Potential Consequences on the RNA
Level and using prediction tools



Potential Consequences on the RNA
Level and using prediction tools

A. Variants altering the structure/ integrity: pre-mRNA splicing
B. Variants altering the stability/ turnover: MRNA (UTRs, 3D, miRNA binding)
C. Variants altering the translation dynamics: mRNA (codon usage, +/- ribosomal PS)

D. Prediction Tools

E. Functional RNA studies



Speaking about RNA

ENCODE project (Nature 489, 57-74. 2012):

* Most of the genome (>85%) is transcribed

* 60.000 ,genes”:
~ 20.000 protein coding genes (>90% multiple isoforms)
~ 16.000 long non-coding (Inc) RNAs
~ 10.000 small non-coding (snc) RNAs
~ 14.000 pseudogenes



Speaking about RNA
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Palazzo et al.; Front. Genet., 26 January 2015

ncRNA, tRNA, rRNA, snRNA, siRNA, hnRNA, scRNA, RNA editing, Ribosome, RNP, mRNA surveillance/ decay
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A. Variants altering the mRNA structure / integrity
pre-mRNA splicing
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A. Variants altering the mRNA structure / integrity
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A. Variants altering the mRNA structure / integrity

Variants affecting splicing
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A. Variants altering the mRNA structure / integrity

Variants affecting splicing
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A. Variants altering the mRNA structure / integrity

pre-mRNA splicing

Variants affecting splicing
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A. Variants altering the mRNA structure / integrity
pre-mRNA splicing

Multiple splicing defects caused by hERG splice site mutation 2592+1G>A associated with long QT syndrome
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A. Variants altering the mRNA structure / integrity

Pathogenic variants that affect pre-mRNA splicing account for at least 15% of disease-causing mutations
(Krawczak et al.; Hum Genet. 1992; 90(1-2): 41-54).

With up to 50% of all pathogenic mutations described in some genes (NF1, ATM)
(Teraoka et al.; Am J Hum Genet. 1999; 64(6): 1617—-1631 / Ars et al.; Hum Mol Genet. 2000; 9(2): 237-247.)

Most variants affect the canonical (+/- 1, 2) splice sites

A S
5
. .
|
]
!
= |
=2 4 ,‘
-~ : 3 =
— =
|
! =
(45 " -
| x s N
TTT I l ! | A ¥4
-_— -y £ 3
T 1 A MR l ] :
o - IV 5 Exon A e o
2 200
o
=
=
<
p
gl 150
2
bt
—
o
<
z].C:!:} 10X
s
o
—
=
=
o
= SO =
=
b
-
I I
- 2 e B omow s e w el fi AI. I l_
25 -24-23-22-23-20-19-2F-37-26 -1S5S-34-33-32-11-10 -9 = > s s 3 3 2 2 © 3 2 > 2 3 o : 2 3 -3 S s
Nucleotide Position

Caminsky et al.; FI000Research 2015



A. Variants altering the mRNA structure / integrity

Disease
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A. Variants altering the mRNA structure / integrity
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A. Variants altering the mRNA structure / integrity
splicing regulatory elements: ESE ESS ISE ISS

Splice site pairing

Wang et al.; RNA 14: 802-813 (2008)



A. Variants altering the mRNA structure / integrity

LETTER TO JMG

Disruption of an exon splicing enhancer in exon 3 of MLH1

is the cause of HNPCC in a Quebec family
S McVety, L Li, P H Gordon, G Chong, W D Foulkes

J Med Genet 2006;43:153-156. doi: 10.1136/jmg.2005.031997

* 3 bp deletion and several point mutations (silent, missense,
nonsense) disrupt an exon splicing enhancer in exon 3 of
MLH1 and is the cause of HNPCC in a Quebec family.

* All the mutations cause varying degrees of exon skipping,
suggesting the presence of an ESE at the 5' end of exon 3.

* These mutations are situated in a GAAGAT sequence 3 bp
downstream from the start of exon 3.



A. Variants altering the mRNA structure / integrity
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Frontotemporal dementia (FTDP-17)
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Disruption of ESS

Imbalance of ESE / ESS

Moseley et al.; J Clin Endocrinol Metab.
2002

Aznarez et al.; Hum. Mol. Genet. 2003

Korvatska et al. Hum. Mol. Genet. 2013

Disset et al.; Hum. Mol. Genet. 2006

lovino et al.; Acta Neuropathol. 2014

De Boer et al.; Blood Cells Mol Dis. 2017

Suarez-Artiles et al.; Genes. 2018

Otsuka et al.; Mol Med Rep. 2016

Olsen et al.; Hum Mutat. 2014



A. Variants altering the mRNA structure / integrity




A. Variants altering the mRNA structure / integrity

, (| n
15-45bp upstream the 3°SS (SA) ks
5’ss BP 3’ss A
B— 22— — o Il — ¥
» ) Exon P 0 v Spliced

.....

Intron lariat product



A. Variants altering the mRNA structure / integrity

Pathogenic BP-Mutations are very rarely described (<20)

Possible explanations for the rarity of BPS mutations:
» Compensatory, alternative BPS sequences can be recognized and used

» The weak constraint on the precision of the distance between the BPS and the 3" (acceptor)
splice site further enables activation of these alternative sites.

* Bias due to technical limitations (primer location, NGS capture or bioinformatic filter criteria)



A. Variants altering the mRNA structure / integrity
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Congenital contractural
arachnodactyly

Ehlers-Danlos syndrome

(EDS)

Fish-eye disease

Niemann-Pick disease (NPC)

Long QT (LQT)

Congenital erythropoietic
porphyria

Tetrahydrobiopterin
deficiency

Neurofibromatosis 2

Pyloric atresia-junctional
epidermolysis bullosa

Skipping of Ex31 in 25% of
transcripts

45 bp of exon 33 are “skipped” in
60% of transcripts

Complete loss of function due to
intron retention

Shorter transcript lacking exon 7

Incorrect identification of the
acceptor site of intron 9

100% intron retention without
exon skipping (last exon)

Pseudoexon activation in a LINE-
2 sequence

Creates a functional de novo BP
sequence in intron 5

Resulted in two abnormal
transcripts each with a PTC

Maslen et al.; Am J Hum Genet 1997

Burrows et al.; Am J Hum Genet 1998

Li et al.; Biochim Biophys Acta 1998

Di Leo et al.; Hum Mutat 2004

Crotti et al.; Heart Rhythm 2009

Bishop et al.; Blood 2010

Meili et al.; Hum Mutat. 2009

De Klein et al.; Hum Mol Genet 1998

Masunaga et al.; J Dermatol Sci 2015
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B. Variants altering the stability/ turnover: MRNA (UTRs, 3D, miRNA binding)



B. Variants altering the stability / turnover
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B. Variants altering the stability / turnover
MRNA / Possible mechanisms

REGION 5' untranslated region ORF 3' untranslated region

SRR | E— .

= polyA tail

3|

Secondary RBP IRES miRNA
structure binding site binding site
ALTERATIONS Stuctgral RBP interaction  uORF length Translation ORF length mRNA stability APA
CAUSED BY stability Translation Translation Translation 3' UTR length
MUTATIONS Translation
EXAMPLES RB1 ? ERCC5 TP53 BRCAT1 cD274 CCND1
IN CANCER CDKN1B KRAS
MBL2
TNFAIP2

Figure 1. Schematic depiction of mutations within the 5'- and 3'-UTR.

Mutations can alter the secondary structure of the 5- or 3-UTR or occur in RNA binding protein (RBP) binding sites, upstream ORFs (uORF), internal ribosome entry
sites (IRES; ITAF: IRES trans-acting factor), start codons of open reading frames (ORF), microRNA binding sites, or polyadenylation signals (polyA). These alterations can
affect translation efficiency, mRNA stability, ORF length, or RBP interaction as well as cause alternative cleavage and polyadenylation (APA). Prominent examples of
genes involved in tumorigenesis (green: induced, red: decreased) that exhibit mutations (red star) in such elements are illustrated.

Diederichs et al.; 2016. EMBO Molecular Medicine 8(5):442-457



B. Variants altering the stability / turnover

Global stability of mRNA Local stability near start codon

5" 3 5" 3 53 53
More stable Less stable More stable Less stable
Less stable mRNA is easily degraded, More stable mRNA cannot easily initiate
resulting in lower protein levels translation, resulting in lower protein levels

Sauna et al.; 2012. Nat Rev Genet 12: 683-691

GFP library: 154 copies of GFP with random changes at synonymous sites:
e >250-fold variation in protein levels
* stability of mRNA secondary structure near ATG explained > 50%

Kudla et al.; 2006. PLoS Biol. 4:933-942



B. Variants altering the stability / turnover

CYP2D6: synonymous coding
variant causes decreased
MRNA expression by altering
the secondary structure of
the mRNA leading to its
degradation (roscano et al.; 2006)

Functional mechanisms caused Examples Examples
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Diederichs et al.; 2016. EMBO Molecular Medicine 8(5):442-457



B. Variants altering the stability / turnover

Cowden Syndrome-Affected Patients with PTEN Promoter

Mutations Demonstrate Abnormal Protein Translation

Rosemary E. Teresi, Kevin M. Zbuk, Marcus G. Pezzolesi, Kristin A. Waite, and Charis Eng

N
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Figure 5. MFOLD-predicted secondary structures resulting from the five VUSs in patients with CS. The most-stable mRNA secondary

structures predicted by MFOLD are illustrated here.

Teresi et al.; AJHG. Vol 81 October 2007



B. Variants altering the stability / turnover
MmRNA / miRNA binding
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B. Variants altering the stability / turnover

1.900 — 3.800 human MiRNAS (eriediander et al.; 2014 Genome Biology / Telonis et al.; 2015 Nucleic Acids Res.)

~ 60% (30-80%) of human genes are regulated by miRNAS (friedmann et al.; 2008 Genome Res)
1 miRNA usually targets more than 100 human genes

A gene may, in turn, be regulated by multiple miRNAs

Melanoma: synonymous coding by aynonymous mutations o saneer  in othor
. . d-
variant causes increased mRNA —
stability of the oncogene BCL2L12 due K2 ricronnen binding
to loss of the mi-R-671-5p target site mENA - = o
(Gartner et al.; 2013) mBMA 5 ¥ 5 || 5] BCL2L12 {_ﬁGM‘_
LM2nn's
l ‘l- disesss
5 3 ||
Diegradation

Diederichs et al.; 2016. EMBO Molecular Medicine 8(5):442-457



B. Variants altering the stability / turnover

1.900 — 3.800 human miRNAs (Friedlander et al.; 2014 Genome Biology / Telonis et al.; 2015 Nucleic Acids Res.)

~ 60% (30-80%) of human genes are regulated by miRNAS (friedmann et al.; 2008 Genome Res)

1 miRNA usually targets more than 100 human genes

A gene may, in turn, be regulated by multiple miRNAs

Table 4. miRNAs in human diseases

Disease type miRNA
Cardiac hypertrophy
miR-23a, miR-23b, miR-24, miR-195, miR-199a_ and
miR-214

Down syndrome
miR-99a, let-Tc, miR-125b-2, miR-155 and mR-§02
Alzheimer
miR-9, miR-128a, miR-125b
Rheumatic arthritis
miR-155, miR-146
Systemic lupus ervthematosus

miR-189, miR-61, miR-78, miR-21, miR-142-3p,
miR 342, miR-299-3p, miR-198 and miR-298

miR-196a, miR-17-5p, miR- 409-3p, m:R-141, miR-383,

miR- 112, and miR-184
Psoriasis

miR-203

Up/Down
Regulation

Up

Up

Up

Up

Up

Down

Up

Cancer type miRNA ]{‘LI;;[:::;:I'
Breast
miR-21, miR-155, miR-23, and miR-191 Up
miR-205, miR- 145, miR-10b, and miR-125b Down
Ovary
miR-200a, miR-200c, and miR-141 Up
miR-199a, miR-140, miR-145, and miR125bl Down
Endometrioid adenocarcinoma
miR-205, miR155 miR 200a, 200b, 200c Up
miR-193a, 193b Down

Avicenna Journal of Medlical Biotechnology, Vol. 2, No. 4, October-December 2010
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C. Variants altering the translation dynamics: mRNA (codon usage, +/- ribosomal PS)



C. Variants altering the translation dynamics
MmRNA / Codon usage
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C. Variants altering the translation dynamics

Codon Usage Bias: although the
genetic code is degenerate,
synonymous codons are NOT
used in equal frequencies
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C. Variants altering the translation dynamics

 Codon Usage Bias: although the
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C. Variants altering the translation dynamics

oo F 0.46
ogc F 0.54
(UUA L 0.08Y
oz L 0.13

Codon Usage Bias: although the
genetic code is degenerate,
synonymous codons are NOT
used in equal frequencies

COT L 0.13
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C. Variants altering the translation dynamics

Translation elongation
Codon Usage Bias: although the

genetic code is degenerate,
synonymous codons are NOT
used in equal frequencies x> R

Variants can alter translational Cotranslational folding
speed (if a abundant codon is

changed to a rare one) leading to J
a change in cotranslational

protein folding (Yu et al, 2015) - 3 =

.—ﬂ

Diederichs et al.; 2016. EMBO Molecular Medicine 8(5):442-457



C. Variants altering the translation dynamics
mRNA / ribosomal pause sites

2 mRNA

Removal or introduction of a ribosomal Ribosome
pause site can lead to an alternative protein 8

——&

conformation — 8-
Pausing

— 8

Domains can fold differently by 6

———&

experiencing stabilization from neighboring .
domains (Sauna & Kimchi-Sarfaty, 2011)

Ribosomal pause sites and co-translational folding

More stable In presence of pause site In absence of pause site
conformer

<>
Less stable @ o ° <> o

conformer

B stabilizes A2
Single stable
conformer Al stabilizes before B is B stabilizes A2 to
synthesized to generate A1B generate A2B

Time

Sauna et al.; 2012. Nat Rev Genet 12: 683-691



C. Variants altering the translation dynamics

Disease

Pulmonary
sarcoidosis

Haemophilia B

Non-small-cell
lung
carcinoma

Cervical and
vulvar cancer

Adult and
child attention
deficit/
hyperactivity
disorder
(ADHD)

Gene

Caspase
recruitment

domain 15
(CARD15)

F9

Epidermal
growth factor
receptor (EGFR)

Interleukin-2
(IL2)

Neurotrophin
3(NTF3)

Reference Location

SNP

number

rs1861759

Not known

rs2293347

rs2069763

rs6332

(sequence
range of exon)

mRNA position
1866, exon 4
(752-2567)

Exon5

mRNA position
3228,exon 27
(3193-3360)

mRNA position
169, exon 1
(1-202)

mRNA position
502,exon 2b
(230-1335)or
position 368,
exon 2a (1-1168)
(different splice
variants)

Codon
change
From To
CGT CGG
GTG GTA
GCAC GAT
CTG CTT
CCG CCA

Sauna et al.; 2012. Nat Rev Genet 12: 683-691
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D. Prediction Tools
pre-mRNA splicing

Tool
Splice-Site Analyzer

Tool
MetGene2
MMSplice
GENSCAM

SpliceMiew

Hbond

MaxEntScan

SplicePredictor

Automated splice site
analyses

SplicePort
Hurnan Splicing Finder

CRYP-5KIP

SROOGLE

AbSsites

Spliceman

Input
Single/multiple sequences (5": 9bp (-3 to +6);

37 15bp(-14 to+1))

Single sequence (200bp < length < 80,000 bp)
Singlefmultiple sequences

Single sequence =1 million bp

Single sequence <31,000 bp

Single/multiple 11 bp sequences (=3 to +8)
containing GT in +1/+2 or one genomic sequence

Single/multiple sequences (5" 9bp (=3 to +6); 3-
23bp (20t +3))

Single/multiple sequences

Mutation to be analyzed and the reference
seguence

Single/multiple sequences =30,000 bp
Single sequence =5,000 bp

Single/multiple sequences =4,000bp containing
one exon in upper case and flanking intronic
sequence =4 bp in lower case

Target exon along with two flanking introns

Single sequence containing the SNP(s) and the
Ensembl gene ID to which the SNP(s) belong(s)

Single/multiple sequences with one mutation and
=5 bp in each side of the mutation

Qutput
5 & S score (0-100)

Confidence score (0-1)
Score (0-1)

Probability score (0-1)
5 & S score (0=100)

Hbond score

Maximum entropy score
(log odds ratio)

*-Value {3-15)
determined by P, p, and
yvalues

Information contents Ri

Feature generation
algorithm score

S & S score (0-100)

Probability of cryptic ss
activation (01}

Different scores with their
percentile scores (0-1)

Classification of the
probability for a change
in splicing

L1 distance and
percentile rank

Interpretation

Higher score implies a more similar 55
sequence with the consensus sequence

Higher score implies a higher
confidence of true site

Higher score implies greater potential
for splice site

Higher score implies a higher
probability of correct exon

Higher score implies a more similar ss
sequence with the consensus sequence

Higher score implies a stronger
capability of forming H-bonds with U1
small nuclear RMNA

Higher score implies a higher
probability of the sequence being a true
splice site

Higher value implies greater reliability
of the predicted splice site

Color coded by direction and type of
change in Ri

Higher score implies a more precise
prediction of splice site

Higher score implies greater potential
for splice site

Higher value implies a higher
probability of cryptic ss activation as
opposed to exon skipping

Higher percentile score implies a higher

ranking of the ss within precalculated
distributions.

Probable, likely, or unlikely

Higher percentile rank implies a higher
likelihood the point mutation is to
disrupt splicing

Method

Neural Networks

Neural Networks

Maximum entropy principle

Position dependent logic

Review of user orientated in silico tools for splicing: Xueqiu et al.; Genetics in Medicine (2013) 16
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Human Splicing Finder

(Aix Marseille )i Inserm

A R e

GENETICS & BIOINFORMATICS TEAM

Analyse Noud ‘ What's Neus? ‘ Help & Tutorials | Credits & Publications | Our Cther Tools | Contfact Us
Type of || Algorithm |5 i tion algorithm| cv threshola || V371300 Comment
signal type threshold
Consensus values go from O to 100 for HSF, -20 to +20 for MaxEnt. The
Position threshold is defined at 65 for HSF, 3 for MaxEnt. This means that every signal
Weight HSF 65 +/10% || with a score above the threshold is considered to be a splice site (donor or
Donor or Matrices acceplor).
e ‘When a mutation occurs, if the WT score is above the threshold and the score
5 I\:epsne variation (between WT and Mutant) is under -10% for HSF (-30% for MaxEnt)
P we consider that the mutation breaks the splice site. In the other case, if the
Maximum . WT score is under the threshold and the score variation is above +10% for
Entropy MaxEntScan 3 #-30% | HSF (+30% for MaxEnt) we consider that the mutation creates a new splice
site.
Consensus values go from 0 to 100 and the threshold is defined at 67. This
- means that every signal with a score above 67 is considered to be a potential
Branch point | 0Sion branch point
np Weight HSF 67 +-10% point. ) ) !
site Matrices When a mutation occurs, if the WT score is above 67 and the score variation
(between WT and Mutant) is under -10% we consider that the mutation breaks
the branch point.
9G8 50.24
HSF
Traz-p 75.96 _ _
Consensus values go from 0 to 100 and the threshold is defined differently for
Position SF2/ASE 72.98 each algorithm. Every signal with a score above the defined threshold is
Exonic Weight SF2/ASF(lgM) 70.51 considered to be a potential ESE.
Splicing Matrices ESE 5035 75.05 When a mutation occurs, if the WT score is above the threshold and the
Enh Finder Mutant score is under it we consider that the mutation breaks the ESE.
DIARCELS) SRp40 78.08
(ESE)
SRp55 73.86
Motif RESCUE ESE If the tested motif exists in the database, it is considered to be a potential ESE.
Comparison hexamers Present/Absent] When a mutation occurs, if the WT motif is present in the database and the
method Mutant one is absent we consider that the mutation breaks the ESE.
Consensus values go from 0 fo 100 and the threshold is defined differently for
Position P TP SeTE YesiNO |l each algorithm. Every signal with a score above the defined threshold is
Exonic Weight considered to be a potential ESS.
spiicing Matrices PO 0 When a mutation occurs, if the WT score is under the threshold and the Mutant
silencers score is above it we consider that the mutation creates a new ESS.
(ESS) £55 decamers from If the tested motif exists in the database, it is considered to be a potential ESS.
Wang et al When a mutation occurs, if the WT motif is absent in the database and the
) Mutant one is present we consider that the mutation creates a new ESS.
Motif P g i R
If the tested motif exists in the database, it is considered to be a potential ESE
Comparison PEgEl SHEE Present/Absent] or ESS G
ctamers 8
Both ESEs fclhon When a mutation occurs, if the WT motif is present in the database and the
and ESSs ESR Sequences Mutant one is absent we consider that the mutation breaks the ESE. Else if the
WT motif is absent in the database and the Mutant one is present we consider
EIEs & IIEs Hexamers that the mutation creates a new ESS.

HSF3 Pro takes both
the U2 and U12
introns into account

http://www.umd.be/HSF3/
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When to recommend or perform a cDNA study ?

Pyrimidin to purin change
+ Weakening of SA site

* Possible de novo SA site

How to weight different
algorithms?

Important:
Lab should install rules

for prediction / reporting

SpliceSiteFinder-like

MaxEntScan
5 T

NHSPLICE
GeneSplicer
Human Splicing Finder

[e-100] [ | [ |
[e-121 -

1]

[e-15] _

[e-100] ] ]
a58-30 a68-20 aga-10 264 230 230 200

|Reference Sequence

TCCHGGTA GGCCCCA.'1'|C.'i.GTTTCTCTTGTCEGGCAGIBTCTTCT.‘ETT&CTCC ACGAGCATCTTCGAGAAGGTG

SpliceSiteFinder-like

MaxEntScan
3 T

NHSPLICE
GeneSplicer
Human Splicing Finder

Branch Points

SpliceSiteFinder-like

5

Human Splicing Finder

MaxEntScan
HHSPLICE
GeneSplicer

to-1007 M ]
[0-1E] o
[b-1] ]
[-15]

(e-1o0] ] ]
H af o O 0 o0 o o a

==
==
==
[ ]

]
[-106]

[e-10e] | | ]
[e-121 -

w11
[-15] _

ERTTN | ] ]
a8-30 a68-20 aa-10 264 230 230 200

|Mutated Sequence

TCCAGGTA GGCCCCA.‘!Cﬂ.GTTTCTCTTGTCEGIBCAGTSTCTTCT&TT&CTCC ACGAGCATCTTCGAGAAGGT G

SpliceSiteFinder-like

3’

Human Splicing Finder

MaxEntScan
HHSPLICE
GeneSplicer

Branch Points

(e-1o0) 0 ]

[6-16] 8 =

[-1] 1 I

[6-15] = |

ey . 0 | I i interattive
o O ] biosof i

[u-mcﬁ i I o 0 0 0o o osoffiware
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Human Mutation

Guidelines for Splicing Analysis in Molecular Diagnosis HGV§]
Derived from a Set of 327 Combined /n Silico/In Vitro VARIATION SOCIETY

Studies on BRCA1 and BRCA2 Variants

Claude Houdayer,'* Virginie Caux-Moncoutier,' Sophie Krieger,” Michel Barrois,® Frangoise Bonnet,* Violaine Bourdon,®
Myriam Bronner,® Monique Buisson,” Florence Coulet® Pascaline Gaildrat,® Cédrick Lefol,'® Mélanie Léone,"

Sylvie Mazoyer,” Danielle Muller,'? Audrey Remenieras,® Frangoise Révillion,'® Etienne Rouleau,'® Joanna Sokolowska,®
Jean-Philippe Vert,' Rosette Lidereau,'® Florent Soubrier,? Hagay Sobol,® Nicolas Sevenet,* Brigitte Bressac-de
Paillerets, 'S Agnés Hardouin,2 Mario Tosi,® Olga M. Sinilnikova,”"! and Dominique Stoppa-Lyonnet''®

Comprehensive in silico analysis (MES, SSF, NNsplice, HSF; ESEfinder, Rescue-ESE)
Comprehensive in vitro mRNA analysis (cDNA: PAX + cell culture; mini-gene)

Comparison of different in silico tools with regard to specificity and sensitivity

Houdayer et al. Hum Mutat 2013
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pre-mRNA splicing

‘00 = \‘ . «n.-——"'?'?-—"——.-—-
N L Nucleotide variant at consensus site
& BOR —— HSF ratio Check for reliability threshold
2 e MES ratio
@ NNS ratio
E 4H | - |- SSF raho :
Max EntScan analysis
20k
} Variant score at least 15% lower than the wild type
0 ; " " ; :
0 20 40 60 80 100
100-Speciicity Splice site finder-like analysis

Figure 1. ROC plots for the four in silico tools. The ROC graph is a
plotof all sensitivity/specificity pairs resulting from continuously varying : .
the decision threshold over the entire set of results observed. For each Variant score at least 5% lower than the wild type
prediction tool, the ROC curve plots sensitivity versus false-positive rate

(100-specificity) for the complete range of decision thresholds. A perfect l

test has a ROC curve that passes through the upper left corner, where
both sensitivity and specificity are 100%. Hence, MaxEntscan and Splice RNA study
Site Finder-like provide the best ROC curves and also show excellent
accuracy with areas under the curve of 0.956 and 0.914, respectively
(see text for details). The points corresponding to decision thresholds
of 15% and 5% are marked with arrowheads on the MES and the SSF

curves, respectively.

MES+SSF: 96% sensitivity and 83% specificity
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Take alternative splicing into account

Human Splicing Finde

SpliceSiteFinder-like | [ff100]
MaxEntScan ) [l
NNSPLICE 5 [lll]

pron

|Mutated Sequence

BRCA2: c.68-7T>A(IVS2)

S&-20 S8-10 (1 S0 i) raele] bpe] 220
|Referen[:e Sequence 3\G‘E3T GGGATTTTTTTTTEAAATA(iﬂ.TTTAGG.&CC.&.&T.&AGTCTTAATTGGTTT GAAGAACTTTCTTCAGAAGETCCACCCTATAAT
SpliceSiteFinder-like |[0-100] #7.9 I
MaxEntScan ¥ [D-nls] 6.18 “= B B
NNSPLICE 3 [0-1] od
Human Splicing Finder[DHDD] &0, 5|:| ] I |:| [l |:|
Branch Points g0y © oo =00 0 B0 A0 00 o oo 00" o0
SpliceSiteFinder-tike | [ff:00]

MaxEntScan ) [zl
NNSPLICE 5 [Ell]
Human Splicing Finder[tlluo] |
58-20 58-10] 58 20 20 ro0 110 120

RG"GTGGGATTTTTTTTT&-AM-\TAGli‘-.TTTAGGACCAATM—‘«GTCTTAATTGGTTTGAAGAACTTTCTTCA@«AG‘:TCCACCCTATAA'

SpliceSiteFinder-like |[0-100] | I

MaxEntScan m § [0-16] 468 L0 - =

NNSPLICE 3 [0-1] 0.7

Human $Splicing Finder[nﬂuo] 75.5] ] I I [l 0 Interactive
Branch Points Jio-1001 gpoo =0 0 0 op og il o oo o —psfwreg,

Santos (2014) J Mol Diagn 16: 324:
Houdayer (2012) Hum Mutat 33: 1228:
Olfson (2015) PLoS One 10: e013519:

Alternative splicing of ex3, no segregation with disease

Increase in delta3 alternative splicing
Co-occurs with deleterious BRCA2 variants

ENIGMA: > 30% skipped transcript
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Version 1.1: 26 March 2015

ENIGMA (BRCA)

Table 5: BRCA1 and BRCA2 exon boundary variants predicted or known to lead to naturally occurring in-frame RNA isoforms that may
rescue gene functionality. Variants at these positions should be considered class 3 (uncertain) unless proven otherwise.

Gene Alternative Splicing Event | Variants Implicated Rationale
A8p c.442-1 (IVST-1) BR_CA‘;‘ exon 8 acpeptor_s_ite is an experimentally validated tandem_acceptor site _(NAGNAG)
'442_2 (IVS7-2) subject to alternative splicing (Colombo et al., 2014). c.442-1,-2 variants are predicted to
c inactivate the 5’ acceptor site, but not the 3" acceptor site, thus producing A8p transcripts.
c.548-1 (IVS8-1)
c.548-2 (IVS8-2)
¢.593 to non-G
c.593+1 (IVS9+1)
A9.10 c.593+2 (IVS9+2) Carriers of these variants are predicted to produce normal (or increased) levels of BRCA1
BRCA1 ' c.594-1 (IVS9-1) A(9,10), a major in-frame alternative splicing event (Colombo et al., 2014).
c.594-2 (IVS9-2)?
c.670 to non-G
c.670+1 (IVS10+1)
c.670+2 (IVS10+2)
BRCAT exon 13 acceptor site is an experimentally validated tandem acceptor site (NAGNAG)
A13p gj}gg-; E:\\ﬁgg';% subject to alternative splicing (Colombo et al., 2014). ¢.4186-1,-2 variants are predicted to
) ) ) inactivate the 5" acceptor site, but not the 3’ acceptor site, thus producing A13p transcripts
Al4p c.4358-1 (IVS13-1) BR_CA‘;‘ exon 14 alcceptqr_site is an experimentally validated tandem Iacceptor site (NAGNAG)
c.4358-2 (IVS13-2) subject to alternative splicing (Colombo et al., 2014). ¢.4358-1,-2 variants are predicted to
) inactivate the 5" acceptor site, but not the 3" acceptor site, thus producing A14p transcripts
BRCA2 c.6842-1 (IVS11-1)
c.6842-2 (IVS11-2) Carriers of these variants are predicted to produce exon12 skipping. BRCA2 A12 is a naturally
A12 c.6937 to non-G occurring in-frame splicing event (ENIGMA Splicing Working group, unpublished data). BRCA2

c.6937+1 (IVS12+1)
c.6937+2 (IVS12+2)

exoni2 is functionally redundant (Li et al., 2009)

TBRCA1 ¢.594-2A>C has recently been reported to demonstrate clinical characteristics inconsistent with a high risk of cancer expected for a pathogenic BRCA1
variant (Rosenthal et al., 2015), findings that are supported by unpublished genetic and pathology data from ENIGMA.
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pre-mRNA splicing / ESE ESS ISE ISS

MM_172107 2(KCHQ21c, 1281456 - [c, 1248-66 (Intron 11) - ¢, 1301480 (Intron 12)]

ESEfinder

Reference Sequence

Chi

RESCUE-ESE

ESEfinder

- —

MM_172107. 2(KCNQ2)ie. 12814 3G - [c.1248-66 (Intron 117 - ¢, 1301480 (Intran 12)]

ESEfinder

[®

Mutated Sequence

ChG

RESCUE-ESE

ESEfindar

J2E0 1270 12580 1290 1301 I1301+10 1301 +20
Reference Sequence [BCAGCCCGTGCAGAGGGCCCCTGTGTAGATGC TECCCC GGACGCTCTA GFBTACC GCEEAACACGCCGCACGGEE
RESCUE-ESE B—
ESEfinder

1

1260 1270 120 12390 1301 1301+10 1301 +2(
Mutated Sequence CAGCCCGTGCAGAGGGLCCC TATGTGEETGL TECCCCOGEAC G TCTA GpTﬁCC GCEERACACGCCGCIACGGA
RESCUE-ESE 8
ESEfindar W sFenck B sronck | el O skpdo [ shece Interactive

[IgM-ERCAL) biosoftware

1

1

| I ¥
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pre-mRNA splicing / Branchpoint

Intron
5’ss BP 3’ss A
— A i — s oH i A+ IR
e ZC.)H Exon “teee-s e Spliced

Intron lariat product

RNA SPLICING BRANCHPOINT DETECTION SOFTWARE TOOLS | GENOME ANNOTATION

GAEM / Genetic Algorithm-based weighted average Ensemble ...
Allows branchpoint (BP) determination. GAEM is an ensemble of learning method
that integrates several features and multiple classifiers to construct |

LREM / Logistic Regression-based Ensemble Method
Allows branchpoint (BP) prediction. LREM is an ensemble of learning scheme that
integrates different features and different classifiers to build BP prec

LaBranchoR / Long short-term memory network Branchpoint Re...
Provides accurate genome-wide branchpoint annotations. LaBranchoR is a
computational method that disregards noise in the experimental dat:

branchpointer
Allows users to identify branchpoints throughout the human genome thanks to
gene annotations. Branchpointer generates branchpoint window req
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HOME | .

i bioRyiv

THE PREPRINT SERVER FOR BIOLOGY

Search

New Results

A sequence-based, deep learning model accurately predicts RNA splicing
branchpoints

Joseph M. Paggi, Gill Bejerano
doi: https://doi.org/10.1 101/1 85668

This article is a preprint and has not been peer-reviewed [what does this mean?].

Abstract Info/History Metrics [ Preview PDF

Abstract

Experimental detection of RNA splicing branchpoints, the nucleotide serving as the
nucleophile in the first catalytic step of splicing, is difficult. To date, annotations exist
for only 16-21% of 3" splice sites in the human genome and even these limited
annotations have been shown to be plagued by noise. We develop a sequence-only,
deep learning based branchpoint predictor, LaBranchoR, which we conclude predicts a
correct branchpoint for over 90% of 3' splice sites genome-wide. Our predicted
branchpoints show large agreement with trends observed in the raw data, but analysis
of conservation signatures and overlap with pathogenic variants reveal that our
predicted branchpoints are generally more reliable than the raw data itself. We use our
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Gene: SLC2A1 - Transcript: NM_006516.2 - Variant: ¢."255T>C - 3' UTR: 1666 bp

Good mirSVR score, ernved miRNA

arget, Source: microRMNA.arg

Removed (wild-type)

miRNA name Targets Position in 3' UTR Alignment Length Alignment Score Identity Similarity
mjm Cr236_%257 g 120.00 100.00% 100.00%
OO ©*236_*257 5 120.00 100.00% 100.00%
OO c*236_*257 5 120.00 100.00% 100.00%
Modified (wild-type — mutant)
miRNA name Targets Position in 3' UTR Alignment Length Alignment Score Identity Similarity
5-3 OO CF236_"258 16 154.00 Z122.00 §1.25% 2 75.00% 93.75% - 87.50%
mjm Cr236_%257 17 128.00 Z154.00 G4.71% Z 70.59% T847%
mim CF244 *266 T o245 7266 16219 13500 Z132.00 §2.50% Z57.89% 87.50% Z 68.42%
Added (mutant)
miRNA name Targets Position in 3' UTR Alignment Length Alignment Score Identity Similarity
- £F238_*257 18 121.00 £1.11% FT.78%
- CF240_*261 G 120.00 100.00% 100.00%
- £F235 *258 15 126.00 73.33% 73.33%
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5 Identifying Ribosome Pause [l miRTarBase: the experin X+

é

) identifying Ribosome Pause @ miRBase X .

& O mirbase.org

miRBase

Home [l Search | Browse | Help il Download Submit

O netu.edu.tw

miRTarBase

[ B - microarray and next-g

Latest miRBase blog posts
High confidence miRNA set available for miRBase 21
As mentioned previously, we briefly heid off from releasing the set of "high confidence” miRNAs for miRBase 21, because of 2 last-gasp bug, Those data are now available,

miRNA count: 28645 entries
By sam (Quly 3, 2014)| | Release 21: June 2014

tagged with the label "high confidence” on the entry pages, and for download on the FTP site. The total number of miRNAs labelled “high confidence” has increased ...

miRBase 21 finally arrives

Apologies for the longer-than-usual wait. miRBase 21 is now available on the webske, and all data avallable for download on the FTP
the major changes. Of particular note this time, the Genome Reference Consortium have released a new human genome assembly, G
human [...]

miRBase: the microRNA database
miRBase provides the following services:

* The miRBase database is a searchable database of miRNA and ar Each
database represents a predicted hairpin portion of a miRNA transcript (termed mir in the database), w
and sequence of the mature miRNA sequence (termed miR). Both hairpin and mature sequences are
browsing, and entries can also be retrieved by name, keyword, references and annotation. All sequen
available for download.

* The m qistry provides miRNA gene hunters with unique names for novel miRNA genes prior |

help pages for more information about the naming service.

To receive email notification of data updates and feature changes please subscribe to the miRBase announc
about the website or naming service should be directed at mirbase@manchester.ac,uk.

miRBase is managed by the Griffiths-Jones lab at the Faculty of Life Sciences, University of Manchester witt
miRBase was pr y hosted and supp: d by the Wellcome Trust Sanger Institute.

If you make use of the data presented here, please cite the following articles in addition to th
miRBase: annotating high confidence microRNAs using deep sequencing data.
Kozomara A. Griffiths-Jones S.

] Search by miRNA name or keyword
By sam (June 26, 2014) e

Current curation

Release 6.0: Sept. 15,2015

Number of arti

es: 4,966

Number of species:

Number of target genes: 22,563

HMDD v2.0:/_the Human microRNA Disease Database version2.0

Home Browse Search

Welcome to the HMDD v2.0

HMDD (the Human microRNA Disease Database) is a database that curated
experiment-supported evidence for human microRNA (miRNA) and disease
associations. miRNAs are one class of important regulatory RNAs, which mainly
repress gene express at the post-transcriptional level. Increasing reports have
shown that miRNAs play important roles in various critical biological processes.
For their importance, the dysfunctions of miRNAs are associated with a broad
spectrum of diseases. The first version of HMDD was built on December 2007.
Each entry in HMDD v1.0 has four items for annotation; they are miRNA name,
disease name, the reference PubMed ID, and the evidence supporting the miRNA-
association from the original paper. During the past five years, we updated
HMDD for more than 30 times. HMDD v2.0 presents more detailed and
comprehensive annotations to the human miRNA-disease association data,
including miRNA-disease association data from the evidence of genetics,
epigenetics, circulating miRNAs, and miRNA-target interactions. In addition, a
“submission” function was implemented in the version 2.

Download Submit

Help

Statistics:
Currently, HMDD collected 10368 entries that include 572 miRNA genes, 378
diseases from 3511 papers.

History:

June 20, 2013, HMDD v2.0 was released

January, 2012, the HMDD has been updated for 27 times during the past four
years.

January, 2011, the HMDD has been updated for 19 times during the past
three years.

October, 2008, an analysis paper based on the miRNA-disease association
data in the HMDD database was published on PLoS ONE.

December, 2007, the original HMDD database was released.

Contact us

Dr. Qinghua Cui, 38 Xueyuan Rd, Department of Biomedical Informatics,
Peking University Health Science Center, Beijing 100191, China

Email: cuiginghua@hsc.pku.edu.cn

Homepage:_http://www.cuilab.cn

Last Update: Jun-14, 2014



Potential Consequences on the RNA
Level and using prediction tools

E. Functional RNA studies



E. Functional RNA studies

Strategies for RNA Analysis intron1 | Bxond | intron2 [ Exen2 | < ONA

l RNA Polymerase

= RT-PCR approach E— —| «—— mMRNA
| e
Reverse Transcriptase
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. . s |
= Assess allele-specific expression DNA Polymerase
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= Quantify (alternative) transcripts
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—
= Novel transcripts / gene fusions NEEEDE0 [z = [5]¢]
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Strategies for RNA Analysis

no ASE
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Strategies for RNA Analysis

RT-PCR approach

Assess allele-specific expression

Quantify (alternative) transcripts

Novel transcripts / gene fusions
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E. Functional RNA studies

Strategies for RNA Analysis

= RT-PCR approach

= Assess allele-specific expression

= Quantify (alternative) transcripts

= Novel transcripts / gene fusions
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E. Functional RNA studies

UCSC Genome Browser on Human Feb 2009 (GRCh37Ihg19) Assembly
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E. Functional RNA studies

Sources of RNA material suitable for analysis
* cell culture

* blood (heparin, citrate, or EDTA)

* tissue samples (normal, FFPE)

Dealing with NMD

* Cycloheximide: concentration between 100-250 mg/ml and an incubation time of at least 4 hours
* Puromycin: concentration of 10-20 mg/ml and a 5-hour incubation time is commonly used

In addition to at least 10 wildtype controls in the same assay—to facilitate the interpretation of the relevance of naturally
occurring isoforms—the inclusion of a cell line with a validated NMD-prone variant is highly recommended in order to
verify the fidelity of the inhibition process (positive control)



Potential Consequences on the RNA
Level and using prediction tools
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