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Why should we still care about genome annotation?

3 layers:
H uman g enome se q uence ...ATCGGTCGATCGATGTTAGCAGCTAACATCGATTTACGATGCAT. ..
l
Reference annotation GeneA <> {—Genec ]
Gene B |
l RNA-seq quantification
. . : . Variant interpretation
Biological interpretation - GWAS

Single-cell RNA-seq
Comparative genomics

Every genomic analysis ultimately depends on the
quality of the reference annotation.

Genome sequencing is no longer the bottleneck.
Today, the challenge is understanding what is actually transcribed



Genome annotation is far from complete

1

seqg. depth

Human Genome
Project

F

977 : Sanger
sequencing 1990
(First
generation)
O

read length

1st “complete” genome

- 3 billions nucleotides
- ~3 billions $

Significant human and
structural resources

1

2001

2007 : NGS - 2015 : Long read
Short read sequencing (1
sequencing molecule ?)
(Third generation)

nature methods

Method of the Year 2022:
Long-read sequencing
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Short reads " w -~ e e = o

« (V) RNAs are fragmented
« (N Assembly problem for both :
« mMRNAs and IncRNAs
* novel isoforms of known genes and novel genes
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. "No need to reassemble reads”
. Characterize and quantify "full length" transcripts (repeat-associated
transcripts
. Direct exon connectivity
. Epitranscriptomics: identification of RNA modifications (m6A)

= “Unfragmented” view of the transcriptome
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Why are IncRNAs still missing?

o smaII ncRNAs
rRNAs, tRNAs, snoRNAs, miRNA:s...

. circRNAs
- Q‘“'}/

.




Gene
3'U'x
IncRNA
(Transcript/Isoform)
IncRNAT1 IncRNA2
InNcRNAs are "mRNA-like" ... __ but are not mRNAs
Transcribed by RNA Polymerase Il () No coding potential
Undergo splicing ) Lowly expressed, highly tissue-specific
S’ capped () Less conserved across species

Most have a polyA tall () Often overlap Transposable Elements (TEs)



What do long reads actually change for IncRNAs?

1 - Can we reconstruct IncRNAs transcripts correctly?
(GENCODE-CLS /Annexa)

l

2 - Can one annotation represent the entire diversity?

(PanTranscriptome)

l

3 - How do we prioritize which IncRNAs matter?
(IncRNA _PutOrtho)



1 - Can we reconstruct IncRNAs transcripts correctly?
(GENCODE-CLS /Annexa)



The GENCODE CLS project: massively expanding the IncRNA catalog
through capture long-read RNA sequencing

(%) Tamara Perteghella, (2 Gazaldeep Kaur, {2 Silvia Carbonell-Sala, () Jose Gonzalez-Martinez, &) Toby Hunt,
2 Tomasz Madry, (& Irwin Jungreis, () Fabien Degalez, {2 Carme Arnan, 2 Ramil Nurtdinov, ) Julien Lagarde,
() Beatrice Borsari, &2 Cristina Sisu, 2 Yunzhe Jiang, 2 Ruth Bennett, (2 Andrew Berry, (2 Marta Blangiewicz,
{2 Daniel Cerdan-Vélez, 2 Kelly Cochran, &} Covadonga Vara, {2 Chire Davidson, £ Sarah Donaldson,

{2} Cagatay Dursun, (2 Silvia Gonzalez-Lopez, {2 Sasti Gopal Das, {2 Kathryn Lawrence, {2 Daniel Nachun,

2) Matthew Hardy, {2 Zoe Hollis, & Mike Kay, {2 José Carlos Montanés, {2 Pengyu Ni, {2 Emilio Palumbo,

() Carlos Pulido-Quetglas, {2 Marie-Marthe Suner, {2 Xuezhu Yu, 2 Dingyao Zhang, {2 Frangois Aguet,

(2 Kristin Ardlie, & Stephen B. Montgomery, & Jane E. Loveland, & M. Mar Alba, {2 Mark Diekhans,

() Andrea Tanzer, (2 Jonathan M. Mudge, 2 Paul Flicek, 2 Fergal | Martin, {2 Mark Gerstein, Manolis Kellis,
) Anshul Kundaje, () Benedict Paten, {2 Michael L. Tress, {2 Rory Johnson, {2 Barbara Uszczynska-Ratajczak,
) Adam Frankish, 2 Roderic Guigd

doi: https://doi.org/10.1101/2024.10.29.620654

https://www.biorxiv.org/content/10.1101/2024.10.29.620654v2

Submitted to Nature in
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The experimental design

Step 1 - Improve cDNA Library (CapTrap-Seqg)

nature communications

CapTrap-seq: a platform-agnostic and quantitative
approach for high-fidelity full-length RNA
sequencing

Silvia Carbonell-Sala 1, Tamara Perteghella ' 2, Julien Lagarde ' 3, Hiromi Nishiyori 4,

Emilio Palumbo ', Carme Arnan ', Hazuki Takahashi #, Piero Carninci 4 >,
Barbara Uszczynska-Ratajczak ¢ 7, Roderic Guigé 8 °

CapTrap-seq enhances full length
long-read RNA sequencing for accurate
genome annotation. By combining
Cap-trapping and oligo(dT) priming to
detect full-length 5' capped transcripts.
Tested with ONT and PacBio show it as a
competitive, platform-agnostic method.

RT primer )
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The experimental design

Step 1 - Improve cDNA Library (CapTrap-Seq)
Step 2 - Enrich Target regions by CLS (Capture long-read Sequencing)

AYAY
cDNA library f\/\,\ﬁ | H
CapTrap-seq * ’

A AN
VAN

\o/

Capture Long-Read
(CLS)

Target transcripts from genomic
regions not explored by standard
experimental approaches.

> Nat Genet. 2017 Dec;49(12):1731-1740. doi: 10.1038/ng.3988. Epub 2017 Nov 6.

High-throughput annotation of full-length long
noncoding RNAs with capture long-read sequencing

Julien Lagarde ' 2, Barbara Uszczynska-Ratajczak ' 2, Silvia Carbonell 3, Silvia Pérez-Lluch ' 2,
Amaya Abad ' 2, Carrie Davis 4, Thomas R Gingeras 4, Adam Frankish %, Jennifer Harrow 2,

Roderic Guigo ! 2, Rory Johnson ' 2

Affiliations + expand
PMID: 29106417 PMCID: PMC5709232 DOI: 10.1038/ng.3988




The experimental design

Step 1 - Improve cDNA Library (CapTrap-Seq)
Step 2 - Enrich Target regions by CLS (Capture long-read Sequencing)

TAVAS
CDNA library f’\/\/\,ﬁ e __— miTranscriptome
CapTrap-se 37,354
SRR * ’ gencodeLncRNA+

VAU i 13,134

M ). miRNA

\/\/j 207

snoRNA

137 \bigTranscriptome
10,457

NONCODE

GWAScatalog ¢, tomcat 48,048
4,079
phyloCSF 18,101

4,795

Capture Long-Read
(CLS)

UCE
1,352 CMfinderCRSs

Target transcripts from genomic
regions not explored by standard
experimental approaches.

@ A total of 176,435 features covering 84Mb
(2.8% of the genome).



The experimental design

Step 1 - Improve cDNA Library (CapTrap-Seq)
Step 2 - Enrich Target regions by CLS (Capture long-read Sequencing)
Step 3 - Multi species and tissues

ooy V. (B B
CSET’?;Z-;; 25 : 88 long read samples for a total of
N b
P 736M reads.

&

CapTrap-Seq cDNA  CLS-Enriched cDNA

Capture | | pre-capture post-capture

Capture Long-Read Dev. Stage Short | Long | Adult Embryo Adult Embryo
(CLS) Species reads | reads | Human | Mouse A Human | Mouse | Human | Mouse | Human | Mouse

Brain 4 16
Heart 4 16

@@ Liver 4 16
White Blood 4 8
iPSCIESC 4 8
Testis 0 8
Placenta | 0 4
Cell lines Pool | 0 4 |
Tissues Pool | 0 8 |

TOTALS | | 20 88 | | 7 6 5 4 7 6 5 4

*lllumina short-reads sequencing provided



The experimental design

Step 1 - Improve cDNA Library (CapTrap-Seq)
Step 2 - Enrich Target regions by CLS (Capture long-read Sequencing)

Step 3 - Multi species and tissues
Step 4 - Stringent filters (using several methods for transcript identification),

sometimes combined with manual selection, to identify IncRNAs



Results

IncRNA va6| va7
Genes 20,424| 37,241
80000
60000

40000'

2023

vim35

vMi36

Genes

15,131

37,341

6 I

80000

60000 I

woool

1 ﬂ

mmll
0

2023 2024

0

Iq

|

2024

IncRNA Human| Mouse

v46 vM35
Novel genes 16,817| 22,210
e spliced genes 15,283 20,537
e single-exon genes 1,534 1,673
Modified genes 9,919| 7,655
Novel transcripts | 132,049| 131,546
* in novel genes 44,996| 60,670
* in modified genes| 87,053| 70,876

2% human transcript and gene

for IncRNAs

6% mouse transcript and 2x

gene for INcRNAs



Results

gene count transcript count

90000 450000
80000 400000
70000 - 350000 -
60000 | 1 : : — ) 300000
50000 EEEEEEEEEEEEREBR *’ 250000 " BB
40000 EEEEEEEEERB-EEEE 200000 e I -
= il | = i
20000 | - B AR EEE R 100000 7,7, BN BN B AN OENCEEEE OB E .
10000 I B B B B B BOBB BB R 50000 _ o

0 0

PP EI RO DN >0 82O O gb P> O >H O A D NV D 0 0 A DD W N (Y aDd ah
FTEFEFELTS TS P O R S SN

Eprotein_coding ®IG/TR_segment 0OIncRNA @pseudogene @small RNA

In the last decade, the number of annotated human genes has remained stable,
while annotated transcripts increased by 25%, “mainly due to the addition of
alternative IncRNA isoforms.”

Not so true anymore ... with Gencode V49
for PCG 278,455 transcript (89,832 in V47)



Results

https://genome-euro.ucsc.edu/cqi-bin/hgTracks?db=hg38&lastVirtModeType=default&lastVirtModeE

xtraState=&virtModeType=default&virtMode=0&nonVirtPosition=&position=chr1%3A54733691%2D

55018984&hqgsid=440286989 PIMbeEfTLcxailT/e7a9konaKABg

| Multi-region | % chr1:54,733,691-55,018,984 285,294 bp. Igene, chromosome range, search terms, help pages, see examples H Search | Examples

MROH7-TTC4 KKH=—1
TTC4 KKH-—1

TTC4 KH-—1

T1C4 KKH-—n

TTC4 ]

TTC4 -»-»t

]

H-—h

MROH7-TTC4 KKH-—1
TTC4 KKH-—*

MROH7-TTC4 KK
TTC4 KkH~—*#

Basic Gene Annotation Set from GENCODE Version 49 (Ensembl 115)
PARS2 i} TTC22 mH—Hfp—} CR2 | : ; ENSG00000284601 b+
PARS2 i TTC22 mp—Hff—} TMEMs1
TTC22 M} } TMEMS61
TTC22 M} e TMEMS61
TTC22 M TMEMS6*
ENSG00000237453 kA I ' “ g ENSG0000023327
CIMAP2 =4+ J ENSG00000287724 H—)—»—»—H ENS
CIMAP2 Hib——fb+++ —— DHCR24—DT: |
Orceas -}
DHCR24 ; t =1t 5
DHCR24 mi4 ‘ ‘
3:254 :4* fecedecdieeek
" )
DHCR24 mat
DHCR24 m4}
DHCR24 H
TMEM61 | :
DHCR24-DT } : |
DHCR24-DT W
DHCR24-DT H
nnotation Set from C ENCODE Version 47 (Ensembl 113)
PARS2 i T2 mplecffeecccee}  DEEEAmMddecedectleeces ENSG00000284601 k<4
TTC22 MHfH % TMEMs61
ENSG00000237453 KA e it TMEM61
CIMAP2 {4+ J ENSG00000287724 -+ TMEM61
CIMAP2 Hf-——4H+ — DHCR24-DT } 1
TMEM61 }
DHCR24-DT t 4 TMEMS6*
DHCR24-DT W ENSGOOO0023327
DHCR24-DT H ENS
nnotation Set from GENOODE Version 46 (Ensembl 112)
PARS2 i} TTC22 q+—<—H4f«—<—<—<—<—<—<—‘—| - . ENSG00000284601 b+
TTC22 it A1 TMEMS&*
ENSG00000237453 FH ¢ ENSG0000023327
CIMAP2 Hi-——4F+-4- — ENSG00000287724 -+
CIMAP2 Hi-——-H+ J DHCR24-DT | 1
TMEM61 |
DHCR24-DT k : |
DHCR24-DT H
DHCR24-DT M

Long reads can provide:

v/ complete exon chains
v  transcript boundaries

v splice junction validation


https://genome-euro.ucsc.edu/cgi-bin/hgTracks?db=hg38&lastVirtModeType=default&lastVirtModeExtraState=&virtModeType=default&virtMode=0&nonVirtPosition=&position=chr1%3A54733691%2D55018984&hgsid=440286989_PIMbeEfTLcxaiIT7e7a9konaKABg
https://genome-euro.ucsc.edu/cgi-bin/hgTracks?db=hg38&lastVirtModeType=default&lastVirtModeExtraState=&virtModeType=default&virtMode=0&nonVirtPosition=&position=chr1%3A54733691%2D55018984&hgsid=440286989_PIMbeEfTLcxaiIT7e7a9konaKABg
https://genome-euro.ucsc.edu/cgi-bin/hgTracks?db=hg38&lastVirtModeType=default&lastVirtModeExtraState=&virtModeType=default&virtMode=0&nonVirtPosition=&position=chr1%3A54733691%2D55018984&hgsid=440286989_PIMbeEfTLcxaiIT7e7a9konaKABg

ANEXA : ANalysis with Nextflow for EXtended Annotation
‘ Transcript

fasta FEELnc classification Filtering

Genome RSeQC

|

Samplesheet

Quality
control

StringTie GENCODE
Extended VXY XY

gtf annotation

GENCODE L[] === Novel transcripts
; mss KnOwn transcripts

Annotation

https://github.com/IGDRion/ANNEXA

nexciflow



https://github.com/IGDRion/ANNEXA

2 - Can one annotation represent the entire diversity?

(PanTranscriptome)



2 - Can one annotation represent the entire diversity?

Thousands of gene loci and transcript isoforms are still unknown.

Accurate and complete annotation is essential to decode the biological information
stored in the genome.

Many transcripts might only be expressed in a few cells within tissues and they can be
population specific...

What's Next?

Towards the definition of a
human Pantranscriptome.

PANGENOME



The “Human Pantranscriptome”

Article Open access Published: 03 December 2025

Long-read transcriptomics of a diverse human cohort

reveals ancestry bias in gene annotation

Pau Clavell-Revelles, Fairlie Reese, Silvia Carbonell-Sala, Fabien Degalez, Carme Arnan, Winona

Oliveros, Emilio Palumbo, Tamara Perteghella, Roderic Guigé 84 & Marta Melé &4

Nature Communications 16, Article number: 10194 (2025) | Cite this article

4859 Accesses | 130 Altmetric | Metrics

https://www.nature.com/articles/s41467-025-66096-x

m GENCODE

NHGRI
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Barcelona
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Center

Centro Nacional de Supercomputacion


https://www.nature.com/articles/s41467-025-66096-x

RNA-seq studies overrepresent Europeans

'i European
'i African
'i' Asian
‘i' Hispanic

‘l‘ Other/Mixed

Adapted from Arruda et al. 2024

GENCODE
NINUNVINING

Human gene annotations are mainly built with European-descent individuals



The dataset

Lymphoblastoid cell lines
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45 Ashkenazi Jewish,
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The method

LyRic

IsoQuant

UMA

N = _J

« Monoexonic [[Il; -or- = B>
« | protein coding or IncRNA =/ .

NNC, intergenic, genic,
fusion, antisense

Also detected?

» Discovered in = 2 samples
* > 3 counts in = 1 sample

~ *+2300 bp long

by = 25 counts in Recount3

« Discovered by > 2 tools

S =d

X | Add reference

= X

(Vv v ,

o x
"« All NIC filters R = N S
« All splice junctions supported v v

x




The result(s)

Gene 1

b
Lo o]

Reference Il

QA
o
D
-~

60000 -

40000

@ NIC

lg

-

o

¢ D

@ Intergenic

= D
aml Genic

Antisense

41,293 novel, high-confidence transcripts
(both PCG and IncRNAs)

# PODER Transcripts

20000 -

Inter-catalog
Overlap

- Overlapping others
" Unique to PODER

26.5 %

Novel Transcripts

731 114 1066 1002

NNC Intergenic Genic Fusion Antisense
Structural Category compared to GENCODE v47




3 - How do we prioritize which IncRNAs matter?
(IncRNA_PutOrtho)



Long-read
annotation Not every novel
l transcript is
Orthology inference functional equally.
l
Evolutionary Comparative
conservation genomics helps
| prioritize candidates
Candidate

prioritization



MANUSCRIPT TITLE

An integrative workflow for IncRNA orthology detection and its application to 13 evolutionarily diverse
species

AUTHORS AND AFFILIATIONS

Fabien DEGALEZ"*, Coralie ALLAIN?, Laetitia LAGOUTTE?, Frédéric LECERF?, Sandrine LAGARRIGUE™*

https://www.biorxiv.org/content/10.1101/2024.10.03.616473v1

LINSTITUT Submitted to Nucleic Acid

bioRxiv ©
lo le agro Xf,g';?: Research in October 2024
I N RA@ Accepted last week ! €



https://www.biorxiv.org/content/10.1101/2024.10.03.616473v1

A) Inputs ) Workflow Outputs

/ ) /
1
PCG orthology
(Per sp. pair)
e!
er sp. iostEsmart
Veth 3.}l B
' Ixt N

T Data formatting

[ B

Ixt

— X ¢! Compara ‘\\ __F

& downloading
\ Unique config file : \

.
N, ’ N, ~ -

eelinc

IncRNA IncRNA
orthology for orthology for the
the 3 methods 3 methods and
(per sp. pair) all species /
(persp.) .~

B) Method 1 — “Orthology-by-synteny” using 2 orthologous flanking PCGs E) Classification
Step 1- Identification of
the wo orthlogous g - e
PCGs surrounding the s = 0 —-_
IncRNA(s) with their i | ! i |

relative orientations
preserved

https://qithub.com/fdegalez ey 2 oo “TED— D

of IncRNA(s) with the \

/Incrna_PutOrtho snecrenatin - S —H- A - ey

C) Method 2 — “Orthology-by-synteny” using 1 orthologous flanking PCG
& conserved FEELnc orientation of the pair - -

Step 1- Classification of the _—_—_—_
IncRNA(s) according to the lincDivg lincConv
closest PCG  m wm -

lincDivg IncSS.up lincConv mani-to-one

Step 2- Identification of | ! 2 2 - _-. -

? \ . ‘
orthologous PCGs
R G % sy S o B s
Step 3- Identification of _“_H_ Step 4
—_—

correspondence between \ \ \ many-to-many
INCRNA(s) - — (- ) ) — —48 - —E—
D) Method 3 — “Orthology-by-genome alignment” - HF-
Step 1- Alignment of _—

IncRNA using Mercator-
one/many-to-zero

Pecan algorithm
Step 2- Identification of _—_ —-—

*Use of Ensembl/Compara e! =
known genes in other

available species = = w—w— -I[-m-_ —_


https://github.com/fdegalez/lncrna_PutOrtho
https://github.com/fdegalez/lncrna_PutOrtho

GENCODE



Take-home messages



1 - Can we reconstruct IncRNAs transcripts correctly?

(GENCODE-CLS /Annexa)

— Long-read sequencing has transformed IncRNAs
transcript reconstruction but different technical biais still
exist
l

2 - Can one annotation represent the entire diversity?

(PanTranscriptome)

— Reference annotations remain incomplete because
transcript diversity is biological as much as technical
(especially for IncRNAsS)

l

3 - How do we prioritize which IncRNAs matter?

(IncRNA_PutOrtho)



Better annotations are the
foundation for functional
genomics!
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We found many of you. = g
NOW we JUS'l' need to ?’»‘ just ba.ckg'round
> noise!
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Supplementary elements



A)

GTF

i
NCBI-Refseq Ensembl-EBI

AGAT

Merged annot.

GTF
Ere GTF
GENCODE v47 I
Liftoff Enhanced annot.
1GAT |
GTF
I.lf‘ted-GENCODS va?7



B) Macaque — Macaca mulatta (Mmul_10) &

Enhanced
(n=82,779)

Ensembl
(n=35,432)

il 10) MExpressed  [JUndetected %
ar B

Gencode-Lifted
(n=51,364) (n=63,714)
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* Bambu : better when reference annotation is more complete

* StringTie : better to identify novel isoforms
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IGDRiog/ANNEXA , , ,
FEELnc to compute the coding potential of all novel transcripts from novel genes

}FEEan uses a RandomForest model trained with sequence features

» ORF sizes
> k-mer profiles
>Transcript length

—y P transDecoder allows CDS, 5’'UTR and 3’UTR in novel mRNAs
Allows to discriminate between novel mRNAs versus IncRNASs
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Reference genome : A

canFam4

Reference annotations (x3) :

- Ensembl (Dyer et al., 2025)

- (O’Leary et al., 2016)

% Refseq a Univ (Wang et al., 2021)

Reference genome :

GRCh38

Reference annotations (x2):
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(Varabyou et al., 2023)
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Bambu novel IncRNA
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Development of a new tool to process long-rea
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The non-coding genome

* ~70% of the human genome is transcribed into RNAs with only 2% corresponding to
proteins (MRNAsS)

THE (HUMAN) GENOME IS A NON-CODING RNA MACHINE
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= GOAL : Exploiting the strength of LR-RNAseq to correctly reconstruct novel
genes/isoforms involved in therapy resistance



Repartition of reads in glioblastoma resistant samples
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