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Abstract
Background  Elucidating the dynamics of gene expression across developmental stages, including the genomic 
characteristics of brain expression during infancy, is pivotal in deciphering human psychiatric and neurological 
disorders and providing insights into developmental disorders.

Results  Leveraging comprehensive human GWAS associations with temporal and spatial brain expression data, we 
discovered a distinctive co-expression cluster comprising 897 genes highly expressed specifically during infancy, 
enriched in functions related to the neuronal system. This gene cluster notably harbors the highest ratio of genes 
linked to psychiatric and neurological disorders. Through computational analysis, MYT1L emerged as a potential 
central transcription factor governing these genes. Remarkably, the infancy-specific expressed genes, including SYT1, 
exhibit prominent colocalization within human accelerated regions. Additionally, chromatin state analysis unveiled 
prevalent epigenetic markers associated with enhancer-specific modifications. In addition, this cluster of genes 
has demonstrated to be specifically highly expressed in cell-types including excitatory neurons, medial ganglionic 
eminence and caudal ganglionic eminence.

Conclusions  This study comprehensively characterizes the genomics and epigenomics of genes specifically 
expressed during infancy, identifying crucial hub genes and transcription factors. These findings offer valuable 
insights into early detection strategies and interventions for psychiatric and neurological disorders.
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Background
Infancy, which spans from birth to 18 months [1], is a 
critical phase for accelerated brain development. By the 
end of this phase, the brain reaches 80–90% of the adult 
brain volume [2]. Cellular events drive the rapid growth 
of the infant brain, resulting in structural changes and 
the reorganization of neural circuits [3]. At the cognitive 
and behavioral levels during this stage, various abilities 
such as language, memory, social cognition, emotional 
regulation, and executive functions emerge and continu-
ously develop [4]. Brain development during this period 
is highly susceptible to both genetic and non-genetic fac-
tors, which can lead to neuronal degeneration, reduced 
integrity of white matter fiber bundles, and insufficient 
synaptic pruning [5, 6]. These deficits can result in long-
term cognitive, behavioral, and emotional problems, 
increasing the risk of developing psychiatric disorders 
[7].

For psychiatric disorders, there are a complex set of 
conditions that can be particularly challenging to diag-
nose and manage due to their atypical manifestations, 
phenotypic heterogeneity, and sometimes idiopathic 
nature [8]. The existing diagnostic systems for mental 
disorders (Diagnostic and Statistical Manual of Men-
tal Disorders, 5th Edition, DSM-5) are based on clinical 
phenomenological classification, with diagnostic crite-
ria that are relatively vague and overlapping, resulting in 
poor diagnostic consistency. In addition, for infants or 
toddlers, it is much more difficult to make a diagnosis 
because the behavioral impairments of psychiatric dis-
orders normally show after the age of four years old [9, 
10]. Early identification of abnormal blood biomarkers 
during infancy or early childhood can serve as a warning 
sign for susceptibility to psychiatric and neurological dis-
orders in later life. For instance, accumulating evidence 
links an altered plasma proteome and metabolome with 
mental health issues in young individuals [11]. Develop-
ing genetic markers for psychiatric disorders is essential 
for earlier and more effective interventions, understand-
ing the biological basis of these conditions, and enabling 
personalized treatment strategies that improve patient 
outcomes.

With the advancement of sequencing technologies, 
Omics-based approaches have become feasible for iden-
tifying risk genes or variants associated with psychiat-
ric and neurological disorders. For instance, through 
genome-wide association studies (GWAS), Trubetskoy et 
al. [12] identified 120 genes associated with schizophre-
nia, 106 of which are protein-coding genes, such as the 
glutamate receptor subunit GRIN2A and the transcrip-
tion factor SP4. These schizophrenia-associated genes 
are enriched in brain neurons and are predominantly 
involved in physiological processes like synaptic organi-
zation, differentiation, and transmission. Another study 

utilizing exome sequencing identified AKAP11 as a risk 
gene for both bipolar disorder and schizophrenia [13]. 
However, while GWAS-based methods have provided a 
wealth of risk biomarkers for psychiatric and neurologi-
cal disorders in adults, identifying genetic biomarkers 
for abnormal developmental stages in infancy has been 
challenging due to difficulties in obtaining population-
scale phenotypic data. Moreover, it is not feasible to 
guide diagnoses in a spatial and temporal manner with 
this approach. Genes specifically expressed in different 
brain regions at different stages normally act distinctly 
in human brain development, especially during infancy 
when the brain is undergoing significant development 
[14]. Previous research has generated large bulk and 
single-cell transcriptomic datasets from the brain at dif-
ferent developmental stages [1, 15]. By integrating bulk 
transcriptomic data, co-expression networks could be 
constructed. Utilizing the co-expression information, 
researchers can prioritize GWAS hits that are more likely 
to be biologically relevant. For instance, if the GWAS 
variant is located near a gene that is highly co-expressed 
with other genes known to be associated with the disease, 
it may be considered a stronger candidate for further 
investigation. In addition, by identifying gene modules 
associated with specific traits in the GWAS, research-
ers can investigate whether these modules are enriched 
for particular biological functions or pathways, provid-
ing insights into the mechanism of the trait. In addition, 
by linking GWAS data to single-cell expression profiles, 
researchers can determine if genetic associations are 
driven by particular cell types, enhancing the biological 
relevance of GWAS findings. The large-scale transcrip-
tomic data provided complementary power to GWASs 
in identification of psychiatric and neurological disorder 
genes and determination of the cell-type.

To identify genetic biomarkers for abnormal develop-
mental stages during infancy, this study leveraged cur-
rent comprehensive GWAS disorder associations and 
temporal and spatial expression datasets to pinpoint 
potential risk genes for psychiatric and neurological dis-
orders (Fig. 1). We discovered a gene cluster with a spe-
cific high expression pattern during infancy and notably 
annotated it using known human psychiatric and neu-
rological disorders risk loci from the GWAS and family 
de novo mutation databases. For the identified potential 
early risk genes, in silico hub transcription factor (TF) 
prediction, chromatin state comparisions and overlap-
pings with human accelerated regions were performed. 
Further research on this risk gene set revealed that these 
genes are also highly expressed and conserved in rats 
during infancy and respond to trauma in infancy. Addi-
tionally, based on single-cell data from the brain at dif-
ferent developmental stages, we excavated the cell types 
of these genes, finding that they are highly expressed in 
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excitatory neurons, the medial ganglionic eminence, 
and the caudal ganglionic eminence during infancy. This 
study provides a valuable repertoire of genes associated 
with early mental disorders and insights for the early 
diagnosis of psychiatric and neurological disorder risks.

Methods
Clustering of co-expressed genes
We utilized publicly available brain gene expression data 
obtained from the Allen Institute for Brain Science [1] in 
our study. This data included information from various 
age groups, spanning prenatal and postnatal stages. After 
acquiring the expression data matrix, we filtered out 
gene entries with expression values of 0 and retained the 
remaining genes. To ensure appropriate grouping of data 
and align with our research focus on infancy, we divided 
the dataset into eight distinct developmental stages. 
These stages were determined based on the donor’s age 
and developmental stage at the time of sample collec-
tion. The sample groups were categorized as follows: 
early prenatal, mid-prenatal, late prenatal, infancy, early 
childhood, late childhood, adolescence, and adulthood. 

Supplementary Table 1 provides more detailed informa-
tion on these developmental stages. We employed Clust 
[16] to identify co-expressed gene clusters specific to 
each of the eight developmental stages. Furthermore, we 
conducted Gene Ontology (GO) and functional enrich-
ment analysis for genes within these co-expressed clus-
ters using Enrichr [17]. GO terms were considered 
significant if they met the criteria of bonferroni adjusted 
p-value < 0.01.

Expression of ortholgs in rat genome
The rat orthologous genes of the human genes in differ-
ent co-expressed clusters were obtained from the Rat 
Genome Database (https://rgd.mcw.edu/rgdweb/ortho-
log/start.html). The transcriptomic data of the prefrontal 
cortex from rats, which had undergone maternal separa-
tion or served as control subjects, have previously been 
released [18]. The expression level of each rat ortholo-
gous gene was collected and compared between different 
clustered groups.

Fig. 1  Outline of this study. (a) Using temporal gene expression patterns from the BrainSpan project, a cluster of genes with a distinctly high expression 
pattern during infancy was identified. The list on the right shows the developmental stages of the brain in this study, as cited from the supplementary 
materials of Kang et al. [1]; (b) This cluster overlaps with the list of risk genes for neurodevelopmental disorders identified through public GWAS and DNM 
databases; (c) For these overlapping genes, further in-depth studies were conducted. The investigations, from left to right, include: the examination of 
expression changes in a rat infancy trauma model, with a comparison between rats that experienced maternal separation and their standard-reared lit-
termates (CK); the prediction of transcription factors (TFs) that may potentially bind to these genes; the characterization of their chromatin states and the 
examination of whether any of the genes are colocalized with human accelerated regions; Additionally, the spatial and temporal expression patterns of 
the gene cluster were investigated
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Annotation of clustered genes using GWAS and DNM 
databases
The GWAS association data used in our study was 
obtained from the GWAS Catalog [19, 20]. Specifically, 
we narrowed down our focus to a specific set of genes 
associated with 12 psychiatric and neurological disor-
ders, as listed in Supplementary Table 6. In addition to 
this, we also obtained a list of genes affected by de novo 
mutations that have the potential to result in psychiatric 
and neurological disorders from the PsyMuKB database 
[21]. Furthermore, we curated genes that were affected by 
loss-of-function (LoF) mutations or had a CADD_phred 
score of ≥ 30 from a total of 21 psychiatric and neurologi-
cal disorders, which are detailed in Supplementary Table 
7 [22]. We then proceeded to map the genes within the 
different co-expression clusters to these two gene data-
sets, which are relevant to psychiatric and neurological 
disorders.

TF prediction for hub genes
The TF enrichment analysis was conducted using 
ChEA3, a tool designed to perform transcription fac-
tor enrichment analysis by integrating data from vari-
ous sources, including TF-target gene associations from 
ENCODE, ReMap, ARCHS4, GTEx, Enrichr, and curated 
results from the literature [23]. We opted for the ‘Mean 
Rank’ setting in ChEA3, to identify the most significant 
TFs for genes in the C3 cluster. The ‘Mean Rank’ method 
calculates the average rank across the integrated librar-
ies (ARCHS4, GTEx, and Enrichr) within ChEA3. The 
construction of the TF co-expression network involved 
a Weighted Gene Co-expression Network Analysis 
(WGCNA) applied to human TF expression data. The 
WGCNs based on the Genotype-Tissue Expression 
(GTEx) project was illustrated. We used TF co-expres-
sion networks to further analyze the top 15 enriched 
transcription factors to identify the hubs through ChEA3.

Cell-type specific expression analysis
Cell-type Specific Expression Analysis (CSEA) [24] was 
used in our study to identify potential cell populations 
that may be disrupted in a group of patients with vari-
ous genetic abnormalities. This analysis utilizes a dataset 
of mouse transcriptomic profiles to identify sets of tran-
scripts that are specifically expressed in particular mouse 
cells. We subjected the 154 genes that showed signals in 
GWAS/DNM and the top 15 associated regulatory TF 
genes to an investigation of their expression in specific 
cell types (as shown in Fig. 4d).

Chromatin state analysis
Based on various epigenomic marks, the genomic 
sequences of the human genome have previously been 
classified into 15 core chromatin states [25]. In our study, 

we employed bedtools [26] to determine the base-level 
overlap between different chromatin states and all human 
genes. This allowed us to annotate each gene with the 
proportion covered by the 15 distinct chromatin states. 
Subsequently, we compared the proportion of the 154 
genes associated with psychiatric and neurological disor-
ders in GWAS and DNM with the proportion of all genes 
in chromatin states C0 to C5.

Colocalization with human accelerated regions
Human Accelerated Regions (HARs) demonstrate 
intriguing patterns of conservation within human popu-
lations while showing significant divergence from other 
mammals, highlighting their crucial role in human-
specific evolution and diversification. In our study, we 
obtained the HAR regions previously identified by Doan 
et al. [27] and downloaded them for further analysis. To 
explore the relationship between HAR regions and gene 
expression, we utilized bedtools [26] to screen the base-
level overlapping rate of genes belonging to different co-
expressed clusters.

Evaluation of the spatiotemporal expression pattern at 
single-cell level
The single-nucleus RNA sequencing (snRNA-seq) data 
from Zhu et al. (2023) was employed in this study, offer-
ing a detailed single-cell RNA sequencing dataset of 
45,549 cortical nuclei sampled across six developmental 
stages, from fetal to adult life. This dataset, accessible as 
a Seurat object in an R package, was downloaded and 
analyzed using the Seurat package in R. To evaluate the 
activity of the C3 gene set at the single-cell level during 
various developmental stages, we utilized the R pack-
age AUCell v1.26 [28]. Our methodology began with 
the application of the ‘AUCell_buildRankings’ function, 
employing its default parameters to rank gene expres-
sions for each cell based on an expression matrix. Sub-
sequently, for each gene set and cell, we determined the 
area-under-the-curve (AUC) values through the ‘AUCell_
calcAUC’ function. These AUC values denote the per-
centage of genes within the pathway gene set that are 
ranked highly for each cell.

We used DoRothEA v3.19 [29] to assess the com-
parative activity levels of transcription factors (TFs). 
DoRothEA determines TF activity levels by analyzing 
the expression levels of their target genes, not the own 
expression levels of TFs. For the statistical evaluation of 
these TF activity levels, we applied VIPER [30], a method 
that accounts for the specific mode of each TF-target 
interaction and has been proven effective for single-cell 
data analysis. We conducted a comparative analysis of TF 
activity across different cell types and identified the activ-
ity patterns of for MYT1L.
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Results
The neuronal signature of infant-specific highly expressed 
genes
To identify the gene set expressed explicitly during 
infancy, we utilized the transcriptome dataset in the 
BrainSpan project [1]. We define infancy as the period 
from birth to 18 months, a critical developmental win-
dow for brain growth and neural circuit establishment, 
where disruptions can significantly increase the risk of 
psychiatric and neurological disorders later in life [21]. 
We partitioned the data into eight developmental peri-
ods according to the classification system of human 
brain development and adulthood created by Kang et al. 
[1] (Supplementary Table 1). These expression data of 
brain tissues, defined for different developmental stages, 
including early prenatal, mid-prenatal, late prenatal, 
infancy early childhood, late childhood, adolescence, 

and adulthood, will be used for subsequent analysis. To 
ensure robust statistical analysis and representation, we 
have ensured that each developmental stage includes 
expression data from at least three donor samples (Sup-
plementary Table 2). Co-expressed clusters of genes 
were identified by Clust [16], which generated six gene 
expression clusters (C0 – C5). The smallest cluster (C2) 
includes 786 genes, while the largest cluster (C0) includes 
7009 genes.

The expression pattern varied among the six clus-
ters. Genes in C0 and C1 showed a generally declin-
ing expression pattern throughout eight developmental 
periods from early prenatal to adulthood, while genes 
in C4 showed a continuously increased expression pat-
tern (Fig.  2a). The other three clusters (C2, C3, C5) 
showed fluctuated pattern during development. Nota-
bly, we observed that the expression of 897 genes in the 

Fig. 2  Expression pattern clustering and functional enrichment of genes highly expressed during the infancy period. (a) Clustering of gene expression 
pattern during eight human developmental stages. The number of genes in each cluster is displayed at the top of the image. The six clusters contain 
7009, 1109, 786, 897, 5756, and 1524 genes, respectively; (b) Heatmaps for average expression values for genes of six clusters across different stages; (c) 
GO enrichment of 897 genes in C3; (d) Expression level of different cluster genes at infancy stage; (e) Left: the expression level of homologous genes of 
different clusters in rat brain; Right: comparisons of expression levels of C3 cluster genes in rats brain subjected to predictable (pms) and unexpected 
(ums) maternal separation with those control rats
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C3 showed a peak in infancy compared to the three pre-
natal and early childhood stages (Fig.  2a-b). To identify 
the general functions of genes in each cluster, we applied 
Enrichr [17] to explore the functional enrichment. 
Results from Enrichr were used for all clusters (Supple-
mentary Table 3). Interestingly, for C3, we found the 
significant GO enrichment terms are like ‘neuron projec-
tion’ (GO:0043005), ‘axon’ (GO:0030424) and ‘synaptic 
vesicle exocytosis (GO:0016079) (Fig. 2c).

When focusing on the infancy stage, C3 genes were 
most highly expressed by comparing the average expres-
sion values of the six clusters of genes (Fig. 2d), implying 
the important roles of C3 genes in neuronal develop-
ment at this stage. To examine whether genes in this 
cluster could respond to psychological trauma stress dur-
ing infancy, we utilized the rat model developed in our 
previous research [18], and compared whether the rat 
orthologs of these genes exhibit significant expression 
differences in cases of maternal-infant separation anxiety 
during infancy. Transcriptomic expression data from rats 
subjected to predictable (pms) and unpredictable (ums) 
maternal separation during infancy were compared [18]. 
We identified the best homologous rat genes related to 
those of humans and observed that the C3 cluster genes 
that could be mapped in rat transcriptome data also had 
the highest expression level compared to other cluster 
genes (Fig.  2e), indicating their generally functionally 

conserved roles across different species. Moreover, we 
compared the expression levels of C3 cluster genes in 
rats subjected to predictable (pms) and unexpected (ums) 
maternal separation with those control rats. Significantly 
reduced expression in both maternal separation treated 
rats was observed (Ppms: 1.50 × 10− 3; Pums: 1.06 × 10− 2) 
(Fig. 2e), supporting that the C3 genes may be involved in 
critical roles in neuronal development, and may respond 
to psychological trauma stress during infancy.

C3 genes differentially modulates susceptibility to various 
psychiatric and neurological disorders
Since genes in C3 cluster were shown to have a functional 
enrichment in the neuronal system (Fig. 2c), we further 
explored whether these genes resided in genomic regions 
previously identified as GWAS signals associated with 
psychiatric and neurological disorders. In addition, we 
also scanned the genes in the PsyMuKB database, which 
collects potential neuropsychiatric genes with de novo 
mutations (DNM) [31]. Interestingly, a total of 27 in C3 
cluster overlapped with the psychiatric and neurological 
disorder-related GWAS signals, which presented the larg-
est proportion among all clusters (Fig. 3a). Consistently, 
we also observed the highest percentage of genes with 
de novo Loss of function (LoF) mutations in C3 (Fig. 3a). 
To account for the potential bias in the overlap percent-
age due to gene length, we randomly selected genes with 

Fig. 3  Exploration of C3 genes residing in GWAS signals associated with psychiatric and neurological disorders. (a) Percentage of genes in six different 
clusters with GWAS signals associated with psychiatric and neurological disorders or with loss of function de novo mutation (DNM) burden based on trio 
studies. The right figures illustrate the comparison between the observed number of overlaps (marked with red dashed lines) and the distribution of 
overlap numbers for 1000 simulated genes with comparable gene sizes; (b) Number of overlapped genes of C3 cluster with both GWAS and DNM; (c) 
Associated psychiatric and neurological disorder traits for the 27 genes with GWAS signals. The color represents the expression levels of the genes, with 
red indicating relatively high expression and blue indicating relatively low expression, based on a standardized scale for each gene
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similar length distributions 1000 times and consistently 
observed that the overlap ratio of C3 genes is significantly 
higher than that of the simulated sets, with p-values of 
4.52 × 10− 2 for the GWAS dataset and 4.19 × 10− 2 for the 
DNM dataset. Notably, 10 of the 27 C3 genes overlapped 
with psychiatric and neurological disorder GWAS sig-
nals also showed to be carrying LoF de novo mutations 
(Fig. 3b). For the 27 genes, 24 were potentially associated 
with one single disease trait, while the rest three genes 
(HCN1, RSRC1, OLFM4) showing pleiotropic effects 
(Fig. 3c). All the 27 genes showed an elevated expression 
level during infancy, and three later developmental peri-
ods (late childhood, adolescence, adulthood). Among the 
ten genes that overlapped with both GWAS and DNM 
datasets, SYT1, may play a vital role in infancy devel-
opment. SYT1 is a synaptic binding protein that plays a 

crucial role in neurotransmitter release. Mutations in the 
SYT1 gene are associated with a newly identified neuro-
developmental disorder called SYT1-associated neuro-
developmental disorder. De novo missense SYT1 variants 
in the C2B domain were reported to be associated with 
severe intellectual disability [32].

Profiling of transcription factors regulating neural genes in 
C3 cluster
Transcription factors (TFs) are proteins that regu-
late gene expression by binding to DNA sequences and 
play a crucial role in the modification of gene expres-
sion [33]. To investigate potential TFs regulating C3 
neural genes and examine whether there are TFs acting 
as hubs in these networks, the TF enrichment analysis 
was performed. ChEA3 (ChIP-X Enrichment Analysis 

Fig. 4  Transcriptional profiling of TFs regulating neural genes in the C3 cluster. (a) TFs predicted by ChEA3 potentially regulating genes in C3 with GWAS 
or DNM signals; (b) Local network of the top 15 TFs. The edges within this network are defined by evidence from the ChEA3 libraries and are directed 
where ChIP-seq evidence supports the interaction. The relationships between each TF are based on data from the GTEx, TCGA, and ARCHS4 datasets in 
the ChEA3 database; (c) The global TF network presented by ChEA3 is constructed using Weighted Gene Co-expression Network Analysis (WGCNA) on 
human TF expression data from GTEx, TCGA, and ARCHS4. Global clustering of all TFs with different tissues coloring differently. The region of top 15 TFs 
is highlighted with black circle, indicating that the top 15 regulating TFs are tissue-specifically expressed in the brain; (d) SEA brain region enrichment 
for top the top 15 TFs and 154 genes in C3 with GWAS or DNM signals. Varying stringencies for enrichment are represented by the size of the hexagons, 
ranging from the least specific lists (outer hexagons) to the most specific (center). Hexagons are scaled to the size of the gene lists
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Version 3) was developed to conduct transcription fac-
tor enrichment analysis, which integrates data about 
TF/target–gene associations from multiple assay types 
and other sources of evidence [23]. A total of 154 genes 
in C3 with mental GWAS or DNM signals (Fig. 4b) were 
subjected to this analysis by ChEA3. We found that 93 of 
the 154 genes could potentially be regulated by the top 
15 ranking TFs predicted by ChEA3 (Fig.  3a; Supple-
mentary Table 4). We randomly selected 154 genes from 
the genome 1000 times and analyzed each set using the 
ChEA3, and found none of the permutations showed 93 
or more genes targeted by the 15 transcription factors 
(p-value < 0.001). Among them, genes with both GWAS 
and DNM signals presented with the highest rate (90.0%) 
of being regulated by the top 15 TFs, followed by genes 
with only GWAS signals (76.9%), and those with only 
DNMs (55.9%) (Fig.  4a). The observation may suggest 
that genes with both GWAS and DNM signals are more 
likely to be functional crucial genes and play a central 
role in mental development.

Notably, we observed that the top 2 ranking TFs are 
MYT1L, CAMTA1, which are predicted to regulate 49, 
47 of the 154 genes, respectively. TF Co-regulatory Net-
works are constructed using the ChEA3 database. Edges 
within these TF Co-regulatory Networks are defined 
by evidence from the ChEA3 libraries and are directed 
where ChIP-seq evidence supports the interaction. We 
utilized the TF Co-regulatory Networks from ChEA3 to 
evaluate the interconnectivity of the top 15 transcrip-
tion factors (TFs). MYT1L is also presented as hub nodes 
in the local co-expression network constructed by the 
15 TFs (Fig.  4b). MYT1L has been documented to be a 

crucial transcriptional activator and/or repressor, and 
functions in the developing mammalian central nervous 
system [34, 35]. Mutations in this gene lead to serious 
neurodevelopmental disorders, such as cognitive disabil-
ity and with ASD [34]. For CAMTA1, de novo mutations 
in this gene cause a syndrome variably associated with 
spasticity, ataxia, and intellectual disability [36]. When 
examing the global TF network presented by ChEA3, we 
found the top 15 regulating TFs are tissue-specifically 
expressed in the brain (Fig. 4c). To further determine the 
specificity of the brain region, we used the CSEA tool 
[24], and found that both the 154 genes with GWAS/
DNM signals (Padjusted = 6.02 × 10− 23) or the top 15 associ-
ated regulating TFs (Padjusted = 3.84 × 10− 4) are predicted 
to be dominantly functioning in the cortex (Fig. 4d).

Genomic and epigenomic characterization of psychiatric 
and neurological disorder related genes in C3
In order to explore whether the C3 genes possess human-
specific evolutionary characteristics, we examined the 
extent to which C3 cluster genes are colocalized in 
human accelerated regions (HARs). HARs show intrigu-
ing conservation within human populations but display 
high divergence from other mammals. It has been doc-
umented several specific HARs likely to have essential 
functions in human brain that are potentially impor-
tant targets of recent human brain evolution [27]. The 
results found that 8 of 27 genes overlapping with GWAS 
or DNM databases are coloalized with HARs, which 
includes CAMTA1, SYT1, AGBL4, CAMK2D, DPP6, 
MAP2K5, OLFM4 and SH3GL2 (Fig. 5a), indicating they 

Fig. 5  Genomic characteristics of neuronal genes in C3 cluster. (a) Circos plot of the distribution of human accelerated regions (HAR) and C3 genes. The 
27 genes with GWAS signals were marked outside, with genes colocalized with HARs highlighted in red dot; (b) Comparision of chromatin state of 154 
genes with psychiatric and neurological disorder GWAS and DNM signals against all C3 genes and all C0-C5 genes
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may play a vital role in early neuronal development and 
under strong selection pressure.

Different human genomic regions are classified with 
15 diverse core chromatin states based on multiple epig-
enomic marks, which can capture information describing 
different types of genomic elements such as promoters, 
enhancers, transcribed, repressed, and repetitive regions 
[25]. We first determined the chromatin states for all 
clustered genes at the gene-based level, and investigated 
chromatin states for the 154 genes with GWAS and 
DNM associated with psychiatric and neurological disor-
ders. Using genes in all clusters and C3 as background, 
we found the chromatin states in the 154 genes were of 
higher presentation in states like ‘3_TxFlnk’ (Transcrip-
tion at gene 5’ and 3’), ‘4_Tx’ (Strong transcription), 
‘5_TxWk’ (weak transcription), ‘6_EnhG’ (Genic enhanc-
ers), ‘7_Enh’ (Enhancers) (Fig. 5b; Supplmentary Table 5). 
These states are dominant with epigenetic marks 
H3K4me1 and H3K27ac, which are enhancer-specific 
modifications.

Spatiotemporal expression dynamics of C3 gene set in 
brain development
In order to further refine the study of the spatiotempo-
ral expression characteristics of the C3 gene set in brain 
tissues, we utilized the single-cell transcriptome data of 
brain tissues at various developmental stages from Zhu et 
al. [15]. The study includes six periods: Early fetal, Late 
fetal, Infancy, Childhood, Adolescence, and Adulthood. 
Our research found that the C3 gene set was inactive in 
most cell types during the fetal period before infancy. 
Interestingly, during the infancy period and subsequent 
developmental periods, the C3 gene was predominantly 
highly active in three types of brain cells, namely excit-
atory neurons (EN), medial ganglionic eminence (IN-
MGE), and ganglionic eminence (IN-CGE) (Fig. 6a-b).

Focusing on the SYT1 gene within the C3 gene set, it 
was found to be highly expressed in these three cell types, 
with a noticeable trend of increased expression during 
the infancy period in cell types EN and IN-CGE. Addi-
tionally, using the DoRothEA [29], we predicted that 

Fig. 6  Spatiotemporal Expression Patterns of C3 Genes. (a) UMAP visualizations depict single cells characterized by RNA-seq across six distinct develop-
mental stages. The cell type annotations are based on the work of Zhu et al. [15]; (b) The relative expression levels of C3 genes are compared between 
different cell types at various stages; (c) The expression levels of SYT1 are examined across various cell types and stages; (d) The activity of the MYT1L 
transcription factor is analyzed across different stages
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MYT1L is a negative upstream regulatory transcription 
factor for SYT1. The spatiotemporal expression data of 
this batch of brain tissues also revealed that the activity 
of this transcription factor MYT1L is inversely related 
to the expression levels of SYT1 across different cell 
types and developmental stages (Fig.  6c-d). This phe-
nomenon suggests that the increase in expression levels 
of the SYT1 gene in EN and CGE as the developmental 
period progresses may be due to the decreased activity of 
the transcription factor MYT1L, leading to the relief of 
inhibition.

Discussion
The development of the brain in infancy is crucial for 
the proper functioning of an individual throughout their 
life [37]. During this stage, the brain is rapidly growing 
and forming connections [38], which lay the foundation 
for future learning, behavior, and overall well-being. The 
research findings of this study reveal crucial insights into 
infancy-specific genes enriched in the neuronal system 
and their potential implications for psychiatric and neu-
rological disorders. The identified unique gene cluster, 
exhibiting a peak in expression during infancy, demon-
strates significant functional enrichment in the neuronal 
system and synaptic signaling. Furthermore, the study 
introduces a fascinating association between these spe-
cific C3 genes and psychiatric and neurological disorders, 
which is drawn from overlaps observed with GWAS sig-
nals and instances of de novo loss of function mutations. 
These overlaps suggest that these genes might play a sub-
stantial role in both the development and susceptibility 
to a broad spectrum of psychiatric and neurological dis-
orders. For researchers in neurobiology and psychology, 
this presents an intriguing molecular terrain to explore 
towards a better understanding of psychiatric and neuro-
logical disorders.

The consistent and elevated expression levels of these 
genes in both human and rat datasets suggest a func-
tionally conserved role across species, thus emphasiz-
ing their critical involvement in neuronal development 
during infancy. An intriguing aspect of these genes is 
their remarkable response to environmental factors, as 
depicted through experimental results involving mater-
nal separation in rats [18]. In such scenarios, mammals 
display a significant reduction in the expression levels of 
these genes, emphasizing the conservation of these genes 
across species and their necessity in neural development. 
This insight deepens our understanding of how early-life 
experiences cast sharp effects on the neural development 
process.

Early detection of mental illness in childhood is crucial 
for timely intervention and better long-term outcomes. 
Identifying mental health issues at an early stage can lead 
to more effective treatment plans and improved quality of 

life. However, diagnosing mental illness in infants and young 
children poses significant challenges due to the subtlety of 
symptoms and the variability in developmental milestones 
[39]. These findings could drive the development of novel 
early intervention strategies for psychiatric and neurological 
disorders by targeting the specific genes within the C3 clus-
ter that play crucial roles in infant neuronal development 
[40]. By gaining a deeper understanding of the genetic and 
epigenetic characteristics of these genes, researchers and cli-
nicians could potentially identify biomarkers for early detec-
tion and diagnosis of psychiatric disorders [41, 42], leading 
to more effective and personalized treatment approaches 
[43]. Moreover, the identification of TFs that regulate the 
C3 neural genes, such as MYT1L and CAMTA1, provides 
potential targets for therapeutic interventions aimed at 
modulating gene expression in the context of psychiatric 
and neurological disorders. By understanding the regulatory 
networks and brain region specificity of these TFs, research-
ers could develop targeted approaches for modulating gene 
expression in the developing brain, with potential applica-
tions in mitigating the risk of psychiatric and neurological 
disorders.

Conclusions
In summary, this research illuminates the pivotal role of 
one co-expressed gene cluster in infancy-specific neuro-
nal development and its potential implications for psychi-
atric and neurological disorders. The findings underscore 
the importance of these genes in shaping the trajectory of 
neuronal development during infancy, and their potential 
involvement in modulating susceptibility to a spectrum of 
psychiatric and neurological disorders. Further research 
focusing on the precise molecular mechanisms by which 
these genes contribute to psychiatric and neurological dis-
orders, as well as their potential as therapeutic targets, holds 
significant promise for advancing our understanding and 
potential interventions in the field of mental health.
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