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Model of cell type specific regulation of
target gene expression
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Some vague remarks

Gene expression regulation in multicellular
organisms is controlled in combinatorial fashion
by transcription factors (TFs)

Transcription factors bind to DNA cis-elements
on enhancer modules (promoters)

Multiple factors need to bind to activate the
module

In mammals, the modules are few and far

The problem: Locate functional regulatory
modules, that is, find interesting patterns.



Binding affinity matrices

* The cis-elements are
represented by affinity o 11 4
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— A column per position
— A row per nucleotide
* Discovered: 27

— Computationally
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Binding affinity matrices
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Determined TF binding affinity
matrices (+ JASPAR)
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Characterization of an enhancer
module?

* an enhancer module (cis-regulatory
module) is a collection of TF binding sites
on DNA; no precise definition available

* properties of a module:

— consists of several good binding sites of TFs
— the sites are spatially clustered together
— the pattern of sites is conserved




Finding conserved motifs of binding
sites

* looking at one (human) genome gives too many
positives

* comparative approach:

— take the 200 kbp regions surrounding the same genes
(paralogs and orthologs) of different mammals:
human, mouse, chicken, ...

— find preserved clusters (motifs) of binding sites

* Smith-Waterman type algorithm with a novel
scoring function



Good binding sites

@ Site of TF1 D Site of TF2 ...

Human DNA




Clustering and conservation

Human
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Clustering and conservation

— &> - O—@@ -5
/1 \ LA \
! 1 \ LA \
!l | \ v \




Alignment scoring
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High binding affinity at the aligned sites: bonus
Long distance x between aligned sites: penalty

Non-conserved distance (Ax > 0) between aligned pairs: penalty



Computational identification of

enhancer elements
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The scoring function
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Smith-Waterman

* find the best local alignment of strings A
and B: substring X of A and substring Y of
B such that X and Y have the best scoring
pairwise alignment
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Dynamic programming
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w;; = sum of the binding affinities of the sites of the
TF at i and j in the two sequences

F(Ai, Aj) = penalty for the non-conservation and the
length of the distances between adjacent sites



Parameter optimization

scoring function has free parameters A, u, v, ¢

find good parameters by greedy hill climbing
using a training data

We used: A=2, p=0.12, v=200, ¢ =200



Enhancer prediction in Drosophila
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Drosophila enhancer

binding site binding site position match
° Out ut from EEL # match score  binding site ID D. pseudoobscura D. melanogaster  strand
F) D[59]1[869]1=190.54 /TF/kni.pfm (10508,10517) <=> (127675,127¢84) +
D601 [8701=241.45 /TF/hb.pfm (10519,10529) <=> (127686,127696) +
prograln D[61][8711=275.47 /TF/hb.pfm (10531,10541) <=» (127706,127716) +
D[62][872]1=327.75 /TF/kni.pfm (10548,10557) <=> (127720,127729) -
D[64][874]1=327.12 /TF/hb.pfm (10663,10673) <=> (127809,127819) +
D[66][876]=340.70 /TF/kni.pfm (10768,10777) <=> (127900,127209) +
. D[67]1([877]1=391.40 /TE/hb.pfm (10780,10790) <=> (127912,127922) +
° D hl _ D(68][878]=440.14 /TF/kni.pfm (10810,10819) <=> (127942,127951) -
r()é;C)l) I Ea Ea\lear] D[711([€811=472.41 /TF/hb.pfm (10850,10860) <=> (127982,127992) +
. . D[73]1([883]1=4861.40 /TE/hb.pfm (10977,10987) <=> (128085,128095) +
Sk|pped gene St”pe D[75][885]=487.05 /TF/hb.pfm (11031,11041) <=» (128134,128144) +
Kni1
:2 r] 10460 : cccgaggatgcatccoctggococctggocag-gacgacctogotgecattagagdAACTAGATCAg
Ear] Ear](:e;r. 127636 : -—-—--aggatcc-tc--gaaa-tcg-agag-cgacctogoctgocattagadAACTAGATCRAG
Hb14 Hb14 Kni2
° Score —_— 487 05 10519 :|TTTTTIGTTCT-———— a-—-JATTTTTGTGCct goed TECTCTCC T Tlatgetttattgtt
. 127686 : |TTTITTTGITTNggccgaccgATTITTTGTCCdogg——TGCTCTCTT Ilacg——————— gtt
10571 : tatggtc-catttccatttcc-attttcattteccactccecattgtttggoccgeocaaaacaa
127736 : tatggccgecgttcccatttcccagectte-tttgt-—-tcc——--g-—--ggct-cagaa-at
Hb12
10629 : actccggacgggaattatggtatggtatatgecagATTTTTATGGEG-cactcgggtgatcet
127784  —-ct-—-gtatgg-aattatggtat-———at--gcagATTTTTATGGGtc—c—cggec—gatcc
10688 : agttcgcggaatgggcocgogtatocctgtageget-gggaccteogaccggoocctoggaggat
127832 : ggttcgcggaacgggagtgt--cctgocgeocgagaggt-cctocg-coggogatco————— t
Kni4 Hb11
10747 : atctgtatgtctatattaggalrAGTAGATCARYTITTITITTGTTCQotttgtgogotttttt
127883 : —-t-—-gtc-gocoogtattaggdAAGTAGATCACYTTITTTITGTTCQcattgtgogetttttt
Kni5 Hb10

10807 : cgqTGCGCTAGTTItttttocccocgaacgoagecaaactgotectadITTTITAATICEtcacg
127939 : cgqIGCGCTAGTItttttcccocgaacccagecgaactgotctadlTTTTTAATTIClktcacy

10867 : ggtttttattgtgctcocctggaaaaactacggtocttccacaaggttagagocgttcoctagtta

127999 : gcttttcattgggctcctggaaaaacg-cgg-————-—- acaaggttataacgctctactta
Hbo
10927 : cctgttaattgtggccataactcacattcacgtccgecattcagtgetctcpTTTTTAAGA
128052 : cctgc—aattgtggccataactec————-—-—---g-c———a-——-c——tgoctctcGTTTTTAAGA
Hb8

10987 : Tatgttcttttctctgtgt-tttectgttectgttoctgttcattcatdATTTTTATGAGCT —
128095 ccgtt-tgtt-tgtgtttgttt-——gtecc-—gocgatgg-cattcaqETTTTTACGAGcta




Enhancer prediction for N-myc
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Wet-lab verification

* Selected predicted cis-
modules for wet-lab
verification

* Fused 1kb DNA segment
containing the predicted
enhancer to a marker gene
(LacZ) with a minimal
promoter and generated
transgenic embryos.




Enhancer prediction for

200 kb Human N-Myc genomic region
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Genome scale comparisons: EEL

* Whole genomes can be analyzed with our
implementation EEL (Enhancer Element Locator)

* We have compared: human genome vs mouse,
rat, chicken, fugu, tetraodon and zebrafish
— 100 kb flanking regions on both sides of the gene
— Coding regions masked out
— About 20 000 comparisons for each pair of species
— About 2 min computing time for each pair



Summary of the protocol

input: +- 100 kb sequences of orthologous pairs
of genes from human and mouse; TF affinity
matrices

find all good enough TF binding sites from the
sequences

find the best local alignments of the binding sites
using the EEL scoring function

output: the sequences in good local alignments;
these are the putative enhancers

Post-processing: an expert biologist selects
most promising predictions for wet lab
verification; hopefully he/she has good luck!



Availability of EEL

 EEL is available at http://
www.cs.helsinki.fi/u/palin/EEL/

— Paper: Nature Protocols (2006)

* A database of EEL predictions:
sysdb.cs.helsinki.fi/~tkt_bsap

* paper: Hallikas, Palin et al, Genome-wide
prediction ..., Cell 124,1 (Jan 13, 2006), 47-59.


http://www.cs.helsinki.fi/u/palin/EEL/
http://www.cs.helsinki.fi/u/palin/EEL/
http://www.cs.helsinki.fi/u/palin/EEL/

Improving EEL: Scoring parameter
optimization

The scoring function has 3 free parameters.

Find good parameters by greedy hill climbing
using a training data

Better training data?



Significance of Alignment Scores of
Evolutionarily Related Sequences

* The classic Karlin-Altschul statistics for independent

sequences (a model for maximal segment sums) does
not apply directly

* Two types of high scoring local alignments:
— Independent characters off-diagonal
— Dependent characters on-diagonal

* Two Component Extreme Value (TCEV) Distribution
a a a ‘%
P(S(A,B)<t) = P d\d\g\d\n

b2
b, @)
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TCEV distribution of EEL Scores

7 §=0.45
0=0.6
— 5=0.9
o - 0=2
9
(3]
A
)
< V-
—
Ll
Yy
o
S B
> ! o
o o)
OO o)
< _|
| o)
| [ [ [
150 200 250 300

EEL Score

n = m = 256kbp nucleotides from uniform distribution as ancestor. Evolutionary
distance 8. Lines empirical from 10° samples. Points from fitted distribution.



Improving EEL: Multiple alignment

A

PAIRWISE ALIGNMENTS

/4 Rat
Chicken

Human

« Star-alignment improves specificity

* Sum-of-pairs multiple alignment has been
implemented but very slow (aligning three
10 kb long sequences takes a few minutes)



Predicting regulatory SNPs:
Example rSNP from a training data

IRF5 rs921403 205469 _s_at
linear p=3.12962e-09 or 8.44149e-09

Regulatory SNP: o rankp=1.01975e-06 or 2.03951e-06
(SNP,gene) pairs i _g_
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Morley et.al Nature 2004, HapMap



Predicting new rSNPs

* 18 000 genes, about 4 000 000 SNPs
(ENSEMBLE)

* 4 relevant parameters
— EEL score
— expression level of the gene
— the effect of SNP allele on the TFBS affinity
— TFBS’ affinity / maximal affinity of the TF

* Find parameter space regions where the training
data is relatively frequent => the (SNP,gene)
pairs in such regions are predicted to have
regulatory SNP (‘data mining’) => genotyping ...



Testing of predictions

* Quite weak signal so

CAMTA1__ 225693 s_at___ENSG00000171735

far

* Improvements: T
— More careful modeling w

— better measurement of

— allele-specific
expression {

expression J

3,00

CAl

5,50

o TT
rs277665



Disease-associated rSNP:
colorectal cancer

CAGATAAGATAATGTAGTCAAAGG/Tgcaggttaz

G seems to mean higher
cancer risk, by factor 1.5
Europe: 46% of people have G SNP rsX occurs in an
EEL module

China: 39% of people have G
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