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Part I
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Genome Annotation
ÅLiftOn: genome annotation lift-over

ÅApplications: mapping  genes between two genomes



Genome annotation
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Genome
(FASTA)

CAGCCCCCGGAGACTtaaatacaggaagaaaaaggCAGGACAGAATTACAAGGTGCTGGCCCAGGGCGGGCAGCGGCCCT

GCCTCCTACCCTTGCGCCTCATGACCAGCTTGTTGAAGAGATCCGACATCAAGTGCCCACCTTGGCTCGTGGCTCTCACT

GCAACGGGAAAGCCACAGACTGGGGTGAAGAGTTCAGTCACATGCGACCGGTgactccctgtccccacccccatgACACT

CCCCAGCCCTCCAAGGCCACTGTGTTTCCCAGTTAGCTCAGAGCCTCAGTCGATCCCTGACCCAGCACCGGGCACTGATG

AGACAGCGGCTGTTTGAGGagccacctcccagccacctcggggccagggccagggtgtGCAGCACCACTGTACAATGGGG

AAACTGGCCCAGAGAGGTGAGGCAGCTTGCCTGGGGTCACAGAGCAAGGCAAAAGCAGCGCTGGGTACAAGCTCAAAACC

ATAGTGCCCAGGGCACTGCCGCTGCAGGCGCAGGCATCGCATCACACCAGTGTCTGCGTTCACAGCAGGCATCATCAGTA

Annotation
(GFF / GTF)

chr1    BestRefSeq      gene    450740  451678  .       -       .       ID=gene-OR4F29; 
chr1    BestRefSeq      mRNA    450740  451678  .       -       .       ID=rna-NM_001005221.2;Parent=gene-OR4F29;
chr1    BestRefSeq      exon    450740  451678  .       -       .       ID=exon-NM_001005221.2-1;Parent=rna-NM_001005221.2;
chr1    BestRefSeq      exon    452658  453675  .       -       .       ID=exon-NM_001005221.2-2;Parent=rna-NM_001005221.2;
chr1    BestRefSeq      exon    454672  459678  .       -       .       ID=exon-NM_001005221.2-3;Parent=rna-NM_001005221.2;
chr1    BestRefSeq      CDS     450740  451678  .       -       0       ID=cds-NP_001005221.2-1;Parent=rna-NM_001005221.2;
chr1    BestRefSeq      CDS     452658  453675  .       -       0       ID=cds-NP_001005221.2-2;Parent=rna-NM_001005221.2;
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Lift-over Problem Definition:
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Reference genome

Target genome

Gene 1 Gene 2 Gene 3
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Lift-over Problem Definition:

Reference genome

Target genome
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Gene 1 Gene 2 Gene 3TA:
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Application: GRCh38 to T2T-CHM13 lift-over
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https:// www.sanger.ac.uk/data/genome-reference-consortium/
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άFinishedέ ǘƘŜ ƘǳƳŀƴ ƎŜƴƻƳŜ ǇǊƻƧŜŎǘ
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Application: GRCh38 to T2T-CHM13 lift-over

Å238 Mbp added and corrected

Å180 Mbp of centromeric satellites

Å68 Mbp of segmental duplications
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https:// youtu.be/MbYvTyIMc84?si=YjijRyLwq31MY5HM

Å10 Mbp of rDNAs

Å182 Mbp of entirely novel sequence

Å1956 novel genes including 99 protein-coding
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LŦ ȅƻǳ ǿŜǊŜ ǘƻ ǳǎŜ ŀ /Iaмо ŀƴƴƻǘŀǘƛƻƴ Χ
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~ 390 citation

Telomere-to-Telomere (T2T) consortium slack channel

Which lift-over tool to use?
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Lift-over problem, what methods are available?
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Reference genome

Target genome T

Gene 1

R

RA:

Gene 1TA:

github.com/lh3/
minimap2

minimap2
github.com/agshumate/
Liftoff

github.com/lh3/miniprot

miniprot

DNA-based

Protein-based

Liftoff
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Chain file
CrossMapUCSU liftOver

Kuhn et al. Zhao et al.

Shumate et al. Li

Li



Methods  ŀ 

ÅHow can we do better?

ÅCombining DNA- and protein-based alignments!
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+
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Results

Åoutperforms state-of-the-art DNA- and protein-based liftover methods

Åimproves the annotation of protein-coding genes in T2T-CHM13 genome

ÅImproves annotation lift-over between distant species, such as mouse and rat
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Evaluation Metrics
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Reference genome

Target genome T

Gene 1

R

RA:
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M R K L T V A

M R R T L T L

Extract DNA sequence

Translation

Translation

Gene 1TA:

LiftOn

ά{ŜǉǳŜƴŎŜ ǇŀƛǊǿƛǎŜ ŀƭƛƎƴƳŜƴǘέ
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Evaluation Metrics
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Evaluation Metrics
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ά5ƻ ƴƻǘ ǇŜƴŀƭƛȊŜ ƭƻƴƎŜǊ ǇǊƻǘŜƛƴǎέ

Protein sequence identity
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Result 1: improves DNA & protein-based lift-over
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Map RefSeq v220 from GRCh38 -> CHM13V2.0
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Result 1: improves DNA & protein-based lift-over
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Map RefSeq v220 from GRCh38 -> CHM13V2.0
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Compressed-gap protein sequence identity

Protein identity

Liftoff 100%

miniprot 31.48%

LiftOn 100%

TDRKH (NM_001083965.2) chr1:150896981 - 150913985

Liftoff

miniprot

LiftOn

Gene on reverse strand
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Result 1: improves DNA & protein-based lift-over
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Map RefSeq v220 from GRCh38 -> CHM13V2.0
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Compressed-gap protein sequence identity

Protein identity

Liftoff 76.70%

miniprot 99.55%

LiftOn 99.55%

SLC22A31 (NM_001384763.1)  chr16:95276205 - 95280662

Liftoff

miniprot

LiftOn

Gene on reverse strand
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Result 1: improves DNA & protein-based lift-over
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Map RefSeq v220 from GRCh38 -> CHM13V2.0
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Compressed-gap protein sequence identity

Protein identity

Liftoff 38.92%

miniprot 99.14%

LiftOn 99.35%

WASHC1 (XM_011517662.4)  chr19:6990 - 22049

(2) (1)

(2)

Liftoff

miniprot

LiftOn

Gene on reverse strand
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Result 2: improve CHM13 protein annotations
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Result 3: improve distant species lift-over
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human to chimp

Mash        : 0.013
Dashing2 : 0.47

Drosophila m. to Drosophila e.

Mash        : 0.077
Dashing2 : 0.07

mouse to rat

Mash       : 0.120

Dashing2 : 0.01
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Result 3: improve distant species lift-over
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Liftoff miniprotLiftOn
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Liftoff miniprotLiftOn
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Result 3: improve distant species lift-over
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House mouse
(Mus musculus)

Rice
(Oryza sativa)

Thale cress
(Arabidopsis thaliana)

Honey bee
(Apis mellifera)

fruit fly
(Drosophila melanogaster)

Yeast
(Saccharomyces cerevisiae)
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Methods in Details

ÅProtein-maximization algorithm

ÅStep 1: chaining CDSs

ÅStep 2: ORF search

21
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: Protein-maximization algorithm
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Target genome +
Expected annotation

1. Liftoff annotation

2. miniprot annotation

A

L1 L2 L3 L5 L6 L7

M1 M2 M3 M5 M6M4

L4

Introduction MethodsCurrent Method Overview Results



: Protein-maximization algorithm
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Liftoff protein alignment

miniprot protein alignment

- - - - - - -

- - - --Reference protein

Liftoff protein

miniprot protein INDEL

mismatch Stop codon*

Step 1:  Align Liftoff & miniprot proteins to reference proteinB

*
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: Protein-maximization algorithm
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Step 2:  Mapped CDS boundaries onto Liftoff & miniprot protein alignmentsC

Liftoff protein alignment

miniprot protein alignment

- - - - - - -

*

- - - --Reference protein

Liftoff protein

miniprot protein INDEL

mismatch Stop codon*

M1 M2 M3 M5 M6M4

L1 L2 L3 L5 L6 L7L4
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: Protein-maximization algorithm
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LiftOn CDS chaining

L3 L5 L6 L7

M1 M2 M3 M5 M6

L2

M4

L1 L4

*

{ǘŜǇ оΥ ƎǊƻǳǇ /5{ǎ ōȅ άŀŎŎǳƳǳƭŀǘŜŘ !! ƛƴ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇǊƻǘŜƛƴέD
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: Protein-maximization algorithm

22

LiftOn CDS chaining

L3 L5 L6 L7

M1 M2 M3 M5 M6

L2

M4

L1 L4

*

{ǘŜǇ оΥ ƎǊƻǳǇ /5{ǎ ōȅ άŀŎŎǳƳǳƭŀǘŜŘ !! ƛƴ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǇǊƻǘŜƛƴέD

Introduction MethodsCurrent Method Overview Results



: Protein-maximization algorithm
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LiftOn CDS chaining
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: Protein-maximization algorithm
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: Protein-maximization algorithm

23

Stop codon gain: 
Early 
translation stop

M

M

*
*

*
*

B

M

M

*
*

Stop codon lost:
Protein extension

D

Start codon lost:
Downstream start

M

*
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E
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*
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Start codon lost:
Upstream start
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A
Frameshift
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--
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M

Pre-ORF search UTR regions

Pre-ORF search CDS regions

*

M
Post-ORF search UTR regions

Post-ORF search CDS regions

Stop codon

Methionine

-- INDEL gap

C
Stop codon gain:
Switching 
translation start

*
*

M

M

*
*

Introduction MethodsCurrent Method Overview Results



      : Summary

ÅLiftOn is a promising new tool to study comparative genomics

ÅLiftOn uses both DNA-DNA alignments (from Liftoff) & protein-DNA alignments (from miniprot) to 

map annotations between genome assemblies of the same or different species. 

ÅLiftOn's protein-maximization algorithm improves the annotation of protein-coding genes in the T2T- 

CHM13 genome. 

ÅLiftOn can map annotation between relatively distant species, at least as divergent as mouse and rat.

24ccb.jhu.edu/ lifton github.com/ Kuanhao-Chao/LiftOn

Google search: 

ά[ƛŦǘhƴ ƎŜƴƻƳŜέ

Chao, K. H., Heinz, J. M., Hoh, C., Mao, A., Shumate, A., Pertea, M., & Salzberg, S. L. (2024). 
Combining DNA and protein alignments to improve genome annotation with LiftOn. bioRxiv.



Part II

Deep learning splice site prediction

ÅOpenSpliceAI: Pytorch reimplementation of SpliceAI

ÅSplam: splice junction recognizer
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Sequence models map a sequence to a sequence

Introduction SpliceAI-toolkit Splam Future work

Sequence model

Reference: https://www.youtube.com/watch?v=luCBXCErkCs&t=197s



Neural ODEs

Introduction SpliceAI-toolkit Splam Future work

RNN

TransformersCNNs

Future work

(batch, length, dim)

(batch, length, dim)

Sequence model

Normalization

Linear
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Reference: https://www.youtube.com/watch?v=luCBXCErkCs&t=197s



https://jalammar.github.io/how-gpt3-works-
visualizations-animations/

Splam Future work

https://deepmind.google/discover/blog/predicting-gene-expression-with-ai/https://twitter.com/AIatMeta/status/1587467600413351937/photo/1

Introduction SpliceAI-toolkit

https://deepmind.google/discover/blog/wavenet-a-
generative-model-for-raw-audio/
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ESMFold

Enformer

https://jalammar.github.io/how-gpt3-works-visualizations-animations/
https://jalammar.github.io/how-gpt3-works-visualizations-animations/
https://deepmind.google/discover/blog/predicting-gene-expression-with-ai/
https://twitter.com/AIatMeta/status/1587467600413351937/photo/1
https://deepmind.google/discover/blog/wavenet-a-generative-model-for-raw-audio/
https://deepmind.google/discover/blog/wavenet-a-generative-model-for-raw-audio/


Spectrum of Sequential Data

28

ContinuousDiscrete

Text Graph DNA Video Sound signalTime-series data
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Reference: https://www.youtube.com/watch?v=luCBXCErkCs&t=197s



Why Convolutional Neural Network to DNA ?
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Saluki
2022
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Enformer
2021

Akita
2020

DeepSEA
2015

SpliceAI
2019

ExPecto
2018

Basset
2016

Basenji
2018

DeepVariant
2018

DeepBind
2015

DNA-TF binding
2016

Troyanskaya Lab Princeton

FUToronto

Gifford LabMIT Google Health

Illumina

Calico

DeepMind + Calico

Calico

Calico

Troyanskaya Lab Princeton

Calico

Calico



Why Convolutional Neural Network to DNA ?
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Why Convolutional Neural Network to DNA ?

6
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Why Convolutional Neural Network to DNA ?
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Why Convolutional Neural Network to DNA ?
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Why Convolutional Neural Network to DNA ?
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: splice site predictor
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Pre-mRNA

Steven Salzberg Mihaela Pertea Anqi Liu

Chao, K. H., Mao, A., Salzberg, S. L., & Pertea, M. (2023). Splam: a deep-learning-based splice 
site predictor that improves spliced alignments. bioRxiv. https:// ccb.jhu.edu/splam/

Chao, K. H., Mao, A., Liu, Anqi, Salzberg, S. L., & Pertea, M. (2024). OpenSpliceAI. Manuscript 
in preparation.  https:// ccb.jhu.edu/spliceai-toolkit/
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Can we predict splice sites using only DNA?
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AGACTCAGCCCCCGGAGACTTAGTTAGAGGAAGAAAAAGGTAGGACAGAAGAAAAAGGCAGGACATACAAGGTGCTGGCCCAGGGCGGX

Y 000000000000000000000 20000000 100000000 2000000000000 100000000000000000000000000000000000

Donor: 2 Acceptor:  1 Neither:  0

Yes!
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A T CG

Input sequence (len: L)

Flanking sequence (len: 5000)Flanking sequence (len: 5000)

SpliceAI

.1 0 .2.6

.1 .1 .3.2

.8 .9 .5.2

(L+10000) * 4

Dimension: 

L * 3
=> Donor
=> Acceptor
=> Neither

SpliceAI: splite site predictor
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1413 citation

X:

Y:

How do we train the model given 
that gene sequences vary?

═
╒
╖
╣
╝

═╬╬▄▬◄▫►
╓▫▪▫►
╝▄░◄▐▄►
╟╪▀▀░▪▌
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bb Χ bbATGTCGTGTCGAGTTGTCGTGTTCAGGTCAGTCAGGTCAGTAAGTAGAGCTCAbb Χ bb

0000000200000100000002000001000002000100000200000001000000

X

Y

SpliceAI: data preprocessing

33

X= Y=
bb Χ bbATGTCGTGTCGAGTTG 0000000200

ὡ
Ὂ

ς

Ὂ

ς
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bb Χ bbATGTCGTGTCGAGTTGTCGTGTTCAGGTCAGTCAGGTCAGTAAGTAGAGCTCAbb Χ bb

0000000200000100000002000001000002000100000200000001000000

SpliceAI: data preprocessing
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X= Y=
bb Χ bbATGTCGTGTCGAGTTG 0000000200

TCGTGTCGAGTTGTCGTGTTCAG 0001000000

ὡ
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ς

X

Y
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bb Χ bbATGTCGTGTCGAGTTGTCGTGTTCAGGTCAGTCAGGTCAGTAAGTAGAGCTCAbb Χ bb

0000000200000100000002000001000002000100000200000001000000

SpliceAI: data preprocessing

33

X= Y=
bb Χ bbATGTCGTGTCGAGTTG 0000000200

TCGTGTCGAGTTGTCGTGTTCAG 0001000000

TTGTCGTGTTCAGGTCAGTCAGG 2000001000
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X

Y
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bb Χ bbATGTCGTGTCGAGTTGTCGTGTTCAGGTCAGTCAGGTCAGTAAGTAGAGCTCAbb Χ bb

0000000200000100000002000001000002000100000200000001000000

SpliceAI: data preprocessing
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X= Y=
bb Χ bbATGTCGTGTCGAGTTG 0000000200

TCGTGTCGAGTTGTCGTGTTCAG 0001000000

TTGTCGTGTTCAGGTCAGTCAGG 2000001000

AAGTAGAGCTCANNNbb Χ bb 0000000000
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ὡ
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ς
ὡ
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ὒ

ὡ
ᶻὡShape: Shape:

X

Y
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ὡ υπππὊ ρπȟπππ

ὒ σσςππ

ὒ ρτφππ

ὒ ςυπππ

Gene 1

Gene 2

Gene n

Χ

Raw gene DNA sequence

[7, 15000, 4]

[3, 15000, 4]

[5, 15000, 4]

[7, 5000, 3]

[3, 5000, 3]

[5, 5000, 3]

X Y

Χ

SpliceAI: data preprocessing

34
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       : better than SpliceAI!

ÅEasy-to-retrain framework in modern Pytorch

ÅPretrained model:  80nt / 400nt / 2knt / 10knt

ÅSpliceAI-MANE

ÅSpliceAI-RefSeq

35
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       : retrain on different species

36

Splam Future workIntroduction SpliceAI-toolkit



       : Calibration

37

A T CG

Input sequence (len: L)

Flanking sequence (len: 5000)Flanking sequence (len: 5000)

SpliceAI-MANE

.1 0 .2.6

.1 .1 .3.2

.8 .9 .5.2

=> Donor
=> Acceptor
=> Neither

X

Y

Å What do SpliceAI-MANE scores signify? 
 
Å  

Å Do the model's predicted probabilities accurately represent the 
true likelihood of an event occurring?"
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       : Calibration

38

Binary classification example

Model predicted probability
0 1.00.60.2 0.4 0.8

Model 0.99
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       : Calibration

38
0 1.00.60.2 0.4 0.8

Model 0.990.60

Binary classification example

Model predicted probability
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0.60

       : new concept ς Calibration

15
0 1.00.60.2 0.4 0.8

Model 0.19

Binary classification example

Model predicted probability
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0.620.19

       : new concept ς Calibration

15
0 1.00.60.2 0.4 0.8

Model

Binary classification example

Model predicted probability
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       : new concept ς Calibration
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       : Calibration
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Binary classification example
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