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1. Gene regulatory networks

http://en.wikipedia.org/wiki/File:Gene_Regulatory_Network.jpg
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1. Gene regulatory networks (2)

Davidson et al., A genomic regulatory network for development. 
Science, CA Inst Tech, Pasadena, 2002, 295, 1669-1678 
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1. Gene regulatory networks (3)

• Reconstruction of transcriptional networks based on

• ChIP-Chip experiments: direct protein-DNA interactions

• RNAi knock-down followed by microarray experiments: downstream 

regulation of gene expression (direct and indirect gene targets)

• Sequence based analysis of transcription factor binding sites: direct targets 

and denovo motif discovery
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2.1. ChIP-on-Chip: Chromatin Immuno-Precipitation

Cross-link protein to DNA with 
formaldehyd

Shear DNA via sonication
DNA fragments of length  ~500bp

Add antibody specific for 
protein of interest

Immunoprecipitate to enrich for 
fragments bound by protein of interest

ChIP

Input

Reverse cross-links and 
label DNA (cy3 and cy5)

(Two-color) microarray
experiment
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2.2. ChIP-on-Chip: Tiling Arrays

Chr1

• Affymetrix

• Human Promotor Array:
• 4.6 Mio 25-mer oligos with a 35bp probe spacing
• 10kb coverage (-7.5kb upstream to 2.5kb downstream) of  ~25,500 human promotors
• probe design based on the NCBI build 34

• Human Tiling 2.0R Array Set:
• 45 Mio 25-mer oligos distributed over 7 arrays

• Roche NimblGen

• Whole Genome Sets

• 10 array set with 21 Mio 50-70mer probes and a 100bp interval

• Promotor Sets: different sets available

• Custom tiling arrays: define your own regions of interest

35 bp
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2.3. ChIP-on-Chip: Data Analysis- Ratios

Calculate ratios (ChIP/Input):
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Ratios

Interval: DNA fragment size ~ 500bp

2.3. ChIP-on-Chip: Data Analysis- Ratios (2)

Interval analysis:
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• For each oligo calculate a p-value by
• considering all oligonucleotides within the defined window and
• apply a statistical test (t-test, wilcoxon etc.)
• subsequent interval analysis on p-values

2.4. ChIP-on-Chip: Data Analysis- P-Values
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General features
• Mapping of oligos to a reference genome (e.g. for updated genomes) using the 
posToProbeAnno() function
• Array image reconstruction using the image() function

• Density distribution of the single-chanel densities using the plotDensities() function (see the 
limma package)

• Many kinds of normalization methods available
• Calculate correlation coefficients, create scatter plots, MA plots etc.

2.5. ChIP-on-Chip Data Analysis using Bioconductor
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Ringo package

• source("http://bioconductor.org/biocLite.R"); biocLite("Ringo")

• Visualize intensities along the chromosome

• Smoothing of probe intensities: oligos respond differently to hybridized material caused by 

e.g. different probe GC content, melting temperature, and secondary structure
• 800bp window slides along the chromosome
• replaces the intensity of a probe by the median of all probes within this window

2.5. ChIP-on-Chip Data Analysis using Bioconductor (2)



Max-Planck-Institut 
für molekulare Genetik

APO-SYS WP7 Workshop, Berlin, 20.01.2009 Folie 12/37

Ringo package (2)

• Finding ChIP-enriched regions on smoothed log2(ChIP/Input) ratios

• define a window (e.g.500bp)

• require at least 3 oligos within the window 

• each ratio is above a threshold t0 .

• Provides a method for estimation of t0 considering the null-distribution

• Null distribution: Distribution of smoothed ratios within non-binding regions

• Output enriched regions

2.5. ChIP-on-Chip Data Analysis using Bioconductor (3)
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• Affymetrix: 
• TAS (Tiling Analysis Software)
• Integrated Genome Browser: Visualization of ChIP-Chip data along the chromosome

• NimbleGen:
• NimbleScan
• SignalMap: Visualization

• Bioconductor:
• Ringo
• BAC (Bayesian Analysis of ChIP-Chip): Model based analysis of tiling arrays
• ...

• Standalone:
• CisGenome
• JBD (joint binding deconvolution)

• ...

2.6. ChIP-on-Chip: Further tools



Max-Planck-Institut 
für molekulare Genetik

APO-SYS WP7 Workshop, Berlin, 20.01.2009 Folie 14/37

3. Sequence based analysis of TF binding sites (TFBS)
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3. Sequence based analysis of TFBS (2)
1. Discover a motif within a set of sequences (de novo motif discovery)
Data sources: 

- Co-regulated genes from gene expression analysis/ clustering
- evolutionary conserved regions
- ChIP-on-Chip data

Algorithms for Motif Discovery:
- find motifs that are statistically overrepresented in the dataset

2. Does a sequence contain a motif?
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3. Sequence based analysis of TFBS (3)

Position Weight Matrix:

Sequence Logos:

Sequences bound by TF:

De novo motif discovery
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3. Sequence based analysis of TFBS (4)
De novo motif discovery tools
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3. Sequence based analysis of TFBS (5)
TAMO package

Kenzie D. MacIsaac, Ernest Fraenkel: “Practical Strategies for Discovering 
Regulatory DNA Sequence Motifs”; PLOS Computational Biology 2006
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3. Sequence based analysis of TFBS (6)
STAMP: Alignment, Similarity and Database Matching for DNA Motifs 

Mahony, S. & Benos, P. V.:  STAMP: a web tool for exploring DNA-binding motif 
similarities. Nucleic Acids Res 2007, 35:W253-W258.

Available motif databases via STAMP:

-TRANSFAC

- Jaspar
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3. Sequence based analysis of TFBS (7)

Does a sequence contain a given motif?

• Start with the PWM of a transcription factor
• Scan the promotor sequences of potential target genes
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Unspecific
knock down

specific
knock down

72h

causal dependencies

Differential gene expression analysis identifies 
direct and indirect target genes

and regulation caused by the silenced transcription factor

4. RNAi - Chip

Information about

„posttranscriptional gene regulation“
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5. OCT4 as a key regulator of pluripotency
Takahashi, Yamanake (2007, Nov. 30th): Induction of Pluripotent Stem Cells from 
Adult Human Fibroblasts by Defined Factors , Cell 2007

Yu, Thomson (2007, Nov, 20th): Induced Pluripotent Stem Cell Lines Derived from 
Human Somatic Cells, Sciencexpress 2007

Oct4, Sox2, C-Myc and Klf4

Oct4, Sox2, Nanog and Lin28

hESCs Differentiated Cells

Differentiation

„Reprogramming“

/iPS
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5.1. OCT4 dependent gene regulatory network

Chickarmane, Peterson et al.: Transcriptional Dynamics of the 
Embryonic Stem Cell Switch, PloS Computational Biology 2006

5. OCT4 as a key regulator of pluripotency
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Boyer et al.: Core Transcriptional Regulatory Circuitry in Human
Embryonic Stem Cells, Cell 2005

Input

ChIP

• OCT4, SOX2 and NANOG
• Set of 10 Agilent arrays
• ~400.000 oligos
• scanning promotor regions 
around the TSS (-8kb - +2kb) 
of ~22.000 known genes

623 direct target genes of OCT4

5. OCT4 as a key regulator of pluripotency

5.2. OCT4 ChIP-on-Chip in hESCs
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Babaie, Greber, Adjaye et al.: Analysis of OCT4 dependent transcriptional networks
regulating pluripotency in human embryonic stem cells, Stem Cells 2006

Unspecific
knock down

(EGFP)

OCT4
knock down

72h

causal dependencies

1104 genes and regulated by OCT4

In house cDNA array
~16.000 genes

5.3. OCT4 RNAi silencing in hESCs

5. OCT4 as a key regulator of pluripotency
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DNA octamer motif interacting with
POU domain factors like the homeodomain containing transcription factor Oct4

Motif recognizing a Sox2/Oct4 
heterodimer was identified by

- sequence conservation analysis
- ChIP-PET and ChIP-Chip 
analysis in mouse and human

5. OCT4 as a key regulator of pluripotency

5.4. OCT4 motifs
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5.5 ChIP-on-Chip data analysis- update
Boyer et al.: Core Transcriptional Regulatory Circuitry in Human
Embryonic Stem Cells, Cell 2005

• 400.000 oligos designed for NCBI 35 by Boyer et al.

5.5.1 Probe assignment update: 

• Sequence alignment (BLAT) of all oligos against the human 
genome (NCBI 36)

Updated assignment: oligo genomic position

• RAW data selection (ChIP, IP and BG) for all uniquely 
mapped oligonucleotides

OCT4 as a key regulator of pluripotency
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5.5. ChIP-on-Chip quality control and data analysis (2)
5.5.1. Quality Control (2):
OCT4 RAW data plotted (ChIP/IP ratio) for both replicas:

? ? ?

OCT4 as a key regulator of pluripotency
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5.5. ChIP-on-Chip quality control and data analysis (3)

Input

ChIP

5.5.2. Data Normalization (biconductor/ limma package)

….

….

Experiment 1 (OCT4)

Experiment 2 (OCT4)

For each
pair of
arrays:

OCT4 as a key regulator of pluripotency
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5.5. ChIP-on-Chip quality control and data analysis (4)
5.5.3 Enrichment analysis and peak annotation

• ratio calculation
• threshold determination t0 based on the ratio distribution
• interval analysis
• gene annotation of enriched regions

TSS

OCT4 as a key regulator of pluripotency

308 validated direct OCT4 targets
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6. Integrative analysis
6.1. Motivation

- reduce noisiness of the different approaches
- combine information of direct targets and gene regulation
- get more secure targets

OCT4 as a key regulator of pluripotency

6.2. Results
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6. Integrative analysis (2)
6.3. Example of core OCT4 target genes

OCT4 as a key regulator of pluripotency
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6. Integrative analysis (3)

Transcription Factor Activity
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6.4. Enrichment analysis
• Gene enrichment analysis: DAVIDS
• Most enriched GO term within the original Boyer data set:

• Transcription Factor Activity

OCT4 as a key regulator of pluripotency
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6. Integrative analysis (4)

Cell Fate Commitment
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6.4. Enrichment analysis

OCT4 as a key regulator of pluripotency
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6. Integrative analysis (5)
6.5. Core Network

• 33 core OCT4 target genes

• shows positive and negative 
OCT4 influence

• points out core downstream 
transcription factors

• includes QC SOX2 and 
NANOG target genes

• functional cross-annotation of 
target genes: stemness/ 
differentiation genes

• extended by downstream 
targets from TRANSFAC

OCT4 as a key regulator of pluripotency
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7. De novo motif discovery 
• Based on promotor subsequences (200bp length) of highly 
confirmed functional OCT4 target genes

OCT4 as a key regulator of pluripotency

Motif Complexit 
y score

Genes containing motif in promoter sequence   (-8kb to TSS) Similar to known motifs in 
TRANSFAC and Jaspar (top 5 
each)

1.4654 PIP5K1C, SFRP2, TDGF1, TSC22D1 Nrf-1, Oct-1, TFE, DBP, AFP1, 
Arnt-Ahr, ZNF354C, Broad- 
complex_4, FOXD1, sna

1.3883 PIP5K1C TFE, bHLH66, TWI, AFP1, c- 
Myc, Mycn, Arnt, USF1, MYC- 
MAX, ARR10 

1.1945 BAMBI, CDX2, DKK1, EOMES, EPHA1, EXOSC9, FGF2, 
FOXD3, GATA6, GNG10, LEFTY2, MAGED2, NAALAD2, 
NANOG, PAX6, RAB5A, SSBP2, TGIF2, TNC, TSC22D1

Oct-1, Octamer, HMGIY, HMG, 
OCT-x, Agamous, NR2F1, RELA, 
Pdx1, Pax4, (HNF4A)

1.1945 BAMBI, C9orf97, CDX2, DKK1, EOMES, EPHA1, EXOSC9, 
FOXD3, FRAT2, GAP43, GATA6, GSC, LEFTY2, , 
NAALAD2, NANOG, ORC1L, PIP5K1C, POU5F1, RAB5A, 
SFRP2, SSBP2, TCF4, TGIF2, TSC22D1, 

LUN-1, Alfin1, TAL1, HEB, ROM, 
Myf, NHLH1, ZEB1, SP1, sna

0.9730 C9orf97, CDX2, DKK1, EPHA1, EXOSC9, FOXD3, GAP43, 
GNG10, SFRP2, SOX2, TDGF1, TSC22D1

Oct-4, Oct-1, Octamer, OCT-x, 
POU3F2, HMG-IY, Pdx1, SQUA, 
Prrx2, STAT1

0.8941 C9orf97, CDX2, DKK1, EOMES, EXOSC9, FOXD3, GAP43, 
GNG10, KDR, NAALAD2, NANOG, POU5F1, SFRP2, SOX2, 
TCF4, TDGF1, TGIF2, TNC, TSC22D1

PU.1, KROX, ZNF219, Retroviral, 
Nrf-2, GABPA, Klf4, SPI1, SPIB, 
id1

Set of 18 motifs including binding sites similar to known motifs
recognized by TFs which are closely interconnected to the network.
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