
Michael Oldham
University of California, Los Angeles

Conservation and evolution of 
gene-expression networks in 
human and chimpanzee brain



...and man.

Only six million years 
separate chimp...



What changed?

• During this evolutionarily brief 
stretch of time, humans have 
acquired a number of defining 
characteristics, including 
bipedalism, an expanded 
neocortex, and language

Image courtesy of Todd Preuss (Yerkes 
National Primate Research Center)

1 Cheng, Z. et al. Nature 437, 88-93 (2005)

• Despite pronounced phenotypic 
differences, genomic similarity 
is ~96% (including single-base 
substitutions and indels)1

– Similarity is even higher in 
protein-coding regions



Assessing the contribution of 
regulatory changes to human evolution

• Hypothesis: Changes in the regulation of 
gene expression were critical during recent 
human evolution (King & Wilson, 1975)

• Microarrays are ideally suited to test this 
hypothesis by comparing expression levels 
for thousands of genes simultaneously



What have we learned?

• Overall, gene expression in human and 
chimpanzee brains is very similar (r>0.95)

• In fact, gene expression is more similar in 
the brain than in all non-neural tissues 
examined to date (heart, liver, kidney, and 
testis), implying strong selective constraint1 

1 Khaitovich, P. et al. Science 309, 1850-1854 (2005)



Some caveats

• All studies have used microarrays designed 
from human sequences to measure 
chimpanzee gene expression
– Potential for hybridization artefacts

• Do the small samples sizes typically used in 
microarray studies provide enough power to 
identify small but real expression 
differences in a heterogeneous tissue such 
as the brain?



Study Human Chimp Total

Enard et al. 1

Number of individuals 3 3 6
Number of arrays 6 6 12

Cáceres et al. 2

Number of individuals 5 4 9
Number of arrays 7 8 15

Khaitovich et al. 3

Number of individuals 3 3 6
Number of arrays 21 12 33

Total individuals*: 11 8 19
Total arrays: 34 26 60

Combining microarray datasets

1 Enard, W. et al. Science 296, 340-343 (2002)

2 Cáceres, M. et al. PNAS 100, 13030-13035 (2003)

3 Khaitovich, P. et al. Genome Res 14, 1462-1473 (2004) * Two identical chimpanzees were used in Refs. 1 & 3





Moving beyond differential expression...

• Can we use microarray data to study higher order properties of 
the transcriptome in humans and chimpanzees?

• This approach builds on advances in the field of network biology
driven largely by the work of Albert-László Barabási
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• Idea: Model the relationship between thousands of gene expression profiles within a 
graph theoretic framework

• Use biologically intuitive graph theoretic concepts: modules, topological overlap, 
intramodular connectivity to identify genes 

• Weighted gene co-expression network analysis (WGCNA) allows the raw data to 
speak for themselves. It does not assume prior pathway information but constructs 
modules in an unsupervised fashion. It relates a handful of modules to the external 
sample traits (e.g. tissue type) to find biologically interesting modules. By making 
modules (and equivalently their hub genes) the focus of the analysis, it avoids the 
pitfalls of multiple testing. It uses intramodular connectivity along with gene 
significance to screen for significant hub genes. WGCNA can be considered as a 
biologically motivated data reduction scheme. 

• Bin Zhang and Steve Horvath (2005) "A General Framework for Weighted Gene Co-
Expression Network Analysis", Statistical Applications in Genetics and Molecular 
Biology: Vol. 4: No. 1, Article 17

• Horvath S, Zhang B, Carlson M, Lu KV, Zhu S, Felciano RM, Laurance MF, Zhao W, 
Shu, Q, Lee Y, Scheck AC, Liau LM, Wu H, Geschwind DH, Febbo PG, Kornblum HI, 
Cloughesy TF, Nelson SF, Mischel PS (2006) "Analysis of Oncogenic Signaling 
Networks in Glioblastoma Identifies ASPM as a Novel Molecular Target", PNAS



Methodology
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• Connectivity (k) represents the 
sum of a gene’s connection 
strengths, normalized to lie 
between 0 and 1
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• Topological overlap (Ravasz et 
al.)1:

1 Ravasz, E. et al. Science 297, 1551-1555 (2002)

Key points



Road map

Exponential network Scale-free network
Slide courtesy of AL Barabási

Airline map



Scale-free topology in primate brain*

Human Chimp

Raw data from Khaitovich et al., 2004

* Broca’s area, anterior cingulate cortex, prefrontal cortex, primary visual 
cortex, caudate nucleus, and vermis cerebelli (3 humans, 3 chimpanzees)



Connectivity diverges across brain 
regions whereas expression does not



Module identification



Cerebellum Cortex Cortex Caudate nucleus

Module characterization

r=0.55 (p<2.20e-16) r=0.30 (p=5.29e-09) r=0.39 (p=4.73e-14) r=0.51 (p<2.20e-16)



Cortex & cerebellum ACC and caudate nucleus Glial?

Module characterization

No significant corr. r=0.42 (p=2.43e-06) r=0.62 (p=2.89e-06)



Human brain, without cerebellum

Primary visual cortex

r=0.54 (p=1.36e-06)



Reproducibility of hub-gene status
Probe set Gene symbol k in  (dataset #1)1 Rank k in  (dataset #2)2 Rank

37738_g_at PCMT1 0.970 2 0.854 24
41673_at FGF12 0.912 4 0.985 2
39780_at PPP3CB 0.874 7 0.801 38
1558_g_at PAK1 0.862 9 0.951 9
34889_at ATP6V1A 0.861 10 0.862 19
34890_at ATP6V1A 0.858 11 0.894 14
1660_at UBE2N 0.824 16 0.944 10

1820_g_at RAP2A 0.821 17 0.913 13
37367_at ATP6V1E1 0.778 19 0.975 4
36151_at PLD3 0.770 21 0.798 39
37736_at PCMT1 0.756 22 0.712 54

31608_g_at VDAC1 0.756 23 0.859 20
1504_s_at FGF12 0.751 25 0.952 8

714_at CAP2 0.727 29 0.959 6
32598_at NELL2 1.000 1 0.974 2
1709_g_at MAPK10 0.962 3 1.000 1
40995_at NEFL 0.961 4 0.822 16
34273_at RGS4 0.952 5 0.807 18
693_g_at CAP2 0.749 20 0.843 14
38803_at NCALD 0.735 23 0.838 15
1452_at LMO4 0.704 27 0.743 30
871_s_at HLF 0.676 37 0.901 8
36065_at LDB2 0.674 39 0.696 40

38422_s_at FHL2 0.669 41 0.667 45
34457_at SLC30A3 0.668 42 0.554 69
36610_at R3HDM 0.668 43 0.684 41
41225_at DUSP3 0.648 45 0.883 10
35946_at NELL1 0.646 47 0.791 21

1 Khaitovich, P. et al. Genome Res 14, 1462-1473 (2004)

2 (Combined): Enard, W. et al. Science 296, 340-343 (2002) & Cáceres, M. et al. PNAS 100, 13030-13035 (2003)

kin correlation (all genes)

r=0.37 

(p=4.54e-13)

r=0.34 

(p=1.04e-10)



Modules display distinct gene ontologies

Gene ontology 
analysis (EASE)

GO categeory Gene Category # Hits EASE score

GO Biological Process G-protein coupled receptor protein signaling pathway 22 7.73 x 10-5

GO Molecular Function Enzyme regulator activity 20 1.55 x 10-3

GO Biological Process Synaptic transmission 12 1.64 x 10-3

Gene ontology 
analysis (EASE)

GO categeory Gene Category # Hits EASE score

GO Molecular Function Nucleic acid binding 275 7.17 x 10-13

GO Molecular Function DNA binding 217 1.82 x 10-11

GO Biological Process Regulation of transcription 193 1.25 x 10-10

Gene ontology 
analysis (EASE)

GO categeory Gene Category # Hits EASE score

GO Molecular Function Cation transporter activity 20 5.24 x 10-6

GO Biological Process Organelle organization and biogenesis 25 2.18 x 10-5

GO Biological Process Microtubule-based process 12 4.07 x 10-5

Gene ontology 
analysis (EASE)

GO categeory Gene Category # Hits EASE score

GO Biological Process Intracellular signaling cascade 40 4.58 x 10-5

GO Biological Process Neurogenesis 26 9.59 x 10-5

GO Biological Process Cell communication 102 3.90 x 10-4



Module visualization using 
VisANT

Adjacency vs topological overlap?



Taking the top ~600 values in the adjacency 
matrix (300 reciprocal connections)...

Cerebellum: adjacency



Cerebellum: adjacency



Taking the top ~600 values in the topological 
overlap matrix (300 reciprocal connections)...

Cerebellum: topological overlap



Cerebellum: topological overlap



Caudate nucleus



Cortex



VisANT demo part I



Differential network analysis: 
identification of human-specific 

network connections



TOHUMAN / mean(TOHUMAN)

TOHUMAN / mean(TOHUMAN) + TOCHIMP /mean(TOCHIMP)



Human-specific connections: 
cerebellum



Human-specific connections: 
caudate nucleus



Human-specific connections: 
cortex



VisANT demo part II



What’s driving differential 
connectivity?

r=0.32 (p<2.2e-16)



Terrible image from UCSC of LDOC1.....



Human-specific cortical topography



Summary

• Gene-expression networks in human and chimpanzee brain are 
organized into modules that can be readily identified

• At the highest level, modules correspond to brain anatomy

• In disparate datasets, human cortical hub genes are largely preserved

• Module preservation between humans and chimpanzees is strongest in 
non-cortical brain regions and weakest in cortex

• Identification of species-specific network connections can suggest 
likely targets of recent evolution
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W, Shu, Q, Lee Y, Scheck AC, Liau LM, Wu H, Geschwind DH, Febbo PG, 
Kornblum HI, Cloughesy TF, Nelson SF, Mischel PS (2006) "Analysis of Oncogenic
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Appendix



TopOverlap(A,B) is HIGH
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TopOverlap(C,D) is LOW
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