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RNA structures regulating alternative splicing

Org. Gene AS event IRBIS PREPH RIC-seq Publ.

D. mel

CG33298 Alt. 5’ss + + 2009

Gug Alt. 3’ss + + 2009

Nmnat Alt. term. exon + + 2009

H. sap.

SF1 Intron retention + + 2012

PHF20L1 Cassette exon + + + 2023

CASK Cassette exon + + + 2023

ATE1 Mut. excl. exon + + +/− 2021

MARK2 Cassette exon + + + 2023

BRD2 Poison exon + + + 2024

BRD3 Poison exon + − − 2024

SCN9A Mut. excl. exon + + + 2026
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Nonsense-mediated mRNA decay (NMD) pathway

UPF1

(A) (B)

NMD degrades mRNAs with premature termination codons (PTCs)
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Poison and essential exons, unproductive splicing

• Poison exons generate PTCs when included

• Essential exons generates PTCs when skipped

• Pairs of mutually exclusive exons can generate PTCs
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Competing RNA structures regulate mutually exclusive exons (MXE)

Ate1

R1 R3 R4R2 R5

6 7a 7b 8

Hom sap AAGTTAGAGgt ... taactgcttctgaag GTGAGGG ...AG gt ... taatggacattctgaaagtgcaaat ... tactgtagcctcaccttcagaagcatatca ... tttccttgctctgaag GTGAGGT ...AG gt ... tttgcactttcagaaagtta ... ag TTCACAAGA
Jac jac AAGTTAGAGgt ... ctaacccttctgaag GTGAGGG ...AG gt ... taatggactttctggaagtgcaaat ... cactctagcctcaccttcagaagcctgtca ... ttcccttgctctgaag GTGAGGT ...AG gt ... tttgcacttacagaaagtct ... ag TTCACAAGG
Sus scr AAGTTAGAGgt ... taactccttctgaag GTGAGGG ...AG gt ... taatgggcattctgaaagtgcaaat ... tactctagcctcaccttcagaagcatgtca ... tttccttgctctgaag GTGAGGT ...AG gt ... cttgcactttcagaaagtcc ... ag TTTACAAGA
Can lup AAGTTAGAGgt ... taactccttctgaag GTGAGGG ...AG gt ... taagaggcattctgaaagtgcagat ... tactctagcctcaccttcagaagcacatca ... tttccttgctctgaag GTGAGGT ...AG gt ... cttgcactttcagaaagttc ... ag TTCACAAGG
Ele edw AAGCTAGAGgt ... taactccttctgaag GTGAGGT ...AG gt ... tagtggactttctgaaagtgcaact ... gaccctagcctcaccttcagaagtgtgcct ... ttcccttgctctgaag GTGAGGT ...AG gt ... cttgcactttcagaaagttc ... ag TTCACACGG
Con cri AAGTTGGAGgt ... taactccttctgaag GTGAGGG ...AG gt ... tgatggacattctgaaagtgcagat ... aatgctagcctcaccttcagaagcatgccg ... tttcc-tgctctgaag GTGAGGT ...AG gt ... cttgcactttcagaaagttc ... ag TTCACAAGA
Myo dav AAGTTAGAGgt ... taactccttctgaag GTGAGGG ...AG gt ... tgacggacattctgaaagtgcaaat ... tact-tagcctcaccttcagaagcgtgtcg ... cttccttgctctgaag GTGAGGT ...AG gt ... cttgcactttcagaaagttc ... ag TTCACAGGA
Oto gar AAGTTAGAGgt ... taactccttctgaag GTGAGGC ...AG gt ... taatgaacattctgaaagtgcacat ... tactctagcctcaccttcagaagcatatca ... tttccttgctctgaag GTGAGGT ...AG gt ... cttgcactttcagaaagttc ... ag TTCACAAGA
Ovi ari AAGTTAGAGgt ... tacctccttctgaag GTGAGGG ...AG gt ... taatggacattctgaaagtgcagat ... tactctagcctcaccttcagaagcacatca ... tttccttgctctgaag GTGAGGT ...AG gt ... cttgcactttcagaaagttc ... ag TTCACAAGA
Pap anu AAGTTAGAGgt ... taactgcttctgaag GTGAGGG ...AG gt ... taatggacattctgaaagtgcaaat ... tactctagcctcaccttcagaagcatatca ... tttccttgctctgaag GTGAGGT ...AG gt ... tttgcactttcagaaagtta ... ag TTCACAAGA
Pte ale AAGTTGGAGgt ... taactccttctgaag GTGAGGG ...AG gt ... tagaggacattctgaaagtgcaaat ... tactctggcctcaccttcagaagcatgtca ... tttccttgctctgaag GTGAGGT ...AG gt ... cttgcactttcagaaagttc ... ag TTCACAAGA
Tur tru AAGTTTGAGgt ... taactccttctgaag GTGAGGG ...AG gt ... cactggacattctgaaagtgcagat ... tactctagcctcaccttcagaagcatatca ... cttccttgctctgaag GTGAGGC ...AG gt ... cttgcactttcagaaatttc ... ag TTCACAAGA
Vic pac AAGTTAGAGgt ... taactccttctgaag GTGAGGG ...AG gt ... tagtggacgttctgaaagtgcaaat ... tactctagcctcaccttcagaagcacgtca ... tttccttgctctgaag GTGAGGT ...AG gt ... cttgcactttcagaaagttc ... ag TTCACCAGA

*** * ***** ********* ****** ** ** * ***** ******* * * * **************** * * ** ********** ****** ** ** ******** ****** * ** ** ** *

2,396 nt 896 nt 28,802 nt

26,993 nt
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ugcuucugaag GUGAGG

| | | | | | | | | | | | | | | | |
acgaagacuuc cacucc

ugcucugaag GUGAGG

aaacgugaaagucuuaca

| | | | | | | | | | | | | | | | |
uuugcacuuucagaaagu
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8
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| | | | | | | | | | | | | | | |
ugcu-cugaag GUGAGG

aaacgugaaagucuuaca

| | | | | | | | | | | | | | | | |
uuugcacuuucagaaagu
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8
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R2

R4

R3

R5

*Kalinina et al, Nucleic Acids Res. 49(1):479-490 (2021)
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Tandem duplications generate competing RNA structures

1 2 3
a a′

Duplication

1 2 3 1 2 3

1 2.1 2.2 3
a a′ a′′

1 2.1 2.2 1 2.1 3

1 2.2 3

2.1

1 2.2 3

*Ivanov & Pervouchine, Genes (Basel) 9(7):356 (2018).
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The Bromodomain and Extraterminal (BET) gene family

The BET gene family consists of four epigenetic readers regulating

transcription widely implicated in cancer and inflammatory diseases

BRD2A dr

BRD2B dr

BRD2 hs

BRD3 hs

BRD3 dr

BRD4 dr

BRD4 hs

BRDT hs

BRDT dr

fs(1)h dm

Tree scale: 1

0.51

0.36

0.29

0.18

0.54

0.4

0.36

0.12

0.220.04

0.47
0.5

0.5

0.14

0.22
0.78

1.14

1.28

*Petrova et al NAR Genom Bioinform. 2024 Jan 15;6(1):lqad113
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Poison exons in the BET gene family

chr6: 32,974,500 32,975,000 32,975,500

Gene Annotation Set from GENCODE v. 33

100 vertebrates conservation by PhastCons

Pfam Domains in GENCODE Genes

BRD2

BRD2

ΔG=-29.1 kcal/mol

Bromodomain

PCCR ΔG <= -25 kcal/molR1 R2

3
3b

4

chr9: 134,048,500134,049,000134,049,500134,050,000134,050,500

Gene Annotation Set from GENCODE v. 33

100 vertebrates conservation by PhastCons

Pfam Domains in GENCODE Genes

BRD3

Bromodomain

5

5b

6

chr9: 134,048,500134,049,000134,049,500134,050,000134,050,500

Gene Annotation Set from GENCODE v. 33

GTEx novel transcripts
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Poison exons located in non-homologous introns

BRDT

Bromodomain 1 Bromodomain 2

3b 3b 5b

BRD4
BRD2
BRD3

Poison exons and regulatory RNA structures around them were

acquired independently in convergent evolution.

Possibly to enable tissue-specific regulation through RNAPII

elongation rate
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The SCNα (Na+ voltage-gated channel α subunit) gene family

SCNα genes encodes the principal pore-forming proteins of voltage-gated

sodium channels.
ch
r2

ch
r1
2

ch
r3

ch
r1
7

SCN7A

SCN9A

SCN3A

SCN2A

SCN1A

SCN8A

SCN5A

SCN10A

SCN11A

SCN4A

a b

a b

a b

a b

a b

a b

1 2 3 4 5 6 7 8 9

Exon 5 duplication happened in the common ancestor of (some) SCNα genes,

followed by gene duplication

*Chernyavskaya et al, RNA 18;32(6):827-842 (2026).
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Exon 5 duplication was present in Deuterostomia

**

B SCNα 
present

Exon 5 
duplicated

Ve
rte

br
at

a

C
ho

rd
at

a

D
eu

te
ro

st
om

ia

**

Present
AbsentAnnotated dupl.

Unannotated dupl.
No dupl. 

ch
r2

ch
r3

ch
r1

2

ch
r1

7

SC
N1

A
SC

N2
A

SC
N3

A
SC

N9
A

SC
N7

A
SC

N8
A

SC
N5

A
SC

N1
1A

SC
N1

0A
SC

N4
A

* *

A
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Exons 5a and 5b are mutually exclusive not due to NMD

TPM
< 1
[1:10)

⩾10
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SCNα genes share intronic splicing regulatory elements (ISRE)

5b 6

GTTGCATGAGGC
ATTGCATGAGAC
ATTGCATGGGTC
GCTGCATGGTGC
.#******.#.*

GCTGCATGGGGC
GCTGCATGAAAC
ATTGCATGACAT
CCCTGGGTGGGC
.#######....

TCTGCATGAC
AATGTGTGTG
AATGCATGAC
TTTCCATGGA
..*###**..

TGCATG  TGCATG TGCATG

~280 nts. 5 nts. ~340 nts. ~680 nts. ~180 nts.

SCN2A  TCCAG GTGAGAGCTAGGTTAAACACCGAGGCTGACTTTAGCTAC
SCN3A  TCCAG GTGAGAGCTAGGTTAAACACCGAGGTTGACTTTAATTAT
SCN9A  TCCAG GTGAGAGTGGGGTTAAACACCAGGGCTGACTTTGATCTT
SCN5A  TTCAG GTGAAAATCAGGTTAAACACCAAGGCTAGAGGGATATGC
       *#*** ****#*#..#***********.#**#*#######..#..

ACTATTCTAAATCA-GCCTTTGAGTTTAA-CAAGTG---TTGCATGAGGCATTT
TTTAT--AAAGTCA-GCCTTTGAGTTTAA-CAGAAAA--TTGCATGAGACATCT
ATTATCAAAAGTCA-ACCTTTGAGTTTAATCAA------TTGCATGGGTCTTTA
GACAGGCATCATCGGGCCTTGGTGTCTAA-CAGCCCTCGCTGCATGGTGCGGTA
..#*#.####.**#.#****#*#**#***.**.......#******.#.*.##.

TGTTTGTAG GCCTG
TCTCTGCAG GTTTA
CATTTTCAG GCCTG
CTTCCCCAG GGCTG
..*.#.#** *.#*#

-//-
-//-
-//-
-//-

-//-
-//-
-//-
-//-

ISRE1 ISRE2

• ISRE1 and ISRE2 can form a long dsRNA helix

• Base pairing is supported by KARR-seq and RIC-seq

• TGCATG is a binding site of RBFOX2

• ISRE are very conserved in orthologs (no variation)

• ISRE are homologous between paralogs

• As ancient as the common ancestor!
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ISRE1 and ISRE2 are complementary
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ISRE1 and ISRE2 are complementary
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Disruption of RNA structure promotes exon 5b inclusion

wt m1 m2 m1m2

4-5b

4-5a

25 100 Con NT

4-5b

4-5a

5

100bp
150bp
200bp

100bp
150bp
200bp

wt ΔG=-21 kcal/mol

TGGGGTTAAACACCAGGGCTGACTTTGAT
| | | | | | | |  |  | | | |  | | | | | | |

TAACTAATTTGAGTTTCCAACTGAAAACT

m1 ΔG=-7 kcal/mol

TGGTTTCAGTCGGGACCACAAATTGGGAT
|  |  |  | |  |  |  | .

TAACTAAATTGAGTTTGCAACTCAAAACT

m2 ΔG=-9 kcal/mol

TGGGGTTTAACACCAGCGCTGAGTTTGAT
| |  | | |  |  | |  | . .

TAAAAAGTCAACCTTTGAGTTTAATCACT

m1m2 ΔG=-21 kcal/mol

TGGTTTCAGTCGGGACCACAAATTGGGAT
| | | | | | | |  |  | | | |  | | | | | | |

TAAAAAGTCAACCTTTGAGTTTAATCACT

ISRE1

ISRE2

ISRE1

ISRE2

ISRE1

ISRE2

ISRE1

ISRE2

4
4

6
6

ΔG=-17.7 kcal/mol

5a
5b

ASO2

AAAAGTCAACCTTTGAGTTTAATCAATTG
| | | | | | | | | | | | |
AAACTCAAATTAG

~3kb

ISRE1 ISRE2

10nts.

- / / -

- / / -

- / / -
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RBFOX2 is suppressing exon 5b through an RNA bridge

siLuc siRBFOX2NT
100bp

200bp

150bp

4 65bSCN9A UGCATG5a

5a4 6

Rbfox2

ISRE1 ISRE2

5b4 6 5b4 6

Rbfox2

4-5b

4-5a

• RBFOX2 usually acts as splicing activator, not repressor

• The experiment was done in the huh7 cell line, where the

direction of regulation may be different
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ISRE1 and ISRE2 date back to elephant shark

SC
N1

A
SC

N2
A

SC
N3

A
SC

N9
A

SC
N5

A

A

B

Annotated dupl. 
Unannotated dupl. 
No dupl.

ISRE1 and ISRE2
ISRE1 
No ISRE1 and ISRE2 

Shark_SCN1A  TCCAG GTGAGAATCCAGGTTAAACACCGAGACTGCTTTACA
Human_SCN3A  TCCAG GTGAGAG-CTAGGTTAAACACCGAGGTTGACTTTAA
             ***** ******. *.***************..**..**..*

GGTTTCAGCCTTGGCGTTTAACTATTTCTTGCATGAGGCATCG
AAAGTCAGCCTTTGAGTTTAACAGAAAATTGCATGAGACATCT
....********.*.*******......*********.****.

GTTTCTCTTAG GCTT
TCTCTCTGCAG GTTT
..*......** *..*

5b 6

ISRE1 ISRE2 RBFOX2 
site

ch
r2

ch
r3

ch
r2

ch
r3
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Conclusion

• In order to discover functional RNA structures through

covariation, one needs variation

• Most known functional RNA structures in vertebrates lack

sufficient level of sequence variation

• Comparing homologous non-coding sequences in paralogs

(e.g., introns) helps discover functional regulatory elements

including but not limited to RNA structures
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RNA Structures in SCN5α and SCN8α
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ISRE1 

22nts 27nts

60nts 33nts

30nts

48nts 36nts

32nts

52nts

142nts45nts

ISRE2 

145nts 55nts

25nts 22nts

Rbfox2 site 

Rbfox2 site 

Rbfox2 site 
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223nts 177nts

65nts 29nts 41nts

43nts

58nts 111nts

221nts 87nts

186nts

185nts63nts 227nts 53nts

30nts

46nts 78nts

26nts 115nts

51nts39nts 22nts

66nts 51nts

157nts

95nts

A

B
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