched in evolutionarily conserved putative enhancer elements

(Hujoel et al., 2019). Sequences under strong negative selection

are more likely to harbour causal genetic variants, potentially

due to the critical component of sequence in determining their

function. Consequently, variants within conserved regions are

more likely to exert a phenotypic effect, paralleling the impact

observed for mutations in conserved protein-coding regions (Reva

et al., 2011). Consistent with this, our analyses predict that the

chr7:116,199,522T>C SNP in the proximal CAV1/CAV2 enhancer

may impair binding of MEF2 family transcription factors.

To model the potential impact of impaired MEF2D binding

at this locus, we performed siRNA-mediated knockdown of

MEF2D in SH-SY5Y cells, which resulted in a signiőcant

reduction in both CAV1 mRNA and eRNA transcription from

the proximal enhancer, highlighting the importance of MEF2

activity for robust transcription at this locus. Given that

MEF2 can recruit epigenetic co-regulators, including CBP, to

modulate chromatin structure (He et al., 2011; Youn et al.,

2000), impaired MEF2 binding may reduce CBP recruitment,

leading to altered chromatin accessibility, diminished RNAPII

recruitment, and ultimately compromised enhancer activity. The

similar reductions in CAV1 mRNA and eRNA expression observed

upon CBP/p300 inhibition (Figure 6b) and MEF2D knockdown

(Figure 6d) support the notion that MEF2D and CBP/p300 may

act in a coordinated manner to regulate activity at the proximal

CAV1/CAV2 enhancer. Future studies using genetically modiőed

cell lines harbouring the chr7:116,199,522T>C SNP could directly

test these predicted disruptions to TF binding and co-activator

recruitment. Immunoprecipitation-based assays, such as ChIP-

qPCR, would enable assessment of the impact of the SNP on

MEF2 binding, CBP recruitment, and H3K27ac deposition at the

proximal enhancer.

Collectively, our results highlight the proximal CAV1/CAV2

enhancer as a functionally important regulatory element embedded

within the 3′ UTR of the ALS risk gene, CAV1. This unique

intragenic context provides a rare opportunity to link non-

coding ALS-associated variants directly to both enhancer function

and host gene regulation, offering mechanistic insight into

how these SNPs may contribute to disease risk. In particular,

the chr7:116,199,522T>C SNP exempliőes how a single variant

can differentially impact multiple layers of regulation: altering

enhancer DNA sequence to disrupt transcription factor binding,

inŕuencing recruitment of epigenetic co-regulators and chromatin

remodelling, and reshaping the structure and stability of the

transcribed eRNA. These multifactorial effects may converge to

őne-tune CAV1 expression, offering a mechanistic explanation

for how non-coding variants within a single intragenic enhancer

contribute to ALS pathogenesis. While the physiological impact of

these changes remains to be established, our őndings highlight the

value of investigating non-coding regulatory elements - particularly

intragenic enhancers within 3′ UTRs - as modulators of risk gene

expression and potential contributors to ALS risk. Moreover, by

focusing on a 3′ UTR-associated enhancer, we provide insight into

an underexplored mechanism that may contribute to the unique

transcriptional and regulatory proőles of 3′ UTRs, warranting
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future studies in disease-relevant models to assess their functional

consequences in vivo.

Materials and Methods

Molecular biology and cloning

Polymerase chain reaction (PCR) was performed in a 50 µl

volume: 0.5 µl PFuUltra II fusion HS DNA Polymerase (Agilent),

5% dimethyl sulfoxide (DMSO, Sigma), 200µM dNTP mix,

0.5 µM forward and reverse primer, and template DNA. DNA

was denatured at 95 °C with an extension temperature of 72

°C, with 30 cycles. Successful assembly and base substitutions

were conőrmed by Sanger sequencing (Euroőns Genomics) with

pre-mixed primers.

Wild-type and ALS-associated CAV1 enhancer constructs

were generated from a synthetic CAV1 enhancer G-block

(CAV1_enhancer_WT, Thermo Fisher GeneArt). ALS-associated

mutations were introduced by site-directed mutagenesis, and

fragments were cloned into the pGL3-Promoter vector (Promega,

#E1761) using MluI and XhoI restriction sites. Plasmids used

for CRISPRi were pHR-UCOE-SFFV-Zim3-dCas9-P2A-Hygro

(Zim3-dCas9, Addgene #188768) (Replogle et al., 2022) and

modiőed from lentiGuide-Puro (Addgene #52963) (Sanjana et al.,

2014). sgRNAs were cloned into lentiGuide-Puro using a modiőed

protocol from the Zhang lab (Sanjana et al., 2014; Shalem

et al., 2014). Brieŕy, two oligonucleotides were designed for each

sgRNA containing overhangs compatible with BsmBI digest of the

lentiGuide-Puro vector. sgRNA sequences are listed in Table S1.

Mammalian cell culture

SH-SY5Y cell cultures were maintained in Dulbecco’s Modiőed

Eagle’s Medium (DMEM) (Cytiva) supplemented with 10% (v/v)

heat-inactivated foetal bovine serum (FBS) (Thermo Fisher) and

50U/ml Penicillin/Streptomycin (Thermo Fisher) at 37 °C, 5%

CO2. SH-SY5Y cell cultures stably expressing Zim3-dCas9 were

maintained in DMEM supplemented with 10% (v/v) FBS and

500µg/ml Hygromycin B (Thermo Fisher) at 37 °C, 5% CO2.

HEK293FT cell cultures were maintained in DMEM supplemented

with 10% (v/v) FBS and 50U/ml Penicillin/Streptomycin at 37 °C,

5% CO2.

Transfection and transduction of plasmid DNA

Electroporation of SH-SY5Y cells with pGL3-Promoter (and

derivatives, Promega #E1761), pGL3-Basic (Addgene #212936),

pGL3-Control (Addgene #212937), and 759_Renilla (derived

from pGL4.70[hRluc], Promega #E6881) was performed using

the Neon® Transfection System (Thermo Fisher) according to

the manufacturer’s instructions. For luciferase reporter assays,

transfections were performed in DMEM without phenol red

(Cytiva, SH30284.01) supplemented with 10% FBS. For Dual-

Glo luminescence experiments, vectors were co-transfected with

759_Renilla at a 1:1 ratio, with equal concentrations of

plasmid used for each condition. For SH-SY5Ys the pulse

conditions were set to 1200V, at a 20ms pulse width with

3 pulses. For generation of SH-SY5Y polyclonal lines stably

expressing Zim3-dCas9 for CRISPRi and delivery of gRNA

constructs (modiőed from lentiGuide-Puro), lentiviral packaging

of transfer plasmids was performed in HEK293FT cells with

the pMD2.G (VSVG) envelope (Addgene #12259) and psPAX2

(Addgene #12260) packaging plasmids. Transfections were carried

out using LipoD293 (SignaGen Laboratories) according to the

manufacturer’s instructions. Lentivirus was concentrated using

Lenti-X concentrator (Takara Bio) and used to transduce SH-

SY5Y cells in the presence of 8 µg/ml polybrene.

Antibiotic selection

For CRISPRi, SH-SY5Y cells expressing Zim3-dCas9 were selected

with 500µg/ml hygromycin. Following gRNA transduction, cells

were selected with 500µg/ml hygromycin and 1mg/ml puromycin

for one week, followed by maintenance with 500µg/ml hygromycin

and 2mg/ml puromycin.

Small molecule treatment

The small molecule A-485 (Stratech) was used to inhibit

CBP/p300 histone acetyltransferase activity (Lasko et al., 2017).

SH-SY5Y cells were treated with 5µM A-485 for 48 hours, with

PBS-treated cells as a negative control.

siRNA treatment

siRNA-mediated knockdown was performed in SH-SY5Y cells

using the Neon® Transfection System (Thermo Fisher) as

previously described. Cells were transfected with 150nM MEF2D

siRNA (Silencer Select, Thermo Fisher), 150nM negative control

siRNA (Silencer, Thermo Fisher), or PBS. RNA was extracted 48

hours post-transfection for RT-qPCR.

Western blot

To validate stable expression of Zim3-dCas9 in transduced SH-

SY5Y cells, a western blot probing for α-Cas9 was performed.

SH-SY5Y cells were washed with PBS, harvested by centrifugation

and the cell pellet was lysed in RIPA Lysis Buffer (50mM Tris

HCl (Sigma) pH 8 at 4 °C, 100mM NaCl (Melford), 2mM

MgCl2 (Thermo Fisher), 1% Triton X-100 (Sigma), 0.1% Sodium

deoxycholate (Sigma), 0.1% Sodium Dodecyl Sulfate (SDS,

Sigma)), supplemented with 1mM Dithiothreitol (DTT, Melford),

1X Halt phosphatase inhibitor cocktail (Thermo Fisher), 10mM

sodium butyrate (Sigma) and 500U/100µl Benzonase (Insight

Biotech). 25-50µg of protein lysate was prepared, with addition

of 1X Invitrogen NuPAGE LDS Sample Buffer (Thermo Fisher),

and loaded onto a NuPAGE 3-8% Tris-Acetate gel (Thermo

Fisher), and run using 1X Tris-Acetate SDS running buffer, with

500µl Invitrogen NuPAGE Antioxidant (Thermo Fisher). Gel

was transferred onto nitrocellulose membrane using the semi-dry

Trans-Blot Turbo Transfer System (Bio-Rad) and the Trans-

Blot Turbo Mini 0.2µm nitrocellulose transfer packs (Bio-Rad),

before blocking and probing for α-GAPDH (1:10,000, Proteintech,

60004-1-Ig) and α-Cas9 (1:500, Abcam, ab191468). Western blots

were imaged using G-BOX Chem-XRQ (Syngene) and GeneSys

software. Images were processed with ImageJ.

Luciferase reporter assays

24 hours following transfection of luciferase reporter constructs

into SH-SY5Y cells, őreŕy and Renilla luciferase activity

was measured using the Promega Dual-Glo luciferase assay

system (Promega) according to the manufacturer’s instructions.

Luminescence subsequently measured using Hidex Sense plate

reader and luminescence settings (orbital shake with 5 second

duration, IR cutoff őlter and 5 second counting time). Relative

luciferase activity was calculated as ratio of őreŕy to Renilla
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signal and normalised to PBS-treated controls. Error bars were

calculated using standard error. Signiőcance of results were

determined by one-way ANOVA test using the aov function in R,

followed by computation of Tukey Honest Signiőcant Differences

using the TukeyHSD function.

Quantitative reverse transcription PCR (RT-qPCR)

Total RNA was extracted from SH-SY5Y cells using TRIzol

reagent (Thermo Fisher) with chloroform phase separation and

isopropanol precipitation. RNA concentration was quantiőed using

Qubit RNA Broad Range assay kit (Thermo Fisher) and a Qubit

4 ŕuorometer (Thermo Fisher). 2µg of RNA per sample was taken

to generate cDNA by reverse transcription. Reverse transcription

was performed using either the High-Capacity cDNA kit (Thermo

Fisher) or the High-Capacity RNA-to-cDNA kit (Thermo Fisher),

according to manufacturer’s guidelines. RT-qPCR was performed

using Power SYBR Green PCR Master Mix (Thermo Fisher)

on a QuantStudio 12K Flex system. Primers used for target

genes, including CAV1 coding sequences and eRNAs, are listed

in Table S2. Primer concentrations ranged from 100ś600 nM.

Relative gene expression was calculated using the ∆∆Ct method

with 18S rRNA as an internal control. All experiments were

performed at least in triplicate. Error bars represent standard

error of the mean. Statistical signiőcance was determined using

unpaired moderated t-tests with the limma eBayes (Ritchie et al.,

2015) function or paired t-tests using the ttest function in R.

Published dataset sources

In addition to iPSC-derived motor neuron datasets, we also

utilised published datasets from WT SK-N-SH and SH-SY5Y

neuroblastoma cells. A summary of the sources of published

datasets, including accessions is provided in Table 1.

Hi-C

In situ Hi-C contact matrices for in vitro differentiated motor

neurons (Zhang et al., 2022) were downloaded from the ENCODE

portal; accession numbers are listed in Table 1 (Luo et al.,

2020; Hitz et al., 2023; ENCODE Project Consortium, 2012).

The HiCExplorer command line suite (Ramírez et al., 2018) was

utilised to convert őle formats using the tool hicConvertFormat.

Contact domains and TAD boundaries were identiőed using the

tool hicFindTADs and the ŕag ścorrectForMultipleTesting fdr.

For downstream analysis of chromosome topology in ALS patients,

Hi-C contact matrices from ALS patient derived motor neurons

were combined using the HiCExplorer (Ramírez et al., 2018) tool

hicSumMatrices. Conőguration őles for plotting Hi-C track lines

were generated using the make_tracks_file function from the

pyGenomeTracks package. Subsequently track lines were plotted

using hicPlotTADs tool from HiCExplorer (Ramírez et al., 2018)

with the hg38 plotting region deőned using the śregion ŕag.

To generate heatmaps demonstrating CTCF binding at TAD

boundaries, CTCF ChIP-seq data from SK-N-SH neuroblastoma

cells was downloaded from the ENCODE portal with accession

number listed in Table 1 (Luo et al., 2020; Hitz et al., 2023;

ENCODE Project Consortium, 2012). Matrices of CTCF signal

around TAD boundaries were computed using the deepTools suite

with the tool computeMatrix with the scale-regions parameter

and the ŕags -a 500 -b 500. Heatmaps were plotted using the

deepTools tool plotHeatmap (Ramírez et al., 2016).

Assay for transposase-accessible chromatin with sequencing

(ATAC-seq)

ATAC-seq datasets from iPSC-derived motor neurons from healthy

controls and ALS patients (Zhang et al., 2022) were downloaded

from the ENCODE portal; accession numbers are listed in Table 1

(Luo et al., 2020; Hitz et al., 2023; ENCODE Project Consortium,

2012).

Chromatin immunoprecipitation sequencing (ChIP-seq)

H3K27ac and H3K4me1 datasets, including pseudoreplicated peak

and fold change over control őles, from iPSC-derived motor

neurons from healthy controls and ALS patients (Zhang et al.,

2022) were downloaded from the ENCODE portal; accession

numbers are listed in Table 1 (Luo et al., 2020; Hitz et al., 2023;

ENCODE Project Consortium, 2012).

RNA-sequencing (RNA-seq)

Total SH-SY5Y RNA-seq raw fastq őles (Liu et al., 2022) were

downloaded from the NCBI GEO database, with accession number

listed in Table 1 (Edgar et al., 2002), and aligned to the hg19

reference genome using the STAR aligner (Dobin et al., 2013)

with the ŕags śoutSAMtype BAM SortedByCoordinate śquantMode

TranscriptomeSAM śoutFilterType BySJout śpeOverlapNbasesMin

40 śpeOverlapMMp 0.8.

Cap analysis of gene expression sequencing (CAGE-seq)

Cap analysis of gene expression sequencing (CAGE-seq) dataset

from SK-N-SH cells was downloaded from the ENCODE portal

with accession number listed in Table 1 (Luo et al., 2020; Hitz

et al., 2023; ENCODE Project Consortium, 2012).

Visualisation of next-generation sequencing data

For visualisation of output bigWig őles and transcript GTF őles,

tracklines were generated using pyGenomeTracks (Lopez-Delisle

et al., 2021; Ramírez et al., 2018), with gene locations provided by

TxDb.Hsapiens.UCSC.hg19.knownGene (Carlson and Maintainer,

2015).

Cleavage under targets and release using nuclease

(CUT&RUN) sequencing

Cleavage under targets and release using nuclease (CUT&RUN)

sequencing libraries were generated using the CUT&RUN kit from

Active Motif, as per manufacturer’s guidelines. Isolated nuclei

from 500,000 SH-SY5Y cells were utilised as input, using 1µg α-

Histone H3 (Abcam, ab1791) as the control antibody and 1µg

α-Histone H3 acetyl K27 (Abcam, ab4729) as the target antibody.

Library preparation was performed using the NEBNext® Ultra™

II kit. Following library preparation, an additional single-sided

cleanup was performed to remove sub-nucleosomal peaks. Prior

to sequencing, library preparation size distribution was examined

using TapeStation 4150 system (Agilent) and High Sensitivity

DNA ScreenTape (Agilent). Paired-end (PE150) sequencing of

libraries was performed by Novogene using Illumina V1.5 reagents

and the Illumina NovaSeq6000 platform, generating 9GB raw

data. Quality control and adapter trimming of raw fastq őles was

performed using Trim Galore(Krueger, 2012). Reads were aligned

to the hg19 reference genome using bowtie2 (Langmead and

Salzberg, 2012) using the ŕags ślocal śvery-sensitive-local

-I 10 -X 700 śdovetail. Aligned reads were őltered using
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Table 1. Sources of published datasets used in this study.

Sample name Dataset Source Accession

iPSC-derived motor neurons (SMA)

Hi-C ENCODE ENCSR379CII

ATAC-seq ENCODE ENCSR704VZY

H3K4me1 ChIP-seq ENCODE ENCSR207VLY

H3K27ac ChIP-seq ENCODE ENCSR312HLG

iPSC-derived motor neurons (CS14)

Hi-C ENCODE ENCSR550JLK

ATAC-seq ENCODE ENCSR709QRD

H3K4me1 ChIP-seq ENCODE ENCSR778FKK

H3K27ac ChIP-seq ENCODE ENCSR489LNU

iPSC-derived motor neurons (PGP)

Hi-C ENCODE ENCSR350NJV

ATAC-seq ENCODE ENCSR913OWV

H3K4me1 ChIP-seq ENCODE ENCSR698HPK

H3K27ac ChIP-seq ENCODE ENCSR680IWU

iPSC-derived motor neurons (ALS28)

Hi-C ENCODE ENCSR794RDS

ATAC-seq ENCODE ENCSR516YAD

H3K4me1 ChIP-seq ENCODE ENCSR564EFE

H3K27ac ChIP-seq ENCODE ENCSR754DRC

iPSC-derived motor neurons (ALS29)

Hi-C ENCODE ENCSR444BAR

ATAC-seq ENCODE ENCSR634WYX

H3K4me1 ChIP-seq ENCODE ENCSR682BFG

H3K27ac ChIP-seq ENCODE ENCSR540KQC

iPSC-derived motor neurons (ALS52)

Hi-C ENCODE ENCSR094EIC

ATAC-seq ENCODE ENCSR215KUO

H3K4me1 ChIP-seq ENCODE ENCSR358AOC

H3K27ac ChIP-seq ENCODE ENCSR425FUS

WT SK-N-SH
CTCF ChIP-seq ENCODE ENCSR000EIC

CAGE-seq ENCODE ENCSR000CLC

WT SH-SY-5Y RNA-seq NCBI GEO GSM6217322

samtools view, and sorted using samtools sort (Li et al., 2009).

CUT&RUN peaks were called from the alignment BAM őles

using MACS3 callpeak (Zhang et al., 2008) using histone H3 as

the control őle and H3K27ac as the treatment őle. Subsequently

H3K27ac fold enrichment over H3 control was calculated using

MACS3 bdgcmp (Zhang et al., 2008) using the ŕag -m FE, to allow

for comparison to published ChIP-seq datasets.

Transient transcriptome sequencing (TT-seq)

TT-seq libraries were generated using a protocol modiőed from

Gregersen et al. (2020). Brieŕy, SH-SY5Y cells were labelled

with 500µM 4-thiouridine (4sU, Scientiőc Laboratory Supplies)

for 5 minutes at 37 °C, 5% CO2. Cells were lysed in TRIzol

(Thermo Fisher) and total RNA was extracted using chloroform

phase separation and isopropanol precipitation. For normalisation

purposes, 500ng of S. cerevisiae 4-thiouracil (4TU, Sigma)-

labelled RNA was added to 100µg of 4sU-labelled RNA. RNA was

chemically fragmented using 20µl of 1M NaOH (Thermo Fisher),

and 4sU-labelled RNA was biotinylated with MTSEA biotin-XX

(Biotium) and puriőed. Incorporation for 4sU was assessed by

RNA dot blot, probed with streptavidin-HRP (1:1,000, Epigentek

Group Inc). Biotinylated RNA was enriched by streptavidin pull-

down using µMACS Streptavidin MicroBeads (Miltenyi Biotec)

and eluted in RNase-free water. The size distribution of 4sU-RNA

was examined using TapeStation 4150 system (Agilent) and High

Sensitivity RNA ScreenTape (Agilent), and RNA concentration

was measured using Qubit RNA HS Assay kit (Thermo Fisher)

and a Qubit 4 ŕuorometer (Thermo Fisher). Library preparation

was performed using Lexogen CORALL Total RNA-seq Library

Prep Kit (V1 and V2 with UDI 2nt Set A1) with UDIs

(Lexogen) as per manufacturer’s guidelines. Sequencing library

size distribution was examined using TapeStation 4150 system

(Agilent) and High Sensitivity DNA ScreenTape (Agilent). Paired-

end (PE150) sequencing of libraries was performed by Novogene

using Illumina V1.5 reagents and the Illumina NovaSeq6000

platform, generating 30GB of raw data. Quality control on

raw fastq őles was performed using fastqc(Andrews, 2010).

Unique molecular identiőer (UMI) sequences were extracted

and appended to header using UMI-tools extract(Smith et al.,

2017). Adapters were trimmed and post-trimming quality control

was performed using Trim Galore(Krueger, 2012). Trimmed

reads were aligned to the hg19 human reference genome and

the sacCer3 yeast reference genome using STAR aligner (Dobin

et al., 2013) using the ŕags śoutSAMtype BAM SortedByCoordinate

śquantMode GeneCounts śoutFilterType BySJout

śpeOverlapNbasesMin 40 śpeOverlapMMp 0.8. Post-alignment

quality control, BAM őle sorting, and BAM őle indexing

was performed using samtools (Li et al., 2009). Reads were

grouped based on their UMI and mapping coordinates using

UMI-tools group and then deduplicated using UMI-tools dedup

(Smith et al., 2017). Normalisation was performed by calculating

scaling factors based on exogenous yeast spike-in read count.

Scaling factors were calculated using DESeq2 (Love et al.,

2014) and the function estimateSizeFactors to generate size

factors using ReadsPerGene.out.tab output őles from the sacCer3

alignment generated by STAR aligner. To identify correlation

between replicates, a DESeq2 dataset was generated using the

ReadsPerGene.out.tab output őles from the hg19 alignment
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generated by STAR aligner. The DESeq2 dataset was normalised

using spike-in scaling factors using the sizeFactors function,

and normalised gene counts were generated using the counts

function with the argument normalized = TRUE. Correlation

matrices were then calculated using the base R function cor

with the argument method = "pearson". Stranded reads őles

were generated using the samtools function view (Li et al.,

2009). Stranded BAM őles were scaled based on exogenous spike-

in using the bamCoverage function from deepTools (Ramírez

et al., 2016) using the śscaleFactor ŕag and scaling factors

calculated using DESeq2(Love et al., 2014). To assemble RNA

transcripts from TT-seq data, de novo transcript assembly was

performed using StringTie with the ŕags śfr -m 50 -s 1 -c 1

-j 1 (Pertea et al., 2015). Novel eRNA transcripts were then

identiőed using the package gffcompare (Pertea and Pertea,

2020), comparing the output transcript assembly GTF őle to

the reference hg19 GENCODE annotation GTF (Frankish et al.,

2019). For downstream analyses, transcripts that were transcribed

from within, and restricted to candidate CAV1/CAV2 enhancer

regions with the class codes ‘u’, ‘e’, ‘x’ and ‘o’ were considered to

be potential eRNAs.

RNA structure prediction

MFE eRNA structures were predicted using RNAfold with the ŕags

-p śnoLP śsalt 0.1 (Lorenz et al., 2011), and visualised using

forna from ViennaRNA (Lorenz et al., 2011). Thermodynamic z-

scores of RNA sequences were calculated using ScanFold (Andrews

et al., 2018), with a window size of 10nt and a step size of 1nt

for 100 randomisations.. To calculate the MFEden as function of

GC-content, shuffled RNA sequences were generated with lengths

ranging from 50-1000 nt (50 nt increments) and GC-contents of

20%, 40%, 50%, 60%, 70%, and 80%, with 100 sequences per

condition. MFE for each sequence was calculated using RNAfold.

For each sequence length, MFErefL was computed by generating

shuffled RNA sequences with equimolar nucleotide composition,

which were then processed with RNAfold. MFEden values for the

shuffled sequences were calculated using a custom bash script. A

second-degree polynomial regression model of MFEden versus GC-

content was őtted in R using the lm function with a quadratic

term. The model was trained on the shuffled sequence dataset

and evaluated on an independent test set. Model residuals were

calculated in R using the residuals function and examined for

correlation with GC content to assess potential bias. Shuffled

RNA sequences with the same nucleotide composition as the

native sequence were generated using the bash command shuf,

and the output sequences were processed with RNAfold for MFE

calculation.

Per gene exonic versus intronic read coverage

To compare coverage over intronic versus exonic regions for TT-

seq and total RNA-seq, intronic features were extracted from the

GENCODE v19 annotation using the R package GenomicFeatures

(Lawrence et al., 2013). We extracted the disjoint intronic parts

using intronicParts and the resultant object was subsetted to

remove any spurious introns larger than 5kb. Read counts over

exons were obtained using featureCounts with the ŕags -p -F

GTF -t exon with the GENCODE V19 as the input annotation

őle. Read counts over introns were obtained using featureCounts

with the ŕags -p -F GTF -t sequence_feature and the intron

annotation őle generated using GenomicFeatures as the input

annotation őle. The ratio of exonic to intronic reads were then

calculated and visualised using ggplot2 (Wickham, 2016).

Transcription factor binding motifs

Transcription factor binding motifs within CAV1/CAV2 candidate

enhancers were identiőed using the JASPAR 2024 Transcription

Factor Binding Site database (JASPAR CORE 2024) (Rauluseviciute

et al., 2024) trackline on the UCSC genome browser (Raney et al.,

2024).
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Fig. S1: CTCF binds at TAD boundaries. CTCF binding as

determined by ChIP-seq signal in SK-N-SH cells across all TADs

genome-wide. TAD boundaries are determined by Hi-C contact

frequencies in őbroblast-derived iPSCs differentiated in vitro into

motor neurons (Luo et al., 2020; Hitz et al., 2023; ENCODE

Project Consortium, 2012; Zhang et al., 2022).
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Fig. S2: Residuals of the polynomial regression for MFEden versus

GC-content. Residuals from the polynomial regression model are

shown for the training (left) and independent test set (right).

Residuals are centered near zero and display negligible correlation

with GC content, indicating minimal bias.

Table S1. sgRNA targets and sequences used for CRISPRi in SH-SY5Y

cells.

sgRNA target Target locus sgRNA

sequence

Proximal CAV1

enhancer (sgRNA

1)

chr7:116200361-

116200383 (+)

TCCAAACTAA

TCCATCACCG

Proximal CAV1

enhancer (sgRNA

2)

chr7:116200523-

116200545 (+)

GTCTGTTATG

CTGTGACACA

Proximal CAV1

candidate

enhancer (sgRNA

3)

chr7:116200701-

116200723 (+)

GAGTCGTACA

GAAAGCTGCC

CAV1 promoter chr7:116164416-

116164438 (-)

TCGTTTACAT

CTAGTCGGTG

Distal CAV1

enhancer

chr7:116223121-

116223143 (-)

TTGTGGTGAC

CAAGCAGCAT

Non-targeting

scrambled

(negative control)

N/A GCTGATCTAT

CGCGGTCGTC

Table S2. Primers used for RT-qPCR.

Target Primers Sequence Working

concentration

18S rRNA Fwd GTAACCCG

TTGAACCCC

ATT

100 nM

Rev CCATCCAAT

CGGTAGTA

GCG

100 nM

CAV1

CDS

Fwd GCTTGCTG

TCTGCCCTC

TTTG

200 nM

Rev AGACACGG

CTGATGCA

CTGAA

600 nM

CAV1

sense

eRNA

Fwd CCTGAGTC

GTACAGAA

AGCTGCC

100 nM

Rev GACTGGAA

GAGGCAAA

AATCAAGC

AG

100 nM

CAV1

antisense

eRNA

Fwd TAGGTCCA

AAGCTCCT

GGCAG

600 nM

Rev TGGAGGCC

ATTGTGTG

AGCC

200 nM
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