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How does genotype affect phenotype?
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Genotype usually determines phenotype either through (1) protein-
coding sequence or (2) transcription factor binding
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This paper focuses on predicting the effect of sequence on TF 
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A TF binding predictor is an important step in a 
variant effect predictor

ACCGTCGGTATAGGCATATAAATCTCGGGAT
Patient genomic variant

Variant disrupts binding of CTCF in liver cells

TF binding model
(this paper)

CTCF binding in liver cells is important for expression of gene ABC

ABC regulates insulin production

Patient is at risk for diabetes

Gene expression model

Cell regulation pathway model

Disease model
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Sequencing-based genomics assays measure many types of 
genomic activity

ENCODE Project Consortium 2011. PLoS Biol 9:e1001046

Hi-C
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Figure derived from Brookhaven National Laboratory Newsroom 2011-11-30

ChIP-seq measures where a given protein binds along the genome
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ChIP-seq measures where a given protein binds along the genome



ChIP-seq peak calls indicate confident 
transcription factor binding sites

• Peak calling: Stack up the reads in the 
genome; choose the tall stacks.

• Issues to consider:
• Sequencing fragment lengths
• Sequencing read lengths
• Experimental biases
• Mappability
• GC bias
• How to pick a threshold and assign 

statistical confidence
16
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Problem setup

ACCGTCGGTATAGGCTATAAATCTCGGGATReference sequence

CTCF binding in 
liver cells (ChIP-seq)

ACCGTCGGTATAGGCATATAAATCTCGGGAT

Observed variantDeep neural 
network classifier

Does variant affect CTCF 
binding in liver?



The traditional model for understanding transcription 
factor binding is the position-weight matrix (PWM)

ACCGTCGGTATAGGCTTATAAATCTCGGGAT

Binds?



How can we get a better model than sequence 
motifs?

• DNA physical shape
• Variable gaps
• Cooperativity between TFs
• Nucleosome interactions



Why deep neural networks?

Deep learning is best when you have more data than sense.
— Jacob Schreiber



The deep neural network captures complex 
patterns of motif occurrence

ACCGTCGGTATAGGCTTATAAATCTCGGGATACCGTCGGTATAGGCTTATAALocus sequence

PWM scan

Motif spacial 
relationship circuit

CTCF binds
here in liver cells?

…



Concern: Deep neural networks have a lot of 
parameters to train

ACCGTCGGTATAGGCTTATAAATCTCGGGATACCGTCGGTATAGGCTTATAA

…

~108 parameters

~102 parameters



We have plenty of data to train a deep model

~103 TF-binding
assays

~106 genomic positions

~109 training data points ~108 neural 
network parameters>



Sequence representation: one-hot encoding

ACCGTCGGTATAGGCTTATAAATCTCGG

1 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1 0 0 1 0 …

A C C G T

One-hot encoding
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A convolutional network reduces parameters by applying 
the same function across each portion of the input

A C C G T C G G T A T A

f(x1:4) = logistic(Wx1:4)



A multi-task approach shares representations 
between factors

5’- TCTCTCTCCACGGCTAATTAGGTGATCATGAAAAAATGAAAAATTCATGAGAAAAGAGTCAGACATCGAAACATACAT 

5’- ATGGCAGAATCACTTTAAAACGTGGCCCCACCCGCTGCACCCTGTGCATTTTGTACGTTACTGCGAAATGACTCAACG 

5’- CACATCCAACGAATCACCTCACCGTTATCGTGACTCACTTTCTTTCGCATCGCCGAAGTGCCATAAAAAATATTTTTT 

5’- TGCGAACAAAAGAGTCATTACAACGAGGAAATAGAAGAAAATGAAAAATTTTCGACAAAATGTATAGTCATTTCTATC 

5’- ACAAAGGTACCTTCCTGGCCAATCTCACAGATTTAATATAGTAAATTGTCATGCATATGACTCATCCCGAACATGAAA 

5’- ATTGATTGACTCATTTTCCTCTGACTACTACCAGTTCAAAATGTTAGAGAAAAATAGAAAAGCAGAAAAAATAAATAA 

5’- GGCGCCACAGTCCGCGTTTGGTTATCCGGCTGACTCATTCTGACTCTTTTTTGGAAAGTGTGGCATGTGCTTCACACA 

…HIS7  

…ARO4 

…ILV6 

…THR4 

…ARO1 

…HOM2 

…PRO3 

Shared feature 
extraction
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DeepSEA accurately predicts TF binding and 
DNase hypersensitivity

DeepSEA model

CTCF binding in 
liver cells (ChIP-

seq)

ACCGTCGGTATATCGTCGGTATAGGC

Reference 
sequence

Train Test

Mean AUC: 0.958



DeepSEA accurately predicts TF binding and 
DNase hypersensitivity



Can DeepSEA predict allelic imbalance in DNase experiments?

ACCGTCGGTATATTCGTCCCGTCGGTATTGGCACCGTCGGTATAAllele 1

Reads that match allele 1

ACCGTCGGTATATTCGTCCCGTCGGTATAGGCACCGTCGGTATAAllele 2

Reads that match allele 2

Reads that match both



DeepSEA accurately predicts allelic imbalance in DNase 
experiments

Observed bias for alternative
Observed bias for reference



DeepSEA accurately predicts allelic imbalance in DNase 
experiments

Margin



Can DeepSEA predict known regulatory 
variants?

Known variant ACCGTCGGTATATCAGTCGGTATAGGC

DeepSEA predicted effects

GWAS catalog

DeepSEA



Can DeepSEA predict known regulatory variants?

Known variant ACCGTCGGTATATCAGTCGGTATAGGC

GWAS catalog

DeepSEA

Predicted TF binding 
for reference allele

Predicted TF binding 
for reference allele

Concatenated feature vector

Difference

Predict with classifier

Other genome annotations
(evolutionary conservation)



DeepSEA accurately predicts known regulatory variants

AU
C
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