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Abstract

Handedness and language are two well-studied examples of asymmetrical brain function in 

humans. Approximately 90% of humans exhibit a right-hand preference and the vast majority 

show left-hemisphere dominance for language function. Although genetic models of human 

handedness and language have been proposed, the actual gene expression differences between 

cerebral hemispheres in humans remain to be fully defined. In the present study, gene expression 

profiles were examined in both hemispheres of three cortical regions involved in handedness and 

language in humans and their homologues in rhesus macaques: ventrolateral prefrontal cortex 

(VFC), posterior superior temporal cortex (STC), and primary motor cortex (M1C). Although the 

overall pattern of gene expression was very similar between hemispheres in both humans and 

macaques, weighted gene correlation network analysis (WGCNA) revealed gene co-expression 

modules associated with hemisphere, which are different among the three cortical regions 

examined. Notably, a receptor-enriched gene module in STC was particularly associated to 

hemisphere and showed different expression levels between hemispheres only in humans.
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Introduction

Humans display structural and functional asymmetries in brain organization, most notably in 

relation to handedness and language. For example, right-handedness across all human 

societies exceeds 85% (Cashmore et al., 2008). No comparable species-level handedness 

bias has been observed in rhesus macaques (Macaca mulatta; Fitch and Braccini, 2013; 

Papademetriou et al., 2005) or other monkeys (Vauclair and Meguerditchian, 2007; Spinozzi, 

2007), although chimpanzees display some degree of population-level hand preference for 

certain manual activities (Hopkins et al., 2005, 2004; Hopkins and Leavens, 1998). 

Archaeological data support the notion that increased right-handedness evolved along the 

human lineage (Uomini, 2009, Frayer et al., 2012, Frayer et al., 2010; Lozano et al., 2009).

The left hemisphere specialization for language is one of the earliest observations of human 

brain asymmetry, dating back to the 19th century (Broca, 1865; Wernicke, 1874). In 

particular, two cerebral cortical regions have attracted the most attention for their 

involvement in speech production, grammatical processes, and language comprehension: 

Broca’s area of the ventrolateral prefrontal cortex (VFC) and Wernicke’s area of the 

posterior superior temporal cortex (STC) (Dapretto and Bookheimer, 1999; Dronkers and 

Ogar, 2004). Both cortical areas show population-level left hemisphere functional 

dominance in humans (Hugdahl and Westerhausen, 2012). Which aspects of vocal 

communication are asymmetrically controlled in nonhuman primate brains or how 

homologues of these structures are involved in vocal processing is not yet entirely clear (Gil-

da-Costa et al. 2006; Sun and Walsh, 2006; Wilson et al. 2015). Nonetheless, chimpanzees 

also show left-sided enlargement in some aspects of the morphology of the homologues of 

both cortical areas (Cantalupo and Hopkins, 2001; Gannon et al., 1998; Spocter et al., 2010).

Handedness and language are strongly associated, with about 97% of right-handed 

individuals demonstrating left hemisphere specialization for language function (Geschwind 

et al., 2002). Although it is possible that language and handedness originated independently 

in human evolution, it has been argued that these specializations evolved in tandem with 

each other (Corballis, 2003). Both cerebral language dominance and handedness are 

heritable traits, with additive genetic effects estimated to account for about 50% and 25% of 

the variance, respectively (Geschwind et al., 2002). However, for decades, investigators have 

focused on the neuroanatomical and behavioral differences between humans and other 

species, with relatively scant effort devoted to exploring genetic and environmental factors 

that determine individual brain lateralization.

Although heritability estimates would be consistent with single gene causation models 

(Geschwind et al., 2002), multi-locus models of combined weak effects have been shown to 

be more suitable to explain the genetic background of these complex brain and behavioral 

phenotypes (Armour et al., 2014; McManus et al., 2013, Somers et al. 2015). At the gene 

expression level, several studies have focused on elucidating lateralized brain functions in 

humans; however, the existence of single genes with differential inter-hemispheric 

expression is still under debate. It has been suggested that the number of such genes is small, 

if any (Johnson et al., 2009; Pletikos et al., 2013), although lateralization is more robust 

when assessed at the level of gene functional groups (Karlebach and Francks, 2015). 
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Nonetheless, studies of fetal human brains have identified genes with lateralized expression 

(Sun et al., 2005). Of these, LMO4 is the most notable, especially since unilateral 

manipulation of its expression in mouse cortex results in a high degree of functional 

behavioral laterality (Li et al. 2013). To our knowledge, few genome-wide association 

studies (GWAS) in humans have examined handedness (McManus et al., 2013) and none has 

been conducted for language lateralization (Ocklenburg et al., 2014). Nevertheless, human 

neuroimaging literature suggests that functional leftward lateralization is evident in infancy 

and becomes more robust and pronounced in adulthood, suggesting a strong genetic 

component to this trait (Agcaoglu et al., 2015; Groen et al., 2012). In the current study, we 

performed microarray analyses of human and rhesus macaque monkey brains to explore 

gene expression between hemispheres in specific neocortical regions involved in lateralized 

functions, including the VFC, STC and primary motor cortex (M1C). Moreover, weighted 

gene co-expression network analysis (WGCNA; Zhang and Horvath, 2005) was also 

performed to identify region- and hemisphere-associated gene co-expression modules.

Investigations to date have been unable to clearly identify genetic variants correlated with 

brain asymmetry in humans in cortical regions involved in language and handedness. 

Therefore, in this study we tested whether more subtle variation in expression level among 

genes interacting in networks might show hemispheric asymmetry in humans. To test 

whether such hemispheric asymmetry in co-expression networks of humans are 

evolutionarily novel, we also analyzed homologous cortical regions in macaque brains.

Materials and Methods

Human and rhesus macaque samples

In the present study, we used a subset of microarray data from a publicly available dataset 

(Kang et al., 2011), including data from three human neocortical areas: ventrolateral 

prefrontal cortex (VFC), superior temporal cortex (STC) and primary motor cortex (M1C). 

CEL files were retrieved from the GEO database (GSE25219). 74 brain samples from 17 

different individuals were included in the analyses, ranging from adolescence to late 

adulthood (periods 12–15 in Kang et al. 2015) and with a RIN number ≥ 8. Among the 

samples used, both sexes were represented (mean age was 36.4 ± 18.7), including 38 female 

and 36 male samples (Supplementary Table 1).

Rhesus macaque (Macaca mulatta) whole brains were obtained from Wisconsin National 

Primate Research Center (Madison, WI) and University of California at Davis. All animals 

were housed in accordance with NIH, USDA, and AWA regulations, and overseen by the 

IACUCs of the respective institutions (National Research Council (US) Committee for the 

Update of the Guide for the Care and Use of Laboratory Animals, 2011). Frozen brain 

samples were stored at −80 °C until use (Table 1). In total, 30 samples including STC, VFC 

and M1C homologous areas from macaques were obtained from brains dissected from 5 

adult individuals (3 females and 2 males with mean age 5.5 ± 2.4, Table 1). From each 

hemisphere, samples were dissected from the inferior ramus of the arcuate sulcus in the 

ventrolateral prefrontal cortex (homologous to area 44 of human VFC; Petrides et al. 2012), 

the posterior superior temporal cortex (homologous to human STC; Gannon et al., 2008), 

and the precentral gyrus from the region corresponding to forelimb representation in the 
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primary motor cortex (M1C). Cortical areas dissected in macaque brains are displayed in 

Figure 1A. RNA extraction and hybridization were performed following standard protocols.

Array hybridizations for macaque samples

For each specimen, 50–100 mg of tissue was homogenized in 1 mL of TRI reagent (Applied 

Biosytems/Ambion, Austin, TX) in a glass-Teflon tubes and RNA extraction was performed 

following the manufacturer’s protocols. Total RNA was assessed for quality with an Agilent 

2100 Bioanalyzer G2939A (Agilent Technologies, Santa Clara, CA) and Nanodrop 8000 

spectrophotometer (Thermo Scientific/Nanodrop, Wilmington, DE). Only the DNA-free 

RNA isolations with ABS 260/280 ratios above 1.9 and with RIN number over 8 were 

selected for further analyses.

Hybridization targets were prepared with an Ambion WT Expression Kit (Applied 

Biosystems/Ambion, Austin, TX) and Affymetrix GeneChip WT Terminal Labeling Kit 

from total RNA, hybridized to individual GeneChip® Human Gene 2.0 ST arrays in 

Affymetrix GeneChip® hybridization oven 645. Microarrays were washed in Affymetrix 

GeneChip® Fluidics Station 450 and scanned with Affymetrix GeneChip® Scanner 7G 

according to standard Affymetrix GeneChip® hybridization, wash, and stain protocols 

(Affymetrix, Santa Clara, CA).

Gene Expression Analysis

Human and macaque datasets were always analyzed independently to avoid potential 

problems with cross-platform normalization (Rudy and Valafar, 2011). In the human dataset 

22,011 probes were collapsed to 17,634 annotated genes. In rhesus macaque samples the 

Affymetrix Macaque Gene 2.0 ST Array platform was used, which included 40,489 probes, 

of which 25,664 were collapsed to annotated genes (63%). Of these, 11,554 (45%) where 

shared by both platforms and analyzed independently in both datasets.

Microarray data were analyzed in R using packages implemented in Bioconductor 
(Gentleman et al., 2004). Expression values were normalized using the RMA (Robust 

Multichip Average) algorithm (Irizarry et al., 2003) and differential expression analysis was 

performed using the Limma package (Gentleman et al., 2005). The linear modeling and 

empirical Bayesian moderated t-test (Smyth, 2004) implemented with the Limma function 

eBayes was applied to pairwise comparisons to identify differential expression between 

hemispheres in each brain region analyzed in human and macaque data. Gene enrichment 

was assessed using GOrilla (Eden et al., 2009), and then visualized using REViGO (Supek et 

al., 2011). The statistical significance threshold level for multiple testing was adjusted using 

BH FDR analysis (P<0.05).

Principal component analyses (PCA) and distance correlations

Principal component analyses (PCA) were performed using the prcomp function in R 

software (R core team, 2014) for humans and macaques independently. In addition, vectorial 

Euclidian distances were calculated from right to left hemispheres within each individual 

sample based on the Spearman Rank correlation ((1 − r)/2).
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Weighted Gene Co-expression Network Analysis

WGCNA has the power to reveal the underlying organization of the transcriptome of a 

system based on the degree of gene neighborhood sharing defined as co-expression 

relationships (Konopka et al., 2012; Miller et al., 2010; Oldham et al., 2006; Winden et al., 

2009). It also alleviates the multiple comparison problem inherent in the data: allowing for 

only a few modules to be tested for associations instead of thousands of genes (de la Fuente, 

2010; Langfelder and Horvath, 2008; Zhang and Horvath, 2005). Co-expression network 

analyses were performed in R software and the WGCNA library following standard 

protocols (Langfelder et al., 2011, 2008). For computational efficiency, weighted networks 

were generated using the subset of genes showing consistent levels of expression across 

samples from the human dataset and the macaque dataset. Expression probes had to reach 

the threshold of a mean log2 expression value of 6 across all samples to be included in the 

WGCNA analyses (met by 8,825 of the 11,554 (76%) overlapping genes). Co-expression 

network analyses were performed in R software and the WGCNA library following standard 

protocols (Langfelder et al., 2011, 2008) and were constructed for the human samples by 

grouping: 1) cortical areas (STC, VFC, M1C) assessed independently; and 2) hemispheres 

(left and right) within regions. Preservation of the modules was evaluated between networks 

using the method described by Langfelder (2011), where Z summary >10 indicates that the 

module is preserved; 2< Z summary <10 show weak to moderate evidence of preservation; 

and Z summary <2, means no evidence of preservation. Comparative analysis using 

macaque samples were performed to put discoveries in some evolutionary context. For 

macaques, all collected brain samples were used, which encompassed similar age stages as 

in the human sample (Table 1). To determine hub genes in the defined modules, intra-

modular connectivity was calculated according to methods described in the literature (Dong 

and Horvath, 2007; Horvath and Dong, 2008; Oldham et al., 2008). To enable comparisons 

among cortical regions and between species, each co-expression network was re-assigned 

such that modules with significant overlap with a human module were assigned the same 

label. The “userListEnrichment” function in the WGCNA package was used for the cell-type 

marker determination analysis. The function measures the enrichment between inputted and 

premade collections of brain-related lists (Miller et al., 2011).

A smaller subset with the same sample size as the macaque dataset was created from the 

human data to enable comparisons between species unbiased by sample size. This reduced 

human dataset was created by a procedure of repeatedly randomly selecting 10 samples for 

each brain area from both hemispheres (5 from left and right hemispheres, respectively) to 

obtain 30 samples in total. This randomized simulation was repeated 100 times and gene 

significance (GS) and module correlations were generated. Furthermore, module 

preservation was also evaluated in a simulated dataset compared to the original human 

dataset.

Examination of Candidate Genes

To examine the expression of candidate genes related to handedness and language function, 

we referred to Brandler and colleagues (2013) to retrieve single nucleotide polymorphisms 

(SNPs) associated with relative hand skill in individuals with dyslexia. Identified SNPs with 

the genome-wide level of significance 10−4 were collected and mapped to genes using a 
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window of 100kb on both sides of each SNP. This yielded a total of 110 genes, 43 of which 

were present in our dataset (Supplementary Table 2). These genes were identified in the 

arrays and tested to determine whether they were enriched in significant p-values in the left-

right contrasts of cortical areas in humans and macaques.

In parallel, a second candidate list of genes previously related to handedness, language 

and/or brain asymmetry was obtained based on literature (Supplementary Table 3) and 

further tested in our dataset.

Results

Principal component analysis of gene expression across regions, hemispheres, and 
species

PCA revealed that the first two principal components (explaining 35.9% and 21.4% of the 

variance in human and macaque samples, respectively) present no clustering based on 

hemispheres or cortical region in either humans or macaques (Figure 1B). This is consistent 

with previous findings based on the source of the human dataset which reported only minor 

differences among cortical areas, with the main component of variation corresponding to 

developmental period (Kang et al., 2011; Pletikos et al., 2013).

Differentially expressed genes between hemispheres

Interhemispheric analyses in gene expression showed that out of the 11,554 common probes 

evaluated in the human and macaque arrays, not one gene was found differentially expressed 

between hemispheres after correcting for multiple testing (FDR<0.05). This observation was 

consistent when using the respective unfiltered probes (22,011 for human and 44,489 for 

macaque) and also in further contrasts performed individually for particular regions and 

dividing by sex.

In the human samples the top 2.5% genes ranked by expression fold-change between 

hemispheres were significantly enriched in STC for categories such as detection of stimulus 
in sensory perception (GO:0050906, p=1.04e-9), transmembrane receptor activity (GO:

0099600, p= 7.22E-7) and signaling receptor activity (GO:0038023, p=1.06e-4), among 

others. In VFC, only one, and only marginally significant enrichment was found for renal 
absorption (GO: 0070293, p=3.23e-2), and no enrichment in M1C was found. In macaques, 

significantly enriched categories of metabolic and catabolic processes were found only in 

STC (GO:0044273, p=1.66e-3), while no enrichment was found in the other regions 

(Supplementary Table 4).

Spearman distance analyses of interhemispheric gene expression displayed a trend for 

increased divergence in humans compared to macaques in the three regions studied (Figure 

1C). However, only M1C and STC displayed statistically significant differences between 

macaque and humans after Mann–Whitney U test (M1C, p = 0.02, W = 11; VFC, p = 0.17, 

W = 18; STC, p = 0.05, W = 14).
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Weighted Gene Co-expression Network Analysis

1. Comparative analysis of human versus macaque networks—WGCNA of the 

three human cortical regions revealed 12 modules ranging in size from 149 (module 7) to 

3,139 (module 3) genes. Twelve genes were not correlated strongly enough to genes in any 

of the 12 modules, and were thus considered background (denoted by the color gray and 

named hereafter as module 0). The expression profiles of transcripts inside a given module 

were summarized by their first principal component (referred to as module eigengene, ME). 

All modules except for two were significantly correlated to age, and one module was 

significantly correlated to cortical area (module 5, p=0.001), but no module was correlated 

with hemisphere (Figure 2A). We found module 1 to be enriched in astrocytic genes 

(p=8,31e-109), both module 2 (p=4,05e-22) and 8 (p=0,0013) were enriched in 

mitochondrial genes; while module 4 (p=3,83e-05), 6 (p=45,98e-12), 10 (p=1,15e-17), 11 

(p=6,81e-07) and 12 (p=7,39e-10) were specially enriched in neuronal genes. In particular, 

module 4 contained genes enriched in glutamatergic synapses (p=9,81e-13). Module 5 was 

enriched in oligodendrocytes (p=2,62e-130) and white matter (p=3,17e-09). Other modules 

were not particularly enriched in any cell type.

In the macaque samples, nine modules were identified. Resulting modules ranged from 121 

(module 1) to 2,224 genes (module 5), with 109 genes being considered background. 

Interestingly, one macaque module was significantly correlated to cortical area (the module 

5, p=3e-04), coinciding with the one that was correlated in humans and showing good 

preservation between both species. GO analysis of this module (module 5 in humans) 

revealed pathways linked to biological adhesion (adj-P=7,19e-3), regulation of nervous 

system development (adj-P=8,73e-3), cellular development process (adj-P=7,72e-3), and 

regulation of neurogenesis (adj-P= 1.11e-02). Three modules were correlated to age 

(modules 3, 7 and 9); however, none was correlated with hemisphere. Overall, both human 

and macaque modules showed high similarity with previously described brain co-expression 

networks which confirm their reproducibility and validity (Cahoy et al., 2008; Miller et al., 

2010; Oldham et al., 2008, 2006).

Finally, the function modulePreservation() was used to assess the overall significance of the 

observed preservation statistics (Langfelder et al., 2011). In all cortical areas, module 1 was 

always poorly preserved in macaque brains (Z-summary < 10). Interestingly, this module 

was strongly enriched for astrocytic markers and microglia-type 2 in all regions. Hub genes 

for this module were: AGT (mostly present in astrocytes), WLS, and NOTCH2. Two other 

modules (2 and 9) also differed between species in STC and VFC. In contrast, five other 

modules (M3, M4, M5, M11 and M12) were always well preserved (Z-summary > 10) in the 

surveyed regions (Figure 2B).

2. Hemisphere-associated modules in humans—Gene co-expression modules were 

produced for each cortical area in the human sample and their eigengenes correlated to 

different factors including age and hemisphere. Across all regions, the trait that captured 

most of the variance was age. In human STC, however, module 3 was significantly 

correlated to hemisphere. This human STC module contained 2,372 genes with CCDC78 as 

the hub gene, and had a ME correlation of -0.46 (p=0.03) with hemisphere (Figure 2 and 
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3A). Among the GO categories most enriched in this STC module were receptor activity 

(GO:0004872, p-FDR=5,76e-8), molecular transducer activity (FDR=2.88e-8) and serine-

type endopeptidase activity (GO: 0004252, p-FDR=1,68e-06) among others (Table 2). 

Furthermore, some of the genes in this STC module have been associated with brain 

asymmetry and language in previous research: DRD4 (Atabay et al., 2014), AR (Medland et 

al., 2005; Xiao and Jordan, 2002), CNTNAP2 (Vernes et al., 2008), COL4A2 (Eicher et al., 

2013), LAMA5 (Brandler et al., 2013) and LEFTY1 (Medland 2009). Another gene in this 

module was PCSK9, a family member of PCSK6, which has been reported to be associated 

to hand skill (Brandler et al., 2013).

In human VFC, module 11 was correlated to hemisphere with a module significance of -0.33 

(P =0.1, Figure 3). Genes in this module (n=639) were not enriched in any GO category, 

although it contained mainly neuronal (p=2,71e-12) and nuclear genes (p=1,56e-05). Among 

the genes in the module, four were previously related to brain asymmetry and reading 

disabilities: DAZAP1 (Luciano et al., 2013), LMO4 (Sun et al., 2005), PLEKHA1 (Eicher et 

al., 2013) and NBEA (Medland, 2009).

Finally, in human M1C, we also found that module 5 was correlated to hemisphere (Module 

Significance=−0.32; p=0.1, Figure 3). This module, which contained 297 genes, was 

enriched in categories such as regulation of locomotion (GO:0040012) and cell migration 

(GO:0016477). Interestingly, one of these genes was PCSK6. This gene has been 

consistently linked to handedness in previous studies and is probably the only gene 

identified to play a role in handedness so far (Arning et al., 2013; Brandler et al., 2013). 

Also, among the genes in the module there were two genes, RCAN3 and DAB2, which have 

been previously associated with language abilities in genome-wide studies (Luciano et al., 

2013; Nudel et al., 2014). Genes in modules correlated to hemisphere were evaluated to 

identify the number of overlapping genes (module 11 in human VFC, module 3 in STC and 

module 5 in M1C) and only 1 gene was present in the three modules: RSPH3.

Notably, unlike humans, no significant hemisphere-associated modules were found in any of 

the three cortical areas in macaque samples. To evaluate reproducibility of the results 

obtained, bootstrap re-sampling was performed using 100 replicates of random human 

subsets matching the macaque sample size (n=30, 10 samples per region). Hemisphere 

correlation was analyzed in each brain area of the human bootstrap resampled dataset, 

yielding similar results to the complete human dataset. Briefly, modules were strongly 

preserved between the complete and resampled human dataset and module 3 remained 

correlated to hemisphere in STC, although other new modules appeared due to a 

fragmentation of the network topology (Figure 3A). The spread of GS over the human 

downsampled data distribution was also assessed and the likelihood of obtaining a human 

STC module 3 with the same GS than in the macaque dataset was estimated to be low 

(permutation, empirical p-value < 0.03) (Suppl. Figure 1).

3. Module Preservation between Hemispheres—To assess the differences in the 

organization of the transcriptome between left and right hemispheres in humans, separate 

co-expression networks were constructed for each region in each hemisphere independently. 

In this approach, the left hemisphere was used as the reference network and compared to the 
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right. Using low sensitivity cut-off methods, all modules were found to be preserved 

between hemispheres (Z summary>10) in all regions.

Enrichment for candidate genes

All the SNPs reported in a previous language-related genome-wide association study 

(Brandler et al. 2013) were collected (Supplementary Table 2). A “candidate module” 

composed of all the candidate genes was constructed and the correlation of the module’s 

eigengene to hemisphere was assessed in each brain region. Similarly, a second candidate 

module was constructed according to previously reported genes found in the literature 

(Supplementary Table 3). The association of the candidate modules was not different from 

1000 randomized same-size samples of genes drawn from the total dataset. In all three 

cortical areas, modules that we found to be particularly associated with hemisphere (module 

3 in STC, module 11 in VFC and module 5 in M1C) were significantly more associated to 

hemisphere than the bootstrapped random modules and the “candidate modules”, after 

Kruskal-Wallis test (STC: p=4.8e-111; VFC: p=1.5e-107; M1C: p=2.6e-61) (Figure 3B).

The 43 candidate genes from Brandler et al. were further tested for enrichment of genes in 

each cortical region separately. Although not significant, approximately 30% of the 43 

candidate genes were found in the human STC module 3.

Discussion

Functional brain asymmetry was initially thought to be uniquely human, reflecting species-

specific processing demands related to language and fine motor control of the hand. 

However, functional and structural asymmetries have now been identified in many 

nonhuman primates and other species (Corballis, 2009; Frasnelli, 2013; Guadalupe et al., 

2016; Ocklenburg et al., 2013a). It is still unclear whether cerebral lateralization is an effect 

of differential gene expression and when in development these patterns might arise. Our 

results indicate relatively subtle hemispheric asymmetry at the level of differential gene 

expression, in line with previous studies (Johnson et al., 2009, Karlebach and Francks, 2015; 

Pletikos et al., 2013). This observation was consistent across cortical regions in humans and 

macaque monkeys. It is possible that subtle changes occur at the level of the expression of 

individual genes that lead to differential hemispheric functioning, but which cannot be 

captured by the microarray approach or which are masked by statistical thresholds that are 

too stringent (Williams and Haines 2011). Although the PCA of total gene expression did 

not show any overt clustering in relation to hemisphere or cortical region in the human or 

macaque samples, we demonstrate here that human brains display relatively greater gene 

expression differences between left and right hemispheres than do macaques in all the 

regions studied. M1C showed the greatest global gene expression distance between 

hemispheres and differed significantly in interhemispheric distance between humans and 

macaques. This may be interpreted to be consistent with the strong hand preference observed 

in almost all human cultures and ethnicities (Corballis, 2003; Coren and Porac, 1977), 

whereas such hand dominance is not evident in macaques (Fitch and Braccini, 2013; 

Papademetriou et al., 2005).

Muntané et al. Page 9

Brain Struct Funct. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



GO categories such as G-coupled receptor activity and signaling receptor activity were 

among the most enriched in genes with greater fold-change between hemispheres in human 

STC, but not other regions, nor in macaque. Thus, this finding suggests that functional 

differences between cerebral hemispheres in human STC may emerge from subtle changes 

in expression of receptors. This result is consistent with the findings of Karlebach and 

Francks (2015) in two-language-related areas (superior temporal sulcus and Heschl’s gyrus), 

which showed expression laterality of GO sets involved in broad processes such as 

transmembrane receptor activity. It remains a possibility that non-significant results found in 

macaques were a consequence of the smaller sample sizes used in our approach. 

Nevertheless, it is noteworthy that the current analyses of the human samples in and of 

themselves were able to reveal more evidence of hemispheric differences in regard to gene 

expression than previously described (Francks, 2015; Johnson et al., 2009, Karlebach and 

Francks, 2015; Pletikos et al., 2013).

Limitations

Due to limited availability of high-quality frozen tissue from both hemispheres in macaque 

and human brain specimens, the present study might have been somewhat underpowered to 

calculate module preservation statistics and associations of low-magnitude. Although results 

indicating greater asymmetry in expression distance measures of humans relative to 

macaques in our analysis might be partially related to comparisons between array platforms, 

it should be noted that variance in all samples was not found to be significantly different 

between human and macaque brain regions using a Kruskal-Wallis test. Additionally, some 

genes had to be excluded from the analyses since they did not reach the inclusion criteria, 

thus it is possible that some valuable information was lost in relation to specific genes. 

Finally, the overall comparative scope of this study is limited due to a lack of a third species, 

making it difficult to draw conclusions about which differences between humans and 

macaques are evolutionary specializations.

Gene Co-Expression Networks

Network-level approaches have been applied to global studies of gene expression in various 

biological contexts (e.g., cancer, mouse genetics, yeast genetics, and analysis of brain 

imaging data; Langfelder and Horvath, 2008) to discern organizational information and 

provide links between genetics, gene expression, and phenotype (Hilliard et al., 2012; 

Vanderlinden et al., 2013). The current study is focused on analyzing gene co-expression 

network structure to discover biological mechanisms associated with hemispheric 

lateralization in language- and motor-related cortical areas.

Module 5, which correlated strongly to cortical region, was also the most conserved between 

humans and macaques, having an overlap of 67% of genes (211/315). This module was 

mainly enriched in categories related to oligodendrocytes and white matter. Thus, 

oligodendrocytes and myelin-associated genes are key in the distinctive molecular biology 

of each cortical region studied (STC, VFC and M1C), supporting also a conserved role of 

this module in the primate brain. In contrast, module 1, which contained mostly astrocytic 

genes, was discovered to be the least preserved module between human and macaque brains. 

This observation was consistent in STC and VFC independently, and possibly reflects 
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increased complexity in the form and function of astrocytes during human cortical evolution 

(Oberheim et al., 2006). Astrocytes are actively involved in synaptic transmission and may 

have played an important role in the evolution of cognitive abilities in humans (Oberheim et 

al., 2006; Robertson, 2014). Moreover, human astrocytes exhibit both structural and 

molecular specializations not shared in other primates (Oberheim et al., 2006), which 

strongly supports a critical role of astrocytes in human brain evolution. Of special interest is 

the fact that this module was strongly enriched in gene categories that modulate the rate or 

duration of neurodevelopment. In particular, genes controlling brain development have been 

shown to be targets of natural selection during human evolution and to also exert a strong 

influence on the size and morphology of specific functional regions of the brain, such as 

sensorimotor cortices and Broca’s and Wernicke’s areas (Gilbert et al. 2005).

Module 3 was found to be related to brain hemisphere in human STC. Despite the fact that 

the module itself, as well as its interconnectivity, was strongly preserved between 

hemispheres, the genes contained in this module were particularly over-expressed in the left 

hemisphere. Interestingly, gene modules constructed with candidate genes drawn from the 

literature were not distinguishable from a random set of genes when tested for association to 

hemisphere. This might be interpreted to suggest that either these candidate genes only play 

a role in the earlier developmental establishment of hemispheric asymmetry and do not 

function to maintain brain lateralization through the adulthood, or that module 3 is more 

lateralized than a “candidate module” constructed with genes described in previous studies 

of brain asymmetry. Module 3 was found to contain several genes previously suggested to be 

involved in brain laterality, namely dopamine receptor D4 (DRD4), AR, CNTNAP2, 

COL4A2, LAMA5, and LEFTY1 (Atabay et al., 2014; Brandler et al., 2013; Eicher et al., 

2013; Medland et al., 2005; Schmidt et al., 2009; Vernes et al., 2008; Xiao and Jordan, 

2002). DRD4 is a G protein-coupled receptor linked to many neurological and psychiatric 

conditions (Schmidt et al., 2009) and has also been connected to behavioral traits in human 

and nonhuman primates (Bailey et al., 2007; Ebstein, 2006). Furthermore, the DRD4 gene 

has been shown to moderate the relationship between resting frontal brain 

electroencephalogram asymmetry (Schmidt et al., 2009) and associations with other 

disorders such as learning disabilities, antisocial behavior, and autism (Atabay et al., 2014). 

This module was strongly enriched in GO categories such as receptor activity and serine-

type endopeptidase activity. Also, receptors were found to be particularly enriched among 

the genes that show larger fold-changes in expression in human STC left-right hemisphere 

comparisons. Previous studies have shown lateralization of multiple receptor types in 

functionally asymmetric brain regions, correlating with the left-sided dominance for 

language (Amunts et al., 2010; Fink et al., 2009). Similarly, genetic variation in other 

receptors such as CCKAR (cholecystokinin receptor linked to dopamine release) and 

NMDA-receptors has been associated with language lateralization (Ocklenburg et al., 2013b, 

2011). Moreover, the nigrostriatal dopaminergic system has been linked to hemispheric 

asymmetries in motor lateralization (de la Fuente-Fernández et al., 2000). Recently, it was 

shown that the KTN1 gene is associated with volumetric differences in brain structures in 

humans (Hibar et al. 2015). KTN1 encodes the protein kinectin, a receptor that allows 

vesicle binding to kinesin and is involved in vesicle transport. Interestingly, KTN1 belongs 

to the human STC module 3 as well. Thus, although the exact functional role of the 
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receptors in hemispheric asymmetry is not clear at present, our results suggest that variation 

in gene expression of receptors may modulate language lateralization in human STC, 

probably through the glutamatergic and dopaminergic pathways.

In human VFC and M1C, although we did not find modules significantly related to 

hemisphere, relationships approaching conventional significance levels were observed 

(p=0.1). Notably, these modules were also more associated to hemisphere than bootstrapped 

random modules and modules constructed with candidate genes in the brain regions studied. 

In VFC, genes previously associated with language or handedness, such as DAZAP1 
(Luciano et al., 2013), LMO4 (Sun et al., 2005), PLEKHA1 (Eicher et al., 2013) and NBEA 
(Medland, 2009) were among the genes in the module most associated with hemisphere 

(module 11). In M1C, module 5 was marginally related to hemisphere (p=0.1), including 

PCSK6, RCAN3 and DAB2 among its genes. PCSK6 is particularly interesting since it is 

the only gene that has been related to handedness with genome-wide significance (Arning et 

al., 2013; Brandler et al., 2013). Notably, the three cortical regions did not share the modules 

related to hemisphere, which implies the involvement of different genes and molecular 

pathways in different language- and motor-related areas.

In summary, the present study supports the conclusion that the evolution of divergence in 

functional asymmetry in the human cerebral cortex is due mostly to modifications of gene 

network interactions rather than to overt hemispheric lateralization in the expression level of 

individual genes. Moreover, we confirm that a gene network highly enriched in receptors is 

correlated with cerebral hemisphere in human STC, but not in macaque.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) Sample preparation in macaque specimens. Dissected areas are highlighted. Modified 

from Scalable Brain Atlas (https://scalablebrainatlas.incf.org). B) Principal component 

analysis (PCA) of human samples (n=74) and macaque samples (n=30) used in the present 

study. Samples are colored by hemisphere as shown in the upper-right legend. Notably, the 

PCA displays no clustering. C) Bar graphs of the measured Spearman distance coefficients 

between left and right hemispheres for gene pairs of human (red) and macaque (blue).
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Figure 2. 
A) Hierarchical clustering and visualization of gene modules in all cortical regions examined 

in the human dataset. The adult human network served as a reference network, module 

colors of other networks were redefined using mantchLabels function in WGCNA R 

package to match the corresponding module in the human network. Modules of co-

expressed genes were assigned to colors corresponding to the branches indicated by the 

horizontal bars beneath the dendrogram. From top to bottom, these bars represent modules 

obtained using the human samples (ALL), STC samples (STC), VFC samples (VFC), M1C 

samples (M1C) and all macaque samples. Intercalated color bars correspond to gene 

significance to hemisphere (Hcor) in the respective samples. Red and blue colors correspond 

to correlation to the trait (being blue, more expressed in left hemisphere and red in right). 

Note that module 3 (in brown, correlated with hemispheric expression) is highly expressed 

in left hemisphere in human STC and well preserved across all brain regions. The latter bars 

(GWAS genes and Reported genes) indicate the location of the genes selected from Brandler 

et al. and from literature review, respectively. B) Preservation of modules between human 

modules in STC (left panel), VFC (middle panel), and M1C (right panel) and their 
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homologous regions in macaque brain. A Zsummary statistic was computed for each module 

as an overall measure of its preservation relating to density and connectivity.
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Figure 3. 
A) Bar graph of mean gene significance (GS) across modules. The higher the mean gene 

significance in a module, the more significantly related the module is to the trait. In the 

figure, the GS to hemisphere is shown for human-STC (upper panel), human-VFC (middle 

panel) and human-M1C (lower panel) samples. Dots in the plots represent the mean GS for 

each module of 100 random bootstraps of the human dataset. While M-11 module in VFC 

was not supported with the bootstrap, M3-STC and M5-M1C where especially associated to 

hemisphere using 100 random bootstraps of smaller sample size. B) A “candidate module” 

(in gray) constructed using the 43 genes most associated to handedness in a dyslexia 

population and a candidate module (in tomato color) constructed with 32 genes previously 

related to brain asymmetry were used to calculate module significance to hemisphere (y-

axes) in the studied regions in humans (STC, VFC, and M1C). In STC (upper panel) the 

“candidate modules” were more correlated to hemisphere (0,2) than in the other brain 

regions. Although, they were not significantly different than the mean of a random module 

of the same size, permuted 500 times (in light blue). Labeled by the module number and 

colored, the module mostly associated to hemisphere in each region is also depicted. In all 

the cortical regions, the discovered module was significantly more associated to hemisphere 

than the “candidate modules” created with previously reported genes. Note that Kruskal-
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Wallis tests in all regions showed significant differences across the three modules 

represented here (STC: p=4.8e-111; VFC: p=1.5e-107; M1C: p=2.6e-61).

Muntané et al. Page 22

Brain Struct Funct. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Muntané et al. Page 23

Table 1

List of macaque brains analyzed in the present study. The brains belong to five different individuals and are 

identified by lab ID. Sex, age, hemisphere and RIN number are also shown in the table.

Number Sample Sex Age Area Hemisphere RIN*

1 36945 F 7.3 y VFC L 8.1

2 36945 F 7.3 y M1C L 8.6

3 36945 F 7.3 y STC L 8.7

4 36945 F 7.3 y VFC R 8.6

5 36945 F 7.3 y M1C R 8.3

6 36945 F 7.3 y STC R 8.2

7 37817 F 5.5 y VFC L 8.4

8 37817 F 5.5 y M1C L 8.3

9 37817 F 5.5 y STC L 8.8

10 37817 F 5.5 y VFC R 8.6

11 37817 F 5.5 y M1C R 8.0

12 37817 F 5.5 y STC R 8.5

13 35787 F 8.6 y VFC L 8.8

14 35787 F 8.6 y M1C L 8.7

15 35787 F 8.6 y STC L 8.7

16 35787 F 8.6 y VFC R 8.8

17 35787 F 8.6 y M1C R 8.3

18 35787 F 8.6 y STC R 9.0

19 38875 M 4.2 y VFC L 8.0

20 38875 M 4.2 y M1C L 8.6

21 38875 M 4.2 y STC L 8.6

22 38875 M 4.2 y VFC R 8.6

23 38875 M 4.2 y M1C R 8.2

24 38875 M 4.2 y STC R 8.7

25 41198 M 2 y VFC L 8.5

26 41198 M 2 y M1C L 8.4

27 41198 M 2 y STC L 8.6

28 41198 M 2 y VFC R 8.9

29 41198 M 2 y M1C R 8.1

30 41198 M 2 y STC R 8.6

*
RIN: RNA integrity number
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Table 2

Functional GO categories enriched in human STC module 3.

GO Term Description P-value FDR q-value Enrichment

GO:0004872 receptor activity 1.61E-11 5.76E-8 1.46

GO:0060089 molecular transducer activity 1.61E-11 2.88E-8 1.46

GO:0099600 transmembrane receptor activity 6.07E-10 7.22E-7 1.49

GO:0038023 signaling receptor activity 1.16E-9 1.04E-6 1.46

GO:0004888 transmembrane signaling receptor activity 1.29E-9 9.18E-7 1.50

GO:0004252 serine-type endopeptidase activity 2.83E-9 1.68E-6 2.37

GO:0008236 serine-type peptidase activity 7.44E-8 3.79E-5 2.09

GO:0004930 G-protein coupled receptor activity 9.46E-8 4.22E-5 1.66

GO:0017171 serine hydrolase activity 1.24E-7 4.9E-5 2.07

GO:0004871 signal transducer activity 4.93E-7 1.76E-4 1.31

GO:0005179 hormone activity 7.61E-6 2.47E-3 2.23

GO:0005125 cytokine activity 1.29E-5 3.83E-3 1.96

GO:0043565 sequence-specific DNA binding 2.25E-5 6.16E-3 1.30

GO:0004175 endopeptidase activity 2.68E-5 6.82E-3 1.52

GO:0005044 scavenger receptor activity 2.68E-5 6.37E-3 2.86

GO:0000981 RNA polymerase II transcription factor activity, sequence-specific DNA binding 3.18E-5 7.1E-3 1.37

GO:0001071 nucleic acid binding transcription factor activity 5.37E-5 1.13E-2 1.25

GO:0003700 transcription factor activity, sequence-specific DNA binding 5.37E-5 1.06E-2 1.25

GO:0038024 cargo receptor activity 6.76E-5 1.27E-2 2.32

GO:0000977 RNA polymerase II regulatory region sequence-specific DNA binding 7.15E-5 1.27E-2 1.37

GO:0001012 RNA polymerase II regulatory region DNA binding 7.15E-5 1.21E-2 1.37

GO:0005201 extracellular matrix structural constituent 8.37E-5 1.36E-2 2.04

GO:0000975 regulatory region DNA binding 1.12E-4 1.74E-2 1.29

GO:0001067 regulatory region nucleic acid binding 1.27E-4 1.88E-2 1.29

GO:0005109 frizzled binding 1.48E-4 2.11E-2 2.49

GO:0005031 tumor necrosis factor-activated receptor activity 2.3E-4 3.16E-2 2.88

GO:0005035 death receptor activity 2.3E-4 3.04E-2 2.88

GO:0001228 transcriptional activator activity, RNA polymerase II transcription regulatory 
region sequence-specific binding

2.38E-4 3.03E-2 1.47

GO:0008528 G-protein coupled peptide receptor activity 2.45E-4 3.01E-2 1.84

GO:0044212 transcription regulatory region DNA binding 2.59E-4 3.08E-2 1.27

GO:0000976 transcription regulatory region sequence-specific DNA binding 3.23E-4 3.71E-2 1.31
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