The Architecture and Evolution of Human and Non-Human Primate Brain Transcriptomes
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SUMMARY
Phenotypic differences between human and non-human primate brains have been described at structural and functional levels, but the underlying transcriptional events have remained elusive. Here, we deep sequenced mRNAs and small non-coding RNAs from 16 brain regions of chimpanzees and rhesus macaques for comparative analyses with the human BrainSpan dataset. We found substantial species differences, including 19.2% of expressed mRNAs and 17.5% of expressed miRNAs displaying human-specific expression. Analyses of regional profiles revealed that the striatum had the highest number of human-specific changes. mRNA and miRNA were grouped into species-specific co-expression modules, including a module with human-specific upregulation, in the striatum, of genes involved in the dopamine biosynthesis pathway. We also found that GABAergic and glutamatergic systems are more conserved than the other neuromodulatory systems analyzed. This study provides a comprehensive resource on the human and non-human primate brain transcriptomes and insights into species-specific transcriptional programs with potential phenotypic differences.




















INTRODUCTION
The genetic differences between humans and closely related non-human primates (NHP), especially chimpanzees, have been characterized as relatively small1,2. Yet, there are immense phenotypic differences, especially in motor, cognitive, and behavioral capabilities3-8, indicating that unraveling the functionally meaningful genotype-to-phenotype correlations is particularly challenging. Variation in transcriptional and post-transcriptional events represents a fundamental process by which genetic differences are diversified to fine-tune biological processes and lead to the emergence of novel phenotypic traits, including those in human evolution. Thus, critical questions in human evolutionary biology concern how the human brain and its transcriptional activity differ from those of NHP9,10. 
	The average size of the human brain is three times larger than that of our closest living relatives, the great apes3. However, despite this large difference6, and the concomitant expansion of certain neocortical areas8, there is limited evidence that any neocortical areas or brain regions are unique to human7. Rather, multiple lines of evidence suggest that some of the homologous regions have undergone microstructural and functional changes during human brain evolution11-13. Nevertheless, the transcriptional changes underlying these differences remain elusive.
	Comparative transcriptome analyses of human and NHP tissues are rooted in the idea that changes in transcriptional profiles, more than coding sequences, underlie many phenotypic differences between humans and NHP9. Although considerable progress has been made in profiling gene expression in human and NHP brains14-17, a systematic survey of both coding and non-coding transcripts across many brain regions of high-quality post-mortem NHP brains has not been conducted. Studies of the human brain transcriptome18-21, including the accompanying BrainSpan study22, have revealed substantial regional differences, further emphasizing the importance of analyzing a wide range of brain regions in NHP. Here, we expand on the existing studies by using RNA-seq, whose agnostic nature allows direct comparison of transcriptomes of different species, to profile coding and non-coding transcripts of eleven areas of the neocortex (NCX), hippocampus (HIP), amygdala (AMY), striatum (STR), mediodorsal nucleus of the thalamus (MD), and cerebellar cortex (CBC) of adult post-mortem chimpanzee (Pan troglodytes) and rhesus macaque (Macaca mulatta) brains. The comparison of these data with the complementary BrainSpan dataset in human (Homo sapiens)22 allowed us to put transcriptional regional diversity into an evolutionary context.


RESULTS
Study design
We used RNA-seq to survey transcriptomes of 16 brain regions, matching the human BrainSpan dataset (Table 1 and Extended Data Fig. 1), from five chimpanzees (3 males and 2 females; 27.0 ± 4.0 years old; postmortem interval (PMI) < 5 hours; tissue pH = 6.44 ± 0.06; RNA integrity number (RIN) = 8.84 ± 0.88) and five rhesus macaques (2 males and 3 females; 9.4 ± 2.2 years old; PMI < 2 hours; pH = 6.94 ± 0.09; RIN = 8.81 ± 1.02) (Supplementary Table 1). Poly-A enriched mRNA-seq was carried out on a total of 247 samples (Supplementary Table 1), producing 6.6 billion reads, of which 4.6 billion were uniquely mapped (Extended Data Fig. 2a and 2b). Small-RNA sequencing was performed on exactly the same set of samples, producing 1.8 billion reads, of which 1.01 billion processed sequences could be uniquely mapped to microRNAs (miRNAs; Extended Data Fig. 2c). Consistent and stringent quality control measures were applied at the level of tissue acquisition and dissection, sample preparation, control spike-in RNAs, sequencing, and data processing (see Extended Data Fig. 3 and Supplementary Information for further description). 
	To avoid biases in comparative data analyses due to the quality of gene annotation for the three species, we developed a computational framework named XSAnno (see Methods) to create a common annotation set of 26,514 1:1:1 orthologous mRNAs, which included 16,531 protein-coding genes, 3,253 long noncoding RNAs (lncRNAs) and other transcript categories (see Extended Data Fig. 4 and Methods). In the small RNA dataset, we focused on miRNAs. To overcome the limitations of the chimpanzee and macaque miRNA annotations, which are less comprehensive than those available for human, we performed a re-annotation of all chimpanzee and macaque miRNAs based on the full suite of annotated human precursor sequences (see Extended Data Fig. 4 and Methods). Both mRNA and miRNA datasets were filtered based on RNA quality, sequencing error, and the number of uniquely mapped reads and analyzed by hierarchical clustering (Supplementary Information, and Extended Data Fig. 5). Genetic distances inferred from SNPs in mRNAs expressed in DFC samples were calculated  (see Methods and Extended Data Fig. 6). As expected from whole genome data2, this analysis revealed that the human specimens exhibited the least intra-species variation while macaques had the greatest, indicating that there was no obvious effect of inbreeding in macaques. 
	Principal component (PC) analysis was used to examine the contributions of various factors to transcriptional differences. For both the mRNA and miRNA data, the first two PC separated the samples by species. PC3 of miRNA separated cerebellum from other brain regions, while mRNA samples were not clustered by brain region in the space of the first three PC (Fig. 1). This analysis revealed that species differences contribute more to the global transcriptional differences than regions or inter-individual variation. 

Inter-species differential expression
We first focused on genes that had expression differences among species for each of the 16 brain regions. For each region, differentially expressed (DEX) mRNAs and miRNAs were identified by comparing generalized linear models, with species as a main factor and batch as a cofactor. Of the expressed mRNA and miRNA orthologs considered in the present analyses, we found 6,389 (38.9%) mRNAs and 603 (40.6%) miRNAs that were DEX between at least two species in one or more regions. Based on post hoc comparisons (Supplementary Table 2), DEX mRNAs and miRNAs were classified by the relationship among species, for example human (H) and chimpanzee (C) expression levels similar to each other and greater than macaque (M) levels: H = C > M (Fig. 2a and 2f). As expected, based on evolutionary relationships, the two most frequent patterns of DEX mRNAs and miRNAs had similar expression levels in human and chimpanzee samples, which together differed from the expression levels in macaque samples (H = C > M and H = C < M).
	This comparison between species also revealed substantial differences in the number of DEX genes in different brain regions, highlighting the importance of a multiregional analysis. For the 3,154 (19.2%) mRNAs with human-specific up- or downregulation (H > C = M or H < C = M), STR, followed by MD and certain neocortical areas, such as V1C and DFC , exhibited the highest number of human-specific DEX genes, whereas A1C, M1C, CBC, and HIP exhibited the lowest number (Fig. 2b). There was no obvious difference in within-group variation across all the analyzed brain regions, which indicates that the differences in DEX numbers are not likely to be caused by technical bias. Functional annotation of the genes with human-specific DEX revealed enrichment for categories such as “cell adhesion”, “plasma membrane part”, “extracellular matrix”, “glycosylation site:N-linked (GlcNAc...)”, and neurobiological processes like “neuron projection”, “dendrite”, and “synaptic transmission” (Bonferroni-adjusted P ≤ 2.79x10-5; Supplementary Table 4). This finding is consistent with previous studies implicating the evolution of these regions and NCX areas in the emergence of some of the most distinctively human aspects of motor control, cognition, and behavior3,6,8,23. 
	While there has been conflicting evidence of a human-specific increase in the number of up-regulated mRNAs24-27, in our study, 15 of the 16 regions show a slightly greater number of genes with human-specific upregulation than downregulation, with human STR being the only region with more downregulated than upregulated genes. Alternatively, chimpanzee displayed an equal number of regions showing up- and downregulation (Extended Data Fig. 7a), while only 2 regions had more upregulated genes in macaque, with 14 showing more downregulated genes (Extended Data Fig. 7b). This result indicates that there is a global trend when it comes to upregulation of gene expression in the evolution of the human brain.
Among the mRNAs with human-specific up- or downregulation, we found 31 that were DEX across all analyzed regions (Supplementary table 3). In contrast, only 3 genes were significantly DEX (H > C = M or H < C = M) exclusively in all eleven NCX areas: TWIST1, RP11-364P22.1 and CTB-78F1.1. TWIST1 (Fig. 2c) encodes a transcription factor mutated in Saethre–Chotzen syndrome, a disorder associated with multiorgan congenital abnormalities and intellectual disability28. TWIST1 also inhibits transactivation by MEF229. According to a recent study30, MEF2A is likely the regulator of a module of co-expressed genes involved in synaptogenesis. Prompted by these reports, we validated human-specific expression TWIST1 by droplet digital PCR (ddPCR) and analyzed its cellular expression pattern in the human NCX by immunohistochemistry. This analysis revealed that TWIST1 protein is localized to the nuclei of NCX neurons, particularly the projection (pyramidal) neurons (Extended Data Fig. 8a), which is consistent with the possibility that the protein plays an upstream, regulatory role in neuronal and synaptic function in the human brain. In contrast to TWIST1, RP11-364P22.1 and CTB-78F1.1 encode putative non-coding RNAs whose functions have not yet been characterized. We also found several genes that displayed human-specific DEX in a subset of NCX areas (Supplementary Table 3). For example, MET, a gene implicated in autism spectrum disorders31, is enriched in the human prefrontal cortex (Fig. 2d). There were also several genes that show human-specific DEX in only one brain region (Supplementary Table 3), such as ZP2 (Fig. 2e), which encodes a protein that mediates sperm-egg recognition32 and is specifically enriched in the human CBC. The human and CBC-specific expression pattern was confirmed by ddPCR and immunohistochemistry revealed that ZP2 is predominantly expressed in cerebellar granular cells (Extended Data Fig. 8b). However, the function of ZP2 in human granular cells is unknown. 
Of the 202 miRNAs exhibiting statistically significant and >2-fold human-specific differential expression, 155 were increased and only 47 decreased in human (Fig. 2e). These include miRNAs previously reported as being more abundant in human, for example miR-941, which has been implicated in neurotransmitter signaling33. However, many have not been previously reported to have species-specific expression profiles. Using ddPCR, we validated three microRNAs (miR-4284-5p, miR-31 and miR-107) based on their expression profiles (Fig. 2f and Extended Data Fig. 9). miR-4284-5p is consistently expressed across all human brain regions but is consistently non-expressed in all chimpanzee and macaque samples.  We selected this miRNA for additional analysis by ddPCR as it was a strong candidate for false-negative signal in chimpanzee and macaque due to a technical failure of the re-annotation, RNA-seq, and/or data analysis.  However, the results of the ddPCR are in agreement with the RNA-seq (Fig. 2g).
Whereas miR-4284-5p was highly expressed in humans, miR-31 was downregulated specifically in human telencephalic regions (i.e., NCX, HIP, AMY and STR), and miR-107 was more abundant in macaque and slightly less abundant in chimpanzee, compared to human (Extended Data Fig. 9). miR-31 has repeatedly been implicated in the repression of several mRNAs that are involved in tumour progression, including metastasis34, but no neural-specific function has yet been reported. In contrast, miR-107 has been reported to regulate several transcripts important for neural function and diseases such as NOTCH235 in gliomas, granulin, which is mutated in frontotemporal dementia36, BACE1, which plays an important role in the pathogenesis of Alzheimer’s disease37, as well as the global miRNA biosynthesis pathway itself by targeting DICER38.

Species-specific regional transcriptional architecture
In addition to species differences at the level of individual regions, we investigated how the regional transcriptional architecture differs among species. For each species, we determined the amount of intra-species regional DEX genes. We found a smaller number of DEX genes in human brains regions, with macaque showing the highest number. This pattern was especially pronounced in NCX areas. Analysis of within-group variation indicated this higher number of DEX genes might partly result from smaller within-group variation in gene expression among macaque samples (Extended Data Fig. 10). We also calculated pairwise correlation matrices of brain regions, using the union of the regional DEX genes in each species, and performed hierarchical clustering (Fig. 3). Comparing the clusters among species revealed several differences in the transcriptional relatedness of brain regions. As expected, the CBC was the most divergent area of the brain in all species, followed by the STR and the MD (in macaque the MD is more divergent from the NCX areas than the STR); HIP and AMY also clustered in the three species, thus clearly separating NCX areas from non-NCX regions. NCX areas were more transcriptionally similar in humans than NCX areas were in either chimpanzees or macaques (Fig. 3). Among these areas, several species differences in clustering were present. Interestingly, the human clustering is more similar to the macaque clustering, with a slight difference in the most distinct NCX area (V1C in human and MFC in macaque), than it is to the chimpanzee clustering. This indicates that the overall transcriptional architecture of the NCX suffered more evolutionary differences in the chimpanzee lineage than in the human lineage. The miRNA clustering pattern of all the analyzed brain regions was very similar in the three species and, as seen in the mRNA clustering, CBC was the most distinct region, while NCX areas were highly correlated. 

Species differences in co-expression of intronic miRNAs and their host mRNA 
Due to the inherent and unavoidable difficulty in accurately predicting miRNA/mRNA target pairs, which have been shown to be highly species- and tissue-specific39, we decided to focus instead on comparing the expression of intronic miRNAs with their ‘host’ mRNAs (see Methods).  Following the liftover of human precursor miRNAs to the chimpanzee and macaque genomes, of the 26,514 orthologous mRNAs analyzed, 814, 777, and 756 contain at least one miRNA within one of their introns in human, chimpanzee, and macaque, respectively (614, 586, and 574, respectively, are expressed in our datasets; Supplementary Table 5). Just under half (274) of the expressed intronic miRNAs in our data were also DEX in at least one species and 81 of these exhibited strong positive correlation with their host gene (Pearson correlation coefficient > 0.5). Six of these 274 miRNAs are intronic to genes that serve exclusively as hosts for their contained miRNAs, and most of these show consistently strong positive correlation in all three species.
We noticed a striking number of important neuronal and signalling genes exhibit very strong positive correlation with their host miRNA(s), such as PDE2A, HTR2C, CLCN5, CALCR, CAMK1D, GABRA3, MAP2K4, and KALRN, suggesting that these processes can be modified due to species differences in mRNA-host miRNA co-expression relationship (Supplementary Table 5). One miRNA, miR-767, lies within an intron of GABRA3 and shows reduced expression and reduced correlation in human compared to both chimpanzee and macaque. Both miRNAs intronic to CALCR (miR-489 and miR-653) are more abundant in macaque and appear more strongly expressed in the AMY and MD than any other tissue. Both mature products of miR-139, intronic and highly positively correlated to PDE2A, are highly expressed in all three species, >2-fold depleted in MD, and >8-fold depleted in CBC compared to other tissues. Two of the three mature miRNAs intronic to HTR2C (miR-1264 and miR-1912) are not highly expressed, but show consistently greater abundance in HIP, AMY, STR, and MD compared to the other tissues, except miR-1912 is not expressed in macaque (Supplementary Table 5).



Species differences in gene co-expression modules
As the DEX analysis focused on single genes and on a limited number of expression patterns, we next applied weighted gene co-expression correlation network analysis (WGCNA; see Methods) to identify clusters (modules) of highly co-expressed genes by searching for genes with similar patterns of variation across samples and species. We identified 229 modules of co-expressed genes, many with distinct regional and/or species expression patterns (Supplementary Table 6; see www.brainspan.org). We then clustered all available miRNAs based on their individual Pearson correlations to the average mRNA module expression profile across all regions and species (Extended Data Fig. 11; see Methods). Using this approach, we identified 24 stable clusters of miRNAs (Fig. 4a), with distinct average expression profiles highlighting widespread species- and/or tissue-specific behavior (Fig. 4b).
Modules with patterns that are shared across all three species include a module (M) containing mRNAs that are enriched in NCX areas (M33), and some miRNA clusters (miM11, miM15, and miM16), which show reduced expression in NCX regions (Fig. 4 and Supplementary Table 6). As expected, the evolutionary conserved modules, such as mRNAs in module M33, are enriched for basal functions like “Homeobox, conserved site” (Bonferroni-adjusted P = 0.02) and “transcription factor” (P = 0.023). Hub genes in this module include TBR1 and SATB2, two genes that have previously been shown to be critical for NCX development40. We also found examples of spatially restricted networks evolutionary conserved in all species, such as M16 enriched in CBC and M129 in MD (Supplementary Table 6; and see www.brainspan.org for visualization of expression patterns of all modules). Genes in M129 are enriched in “cell-cell signaling” (P = 0.04). Genes in M16 are associated with “transcription factor activity” (Bonferroni-adjusted P = 2.9x10-4), “DNA-binding” (P = 3.9x10-4), and “developmental protein” (P = 8.5x10-4). Genes in M16 also anti-correlate very strongly with miRNAs in cluster miM10, which includes miR-137, recently associated with schizophrenia via GWAS41, miR-222-3p and miR-221-3p, which both include the Fragile X syndrome gene FMR1 amongst predicted targets for which mir-221-3p has been experimentally verified42.
In contrast to these shared modules, other mRNA modules were distinguished by species differences. Among human-specific modules, M81, M162, M192 (Supplementary Table 6), and M229 (Extended Data Fig. 12a) were upregulated in all human regions (Supplementary Table 6). Genes in M192 were associated with “oxidative phosphorylation” (P = 0.03), and in M229 with “ribosome” (P = 1.2x10-3). We also found modules that show human-specific decreases in all regions, such as M69 (Extended Data Fig. 12b) and M173 (Supplementary Table 6). No significant pathways were identified for M81, M69 and M173 after Bonferroni adjustment. 
Some modules showed species differences in only a small subset of regions. M92 and M215 are selectively increased in human NCX regions (5a and Extended Data Fig. 12c, respectively; Supplementary Table 6). In contrast, M32 is composed of genes, including the previously described TWIST1, that are upregulated in chimpanzee and macaque, but not human, cortical areas (Fig. 5b). M130 is composed of genes that were upregulated in human AMY, HIP, and STR, which is the region with the most interspecies DEX genes (Fig. 5c). Interestingly, 2 genes in this module are involved in the synthesis of dopamine: TH and DDC in M130. Due to this finding, we carried out a more detailed analysis of genes involved in dopamine metabolism.

Human-specific expression patterns of dopamine synthesis genes
Dopamine is synthetized from L-tyrosine by two enzymes in consecutive steps: tyrosine hydroxylase (TH) converts L-tyrosine into L-dihydroxyphenylalanine (L-DOPA), and then, DOPA decarboxylase (DDC) converts L-DOPA into dopamine (Fig. 6a). We found that TH and DDC showed higher expression levels in both mRNA (Benjamini-adjusted P = 3.5×10-4 and 1.4×10-3, respectively) and protein in the STR of humans compared to chimpanzees and macaques (Fig. 6b-e). Furthermore, the genes coding for two of the enzymes involved in dopamine degradation, COMT and MAOA, did not show any significant expression differences between species (Extended Data Fig. 13). Together, these findings indicate that humans may have higher levels of dopamine in STR, because humans are producing more dopamine synthesis enzymes, which is then exposed to the same level of degrading enzymes as in the other species. It has been reported that dopamine is involved in several cognitive processes, especially working memory, reasoning, and overall intelligence43, all of which show significant differences in humans. It is, therefore, possible that these differences might be partly explained by this increase in dopamine levels. Surprisingly, we found that 3 genes that encode dopamine receptors – DRD1, DRD2, and DRD3 – were downregulated in the human STR (Extended Data Fig. 14), suggesting that a homeostatic plasticity may exist in the expression of genes associated with dopamine signaling. 
	
Evolution of gene expression associated with neurotransmitter receptors
Although differences in neurotransmitter systems may alter physiological properties of neural circuits because the levels of neurotransmitters will affect synaptic transmission, the composition of receptors is also relevant.  We generated co-expression networks between neuroreceptor subunits and measured the conservation of these networks among the three species. A Z-statistic and empirical p-values were calculated to evaluate the preservation of the network based on permutation tests (see Methods). We limited further analysis to four systems that involved enough genes to provide reliable comparisons: glutamatergic, GABAergic, serotoninergic, and cholinergic (Fig. 7a-d). The major excitatory and inhibitory systems in the brain, namely the glutamatergic and the GABAergic systems, have similar correlation networks among species. Hierarchical clustering of receptor subunits revealed conserved co-expression of GABRA1, GABRB2, and GABRG2, representing the most common assembly of GABAA receptors44 (α1β2γ2; Extended Data Fig. 15a). Similarly, GRIA2 and GRIA3, subunits of AMPA receptors, were co-expressed in all three species (Extended Data Fig. 15b). This conservation is unsurprising given that these two systems are ubiquitous and have a vital role in brain function. On the other hand, among the neuromodulatory systems analyzed, the cholinergic and the serotoninergic systems have significantly different networks: human and chimpanzee serotoninergic and cholinergic networks are different from macaque (Fig. 7e-f). The role of serotonin in cognition and its involvement in some neurological diseases, such as schizophrenia are well reported45. Acetylcholine has also been implicated in the processes of learning and memory and neurodegenerative diseases46. Importantly, interactions between these two neuromodulatory systems seem to play a critical role in cognitive processes47, reinforcing the idea that the uncovered differences in these two neuromodulatory systems receptor networks might be relevant to species differences in cognition.     

DISCUSSION
The reported comparative analysis of brain transcriptome and its regional architecture revealed several novel differences among species, including some that are human-specific. However, in order to provide valuable insights from this data, we have had to overcome some limitations associated with our samples. Stringent criteria in all the analyses were applied in order to minimize false positives. This may have precluded us from detecting more subtle, but potentially important, differences. Also, all of these analyses were performed in postmortem specimens with different ante- and postmortem conditions, which could alter RNA integrity. Although RNA-seq allowed for more in-depth analysis of the transcriptome, including some low-expressing transcripts and their associated regional patterns, it also carried some problems. The hardest one to circumvent was related to the differences at the genome annotation level. Differences in the quality of genome annotation make it difficult to accurately calculate differential expression between species. Finally, while we made attempts to link transcriptional patterns with specific biological processes, it is important to notice that differences in mRNA levels do not necessarily correspond to differences at the protein level, and may often not have functional consequences50. As these concerns are addressed in the future, it will be possible to uncover additional insights into the transcriptional foundations of human and NHP brain evolution. 
	Despite of all the caveats, we found that the STR, unlike previous reports of the prefrontal NCX16, is the region with the highest number of DEX genes, followed by MD and NCX areas such as V1C and DFC. Even though we found more differences in these structures, the effects of the underlying human-specific transcriptional changes may have broader functional consequences due to patterns of connections among the structures. For example, the MD projects mainly to the prefrontal cortex and transcriptional changes in this structure can, therefore, affect specific NCX areas, through their connectivity. Similar to previous reports24-26, we also found a slightly higher number of DEX genes in humans exhibited up-regulation, a pattern not seen in chimpanzee or macaques. This result corroborates previous findings that show an enrichment of up-regulated gene expression in the human brain. 
	Our multi-regional study design allowed us to specifically analyze species differences in intra-species clustering of regions based on DEX genes. This analysis revealed that there is a human-specific clustering of perisylvian NCX areas involved in speech and language. Interestingly, the human NCX areas appear to be more transcriptionally similar than chimpanzee and macaque NCX. However, we observed smaller within-group variation in gene expression between macaque samples than between both human and chimpanzee samples, which may have increased the statistical power of differential expression analysis in macaque. The inter-species differences in between-brain-region and within-brain-region variation may result from the differences in environment and lifestyle, as well as the ante- and post-mortem factors.
We also found several human-specific modules of co-expressed genes, including two with genes coding for dopamine biosynthesis pathway as hub genes. Since the genes involved in the anabolic pathway were up-regulated and the genes involved in the catabolic pathway did not show any statistically different expression, we hypothesize that humans may have higher levels of dopamine than the other species analyzed although this effect was accompanied by a down-regulation of genes coding the dopamine receptors D1, D2, and D3. It will be important to analyze the protein levels of the receptors to confirm that humans have lower amounts of these receptors in the STR. If confirmed, this down-regulation of dopamine receptors might balance the up-regulation of dopamine biosynthesis. Nevertheless, further studies on this balance between neurotransmitter and their receptors will be needed.
		We extended our study to other neurotransmitters through the analysis of neurotransmitter receptor systems network correlations. We found that both the glutamatergic and the GABAergic systems were well conserved among species, whereas the serotoninergic and cholinergic systems were not. We reveal that the organization of the correlation networks for these neuromodulators show some differences among humans, chimpanzees, and macaques. These differences can be relevant to the differences among species in cognition and behavior. Moreover, some of human-specific DEX mRNAs and miRNAs have previously been functionally linked to neurological and psychiatric disorders. Together, these data highlight the species-differences that may have been crucial for some aspects of species-specific phenotypes and diseases specific to the human lineage48. Furthermore, the accompanying study on the epigenetic landscape of the human brain49 allows further integration of these results by the analysis of epigenetic modifications and regulatory elements associated with genes exhibiting human-specific expression.
	In summary, this study provides a comprehensive view on the evolution of the human brain regional transcriptome and insights into species-specific transcriptional programs that may underlie important phenotypic differences on the level of cognitive and behavioral capabilities. 

METHODS SUMMARY
Supplementary Information provides a full description of tissue acquisition and processing, data generation, validation, and analyses. 
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Table 1. Nomenclature of analyzed brain regions and NCX areas
	 
	OFC
	Orbital prefrontal cortex

	
	DFC
	Dorsolateral prefrontal cortex

	
	VFC
	Ventrolateral prefrontal cortex

	
	MFC
	Medial prefrontal cortex

	
	M1C
	Primary motor (M1) cortex

	NCX
	S1C
	Primary somatosensory (S1) cortex

	(Neocortex)
	IPC
	Posterior inferior parietal cortex

	
	A1C
	Primary auditory (A1) cortex

	
	STC
	Superior temporal cortex

	
	ITC
	Inferior temporal cortex

	 
	V1C
	Primary visual (V1) cortex

	HIP
	
	Hippocampus

	AMY
	 
	Amygdala

	STR
	
	Striatum

	MD
	 
	Mediodorsal nucleus of the thalamus

	CBC
	 
	Cerebellar cortex





Figure Legends:
Figure 1. mRNA and miRNA transcriptome-based clustering clearly discriminates samples by species and brain regions
Three-dimensional plot of the top three Principal Components based on a, b, mRNA expression or c, d, miRNA expression reveal distinct separation of samples based on a, c, species and b, d, brain region, especially between sub-cortical tissues. Each point represents one sample. The percentage of variation that is explained by each Principal Component is shown.

Figure 2. Interspecies differential expression 
a, Heat map showing the number of mRNA genes differentially expressed, according to post-hoc comparisons explained in supplementary table 2. H: human (Homo sapiens), C: chimpanzee (Pan troglodytes), M: rhesus monkey (Macaca mulatta) b, Number of mRNA genes that are significantly up- (h>p=m; tan) or downregulated (h<p=m; black) across the 16 regions of the human brain emphasizes that the striatum is the region with most human-specific expression. c, d, e,Expression [log2 (RPKM+1)] pattern of TWIST1, MET, and ZP2, respectively. Significant differences are labeled with an asterisk. The boxes represent quartiles of the data and the whiskers represent 1.5 times interquartile range. f, Inter-species patterns of miRNA expression is illustrated based on log2 fold-change between human and chimpanzee (x-axis) vs human and macaque (y axis). Guiding lines indicate ± 2-fold difference in abundance. g, Digital RT-PCR validation of miR-4284-5p expression. Error bars represent standard deviation.

Figure 3. Transcriptional architecture of human, chimpanzee, and macaque brains shows similar clustering of mRNAs and miRNAs
Heat maps of the unsupervised hierarchical clustering of all regions in human, chimpanzee, and macaque based on expression correlations, using the union of regional DEX genes in each species. Values represent Pearson correlation between all pairs of brain regions in each species.  The lower-left half of each heat map shows mRNA correlations, while corresponding miRNA values are plotted in the upper-right. Clustering was performed relative to only the mRNA expression data; miRNA row and column ordering was adjusted accordingly for each species.



Figure 4. miRNAs co-expression modules exhibit conserved and species-specific expression patterns
a, Pearson correlation of all pairs of miRNA modules (rows) and mRNA modules (columns); a small number of mRNA modules are highlighted. Yellow represents strong positive correlation and blue corresponds strong negative correlation. b, Scaled, average miRNA module expression profiles highlight inter-species and inter-region differences (red – human; blue – chimpanzee; green – macaque). Modules M1 and M37 exemplify human-specific up- and down-regulation, respectively, across all regions and modules M4 and M21 contain miRNAs that are up- and down-regulated in CBC equally in all species.

Figure 5. mRNA co-expression modules highlight patterns of human-specific expression 
a, b, c, Bar plots showing the spatial expression pattern of eigengenes of modules 92, 32, and 130, respectively. These three modules were selected for their distinct human-specific inter-region mRNA expression d, e, f, Co-expression network illustration of the intramodular hub genes of these modules. a, M92 contains genes that are upregulated in human cortical areas, including TWIST2. b, M32 is composed of genes that are upregulated in both chimpanzee and macaque NCX areas, including TWIST1. c, M130 contains genes that are upregulated mainly in the human STR, AMY, HIP and, to a lesser extent, NCX areas. TH and DDC, two genes involved in the biosynthesis of dopamine are hub genes of this module.

Figure 6. Human-specific upregulation of genes associated with dopamine synthesis
a, Schematic figure of the dopamine biosynthesis pathway. b, d, Expression [log2 (RPKM+1)] pattern of TH and DDC, respectively, showing higher expression in the human striatum. The boxes represent quartiles of the data and the whiskers represent 1.5 times interquartile range. c, e, Immunoblot of TH and DDC, respectively, in striatal lysate showing higher levels of protein in  human than in chimpanzee and macaque. GAPDH serves as a control for equal protein loading.

Figure 7. Evolution of neurotransmitter receptor gene networks 
Illustration of co-expression networks of mRNAs encoding proteins in the a, glutamatergic system, b, GABAergic, c, cholinergic, and d, serotoninergic receptor subunits. Positive correlation (red) and negative correlation (blue) between genes are shown. e, Z statistics of the Maximum Adjacency Ratio (MAR; see Methods) for various neurotransmitter mRNA networks show that the GABAergic and glutamatergic systems are the most conserved and f, the corresponding p-values of neurotransmitter receptor networks. Cholinergic and serotoninergic systems show lower conservation, especially in macaque (p > 0.05). All other neurotransmitter receptor networks show low conservation among the three species.
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