Gene regulation in primates evolves under tissue-specific selection pressures
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Supplementary Tables and Figures
Available as a separate files: 
Supplementary Table 1 (Table S1: list of genes on the array). 
Supplementary Table 7 (Table S7: analysis of enrichment in functional categories using GO). 
In Table S1, the following information is provided:
Column
Description

------------------------------------------------------------------------

1
Gene RefSeq ID 

2
Gene Symbol

3
Number of corresponding orthologous probe trios for the gene 
4
Estimate of the between-individual variance, liver

5
Estimate of the between-individual variance, kidney

6
Estimate of the between-individual variance, heart

7
Likelihood ratio for differential expression between human and chimp in liver

8
Likelihood ratio for differential expression between human and chimp in kidney

9
Likelihood ratio for differential expression between human and chimp in heart

10
Likelihood ratio for differential expression between human and rhesus in liver

11
Likelihood ratio for differential expression between human and rhesus in kidney

12
Likelihood ratio for differential expression between human and rhesus in heart

13
Likelihood ratio for differential expression between chimp and rhesus in liver

14
Likelihood ratio for differential expression between chimp and rhesus in kidney

15
Likelihood ratio for differential expression between chimp and rhesus in heart

16
FDR for differential expression between liver and kidney in human

17
FDR for differential expression between liver and heart in human

18
FDR for differential expression between kidney and heart in human

19
FDR for differential expression between liver and kidney in chimp

20
FDR for differential expression between liver and heart in chimp

21
FDR for differential expression between kidney and heart in chimp

22
FDR for differential expression between liver and kidney in rhesus

23
FDR for differential expression between liver and heart in rhesus

24
FDR for differential expression between kidney and heart in rhesus

25
Is this gene's regulation under stabilizing selection in liver?

26
Is this gene's regulation under stabilizing selection in kidney?

27
Is this gene's regulation under stabilizing selection in heart?

28
Is this gene's regulation under directional selection in human liver, and human expression level higher?

29
Is this gene's regulation under directional selection in human kidney, and human expression level higher?

30
Is this gene's regulation under directional selection in human heart, and human expression level higher?

31
Is this gene's regulation under directional selection in human liver, and human expression level lower?

32
Is this gene's regulation under directional selection in human kidney, and human expression level lower?

33
Is this gene's regulation under directional selection in human heart, and human expression level lower?

34
Is this gene's regulation under directional selection in chimp liver, and chimp expression level higher?

35
Is this gene's regulation under directional selection in chimp kidney, and chimp expression level higher?

36
Is this gene's regulation under directional selection in chimp heart, and chimp expression level higher?

37
Is this gene's regulation under directional selection in chimp liver, and chimp expression level lower?

38
Is this gene's regulation under directional selection in chimp kidney, and chimp expression level lower?

39
Is this gene's regulation under directional selection in chimp heart, and chimp expression level lower?
Note that: (i) genes with fewer than 3 corresponding orthologous probes were excluded from the analyses. Such genes are listed in table S1, but no additional data is provided. (ii) The classification of genes whose regulation evolves under natural selection (true/false in columns 25-39 in table S1) is done based on the cutoffs described in the methods.

Table S2: Information on the 54 samples used in the study. 
	Livers
	
	Source
	species
	ID
	sex

	
	H1
	Yale
	Human
	Yale 1
	m

	
	H2
	Yale
	Human
	Yale 2
	m

	
	H3
	Yale
	Human
	Yale 3
	m

	
	H4
	Yale
	Human
	Yale 4
	 m

	
	H5
	NDRI
	Human
	56655
	f

	
	H6
	NDRI
	Human
	56720
	f

	
	C1
	Yerkes
	Chimpanzee
	YN05-400, Jeanie
	f

	
	C2
	Yerkes
	Chimpanzee
	YN06-108, Beleka
	f

	
	C3
	MD Anderson
	Chimpanzee
	MDANDER
	m

	
	C4
	Yerkes
	Chimpanzee
	YN06-147, Iyk
	m

	
	C5
	Yerkes
	Chimpanzee
	c0547, Keith
	m

	
	C6
	A.Stone
	Chimpanzee
	YN95-427
	m

	
	R1
	Yerkes
	Rhesus macaque
	YN05-349, RFj9
	f

	
	R2
	Yerkes
	Rhesus macaque
	YN05-82, RFh3
	m

	
	R3
	A.Stone
	Rhesus macaque
	13330-305, R1333
	m

	
	R4
	A.Stone
	Rhesus macaque
	19935-305, R1999
	m

	
	R5
	Yerkes
	Rhesus macaque
	YN04-311
	f

	
	R6
	Yerkes
	Rhesus macaque
	17602
	m


	Kidneys
	
	Source
	species
	ID
	sex

	
	H1
	Kevin Zorn, UoC
	Human
	KZ001
	m

	
	H2
	NDRI
	Human
	58692
	f

	
	H3
	NDRI
	Human
	56749
	f

	
	H4
	NDRI
	Human
	56859
	f

	
	H5
	NDRI
	Human
	58690
	f

	
	H6
	NDRI
	Human
	58753
	m

	
	C1
	SFBR
	Chimpanzee
	4-0191
	f

	
	C2
	Varki
	Chimpanzee
	0119
	m

	
	C3
	Yerkes
	Chimpanzee
	YN05-400, Jeanie
	f

	
	C4
	Yerkes
	Chimpanzee
	YN06-108, Beleka
	f

	
	C5
	Yerkes
	Chimpanzee
	YN06-147, Iyk
	m

	
	C6
	MD Anderson
	Chimpanzee
	MDANDER
	m

	
	R1
	Yerkes
	Rhesus macaque
	YN05-115, RMe4
	f

	
	R2
	Yerkes
	Rhesus macaque
	YN05-349, RFj9
	f

	
	R3
	Yerkes
	Rhesus macaque
	YN06-52, RFv7
	m

	
	R4
	Yerkes
	Rhesus macaque
	YN06-80, RLh7
	f

	
	R5
	Yerkes
	Rhesus macaque
	YN06-82, RFh3
	m

	
	R6
	SFBR
	Rhesus macaque
	17550
	f


Table S2 (continued)
	Hearts
	
	Source
	species
	ID
	sex

	
	H1
	NDRI
	Human
	59511
	m

	
	H2
	NDRI
	Human
	58937
	m

	
	H3
	NDRI
	Human
	59263
	m

	
	H4
	NDRI
	Human
	59167
	m

	
	H5
	NDRI
	Human
	59365
	m

	
	H6
	NDRI
	Human
	59303
	m

	
	C1
	Yerkes
	Chimpanzee
	YN06-147
	m

	
	C2
	SFBR
	Chimpanzee
	c0563
	m

	
	C3
	MD Anderson
	Chimpanzee
	MDANDER
	m

	
	C4
	SFBR
	Chimpanzee
	4x0519
	m

	
	C5
	SFBR
	Chimpanzee
	4x0516
	m

	
	C6
	Yerkes
	Chimpanzee
	Duncan
	m

	
	R1
	Yerkes
	Rhesus macaque
	YN06-297
	m

	
	R2
	Yerkes
	Rhesus macaque
	YN06-300
	m

	
	R3
	SFBR
	Rhesus macaque
	18405
	m

	
	R4
	Yerkes
	Rhesus macaque
	YN07-37
	f

	
	R5
	Yerkes
	Rhesus macaque
	YN06-295
	m

	
	R6
	Yerkes
	Rhesus macaque
	YN06-259
	f


Table S3: Analysis of functional categories. Functional categories (top, shaded) and pathways (bottom, clear) that are enriched among genes with high or low between-individual (BI) variance in gene expression.
	
	Tissue
	Category
	P-value

	High BI Variance
	Liver
	Metabolic disease 
	< 10-7

	
	
	Essential
	< 10-5

	
	
	Obesity
	< 10-5

	
	
	Dyslipidemia
	< 10-3

	
	
	Cytokine-cytokine receptor interaction
	< 10-10

	
	
	Cell adhesion molecules (CAMs)
	< 10-8

	
	
	Leukocyte transendothelial migration
	< 10-5

	
	
	Natural killer cell mediated cytotoxicity
	< 10-5

	
	
	Neuroactive ligand-receptor interaction
	< 10-5

	
	Kidney
	OMIM
	< 10-21

	
	
	Hypertension
	< 10-10

	
	
	Dyslipidemia
	< 10-7

	
	
	Obesity
	< 10-7

	
	
	Metabolism of xenobiotics by cytochrome P450
	< 10-14

	
	
	PPAR signaling pathway
	< 10-11

	
	
	Complement and coagulation cascades
	< 10-10

	
	
	Pentose and glucuronate interconversions
	< 10-10

	
	
	Androgen and estrogen metabolism
	< 10-8

	
	Heart
	Metabolic disease 
	< 10-6

	
	
	Obesity
	< 10-6

	
	
	Essential
	< 10-3

	
	
	T2D
	0.004

	
	
	Complement and coagulation cascades
	< 10-4

	
	
	Cell Communication
	< 10-4

	
	
	Cell adhesion molecules (CAMs)
	< 10-4

	
	
	Neuroactive ligand-receptor interaction
	< 10-4

	
	
	Linoleic acid metabolism
	< 10-3

	Low BI Variance


	Liver
	Housekeeping
	< 10-15

	
	
	Metabolic (GO)
	< 10-9

	
	
	Transcription factors (Validated)
	0.001

	
	
	Ribosome
	0.001

	
	
	Oxidative phosphorylation
	0.001

	
	Kidney
	Housekeeping
	< 10-18

	
	
	Transcription factors (Validated)
	< 10-7

	
	
	Metabolic (GO)
	< 10-4

	
	
	Ribosome
	< 10-3

	
	
	Oxidative phosphorylation
	< 10-3

	
	Heart


	Housekeeping
	< 10-13

	
	
	Metabolic (GO)
	< 10-6

	
	
	Transcription factors (Validated)
	< 10-3

	
	
	Cytokine-cytokine receptor interaction
	< 10-3


Table S4: Analysis of functional categories. Functional categories (top, shaded) and pathways (bottom, clear) that are enriched among genes whose regulation likely evolves under directional selection in chimpanzee.
	Tissue
	Category
	P-value
	Comment

	Liver
	Associated with cancer 
	0.025
	Under-represented

	
	Transcription factors (GO)
	0.041
	Under-represented

	
	PPAR signaling pathway
	0.006
	

	
	Ubiquitin mediated proteolysis
	0.016
	

	
	Atrazine degradation
	0.019
	

	
	Focal adhesion
	0.027
	

	
	Taurine and hypotaurine metabolism
	0.030
	

	Kidney
	Associated with cancer
	0.006
	

	
	Ascorbate and aldarate metabolism
	0.007
	

	
	Huntington's disease
	0.009
	

	
	Fructose and mannose metabolism
	0.010
	

	
	Lysine degradation
	0.012
	

	
	beta-Alanine metabolism
	0.015
	

	Heart
	Metabolic (GO)
	0.002
	

	
	Housekeeping
	0.016
	

	
	Vitamin B6 metabolism
	0.019
	

	
	Proteasome
	0.045
	

	
	Folate biosynthesis
	0.049
	


Table S5: A comparison of Dn/Ds distributions between genes whose regulation evolved under different evolutionary pressures. Genes whose regulation evolves under stabilizing or directional selections are grouped under ‘stabilizing’ and ‘directional’, respectively.  The ‘other’ notation refers to genes for which we did not find evidence for the action of natural selection on their tissue-specific expression levels. Permutation P-values were calculated for a difference in medians using a permutation test. KS P-values were calculated using a Kolmogorov-Smirnov test 
	
	Contrast
	#genes
	Dn/Ds Medians
	KS P-value
	Permutation P-value

	Liver
	Stabilizing vs. Directional
	1578, 401
	0.097, 0.115
	0.157
	0.072

	
	Stabilizing vs. Other
	1578, 5494
	0.097, 0.147
	< 10-15
	< 10-4

	
	Directional vs. Other
	401, 5494
	0.115, 0.147
	0.006
	0.005

	Kidney
	Stabilizing vs. Directional
	1467, 372
	0.102, 0.120
	0.156
	0.039

	
	Stabilizing vs. Other
	1467, 5634
	0.102, 0.144
	< 10-11
	< 10-4

	
	Directional vs. Other
	372, 5634
	0.120, 0.144
	0.024
	0.022

	Heart
	Stabilizing vs. Directional
	1389.,484
	0.095, 0.110
	0.0645
	0.037

	
	Stabilizing vs. Other
	1389, 5600
	0.095, 0.145
	< 10-15
	< 10-4

	
	Directional vs. Other
	484 ,5600
	0.110, 0.145
	8.80E-05
	< 10-4

	Stabilizing selection on gene regulation
	3 tissues vs. 2 tissues
	197, 940
	0.084, 0.096
	0.135
	0.137

	
	3 tissues vs. 1 tissue
	197, 1963
	0.084, 0.107
	0.023
	0.024

	
	2 tissues vs. 1 tissue
	940, 1963
	0.096, 0.107
	0.038
	0.036


Table S6: Analysis of chromosomal rearrangements. Chromosomal start and end positions (given in hg18 coordinates) of the eight large-scale rearrangements used in our analysis. The table was taken from Marques-Bonet et al., (Genome Biology, 2007), where the original positions were given in hg16 coordinates.
	Chromosome
	Inversion start
	Inversion end

	2
	113968415
	114077148

	4
	44509907
	86221993

	5
	18434022
	96023456

	9
	46992408
	88161650

	12
	20833487
	66695639

	16
	34030652
	45066095

	17
	7868374
	45104642

	18
	5961
	16900536
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Figure S1: An illustration of the microarray hybridization study design. �





Figure S2: Boxplots showing the distributions of the log intensities of the raw data. Each box corresponds to one of the 108 arrays; each panel displays a single tissue, from top to bottom: liver, kidney, and heart.
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Figure S3: Distributions of the log intensities of 108 arrays after normalization. From top to bottom: liver, kidney, and heart.
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Figure S4: Density distributions of log intensities of all 108 normalized arrays. Each line represents a single array; red: liver, blue: kidney, green: heart. �





Figure S5: MA plots of normalized data for the technical replicates of liver hybridizations. Y-axis: M = log2(rep1) – log2(rep2). X-axis: A = (log2(rep1) + log2(rep2))/2. 
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Figure S6: MA plots of normalized data for the technical replicates of kidney hybridizations. Y-axis: M = log2(rep1) – log2(rep2). X-axis: A = (log2(rep1) + log2(rep2))/2. 
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Figure S7: MA plots of normalized data for the technical replicates of heart hybridizations. Y-axis: M = log2(rep1) – log2(rep2). X-axis: A = (log2(rep1) + log2(rep2))/2. 
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Figure S8: Distributions of pairwise Pearson correlations between arrays, by category. reps: Technical replicates; wTwS: within tissues, within species (Arrays of same species and tissue excluding technical replicates); wTbS: within tissues between species (Same tissue different species); bTwS: between tissues within species (Same species different tissue); bTbS: between tissues between species (Different species and different tissue). 
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Figure S9: Estimates of lineage-specific change in gene expression levels in the liver. dH (top) and dC (bottom), values were randomly ordered along the x-axis (same order for both plots). Green bars represent positive d values (i.e, expression has increased compared to the rhesus macaque outgroup). Red bars represent negative d values (i.e, expression has decreased compared to the rhesus macaque outgroup).                 	   �





Figure S10: Estimates of lineage-specific change in gene expression levels in the liver. dH (top) and dC values (bottom), ordered from lowest to highest. Green bars represent positive d values (i.e, expression has increased compared to the rhesus macaque outgroup). Red bars represent negative d values (i.e, expression has decreased compared to the rhesus macaque outgroup)	 �





Figure S11: Correspondence between studies/platforms. Log ratios estimated using the pilot cDNA array (x-axis) vs the Nimblegen array (y-axis), using a different set of individuals in each study. The first plot shows chimpanzee to human log ratios and the second plot shows rhesus macaque to human log ratios. Red dot indicate genes which were identified as diferentially expressed in both platforms.
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Figure S12: Classifying genes according to between-individual variance. The distribution of between-individual variance for the three tissues (top to bottom: liver, kidney, and heart). The variance values (y-axis) are plotted against the ranks (x-axis). The dotted line represents the chosen cutoffs, based on a shift in the slope of the distribution (0.4 for liver and kidney, 0.3 for heart).
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Figure S13: Examples of expression patterns that are consistent with the action of stabilizing selection. Log expression profiles in liver for a sample of six genes whose regulation has likely evolved under stabilizing selection. Each panel illustrates a single gene, where the mean (±s.e.m) log expression level (y-axis) of each species (x-axis) is plotted relative to the human value.
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Figure S15: Examples of expression patterns that are consistent with the action of directional selection. Log expression profiles in liver for eight genes whose regulation has likely evolved under directional selection in human. Each panel illustrates a single gene, where the mean (±s.e.m) log expression level (y-axis) of each species (x-axis) is plotted relative to the human value. .
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Figure S18: Gel pictures of the 54 total RNA samples. 
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Figure S14: Excluding lowly-expressed genes. Average intensity (y-axis) is plotted against estimates of the between-individual variance (x-axis) for each tissue. The broken red line is the cutoff below which genes are likely not to be expressed, hence we excluded these genes from the enrichment analyses.
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Figure S16: Comparison of data from chimpanzees across tissues. Venn diagram showing the number of genes whose regulation evolves under directional selection in chimpanzee.
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Figure S17: Protein evolution and selection on gene regulation. Cumulative distributions of dN/dS values (x-axis) of (A) genes whose regulation likely evolved under stabilizing selection in the liver of all three species (red), under stabilizing selection only in rhesus macaque and chimpanzee (green), under directional selection in the human liver (blue), or for which we do not have evidence for selection on gene regulation in the liver (black). 





As can be seen from the main paper, genes whose regulation likely evolved under directional selection in humans have low dN/dS values. One concern, however, is that such genes were under stabilizing selection for most of the time since the divergence of human and rhesus macaque, and so comparing such genes to those whose regulation evolved under no selection (i.e., the “other” group) may bias the dN/dS values downward. While we cannot study directly the selection pressures on gene regulation in the common ancestor of human and chimpanzee, we attempted to address this issue by identifying a fourth group of genes: Those whose regulation likely evolved under stabilizing selection in rhesus macaque and chimpanzee, but not in human. The regulation of genes in the fourth group likely evolved under stabilizing selection since the divergence of human and rhesus macaque, except in the human lineage. As can be seen below, dN/dS values for the fourth group are not reduced (results are shown for liver expression data; results were similar regardless of the tissue).
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