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More	variants	for	a	different	effect	size?
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Reporter	assays
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Saturation	mutagenesis	MPRA

• Error-prone	PCR	to	generate	
sequence	variants	of	regulatory	
region

• Integrate	PCR	products	in	
plasmid	library	containing	
random	tag	sequences

• Learn	association	between	tags	
and	sequence	variants	(50k-2M)

• Express	plasmids	in	cell	line	and	
collect	RNA	&	DNA	to	sequence	
tags

Reporter polyATagsTargets

Plasmid
constructs

Cell line

RNA DNA

Tag read out
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Saturation	mutagenesis
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Target	sequence	(LDLR	promoter)

Alignment
padding

% A C G T INS DEL

A - 0.05 0.46 0.16 0.00 0.04

C 0.10 - 0.09 0.36 0.00 0.06

G 0.27 0.04 - 0.07 0.00 0.03

T 0.20 0.37 0.05 - 0.00 0.02

• Preference	for	transitions
• T	↔	A	is	preferred	transversion
• Obtained	100-160k	tag	associations	

easily	cover	all	possible	SNVs

Alignment
padding



Selection	of	promoter	and	enhancers
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• Selected	15	disease-associated	promoter	and	enhancer	elements,	187bp	
to	600bp	in	length,	28-73%	GC	content

• 9	promoters,	e.g.	
• Telomerase	reverse	transcriptase	(TERT,	259bp):	Most	frequent	

(known)	non-coding	mutations	in	cancer
• Low	Density	Lipoprotein	Receptor	(LDLR,	318bp):	Familial	

hypercholesterolemia
• Coagulation	Factor	IX	(F9,	303bp):	Hemophilia	B

• 5	enhancers,	e.g.
• Enhancer	of	Sortilin 1	gene	(SORT1,	600bp):	regulates	low-density	

lipoprotein	cholesterol	(LDL-C)	
• Enhancer	of	Interferon	Regulatory	Factor	6	gene	(IRF6,	601bp):	Cleft	lip



Measuring	variant	effects
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• Count	RNA/DNA	molecules	for	each	tag
• Generate	a	matrix	V of	variants	(binary	encoding	of	presence/absence)	

associated	with	the	RNA	and	DNA	tag	counts
• Fit	linear	model	of	log2(RNA)	~	log2(DNA)	+	V	+	intercept,	where	the	

coefficients	of	V are	the	resulting	individual	variant	effects
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Measuring	individual	variant	effects
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• Count	RNA/DNA	molecules	for	each	tag
• Generate	a	matrix	V of	variants	(binary	encoding	of	presence/absence)	

associated	with	the	RNA	and	DNA	tag	counts
• Fit	linear	model	of	log2(RNA)	~	log2(DNA)	+	V	+	intercept,	where	the	

coefficients	of	V are	the	resulting	individual	variant	effects
#Barcode        DNA     RNA     20_T.A  20_T.C  20_T.G  21_G.A  21_G.C  21_G.T  22_G.A  22_G.C  22_G.T  23_T.A  23_T.C  23_T.
AAAAAAAAACATGTG 2       1       0       0       1 0       0       0       0       0       0       0       0       0       0       0       0       0       0       
AAAAAAAAAGTGGCC 2       16      0       0       0       0       0       0       0       0       0       0       0       0    
AAAAAAAAATTATAC 7       8       0       0       0       0       0       0       0       0       0       0       0       0    
AAAAAAAATTTCTCG 1       4       0       0       0       0       0       0       0       0       0       0       0       0    
AAAAAAACCTAGACA 3       3       0       1 0       0       0       0       0       0       0       0       0       0       0       0       0       0       0       
AAAAAAACGGAAATA 8       37      0       0       0       0       0       0       0       0       0       0       0       0    
AAAAAAAGATAGATG 9       32      0       0       0       0       0       0       0       0       0       0       0       0    
AAAAAAAGCGGGGGG 2       1       0       0       0       0       0       0       0       0       0       0       0       0    
AAAAAAAGTGTGGCA 1       5       0       0       0       0       0       0       0       0       0       0       0       0    
AAAAAAATCCTTGTG 2       6       0       0       0       0       0       0       0       0       0       0       0       0    
AAAAAAATGTCGTAG 2       14      0       0       0       0       0       0       0       0       0       0       0       0    
AAAAAACAAATTTGC 3       11      0       0       0       0       0       0       0       0       0       0       0       0    
AAAAAACAAGCCGCT 2       3       0       0       0       0       0       0       0       0       0       0       0       0    
AAAAAACACAAACCG 2       16      0       1 0       0       0       0       0       0       0       0       0       0       0       0       0       0       0       



Measuring	individual	variant	effects
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• Count	RNA/DNA	molecules	for	each	tag
• Generate	a	matrix	V of	variants	(binary	encoding	of	presence/absence)	

associated	with	the	RNA	and	DNA	tag	counts
• Fit	linear	model	of	log2(RNA)	~	log2(DNA)	+	V	+	intercept,	where	the	

coefficients	of	V are	the	resulting	individual	variant	effects

model <- glm(as.formula(sprintf("log2(RNA) ~ log2(DNA) + 
%s",paste(colnames(V),collapse=" + "))))
...
# Coefficients: 
#               Estimate Std. Error t value Pr(>|t|)
# (Intercept) -2.387e-01  8.579e-03 -27.829  < 2e-16 ***
# X200_C.A     2.929e-01  5.617e-02   5.215 1.84e-07 ***
# X200_C.G     1.618e-01  1.443e-01   1.121 0.262280
# X200_C.T     2.280e-01  7.683e-02   2.968 0.002998 **
# X201_T.A     2.110e-01  8.502e-02   2.482 0.013065 *
# X201_T.C     2.026e-01  7.508e-02   2.698 0.006979 **
# X201_T.G     3.027e-01  1.392e-01   2.175 0.029597 *
# X202_G.A     1.297e-01  3.910e-02   3.317 0.000909 ***
# X202_G.C     1.899e-01  7.000e-02   2.713 0.006672 **
# X202_G.T    -4.432e-02  9.711e-02  -0.456 0.648124



Measuring	individual	variant	effects
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• Count	RNA/DNA	molecules	for	each	tag
• Generate	a	matrix	V of	variants	(binary	encoding	of	presence/absence)	

associated	with	the	RNA	and	DNA	tag	counts
• Fit	linear	model	of	log2(RNA)	~	log2(DNA)	+	V	+	intercept,	where	the	

coefficients	of	V are	the	resulting	individual	variant	effects
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Reproducibility	&	experimental	variation
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Combined	replicates:	p	0.97	/	s	0.84

LDLR Full	replicate	I	/	Full	replicate	II



Reproducibility	&	experimental	variation

14

Combined	replicates:	p	0.97	/	s	0.84

LDLR Full	replicate	I	/	Full	replicate	II SORT1

Combined	replicates:	p	0.95	/	s	0.85



Example:	TERT	promoter

15

Genes	2016,	7(8),	50;	doi:10.3390/genes7080050

Targeted region
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TERT (259bp)
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TERT	promoter:	HEK293T

TERT (259bp)

TERT 1295228 G>A ~13x
TERT 1295228 G>C ~1x
TERT 1295228 G>T ~6x
TERT 1295250 G>A ~8x
TERT 1295250 G>C ~1x
TERT 1295250 G>T ~1x
à Activating	mutations	creating	GABP	binding	sites
Bell	et	al.	Science	2015,	Vol.	348,	Issue	6238,	
pp.	1036-1039 http://www.sciencemag.org/content/348/6238/1036/F1.large.jpg
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TERT (259bp)
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TERT (259bp)



TERT	promoter:	glioblastoma	cell-line

TERT (259bp)
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E2F-repressor	site

No Tweet



Saturation	mutagenesis	data	sets	
part	of	CAGI	5
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How	do	available	variant	scores	perform?
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How	do	available	variant	scores	perform?
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TERT	promoter	&	annotation	tracks
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TERT	promoter	&	annotation	tracks
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TERT	promoter	&	annotation	tracks
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TERT	promoter	&	annotation	tracks
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How	do	available	variant	scores	perform?

28

Enhancer

Promoter

No Tweet



LDLR	promoter
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LDLR	promoter
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LDLR	promoter
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LDLR	promoter
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LDLR	promoter
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Summary

34

• Species	conservation	seems	a	major	driver	
of	available	functional	scores

• Conservation	only	provides	sufficient	
information	for	a	subset	of	elements

• Repressive	effects	align	with	available	motif	
data,	but	predictions	frequently	incomplete

• Motif	creation	(activating	mutations)	
currently	not	modeled

Eigen 0.276
PhCons 0.250
FATHMM-MKL 0.245
LINSIGHT 0.208
PhyloP 0.203
CADD 0.177
DeepSEA 0.156
GERP 0.175
FunSeq2 0.144
ReMM 0.142
GWAVA 0.125

No Tweet



HOW	DO	YOU	
PERFORM?



CONTACT
Max	Schubach max.schubach@bihealth.de

THANK	YOU!




