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Rare genetic diseases
life-threatening, chronically
debilitating conditions
predominantly caused by
variants in a single gene
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Rare: prevalence < 1in 2,000



Step 1: Clinical =
evaluation & |




5,000 - 8,000 rare
diseases affect

~ 350 million people
worldwide



The current diagnosis
rate is ~50%

Amberger et al, Nuc Ac Res, 2019
EURORDIS, Rare Diseases
Boycott and Ardigo, Nat Rev, 2018



Challenges to diagnose rare disorders

From the medical side:
e Due to rarity of the disease, clinicians are often faced to new cases
e Overlapping phenotypes between disorders
e They’re usually progressive, sometimes lethal -> time to diagnose matters
e Incomplete penetrance: same variant, different severity

e Atleast 2 cases are needed to prove pathogenicity of a new disease gene

International Rare Diseases Research Consortium (IRDIRC)



Challenges to diagnose rare disorders

From the genetic side:
\/ /
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Marwaha et al, Genome Med, 2022
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after exome sequencing

1. Sequence RNA (from clinically-accessible tissues)

Gene expression == N\ \

to increase 2. Aberrant (not differentiall) expression & splicing detection
diagnostics @ _______________
Population
~15% diagnostic 3. Integrate with DNA and clinical data

increase over WES No genetic diagnosis
Genetic diagnosis

New genetic diagnosis



Murdock et al.

Cummings et al. Brechtmann et al. Gonorazky et al. e N=115, DR=17%
e N=50, DR=35% e OUTRIDER o N=25 DR=36% e Transcriptome-directed analysis
* Muscle * RNA-seq variant calling faster than candidate-variant
e Aberrant splicing e Cell transdifferentiation e Blood & fibroblasts
e Neuromuscular disorders
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2017 | ! ! 2019 ! 2020

Frésard et al.

Kremer, Bader et al. iy . .
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Skin fibroblasts e Blood —0J ¥ .
: Aberrant expression e Integration with external controls RNA'Seq StUdles
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et T N<67, DR=13% e N=115, DR=3%

* CI_' cal i I_ Ot i N G NN o Neurodev. disorders e Trio RNA-seq

¢ inicalimplementation e Cycloheximide to inhibit NMD e Impact in care management

Mertes ef al. ® Expressed genes comparison .
e FRASER e Establishment of DROP e e
i | | |
| | |
| 2021 2022 2023 2024
° & Li et al.
Yépez et al. Lee, Kwong et al. Deshwar, Yuki, Hou et a o N=71, DR=25%
e Detection of RNA » N=48 fetuses, DR=8% e N=39 families, DR=13% - e Fibroblast-to-neuron cell
Outliers Pipeline, DROP » Prenatal approach using e Trio RNA-seq ? transdifferentiation
amniotic fluid e Evaluate time & cost




In rare disease diagnostics,
the outlier is the signal



Aberrant (not differential!) expression detection

Differential Outlier
expression analysis detection e Not interested in differential
expression between 2 groups
. o Condition A vs Condition B
.'.. e Find the ‘outlier’ - the gene whose
< < impaired function could explain the
@ 2 disease
S S o The population can be
u - composed of all affected
samples
: _ o Controls can be included to
CAlonditioli Population Increase Sample Size

DESeqg2/edgeR



Expression

Detecting aberrant gene expression can lead to finding

or validating disease causal variants

Gene

Rank

variants in UTR Short tandem

repeats large deletions
(missed by WES)
* AL
'4 \
variants in NMD-triggering intronic variant (missed
enhancers or variant not yet by WES) — exon creation
promoters described or intron retention
(missed by containing a premature
WES) termination codon
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Gene expression data exhibits strong covariation

Sample-sample correlation heatmaps
G = R R
é 1l

Mitochondrial
disease dataset N
=119

Kremer, Bader et
al., Nat Commun,

2017

GEUVADIS os O
dataset s
N:-| 00 'I\:n:rlr?ale

Lappalainen et
al., Nature, 2013

Solve-RD’s whole blood cohort
N =253

Boer, E. de; GEN, UMCN
05 Claeys, K.; Leuven
] Clayton-Smith, J.; Manchester
~ Denommé-Pichon, AS.; Dijon
Mo Lohmann, Liibeck
e .u Macaya, A.; Barcelona
b 05 Os, van, N; UMCN
Rawson, M.; Manchester, UK
Schdls, L.; Tibingen
1 Schuermans, N.; Gent, Belgié
Schiile-Freyer, R; Tlbingen
Synofzik, M.; Tibingen

batch

CNAG_1
CNAG 2
CNAG 3

Status

Unknown
Affected
Unaffected

Sex
Female
Male
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Fitting denoisers with denoising autoencoders

X

IIleiIl HX o f(Xcorrupt.7 O)HQ
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OUTRIDER: denoising autoencoder for RNA-seq
data

Raw counts Controlled counts
Samples Autoencoder Samples

e Negative Binomial loss

e Number of latent factors (q)
set to maximise
precision-recall of artificially
injected outliers l-

e P-value per sample - gene

combination SN T~

! :'|'||'|'|'|'| i
> ' : >

Raw gene counts Controlled gene counts

We |h, W¢

Genes

| ] Genes

Brechtmann, Mertes, Matuseviciute, et al., AJHG, 2018 15



OUTRIDER successfully removes sample covariation

Sample-sample correlation heatmaps after correction
Solve-RD’s whole blood cohort

. N =253

Mitochondrial : I I DR A ‘ mmmmmw‘m

disease dataset N # 4 HIINEE DTN TSR (7 WY 0NNl sender

=119 BN N DN NS NN ESEIN N E N EEE batch

Kremer, Bader et

al., Nat Commun, 05

2017 .
0.5
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LAB

GEUVADIS = I i
dataset % 0 CNAG_CRG
N:1 OO = -0.5 SE)I\;aIe
Lappalainen et % I_1 s
al., Nature, 2013 %
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Reduction in
expression
suggests
mono- or
biallelic LoF
variants

Yépez, Gusic, et al, Genome
Med, 2022
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Detecting aberrant splicing, in its many forms, can also
lead to finding or validating disease causal variants

Exon
skipping

Exon
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Splice region
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FRASER to detect aberrant splicing

ﬂ . Latent space fittingN

Samples Encoder

We | H,

Junctions

2. Distribution fitting

Decoder Samples

Hy | WO

Contrast

\Junctions

\_

/ Significance based

outlier detection

Visualization

35 Control
23 ‘33’—’_‘35
© 1.2
k....u... P
24 24
P

RPKM (logy

Splice-site centric metrics
(v, v,, SE, and SE,)
Similar as OUTRIDER
but with Beta Binomial
loss on each metric
P-value per sample -
junction - metric
combination

Mertes, Scheller, et al., Nat Commun, 2021 19



Novel intron-centric metric to quantify splicing:
Intron Jaccard Index

e More robust than
splice-site centric
metrics (v, y,, SE,
and SE,)

e ~120K introns/

cohort are tested
i also using Beta
— Binomial

Donor reads “ Acceptor reads

D n A Scheller, et al., AJHG, 2023
|D u Al

Donor reads —_—

Acceptor reads ~— ==

i

Intron of interest —

Intron Jaccard Index: ) =

20



Intron Jaccard Index J =

Splicing outliers

FRASER 2.0 improves over FRASER and other methods

~8 times fewer
splicing outlier calls (on GTEXx

ID U A|

and 2 rare disease datasets)

per sample

>

=

FRASER

FRASER 2.0

ID N A

—>

Jopooug

Recall

0.100

0.075 1

0.050 1

0.025 A

Decoder
Observed J

rare SpliceAl

Top N outliers

X
seve
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—>

°

>

Predicted J

LeafcutterMD @)~ FRASER

-@- sroT -@- FRASER 2.0

D4

increased proportion

of outliers with rare
splice-disrupting
candidate variant 21



Detection of RNA outliers pipeline - DROP

1. Input .
Configuration file Sample annotation file BAM files from RNA-seq VCEF files from DNA-seq Other files g EaSy to InSta” through
— | #CHROM POS _ REF ALT DNAT| o Reference GItHUb InCIUdIng a"
RNAT DNAT .. ____— == Chi#CHROM POS REF ALT DNA2 H
RNA2 DNA2 .. H;—: — = | chlchiZCHROM POS  REF ALT DNIA3 geneme dependenCIeS
= = = chrl 69270 A G 0/1 e Gene
- O G 7T o on annotation
il e After set-up, runs each
2. Detection of RNA outliers pipeline (DROP) module with 1 command
Modules
X - | : - = e Runs cohorts of few
Aberrant Expression g Aberrant Splicin e Mono-allelic expression —= .
[ P ook P £$; | P 7] hundreds of samples in < 1
Output day
Count tables Dataset Overview plots Quality Control Results tables
Samples Samples
[ J

w ” v DN?‘ENA sample RNA_ID Gene AbEx AbSp MAE Used by Centers a” over

— o M the world

B B v Sequencing depth RNAT NFUT TRUE  FALSE FALSE

[ [T

v # Expressed genes

3. Analyze individual results
RNA1 MTO1 RNAl

ot N BN

RNA 2

Significance
Expression

RNA3

github.com/gagneurlab/drop22
Amplitude Rank Refsed Expression YepeZ et al, Nat PrOtOC, 2021

Allelic Difference




Outliers per sample + 1

1000 ¢

10

Handful of outliers per sample across multiple rare
disease cohorts

E3 OUTRIDER E3 FRASER 2.0

100 ¢

Mitochondrial . .
ALS dieeass Undiagnosed Disease Network (UDN) Solve-RD
’ i
.. 5 ! ' 7 ]
TR —suil %# # % = = | - L
iPSC-derived Fibroblasts Fibroblasts Blood Blood PBiVIC Blood Fibroblasts Muscle
spinal motor neurons poly(A) poly(A) poly(A totalRNA totalRNA totalRNA poly(A)/totalRNA totalRNA
totalRNA N=303 N=391 N= 252 N=104 N=147 N=252 N=157 N=43
N=290
Median expression outliers: 3 L n SOIVQ e
Median splicing outliers: 8 .
Undiagnosed Solving the Unsolved Rare Diseases
Diseases Network




Need to upscale and standardize RNA-seq methods for
big consortia

Solve@

Solving the Unsolved Rare Diseases

More to come!



Major challenge: cope with large number of senders

Sender

Schile-Freyer, R; Tubingen
Denommé-Pichon, AS.; Dijon
Synofzik, M.; Tibingen

Roos, A.; Essen, Duitsland
Mei, D.; Florence
Vossler-Wolf, C.; Tubingen
Kleefstra, T.; KG, UMCN
Minardi, R.; Bologna
Zaharieva, |.; Londen, UK
Schuermans, N.; Gent, Belgié
Magrinelli, F.; Londen

Morsy, H.; Londen

Macken, W; Londen

Cilio, R; Louvain

Canafoglia, L.; Milaan

Os, van, N; UMCN

Natera, D. / Nascimiento, A.; Barcelona
Natera de Benito, D.; Barcelona
Zaganas. |.; Heraklion, Greece
Topf, A.; Newcastle upon Tyne
Khan, A.; Londen, UK

Nelson, |.; Parijs

Horvath, R.; Cambridge

Gijn, ME. van.; UMCG

Boer, E. de; GEN, UMCN
Schals, L.; Tabingen

Renieri, A.; Siena, Italié
Lohmann, Libeck

Cavalleri, G.; Dublin

Rawson, M.; Manchester, UK
Clayton-Smith, J.; Manchester
Udd, B.; Helsinki

Macaya, A.; Barcelona

Claeys, K.; Leuven

25

50 75
RNA samples

100

Extremely important to:

Compile all results in one place
(DNA, RNA & phenotype)

Minimize manual inspection

Instruct how to interpret results
following similar criteria

Standardize all steps

25



Centralized data preprocessing and results generation

e Same criteria for sample inclusion
e Standardize all steps from raw data

o to results
%(D 0 e Increased statistical power
37 @ ' e Minimize data transfer agreements
(18]
qg (10,
’ 0 300 A Cohort
3 Internal controls
Eur ope B Solve-RD
(17 3
£ 2004
(16) g
3 | O e
04

whole'blood ﬁbrok')lasts PBi\AC mu'scle
Detection of RNA Outliers Pipeline, Yépez et al, Nat Protoc, 2021

26



Instead of sending tables => organize Solvathons!

3-days on-site and online event
Multidisciplinary: bioinformaticians, biologists, clinicians,
geneticists, group leaders, postdocs, PhDs, ...

e Goals:
@ o Instruct on how to analyze the results
%@ @P : o Diagnose samples!
e Great starting point for follow-up analyses!
UBIC w
(1

] ;
7 ¥ .:r? £3 <
5ol J

1st RNA-seq Solvathon, CNAG Barcelona, February 2023 27



DNA 15t and RNA 15t as two avenues for diagnostics

§ Rare variants called from Aberrant expression from
SNVs + indels: SR WES/WGS OUTRIDER
SVs: LR WGS + Optical Genome Mapping FRASER w
Short Tandem Repeats & de novo
] evaluate
attaatctatgactcaggatacg
DNA 1St Reduced multiple testing
Candidate VUS burden
~10s
Transcriptome-wide testing ~12K
WGS genes and 150K junctions
Novel disease genes ~10s outliers/sample

Relax filter cut-offs

discover RNA 15 08



DNA 15t and RNA 15t as two avenues for diagnostics

To diagnose a case you need all:

e Variant \/

e Phenotype \/
e RNAdefect /

e Segregation \/

29



(In the next slides | showed our current diagnostic rate in
Solve-RD of 20 samples, including (unbalanced)
translocations, insertions & deletions. As it is unpublished
data, | unfortunately cannot share it. Keep updated for the
preprint!)

30



RNA 15 exon creation due to intronic variant

W TIMMDC1
25 - #66744
1.7 |
0.8 |-
- Y
45
25 - #35791
20
Sosl ( B
o _ - A . -
2
— 48
=
7 25 #85153
a 17}
o s | \ /
| - P
298
25 - #62345
1.7 |
08 |
| cadlla
1 |
119231618 119234156 119236250 119239129 119241979 119242934

Genomic coordinate (chr3), "+" strand

RefSeq —>—>—)E > . Ee

New exon

H

2 mitochondrial
disease patients

with TIMMDC1
defect

Other
samples

TIMMDCA1: Translocase Of Inner Mitochondrial
Membrane Domain Containing 1

Kremer, Bader et al., Nat
Commun, 2017 31



RNA 15 exon creation due to intronic variant

e Homozygous intronic variant

Translation O missed by WES
Stop codon . .
RefSeq e Gene was originally not a
New exon N disease gene, but confirmed by

1000 Genomes || | | | | | 11 proteomics (all complex |

zlgéfgelq subunit dOWﬂ)

- e RNAdefect
-seq

#66744 e Variant&

#aa701 segregation \/

WGS e Phenotype \/

#66744

Kumar et al, npj Genomic Medicine, 2022

Oligonucleotide correction of an intronic TIMMDCI variant
in cells of patients with severe neurodegenerative disorder



Extensive QC to verify that the RNA-seq samples:

1. have comparable sequencing depth by 2. belong to_ the annotated sex by comparing
comparing counts and size factors the expression of XIST and UTY
151 ‘OMeﬂe
104 >.
I~
°] > Female
ol ® - - >
5x10 Té:alloreads 1.5x10 XIST
3. match the annotated DNA by 4. match the annotated tissue by
comparing the variants mean value decomposition
Fy :

ittt ) "~ Sample souroeI Sample_source
)

muscle
S | pBMC
whole blood
? 05
. muscle

DNA - fibroblasts 0
Y, s



Limitations: RNA-seq is not always able to capture the
effect of the variants

e (Gene not expressed in probed tissue
o Limited to accessible tissues - blood, skin, muscle
o ~60-70% Mendelian disease genes expressed
e Variant does not affect transcript (e.g. missense or synonymous)
Expression and splicing outliers are not highly reproduced across tissues
e Cohorts of at least 100 samples are needed to detect outliers

100% A

75% 1
50%
25% 1

0% 1

blolod ﬁbro'blastmuécle PBiVIC

How can we
overcome this?

Expressed OMIM
genes

34



Aberrant splicing prediction in any human tissue

RNA Tissue-specific aberrant splicing
: Having FRASER established, we
I_> /-\/\/\ Bradict N \ | generated the first benchmark dataset for
] — h = tissue-specific aberrant splicing prediction
using GTEXx
{\ ﬁ e 16,213 post-mortem RNA-seq samples
; e 946 individuals
DNA {\ e 49 tissues
|_> e 8.8 million rare variants
m e 21,000 aberrant splicing events

rare variant

AbSplice: Wagner, Celik, et al, Nat Genet, 2023



State-of-the-art sequence-based models poorly predict
aberrant splicing

1.0 A

0.8 - SpliceAl
_5 0.6 - MMSplice Ground truth: splicing
12 outliers called using
® 0.4- FRASER on all GTEx
o samples

0.2+

0.0 -

T T 1 T

00 02 04 06 08 1.0
Recall

SpliceAl: Jaganathan et al., 2019, Cell
MMSplice: Cheng et al., 2019, Genome Biology



Lung

Brain

Quantitative tissue-specific splice-site maps

+ weak splice sites

. - cLec
- unexpressed genes - unused splice sites — 118
el
E 59 5 W, = 5%
o = 8 L
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g § W,= 67% 58 Genomic coordinate (chr1), "-" strand
= 10 New exon 9
_ _ = 420 ;/\
s — 3E 210 o chr1:109482252:A>C of: TACTAACCA
127 T ES Alt: TCCTAACCA
e} & M
£ 8 J - — 69_
S 5 420 - .
254 . SR i . P
oF : 238 : Scaling law of splicing
E8 127 ! 2% 210 !
cs ! =2 ! [
= i IS I——— ]
2 4 35
r : . | T T T T 1 109 mutation effect
101323737 101323923 101324109 101324295 61389524 6138976_2 613?0000 61330538 61390476 - Alogit(W)
Genomic coordinate (chr11), "-" strand Genomic coordinate (chr2), ™+" strand ! —
Wref (Lung)
Ref: GTTTTTTTATATAAATGGT  chr2:61389729:.T>G 067
: : Ref: CAC el chre: :
chr11:101324380:C>G ef. CACET - - Aq;l
Alt: CCCCT LRI B
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0.2
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AbSplice-DNA yields 3-fold improvement over

state-of-the-art
0-4- www.nature.com/ng/May 2023 Vol. 55No. 5 - — <
nature genetics
® AbSplice-DNA
031 -® MMSplice + SpliceMap + W_ref )
® MMSplice + SpliceMap
S MMSplice
2 02- @ SpliceAl
o)
o cutoff
014 ® high
A medium
m low
0.0 1
0.0 0.2 0.4 Recall 0.6 0.8 1.0 Aberrant splicing prediction

Precomputed scores for all possible SNVs for all GTEx tissues



RNA-Seq for rare disease diagnostics - conclusion

e Added value of RNA-seq over Exome Seq / Genome Seq

e Specialized statistical methods and software to detect expression and splicing

outliers
o OUTRIDER
o FRASER
o DROP
e Outlook:
o Proteomics - Kopajtich et al, medRxiv 2021
o ATAC-seq - Celik et al, medRxiv 2023
o Oncology - Cao et al, Genome Med 2024
o Splicing outlier prediction from sequence - Wagner, Celik et al, Nat Genet, 2023
o Expression outlier prediction from sequence - Holzlwimmer et al, bioRxiv, 2023
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