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the spliceosome
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The Splicing factors recognize RNA binding sites

General and specific splicing factors recognize numerous regulatory sequences,
which are often degenerate in higher eukaryotes
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5’ splice site branch site 3’ splice site

Mammalian Consensus 5'-AG/GUAAGU-intron-YNCURAC-Y NAG/G-3’
Yeast Consensus 5'-/GUAUGU-intron-UACUAAC-YAG/-3

Splicing site consensus sequences are more degenerate in mammals.
This allows the creation of more alternative exons. (Ast 2004).

Cartegni et al. 2002 in Nat. Rev.
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Recognition of splice sites 5" and 3’

Only few splicing sites allow to define the exons in a gene
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The splicing is highly regulated and variable

All multi-exonic genes have at least one alternative splicing event

mBEMNA

pre-mBMNA Isoforms

Constitutive [ = 'l/\:| —» [ 1]

Cassette exon D%E%E <y é-?j
Alternative 5' splice sitesm ot L LLT |
Alternative 3' splice sites E/\{:@j <X %

Intron retention :'A:Ej ‘:;: [ I —

Mutually exclusive exons D%‘

A

|qI:E:I

@

Biological prevalence

* 95% of human genes have at least two splice variants
» Depends on development stage (sex in Drosophila)

* Cell-type specific

* Regulated by signaling pathways
Numerous diseases are associated
with splicing defects

* Cancers

* Neurological disorders

* Immunological disorders

Genetic alterations often affect splicing

Mutations in Splicing factors

- Spinal Muscular Atrophy (Smn2)
- Retinitis Pigmentosa (PRP31)
- Myotonic Dystrophy (MBNL1)

: ific mRNA

I\fi;.;tations affecting one 'SpeCIf'IC m
thalassemia (p-giobm)tmphy o)

g henneé Muscular Dys

- c )

py tic Fibrosis (CFTR) o umor

: geneJ
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_ Frontot€

~1/3 of inherited diseases are thought to involve a splicing

component.

Alternative splicing can influence the efficacy and safety of

drugs:

* as some treatments may only affect specific splice

variants
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The alternative splicing is regulated by
several positive and negative factors
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_-~ESE=exonic splicing enhancers.._
ESS=exonic splicing silencers

Splice enhancing

Splice silencing

SR trans-acting splicing factor

* For long introns, spliceosomal first assemble around exons, not introns

» U1 recognizes downstream 5’-splice site, U2AF recognizes upstream 3’-splice site
* SR proteins form cross-exon interactions, hnRNP antagonizes SR effects

» These cross-exon interactions are later replaced by cross-intron interactions in a series of
@ events that are not well understood
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* Alternative splicing affects ~95% of humans
The dogma of ‘one gene for one protein’ is not generally valid.

Alternative splicing regulates essential functions

Sex-specific splicing of the doublesex (dsx) pre-messenger RNA controls sex determination in
Drosophila. In females, a proximal terminal exon 3' called exon f is used. The use of this exon
requires the activity of the transformer (tra) and transformer 2 (tra-2) genes. In males, a distal
terminal exon called exon m is used. The use of this exon is independent of the activity of the

transformer (tra) and transformer 2 (tra-2) genes.

X:A=1:1 X:A=1:2
tra tra-2 t>< tra-2
\( AAA
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> 35% of genetic diseases are associated with splicing defects.
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Alternative splicing Is an important process in the
regulation of gene expression.

Hum Genet (20017) 136:1303-1312 @ CrossMark
DOT 10.1007/500439-017-1833-4

ORIGINAL INVESTIGATION

Huma n
Genetics

Defective splicing of the RB/ transcript is the dominant cause
of retinoblastomas

Kamil J. Cygan'2© - Rachel Soemedi'? - Christy L. Rhine? - Abraham Profeta® -
Eileen L. Murphy? - Michael F. Murray? - William G. Fairbrother'?*

b
“there is a great excess (46%; ~threefold) 2 30
of hereditary disease alleles that map to *g
splice sites in RB1 that cause g
retinoblastoma. o
Also, [...] 27% of RB1-coding mutations =10
tested also disrupt splicing.” o .
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Gene expression & alternative splicing regulation define
different pathways of breast cancer progression

MCF10A epithelial
breast cells : <COF Prog,

I % ﬁ +RAS

Normal ductal lumen

/" non-tumorigenic

. transformed cells Comparison

vs MCF10A

Regulated Genes

KEGG_PATHWAY Gene Nb
- - - T -
hea00240  Pyrimidine metabolizm 35 20 2E-04 Genes with differential
h=aldd330 Arginine and proline metabolis 53 13 7E-03 . .
h=alD0E70 One carbon pool by folate 16 7 OE-02 Spl ICI ng eve nts KEGG_PATHWAY Gene Nb
hsa03030 DNAreplication 36 21 2E-12 - - *| T -
h=a(3410 Base excision repair 35 11 2E-04 h=a03010 Ribosome a7 22 TE-19
hza03420 MNucleotide excision repair 44 9 SE-02 h=a03040 Splicecsome 126 11 4E-04
h=al3430 Mismatch repair 23 2 7E-03
h=al3440 Homologous recombination 28 10 2E-04
h=a(d4114 Oocyte meiosis 110 19 7E-02
hza04110 Cell cycle 125 32 SE-O7
h=a(4512 ECM-receptor interaction 24 18 QOE-03
h=ad4510 Focal adhesion 201 31 2E-03
h=al5322 Systemic lupus erythematosus 99 41 5E-04 . .
h=ad4115 p53=ignaling pathway G2 15 2E-03 == ‘?JJJJPJ”J ..lf] 3]?.. ed !'.O f?.. S I'J,J"JJH"] ]"'\ 8]3
h=al5222 5Small cell lungcancer 24 17 6E-03

=> Expression and Splicing analysis give rise to different output
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Transcriptional Elongation : RNA synthesis

RNAs undergoing synthesis undergo several stages of maturation, including the removal
of introns to form messenger RNAs (mMRNAS).

Z @ Exon 1 Exon 2 Exon 4 Exon 5
=) 000 I |—
<
G TRANSCRIPTION
ol
E E 5 o ) £ 13
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Gene expression at school EE
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. ' EPISSAGE
b Ll bl'— ‘
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E = GgPPP | Région SUTR T TR | AAAAAA
= B
e
= 2008 !
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Schéma reps tant la transcription de 'ADN et la maturation du transcrit primaire (addition de la coiffe, addition ("ggueue poly-A et
épissage) jusqu’a 'obtention de 'ARN messager mature.
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Transcriptional Elongation : RNA synthesis
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RNA synthesis and splicing occur simultaneously and in a coordinated manner

@9



Cotranscriptionality of RNA splicing

Concordance and coupling.

Splicing factors and the spliceosome interact Splicing of long gene RNAs occurs before
with RNA polymerase |l RNA Pol2 reaches the end of the gene.

INITIATION

558 8P ¥SS BromENA Q - —p TERMINATION
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Brr2 - ATP termination/
Snu114 -GTP dissociation
o @
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The complexes assemble

reinitiation
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. Q—:
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i
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- © © .
(activated) F'rp2 ATP (catalwlcally activated)

ELONGATION

Nagai et al. 2019 )
D'aprés Howe (2002) in B
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Transcriptome-wide splicing network reveals special-
ized regulatory functions of the core spliceosome
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Alternative splicing is regulated by transcription

Two mechanims for functional coupling which are not antagonistic

Transcription kinetics affect the choice of splicing sites:

Pol2 recruits splicing factors first come, first served” model

Exclusion Inclusion
A —

A

Splicing factors (SR, snRNPs)

Cleavage/polyadenylation factors Weak 3'SS

(CPSF, CstF....)

time
g\’ l

Elongation factors
(NRD1, pTEFb, DSIF,...)

Weak-?,".S?b Strong 3'SS

Weak 3'SS
a
» %
Strong 3'S Weak 3'SS
DNA — %
Elongation
Fast elongation / no pause Slow elongation / pause
The interaction of splicing factors with the nascent template kinetic coupling, i.e., a “race” between the time it takes a transcript to be transcribed
and the transcriptional machinery (Bourquin et al. 1997; Kim et al. and cleaved from RNAPII by the end formation machinery versus the assembly of the
1997; Tanner et al. 1997; Hirose et al. 1999; Robert et al. 2002; de spliceosome and the splicing reactions (de la Mata et al. 2003, 2010; Lacadie et al.
la Mata and Kornblihtt 2006). 2006; Tardiff et al. 2006; Carrillo Oesterreich et al. 2010; Khodor et al. 2011).
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Splicing co-transcriptionality lies on
the C-terminal Domain of the RNAPII

B RNAPI

RNAPI prom. —%—D—E— — OO0

RMNAPI

CTD
RNAPII prom. ﬁ—ﬁ—ﬂ— — CAPGCTITITA,
RMNAFII
RNAFII prom. %—D—D — 00—

RMAPIN
RMNAPII prom. g 3_-:"
— OO0
+ RMAPII ACTD
Reviewed in

Giono & Kornblihtt 2020 JB
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The mRNA ‘factory’
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Splicing factors ——

Polyadenylation /;

factors
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RNAPII

—
[YSPTSPS)sp
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the carboxy-terminal domain (CTD) of RNA polymerase Il

; / Spherical volume of a compacted CTD

g

1= Linker

.....

Motifs répétés de 7 acides amines :

(35, 39, 40, 47, 49) YSPTSPK
(41,43, 46,48, 51 YSPTSPT
{6, 22,23, 26) YSPTSPN
1 YSPTSPA
W) YSPTSPV
i50) YSPTSPG
(24,36 YTPTSPS
39 YSPSSPS
(38,45 YTPTSPK
27 YTPTSPN
33 YTPSSPS
i3 YTPOSPS
37N YSPESPE
31 YSPSSP®
(42) YSPTTPK
i52) YSLTSPA
32) YTPQSPT
2 YEPRSPG

Key: mConsensus
O Non-consensus
A Site-gpecific modification (R1810)

Key:

D AR

. Acetylation/methylation/sumoylation/ubiquitination
. Phosphorylation/glycosylation
. Phosphorylation/glycosylation

. Methylation

Known modification

Potential new modifications

&rd,

Cis/trans Cis/trans

[} Tyr J 591';] Pm}l Thr)Eer{Fru) Ser:]

Egloff et al. 2012 TIG o
Cramer et al. 2018 Science Tous droits réservés  10/10/2025

Heptapeptide of the CTD

(52 repeats in mammalian Rpb1, 27 in yeast)

Transcribed gene by the RNA pol Il (ChlP-seq)

%WMWWWx_

SZ-P . "‘\A“ (s it et dorhcl ety UL*‘M‘ il ’@‘s‘ggﬁ a'I .
no-P W ' . ,\

all LM \ , J\
ger‘l"ehm‘n [l 1 ICD?4I U 1111 1 11 IA‘J

Réles du CTD:

- unique to RNA pol I
- the CTD is not necessary for in vitro transcription

- the CTD is essential for cotranscriptional splicing, (and for life)

- The CTD is the site of numerous post-translational modifications.

- The CTD is predominantly phosphorylated at Ser5 at the promoter and
predominantly phosphorylated at Ser2 at the termination site. (It can be
simultaneously phosphorylated on both Ser2 and Ser5 of the same

motif.)

- The nascent RNA from spliced exons is bound to CTD S5-P.

Epigenetics & RNA splicing 23


Présentateur
Commentaires de présentation
Upon initiation of transcription the CTD heptapeptides are phosphorylated at 5 by the kinase subunit of TFIIH . Later, Ser5 -P levels decline, and Ser2 is phosphorylated by P-Tefb, which as I mentioned last week, plays a role in regulation of elongation.


CTD phosphorylation marks
the stages of the RNAPII activity

The CTD contains 52 repeats
with the YS,PTS;PS consensus

PTase

TFIIH Srb/Medlator (Ssu72

P
processing NELF

factors

/'_" NELF

2
RNAPII DSIFE

RNAPIL
\"4 \Y/,

unphosphorylated S5-phosphorylated "™~
initiating RNAPII initiating RNAPII

\ \
Transcript 7 DNA

SS5+S2-phosphorylated S2-phosphorylated RNAPII

INITIATION PROMOTER RNAPII processive during 3'end processing
CLEARANCE PAUSING for CAPPING ELONGATION TERMINAISON
y FCP1 /
(recycling)
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CTD Phosphorylation

Splicing co-transcriptionality lies on the C-terminal Domain
of the RNAPII and its phosphorylation status

CTD phosphorylation status during the gene transcription

1
CFIA: Ratl;

MNascent RNA

PP PP P
CTD (Y,5,P,T,5.P.S,)

‘/ Pal Il CTD IP \‘

mNET-MS Long RNA mNET-seq (60-150nt)
. \) . . T
'.
-
Elongating Pol ll-associated mmplex Co-transcriptional splicing

Rtt103
' TyrlP
Ser2P
e Thrd P
Ser5P
—Ser7P

k"‘n
TSS —» Poly A TTS

----_—[exon :
3'ss

Tous droits réservés  10/10/2025

S5PCTDIP

S5P CTD

Spliced RNA S'ss
m7G

Nojima et al., 2018 Mol. Cell.
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time

First come first served (revisited)

Exclusi Inclusion
xclusion ———
I

A
\ Weak 3'SS

Strong 3'SS Weak 3'SS lf Strong 3'SS
Weak 3'SS _%

N First served = first excised First served = first committed

\ \ 72
Strong 3'SS A § Weak 3'SS 5 Weak 3'Ss§

Fast elongation / no pause Slow elongation / pause

De la Mata et al. 2003 Cell
De la Mata et al. 2010 RNA
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Présentateur
Commentaires de présentation
An other way to affect the splicing decision was suggested the Alberto Kornblihtt’s team.
Indeed they showed that the inhibition of RNA Pol II elongation velocity promotes the alternative exon inclusion, probably because sub-optimal splice site could be recognize by the spliceosome

To test if this patway could be implicated in our case, we follow the Pol2


Alternative splicing is also regulated by transcription.

Overall, the inclusion of variant exons coincides with the slowing down of Pol2.

Slow RNA PoI2 Fast .RNA Pol2 |

Variant exon can be included

@ Tous droits réservés  10/10/2025 Epigenetics & RNA splicing 27




Alternative splicing decisions are linked to the chromatine

Spliceosome Splicing
assembly ?cmrs
¢ 3 Chromatin mark
% H3K9ac
G Chromatin HRiGmed
Transcription RNAPII /’\mcdifiers H3Kome2
o . T HaK27me3
factors /et SIRNA
. N L el H3K36me3
o —_— - H4K4me?2
CTD remodelers RNAPII % H3K36me3
- I phosphorylation/ - | siRNAs, Spliceosome and
Transcription factor > | factor recruitment | < Chromatin | < | ncRNAs splicing factor % H3K9me3
recruitment - structure |« > recruitment
% H3kK4me3

Chromatin z

Mechanism
Chromatin t RNAPII
relaxation elongation rate

} BNAPII

HP1a recruitment —= elongation rate

PTB recruitment, via MRG15

SRSF1 recruitment, via Psip1/Ledgf

U2AFB5 recruitment,
via AGO2 | BRNAPII
elongation rate

U2snBMNP recruitment, via CHDA

HP1y recruitment —

> Splicing
Reviewed in :
Mauger et al., 2015 Nuc. Ac. Res.

Nﬁ ménage a trois »
Batsché et al. 2015 WIRE RNA

Transcription
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Chromatin: complex carrying genetic material

DNA is not free in the nucleus. Chromosomes are unpacked in cells that are not
o) undergoing mitosis (cell division)
@ wle

Nucleus Chromosome Compartment  Domain Loop Muclecsome Mucleosome DA
(limite d’Abbe) chain
Physical distance  ~10pm =~Faw um ~300=-1000nm  ~300nm ~100=-200nm ~5=24 rim =11 nm =3.4nm
+—0 O O O Cr O O o »
Genomic distance ~100 Mbp ~ 1000 kiy ~200-500kb -5-200kkb ~kb ~146bp ~10bp
o o Optique & champ large

o Optique confocale fluorescence (laser focalisé)
& Super-résolution SIM/Airyscan (lumiére interférence)

Types de _ c & Super-résolution fluorescence PALM/STORM/ PAINT)
microscopies o

o o Super-résolution 2 lasers fluorescence STED
_ Super-résolution MINFLUX %

"(= STED+PALM) i o
0 1 Electronique : TEM / SEM
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Nucleosomes: repeating units of chromatin

Nucleosomes = histone octamer
+ 146-7 pairs of nucleotides (1.65 turns)

=
H3
]
H4
H3-H4
tetramer

The H3-H4 tetramer is the first stable
structure to which 60 bp of DNA binds.

@

Kornberg, R.D. (1974). Science

J_.$ HzA
oy F
= | \—
L] Y
HzB 3}
8
\ /°
./ Histone e
octamer b HIA-HE
' dimer
- i}_ e
i B
)
A e
LS
S
Luger et al. (1997). "Crystal structure of the
The two H2A-H2B dimers then bind to the nucleosome core particle at 2.8 A resolution”

— Nature 389(6648):251-260.
The nucleosome is complete when the
DNA wraps around the octamer.
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RNA polymerases Il are blocked by the nucleosome.

Chromatin is a barrier to transcription in vitro

DNA with one nucleosome in position 2

0w _l'
I | \r |
| Mucleosome RNA '\ !
: | F— S _-I:/‘JJ"‘V“I‘-' 1‘.. I’L-"- wl HL"(‘.;-'I \s
iLeading RNAP = e fiadd. i T
! lm} " A ( 1 | .-& E‘?—- éj Bt i ' |5¢ time
I ‘ ’ | = : : -

RNA

T

DNA with one nucleosome in position 3

RNA

I 8 & 8
Jin et al. 2010 in NSMB h - . : |
Naked DNA

Studisky et al. 1995 Cell
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Human internal exon length distribution

(A)
% 7
— human
6 — worm
7% =
x5 Exons are
g similar in size
6% &
2
212
&
1
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\C_._.J (B)
i e’ 60
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8

=
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(]
(=]

Percentage of all exons

percentage of introns

=
L=

100-  2000- SDDD >30, ﬂ
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|
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I 0
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0%
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Bioinformatic reassessment

Nucleosome positioning as a determinant of
exon recognition

Hagen Tilgner!:3, Christoforos Nikolaou!?, Sonja Althammer!, Michael Sammeth!, Miguel Beato!,

Genome'W|de nUC|eOSOI'ne Juan Valcircel»? & Roderic Guigd!
positioning maps in CD4+ T cells a Nucioasoma accupancy in ntornal axans

13.5 | e All 78, 450 xons

13.0 - — Al 45,27 6 DESUH0E NS
) — D weak EXONS

12.5 —| s 3 822 strong eons

- a 330 SIrenNg pSeUBoexIng

* Transcription start site studies
by Barski, Schones et al.

:
: E 12.0 7

* Linker DNAs are cut and & 1.5

consumed with MNase ﬁ_______> g 11.0

treatment A E 10.5
* Up to 36 bp from the 5’ ends of 2 e

the chromatin associated DNA 2 oo

strands is deep sequenced by T 85-

Solexa and alignhed with the T T < 804

reference genome \A —~300 200 ~100 acc  don +100 +200 +300
* Barski: ChiP-Seq Nuclectides from exon bounaary

) (Raw data from
¢ Schones: JUSt Seq Barski et al., 2007,
Schones ef al, 2008) b NUCIECSOme DCCUpENCY in the SNTES locus

chri& | | gr7o0000 | E7E00000 | S7E10000 | 57220000 | E7E30000 | STS40000 | STES0000 | 750000 | ETET00M0 | E7E30000 | 67 BS0000 | 67500000 |

i

SNTE= |
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Nucleosomes appear to be enriched on internal exons
and depleted in introns.

The location of internal exons is encoded in the chromatin structure and can be
Inherited across generations.

Nucleosome density

o
)]

exonic exonic exonic exonic exonic exonic [%
upstream intron 500 bp 80 bp B0 bp downstream intron 500 bp upstream intron 500 bp  80bp BObp downstream intr&n 500 bp upstream intron 500 bp 80 bp 80 bp downstream intron 500 bp
)] ) -
7
°  CD4+T cells (human) 1o Blastulae (medaka) (X 10 Sperm cells (human)
X 4’

[$;]

o

N

Tilgner et al. 2009 NSMB
Schwartz et al. 2009 NSMB

' Kolasinska-Zwierz et al. 2009 Nat. Gen.
Nahkuri et al. 2009 Cell cycle
Andersson et al. 2009 Gen. Res.

Relati — h 0 Relative position with respect to exon
elative position with respect o exon Relative position with respect to exon (Raw data from Hammoud et al., 2009)
(Raw data from Sasaki et al., 2009)
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The positioning of nucleosomes on exons coincides
with the distribution of RNA polymerase Il.

In vivo, when nucleosomes are less mobile at a specific location in the chromatin (exons),
RNA-Pol2 is more frequently found at the first nucleosome.

ChlIP-Seq signal

Accumulation of

nucleosomes on exons

average
1 g} —Nucleosome
T —Polll
= 16} ﬂl
& 1.4} i
o 12} IR o
£ 110 P '|| =
— . 'M | | 'IlI
2 0g M,\ \
06t v
047300 =200 0 400 800
intron m
Taille des exons: 170-240 bp

@9

Relative signal

2 () ; : :
— Nucleosome "
—Pol i i
15} a E
|II I.Il | M $
I|I \| ey 2
1 s CI I WC:&I:I-::"T(",I 1f II'-|| 'Il E
| I-II |
05500 400 0 400 800

intron m
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Direction of Pol2 RNA movement
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Hard way = slowing-down

Chromatin (real life) Naked DNA

Slow RNAPII Fast RNAPII
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Euchromatine (ON) or heterochromatine (OFF) ?

The state of chromatin controls the action of transcription factors (and vice versa).

:Permilsiue histones .*, .:
i Lysine acetylation I
I &rginine methylation

: Serine phosphorylation
i Lysine methylation

1 {H3K4, H3IK3E, HIKTT)
[ L L L T

ACTIVE GENE .
{Euchromating DNA Chromatin Histone
methylation remodeling muodifications
Histone
TET DNMT ATP-dependent modifying
s e enzymes

I Repressive histones
: Lysine methylation
1 (HIKS, HIKZT, H4K20)
! Lysine sumoylation
: Lysine ubiquitilation

SILENCED GENE i v
{Heterochromatin)

CAUTION: The definition of
the role of genes depends
on their location within gene
regions. Most of these roles
are defined according to
their role at the promoter
level.

@ Tous droits réservés  10/10/2025 Epigenetics & RNA splicing 38




How does chromatin become competent for
transcription?

Subfamily
SMNE2
[SWI
nucleosome
CHDI
ATP  ADP nucleosome
N— sliding INORD
_> ERCCH
ATP-dependent RAIDS4
chromatin remodeling
DDMI
remOdeled MOTI
nucleosome
core nucleosome
histones displacement
DNA
nucleosome
replacement

Chromatin remodeling

Characteristic motif 8. cerevisiae Dvosophila

A. thaliana

Mammal

Proposed function

Bromodomain Snf2 Brahma
Sthi Brm
SANT-like [SWI1 Iswi
ISWI12
Chromodomain CHDI Chdl
Mi-2
DBING InoR0 CG31212
Rad26
Rads4 okr
dXNP
Y EFRO3Sw
MOTI1 Hel&9B

At5g19310
At3g06010
A3 06400
AtSgl8620
At2g1337

At2g25170
.J’\LS@—i—lhﬂﬂ
At3g57300
A2 18760

Atlg08600

DDMI
At3g54280

BRGI/SMARC A4
BRM/SMARCAZ
SNF2ZH/SMARCAS
SNF2L/SMARCAL
CHDI

CHD2

CHD3

CHD4

INOED

ERCCH

RADS4L

ATREX

HELLS/PASG/Lsh
BTAFI1

Activation and repression of transcription

Activation and repression of transcription

Maintaining chromosome structure

Maintaining chromosome structure

Activation of transcription

o

? Methylation mnduced gene silencing

Repression of transcription

DN A repair and gene expression

['vanscription-coupled DNA repair

DN A repair by homologous recombination

DNA methylation, 7 regulation of
transcription

DN A methylation

Repression of transcription

Tous droits réservés  10/10/2025

Epigenetics & RNA splicing 39



The SWI/SNF chromatin
remodelling complex promotes the
Inclusion of variant exons of
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The CD44 gene as a model for alternative splicing
The CD44 gene contains nine variable exons in the centre of two sets of constant exons.

MRNA structures
trans-membrane

domain

extra-cellular domain Cytoplasmic part

r A N RPN
” (2 HER s ATE MR RTEE- o e o,
" 128Es. _BRSeEERIEE-- craicioms
“HesE8__BEEEE-> co.

-

O clustered Exons variants
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PMA Protein Structures

@ CD44v
B .- =

Carboxy
terminal # N-glycosylation 4~ O-glycosylations- S04 terminal
« ~ HA-bindina motif (BX7B] wssuse GAG [eth
ex18-20
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The CD44 gene Is a transcriptional target of SWI/SNF

and Its alternative splicing Is regulated by Brm

Real time RT-PCR

Fold change of CD44 mRNA abundance
constitutive exons (C) 0

1|2é3|4|5|6|?|8|9|10
variant exons (v

: R CC1

- vivs

- v5|

- [v5v6|

- |vaT|‘

- v7v8]

.- [vava)|

(cycB)
HPRT

controls

Batsché et al., 2006 NSMB

@

cyclophilin B '
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R
Bfin a!

(0

N

tofgtte (&

CD44 gene ' o
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Présentateur
Commentaires de présentation
When we test the effect of the overexpression of the catalytic subunit Brm in Hela cells which express "normal " level of SWI/SNF and CD44, we observed that there no change in the global level of CD44 transcript as measured by RT-PCR using oligos amplifying the constant exons.
But when we measured the expression of the alternative exons we observed that Brm increase the variant exons contents in CD44 mRNA as the PMA induction did.
This shown that Brm acts specifically on the inclusion of these alternative exons.


Brm is associated to the S2 or S5 phosphorylated RNAPII
depending of its localization in the CD44 gene

d .
1stchip 27 ChiP: 15 ChIP : RNAPII H14
RNAPII 21 ChIP : Brm
= H5 H14 o 12
g c < 10 Oct 0y
S oo M"QG %8. 0 PMA
g 8
S 6 L
- - GC) ]
o 4]
_ L=
V5 m 0-r .rlllm. .ﬁj
PP 2| [ [EE

"paused RNAPII ™ Tous droits "fast RNAPII " "slow RNAPII" Epigenetics & RNA splicing 43
promoter constant region variable region Batsché et al., 2006




Chromatin modifiers affect
alternative splicing decisions

SWI/SNF complex favors a slowing-down of elongative RNAPII and interacts with spliceosome
components. This promotes inclusion of CD44 alternative exons.

(kinetic and recrutment model) \ G \
skippin} inclusion

m Slow RNAPII é\DNA HPy protein 0 Splicing factors
T Histone deacetiase @2:!;°J°;°R“;"Ps Batsché et al. 2006 NSMB
. HaK38me3 === Constant exon @ H|.I|it-(|)-ne acetylases . SRS compiex Ito et al, 2008 B|0Chem J .
, == Veriantexon e Waldholm et al., 2011 BMC Mol. Bio .
. Acetylated histone q Readers of H3K26me3 . Epigenetics & RNA splicing 44
- Zraly and Dingwall, 2012 NAR
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Spliceosome purified with U2 snRNP

0" 5 15' 45

chromatography
—

IP of Flag-B”

\

\/
Spliceosomal Gel filtration
complexes
But also among others :
AGO1 BAF200
AGO2
DICERL Brm / Brgl
b1 BAF170
9 BAF155
HP1BP3 .
EHMT1/2 Snf5/Inil 4
BAF60a/b/c
MBD3 BAF57
ZBTB33 (Kaiso) /\
o1 mSIN3A ATP ADP
TAFI11250 HDAC1
NELFB HDAC2 SWI/SNF factors
RbAP48

Allemand et al., 2016 PloS Genet.

@
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Associated to
Spliceosome

IP a-Flag

SF3a120
SF3a60

elF4A3

Western blot analysis

Mass spectrometry
analysis

f Factors
New factors previously
associated to described

Spliceosome
Epigenetics & RNA splicing
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Chromatin remodellers recognise modified nucleosomes

4 main families of complexes:

SWI/SNF (BAF, PBAF) ISWI (NURF, BPTF, Mi-2 (CHDs, NURD) INOB8O (p400, SRCAP)
ACF1, CHRAC, RSF...)
~.ATPase ~—ATPase . ATPase ATPase
LT ot k] ool | ] [ 0w ] (e molsor] [ioe | [ [Chono [hone] [ 06| [lke] T [0 | ([ iwetn] pEKE
|
Bromodomain SANT-domain Chromodomains

ATPase

ATPase

Activation and/or repression Transcriptional Activation Transcriptional Repression Activation and/or repression
Nucleosome sliding nucleosome assembly nucleosome assembly Nucleosome editing
nucleosome sliding nucleosome sliding replacement of histones
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Molecular supports for epigenetics

mi
m ARN
hm
ADN e
ca "
histones
f me . ub
ac P cit
1948 (Hotchkiss) 1967 (Allfrey et al.) acétylation 1980 IncRNA XIST
Méthylation de 'ADN (5mC) 1970-80 Méthylation 1993 /2006 miRNA /siRNA/ piRNA
1997 « code des histone » 2000s IncRNAs : HOTAIR, MALAT...

(T. Jenuwein & D. Allis)
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The players in epigenetic regulation

Acetylases, Deacetylases, Bromodomain,
methylases, demethylases, = chromodomain,
phosphorylases phosphatases PHD finger,
WD40 repeat
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The histone code
Post-translational modifications of histones

Nomenclature

amino acid type of
residue modification

H3K27me3

position of the
amino acid from
the N terminal

histone 3

Tri-méthylation
de la Lysine 27
de I'histone H3

Hishone qlobular
OIS
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'H2A

H2A

H2B

H3

H4

Lysine (K)

Arginine (R)

Acetylation @9
SUMOQylation @
Ubiquitination
Biotinylation big
—» Methylation @3
Citrullination @

AN

A

Glutamic acid (E) ——» ADP-ribosylation &)

Serine (S)
\ Phosphorylation b

Threonine (T)
Proline (P) —— Cis-trans isomerization @sa)

% big

\
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*H2B N—SAKAE!{?KPA
7

SKAPAEKKP.-C
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hal Ak 44k o
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7
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Some histone modifiers

Histone r.:eii;hﬁﬁﬁnﬁemse Histone Acetylransferase
EPZ5676 |__3-doazancplanocinA__ ke Histone Acetylation
EPZ00568T MG149
Sinicz Histone Methylati
sdeammmnaocina |T1ISTONE NEthylation Gcn5, CBP, p300, PCAF, MOZ/MYSTS3,

MORF/MYST4, Tip60, Rtt109
MLL1/2, Ash

Set1, Smyd3

G9a, SUZ12
[tazemetostat EED-EZH2

Histone
Phosphorylation

Pan-Sirtuin Inhibitors
Sirtinol
Resveratrol
Tenovin-6
Selective Sirtuin Inhibitors
SRT1720 (SIRT1)
EX 527 {SIRT1)

Kinases inhibitors
ZMA447439,
hesperidin

VX-680
SB-747651A (MSK1)

APIO-EE-07 (MSK2, RSK1)
CX-4945 (CKIl) KDM1/LSD1 KDM;?;JHD KDM8/JMJD5 SET8/SUV4

HDAC1, HDAC2, HDAC3. SIRT1

Histone Demethylation Pan-HDAC Inhibitors
Vorinostat

Entinostat

Histone Deacetylation

Histone Demethylase Panobinostat

Inhibitors Selective HDAC Inhibitors
GSK J4 RGFP966 (HDAC3)
0OG-L002 Nexturastat A (HDACE)

1ox1 PCI-34051 (HDACH)
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Histone code readers

Modifications to histone tails are  «¢wer (Key

. . . Chromodomain .m CHDA1 H3K4me2/3
Protel HP1# H3K9me2/3
recognised by specialised Y tudor 3 " ot Hokomea?
i . i CDY1 H3K9me2/3
domains in regulatory proteins. @y PIPCAPGAHPT  HITme3, H3komes
hMRG15 H3K36me, H3K4me
@ scEaf3 H3K36me, H3K4me
@ me MBT Proteins war PHF20L1 H3K4me1, H4K20me1
P SFMBT H3Kgme1/2, HAK20me1/2
K9 K4 L{3)MBTL1 H4K20me1/2, H1bK26me1/2
me k144 S10 me PHD Proteins &P scrnot H3K4me2/3
K27 ac @ BPTme'.vaz’aﬂhﬁnFsm :%ﬂgﬁ

@ S28 bromo scSppl H3K4me2/3
me P scSetd H3K4me2/3
scJhd1 H3K4me3
K36 @ RAG2 H3K4me3

TAF3 H3K4me3d

MBT ICBP90 (Np95)  H3Kome2/3
JARID1C H3K9me3
14-3-3 Proteins @ 14-3-3 H3510ph, H3S28p
Tudor Proteins @ JMJID2A H3K4me3, H4K20me3
53BP1 H4K20me1/2
spCrb2 H4K20me2
PHF20 H4K20me2
MBT Bromodomain brome Polybromo/BAF180 H3ac
Proteins scSnf2 H3ac, Hdac
Brd2,34.7 H3ac, Hdac
TAF1 H3ac, H4ac
PICAF H3ac, H4ac, H4K16ac
me CBF/p300 H3ac, Hdac
scBdf Hdac
K20 K16 @ hBRG1 H3K14ac
ac ac scRsc1,2.4 H3K14ac (Rscd)
scGend Hdac, H4K16ac

bromo bromo
v J
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The histone code correlates with gene activity
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The histone marks

Their distribution defines the regions of the gene according to their transcriptional
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Is there a specific mark for alternative exons

pattern of the H3K36me3

Differential chromatin marking of introns and expressed
exons by H3K36me3

Paulina Kolasinska-Zwierz!, Thomas Down!, Isabel Latorre!, Tao Liu?, X Shirley Liu** & Julie Ahringer!

VOLUME 41 | NUMBER 3 | MARCH 2009 NATURE GENETICS
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Coupling between chromatin, transcription and
splicing

Transcriptional Activators Differ in Their Abilities to Control

Alternative Splicing™
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Chromatin readers and modifiers of
H3K36me3 affect alternative splicing

H3K36me3 mark is recognized by — mRNA
adaptators that bind to splicing factors

(Recrutment model) S‘“PP‘”E/ \nclusion
Defects of SETD2 (the H3K36me3 writer) /

in Renal Carcinoma impact widely on splicing

H3K36me3
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Modifiers and readers of acetylated
histones affect alternative splicing

Acetylation of histones
- Is inhibited by splicing regulator Hu
- increases the RNAPII elongation speed
. O - promotes also the splicesome remodeling
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H3K9me3 coincides with a slowdown in RNA Pol2

Repressive H3K9me3 mark in a transcriptionally active gene causes RNA Pol2 to
slow down and variant exons to be included.
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The slowing down of RNA Pol2 depends on HP1y

SFiO‘Kg_fﬂi?j Inhibition of HP1y reduces the inclusion of variant exons and
P o7 an | M2 decreases the accumulation of Pol2 in the region of variant exons.
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HP1ly (CBX3) is an H3K9me3 reader that binds to RNAs.
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Ulcerative colitis: a disease associated with the function
of HP1y (CBX3) in splicing regulation

nature commu“ications Jorge Mata-Garrido', Yao Xiang', Yunhua Chang-Marchand’, Caroline Reisacher”,
Elisabeth Ageron', Ida Chiara Guerrera?, lfiigo Casafont ®**, Aurelia Bruneau®®,
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Epigenetic regulations

DNA methylation modifications are
linked to histone tail modifications

and vice versa.
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The DNA methylation

ldentified in 1948, the ‘fifth base’ is the oldest canonical epigenetic mark.

* In mammalian cells, cytosine is methylated at carbon 5,

» mainly on CpG dinucleotides (underrepresented except in ‘CpG islands’).

» The majority of CpGs are methylated, except those in the islands of transcribed genes, which )j/CH"
/’ .

are the signature of active promoters.
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Roles of the DNA methylation

Repression of transcriptional initiation
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Epigenetic regulations

DNA methylation readers enable
the recruitment of other factors

Sensitive transcription factors

(A) DNA methylation (B) DNA methylation
represses TF binding promotes TF binding
e e.g. KAISO
- 4 e.g0. NRF1
( i OCT4
o TF MYC
AP1
Spl
Steric hindrance Direct affinity

Alteration of DNA shape
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Transcription regulation

RNA binding and splicing

ADN 5mC HDAC, CoREST
DNMT1, DNMT1, Sin3, Chromatin
Sin3, ATRX ATRX Brm
Chromatin Brm, CREB CREB, YY1, YB1
structure HP1 WW domains,
/' HMGB, ATRX
\Th MBD ATh TRD
MeCP2 -,
MBD (CxxC-ZF), 5
MBD1 — —]Il]l:—ﬂ_-
(GR);;, MBD TRD Coiled Coil
MBD2
MBD Coiled Coil
MBD3 T e

MBD (Ehrz GD
MBD4 = —=

Kaiso Family

BTB/POZ C2H2-ZF
Kaiso -=_EIEIE_
ZBTB4 e ) e I e

zBTB38 == e I [l e [T LU =

Epigenetics & RNA splicing 68



DNA methylation, nucleosome positioning, and Pol2

slowing down
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DNA methylation increases on nucleosome DNA, and
nucleosomes are enriched on exons.

DNA methylation is also increased on exon DNA compared to
intron DNA. Conserved in other organisms: plants, insects,
animals

This suggests that DNA methylation, which is most often found
in transcriptionally active genes, may play a role in defining
exons or regulating splicing.

This also reinforces the observation that the position of
nucleosomes plays an important role in the distribution of DNA
methylation in the genome.
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Inactivation of DNMT1 and DNMT3b in HCT116 cells leads an
EMT resulting in modified CD44 alternative splicing

The meta-analysis of RNA-seq from 4 previous
studies confirmed the modifications of CD44 splicing.
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Inactivation of DNMT1 and DNMT3b in HCT116 leads to an EMT
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The meta-analysis of RNA-seq from 4 previous
studies confirmed the EMT in DKO cells.
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Correlation between the CD44 alternative splicing and the intragenic
DNA methylation in 4 different cellular systems

Cellular model HCT116 Hela MCF10A . B-ALL .
carcinogenesis leukenogenesis
DKO DNMT1 & siRNADNMT1 Increase 4x Increase 3x
DNMTs levels DNMT3b
! ! T )

Global DNA ! l? change change
methylation
DNA methylation in
the CD44 body ! ! f !
SUV39H1 1 3x no change T 3x 1 3x
EMT (Twistl, Vim,...) E—M no E—M Not applicable
ESRP1 splicing factor ! Not expressed 1 Not expressed

CDA44 variant exons ! ! 1 !
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Common alternative splicing events in different cell types

DNA methylation has a very poor predictive power of the
outcome of alternative splicing for the host genes under scrutiny
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Evidence for indirect effects of DNA methylation on alternative
splicing regulation

A small number of differentially spliced genes (enriched in splicing factors) may function
as sensors of DNA methylation, and thereby causing the more global changes in
alternative splicing.
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Splicing factors differentially spliced
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DNA methylation exerts direct and indirect effects
on splicing decisions.

Only a few genes could serve as direct detectors of DNA
methylation levels.

Differentiated or Cancer cells
normal cells or stem cells

Certain genes, including those
involved in RNA splicing, can have
their function altered by DNA
methylation. This could help the cell
adjust when methylation levels
change.

Batsché et al., 2021 Nuc. Ac. Res.
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How DNA methylation could directly influence
alternative splicing ?

> DNA methylation itself affects RNAPII elongation on a reporter Lorincz, et al. (2004)

> Readers that interpretes the methylome Key: (1) Constitutive exon
:_) Alternative exon
CTCF recognizes MeCP2 recognizes 0 ethyicted Cos
unmethylated DNA methylated DNA YRR
3) =) .q‘ H3KSme3

HP1s contributes to
methylated DNA effects

Yearim et al. 2015 Cell

Other readers of DNA

Young et al. 2005 PNAS, methylation ? _
@ Shukla et al. 2011 Nature Maunakea et al. 2013 Cell Research The Methyl-binding proteins.
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Direct effects of epigenetic modifications?

DNA methylation can be targeted at specific loci by the
CRISPR/dCas9-DNMT chimera.

Catalytic domain of DNA
methyltransferase

Guide RNA

T

dCas9
Z Methylated
-~ DNA

Mutant Cas9
proteininactive for
DNA cleavage

@9

Mutant catalytic domain of
DNA methyltransferase

Tous

dro

dCas9 |

its réservés  10/10/2025

Guide RNA
Ml
S
Unmethylated
DNA

In cells where there is very little
DNA methylation due to the
invalidation of the DNMT1 and
DNMT3b genes

Batsché et al., 2021 Nuc. Ac. Res.
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Effets directs des modifications epigénétiques ?

alternative exons
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The functional catalytic domain of DNMT
promoted the inclusion of variant exons
when specifically targeted to the variant
region of CD44.
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CD44 mRNA

\. Inclusion

1) with the DNMT1 enzyme methylating the DNA

of alternative exons

\AAAAAA

Skipping
\)f alternative exons

DNA can be locally
remethylated by a chimeric
protein providing the
catalytic DNA methylation
domain via the inactivated
endonuclease Cas9 and a
guide RNA complementary
to the targeted region.

Inclusion
w alternative exons

~ \ Batsché et al., 2021 NAR
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= CRISPR-dCas9 chimeric proteins are valuable tools to
study epigenetic transcription and alternative splicing

Conclusions regulation

=» Direct contribution of DNA methylation to the alternative

splicing decisions is mediated by MBD1/2/3 and HP1y
proteins
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Role of Nuclear Argonaute : chromatin silencing
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Heterochromatin dependent amplification In S. pombe from Halic & Moazed (Cell 2010)
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Nuclear AGO proteins play also a major role at the transcriptional level by inducing heterochromatin silencing1-3. In S. pombe, for example, AGO proteins associate with Dicer-dependent siRNAs and guide repressive histone methyl transferases (HMTs) to repeated sequences, favoring H3K9 tri-methylation and transcriptional silencing1 


Interactome of AGO1/2 in the chromatin

spliceosome core complexes
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Our evidence that AGO proteins interact with both splicing regulatory proteins and chromatin proteins, together with the effect on alternative splicing of exogenous siRNAs targeting introns17, prompted us to investigate a role for AGO complexes in the regulation of endogenous alternative splicing. 
Many proteins are found associated to AGO1 and AGO2 proteins in the chromatin, especially :� Chromatin components : histones, HDAC1, histone methyl transferase (Suv39H1), HP1γ�- Splicing factors and the U2 and U5 spliceosomal snRNPs



Spliceosome purified with U2 snRNP
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AGO1 and AGOZ2 reqgulate the alternative splicing of CD44
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To this end, we examined levels of CD44 splice variants in HeLa cells after depletion of either AGO1 or AGO2. 

Depletion of either AGO1 or AGO2 with siRNAs (Supplementary Fig. 4a) significantly compromised the PMA-induced inclusion of variant CD44 exons, while not affecting global CD44 expression (Fig. 2b). This effect was comparable to that observed upon depletion of HP1g (Fig. 2b). 

Conversely, increasing the levels of either AGO1 or AGO2 (Supplementary Fig. 4b) had an opposite effect (Fig. 2c).


What are the endogenous small RNAs that target
the recruitment of the AGO2.ca ?

CD44 gene

RNAI-dependent Inducing Transcriptional Slowdown
and alternative splicing regulation



Small RNAs bound to the chromatin complex
assoclated to endogenous AGO2 proteins
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small RNAs bound to chromatin associated AGQO2
are mainly in SENSE

Alignments on Protein-coding genes

?132 %g 7 Chromatin
= 7 L 120 000
£ 16 000 -
% 14 000 AGOZ - 100 000
12 000 - - 80000 =
% 10 000 - I S
© 8000 - 6000 =
o 6000 - lgG 40000 S
c 4000 4
S o0 20000 @
04 -0 =
15 25 35 45 55 65 75 85 95 >
5
L 40000 I
& 5000 Cytoplasm 35000 2
|
= 4000 4 L 30000 ~
-] 2 000 AGO2 L 25 000
o 1 - 20 000
3 2 000 - Input | %5 500
5 L 10 000
o -
g 1000 L 5000
=2 0 -0

15 25 35 45 55 65 75 85 95
sRNA lenqgths

h I sRNA bound to AGO2 complex

lll. CJ sRNAboundtolgG

Tous drc

385

'S5

= [Nfron ’ Exon ‘ INtron e

30

Chromatin sRNA lengths
< g ; ; AGO2H Al
o = lgG
g __.w
E--l—'
EEL “HAGO2- 19-30
g £ % IgG I"IT
= @
g 2
5 L ;
< { 40| LANNL LR LR B B E rfTrrrlrrryrrrrr T E T rr1rrrr1
-100 60 -30 1 31 61 100-90 -60 -30 1 31 61 100
Cytoplasm
40

20
10

(
\

0
mP*
20

)

rrrrrrrr1rrr1 LB L |
-100 —-60 =30 1 31 61
Position of sRNA
coverage

Normalized unique
sRNA (% Input)
Antisense Sense

sRNA bound to : 1gG  AGO2
sRNA lengths : gl [ |
19-30 nt B

1

T T ™
100 -90 -60 -30 31 681 100

Position of sRNA
coverage


Présentateur
Commentaires de présentation
Deep sequencing of RNA sequences bound to nuclear AGO2 revealed that sequences 
One-third of these sRNAs were between 19 and 30 nt long This subpopulation was enriched in sRNAs specifically aligning with the 3′ ends of introns. These sRNAs, which also co-purified with cytoplasmic AGO2 (although in smaller amounts) (Fig. 2b), probably include the previously described splice-site RNAs34 and/or splice site–associated RNAs35. The presence in the AGO2.ca of sRNA neighboring the intron-exon junctions provides an additional link between Argonaute proteins and splicing25



AGO2-bound small RNAs on the CD44 gene

Alignment of AGO2-associated reads (19-30 nt )

Cutoplasim \ \ I
anvomatinl[ [ [[ | I[{ [ [} [ [T0 T QICHICART 0 H\II\HH

CD44 ——t+——H— M
C1 C2C3 C4C5 23 45678910C16 C18 G19

20 kb | Variant

The distribution of SRNAs associated with AGO2 in the CD44 gene does not show any
particular enrichment in exons or intron-exon junctions

There is no particular antisense sRNA that would ‘simply’ explain the recruitment of
AGO2.ca

This distribution suggests a role for AGOZ2 in chromatin ‘surveillance’.
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In fact the recruitment of AGO proteins in this region can be explainedby the existence of an



AGO2-bound small RNAs on the CD44 gene

Alignment of AGO2-associated reads (19-30 nt )
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Le recrutement des proteines AGO1/2 et le maximum d'activité des HMT associés peuvent s'expliquer
par la présence d'un transcrit antisens a la fin de la région variante de CD44
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In fact the recruitment of AGO proteins in this region could be explained by the existence of an ANTISENSE transcript describe in database, which perfectly match the maximum peak of H3K9me3 and of the recruitment of AGO proteins.
I would just mention that this situation is not unique to the CD44 gene because in 




Epigenetic induction of RNAPII slowing down favors
the inclusion of variant exons in the CD44 gene

Nuclear RNA interference
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Epigenetic induction of RNAPII slowing down favors
the inclusion of variant exons in the CD44 gene

Nuclear RNA interference
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Argonaute proteins couple chromatin silencing to 7 SPtember 2012

alternative splicing structural &
molecular biology

Maya Ameyar-Zazoua'~*, Christophe Rachez*, Mouloud Souidi'-3, Philippe Robin®, Lauriane Fritsch?,

Robert Young®!!, Nadya Morozova! -3, Romain Fenouil’-, Nicolas Descostes”?, Jean-Christophe Andrau’%,

Jacques Mathieu2, Ali Hamiche!?, Slimane Ait-Si-Ali®, Christian Muchardt®!2, Eric Batsché*!2 & Annick Harel-Bellan'-3

Model:

The specificity of recruitment relies
on properly localized intragenic
antisense transcripts : asLincCD44

It is detected by the AGO2 complex
by base-pairing mediated by sense
short RNA sequences.

Consequently, H3K9me3 and HP1y
are increased locally.

These favor slowing-down of

RNAPII and recruitment of splicing
factors promoting inclusion of variant
exons.
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Chromatin modulation by RNA interference enhances
the effect of ASO drugs that modify alternative splicing
associated with diseases
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Counteracting chromatin effects of a splicing-correcting Cel

antisense oligonucleotide improves

its therapeutic efficacy in spinal muscular atrophy

Cell 785, 2057-2070, June 9, 2022

Luciano E. Marasco,” " Gwendal Dujardin,®* Rui Sousa-Luis,” Ying Hsiu Liu,” Jose N. Stigliano,’ Tomoki Nomakuchi,*

Nick J. Proudfoot,® Adrian R. Krainer,” and Alberto R. Komblihtt* 5~

Spinal muscular atrophy splicing-correcting ASO therapy

Without HDAC inhibitor With HDAC inhibitor (VPA)
nusinersen
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l l Slow 1 Fast
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@ Tous droits réservés  10/10/2025

SMNZ1/2 proteins are involved in snRNP biogenesis. A mutation in SMNL1 is
responsible for SMA. The SMN2 paralogue can be used to restore SMN
function by correcting exon 7 splicing.

The antisense oligonucleotide (ASO) nusinersen (Spinraza) is a drug
targeting specific exon splicing that has been approved for clinical use in a
therapy aimed at reducing the effects of spinal muscular atrophy.

Histone deacetylase (HDAC) inhibitors can promote transcription elongation
to cooperate with antisense oligonucleotides (ASOs) that correct Smn2 gene
splicing to restore functionality.

« SMN2 E7 is a class Il exon whose inclusion is stimulated by rapid Pol Il
elongation.

» The Nusinersen-type ASO promotes the inclusion of E7 and the
chromatin-inhibiting mark H3K9me2 via AGO1/AGO2

» The H3K9me2 epigenetic mark creates a barrier to Pol Il elongation
that inhibits E7 inclusion

* HDAC inhibitors remove the barrier and the inhibitory epigenetic mark
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