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Illustrate some general approaches and concepts l



Identifying regulators of TLR responses

Temporal activation of macrophages by TLR4 agonist bacterial lipopolysaccharide (LPS)
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Hypothesize that genes with similar temporal kinetics are
co-regulated and that they share regulators




Identifying regulators of TLR responses

Temporal activation of macrophages by TLR4 agonist bacterial lipopolysaccharide (LPS)
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K-means clustering defined 11
groups of genes comprising
regulated ‘waves’ of transcription
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Hypothesize that clustered genes are co-regulated

and that they share cis-regulatory elements




Transcriptional regulation by promoters and enhancers

General transcription factors (green ovals) bind to core promoter regions through
recognition of common elements such as TATA boxes and initiators (INR)

o

e

(Farnham, Nature Reviews Genetics, 2009)

Promoter activity can be altered by site-specific DNA-binding factors
(red trapezoid) interacting with cis elements (dark blue box)




DNA Sequence Motifs for TF Binding Sites

Short, recurring patterns in DNA with presumed biological function

Nature Biotechnology 24, 423 - 425 (2006)
a HEM13 CCCATTCTTCTC ™\

HEM13 TTTCTGGTTCTC
HEM13 TCAATTGTTTA
ANBl CTCATTGTTGTC > Collection of

ANB1  TCCATTGTTCTC binding sites (ROX1)
ANB1 CCTATTGTTCTC
ANB1 TCCATTGTTCGT
ROX1 CCAATTGTTTTG _—~

b YCHATTCTTCTC <«— (CONnsensus sequence

C A 002700000010 8.0
C 464100000505 Frequency Matrix wMATr ﬂgc\
000001800112 o oy
B 3

T 422087088261

For prediction of new sites, need to account for conservation l

Counts




Measuring Conservation in the Binding Site

Information content measures conservation at each site

Measure of conservation ATG
at each position i: ATC
B AAT
Ir’ =2+ g‘ﬁm I{"Jg_, ff:,r‘ AAA

210 Information content

Sequence Logo

8.0

4.0 I | :: > 240 T

O.DM . ]E%A T ";:TC:
5' 3
Total information content related to probability of finding motif in ‘random’ DNA sequence

http://weblogo.berkeley.edu/ l

Counts




The TRANSFAC Database

Eukaryotic transcription factors and their genomic binding sites

TEANSFAC MATETH TABLE, Release 12.1 - lcensed - 2005-03-31, () Biobase GmbH
e sttt TRANSFAC has public (older version)
Accession Thumber - M00513 and commercial (more features) versions

Tdentifier | VEATFZ Q6

Created 06.11.2001 by no.
Updated = 11.03.2003 by dic.

Copynght  Copynght (C), Biobase GmbH.
Name | ATFS

Other (free) possibility:

Factor Description ~ activating transcription factor 3

Binding factors | TO1095; ATF3; Species: rat, Rattus norvegicus. 5,
T01313, ATF3, Species: human, Home sapiens.
T04850, ATF3; Species: mouse, Ius musculus.

EBinding Mlatris A C G T Consensus
é g ; ; g The high-quality transcription factor binding profile database
1 4 2 ] (05
0 0 o111 T
0 oo1m 1 G
10 1 0 0 A
0 9 1 1 (5
1 o7 ] G
0 0 0 10 T
0 9 1 0 (15
8 0 0 2 A
1 2 2 3 I
0 3 1 1 (5
0 34 0 )
. AC:_.,_ CA «—_

Current version contains 834 matrices (601 vertebrate) l



The TRANSFAC Database

Eukaryotic transcription factors and their genomic binding sites

TEANSFAC MATRT TABLE, Release 12.1 - hicensed - 2008-03-31, {C) Biobase GmbH
Statistics  Mumber of binding factors 3

Niniber frefocences | MATCH Score

Accession Mumber MO0513

Tdentifier | VEATFZ Q6 .
Created 06.11.2001 by no. Information Vector

Updated || 11.03.2003 by dic. (higher for conserved positions)

Copynght  Copynght (C), Biobase GmbH.
Name | ATFS

Factor Description ~ activating transcription factor 3 I {‘ 1 -.I If'l
Binding factors = T010%5, ATF3; Species: rat, Rattus notvegicus. II L % II.I i
|, H—

T01313, ATF3, Species: human, Home sapiens.
T04850, ATF3; Species: mouse, Ius musculus.

EBinding Mlatris A C G T Consensus
13 1 1 & C
0 2z 2 3 B C
1 4 2 0 @ Cc
0 0 0 11 T T . ..
o o0 10 1 a s Frequency of nucleotide b; to occur at the position
0 1 0 0 A A i of the matrix (Be{A, T, G, C})
o 9 1 1 o] c
1 0 7 0 G G
0 0 0 10 T T
0 09 1 0 C c
2 0 0 2 A A
1 2 2 3 N ’é
0 5 1 1 & c
0 2 4 0 g
= ACZ_.,_ CA =

Assumes positions are independent l



|dentifying putative TF binding sites

Search by scanning the promoter region

[——— > Scan direction
tgr:ggaatg;iq_ggt_t!:gtttttatcaaaaaaaacacccgcacatgcatcagtgtcatat
A-5-81-1-40 Yes
C-2 0-3|2 2 threshold
G -1 25|01 No
T 1.-3-78[818| NO MATCH

2+44+2-3+3-3%5 ;

Maclsaac KD, Fraenkel E (2006) Practical strategies for discovering regulatory DNA sequence motifs. PLoS Comput Biol 2: e36.

Threshold can be determined by looking at “random” DNA l



|dentifying putative TF binding sites

Integrative approaches improve predictions — active research area

=B E

W ) s
search
Binding motif models
J:[ ¥ Consensis AACTGGA
Integrative approaches to improve site prediction -
»Evolutionary canservation 6—-—':—
footprinting/shadowing e
oletwarklevel esnservation = —
»Binding site clisters —maaac
» Cis-regulatary modules Enhanced motif models
» TF expression, post-tramiational modification Mixture PWM
»Epigenamic statn »Rayes tree network
oNuckosome posifioning, DNA Methylation, DNasel HS, ete. >
o

(Hannenhalli, Bioinformatics, 2008)

‘Gene Sets’ of target genes for each transcription factor




Focus on proximal promoter regions

- Common practice to consider 1-2Kb region around TSS

ChlP-chip data i1s mixed

ERo

Predicted binding sites

~80% > 10Kb

20

_—
—_—
—
e
. %
) ——
S
Mumber of ChIP sites

=1

0.45 MYC

0.40 - - % L ' I I I ' I~ ' I ]

s | Experimentally confirmed 50% > 10Kb

0.30 = | ]

0.25 §40

0.20 §20. 1

015 0

0.10 E 0

0.05 l[l -10 -8 -6 -4 -2 o] 2 4 ] 8 10

s 2 x 11 da . (kb)
98333843837 98

2 2 =2
¥ ¥ 5 3 8 3 ki +1
OIRF1  WISGF3  ENF-kB  ESTAT1 1 ;
b)

(Ananko et al, BMC Bioinformatics, 2007) TSS
(Hua et al, MSB, 2008)

Recent genome-wide data calls this into question l



Focus on evolutionarily conserved regions

98% experimentally defined sequence-specific binding sites of skeletal-muscle-
specific TFs confined to 19% of human sequences most conserved in rodent

(Wasserman et al., Nat Genet. 2000)

Sequence identity >65% identifies
72% of the known TFBSs Evolutionary conservation excludes known sites

(Sauer et al, Bioinformatics. 2006)

100

32-40% of functional human binding sites
are not functional in rodents

804

; (Dermitzakis and Clark, Mol Biol Evol., 2002)
T
_—-E A
C - - -
2 i Divergence of Transcription
5 CLUSTALW Factor Binding Sites Across
3 Related Yeast Species
LAGHAN
204 ALl Anthony R. Borneman,'* Tara A. Gianoulis,? Zhengdong D. Zhang,?
I-COFFEE Haiyuan Yu,? Joel Ruznwsky,i Michael R. Seringhaus,g Lu Yong Wang,4
WA Mark Gerstein,>** Michael Snyder'?3t
o SCIENCE VOL 317 10 AUGUST 2007
1 T T T T T T T T T
o 20 40 Bl ot} 10

background conservation rate m M

Requiring human—mouse-rat genomic alignments provided a 44-fold increase in
the specificity of TRANSFAC predictions (Rat Genome Sequencing Project, Nature, 2004)




Variation In TF binding across individuals

6% of binding regions within 1 kb of transcription start sites (TSSs) of RefSeq
genes differed significantly across individuals

Variation in Transcription Factor
Binding Among Humans
Ch I P_Seq AnaIVS|S Maya Kasowski,™* Fabian Grubert,"* Christopher Heffell’inger,1 Manoj Hariharan,*

Akwasi Asabere,* Sebastian M. Waszak, ™" Lukas Habegger,” Joel Rozowsky,® Minyi Shi,>*

Alexander E. Urban,*7 Mi-Young Horlg,1 Konrad ]. Karczewski,” Wolfgang Huber,?

o SN PS in motlf predict Sherman M. Weissman,” Mark B. Gerstein,>*® Jan 0. Korbel,>*+ Michael Snyder'*t
1 1 1 9 APRIL 2010 VOL 328 SCIENCE wwwsciencemag.org
inding sites

T T

1111111111 =

MNFxB Motif

19193 ‘ G/G

- 25 NFkB binding sites
19099 AG q ' NFxB R
e o = 2o
18505 A @G = @ 2 g
18951 4 A/G % O = - :
18526 AIG c P15 : z
— : @ ™ qu_.
15510 AA §E 1 n I I 3.
10847 _, AG E = e LS j% |
12878 A/G £ NE << Z LI El iy, 0T
—a_ _E — ww uwv Lower Binding LOG2ratio Higher
12892 4 GG W o Ny AR
12891  A/A Also correlated with Binding and expression
match to consensus site are correlated

Polll binding between humans and chimpanzee suggests extensive divergence l



Identifying Transcription Factor Target Genes

Scan 2kb up-stream of transcription start site

— 1. Extract genomic sequence (-2kb of TSS)
— I |—'
— 2. Scan conserved regions for potential binding sites
using TRANSFAC binding matrices

— I |—+ . . .

I 3. Identify conserved sites (Human/Chimp/Mouse)

e

TF1 | TF2 TF M

Gene 1 \ :jl Table linking transcription factors
Gene 2 - - and putative target genes
Gene N \ \

‘Gene Sets’ of target genes for each transcription factor l



Gene Sets of Transcription Factor Targets

Molecular Signatures Database at Broad Institute

(http://www.broad.mit.edu/gsea/msigdb)

VINRSF 01 (Neuron Restrictive Silencing Factor)

Genes with promoter regions [-2kb,2kb] around transcription start site containing the motif
TTCAGCACCACGGACAGMGCC which matches annotation for REST: RE1-silencing transcription factor

ATP6VOAlL
MAPK11
BDNF
MGATSB
GABRG2
SCAMPS
HTR1A
CHGA
HCN3
VGF
HTR5A
CSPG3

RPIP8
DDX25
POMC
TCF1
LHX3
CDKN2B
RPH3A
SLC12A5
PAQR4
RASGRF1
PHYHIPL
CHRNB2

POU4F3
SNAP25
GABRB3
PCSK?2
DNER
SST
PRG3
ELAVL3
CALB1
NEF3
SARM1
GRIN1

FLJ42486
DRD3
TMEM22
FLJ44674
CHKA
OGDHL
NPPB
KCNH8
BARHL1
OMG
GHSR
STMN2

L1CAM
FGF12
GRM1
VIP
NEFH
KCNH4
FGD2
GDAP1L1
SCN3B
KCNIP2
INA
POU4F2

SLC17A6
COL5A3
HES1
FLJ38377
ZNF579
SEZ6
RNF13
HCN1
CRYBA2
CDK5R1
PTPRN
APBB1

TRIM9
SYT4

ZNF335
CHAT
GLRAl
SYT6
DRD2
TNRC4
ATP2B2
DBC1
GLRA3

Gene sets can also be defined manually l




Which TFs are driving dynamics of each cluster?

Temporal activation of macrophages by TLR4 agonist bacterial lipopolysaccharide (LPS)

Vel 44711 May 2004 dek10.1038/n Mure 04768 nature

ARTICLES

Systems biology approaches identify
ATF3 as a negative regulator of Toll-like
receptor 4

Mark Gilchrist', Vesteinn Tharsson', Bin Li°, Alistair G. Rust’, Martin Korb', Kathleen Kennedy', Tsonwin Hai
Hamid Bolouri’ & Alan Aderem’

Imduction ratio

Cluster 1, size = 137

Cluster 2, size = 165

Cluster 3, size = 67

Cluster 4, size = 141

ki

=1

?/I—[—l '

T

I

0

5 1w 15
Cluster 5, size = 44

o 5 1w 45 2
Cluster 6, size = 17

o5 W 15 m
Cluster 7, size = 181

0 5 w0 13
Cluster 8, size = 147

i

]/P_’_

/\1—1-—’[—[

I

it

-

L]

5 0 15
Cluster 9, size = 36

» & 0 15 @

a
Cluster 10, size = 226

0 5 M 15 2
Cluster 11, size = 61

fl..: . YM ’H/I_‘R’
Lw pu
o 5 i 15 20 a5 W 15 5 W 45

Tirme {h)

¢5 10 15 20

Look for TF targets that are ‘over-represented’ in a cluster l




Over-Representation Analysis

If you draw n marbles at random, what is probability of k green ones?

Total Marbles Green Marbles
(N) (K)

OO. .OO.O o
SR
(@)

OO0
S0 R

(k)

Adapted from Can (John) Bruce

Hypergeometric Distribution: Oy
Probability of k green if n i1s random sample




Over-Representation Analysis

Is set of TF targets over-represented among genes in cluster?

Total genes  Genes with binding site

(N) (K)

Genes in cluster (n)

Genes with binding site

(k)

Adapted from Can (John) Bruce

Hypergeometric Distribution:
Probability of k TF targets if cluster is random sample




Over-Representation Analysis

If 17 genes in cluster, 5 with transcription factor binding site...

Total genes  Genes with binding site
(1000) (100)

Genes in cluster (17)

(100][
17 -
¢|P(5]17,100,1000) = > >

1000
17

17
> P(x]17,100,1000) = 0.02
Genes with binding site x=5

()

Adapted from Can (John) Bruce

Must choose threshold to define “differential expression™ l



Identifying regulators of TLR responses

Temporal activation of macrophages by TLR4 agonist bacterial lipopolysaccharide (LPS)
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K-means clustering defined 11
groups of genes comprising
regulated ‘waves’ of transcription
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What is the role of ATF3? l




Network Analysis: role of ATF3?

| “Guilt by association”
nghly connected proteins are likely to be functlonally related

.-"' _"'\
ARTICLES “'“g“l )

Tnp:za e p\#gj'p 101;\ /r"l

Systems biology approaches identify
ATF3 as a negative regulator of Toll-like
receptor 4
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rtin Korb®, Kathleen Kennedy', Tsorwin Hai’

h53 & IF'\ & DAGE
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ATF3 (red) interacts with AP1 (light blue) and NF- B (light green) TF complexes I



What is the role of ATF3?

ldentified many target genes with nearby ATF3 and NFkB binding sites

Temporal recruitment of ATF3 and
Rel to 116 and 1112b promoters

LPS
CREBJATF NE-«B
degacgicint — 5 fcascasagatitatcasst FRgQAEhgagict 0o 1 2 4 6 (h
'186\ -/."-/././-'/__/"‘_63
. = ® Rel
Gl Y Y Y E— ATF3 et | L1
Input| =-— s - o -
CREB/ATF NF-kB
attcaccttagficatgatgiaapcaganatiagtatetetgeetecticotitticeacaceeogaagtoattteetettaacdigggattegacytetatattcectoty
IP
B mn ATF3 e e ||12b
l_.
28] so00 2000 1,000 0 Input | -—— - - - -

ChlP assays

How does ATF3 regulate IL6 and IL12b? l



What is the role of ATF3?

Temporal activation of macrophages by TLR4 agonist bacterial lipopolysaccharide (LPS)

ATF3
} IL6 mMRNA

20 40 &0 a0 100 120
I 1

Relative promoter occupancy

r T T T T T 1
0 G0 120 180 240 300 360

Time (min)

—Fredict

I 1

008 0.10

002 0.04 0.6

0.00

IL6 mMRNA (Atf3-/-)
I3 Model used to predict IL6 mMRNA as
E function of Rel and ATF3 binding
% MRNA degradation
o
E Influence on transcription
d(Ile ’ l l
TM = =II6 + g{BpaRel + Gares ATF3)

dt

|

Change in IL6 mMRNA

ATF3 Is a negative regulator of IL6 and I1L12b l



Which TFs are driving dynamics of each cluster?

Temporal activation of macrophages by TLR4 agonist bacterial lipopolysaccharide (LPS)

Cluster 1, size = 137 Cluster 2, size = 165 Cluster 3, size = 67 Cluster 4, size = 141
w il

Vel 44711 May 2004 dek10.1038/n Mure 04768 nature
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Need to assign genes to single cluster l



Can we identify TFs driving B cell differentiation?

Implicate TFs by analyzing behavior of target genes

Naive (Exci?lr 'sTﬁglo
TEER If genes targeted by particular
transcription factor are
@ differentially expressed, then
the transcription factor is likely
GC § to play role
Memory

Need to identify which genes are differentiall-expressed l



Gene Set Enrichment Analysis (GSEA)

Are TF targets enriched among most differentially expressed genes?

Rank genes by expression ; Enrichment:
—, ] v Score |

gt R L

Transcription factor targets _
(Subramanian et al, PNAS, 2005)

Does not require a threshold for differential expression l



Gene Set Enrichment Analysis (GSEA)

What is distribution for enrichment score (ES) under null hypothesis?

|

|

Distribution of ES values
for “random” data

v

1200
..... i "
o 5000 10000 15000 20000 4
200 -
/" \ 1
N
N £00 -
N
1 15000 0 .
200

Random Calculate P value is fraction of “random”
permutations of data ES data with higher ES

Permute class labels or genes to estimate null distribution l

-=)




Can we i1dentify TFs driving mutation targeting?

Are particular motifs enriched among the most mutated genes?

*************
************
********

:
A B c
g<10° 1065 g <102 g2102

120 = ‘Bm’ﬁ .
Vol 45114 February 2008|dok10.1038/nature 06547 n .
e
LETTERS = 1009 1%, i
g _f‘Faxﬁ E
. . E I ;
Two levels of protection for the B cell genome during 2, 80- i
somatic hypermutation T i
Man Li_u'.J.a;:ir:zJI:.:?uke', Daniel J. Richter*f, Carola G. Vinuesa®, Christopher C. Goodnow™”, Steven H, Kleinstein g 60 T E
= fOcab .
g W2 o
[ Ebit H
c 40 Vcaree &
-g ‘E.ufda [ C/G -> T/A transition mutations
] H H 1 Other mutations
= JCaroay
= 20 Blimp1 :
vrast. hicda Tp53: Koas B2m Bol2
A i
g B e T OO

If genes targeted by particular transcription factor tend to be
more mutated, then the transcription factor is likely to play role

Target genes identified by presence of binding sites l



Does E2a influence AID targeting?

Are transcription factor target genes enriched among the most mutated?

E2a binding sites top (and only) significant hits

Computational screen including E2a +
all TRANSFAC transcription factors

> Gene Set Enrichment Analysis
§ (Subramanian et al, PNAS, 2005)
g
LL
IS
i
>
=
O
% ‘W
LU 1080000 100050085380 s
1] IHIIH I T T

| Genes with binding sites (+/- 2Kb)
Found through computational screen

~=CAG=TG___

Yes, E2a sites enriched among mutated genes in UNG/MSH2 dKO mice

GGEGTGGERR VPAR4 03

GGEGCEGR WESP1 Q6

VHOCT1 B

10

TTGTTT WHFOX04 01

GTGCCTT MIR-506

nature

1 CAG GC TGEEZA MOTIF Details .. 28 035 1.84 0.017 0.155
2 CAGGTG YE12 QB Details .. 20 035 1.66 0.028 0.196
3 CAGCTG W§AP4 Q5 Details .. 12 0.41 182 0.037 0.158
4 CTTTGA VELEFT Q2 Details .. 10 0.31 113 0.295 0.825
5 TGGAAA VENFAT Q4 01 Details .. 13 028 113 0.300 0.665
6 AACTTT UNKMOWVYN Details .. 10 029 1.07 0.357 0.654
7
g
g

Two levels of protection for the B cell genome during

somatic hypermutation




Other Applications of Gene Set Enrichment Analysis

Molecular Signatures Database at Broad Institute

collection | contents
c1: posiional gene sets Gene sets corresponding to each human chromosorme and each cytogenetic band that has at least one gene. (Cytogenetic locations were
(wiew gene sets) parsed from HUGO, October 2006, and Unigene, build 197, When there were conflictz, the Unigene antry was uszed.) These gene setz are

helpful in identifying effects related to chromoszoral deletions or amplifications, dosage compenzation, epigenetic silencing, and other
regional effects,

c2: curated gene sets Gene sets collected from various sources such as online pathway databases, publications in PubMead, and knowledge of domain experts,
(view gene sets) The gene set card for 2ach gene set lists its source, details

) Gene sets from the pathway databaszes, Usually, these gene sets are canonical representations of a biological process compiled by
CP: Canonical Pathways domain experts, details
[view gene sets)

Gene sets that represent gene expression signatures of genetic and chemical perturbations, A nurmber of these gene sets come in pairs:
CEP: chemical and genetic an mxx_UP [(=xx_DM) gene set representing genes induced (repressed) by the perturbation. The gene set card for each gene zet lists the
petturbations PubMed citation on which it is bazed,

[view gene sets)

c3: motif gene sets Gene sets that contain genes that share a o/s-regulatory motif that iz conserved acrozs the huran, mouse, rat, and dog genomes, The
(view gene sets) rmotifs are catalogued in XKie, et al, (2005, Mature 434, 338-345) and represent known or likely regulatary elermments in promotars and
3'-UTR.s, These gene sets make it possible to link changes in a microarray experiment to a conserved, putative cis-regulatory element,

Gene sets that contain genes that share a transcription factor binding site defined in the TRANSFAC [version 7.4,

TFT: transcription factar http:/fwww. gene-requlation. corn/') databasze, Each of theze gene setz iz annotated by a TRAMSFAC record.
targets [view gene sets)

Gene sets that contain genes that share a 3'-UTR microRMA binding rmotif,
MIR.: riF.MA targets

[view gene sets)

c4: computational gene sets Gene sets defined by expresszion neighborhoods centered on 380 cancer-aszsociated genes (Brentani, Caballero et al, 2003), This
(view gene sets) collection iz identical to that previously reported in (Subrarmanian, Tamayo et al, 2005), details

Gene sets can also be defined manually




Gene Ontology

Structured, controlled vocabularies (ontologies) that describe gene products in terms
of associated biological processes, cellular components and molecular functions

GO: 0050884 regulation of B cell activation (a)

Any process thal modulates the frequency, rate or extent of B cell activation

i Ancastor charl ! --ﬁ';-"-isl: r lable | Chikd Terms . Prolain £ "l"l---'-'l!l-.-f- Organ IZatlon and fu nCtlonaI
Visual display of a section of the GO directed acyclic graph (DAG) for a single Go term. Terms in the GO are linked 1§ parent (more general) lerms -
and often to child (more specilic) terms by one or more ‘relationships’ an n Otatl O n Of m O I ec u I ar
T aspects of cellular system
Bi jcal Immune
pocess | | reguaton ool
—_— —
Regulation of
Call activation biolegical
process ‘
process process = Wi regulatas

If [ ion
Regulation of Lymphocyte v
cell activation ectivalion GO: 0050864 regulation of B cell activalior (b}
T~ IAny process that modulates the frequency, rate or extent of B cell activation
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