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Abstract

Familial Dysautonomia (FD) is a rare disease caused by ELP1 exon 20 skipping. Here we

clarify the role of RNA Polymerase II (RNAPII) and chromatin on this splicing event. A slow

RNAPII mutant and chromatin-modifying chemicals that reduce the rate of RNAPII elonga-

tion induce exon skipping whereas chemicals that create a more relaxed chromatin exon

inclusion. In the brain of a mouse transgenic for the human FD-ELP1 we observed on this

gene an age-dependent decrease in the RNAPII density profile that was most pronounced

on the alternative exon, a robust increase in the repressive marks H3K27me3 and

H3K9me3 and a decrease of H3K27Ac, together with a progressive reduction in ELP1 exon

20 inclusion level. In HEK 293T cells, selective drug-induced demethylation of H3K27

increased RNAPII elongation on ELP1 and SMN2, promoted the inclusion of the corre-

sponding alternative exons, and, by RNA-sequencing analysis, induced changes in several

alternative splicing events. These data suggest a co-transcriptional model of splicing regula-

tion in which age-dependent changes in H3K27me3/Ac modify the rate of RNAPII elonga-

tion and affect processing of ELP1 alternative exon 20.

Introduction

Alternative splicing (AS) is the dynamic process by which different sets of exonic sequences

from a single pre-mRNA molecule are spliced together to obtain different mRNA isoforms,

allowing an extraordinary increase in transcriptome and proteome diversity [1, 2]. AS and in

particular its most common event, exon skipping, is determined by a coordinated interplay

involving different regulators that act co-transcriptionally [3]. Alternative spliced exons are

regulated by binding on nascent pre-mRNA of activator and repressor RNA binding proteins

(RBPs) to enhancers and silencers, respectively [4–6], and also by the rate of RNA Polymerase

II (RNAPII) transcription elongation and chromatin organization [7, 8]. Numerous studies

indicate that RNAPII activity can modulate AS through a kinetic coupling mechanism. This

model assumes that the speed of elongating RNAPII influences the timing of presentation of
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splice sites and regulatory sequences gradually emerging from the transcribing pre-mRNA,

promoting either skipping or inclusion of the alternative spliced exon [9–15]. Approximately

20% of alternative splicing events are sensitive to RNAPII elongation: depending on the effect

that RNAPII rate has on splicing, alternative exons are mainly classified into type I and type II,

where slow elongation promotes respectively the inclusion or skipping of the exon [16–18].

RNAPII elongation can be also regulated by chromatin. Several histone modifications have

been shown to affect AS by altering RNAPII kinetics through the creation of a more compact

or relaxed chromatin that creates or releases a roadblock to transcript elongation, respectively

[15, 19–23]. Recently, an epigenetic therapy strategy based on HDAC inhibitors to modulate

chromatin marks was used to improve in an animal model with Spinal Muscular Atrophy

(SMA) the inclusion of the type II SMN2 exon 7, increasing the therapeutic efficacy of an anti-

sense oligonucleotide (ASO)-splicing therapy [15]. Chromatin marks can also affect alternative

splicing through direct recruitment of splicing factors [21, 24–28]. AS is temporally regulated

and contributes to tissue-identity acquisition and maintenance, cell differentiation and organ

development [2]. Some splicing factors, mainly with tissue-specific expression, have been

shown to contribute to this temporal regulation [29–34]. Chromatin remodelling is also a fun-

damental event during development and aging [35–38] but its potential impact on AS and in

particular on aberrant splicing events is not clear, leaving the temporal contribution of chro-

matin organization and RNAPII transcription elongation on AS largely unexplored. We

focused here on Familial Dysautonomia (FD), a rare recessive autosomal disorder character-

ized by progressive degeneration of the sensory and autonomic nervous system [39, 40]. Over

99.5% of affected individuals are homozygous for a point mutation in ELP1 (Elongator Acetyl-

transferase Complex Subunit 1) intron 20, where T is switched with C in position +6 [41–43]

leading to exon 20 skipping. This aberrant splicing (here referred to as the FD-ELP1 defect)

has a tissue variability with highest levels of exon 20 skipping in neuronal tissue [44]. Thera-

peutic strategies to rescue the FD splicing defect include antisense oligonucleotides (ASO)

[45], modified U1s [46, 47] and chemicals [48–51]. Using a slow RNAPII kinetic mutant and

chemicals that either affects RNAPII elongation or alter global chromatin status we demon-

strate that the FD-ELP1 exon 20 splicing event follows the kinetic coupling model of co-tran-

scriptional splicing and belongs to type II alternative exons. Investigating the temporal

changes of ELP1 exon 20 defective splicing in FD transgenic and asymptomatic mouse model,

we show that this event is modulated in an age-dependent and tissue-specific manner. In

brain, we show that the temporal decrease in ELP1 exon 20 inclusion is associated to the acqui-

sition of repressive mark H3K27me3 and to the loss of active mark H3K27Ac, with a concomi-

tant reduction in RNAPII density profile along the entire ELP1 gene. In a cellular model,

drug-induced depletion of H3K27me3 modulates splicing on a global basis. On ELP1 and

SMN2 genes, H3K27me3 reduction increases RNAPII elongation and promotes the inclusion

of corresponding defective exons. Our results suggest that temporal changes in chromatin

marks modulate splicing of FD-ELP1.

Material and methods

Animal model and mouse organs collection

All animals were housed and handled in a controlled environment (22˚C with a 12 hours light

/dark photoperiod) and provided with free access to food and water in conformity with the

International Centre for Genetic Engineering and Biotechnology institutional guidelines and

in compliance with national and international laws and policies (EU Directive 2010/63/EU)

upon approval by the Italian Ministry of Health. The transgenic FD mouse model (Ikbkap+/+;
TgFD9+/+) has been previously described [43]. After euthanasia, which was performed using
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inhalant anaesthetic overdose (isofluorane) followed by decapitation, organs of interest were

collected in Safe-Lock tubes (Eppendorf) at three time points: post-natal days (P) 10, 90 and

365. The dissection was performed in PBS buffer on an ice-cold plate and the extracted sam-

ples were immediately frozen in liquid nitrogen and stored at -80˚C. RNA, protein and chro-

matin analyses were performed as described in the respective paragraphs.

Cell culture, transfections and chemicals addition

HEK 293T cells were grown in Dulbecco’s Modified Eagle Medium with Glutamax I (Gibco,

Life Technologies) supplemented with 10% fetal calf serum (FBS) (Gibco, Life Technologies)

and antibiotic antimycotic (Sigma) according to manufacturer’s instruction. Cells were kept in

humidified incubator at 37˚C and 5% of CO2. Cells were plated at a density of ~3x105 cells in

6-well plates 24 hours before co-transfection. Co-transfection experiments were carried out

using Effectene transfection reagent (Qiagen) according to manufacturer’s instruction using

1.5 ug of pTB-ELP1 mutant minigene and 1.5 ug or 3 ug of α-amanitin-resistant variants of

the large subunit of human RNA Polymerase II wild type (WTres; pAT7Rpb1αAmr vector)

and the slow R749H mutant (pAT7Rpb1αAmrR749H vector). At the time of co-transfection,

2.5 ug/ul or 5 ug/ul of α-amanitin were added to cells to block endogenous RNA Polymerase II

transcription and after 24 hours, cells were harvested and subjected to further analysis. For

experiments with chemicals in HEK 293T cells, 0.5 ug of pTB-ELP1 mutant minigene were

transfected and 4 mM Valproic acid (VPA) (Sigma), 1 ug/mL Trichostatin A (TSA) (Sigma),

100 uM EED226 (MedChemExpress), 12 uM Camptothecin (CPT) (Sigma) and 75 uM

5,6-Dichloro-1-β-D-ribofuranosylbenzimidazole (DRB) (Sigma) were added to cells at the

time of transfection. Cells were harvested after 24 h for and subjected to further analysis.

Human FD and WT fibroblasts were purchased from the Coriell Institute (GM04589 and

GM02674B, respectively) and maintained as suggested by the supplier. For experiments with

chemicals in FD and WT primary cells, 8 mM VPA, 1 ug/mL TSA, 100 uM EED226, 12 uM

CPT and 20 uM DRB were added to cells plated in 12-well plates and after 24 hours fibroblasts

were harvested and subjected to further analysis. In HEK 293T cells and fibroblasts experi-

ments, 0.1% DMSO (Sigma) (for VPA, TSA, EED226, CPT and DRB) was used as control.

RNA isolation and splicing analysis

Total RNA was extracted with TRIzol (ThermoFisher), treated with DNase (Invitrogen) and

150 ng–1 ug of RNA were reverse transcribed using Superscript Vilo MasterMix (Thermo-

Fisher) all according to manufacturer’s instruction. In vivo and ex vivo human ELP1 exon 20

splicing and total ELP1 mRNA analyses were performed by end-point RT-PCR (ePCR) and

quantitative RT-PCR (qRT-PCR) using iQ SYBR Green in a CFX96 Real-Time PCR system

(Bio-Rad Laboratories) as previously described [46, 47]. GAPDH was used as housekeeping

gene. In vitrominigene splicing patterns of ELP1 exon 20, HBA exon 2, SMN2 exon 7, CFTR

exon 9 (wt and mutated), FN1 exon 33, FN1 exon 25 and FIX exon 5Δ6 and endogenous

SMN2 exon 7, ELP1 exon 10 and exon 20 were analyzed by ePCR with specific primers (S1

Table).

DRB-RNA Polymerase II measurement

RNA Polymerase II elongation analysis was performed adapting the method developed by [14,

52] with some exceptions. HEK 293T cells were seeded at a density of ~1x105 cells in P35 plates

and after 24 hours were treated with 100 uM DRB for 5 hours to fully block ELP1 transcrip-

tion. For CPT-treated cells, CPT 1 uM was added 30 minutes before the DRB-wash whereas

for EED226-treated cells, EED226 100 uM was added 24 hours before DRB treatment and
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both drugs, respectively, remained until cell harvest. Total RNA was extracted as mentioned

above, treated with DNase and RT-PCR was performed. Quantification of pre-mRNAs was

performed by qPCR using iQ SYBR Green in a CFX96 Real-Time PCR system (Bio-Rad Labo-

ratories) with amplicons spanning the intron-exon junction and results were expressed in rela-

tion to pre-mRNA value of cells never treated with DRB. U6 snRNA, being transcribed by

RNA Polymerase III, was used as housekeeping gene in this analysis. Primers are found in S1

Table.

Protein isolation and western blot analysis

Previously collected mouse brains were transferred in ice-cold RIPA buffer (Sigma) containing

Protease Inhibitor Cocktail (Roche), completely homogenized using ceramic beads MagNA

Lyser (Roche Diagnostic) and debris were discarded after centrifugation. HEK 293T cells and

fibroblasts lysates were obtained by lysis with ice-cold RIPA buffer (Sigma) and Protease

Inhibitor Cocktail (Roche). For both mouse brains and cells, protein samples were sonicated

(Bandelin Sonopuls) and protein concentration was measured with protein assay dye reagent

(Bio-Rad Laboratories). A total of 20 ug of protein was separated on NuPAGE 4–12% Bis-Tris

precast gels (ThermoFisher) and transferred to 0.2 um nitrocellulose membranes (Amersham).

Membranes were blocked for 1 hour at room temperature with 5% non-fat milk dissolved in

PBS-T/TBS-T (Tween20) 0.1% and after probing with suitable primary and HRP-conjugated

secondary antibodies, chemiluminescence signals were captured with UVItec (CAMBRIDGE

Alliance). Western blot analyses were performed with anti-GAPDH (1:5000; ab8245, Abcam),

anti-histone H3 (1:15000; ab1791, Abcam), anti-H3K27me3 (1:1000; ab6002, Abcam) and

anti-H3K27Ac (1:1000; ab4729, Abcam). Anti-mouse (1:2000; Dako) and anti-rabbit (1:2000;

Dako) were used as secondary antibodies.

Chromatin immunoprecipitation

Chromatin immunoprecipitation of mouse brains at P10, P90 and P365 was performed using

EpiQuik Tissue Chromatin Immunoprecipitation kit (Epigentek, catalog # P2003) according

to manufacturer’s instructions with minor modifications. Briefly, 150 mg of frozen tissue were

cut into small pieces with a blade in ice-cold PBS 1X, sucked in 18 G needle syringe, cross-

linked with 1% formaldehyde for 10 min at room temperature and quenched with 150 ul of

PBS 1X-Glycine 1.25M for 10 min at room temperature. Then, lysates were centrifuge for 5

minutes at room temperature at 800 RPM, the supernatant was discarded and an additional

round of PBS 1X-Glycine was added to the lysate, followed by a wash with ice-cold PBS 1X.

Samples were homogenized using a Douncer homogenizer and centrifuged to pellet nuclei at

5000 RPM for 5 minutes at +4˚C. After homogenization, lysis buffer was added to nuclei and

they were sucked in 18 G needle syringe. Chromatin was prepared and sonicated using a water

bath Bioruptor (Diagenode) (30” ON/30” OFF, High power, 3 x 10 cycles) to a size range of

200–1000 bp. To pre-cleared cell debris, sonicated chromatin was centrifuged at 14.000 RPM

at +4˚C for 10 minutes. Chromatin was diluted and ChIP performed according to manufactur-

er’s instructions using antibodies against Rpb1 NTD (2 ug; D8L4Y, Cell Signalling Technol-

ogy), histone H3 (3.5 ug; ab1791, Abcam), H3K9me3 (3.5 ug; ab8898, Abcam), H3K27me3

(3.5 ug; ab6002, Abcam) and H3K27Ac (3.5 ug; ab4729, Abcam). IgG1 (2 ug; G3A1, Cell Sig-

nalling Technology) was used as negative control in the immunoprecipitation. Immunoprecip-

itated DNA was purified by phenol-chloroform extraction and in parallel 5 ul (5%) were taken

to be used as input in the quantification analysis. qPCRs were performed using iQ SYBR

Green in a CFX96 Real-Time PCR system (Bio-Rad Laboratories) and data were plotted as

mean ± s.e.m. Primers are found in S1 Table.
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RNA sequencing and data analysis

Messenger RNA sequencing (RNA-seq) was performed by Area Science Park Sequencing

facility. HEK 293T cells treated with EED226 100 uM for 48h (n = 3) and control cells (n = 3)

were purified with TRIazol (Ambion) and quality of total RNA was assessed using Agilent

2100 nano bioanalyzer microfluidic chips and a Nanodrop UV spectrophotometer (Thermo-

Fisher). Only RNA with a RIN value of 9.0 or higher and a 28s/18s ratio 1.8 was taken for-

ward for sample preparation. The size distribution of HEK 293T cells was estimated by

electrophoresis on Agilent high-sensitivity bioanalyzer microfluidic chips and yield was

quantified using the KAPA library quantification kit (KK4824, Kapa Biosystems). Library

was pooled at equimolar concentrations and diluted before loading onto the flow cell of a

NovaSeq 6000 (Illumina) for both clustering and sequencing. Amplified clusters in the flow

cell were then sequenced with 150-base paired-end reads using the NovaSeq 6000SP Reagent

Kit v1 (300 cycle) (Illumina Inc.). Real-time image analysis and base calling were performed

on a NovaSeq 6000 instrument using the recommended sequencing control software. Illu-

mina standard software was used for de-multiplexing and producing FASTQ sequence files.

FASTQ raw sequence files were subsequently quality checked with FASTQC software

(v.0.11.3 http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc) and sequences including

adaptor dimers, mitochondrial, or ribosomal sequences were discarded. The resulting set of

trimmed reads from HEK 293T cells was then mapped onto human GRCh38/hg38 using the

Spliced Transcripts Alignment to a Reference (STAR) algorithm [53]. Differential gene

expression analysis from HEK 293T cells was performed by the Bioconductor package

DESeq2 (v.1.32) using default parameters [54]. To detect outlier data after normalization, we

used R packages, and before testing differential gene expression, we dropped all genes with

low normalized mean counts to improve testing power while maintaining type I error rates.

Estimated false discovery rate (FDR) values for each gene were adjusted using the Benja-

mini-Hochberg method. Prior to analysis, genes without a poly-A tail were discarded. Fea-

tures with baseMean� 50 counts, padj� 0,5 and absolute logarithmic base 2-fold change

(log2FC)� -1 or� 1 were considered having a significant altered expression. For genome-

wide splicing analysis, BAM files produced from STAR mapping were input into rMATS

[55], using Human GRCh38/hg38 annotation. For detection of alternative splicing (AS) pat-

terns, human annotation was generated containing all consecutive spliced and unspliced

exon-intron-exon triads from hg38 (Gencode v29). Five basic types of AS were analyzed:

skipped exons (SE), retained introns (RI), mutually exclusive exons (MXE), alternative 5’

splice sites (A5SS) and alternative 3’ splice sites (A3SS). Read coverage was based on actual

reads as used in Irimia et al. [56]; SE, RI, and MXE types with an actual read mapping to all

exclusion splice junction� 20 were considered whereas for A5SS and A3SS types� 40 actual

reads mapping to the sum of all splice junctions involved in the specific event were consid-

ered. Estimated FDR values for each gene were adjusted using the Benjamini-Hochberg

method. The threshold parameters were set at FDR value� 0,5 and absolute inclusion level

difference� -0,05 or� 0,05.

Pathway analysis by Ingenuity Pathway Analysis

The list of significant differentially expressed genes in EED226-treated HEK 293T cells was

uploaded into the IPA software (Qiagen). The ‘‘core analysis” function included in the soft-

ware was used to interpret the differentially expressed data, which included biological pro-

cesses, canonical pathways, and gene networks. Each gene identifier was mapped to its

corresponding gene object in the Ingenuity Pathway Knowledge Base (IPKB).
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Statistical analysis

A statistical analysis was performed on the investigated groups of data using Prism software

version 8.0 (GraphPad Software, La Jolla, CA). The exact sample size and/or biological repli-

cates are reported in figure legends. In all in vitro and ex vivo experiments, Two tailed Stu-

dent’s t-test (also known as two-samples t-test) was used (p>0.05: not significant (ns);

p<0.05*; p<0.01**; p<0.001***) while in all in vivo experiments, One-Way ANOVA test was

used applying Bonferroni correction (p>0.05: not significant (ns); p<0.05*; p<0.01**;
p<0.001***). To perform these tests, all the in vitro and ex vivo experiments were repeated

three times in triplicate and all the in vivo experiments were repeated two times in triplicate

but ChIP analysis, in which for each time-point a pool of 3 mice was considered and two bio-

logical replicates were performed. Data are expressed as mean ± SD or s.e.m. as indicated in

the figure legend.

Results

FD-ELP1 exon 20 splicing is co-transcriptionally regulated by RNA

Polymerase II elongation rate and HDAC inhibitors

To understand the role of RNA Polymerase II (RNAPII) kinetics on FD-ELP1 exon 20 splic-

ing, we evaluated the effect of Camptothecin (CPT) and DRB, two chemicals that inhibit the

rate of RNAPII elongation [57–59]. CTP blocks the Topoisomerase 1 (TOP1) at the replication

bubble and DRB the kinase activity of the CDK9 subunit of the Positive transcription elonga-

tion factor (P-TEFb). The effect of these drugs was tested on ELP1 exon 20 splicing in FD

patients’ fibroblasts and in minigenes in transient transfection experiments. These drugs

induced a significant decrease in the percentage of exon 20 inclusion in both FD fibroblasts

and minigene experiments (Fig 1A and 1B). We observed a ~10- and ~2-folds decrease in the

ELP1 exon 20 splicing in the FD fibroblasts, and a ~1.5- to ~2.5-fold decrease in minigene

assay after CPT and DRB treatment, respectively. The drugs did not affect either α-globin

(HBA) exon 2 splicing in ELP1 minigene, ELP1 exon 10 and exon 20 in HEK 293T cells or

exon 20 in WT fibroblasts (S1A–S1D Fig). Next, to better elucidate the effect of RNAPII rate

on alternative splicing of ELP1 exon 20 we evaluated a RNAPII kinetic mutant, R749H, which

has significantly reduced (~2–3.5- folds) RNAPII speed [17, 18]. In this experiment, we co-

transfected HEK 293T cells with the FD ELP1 minigene along with plasmid that encode this α-

amanitin resistant RNAPII kinetic mutant. Cells were treated with α-amanitin to block endog-

enous RNAPII transcription, followed by the evaluation of exon 20 splicing pattern. Notably,

we found an α-amanitin dose-dependent decrease of exon 20 inclusion, from ~1.6- to

~2.5-folds, when transcription was carried out by the slow RNAPII (Fig 1C). Constitutive

HBA exon 2 and ELP1 exon 10 were not affected by the RNAPII mutant (S1E and S1F Fig).

These results indicate that ELP1 exon 20 inclusion, as previously reported for two other dis-

ease-associated exons, CFTR exon 9 and SMN2 exon 7 [14, 15], is negatively regulated by the

speed of RNAPII. Since RNAPII elongation can be modulated by chromatin structure, we

evaluated the effect of two global histone deacetylase (HDAC) inhibitors, Valproic acid (VPA)

and Trichostatin A (TSA) on ELP1 exon 20 splicing in FD fibroblasts and in minigene experi-

ments. These drugs, reducing the deacetylation of several histones, promote RNAPII elonga-

tion [14, 15]. In FD fibroblasts, both drugs had a positive effect on ELP1 splicing, with a

~2-folds increase in exon 20 inclusion (Fig 1D and 1E). In minigene experiments, VPA

increased exon 20 inclusion by ~1.5-fold, whereas TSA had no effect (Fig 1D and 1E). These

HDAC inhibitors had no effect on constitutive control exons (S1G–S1J Fig). The more pro-

nounced effect of CPT on ELP1 exon 20 splicing in FD fibroblasts compared to the one
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achieved in HEK 293T cells, and the lack of effect of TSA in the same cells, could be related to

the different composition of the chromatin between different cell types (primary versus

immortalized cells) and to experimental conditions (endogenous versus minigene context).

Thus, chemical compounds that create a more relaxed chromatin structure and in turn pro-

mote RNAPII elongation have a positive effect on the inclusion of ELP1 FD exon 20. Collec-

tively, these results indicate that global changes in the chromatin composition regulate ELP1

exon 20 alternative splicing through RNAPII elongation.

Fig 1. RNA Polymerase II elongation rate and chromatin structure affect FD-ELP1 exon 20 splicing. (A) FD-patients’ fibroblasts were treated with 0.1%

DMSO or CPT 12 uM or DRB 20 uM for 24 h. DMSO-treated cells are set to 1. (B) HEK 293T cells were transfected with ELP1 mutant minigene (c.2204+6T>C)

and treated with 0.1% DMSO or CPT 12 uM or DRB 75 uM for 24 h. DMSO-treated cells are set to 1. (C) HEK 293T cells were co-transfected with ELP1 mutant

minigene and the expression vectors for WTresPol II and R749H slow mutant RNAPII followed by the addition of 2.5 ug/mL or 5 ug/mL of α-amanitin for 24h.

Cells transfected only with ELP1 mutant minigene and treated with 0.1% DMSO are set to 1. (D) FD-patients’ fibroblasts were treated with 0.1% DMSO or VPA 8

mM or TSA 1 ug/mL for 24 h. DMSO-treated cells are set to 1. (E) HEK 293T cells were transfected with ELP1 mutant minigene and treated with 0.1% DMSO or

VPA 4 mM or TSA 1 ug/mL for 24 h. DMSO-treated cells are set to 1. In panels (A) and (D) the upper band of 202 bp corresponds to transcripts including exon 20;

the lower band of 128 bp to exon 20 skipping, whereas in panels (B), (C) and (E) the upper band of 349 bp corresponds to transcripts including exon 20; the lower

band of 275 bp to exon 20 skipping. In all panels, the intensity of the bands was measured with ImageJ software and histogram below gel displays the percentage

(%) of ELP1 exon 20 inclusion expressed as fold change. Dividing lines indicate cropping and annealing of the same agarose gel or experiment. Data are expressed

as mean + S.D. of n = 3 experiments in triplicate. Statistical analysis was performed using Student t-test (ns: not significant; *p<0.05; **p<0.01; *** p<0.001).

https://doi.org/10.1371/journal.pone.0298965.g001
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Age-dependent changes of splicing and RNA Polymerase II density profile

in hELP1 gene in brain of FD transgenic mouse

To understand if RNAPII kinetic and chromatin dynamic can contribute to ELP1 exon 20

splicing regulation in vivo, we evaluated the temporal changes in brain tissue of a transgenic

mouse model that carries the entire human ELP1 mutant gene (hELP1 c.2204+6T>C). This

mouse model recapitulates the tissue-specific FD-ELP1 splicing pattern observed in FD

patients but, due to the presence of the normal mouse IKBKAP gene, is phenotypically normal

[43]. We initially evaluated splicing changes of ELP1 exon 20 in different tissues at 10, 90 and

365 post-natal days (P10, P90 and P365). During post-natal development (between P10 and

P90), brain, spinal cord, liver, lung and muscle showed a significant decrease in the percentage

of exon 20 inclusion. Brain and spinal cord, two nervous tissues affected in FD, have the high-

est levels of exon 20 skipping and showed a significant ~2-fold decrease in splicing between 10

and 90 days (Fig 2A and S2A and S2B Fig). Liver, lung, and muscle showed a ~1.6-, ~1.4- and

~1.6-folds decrease in exon 20 splicing, respectively, in the same period (Fig 2A and S2A and

S2B Fig). At P365, brain, spinal cord, liver, lung, and muscle did not show any further change

in exon 20 splicing (Fig 2A and S2A and S2B Fig). No age-dependent differences were

observed for heart and kidney (Fig 2A and S2A and S2B Fig). Quantitative RT-PCR

(qRT-PCR) analysis of exon 20 splicing showed similar temporal changes as detected by end-

point RT-PCR (ePCR) (S2C Fig). Due to the pathological role of the nervous system in FD, we

focused on the brain where we assessed temporal changes in the rate of RNAPII elongation by

chromatin immunoprecipitation followed by qPCR (ChIP-qPCR). The analysis was performed

on the alternatively spliced exon 20 and on the constitutively spliced exons 10 and 29 which

are ~16.5 kb and ~10.8 kb upstream and downstream of exon 20, respectively (Fig 2B). ChIP-

qPCR analyses between P10 and P90 revealed a strong age-dependent reduction of RNAPII

density for all exons: a ~2.5-, ~6- and ~2.5-folds decrease for exon 10, 20 and 29 respectively

(Fig 2C). Between P90 and P365 RNAPII density slightly decreased for exons 10 and 29 but

increased for the alternative spliced exon 20 (Fig 2C). It is plausible that in brain, between P90

and P365, the small increase in RNAPII rate and density does not reach the threshold level and

therefore it is not sufficient to affect exon 20 splicing. The most pronounced decrease in RNA-

PII density was evident on exon 20 at P90: indeed, analysis of RNAPII enrichment throughout

the hELP1 gene showed a ~2.5-folds decrease in RNAPII profile on alternatively spliced exon

20 at this age compared to the other exons (Fig 2D). These results indicate that during post-

natal development (between P10 and P90) there is a general decrease in RNAPII density along

the hELP1 gene, and that this decrease is more prominent on the alternative spliced exon 20.

Since the total amount of hELP1 mRNA showed no alteration over time (Fig 2E), the age-

dependent reduction in RNAPII density suggests an effect on RNAPII kinetics with a decrease

in the rate of its elongation.

Age-dependent changes of repressive H3K9me3 and H3K27me3 chromatin

modifications in hELP1 gene in brain of FD transgenic mouse

Since the RNAPII density profile can be modulated by changes in repressive chromatin marks

[8], we focussed on H3K9me3 and H3K27me3, two histone lysines tri-methylation associated

to a packaged chromatin conformation [60]. We performed ChIP-qPCR analyses in the brain

of the FD model on ELP1 exons 10, 20 and 29 at P10, P90 and P365. Both H3K9me3 and

H3K27me3 showed for the three exons a significant increase between P10 and P90 (Fig 3A).

The most prominent variation between P10 and P90 was observed for the H3K27me3 repres-

sive mark with a ~7- to ~13-folds increase. At P365, H3K27me3 further increased (~1.4- to

~1.8-folds) whereas H3K9me3 was not affected (Fig 3A). Since tri-methylation and acetylation
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Fig 2. Temporal changes of hELP1 exon 20 splicing and RNA Polymerase II density profile in FD mouse. (A) Endpoint PCR of

human ELP1 splicing isoforms in FD mouse model sacrificed at P10, P90 and P365. In each tissue, histogram displays the percentage

(%) of ELP1 exon 20 inclusion expressed as fold change and the % of exon 20 inclusion of P10 animals is set to 1. (B) Schematic

representation of the hELP1 gene: boxes represent exons whereas lines represent the sequence of the gene. The distance between

exon 10 and exon 20 and exon 20 and exon 29, respectively, is indicate above in kilobases (kb). The c.2204+6T>C mutation is

indicated as an asterisk and the position of the primers used for ChIP-qPCR is indicated below by arrows. (C) RNA Polymerase II

(RNAPII) distribution on hELP1 exon 10, exon 20 and exon 29, respectively, assessed by ChIP-qPCR in brain of FD mouse model

sacrificed at P10, P90 and P365. For each exon, data are expressed as fold change and the value of P10 animals is set to 1. (D) RNA

Polymerase II (RNAPII) distribution along hELP1 gene body assessed by ChIP-qPCR in brain of FD mouse model sacrificed at P10,

P90 and P365. For each time point, data are expressed as fold change and the value of exon 10 is set to 1. (E) Quantification by
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on H3 lysine 27 residue are regulated in mutually exclusive manner [61, 62], we evaluated by

ChIP-qPCR the age-dependent changes of H3K27Ac. Between P10 and P90, we found a sharp

~16-folds decrease of H3K27Ac (Fig 3A), diametrically opposite to the increase of the

H3K27me3 profile. At later ages, between P90 and P365, H3K27Ac showed a small increase

but still remained lower compared to P10 (Fig 3A). Next, we investigated if there is a preferen-

tial deposition of the histone marks over specific exons. With this analysis, we did not detect

significant changes in the distribution pattern of the histone marks between the different

exons at the different ages (Fig 3B). These results indicate that the temporal variations of

H3K9me3, H3K27me3 and H3K27Ac in the brain are not specifically located at the alternative

spliced exon 20 but occur along the entire hELP1 gene. To assess whether the age-dependent

variations of H3K27me3 and H3K27Ac are specific of the hELP1 gene, we performed immu-

noblotting against these modifications in brain protein lysates at P10, P90 and P365. We

observed a robust ~2.5-folds increase in the H3K27me3/H3 ratio during post-natal develop-

ment and a similar ~2.4-folds enrichment, between P90 and P365 (Fig 3C), indicating that the

age-dependent increase of the H3K27me3 mark on the hELP1 gene occurs in the entire tissue.

Conversely, the global distribution of H3K27Ac in this tissue did not mimic its profile on

exons 10, 20 and 29: though with some individual variability, we did not observe significant

variations in the H3K27Ac/H3 ratio neither during post-natal development nor at later time-

point (Fig 3D). As H3K27Ac is reduced on the ELP1 gene but does not change globally in the

tissue, it is possible that this chromatin mark is specifically depleted on this gene in an age-

dependent manner. All together these results demonstrate a profound rearrangement of the

chromatin conformation along the entire hELP1 gene during postnatal development in the

brain with a significant increase and decrease of H3K27me3 and H3K27Ac respectively, in the

hELP1 gene body.

Selective inhibition of H3K27me3 induces FD-ELP1 exon 20 inclusion and

increases RNA Polymerase II elongation rate

To evaluate the potential role of H3K27me3 on splicing regulation, we tested EED226. This

antitumor small molecule is an allosteric and selective Polycomb Repressive Complex 2

(PRC2) inhibitor that binds to the H3K27me3 pocket of EED, leading to loss of PRC2 activity

and causing a specific H3K27 methylation reduction [63, 64]. We evaluated by immunoblot-

ting with specific antibodies the effect of EED226 on H3K27me3 and H3K27Ac protein levels

in HEK 293T cells and FD fibroblasts. In HEK 293T cells, we observed a significant reduction

of approximately 60% in the H3K27me3/H3 ratio (Fig 4A) and no change in the H3K27Ac/H3

ratio (Fig 4B). In FD fibroblasts, EED226 did not change the H3K27me3/H3 ratio (Fig 4C)

and the ELP1 exon 20 splicing pattern (S3A Fig) suggesting that this antitumor drug acts pref-

erentially on cancer-derived cells while sparing primary cells. To evaluate the effect of the drug

on splicing we initially performed minigene experiments with FD-ELP1 exon 20, SMN2 exon

7 and CFTR exon 9. The latter two disease-associated exons have been shown to be regulated

by RNAPII kinetics and/or chromatin status [14, 15]. Transfection experiments showed that

the EED226-mediated inhibition of H3K27me3 induce a small but significant increase in the

exon inclusion levels. ELP1 and SMN2 showed a ~1.2- folds increase in exon 20 and exon 7

qRT-PCR of the total hELP1 mRNA expression levels in brain of FD mouse model sacrificed at P10, P90 and P365. The expression

level of P10 animals is set to 1. In panels (A) and (E) data are expressed as mean ± s.e.m. of 3 mice for each age. In panels (C) and (D)

data are expressed as mean + s.e.m. of n = 3 pooled mice with two technical replicates for each age and data are represented on an

antilogarithmic scale. Statistical analysis was performed using OneWay ANOVA (no symbol or ns: not significant; * p<0.05; **
p<0.01; ***p<0.001).

https://doi.org/10.1371/journal.pone.0298965.g002
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Fig 3. Temporal changes of H3K9me3, H3K27me3 and H3K27Ac density profile along hELP1 gene in FD mouse brain. (A) H3K9me3,

H3K27me3 and H3K27Ac distribution on hELP1 exon 10, exon 20 and exon 29, respectively, assessed by ChIP-qPCR in brain of FD mouse

model sacrificed at P10, P90 and P365. For each exon, data are expressed as fold change and the value of P10 animals is set to 1. (B)

H3K9me3, H3K27me3 and H3K27Ac distribution along hELP1 gene body assessed by ChIP-qPCR in brain of FD mouse model sacrificed at

P10, P90 and P365. For each time point, data are expressed as fold change and the value of exon 10 is set to 1. In panels (A) and (B) data are

represented on an antilogarithmic scale. Immunoblotting analysis of total H3, (C) H3K27me3 and (D) H3K27Ac in brain of FD mice

sacrificed at P10, P90 and P365. For H3K27me3 and H3K27Ac monoclonal antibodies were used; for total H3 polyclonal antibody was used.
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inclusion, respectively, whereas CFTR exon 9 levels increased ~1.4- folds (Fig 4D–4F) [65].

EED226 had no or a moderate effect on other alternative spliced exons (FN1 exon 25, FN1

exon 33 and FIX exon 5Δ6) (S3B–S3D Fig) [11, 66] and did not affect ELP1 exon 10 and exon

20 and CFTR exon 9 constitutive exons (S3F–S3H Fig), suggesting a H3K27me3 selective effect

on alternative splicing. To elucidate if the effect of H3K27me3 on splicing can be due to

changes in RNAPII kinetics, we performed an elongation assay [14, 23, 28]. We evaluated the

endogenous pre-mRNA enrichment in EED226-treated HEK 293T cells at different time

points after DRB wash focusing on the transcripts originated from the ELP1 and SMN endoge-

nous genes (Fig 5A and 5C). CPT-treated cells were used as control, since a previous study has

shown that CPT slows down RNAPII rate on CFTR gene [14]. Upon EED226 addition, we

found an earlier transcription recovery time for all amplicons (Fig 5B and 5D). Compared to

untreated cells, EED226 induced the nascent ELP1 exon 10 transcripts to appear ~3 minutes

earlier, which increased to ~10 minutes for the most distal exon 20 (Fig 5B, blue rectangles). A

similar increase in RNAPII speed was observed on the SMN gene (Fig 5D, blue rectangles).

Control CPT treatment, reducing the speed of RNAPII, induces a delay of the amplification

recovery (Fig 5B and 5D, pink rectangles). These results indicate that the EED226-mediated

inhibition of H3K27me3 removes a roadblock to the elongating RNAPII increasing its speed,

which in turn affect splicing of responsive alternative exons.

H3K27me3 modulates alternative splicing in a global manner

To evaluate the role of H3K27me3 on alternative splicing globally, we performed RNA

sequencing analysis in the EED226-treated cells. We found 143 differentially expressed genes

(DEG) out of 14165 transcripts (1,01%) (mean counts� 50, log2 fold change� -1 or� 1),

mostly upregulated (138 up and 5 down) (Fig 6A) (S3 Table). This preferential upregulation is

consistent with the established repressive role of H3K27me3 at promoters [67–69]. Analysis of

the differentially alternative splicing identified 728 events out of 22075 transcripts (3,30%) for

skipped exons (SE) (408 up- and 320 down-regulated, respectively) (Fig 6B) (S4 Table). This

group also includes endogenous SMN2 exon 7 (ID: 20161) whose inclusion was confirmed by

qRT-PCR analysis (S4 Fig). ELP1 exon 20 and CFTR exon 9 were not detected as HEK 293T

cells have normal ELP1 gene and do not express CFTR. Mutually exclusive exons (MXE)

showed 181 events out of 2637 transcripts (6,86%), retained introns (RI) 253 events out of

2354 transcripts (10,75%) and alternative 3’ and 5’ splice sites showed 90 out of 1656 (5,4%)

and 55 out of 1155 transcripts (4,7%), respectively (Fig 6C–6F) (S2 Table) (S5–S8 Tables).

H3K27me3 depletion did not affect those alternatively spliced genes involved in cell migration

and invasion (FGFR2, CTNND1, TCF7L2, SLK, SCRIB) whose alternative splicing depends on

subsequent PTB recruitment on H3K27 marks [28] (S9 Table). As drugs that inhibit RNAPII

elongation might activate pathways involved in splicing control [58], we tested DEG using

Qiagen’s Ingenuity Pathway Analysis (IPA). We did not detect changes related to splicing/pre-

mRNA processing (S10 Table), strongly suggesting that the major effect of H3K27me3 deple-

tion on splicing is due to changes in RNAPII transcriptional elongation. In addition, there are

no genes in common between DEGs and differentially alternative splicing indicating that

GAPDH was used as housekeeping loading control. The graphs represent the quantification analysis obtained with ImageJ software of the

immunoblotting for (C) H3K27me3 and (D) H3K27Ac, respectively. The abundance of H3K27me3/H3 and H3K27Ac/H3 ratios of P10 pups

is set to 1. Lines in panel (D) were drawn to align the first band with others. In panels (A) and (B) data are expressed as mean + s.e.m. of n = 3

pooled mice with two technical replicates for each age. In panels (C) and (D) data are expressed as mean ± S.D. of 3 mice for each age.

Statistical analysis was performed using OneWay ANOVA (no symbol or ns: not significant; * p<0.05; ** p<0.01; ***p<0.001).

https://doi.org/10.1371/journal.pone.0298965.g003
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Fig 4. EED226 causes H3K27me3 reduction and enhances ELP1, SMN2 and CFTR aberrant splicing. Immunoblotting

assay of total H3, (A) H3K27me3 and (B) H3K27Ac in HEK 293T cells and (C) H3K27me3 in FD-patients’ fibroblasts all

treated with 0.1% DMSO or with EED226 100 uM for 24 h. For H3K27me3 and H3K27Ac, monoclonal antibodies were

used; for total H3, polyclonal antibody was used. GAPDH were used as reference for internal normalization and

representative samples are shown. The graph below represents the quantification analysis obtained with ImageJ software of

the immunoblotting and the abundance of (A) H3K27me3/H3 and (B) H3K27Ac/H3 ratios of DMSO-treated cells is set to

100%. HEK 293T cells were transfected with (D) ELP1 mutant minigene, (E) SMN2 c.840+6C>T minigene and (F) CFTR

exon 9 TG11T5 minigene and treated with 0.1% DMSO or EED226 100 uM for 24 h. DMSO-treated cells are set to 1. In

panel (D) the ELP1 exon 20 inclusion and exclusion bands are indicated. In panel (E) the SMN2 exon 7 inclusion and

exclusion bands are indicated. In panel (F) the CFTR exon 9 inclusion and exclusion bands are indicated and “˚” denotes

an already described cryptic splice site. In panels D—F, the intensity of the bands was measured with ImageJ software and

histogram below gel displays the percentage of ELP1 exon 20, SMN2 exon 7 and CFTR exon 9 inclusion, respectively,

expressed as fold change. DMSO-treated cells are set to 1. Data are expressed as mean + S.D. of n = 3 experiments in

triplicate. Statistical analysis was performed using Student t-test (ns: not significant; *p<0.05; **p<0.01; *** p<0.001).

https://doi.org/10.1371/journal.pone.0298965.g004
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Fig 5. EED226 and CPT modulate RNA Polymerase II speed along ELP1 and SMN genes. (A) Schematic representation of the ELP1 gene: boxes represent

promoter (P), exons 10 and 20 whereas lines represent the sequence of the gene. The distances between the promoter and exon 10 and exons are indicated

above in kilobases (kb). Regions for RNAPII-elongation analyses are indicated below (α–β). (B) Analysis of transcriptional elongation of the regions indicated

in panel (A) in the presence or absence of CPT 1uM or EED226 100 uM. (C) Schematic representation of the SMN genes: boxes represent promoter (P), exons

2 and 8 whereas lines represent the sequence of the gene. The distances between the promoter and exon 2 and exons are indicated above in kilobases (kb).

Regions for RNAPII-elongation analyses are indicated below (γ–δ). (D) Analysis of transcriptional elongation of the regions indicated in panel (C) in the

presence or absence of CPT 1uM or EED226 100 uM. For both genes, the values are relativized to the pre-mRNA levels of DRB-treated cells and normalized to

U6 snRNA expression. Arrows indicate the intersect between DRB (black arrow), DRB+EED226 (traced arrow) and DRB+CPT (dotted arrow) kinetic profiles,

respectively, with control (untreated) and colored rectangles represent the kinetic profiles’ delay between DRB, DRB+EED226 (in blue) and DRB+CPT (in

pink), respectively. Data are expressed as mean + s.e.m. of n = 2 independent measurements.

https://doi.org/10.1371/journal.pone.0298965.g005
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Fig 6. Effects of EED226 on human transcriptome. (A) Volcano plot showing global differential gene expression changes between HEK

293T cells (n = 3) and cells treated with EED226 100 uM for 48 h (n = 3). Horizontal blue line (padj� 0.5) and vertical red lines

(log2FoldChange� -1 or� 1) indicate cut-off values and determine significant up- and down-regulated events, respectively. Volcano plots

showing global alternative splicing changes in (B) skipped exon (SE), (C) mutually exclusive exons (MXE), (D) retained intron (RI), (E)

alternative 3’ splice site (A3SS) and (F) alternative 5’ splice site (A5SS) categories between HEK 293T cells (n = 3) and cells treated with

EED226 100 uM for 48 h (n = 3). In each plot, horizontal blue line (FDR� 0.5) and vertical red lines (inclusion level difference� -0.05

or� 0.05) indicate cut-off values and determine significant events. The red dot in panel (B) corresponds to SMN2 exon 7 (ID = 20161).

https://doi.org/10.1371/journal.pone.0298965.g006
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release of transcript repression of the H3K27me3 mark at promoters does not directly affect

alternative splicing events of the same genes.

Discussion

Despite the established contribution of splicing defects to human disease, very few pathological

cases have been described as being regulated by RNAPII kinetics and/or by chromatin archi-

tecture. In this paper, we show that FD-ELP1 exon 20, which is the splicing event defective in

Familial Dysautonomia, follows the kinetic model of co-transcriptional splicing and, like

SMN2 exon 7, belongs to the type II alternative exons, being positively affected by the RNAPII

elongation rate. We also provide compelling evidence that H3K27me3/Ac acts as an important

splicing-regulatory chromatin mark that, deposited on the FD-ELP1 gene body, modulates

RNAPII speed and affects the ELP1 exon 20 inclusion. With a direct elongation assay, we show

that H3K27me3 depletion increases RNAPII rate on ELP1 and SMN genes and promotes

inclusion of corresponding alternative exons, evidence that indicates a direct link between the

chromatin mark, RNAPII speed and alternative splicing. In the brain of an FD mouse model, a

substantial age-dependent increase in the H3K27me3/Ac chromatin ratio and changes in

RNAPII elongation rate correlate with a decrease in ELP1 exon 20 splicing, particularly in the

first months of life. This result suggests that changes in H3K27me3/Ac modify the rate of

RNAPII elongation which in turn regulates alternative splicing of FD ELP1 exon 20.

H3K27me3/Ac are important regulatory marks at the promoter of responsive genes where

they have an established role in modulating transcription [61, 62, 67–69]. Besides, H3K27me3

belongs to a group of splicing-associated chromatin signatures that, located in the body of

genes, defines the level of inclusion of a subset of alternative spliced exons [70]. H3K27me3/Ac

along with other histone modifications regulates splicing of NCAM exon 18 during neuronal

cells depolarization and differentiation [19, 23] and FGFR2 mutually exclusive exons IIIb/IIIc

during epithelial/mesenchymal cells transition [21]. These signatures have also been involved

in the regulation of AS during human embryonic stem cells differentiation [71] and tumour

progression [28, 72]. We show here that H3K27me3 negatively regulates three disease associ-

ated splicing defects in ELP1, SMN2 and CFTR genes but not in other cases (FN1 exon 25,

FN1 exon 33 and FIX exon 5Δ6) and, by means of RNA-Seq, that this mark has a global effect

on a relatively large group of alternative splicing events. These H3K27me3 sensitive exons

might be specifically enriched with this histone signature or have a unique local chromatin

architecture (e.g., free from antagonist chromatin marks). In accordance with the kinetic cou-

pling model [9–15], depletion of H3K27me3, by increasing RNAPII elongation, can affect

exon (SE) in both directions depending on the type of regulatory sequences that gradually

emerge from pre-mRNA transcript. Indeed, we observed that after EED226 treatment a similar

number of SE events were up- and down- regulated (408 and 320, respectively) (Fig 6B). While

we have not addressed why ELP1 exon 20 is negatively regulated by RNAPII rate, the presence

of negative regulatory elements that bind to HNRNPA1 [73], similar to SMN2, might be

involved [15]. The substantial number of retained introns (RI) (253 events) we detected by

RNA-Seq is also consistent with a reduced time for intron processing by an increased RNAPII

elongation (Fig 6D). To explore the role of co-transcriptional splicing regulation in vivo we

focused on the FD-ELP1 mouse brain where we observed a temporal decrease in ELP1 exon 20

inclusion levels (Fig 2A and S2A Fig). If this also occurred in FD patients, it could have nega-

tive functional consequences contributing to aggravate the disease phenotype at an early age,

providing an additional reason to start corrective therapies as soon as possible. While we can-

not rule out other mechanisms, our results indicate that chromatin may contribute to the tem-

poral decrease of ELP1 exon 20 inclusion. In line with this, we observed that reduced ELP1
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exon 20 splicing is associated with a decrease in the RNAPII density profile on the whole

human FD-ELP1 transgene (Fig 2C), a large increase in the two chromatin repressive marks

H3K27me3 and H3K9me3 and a decrease of H3K27Ac (Fig 3A). H3K9me3 and H3K27me3

are structural silencing marks that are dynamically modified during development and differen-

tiation [74]. H3K9me3 is a permanent repression signal designed for the heterochromatin for-

mation [75] and has been associated to aging in different species [76–79]. H3K27me3 is closely

associated with a set of regulators genes expressed during development [80]. An age-depen-

dent increase in H3K27me3 has been observed in human peripheral blood mononuclear cells

[81], in human adipose-derived mesenchymal stem cells [82, 83] and in quiescent mouse mus-

cle stem cells [79], in brain and skeletal muscle of the killfish torquoise Nothobranchius furzeri
[84, 85] and in the brain of SAMP8 mice, a strain of mice that displays a phenotype of acceler-

ated aging [86]. In Drosophila melanogaster, decrease in the H3K27me3 status increases the

flies’ longevity [87] whereas in Caenorhabditis elegans, a decrease in H3K27me3 levels is asso-

ciated with premature aging [88]. Since we show here that H3K27me3 influences pre-mRNA

processing through RNAPII kinetics, it would be interesting to explore the contribution of

alternative splicing in these different cases as well. Interestingly, the age-dependent increase of

the H3K27me3 mark on the hELP1 gene (Fig 3A) is reflected by an increase in the entire brain

tissue (Fig 3C) suggesting that this chromatin modification might affect multiple splicing

events. Because of the interesting similarity between the co-transcriptional regulation of ELP1

exon 20 in FD and SMN2 exon 7 in SMA [15], both of which are positively regulated by RNA-

PII elongation rate, our results have interesting implication for the development of new strate-

gies for splicing correction based on chromatin modification. In a SMA mouse model, the

chromatin-modifying compound VPA, which is approved by FDA for human treatment, has

been shown, by improving SMN2 exon 7 inclusion, to counteract the unexpected negative

effect that ASOs have on chromatin [15]. Because splicing correction strategies based on ASO

have been also identified in FD [45], chromatin-modifying compound as VPA might also be

considered for this disease. Interestingly, our results indicate that inclusion of ELP1 exon 20

and SMN2 exon 7 is activated by drugs that specifically target H3K27me3 (Fig 4D and 4E),

with enhancement of RNAPII elongation (Fig 5). EED226 is a first-in-class EED inhibitor that

has been shown to possess a strong antitumor activity in xenograft mouse models [89] and it is

under evaluation in a phase 1/2 clinical trial for advanced malignancies (NCT02900651) [90].

This chemical exerts its anti-tumour activity by selectively binding to the H3K27me3 binding

pocket of EED protein, a subunit of PRC2, and allosterically inhibits PRC2 complex [63].

EED226-mediated inhibition of H3K27me3 influences some AS exons (ELP1, SMN2, CFTR

and FIX but not FN1 exon 25 and exon 33) (Fig 4D–4F and S3B–S3D Fig). However, as this

antitumour drug seems to reduce H3K27me3 preferentially on cancer-derived cells while spar-

ing primary cells its potential application as splicing modulator needs to be clarified. In general

changes in RNAPII elongation speed induced by mutant RNAPIIs [17, 58], by different chemi-

cals (CPT, DRB, VPA or TSA) [14, 15, 58] or chromatin alterations [15, 19, 23], do not have

major effect on constitutive splicing. Also, in our RNA-seq experiments with EED226-me-

diated inhibition of H3K27me3 we did not observe an effect on constitutive splicing. Thus,

changes in RNAPII elongation or chromatin that occur along the entire body of a gene prefer-

entially targets AS exons, sparing the constitutive ones. In brain, between P10-P90 and

P10-P365, we observed for H3K27me3 a strong 7- to 23-folds increase along the hELP1 gene

(Fig 3A) and a 6-folds increase in the tissue (Fig 3C). This chromatin rearrangement is associ-

ated with a general 2.5- to 6-folds decrease in the RNAPII density (Fig 2C) and no specific

enrichment of H3K27me3 over the alternative spliced exon (Fig 3B). In cellular model, a more

direct evaluation of the RNAPII speed shows that H3K27me3 depletion by EED226 accelerates

the RNAPII elongation on two target genes, SMN and ELP1 (Fig 5), modifying splicing of the
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AS exons and not the constitutive ones. Thus, we propose that models that consider the effect

of RNAPII kinetics on splicing regulation should consider not only changes occurring at AS

regions but also differences along the entire gene body. Compared to the substantial numbers

of permissive and repressive histone modifications identified, the chromatin changes that have

been reported to regulate splicing [15, 19, 23, 70] probably represent just the tip of the iceberg.

Here we have mainly focused on H3K27me3, as it shows an impressive 13-folds temporal

increase in brain development, but it is reasonable to think that changes in many other chro-

matin marks with potential effect on splicing are common during development, aging or can-

cer. As these chromatin changes, either affecting the RNAPII elongation (as we show here or

in [15, 20, 23]) and/or modulating splicing factors recruitment [28, 91], can have an antagonis-

tic splicing activity, the final splicing decision will be the result of the sum of their multiple

effects. Considering that the most studied classical pathways based on splicing factors, which

are not sufficient to fully clarify the final splicing decision, the elucidation of the complex inter-

play between chromatin marks and splicing might help in providing a more precise under-

standing of alternative splicing.

Supporting information

S1 Fig. RNA Polymerase II elongation rate and chromatin structure do not affect splicing

of constitutive spliced exons. (A) HEK 293T cells were transfected with ELP1 mutant mini-

gene (c.2204+6T>C) and treated with 0.1% DMSO or CPT 12 uM or DRB 75 uM for 24 h.

DMSO-treated cells are set to 1. (B) HEK 293T cells were treated with 0.1% DMSO or CPT 12

uM or DRB 75 uM for 24 h. DMSO-treated cells are set to 1. (C) HEK 293T cells were treated

with 0.1% DMSO or CPT 12 uM or DRB 75 uM for 24 h. DMSO-treated cells are set to 1. (D)

Healthy donor (WT) fibroblasts were treated with 0.1% DMSO or CPT 12 uM or DRB 20 uM

for 24 h. DMSO-treated cells are set to 1. (E) HEK 293T cells were co-transfected with ELP1

mutant minigene and the expression vectors for WTresPol II and R749H slow mutant RNA

Polymerase II followed by the addition of 2.5 ug/mL or 5 ug/mL of α-amanitin for 24h. Cells

transfected only with ELP1 mutant minigene and treated with 0.1% DMSO are set to 1. (F)

HEK 293T cells were co-transfected with the expression vectors for WTresPol II and R749H

slow mutant RNAPII followed by the addition of 2.5 ug/mL or 5 ug/mL of α-amanitin for 24h.

DMSO-treated are set to 1. (G) HEK 293T cells were transfected with ELP1 mutant minigene

(c.2204+6T>C) and treated with 0.1% DMSO or VPA 4 mM or TSA 1 ug/mL for 24 h.

DMSO-treated cells are set to 1. (H) HEK 293T cells were treated with 0.1% DMSO or VPA 4

mM or TSA 1 ug/mL for 24 h. DMSO-treated cells are set to 1. (I) HEK 293T cells were treated

with 0.1% DMSO or VPA 4 mM or TSA 1 ug/mL for 24 h. DMSO-treated cells are set to 1. (J)

Healthy donor (WT) fibroblasts were treated with 0.1% DMSO or VPA 8 mM or TSA 1 ug/mL

for 24 h. DMSO-treated cells are set to 1. In all panels, HBA exon 2, ELP1 exon 10 and ELP1

exon 20 inclusion bands are indicated and in panels (A), (E) and (G) the HBA upper band cor-

responds to intron 1 retention. The intensity of the bands was measured with ImageJ software

and histogram below gel displays the percentage of exon inclusion expressed as fold change.

Dividing lines indicate cropping and annealing of the same agarose gel or experiment. Data

are expressed as mean + S.D. of n = 3 experiments in triplicate. Statistical analysis was per-

formed using Student t-test (ns: not significant).

(TIF)

S2 Fig. hELP1 exon 20 reveals a temporal splicing pattern in FD mouse tissues. (A) End-

point PCR of hELP1 splicing pattern in FD mouse sacrificed at P10, P90 and P365. Identity of

exon inclusion (202 bp) and skipping (128 bp) bands are indicated on the right and tissues

analyzed on the left of the gel. (B) Quantification of the intensity of ePCR gels bands with
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ImageJ software. Data are expressed as percentage of hELP1 exon 20 inclusion. (C) SYBR

green based-qPCR quantification of the ratio of hELP1 FL (mRNAs including exon 20) to Δ20

(mRNAs lacking exon 20) transcripts in FD mouse model sacrificed at P10, P90 and P365. In

each tissue, the expression level of P10 animals is set to 1. Data are expressed as mean + s.e.m.

of 3 mice for each age. Statistical analysis was performed using OneWay ANOVA (ns: not sig-

nificant; * p<0.05; ** p<0.01; ***p<0.001).

(TIF)

S3 Fig. EED226 treatment effect on splicing of WT ELP1 exon 20, FN1, FIX and constitu-

tive spliced exons. (A) FD patients’ fibroblasts were treated with 0.1% DMSO or EED226 100

uM for 24 h. DMSO-treated cells are set to 1. HEK 293T cells were transfected with (B) FN1

exon 33 (EDA) minigene, (C) FN1 exon 25 (EDB) minigene and (D) FIX exon 5Δ6 minigene

and treated with 0.1% DMSO or EED226 100 uM for 24 h. DMSO-treated cells are set to 1. (E)

HEK 293T cells were transfected with ELP1 mutant minigene (c.2204+6T>C) and treated

with 0.1% DMSO or EED226 100 uM for 24 h. DMSO-treated cells are set to 1. (F) HEK 293T

cells were treated with 0.1% DMSO or EED226 100 uM for 24 h. DMSO-treated cells are set to

1. (G) HEK 293T cells were treated with 0.1% DMSO or EED226 100 uM for 24 h. DMSO-

treated cells are set to 1. (H) HEK 293T cells were transfected with CFTR exon 9 wt minigene

and treated with 0.1% DMSO or EED226 100 uM for 24 h. DMSO-treated cells are set to 1. #

denotes PCR artifacts. In panel (B), FN1 EDA inclusion and exclusion bands are indicated. In

panel (C), FN1 EDB inclusion and exclusion bands are indicated. In panel (D), FIX exon 5Δ6

inclusion and exclusion bands are indicated. In panel (E), HBA exon 2 inclusion band is indi-

cated and the HBA upper band corresponds to intron 1 retention. In panels (F), (G) and (H)

ELP1 exon 10, ELP1 exon 20 wt and CFTR exon 9 wt inclusion bands are indicated, respec-

tively. In all panels, the intensity of the bands was measured with ImageJ software and histo-

gram below gel displays the percentage of exon inclusion expressed as fold change. Data are

expressed as mean + S.D. of n = 3 experiments in triplicate. Statistical analysis was performed

using Student t-test (ns: not significant; * p< 0.05).

(TIF)

S4 Fig. EED226 treatment increases SMN2 exon 7 inclusion in HEK 293T cells. HEK 293T

cells were treated with 0.1% DMSO or EED226 100uM for 48 h and RT-PCR amplified frag-

ments digested with DdeI restriction enzyme to obtain SMN1 and SMN2 exon 7 inclusion

(FL) and exclusion (Δ7) fragments, respectively. The SMN2 exon 7 inclusion and exclusion

bands and a fragment of exon 8 are indicated. DMSO-treated cells are set to 1. The intensity of

the bands was measured with ImageJ software and histogram below gel displays the percentage

of exon inclusion expressed as fold change. Data are expressed as mean + S.D. of n = 3 experi-

ments in triplicate. Statistical analysis was performed using Student t-test (* p<0.05).

(TIF)

S1 Table. Oligonucleotides used in this study.

(PDF)

S2 Table. Summary table of alternative splicing analysis in HEK 293T cells treated with
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(PDF)

S3 Table. Differentially expressed genes in HEK 293T treated with EED226 vs control.
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