
HAL Id: inserm-03874537
https://inserm.hal.science/inserm-03874537v1

Submitted on 28 Nov 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Human-specific regulation of neural maturation
identified by cross-primate transcriptomics

Sara Linker, Iñigo Narvaiza, Jonathan Hsu, Meiyan Wang, Fan Qiu, Ana P.D.
Mendes, Ruth Oefner, Kalyani Kottilil, Amandeep Sharma, Lynne

Randolph-Moore, et al.

To cite this version:
Sara Linker, Iñigo Narvaiza, Jonathan Hsu, Meiyan Wang, Fan Qiu, et al.. Human-specific regulation
of neural maturation identified by cross-primate transcriptomics. Current Biology - CB, 2022, 32 (22),
pp.4797-4807.e5. �10.1016/j.cub.2022.09.028�. �inserm-03874537�

https://inserm.hal.science/inserm-03874537v1
https://hal.archives-ouvertes.fr


1 

Human-specific regulation of neural maturation identified by cross-primate 
transcriptomics 

Sara B. Linker1, Iñigo Narvaiza1, Jonathan Y. Hsu1, Meiyan Wang1, Fan Qiu1, Ana P. D. Mendes1, 

Ruth Oefner1, Kalyani Kottilil1, Amandeep Sharma1, Eunice Mejia1, Renata Santos1,2,3, Maria C. 

Marchetto1,4,5*, Fred H. Gage1,6* 

1 Laboratory of Genetics, The Salk Institute for Biological Studies, 10010 North Pines Road, La 

Jolla, CA 92037, USA. 

2 Université Paris Cité, Institute of Psychiatry and Neuroscience of Paris (IPNP), INSERM U1266, 

Laboratory of Dynamics of Neuronal Structure in Health and Disease, 102 rue de la Santé, 75014 

Paris, France. 

3 Institut des Sciences Biologiques, CNRS, 16 rue Pierre et Marie Curie, 75005 Paris, France. 

4 Department of Anthropology, University of California, San Diego, 9500 Gilman Drive, La Jolla, 

CA 92093, USA. 

5 Center for Academic Research and Training in Anthropogeny (CARTA), University of California, 

San Diego, 9500 Gilman Drive, La Jolla, CA 92093, USA. 

6Lead contact: Fred H. Gage 

* These authors contributed equally

Correspondence should be addressed to Fred H. Gage (gage@salk.edu) and Maria C. Marchetto 

(mcmarchetto@ucsd.edu). 

mailto:gage@salk.edu
mailto:mcmarchetto@ucsd.edu
https://www.editorialmanager.com/current-biology/viewRCResults.aspx?pdf=1&docID=31109&rev=2&fileID=1159832&msid=5af36dae-480c-40c9-81f8-c9e057148c7d
https://www.editorialmanager.com/current-biology/viewRCResults.aspx?pdf=1&docID=31109&rev=2&fileID=1159832&msid=5af36dae-480c-40c9-81f8-c9e057148c7d
rsantos
Barrer 



 2 

 
SUMMARY 
 
Unique aspects of human behavior are often attributed to differences in the relative size and 

organization of the human brain; these structural aspects originate during early development. 

Recent studies indicate that human neurodevelopment is considerably slower than that in other 

nonhuman primates, a finding that is termed neoteny. One aspect of neoteny is the slow onset of 

action potentials. However, which molecular mechanisms play a role in this process remain 

unclear. To examine the evolutionary constraints on the rate of neuronal maturation, we have 

generated transcriptional data tracking five time points, from the neural progenitor state to eight-

week-old neurons, in primates spanning the catarrhine lineage, including Macaca mulatta, Gorilla 

gorilla, Pan paniscus, Pan troglodytes, and Homo sapiens. Despite finding an overall similarity of 

many transcriptional signatures, species-specific and clade-specific distinctions were observed. 

Among the genes that exhibited human-specific regulation, we identified a key pioneer 

transcription factor, GATA3, that was uniquely up-regulated in humans during the neuronal 

maturation process. We further examined the regulatory nature of GATA3 in human cells and 

observed that down-regulation quickened the speed of developing spontaneous action potentials, 

thereby modulating the human neotenic phenotype. These results provide evidence for the 

divergence of gene regulation as a key molecular mechanism underlying human neoteny. 
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INTRODUCTION 

Since the split of Homo sapiens from the last common nonhuman primate (NHP) ancestor, the 

human brain has substantially altered its size, structure and connectivity. The human brain has a 

larger mass with respect to body weight, increased cortical neurons with respect to size, an 

expanded proliferative zone, and unique connectivity patterns 1-3. The identification of  human-

specific genes that contribute to these phenotypes has been advanced by a better understanding 

of genomic copy number changes and neuronal modeling techniques 4,5. For example, the 

human-specific genes FOXP2 and ARHGAP11B increase dendritic arborization, cortical size and 

folding 6-8. Changes to transcriptional regulation have also driven human-specific features such 

as human-accelerated regions (HARs), small regions of the genome with abnormally fast positive 

selection 9. Human-specific regulatory regions in FZD8, NPAS3, and GADD45G control aspects 

of human neurodevelopment such as cell cycle progression, brain region specification, and 

cortical size 10-12. Furthermore, organoid models revealed that human-specific expression of the 

conserved epithelial-to-mesenchymal transition regulator ZEB2 modulates neuroepithelial cell 

shape and the timing of neurodevelopment 13. 

Human-specific neurodevelopment is not only marked by physical differences, but also by 

temporal changes. Human neurons, during both prenatal neurodevelopment and adult 

neurogenesis, exhibit an exceptionally delayed time course, a characteristic termed neoteny 14-17. 

It is hypothesized that this longer developmental period plays a role in the aforementioned 

structural and connectivity differences. Signatures of human-specific neoteny have been 

observed and reproduced across systems including in vivo, induced pluripotent stem cell (iPSC), 

induced neuron (iN), and organoids models. Neural progenitor cells (NPCs) derived from human 

iPSCs proliferate for a longer period of time, and migrate more slowly, than NPCs derived from 

NHPs 18-21. Neotenic phenotypes also persist during the maturation period, with human cells being 

capable of generating evoked action potentials at a slower rate than Macaca mulatta 22 and 

spontaneous action potentials more slowly than Pan paniscus and Pan troglodytes 19.  

The genes supporting dendritic development are also delayed in expression in iNs 23. Together, 

these studies indicate that iPSC-derived neurons can recapitulate aspects of neoteny in a dish. 

IPSC modeling is particularly useful when examining the molecular drivers of a cellular phenotype 

such as gene transcription. It has long been proposed that the phenotypic differences between 

closely related species may be driven, in part, by divergent transcriptional regulation rather than 
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by novel protein-coding sequence 24,25; however, how these regulatory mechanisms play a role in 

the protracted maturation process in human neurons remains largely unknown. 

Here, we modeled neurogenesis across five primate species - Macaca mulatta (rhesus), Gorilla 

gorilla (gorilla), Pan paniscus (bonobo), Pan troglodytes (chimpanzee), and Homo sapiens 

(human) - and assessed the differences in transcriptional dynamics. While the NPCs of humans, 

chimpanzees, and bonobos were highly similar, we found that transcriptional differences 

increased between all species throughout neuronal differentiation and maturation. We identified 

a pioneer transcription factor, GATA3, that exhibited elevated neuronal expression only in 

humans. Strikingly, down-regulation of GATA3 increased the rate of physiological maturity in 

human neurons, indicating that the species-specific rate of physiological maturity is cell intrinsic 

and can be modulated by perturbing a single, conserved transcription factor. This finding provides 

evidence for the divergence of gene regulation as a contributor to human neoteny. 

RESULTS 

RNA-seq separates primate iPSC-derived neurons in association with phylogenetic 
distance 

To study species-specific neuronal maturation, we generated iPSCs from human, bonobo, 

chimpanzee 26,27, gorilla, and rhesus samples 28. iPSCs from each species were differentiated into 

NPCs using a pan-neuronal protocol 26 and were then matured into neurons for 8 weeks. As 

expected to all species, NPCs (n, human = 4 individuals; n, chimpanzee = 2 individuals; n, bonobo = 2 

individuals; n, gorilla = 2 individuals; n, rhesus= 1 individual, 2 clones) expressed similar levels of SOX2 

(one-way ANOVA p = 0.52), and neurons similarly expressed synapsin-GFP (one-way ANOVA p 

= 0.67) and CTIP2, a marker of deep cortical neurons (one-way ANOVA p = 0.86) (Figure 1A). 

RNA was collected from neurons at two-week intervals (neurons = 2, 4, 6, and 8 weeks) to 

examine species-specific expression profiles (Figure 1B). RNA was also collected from NPCs to 

serve as a control time point (NPC = 0 weeks) to enable the separation of the transcriptional 

signatures that were important for neuronal maturation from the background of genes that were 

species-specific but maturation-independent.  
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Differences in the quality of a reference genome can impact expression estimates. Therefore, it 

was important to analyze expression within regions that exhibited high homology between the 

species. To minimize alignment artifacts and differences in the quality of reference genomes 

between species, all samples were first aligned to the available reference sequences for human, 

chimpanzee, gorilla, and rhesus macaque. The chimpanzee reference was used as a filter for 

both chimpanzee and the closely related bonobo. To restrict analysis to regions of high homology, 

we then assessed expression differences using only reads that aligned uniquely to all four species 

(Figures S1A-S1D).  We first assessed the global expression patterns across all samples. 

Principal component analysis (PCA) of the temporal RNA-seq data revealed a clear separation of 

NPCs from neurons for all species along PC1 (21% of variance) (Figure 1C). PC2 (17% of 

variance) separated species in association with phylogenetic distance. Human samples were 

most similar to both bonobo and chimpanzee, which represented a separation of approximately 

7 million years (my), followed by gorilla (10 my) 29, and rhesus (25 my) (Figure 1C). To determine 

which genes exhibited species-independent dynamics throughout differentiation, we performed 

mixed model regression with neuronal state and species as the fixed and random effects, 

respectively (n NPC: human = 6, bonobo = 3, chimpanzee = 2, gorilla = 3, rhesus = 3; n Neuron: 

human = 12, bonobo = 4, chimpanzee = 4, gorilla = 8, rhesus = 4), as well as a model that 

assessed transcriptional changes between NPCs and neurons as a function of phylogeny (Homo, 

Hominini, or Homininae). A total of 5,099 genes were detected as being differentially expressed 

between NPCs and neurons, with 87% independent of phylogeny and 13% exhibiting phylogeny-

dependent temporal dynamics. As expected, genes that were consistently up-regulated in NPCs 

independent of species (2,276 genes) displayed roles in cell cycle progression (270 genes, padj 

< 1.83e-72), such as the cyclin-dependent kinases (nine cyclin C-terminal genes, padj < 2.2e-02) 

and DNA replication genes (94 genes padj < 6.04e-37) (Figures 1D and 1E, and Data S1). 

Genes up-regulated in neurons independent of species (2,182 genes) were related to neuron-

specific structural components such as the synapse (106 synapse genes; padj < 4.76e-23) and 

ion transport, including multiple voltage-gated calcium, potassium, and sodium channels (139 

genes, padj < 1.5e-10) (Figures 1D and 1E, and Data S1), indicating that NPCs from all species 

were differentiating into neurons.  

 

To examine the neuronal maturation process, we identified genes that were differentially 

expressed as a function of time using only the neuronal samples that were 2- to 8-weeks post-

differentiation from the NPC state in all species. We detected significant changes over time across 

all species in 60 genes, 28 of which were not previously identified as being different between the 
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NPC and neuronal states (Data S1). These 28 genes contained interesting regulators of neuronal 

development such as AUTS2 and DBN1, but they were not enriched for a specific GO or KEGG 

pathway.  

All species transition similarly from NPCs to neurons 

To examine the consistent species-independent signature in more detail, we predicted the 

spatiotemporal expression patterns of all samples in comparison to the post-mortem reference 

using brainImageR 30-32. Temporal analysis was performed first in comparison to the full 

BrainSpan dataset, wherein all samples displayed high similarity to the prenatal (< 40 weeks post-

conception) time window (Figure S1E). To increase the resolution within the prenatal period, we 

repeated the analysis using only the samples from BrainSpan that were < 40 weeks post-

conception. Temporally, all NPCs were predicted to model approximately human 13 weeks post-

conception, a time point that increased with differentiation similarly for all species (Figure S1E). 

The similarity in temporal space indicated that NPCs from all species successfully transitioned 

from a neural progenitor to a neuronal state after induction of differentiation (see methods), thus 

facilitating an analysis of differences in species-specific dynamics during this transition. Since the 

majority of the transcriptional changes that were observed during differentiation occurred between 

the NPC and neuronal states and changed minimally throughout the maturation process, for the 

remainder of the analyses we grouped neurons from 2 to 8 weeks and analyzed differences 

between NPCs and neurons.  

For spatial analysis, we also compared our dataset to the available prenatal microdissected time 

point of 15 weeks post-conception 30-32. Genes up-regulated in NPCs were identified as enriched 

in the subventricular zone (SVZ) and genes up-regulated in neurons were enriched for regions 

containing mature neurons throughout the developing brain, such as the bed nucleus of stria 

terminalis in the telencephalon, the hypothalamus in the diencephalon, and the pontine nucleus 

in the hindbrain (Figure 1F). We further examined transcription factors associated with fore-, mid- 

and hindbrain patterning: SIX3, FOXG1, PAX6, OTX2, PAX2, EN1, IRX3, and GBX2. We noted 

a minor preference for forebrain expression patterns for rhesus macaque compared to human, 

chimpanzee and bonobo. However, there were not clear human-specific differences in expression 

of these patterning genes. Finally, to compare cell types, we predicted the cell type composition 

of each sample set using data from studies 33 or 34 as a reference set. All differentiating cells 

expressed genes consistent with astrocytes, glutamatergic neurons, and GABAergic neurons, 
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with consistent levels of cell type-specific expression profiles across species (Figures S1F and 
S1G). In combination with the staining results, this analysis indicated that all samples contained 

similar mixtures of neural cell types.  

 
A human-specific transcriptional signature develops throughout neuronal differentiation, 
revealing GATA3 transcription factor as the top human-specific correlated gene  
  
We next sought to understand the intrinsic species-specific transcriptional dynamics throughout 

neuronal differentiation. First, we explored the variance within NPCs or neurons alone using two 

separate PCAs. A PCA of NPCs alone clustered all Hominini (human, chimpanzee, and bonobo) 

along PC1 (Figures 2A and S2A). Gorilla (F-test p < 9.07e-06) and rhesus (F-test p < 4.52e-11) 

were significant outgroups. However, the clustering within Hominini shifted during differentiation. 

In a PCA of neurons alone, human samples clustered separately from all other species (F-test p 

chimpanzee < 3.95e-06, p bonobo < 3.53e-08, p gorilla < 5.30e-17, p rhesus < 1.27e-18) (Figures 2B, S2A 
and S2B). This clustering of Hominini in the NPC state and separation within the neuronal state 

was consistent after subsampling all species to equivalent sample size (Neuron F-test: p chimpanzee 

< 0.006, p bonobo < 9.21e-05, p gorilla < 8.38e-14, p rhesus < 2.2e-16) (Figure S2C), indicating that the 

transcriptional profile became increasingly species-specific during neurogenesis.  

 

To identify human-specific expression dynamics, we performed Weighted Gene Co-expression 

Network Analysis (WGCNA) on genes that either increased or decreased in expression during 

human neural differentiation, as determined by differential expression between human NPCs and 

neurons. The rationale for expanding the starting gene list beyond those with detectable human-

specific expression patterns was to include genes that might have human-specific dynamics but 

were not detected in differential expression analyses due to low power or variability in expression 

within the neuronal (2- to 8-week) state. Of 125 identified modules (83 up-regulated modules, 42 

down-regulated modules), four exhibited a main effect of human-specific expression as well as 

human-specific dynamics over time (up-regulated module 1= 165 genes, up-regulated module 2= 

366 genes, up-regulated module 3 = 91 genes, down-regulated module 1 = 358 genes) (Figures 
2C and S2D). Only up-regulated module 1 contained genes that were not expressed in the NPC 

state and were highly expressed upon differentiation into neurons. Therefore, this module was 

further studied to identify genes with potential involvement in human-specific neural maturation. 

To identify which of these genes had the highest likelihood for impacting human transcription, a 

human-neuron correlation score was calculated. We hypothesized that regulatory factors relevant 
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for human specificity would be correlated to the expression of other human-specific genes in 

neurons and would have more connections to genes that exhibited human specificity in neurons 

than in NPCs. Therefore, we assessed the correlation of each human-specific up-regulated 

module-1 gene with all other genes expressed in neurons. We then counted the number of 

connections that had a correlation coefficient > 0.60 to genes that exhibited significant human-

specific expression in NPCs or separately in neurons. The ratio between these two estimates, 

Neuron human-specific,k and NPC human-specific,k, was defined as the human-neuron correlation (HNC) 

score. Nineteen up-regulated module-1 genes had an HNC score above 1, indicating that they 

had a strong association with human-specific genes in the neuronal state. GATA3, a pioneer 

transcription factor, and its antisense transcript GATA3-AS1 were the top human-specific 

correlated genes (Figures 2D and 2E). GATA3-AS1 was up-regulated at two weeks and then 

decreased over the 4- to 8-week period whereas the transcription factor GATA3 increased at 2 

weeks and then stayed constant over the remainder of the eight-week period. GATA3-AS1 is 

known to regulate expression of the transcription factor GATA3 in T cells 35, indicating that it may 

play a role in up-regulating the neighboring GATA3.   

GATA3 is a pioneer transcription factor that is capable of reorganizing chromatin and is important 

for cell state transitions, including the epithelial to mesenchymal transition 36, T-cell differentiation 
37, differentiation of neurons of the inner ear 38,39 and differentiation of neurons in the dorsal raphe 
40. Given the correlation of GATA3 primarily with genes with human-specific expression in this

study, and its known role as a transcription factor that drives cell fate in multiple systems, we felt

that GATA3 was a prime candidate to examine as a regulator of human-specific cortical neuronal

maturation.

GATA3 expression was up-regulated specifically in human neurons during differentiation both at 

the RNA (two-way ANOVA padj < 5.7e-03; Data S1; Figures 2D and 2E) and protein (ANOVA 

GATA3 ~ Human + HSP90 p human < 1.1e-03; Figures 2F and S2F) levels. To confirm that the GATA3 

expression differences observed in vitro were also present in vivo, we examined GATA3 

expression within post-mortem human gene expression data provided by the Allen Brain Atlas 30-

32 and identified that GATA3 was indeed expressed in the developing brain and was enriched in 

the intermediate zone (IZ) (Figure S2E). To determine the human specificity of GATA3 

expression in vivo, we examined transcription within the human and rhesus post-mortem IZ. 

Prenatal expression data were acquired from the NIH Blueprint NHP Atlas and the BrainSpan 

dataset for rhesus macaque and human, respectively. Both datasets were available from the Allen 
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Institute for Brain Science and were scaled across all available prenatal tissues prior to analysis, 

enabling us to examine the relative level of GATA3 expression in the IZ within each species. We 

again observed that GATA3 was significantly increased in the human compared to rhesus 

(ANOVA p < 9.85e-11; Figure 2G), further supporting that GATA3 was elevated specifically in 

humans during early neurogenesis. 

GATA3 is bound to neurodevelopmentally regulated genes 

To determine which genes might be regulated by GATA3, we performed ChIP-seq in 2-week-old 

iPSC-derived neurons from three separate human individuals. A total of 3,199 genes were 

identified as being bound by GATA3 in all three samples (Data S2). As expected, binding sites 

were enriched for the canonical GATA3 motif (Figures S3A and S3G) and were highly over-

represented in promoter regions and 5’-UTRs (Figures 3A and 3B). In line with previous work in 

T-cells 41,42, GATA3 binding was associated with both activation and repression of gene

expression (Figure S3C). Functional enrichment of GATA3-bound genes identified an association

with processes important for the NPC state, such as the cell cycle (133 genes, p-value < 5.7e-

06), as well as processes important for the development of the mature neuron, such as

protocadherin gamma genes (19 genes, p < 2.9e-11), cadherins (42 genes, p < 1.0e-06), and the

synapse (74 genes, p < 4.9e-03) (Data S2).  Approximately half (1,694 of 3,199) of GATA3-bound

genes were found to be expressed in the SVZ/VZ in the Allen Brain Atlas prenatal dataset (Figure
3C).

Using the results of the multiple regression analysis, GATA3 was not found to be enriched at

genes with conserved temporal expression patterns or at human-specific genes. This finding may

have been due to the low power achieved with the differential expression test. We therefore

determined in an unbiased manner the types of temporal dynamics that GATA3 binding was

associated with through WGCNA analysis. Interestingly, even though GATA3 was only expressed

in humans, the majority of these genes decreased expression throughout maturation in all

species, indicating that GATA3 may play a compensatory role for factors that are present in other

species. In addition to this putative compensatory role, GATA3 was also bound to genes that

displayed human-specific dynamics throughout maturation (Figure 3SD). For example, genes

exhibited dynamics such as sustained expression from the NPC state or up-regulation in humans

and lower expression in NHPs (ex: CDC14A, SLC41A3, APBB2, Figure S3E).
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We compared GATA3-bound genes to genes associated with neurodevelopmental disorders 

using either the Simons Foundation Autism Research Initiative (SFARI) list (Hypergeometric p < 

4.13e-05) or the Deciphering Developmental Disorders (DDD) gene list (Hypergeometric p < 

1.16e-18). There was a significant enrichment for GATA3-bound genes within both of these lists 

(Figure 3F). We then calculated the enrichment score for a disorder that is not related to 

neurodevelopment, inflammatory bowel disease, and identified no association with GATA3-bound 

genes (Hypergeometric p < 0.74). Together, these analyses indicate that GATA3 binds to genes 

that are involved in early human cortical development.   

GATA3-binding sites were under positive selective pressure in humans 

Recent studies have focused on the impact of human-specific paralogs on neuronal neoteny 
6,18,20,43,44. We examined the set of 24 gene families that Suzuki et al. (2018) identified to contain 

human-specific paralogs and to be expressed in the developing brain 18. Of these 24 gene 

families, 15 had members that were directly bound by GATA3 at the promoter in at least two of 

three samples, with 30 genes bound by GATA3 in total (Table S1). Interestingly, one such paralog 

was NOTCH2NL from the NOTCH2 family, which was recently identified to regulate neotenic 

development in the NPC state 18,20,45 (Figure 3B). While this enrichment was not significant in 

comparison to all genes (Chi-squared test p = 0.16), it does suggest that GATA3 may play a role 

in regulating human-specific paralogs during the transition from NPC proliferation to neuron 

generation to neuronal differentiation.  

Previously, Arbiza et al. described an algorithm, INSIGHT, that combined human polymorphism 

data with evolutionary data to calculate signatures of weak positive and negative selection on 

transcription factor binding sites 46,47. They examined 78 transcription factors from the ENCODE 

consortium including GATA3 and transcription factors with similar sequences: GATA1 and 

GATA2. GATA2 and GATA3 exhibited the strongest signature of positive selection across all 

transcription factors, whereas GATA1, though similar in sequence, exhibited weak selection 46.  

To test whether the sites bound by GATA3 in human neurons were similarly under positive 

selective pressure in humans, GATA3 motif locations were extracted from each ChIP-seq peak 

and were assessed for their divergence from NHP as well as the polymorphism status within 

humans using the INSIGHT algorithm 46,47. By measuring the expected number of adaptive 

substitutions, we identified a significant increase in the probability that the GATA3-binding sites 
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had undergone strong positive selection in the human lineage compared to random chance (E[A] 

= 1.86  0.46 p < 0.01, Figure S3F). Furthermore, by measuring the expected number of weakly 

deleterious polymorphisms (E[W] = 0.36  0.35, Figure S3G), we identified no signature of weak 

negative selection. These results indicated that the binding sites of GATA3 identified in human 

neurons were largely unique to humans. Further work is required to determine if these mutations 

are necessary and sufficient for driving changes at the gene expression level. 

GATA3 regulates the rate of physiological maturity in human neurons 

To examine the direct impact of GATA3 expression during human neuronal differentiation, we 

generated stable partial knockdowns using an shGATA3 (Figures S4A-S4C) in two NPC lines 

generated from two different individuals (WT33 and WT126) with two replicates per individual. 

We then differentiated them into neurons over four weeks. We performed RNA-seq on all samples 

at biweekly intervals (NPC = 0, neurons = 2 and 4 weeks). To determine genes directly regulated 

by GATA3 and to filter out genes influenced indirectly by the short hairpin construct, differential 

expression was calculated between human neurons treated with shGATA3 samples versus the 

combination of shControl and non-infected samples. A total of 155 genes were identified as being 

regulated by GATA3 with an FDR < 0.05. There was a significant enrichment of GATA3 binding 

within genes regulated by GATA3, with 106 of the 155 GATA3-regulated genes being bound by 

GATA3 in at least one human sample (Fisher exact test p < 3.37e-10) and 33 bound in all three 

human samples (Fisher exact test p < 9.79e-19) (Figure 3D). Of these 33 genes, 23 are 

expressed in the SVZ and VZ regions in the BrainSpan database of prenatal human development 

(Table S2). Most of the genes directly regulated by GATA3, as determined by ChIP-seq and 

modulated by GATA3 knockdown, exhibited decreases in expression from NPC to neuron in all 

species (93 of 106 genes, Figure S4D), supporting a role for GATA3 in regulating the repression 

of genes from the NPC to neuronal state. Although these genes were detected as down-regulated 

in a combined analysis across all species, Hominini samples had a larger fold change than gorilla 

or rhesus, indicating these genes decreased expression more rapidly from NPC to neurons in 

Hominini samples. A subset of genes bound by GATA3 and dysregulated by shGATA3 have 

known roles in cell cycle control, including CDK6, CHEK1, and PCNA.   

To determine if there was an additional signature of human-specific expression modulated by 

knockdown, we performed PCA using all genes that were regulated by GATA3 with a raw p-value 

< 0.05. In contrast to the full transcriptome, GATA3-regulated genes displayed a species-specific 
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gene signature within neurons when examined by PCA (Figures 3E and S3G). PC1 (31% of 

variance) exhibited an expression profile that was shGATA3-specific and species-independent 

(Figure 3E) whereas PC2 (14% of variance) separated samples by species. As expected, 

samples expressing the shControl clustered with the non-infected human samples. Strikingly, the 

neuronal samples that expressed shGATA3 shifted down along PC2, away from humans, to a 

position that matched chimpanzee and bonobo neurons (Figure 3E). These results indicated that 

GATA3 further regulated a component of transcription that distinguished human neurons from 

Pan. Some of the genes with top loading values for PC2 were known early development-

associated genes such as OTX2, OTX1, and LEF1. To identify genes at an individual level, we 

performed a differential expression analysis comparing human neurons to Pan and overlapped 

this gene list with direct GATA3 targets. Of the 33 high confidence direct GATA3 targets, 6 (18%) 

were significantly differentially expressed between human and Pan (p-adj < 0.05), with 3 shifted 

human expression to a more Pan-like state after knockdown (DOCK8,STXBP4 and TENM3). 

In vitro-derived human neurons are delayed in their ability to generate spontaneous action 

potentials compared to iPSC-derived chimpanzee or bonobo neurons 19. We therefore assessed 

the impact of GATA3 knockdown on spontaneously generated action potentials using multi-

electrode arrays (MEA). Neurons derived from two separate human individuals were plated onto 

a 96-well MEA plate. Non-infected, shControl, and shGATA3 samples were generated for each 

line and all samples were measured over a 20-day period following differentiation from NPCs. 

Strikingly, at the earliest time point examined (day 7), the human shGATA3-expressing neurons 

generated spontaneous action potentials whereas both the shControl and non-infected human 

cell lines exhibited minimal activity (mean firing rate: non-infected day7 = 4.1e-03  8.8e-03, 

shControl day7 = 5.8e-05  2.3e-04, shGATA3 day7 = 0.11  0.15; p-value shControl, day7 vs. non-infected, day7

= 0.86, p-value shGATA3, day7 vs. non-infected, day7 < 3.21e-05 ) (Figure 4A). The increased early activity in 

shGATA3 samples was consistent across multiple wells, indicating that the effect was highly 

reproducible (Figure 4B). Activity in shGATA3 samples was further associated with increased 

bursting, indicating that the shGATA3 neurons were not only physiologically mature but also 

highly connected within a given well (mean bursts: non-infected day 7= 0.45 1.1, shControl day 7 = 

0  0, shGATA3 day 7 = 2.92  2.75; p-value shControl, day 7 vs. non-infected, day 7 = 0.35, p-value shGATA3, day 7

vs. non-infected, day 7 < 3.48e-06) (Figure 4C). Slower to mature, the non-infected and shControl 

neurons began to fire at rates similar to the day 7 shGATA3 samples at day 11 (mean firing rate: 

non-infected day 11 0.10  0.12, shControl day 11 = 0.05  0.10 ; p-value shControl ,day 11 vs. non-infected, day 11

= 0.20, p-value shGATA3, day 7 vs. non-infected, day 11 = 0.85), but they still fired more slowly than shGATA3 
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neurons on the same day (mean firing rate: shGATA3 day 11 = 0.45  0.34, shGATA3, day 11 vs. non-infected,

day 11 = 3.74e-07) (Figure 4A). We continued to analyze activity for 20 days following differentiation 

and tested the difference between sh and noninfected control using a multiple regression model 

(activity measure ~ sample + date + sample X date). The “firing rate” activity measure was not 

significantly different between shControl and controls (main effect p = 0.51, interaction with time 

p = 0.82), whereas the main effect was significantly increased in shGATA3 (main effect p < 0.004, 

interaction with time p = 0.68). With respect to the “bursts” activity measure, the shControl neurons 

displayed somewhat lower bursting; however, this effect was not significantly different from control 

(main effect p = 0.06, interaction with time p = 0.79).  Conversely, the shGATA3 wells displayed 

a consistently higher level of network bursting and a shift in the slope of bursting over time (main 

effect p < 0.002, interaction with time < 0.045). (Figure 4C). While further work must be done to 

determine if the presence of GATA3 drives a delay in neuronal maturation, these results indicated 

that shGATA3 shifted the neotenous, delayed activity state of human neurons forward in time. 

Together these results show that GATA3 is uniquely up-regulated in human neurons in 

comparison to other NHPs and acts to delay the rate of maturity of spontaneous action potentials, 

a key aspect of human neoteny. 

DISCUSSION 
One key aspect feature separating humans from other apes is the protracted developmental 

period of neurogenesis that can be distinguished by the delayed generation of both spontaneous 

and evoked action potentials. While the molecular components required to build a functional 

synapse are numerous, we identified that inhibition of a single pioneer transcription factor, 

GATA3, accelerated the developmental timing of this human maturation process. GATA3 was 

expressed at low levels in NPCs and expression increased during human neuronal maturation. 

The neurons in this study expressed neuronal markers (synapsin, MAP2, and CTIP2) as well as 

markers of immaturity such as the migration-associated gene DCX, indicating that they represent 

neurons in an immature state. Given that our findings are consistent in vivo, we speculate from 

our results that, as human neurons migrate out of the SVZ and through the IZ to their final 

destination in the cortex, GATA3 is elevated, thereby facilitating a human-specific delay in 

physiological maturation. 

What drives GATA3 up-regulation in human neurons remains unclear. However, the upstream, 

and non-overlapping, non-coding RNA, GATA3-AS1, was also uniquely up-regulated in humans. 

GATA3-AS1 was previously shown to enhance expression of GATA3 in T-helper 2 cells 35, moving 
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us to speculate that up-regulation of GATA3-AS1 may also enhance GATA3 expression in cortical 

neurons. Interestingly, directly downstream of GATA3-AS1, there is a human-accelerated region 

(HAR; HAR-388), which is a region of DNA that has undergone rapid changes in the human 

lineage 48-50. A study of cortical tissue from post-mortem human, rhesus, and mouse found that 

this HAR was one of 48 HARs genome-wide to act as a human-specific enhancer in the 

developing cortex 51. Further work is required to determine if this HAR is directly causal in 

promoting human-specific expression patterns of GATA3-AS1 and GATA3 in human cortical 

neurons.  

The coding sequence of GATA3 is highly conserved in primates; however, unique binding sites 

of GATA3 have been driven to rapid fixation in humans, as identified both in this study and 

previously in non-neuronal cell lines 46. As polymorphism data becomes available for other 

nonhuman primates, it will be important to repeat this analysis to determine how selection is 

different between the human and NHP lineages on these transcription factor binding sites. The 

unique expression pattern and subsequent downstream species-specific regulation by an 

otherwise conserved transcription factor illuminate the shift in regulatory domains that have 

shaped human-specific neoteny. While we have identified many interesting genes bound by 

GATA3 that are known to be important for neuronal function (ex: GABRB1, GRIN3A, APP, 

NLGN1, SYN2), future work is required to identify which direct targets of GATA3 are responsible 

for the delayed maturation phenotype. Interestingly, in light of recent findings showing the 

importance of human-specific paralogs in neoteny in the neural progenitor state, we observed 

that many of these paralogs were directly bound by GATA3, indicating a potential role for GATA3 

in their regulation. Together, our findings underscore the importance of identifying how human-

specific gene regulation, including these newly identified paralogs, is brought into an already 

functional transcriptional network of an organism, potentially through the coevolution of 

transcription factor binding sites.  
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FIGURE LEGENDS 

Figure 1. All species transition similarly from neural progenitor cells (NPCs) to neurons 
(A) Representative images of NPCs (top panels) and 4-week-old neurons (middle and bottom

panels) for human, chimpanzee, bonobo, gorilla, and rhesus samples and quantification of the

percentage of cells expressing the analyzed markers (right; n = independent experiments).

Nestin-positive NPCs from all species similarly expressed the progenitor marker SOX2 (green).

MAP2-positive neurons similarly expressed GFP from a synapsin promoter and exhibited

equivalent endogenous levels of the deep layer neuronal marker CTIP2. Scale bar: 50 µm.

(B) Schematics showing the time points used for RNA extraction and next generation sequencing

from human, chimpanzee, bonobo, gorilla and rhesus (timeline: 0, 2, 4, 6 and 8 weeks of neuronal

differentiation).

(C) Principal component analysis (PCA) of all samples indicated a separation of cell state along

PC1 and phylogeny along PC2; week 0 = NPC (orange highlight) and week > 0 = neuron (blue

highlight).

(D) Heatmap of all cell state-dependent and species-independent genes (conserved expression).

(E) Representative genes with conserved expression dynamics, cyclin-dependent kinase 1

(CDK1) and synapsin (SYN1).

(F) Spatial analysis of genes with conserved expression patterns indicates an enrichment (dark

red) in the subventricular zone (SVZ) within NPCs (top) and an enrichment in mature neuronal

regions across multiple brain regions such as the pontine nucleus (PN) and the hypothalamus

(HTH) (bottom); FC = fold-change. Boxplot whiskers for all plots represent 1.5 x interquartile

range.

See also Figure S1.

Figure 2. A human-specific transcriptional signature develops throughout neuronal 
differentiation 

(A) PC1 from a principal component analysis (PCA) of neural progenitor cells (NPCs) indicated a

deviation of the human transcriptome from other primates during differentiation. ns = not

significant, * = p < 0.05. Boxplot whiskers represent 1.5 * interquartile range.

(B) PC1 from a principal component analysis (PCA) of neurons indicated a deviation of the human

transcriptome from other primates during differentiation. ns = not significant, * = p < 0.05. Boxplot

whiskers represent 1.5 * interquartile range.
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(C) The top dynamic, human-specific WGCNA module (up-regulated module-1) is shown with

eigenvalues plotted for each species. H = human, B = bonobo, C = chimpanzee, G = gorilla, R =

rhesus.

(D) Human-neuron correlation (HNC) score for the top correlated up-regulated module-1 genes.

Size of each dot is associated with the human-specific effect size of each up-regulated module-1

genes.

(E) GATA3 and GATA3-AS1 RNA expression.

(F) Western blot for GATA3 in two-week-old neurons from three human individuals, as well as

chimpanzee, bonobo, gorilla, and rhesus samples. Jurkat and 293T cells were included as

positive controls for GATA3 expression.

(G) Scaled GATA3 expression in the IZ from rhesus and human using data acquired from the

Allen Brain Institute; * = p < 0.05. Boxplot whiskers represent 1.5 * interquartile range.

See also Figure S2.

Figure 3. GATA3 impacts gene expression in human neurons 
(A) Presence of GATA3 (green) or input (gray) peaks normalized against input. * = GATA3-

enriched regions p < 0.05.

(B) Example gene, NOTCH2NL, with enrichment of GATA3 signal at the 5’-UTR.

(C) Spatial enrichment of GATA3-bound genes with respect to the 15 post-conception-week-old

postmortem human brain. Enrichment was largely in the SVZ with additional enrichment in the

ventromedial hypothalamic nucleus (VMH), caudate nucleus (CA), and optic tract (OT).

(D) Overlap of genes bound by GATA3 in at least one human sample (Bound) and GATA3-

regulated genes as indicated by shGATA3 expression (Regulated).

(E) PCA of all species using genes identified as GATA3-regulated within humans. Eigenvalues

along PC1 (top) and PC2 (bottom) are combined into a single boxplot for each species. shGATA3:

shG (black), shControl: shC (gray), Human no sh: green, Bonobo no sh: pink, Chimpanzee no sh:

red, Gorilla no sh: purple, Rhesus no sh: blue. Boxplot whiskers represent 1.5 * interquartile range.

(F) Odds Ratio of the overlap between genes bound by GATA3 and Irritable Bowel Syndrome

(IBD), Simons Foundation Autism Research Initiative (SFARI), and Deciphering Developmental

Disorders (DDD)-associated genes.

See also Figures S3 and S4.
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Figure 4. GATA3 regulates the rate of physiological maturity in human neurons 
(A) Mean firing rate for non-infected human cells (Human), shControl (shC), and shGATA3 (shG)

for the first week of recording. ns = not significant, * = p < 0.05.

(B) Raster plots for mean firing rate (top, red) and bursts (bottom, black) for the respective days

examined in A.

(C) Mean firing rate and bursts recorded for one month following differentiation. Error bars =

standard deviation.

See also Figure S4.
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STAR★Methods

Resource availability 

Lead contact 
Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the lead contact, Fred H. Gage (gage@salk.edu).  

Materials availability 
All unique/stable reagents generated in this study are available from the lead contact with a 

completed Materials Transfer Agreement.  

Data and code availability 

 RNA-seq data and ChIP-seq data generated in the current study have been deposited at

GEO and are publicly available as of the date of publication (GEO repository with the

accession number GSE120271).

 All code generated for this analysis is available at: 

https:/github.com/saralinker/multispecies_alignment

 Any additional information required to reanalyze the data reported in this paper is
available from the lead contact upon request.

Experimental model and subject details 
All experiments were performed with cells derived from three human individuals (WT126, WT33, 

Adrc40), one chimpanzee (PR00818), two bonobos (PR01086 and AG05253), two gorillas 

(PR00053 and PR00075), and one rhesus (A1) 26-28. The use of fibroblasts from chimpanzee, 

bonobo and gorilla was approved by the US Fish and Wildlife Service, under permit MA206206. 

Protocols describing the use of iPSCs and human embryonic stem cells (hESCs) were previously 

approved by the University of California, San Diego (UCSD), the Salk Institute Institutional Review 

Board and the Embryonic Stem Cell Research Oversight Committee 27.  

Methods details 
Cell culture and neuronal differentiation 

Fibroblasts from three neurotypical human subjects (WT126, WT33, Adrc40), one chimpanzee 

(PR00818), two bonobos (PR01086 and AG05253), two gorillas (PR00053 and PR00075), and 

one rhesus were reprogrammed to iPSCs and differentiated into NPCs as previously described 
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26-28. Established iPSC colonies were kept in feeder-free conditions on matrigel matrix, mTesr1

and passed using mechanical dissociation. Briefly, to obtain NPCs from iPSCs, embryoid bodies

(EBs) were formed by mechanical dissociation of iPSC clusters and plated into low-adherence

dishes in DMEM/F12 plus N2 and B27 medium in the presence of 500 ng/ml recombinant human

noggin for forebrain induction for approximately 7 days. Then, floating EBs were plated onto poly-

L-ornithine/laminin-coated dishes in DMEM/F12 plus N2 and B27 with the addition of 500 ng/ml

noggin. Rosettes were collected after seven days and then dissociated with accutase and plated

again onto coated dishes in DMEM/F12 plus N2 and B27 and 10 ng/ml of FGF2. Homogeneous

populations of NPCs were obtained after one to two passages with accutase under the same

conditions. To obtain neurons, NPCs were cultured in DMEM/F12 plus N2 and B27 with the

addition of laminin (1 µg/ml), BDNF (20 ng/ml), GDNF (20 ng/ml) and cyclic AMP (500 µg/ml) for

up to 8 weeks.

Immunofluorescence in vitro 

Cells were fixed in 4% paraformaldehyde for 10 min and then permeabilized with 0.5% Triton-

X100 in PBS buffer. Cells were then blocked in 0.5% Triton-X100 with 5% donkey serum for 1h 

before incubation with primary antibody overnight at 4oC. After three washes in PBS, cells were 

incubated with secondary antibodies (Jackson ImmunoResearch) for 1h at room temperature. 

Fluorescent signals were detected using a Zeiss inverted microscope and images were processed 

with Photoshop (Adobe Systems). Primary antibodies used in this study were human anti-Nestin 

(1:250, Millipore cat# ABD69); anti-SOX2 (1:200, Santa Cruz cat# sc-17320); anti-MAP2 (1:500, 

Abcam, cat# ab5392); anti-GFP (1:500, Invitrogen, cat# A6455); and anti-CTIP2 (1:200, Abcam, 

cat# ab18465). For neuron quantification, neurons were transduced with a lentivirus expressing 

EGFP under the control of the synapsin promoter. The Syn::EGFP reporter vector was obtained 

by cloning the Synapsin-1 promoter (a gift from Dr G. Thiel, Hamburg, Germany) in a lentivirus 

backbone.  

Multi-electrode array analysis 

Using the 96-well multi-electrode array (MEA) plate from Axion Biosystems, we plated cells 

derived from three human samples. Each well was seeded with 10,000 NPCs that were induced 

into neuronal differentiation. Each well was coated with poly-L-ornithine and laminin prior to cell 

seeding. Cells were fed three times a week and measurements were taken before media 

changes. Recordings were performed in a Maestro MEA system and AxIS software (Axion 

Biosystems) using a bandwidth with a filter for 10Hz to 2.5kHz cutoff frequencies. Spike detection 
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was performed using an adaptive threshold set to 5.5 times the standard deviation of the 

estimated noise on each electrode. Each plate rested for 10 min for acclimatization in the Maestro 

instrument and then was recorded for an additional 10 min to calculate spike and burst rates. 

Multi-electrode data analysis was performed using the Axion Biosystems Neural Metrics Tool, 

and an active electrode was considered once five spikes occurred over the length of 1 min (5 

spikes/min). Bursts were identified in the data recorded from each individual electrode using an 

adaptive Poisson surprise algorithm. Network bursts were identified for each well using a non-

adaptive algorithm requiring a minimum of 10 spikes with a maximum inter-spike interval of 100 

ms.  

RNA sequencing 

Total cellular RNA was extracted from ~5x106 cells using the RNeasy Mini kit (Qiagen), according

to the manufacturer's instructions. PolyA+ RNA was fragmented and prepared into sequencing 

libraries using the Illumina TruSeq RNA sample preparation kit. NPCs were analyzed on an 

Illumina HiSeq 2000 sequencer at the UCSD Biomedical Genomics Laboratory (BIOGEM).  NPC 

libraries were sequenced using single-end 100 bp reads at a depth of 15-30 million reads per 

library (100 ± 25 bp fragments). Neurons were analyzed on an Illumina HiSeq 2500 sequencer at 

the Salk Institute’s Next-Generation Sequencing Core.  Neuron libraries were sequenced using 

paired-end 100 bp reads at a depth of 15-30 million reads per library (100 ± 25 bp fragments). 

Only read one of the paired-end reads was used for equivalency with the NPC libraries. Raw 

FASTQ files were trimmed for low quality reads using SolexaQA 52. RNA-sequencing FASTQ files 

were aligned to the Human Hg19, Pan troglodytes PanTro4, Gorilla gorilla GorGor3, and Macaca 

mulatta RheMac3 reference using the STAR aligner 53. All reads were filtered to retain only those 

that uniquely mapped to all four reference sequences, with a maximum of three mismatches to 

the species of origin and a maximum of five mismatches to the alternate species with no clipping. 

The filtered set of reads was annotated using the human genome coordinates and the respective 

Ensembl gene annotations. Counts per gene were calculated using the HTseq-count algorithm 
54.  

ChIP-sequencing 

Approximately 0.5-1x107 cells were crosslinked with 1% formaldehyde for 10 min, followed by 

addition of 2.5 M glycine to the final concentration of 125 mM for 5 min at room temperature.  Five 

µg GATA3 antibody (abcam: ab199428) was used for each IP. ChIP was performed as previously 

described with minor modifications 55. Libraries were constructed with the NEBNext® Ultra™ II 
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DNA Library Prep Kit for Illumina (New England Biolabs). All ChIP-sequencing experiments were 

performed using an Illumina HiSeq 2500 Sequencer with 50 bp single-end reads and a minimum 

depth of 45 million reads per sample. 

Western blot 

Total protein extracts were prepared using RIPA buffer with protease and phosphatase inhibitors 

according to the procedure from Thermo Scientific. Proteins were separated by SDS-PAGE in 

NuPAGETM precasted gels (4-12% Bis-Tris), with NuPAGETM MOPS running buffer and 

transferred onto nitrocellulose membranes (Amersham Hybond). The primary antibodies used for 

immunoblotting were recombinant (rabbit) anti-GATA3 (1:1,000; abcam: ab199428) and 

monoclonal mouse anti-GAPDH (1:20,000; Santa Cruz: sc32233). Primary antibody binding was 

detected with horseradish peroxidase-conjugated anti-rabbit or anti-mouse and ECL 

luminescence solution (Millipore) as per the manufacturer’s instructions. 

Knockdown experiments 

Three human NPC lines were infected with GATA3 lentiviral construct cloned from the SHCLNG-

NM_002051 short hairpin GATA3 construct (Sigma Aldrich). Stable NPC lines were generated by 

selection with 1 µ/ml of puromycin over a one-week period. NPCs were then either collected for 

RNA sequencing or passaged for differentiation into neurons at a 1:6 dilution. Neurons were then 

fed three times a week for a total of either two or four weeks and the cells were collected for RNA 

sequencing. 

Quantification and statistical analysis 
Formatting of transcription counts 

Counts were converted to Official Human Gene Symbol annotation using biomaRt (host = 

www.enembl.org, path = “ENSEMBL_MART_ENSEMBL”, dataset = “hsapiens_gene_ensembl”) 

in R 56. The filter was set as “ensembl_gene_id” and “hgnc_symbol” as attributes. Genes with no 

conversion between ensembl and hgnc symbol were removed from downstream analysis. 

Expression counts were averaged across all ensembl annotations for genes with multiple ensembl 

annotations corresponding to a single hgnc symbol. Transcripts per million (TPM) were calculated 

similarly through biomaRt with the filter set to “hgnc_symbol” and attributes to “hgnc_symbol” and 

“transcript_length”. All individual gene count values were first normalized by transcript length, 

returning a vector of transcript length-normalized counts. For each sample, the resulting vector 

was normalized by the total transcript length-normalized counts for all genes within the sample. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sequencing
http://www.enembl.org/


23 

Values were then multiplied by 1e-06 to return a vector of TPM. TPM values were log2 + 1 

transformed for downstream analyses. 

Differential expression 

All plots of TPM values were log2 + 1 transformed. Differential expression analyses were 

performed using either (1) a mixed-model regression analysis using lmer from the lme4 package 

with species as the random effect 57 or (2) as an exact test through edgeR 58. TPM values were 

used as input for all mixed regression tests and raw counts were used for the exact test in edgeR. 

P-values for mixed regression analysis were calculated from t-values using the pt function in R.

Raw p-values were adjusted for multiple-testing using the p.adjust function in R. The following

models were used for mixed regression.

- Species-independent cell-state dependent: TPM ~ NPC + (1|species)

- Clade-dependent cell-state independent: TPM ~ clade + (1|species)

- Clade-dependent cell-state dependent: TPM ~ NPC + clade + NPC x clade + (1|species)

Principal components analysis 

PCA was performed using pcaMethods 59 in R using log2 +1 transformed TPM values with the 

default method of svd. For PCA analyses examining all time points, NPCs only, or neurons only, 

all genes were used as input. For the PCA examining how shGATA3-regulated genes were 

expressed across NHP, genes identified as significantly different between shGATA3 and the 

combination of shControl and non-treated human samples (edgeR, padj < 0.05) was used for 

analysis.  

Spatiotemporal analysis 

Developmental timing and regional similarity estimates were calculated in comparison to the 

microarray dataset available from the Allen Brain Atlas (ABA) 31 using brainImageR as described 

previously 30. In brief, for spatial analysis, the presence-absence file associated with each 

reference file was used to determine the reference set of genes expressed in each microdissected 

region. For each microdissected region, a hypergeometric distribution was used to test the 

significance of overlap between the user-defined gene set and the reference set. To plot gene-

set enrichment, the values for each microdissected region were combined into one value 

representing the larger brain region shown in the brain plot. Fold change was calculated in 

comparison to random chance on 20 iterations. For temporal analysis, the full gene expression 

matrix was first scaled. Only postmortem samples less than 40 post-conception weeks of age 



24 

(prenatal) were used to train a random forest model predicting developmental time point of the 

sample using the randomForest library in R 60. To refine the analysis, the random forest model 

was run twice. The first time returned a list of genes from the whole transcriptome with high 

likelihood of association with developmental time. The second round of random forest was refined 

by filtering out genes that were below the top 10% of informative strength in the initial model 

(MeanDecreaseGini). The final classifier was then used to predict the prenatal developmental 

time point of each sample. 

Weighted gene co-expression network analysis 

Genes increasing during differentiation in human samples were identified using the exact test 

from edgeR by comparing expression in NPCs to expression in neurons (log fold-change > 0). 

These genes were used as input to the weighted gene co-expression network analysis (WGCNA). 

The network analysis was performed with blockwiseModules with a maxBlockSize = 10000, 

power = 7, TOMType = “signed”, minModuleSize = 15, and reassignThreshold = 0. Module 

eigengenes were calculated with the moduleEigengenes function. The association between 

eigengene and phenotype was calculated with mixed model regression analysis (module 

eigengene ~ species + week + species x week). Modules with human-specific dynamics were 

defined as those with a p-value < 0.05 for the interaction terms between chimpanzee, bonobo, 

gorilla, or rhesus and neuronal state (NPC or neuron). Modules were named based on the 

analysis type and the rank order of significance (ex: first module built from genes up-regulated 

over time = up-regulated module 1). 

ChIP-sequencing analysis 

FATSQ files were aligned to the human reference genome (Hg19). Alignments were then 

converted to tag directories using the makeTagDirectory script in HOMER 61, and peaks were 

counted using the findPeaks function with -style factor. GATA3 peaks were called input correction 

from the corresponding individual. Peak annotations were identified using the annotatePeaks 

function. 
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SUPPLEMENTAL DATA AND TABLES 

Data S1. Differentially expressed genes between human and nonhuman primate neurons, 
related to Figure 1. 

Data S2. GATA3-bound genes, related to Figure 2. 

Table S1. Human-specific paralogs bound by GATA3, related to Figure 3. 

Table S2. GATA3-bound genes expressed in the subventricular and ventricular zones, 
related to Figure 3. 
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Biotechnology 
RRID:AB_2286684 
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Immunoresearch 

N/A 
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conjugated 
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Chemicals, peptides, and recombinant proteins 
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Scientific 
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Cyclic AMP (Dibutyryl cyclic-AMP sodium salt) TOCRIS 1141 
DMEM/F-12 GlutaMAX supplement ThermoFisher 

Scientific (Gibco) 
10565018 

DMSO Sigma-Aldrich/Merck D2650 
ECL luminescence solution Millipore 
FGF2 (human) Joint Protein Central Human FGF2 
GDNF (glial cell derived neurotrophic factor) Peprotech 450-10-1mg
Laminin Invitrogen  23017-015 
Matrigel Corning 354234 
mTeSR1 STEMCELL 85850 
N-2 supplement (100x) ThermoFisher 

Scientific 
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NEBNext Ultra II DNA Library Prep Kit for Illumina New England Biolabs E7645 
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Scientific 
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RIPA buffer with protease and phosphatase inhibitors ThermoFisher 

Scientific 
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78442 

RNeasy Mini kit Qiagen 74106 
Rock Inhibitor, Y-27632 AdooQ A21448 
Deposited data 
RNA- and ChIP-sequencing GEO repository GSE120271 
Experimental models: Cell lines 
Human WT33 (female) iPSC Laboratory of genetics 

Salk Institute 
N/A 

https://www.sigmaaldrich.com/US/en/product/sigma/d2650?context=product


Human WT126 (male) iPSC Laboratory of genetics 
Salk Institute 

N/A 

Human ADRC40 (male) iPSC Laboratory of genetics 
Salk Institute 

RRID:CVCL_HA43 

Chimpanzee PR00818 (female) iPSC Laboratory of genetics 
Salk Institute 

RRID:CVCL_2Z83 

Bonobo PR01086 (male) iPSC Laboratory of genetics 
Salk Institute 

RRID :CVCL_2Z81 
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Salk Institute 

RRID:CVCL_2Z84 

Gorilla PR00053 (male) iPSC Laboratory of genetics 
Salk Institute 

N/A 

Gorilla PR00075 (female) iPSC Laboratory of genetics 
Salk Institute 

N/A 

Rhesus macaque (male) iPSC Laboratory of genetics 
Salk Institute 

N/A 

Software and algorithms 
biomaRt R package, open-

source 
RRID:SCR_019214 

brainImageR R package, open-
source 

https://github.com/sa
ralinker/brainImageR 

edgeR R package, open-
source 

RRID:SCR_012802 

HOMER software RRID:SCR_010881 
HTSeq-count algorithm, open-

source 
RRID:SCR_011867 

R R Core team https://www.r-
project.org 

randomForest R package, open-
source 

RRID:SCR_015718 

SolexaQA R package, open-
source 

RRID:SCR_005421 

STAR aligner R package, open-
source 

RRID:SCR_004463 

Other 
Lentiviral particles synapsin::EGFP Available from 

Addgene 
https://www.addgene
.org/search/catalog/p
lasmids/?q=hSyn1+
GFP 

Lentiviral particles human shGATA3 Merck SHCLNG-
NM_002051 

96-well multi-eletrode array plates Axion Biosystems M768-tMEA-96W 
NuPAGE precasted gels (4-12% Bis-Tris) Fisher Scientific 102470002 
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Figure S1. Species alignment strategy, related to Figure 1 

Supplemental Information



(A) All reads for each sample were aligned to the human (hg19), chimpanzee (pantro4), gorilla

(gorgor3), and rhesus (rhemac3) reference genomes. Reads that aligned uniquely in all 4

genomes were used for counting. All genes counts were annotated with respect to the human

reference genome.

(B) Example genes from a single sample with reads aligned only to one reference (top, VASP) or

equivalently to all 4 reference genomes (bottom, VAMP2).

(C) Percent reads aligned uniquely after each filtering step.

(D) Correlation of mean TPM for each species after filtering for each genome alignment.

(E) Predicted developmental time for all samples using the full transcriptome and the BrainSpan

reference dataset of either 8 post-conception weeks to 40 years of age (left) or only prenatal

reference samples (right). H = human, B = bonobo, C = chimpanzee, G = gorilla, R = rhesus.

(F) Total scaled expression for top marker genes of broad cell types (left), excitatory cell types

(middle), or inhibitory cell types as defined in Lake et al. Science (2016) (right).

(G) Comparison of bulk RNA-seq to single-cell data from Fan et al. Science Advances (2020),

which captures neurons from early gestation using CIBERSORT, Chen et al. Methods Mol Bio

(2018). NPCs from all species (G-left) were most highly similar to early gestation NPCs followed

by a signature for early neurons. Neurons from all species (G-right) have the highest overlap with

early gestation neurons followed by excitatory cortical neurons then pons neurons and astrocytes.



Figure S2. Developmental species-dependent transcriptional signature, related to Figure 
2 
(A) Principal component analysis (PCA) of NPCs from all species.

(B) Principal component analysis (PCA) of neurons from all species.

(C) Clades examined for differential expression analysis.

(D) Eigenvalues for human specific modules. H = human, B = bonobo, C = chimpanzee, G =

gorilla, R = rhesus.

(E) Spatial enrichment of GATA3 expression.

(F) Western blot for GATA3 in 2-week-old human neurons. While results show variable expression

levels of GATA3 protein, all human neurons expressed GATA3. 1-7 represent different lines of



human iPSC-derived neurons. 1-WT33 clone1; 2-WT33 clone7; 3-WT126 clone5; 4- WT126 

clone8; 5- ADRC40; 6- Cove; 7- Cent. 

Figure 3S. GATA3 binding in human neurons, related to Figure 3 
(A) GATA3 motif enriched within GATA3 ChIP-seq peaks and heatmap of GATA3 peak heights

centered around transcription start sites (TSS).

(B) Example UCSC browser views of genes from families that contain human-specific paralogs

bound at the promoter by GATA3 in human neurons. Green = GATA3 binding in lines generated

from 3 separate human individuals; gray = input from the same 3 lines.

(C) Pie chart of GATA3-bound genes found to be significantly up- (up = 642 genes) or down-

regulated (down= 649 genes) between human NPCs and neurons (p-adjusted < 0.05).



(D) Pie chart of the 37 modules identified through WGCNA analysis on only GATA3-bound genes.

*# refers to the specific modules plotted in E.

(E) Three modules and representative genes from GATA3-bound WGCNA analysis showing the

most common expression profile (module 1), and two human-specific profiles (modules 8 and 12).

(F) Estimation of divergence under strong positive (E[Dp]) selection at GATA3 motifs bound in

human neurons. error bars = standard error, * = p < 0.05.

(G) Estimation of divergence under weak negative selection (E[Dw]) at GATA3 motifs bound in

human neurons.

Figure S4. GATA3 knockdown in human neurons, related to Figures 3 and 4 
(A) Western blot of GATA3 following shGATA3 knockdown in human samples (WT33 and

WT126).

(B) Example genes with human specific expression patterns that are expressed more similarly to

nonhuman primate samples after shGATA3 treatment (left) and which are directly bound by

GATA3 (right).



(C) PCA of all samples either using all genes (left) or restricted to genes identified as regulated

by GATA3 (right). Arrows indicate vector of the shift of shGATA3 samples in comparison to

controls.

(D) logFC between expression NPCs and neurons (combined) of genes directly bound by GATA3

in ChIP-seq and modulated by GATA3 knockdown (y-axis) versus the rank of the logFC of the

gene in human samples (x-axis).


