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Abstract 

Background: Autism spectrum disorder is a neurodevelopmental disorder, affecting 1–2% of children. Studies have 
revealed genetic and cellular abnormalities in the brains of affected individuals, leading to both regional and distal 
cell communication deficits.

Methods: Recent application of single-cell technologies, especially single-cell transcriptomics, has significantly 
expanded our understanding of brain cell heterogeneity and further demonstrated that multiple cell types and brain 
layers or regions are perturbed in autism. The underlying high-dimensional single-cell data provides opportunities for 
multilevel computational analysis that collectively can better deconvolute the molecular and cellular events altered 
in autism. Here, we apply advanced computation and pattern recognition approaches on single-cell RNA-seq data to 
infer and compare inter-cell-type signaling communications in autism brains and controls.

Results: Our results indicate that at a global level, there are cell-cell communication differences in autism in compari-
son with controls, largely involving neurons as both signaling senders and receivers, but glia also contribute to the 
communication disruption. Although the magnitude of changes is moderate, we find that excitatory and inhibitor 
neurons are involved in multiple intercellular signaling that exhibits increased strengths in autism, such as NRXN and 
CNTN signaling. Not all genes in the intercellular signaling pathways show differential expression, but genes in the 
affected pathways are enriched for axon guidance, synapse organization, neuron migration, and other critical cel-
lular functions. Furthermore, those genes are highly connected to and enriched for genes previously associated with 
autism risks.

Conclusions: Overall, our proof-of-principle computational study using single-cell data uncovers key intercellular 
signaling pathways that are potentially disrupted in the autism brains, suggesting that more studies examining cross-
cell type effects can be valuable for understanding autism pathogenesis.
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Introduction
Autism spectrum disorder (ASD) is a class of neurode-
velopmental disorders characterized by two main clinical 
and behavior manifestations: (i) social communication 
and interaction deficits and (ii) restricted interests and 
repetitive behaviors, according to DSM-5 classification 

[1]. The Centers for Disease Control and Prevention 
(CDC) estimates that ASD prevalence is 1 in 54 in chil-
dren aged 8 years old and ~4 times more in boys than in 
girls, based on data from a 2016 report [2]. Genetics is 
the major risk factor with contributions from both rare 
and common, inherited, and de novo variants, but envi-
ronment also plays significant roles. To date, the Simons 
Foundation Autism Research Initiative (SFARI) [3] has 
collected 1003 genes related to ASD risk supported by 
various levels of evidence, but individually, each of the 
genes accounts for less than 1% of the cases. These genes 
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have a diverse array of functions but can be categorized 
into several broad molecular and cellular pathways, 
including chromatin remodeling, synaptic function, and 
signaling pathways, such as WNT, bone morphogenetic 
protein (BMP), Sonic hedgehog (SHH), and retinoic acid 
(RA) [4–7]. Overall genetic studies suggest that the neu-
ropathological mechanisms behind ASD are complex and 
multifaceted, and the risk genes have roles in multiple 
molecular and cellular networks.

Mutations in ASD risk genes can lead to structural and 
functional disruptions in neural circuits. At the genetic 
and cellular levels, synaptogenesis, and synapse function 
have been a long and major focus. Cell-cell signaling reg-
ulates synapse formation and plasticity, but they are also 
key for other cellular processes such as immune response, 
cell differentiation and maturation, and cell homeostasis 
[8, 9]. Many studies have pointed to mutations in ASD 
risk genes related to such intercellular communications. 
Carias and Wevrick [10] studied 94 genes with de novo 
missense (DNMs) variants in Tourette syndrome and 
ASD and found that many of them are membrane-asso-
ciated proteins, including cell-cell adhesion or commu-
nication proteins, G-protein signaling, and centrioles or 
cilia regulators or components. Similarly, analyzing data 
from whole exome sequencing (WES) and whole genome 
sequencing (WGS), Zhang et  al. found that many DNM 
ASD candidate genes are involved in cell-cell communi-
cations [11]. Furthermore, in a genome-wide association 
study (GWAS) of 18,381 ASD and 27,969 control indi-
viduals, Grove et al. [12] identified five genome-wide sig-
nificant loci and additional strong candidates, including 
genes involved in cell interaction and signaling (NEGR1, 
GADPS, and KCNN2). A subsequent WES study report-
ing 102 risk genes also supported the roles of ASD genes 
in gene regulation and neuronal communication and 
further linked some genes to delayed age of walking and 
reduced IQ [13]. In a separated study focused on ultra-
rare variants, Wilfert et al. [14] also uncovered risk genes 
implicated in intercellular signaling (e.g., Erb signal-
ing). Nongenetic studies have also pointed to structural 
changes in ASD brain that can lead to disrupted circuits 
and connections. For example, in 2009 Keary et  al. [15] 
and Casanova et al. [16] showed that corpus callosum vol-
ume in ASD brains was reduced, and gyral window was 
abnormally narrow. A recent neuroimaging and computa-
tional study from the autism brain imaging data exchange 
initiative further revealed both microcircuit and mac-
roscale connectome abnormality in autism brains [17]. 
Chien et  al. also observed thinner cortical thickness in 
bilateral cingulate subregions in ASD individuals [18].

To investigate cell communication appropriately, stud-
ies need to be performed at individual cell or cell type 
level. This is particularly important for brain disorders 

because a human brain is composed of many types and 
subtypes of neurons and glia that are located in multi-
ple brain layers and regions, with some exhibiting layer 
and regional specificity. Several studies have investi-
gated cell-type and brain-layer expression patterns of 
risk genes for ASD and other psychiatric disorders. For 
example, we previously analyzed multiple in  vitro and 
in vivo human neural and brain expression datasets from 
both control and ASD studies and demonstrated that 
inhibitory neurons could be the major cells affected in 
ASD, supporting an imbalance between inhibitory and 
excitatory signaling as important for ASD pathogenesis 
[19]. DNM variants disrupting protein-protein interac-
tions were identified in excitatory and inhibitory neu-
ronal lineages by Chen et  al. [20]. Likewise, in a WES 
study, Satterstrom et  al. [13] reported enriched expres-
sion of the 106 ASD risk genes in maturing and mature 
excitatory and inhibitory neurons, as well in oligoden-
drocyte progenitor cells and astrocytes. In addition, 
studies from the PsychENCODE Consortium further 
underscored cell specific roles [21, 22]. Most recently, 
Velmeshev et al. [23] applied single-cell transcriptomics 
to compare ASD brains to controls and showed that gene 
expression changes occurred predominantly in microglia 
and upper layer excitatory neurons, while affected genes 
were enriched for synaptic function. Furthermore, they 
suggested that ASD severity was significantly linked to 
groups of genes expressed in specific neurons. Reana-
lyzing the same data, Ji et al. identified cell-type-specific 
ASD-associated gene modules and showed that excita-
tory neurons, such as those of layer 2/3 (L2/3), L4, and 
L5/6-CC (cortico-cortical projection neurons), could 
play essential roles in ASD [24].

While these studies have underscored the roles of 
specific cell types, a direct and detailed examination of 
cell-cell communications in ASD brains has not been 
reported. On the other hand, cell-cell communication 
(CCC) has become a new computational frontier in sin-
gle-cell transcriptomic (scRNA-seq) studies, with the 
goal to systematically characterize intercellular com-
munications between cell types [25–27]. These kinds of 
studies are typically focused on molecular interactions 
involved in ligand-receptor, receptor-receptor, and extra-
cellular matrix-receptor proteins. The interactions can 
be categorized into four main types: (1) autocrine signal-
ing for intracellular communication, (2) paracrine com-
munication in which molecules are secreted by diffusion, 
(3) juxtracrine communication based on direct contact 
established by gap junctions, and (4) endocrine where 
molecules are secreted and signaling is achieved through 
extracellular fluids [9, 28]. Since these communications 
rely on the organization of cellular activities, it is impor-
tant to consider the expressed molecules, associated 
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pathways, the directionality, the magnitude, and the bio-
logical relevance [9]. Many software have been devel-
oped to use single-cell transcriptomic data for predicting 
cell-cell communications, mostly based on cell-type (or 
subtype or cluster) annotation and a curated database 
of ligand-receptor and other interacting surface proteins 
[29–32]. The databases and the computational methods 
for inferring CCC, however, are quite diverse.

After evaluating a few software packages and consid-
ering their benchmark performances [26, 33], we chose 
CellChat [32] for inferring, visualizing, and comparing 
CCC in this study. Its database consists of 2021 validated 
and curated protein interactions, including paracrine/
autocrine ligands/receptors, extracellular matrix recep-
tor interactions, and cell-cell contact interactions. In con-
trast to other software, CellChat has multiple advantages, 
for example, by taking into account the heterodimeric 
complexes involved in cell-cell interactions, as well as sol-
uble agonists, antagonists, and stimulatory and inhibitory 
membrane-bound co-receptors [32]. Additionally, CCC 
is calculated using mass action model, and its prediction 
can be used for network analysis, patter recognition, and 
manifold learning, thus providing a way for analyzing 
CCC at multiple scales. Moreover, it showed improved 
performances over other software, for example, finding 
stronger interactions [32]. Here, we applied CellChat to 
previously published single-cell nuclei RNA-seq (snRNA-
seq) data from 15 autistic and 16 control brains. In the 
original study, Velmeshev et  al. have analyzed differen-
tially expressed genes (DEGs) in 17 cell types and their 
enriched functions and showed that upper-layer excita-
tory neurons and microglia are preferentially affected in 
autism [23]. While the authors identified dysregulated 
genes involved in synaptic function, such as SYN1 and 
NRXN1, a systematic analysis of cell-cell interactions was 
not explored. Here, we conducted a comparison of the 
cell-cell communication networks in the two groups of 
brains and then identified critical intercellular signaling 
that was altered in the ASD brains. In addition, we ana-
lyzed function enrichment of the genes within the altered 
signaling pathways, their relationship to known ASD risk 
genes, and their connection to differential intracellular 
pathways in ASD brains compared with controls.

Materials and methods
Human brain single‑nucleus RNA‑seq data
The human snRNA-seq data, consisting of 104,559 nuclei 
from prefrontal (PFC) and anterior cingulate cortex (ACC) 
postmortem tissues [23], were downloaded from the UCSC 
cell browser (https:// cells. ucsc. edu/? ds= autism). Metadata 
about samples are available at the same website, and the 
snRNA-seq data processing and clustered were described 
previously [23]. The gene expression matrix was already 

normalized by total unique molecular identifiers (UMIs) 
per nucleus and log2-transformed. PFC data consisted 
of 62,166 cells from 13 ASD (32,019 cells) and 10 control 
samples (30,147 cells), while 9 ASD (19,984 cells) and 3 
control (22,409 cells) ACC samples made up 42,393 nuclei. 
We directly used the authors’ original nuclei classification 
of 11 neuronal types: parvalbumin interneurons (IN-PV), 
somatostatin interneurons (IN-SST), SV2C interneurons 
(IN-SV2C), VIP interneurons (IN-VIP), layer 2/3 excitatory 
neurons (L2/3), layer 4 excitatory neurons (L4), layer 5/6 
corticofugal projection neurons (L5/6), layer 5/6 cortico-
cortical projection neurons (L5/6-CC), maturing neurons 
(Neu-mat), NRGN-expressing neurons (Neu-NRGN-I), 
NRGN-expressing neurons (Neu-NRGN-II), and 6 non-
neuronal cell types: fibrous astrocytes (AST-FB), protoplas-
mic astrocytes (AST-PP), oligodendrocyte precursor cells 
(OPC), oligodendrocytes, microglia cells, and endothelial 
cells. Uniformity of cell numbers between the two condi-
tions across brain regions was confirmed by applying Wil-
coxon rank-sum test (p > 0.05).

Cell‑cell communication analysis in PFC data
We performed cell-cell communication analysis using the 
CellChat [32] software, on PFC and ACC samples sepa-
rately. For every pair of cell types, ligand-receptor (L-R 
and other) interactions were identified and measured. 
Intercellular communication is based on the projected 
ligand and receptor profiles where the expression level 
of L and R is approximated by their geometrical mean 
across individual cells of a type. These interactions repre-
sent the interaction strengths (also referred as “probabil-
ity” in CellChat) between all ligands and their receptors 
expressed in two given cell types. Note that CellChat 
considers important signaling factors such as hetero-
meric complexes involved in each interaction in addition 
to a L-R pair, therefore, the absence of any of those com-
ponents leads to a null interaction. Genes expressed in 
less than 20% of cells in one cell type were excluded, and 
only statistically significant (p < 0.05, permutation test) 
communications were considered in our analysis.

We took two complementary approaches to define 
cell-cell interactions in ASD and controls and differ-
ences between them (Fig.  1a). In the “global approach,” 
cells from all ASD samples were merged into one group 
and the control cells into another; ligand-receptor inter-
actions were calculated and compared between the two 
groups. From individual L-R interactions to signaling, 
interaction score of a signaling pathway was calculated 
by summing up the interaction strengths for all the L-R 
in the pathway. Dysregulated signaling pathways between 
ASD and controls were then identified by CellChat (Wil-
coxon test, p < 0.05). CellChat also allows the identifica-
tion of key signaling and latent communication patterns 

https://cells.ucsc.edu/?ds=autism
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across all signaling pathways. It applies cophenetic and 
silhouette metrics, both based on hierarchical clustering, 
to identify the numbers of patterns as well as major send-
ing/outgoing and receiving/incoming signaling pathways 
for both conditions. In the second sample-by-sample 
approach, we treated each sample independently, i.e., 
the strengths of L-R interactions and signaling pathway 
scores were calculated within each sample. After path-
ways identified in less than 5 samples were removed, 
significantly dysregulated L-R interactions in the remain-
ing pathways for each pair of cell types were identified 
by applying Wilcoxon test (p < 0.05) to the sample level 
data (i.e., “pseudo-bulk values”), comparing ASD to con-
trols. Among the significantly differential pathways, we 
picked 6 with literature support for their involvement in 
ASD and then used chord diagrams to illustrate the cell-
cell communications and differences between ASD and 
controls. Chord diagrams were based on the differences 
in ASD vs control pathway strengths between individual 
pairs of cell types.

Overrepresentation analysis based on curated gene sets 
and gene ontology
Two overrepresentation tests were performed to test 
statistical enrichment for genes either in selected gene 
ontology (GO) terms or in previously curated gene sets 

related to brain disorders, using all genes involved in the 
disrupted pathways as the test set. In the former, cell-cell 
interacting genes in dysregulated pathways were used 
for enrichment of GO “biological processes” terms (false 
discovery rate (FDR) < 0.05). EnrichGO function from 
clusterProfiler [34] was used to run this, and “simplify 
function” was used to reduce redundancy in enriched GO 
terms. We also applied ClueGO (v2.5.8) [35] to the most 
significantly enriched GO terms (FDR < 0.0005) to better 
define function enrichment and to reduce redundancy. In 
the latter, we first obtained various gene sets. ASD candi-
date genes were downloaded from two sources: (1) SFARI 
database (https:// www. sfari. org) (ASD_SFARI) compris-
ing 1003 genes scored as syndromic, high confidence, 
strong candidate, and suggestive evidence levels and (2) 
AutismKB [36] (ASD_AutismKB) with 228 genes. Two 
schizophrenia (SCZ) risk gene sets were obtained from 
SZDB2.0 (http:// www. szdb. org/ index. html) database; 
SCZ_GWAS gene set was built with 571 genes identified 
in GWAS studies and SCZ_CNV gene set with 408 genes 
affected by copy number variation (CNV). The 1190 
genes related to bipolar disorder were obtained from a 
previous study [19], while gene sets for intellectual dis-
ability (ID_CNV; n = 908) and attention-deficit hyper-
activity disorder (ADHD; n = 359) were obtained from 
(http:// www. ccgen omics. cn/ IDGen etics/ index. php) and 

Fig. 1 Change in communication between individual pairs of cell types in ASD. a Computational workflow of key analytic steps. b Difference in the 
total numbers of L-R interactions in ASD vs control PFC. c Difference in the total strengths of L-R interactions in ASD vs control PFC. d Difference in 
the total numbers of L-R interactions in ASD vs control ACC. e Difference in the total strengths of L-R interactions in ASD vs control PFC. In b–e, lines 
indicate the changes in individual pairs of cell types, with red for increase and blue for decrease in ASD. The thickness of the lines represents the 
extent of changes, with the maximal corresponding to 28 in b/d and 0.36 in c/e

https://www.sfari.org
http://www.szdb.org/index.html
http://www.ccgenomics.cn/IDGenetics/index.php
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(http:// adhd. psych. ac. cn/ index. do) databases, respec-
tively. These 7 gene lists were then used for overrepresen-
tation analysis of genes in dysregulated pathways using 
the Fisher’s test in the GeneOverlap package [37] in R.

Protein‑protein interaction network
The STRING database [38] was used to identify the pro-
tein-protein interaction (PPI) networks connecting the 
SFARI ASD genes to the genes in the dysregulated CCC 
signaling pathways. The interactions include both physi-
cal and functional associations, and the sources used 
here for PPI were experiments, databases, co-expression, 
gene fusion, and co-occurrence databases. A highest con-
fidence of 0.9 was applied, and disconnected nodes were 
removed.

Gene enrichment analysis based on cell types
To define pathways significantly affected by expression 
changes between ASD and controls, for each cell type, 
we applied gene set enrichment analysis (GSEA, v4.1.0) 
[39, 40] to all genes expressed in that cell type, ranked by 
their expression fold changes between ASD and control 
samples. The enriched GSEA sets (FDR < 25%) in the GO 
“Biological Processes” were retrieved to determine the 
significant GO terms containing genes encoding ligands 
or receptors.

Spatial co‑expression of ligands and receptors
Maynard et  al. [41] generated spatial gene expression 
profiles for six layers and white matter of two pairs of 
“spatial replicates” from three dorsolateral prefrontal cor-
tex samples [41]. We used these data to compute Pear-
son’s correlation coefficient between a pair of L-R across 
cells in all layers or within specific layers, with the results 
compared to those from randomly created L-R pairs.

Cell‑cell communication analysis in anterior cingulate 
cortex data
We applied the above analysis for the PFC samples to the 
ACC data, with the same designs and parameters.

Using L‑R interactions from the CellPhoneDBv2.0 database 
to run CellChat in PFC data
We obtained the ligand-receptor interactions (n = 1,396) 
from the CellPhoneDBv2.0 [31] and applied CellChat on 
them in our sample-by-sample approach to determine 
and compare signaling pathways present in control and 
ASD datasets.

Results
Numbers and strengths of L‑R interactions in autistic PFC 
and controls
Most current computational studies of cell-cell com-
munications (or interactions) from single-cell tran-
scriptomics data analyze ligand-receptor interactions 
among all cell types within one sample, but some soft-
ware also provides methods for comparing interac-
tions between two samples. We thus started with this 
common practice by comparing cell-cell interactions 
between ASD and control brains using a previously 
published snRNA-seq data [23] (Fig.  1a). The data 
contained samples from prefrontal (PFC) and anterior 
cingulate cortex (ACC), while cells/nuclei were classi-
fied into 17 types (see “Materials and Methods”). We  
focus our description on PFC below as its relation to 
social and cognition function and ASD is relatively bet-
ter studied, but the same bioinformatics methods were 
applied to ACC data. We merged cells from all 13 ASD 
PFC samples into one group and cells from 10 control 
PFCs into the other and then studied the between-
group difference (referred as “global approach”; Fig. 1a). 
We used the software CellChat, which analyzes the 
expression of ligands, receptors, and other proteins 
involved in cell-cell interactions to determine the inter-
action strength in an interacting protein complex for a 
pair of cell types [32]. For simplicity, we hereafter refer 
all pairwise interactions as ligand-receptor (L-R) inter-
actions even though noncanonical ligands or receptors 
are also considered. In Additional file 1: Table S1a, we 
show the cell numbers in each of the 17 cell types and 
the numbers of L-R interactions in which a cell type 
acts as sender or receiver for both PFC and ACC. In 
total, CellChat identified 6433 and 5049 interactions in 
control and ASD PFC, respectively (Additional file  2: 
Table  S2 a–b). The highest number of interactions in 
controls was 103, found in the L5/6-CC to L5/6-CC 
(cortico-cortical projection neurons) autocrine interac-
tions, while the highest in ASD sample was 79, between 
L5/6-CC and L2/3 cell types. The total interactions in 
ACC are similar to those in PFC, with 5940 in control 
and 5843 in ASD (Additional file  2: Table  S2 c–d). In 
both control and ASD ACC, L5/6-CC autocrine signal-
ing had the most interactions, 126 in control and 109 
in ASD. In both brain regions, L5/6-CC and L5/6 (layer 
5/6 corticofugal projection neurons) are the cell types 
with the most interactions as either sender or receiver 
cells (maximal of 904 and 771 in L5/6-CC and L5/6, 
respectively), while microglia and Neu-NRGN-II have 
the least (maximal of 37 and 96 in microglia and Neu-
NRGN-II, respectively). This difference is not directly 
related to cell numbers, because there is no significant 
correlation between cell numbers and L-R interaction 

http://adhd.psych.ac.cn/index.do
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numbers (Pearson’s correlation coefficient = 0.07) 
(Additional file 3: Fig. S1).

Although moderate (largest reduction is only 28, 
seen between L4 and L5/6 CC), we found a decreased 
trend (200 decreased vs 20 increased) in the numbers of 
cell-cell interactions in ASD vs controls for the 17 cell 
types in PFC (Fig. 1b; Additional file 3: Fig. S2a), involv-
ing both autocrine and paracrine signaling. This com-
parison of interaction numbers, however, has a caveat, 
because it could underestimate the contribution of 
strongly expressed ligands or receptors while amplify 
the small changes in lowly expressed genes; an interac-
tion could be counted in one group but not in the other 
if its ligand or receptor is expressed in > 20% of cells (a 
threshold applied in CellChat to each cell type) in one 
group but < 20% in the other. The interaction strength, 
which captures the actual expression levels of all the 
genes encoding proteins in an interaction, is a better 
metric. With strengths of all L-R interactions consid-
ered (the maximal values are 0.37 in control and 0.4 in 
ASD), we found that cell-cell communications between 
many pairs of cell types became overall stronger in ASD 
(156 increased vs 133 decreased), with the increases 
most apparent for interactions involving excitatory and 
inhibitory neurons (Fig. 1c; Additional file 3: Fig. S2b). 
At the level of individual L-Rs, the interaction strengths 
also exhibited a trend of moderately increased in ASD 
(data not shown). The largest increase was found in an 
autocrine signaling for IN-SV2C interneurons, followed 
by signaling between IN-SV2C inhibitory neurons and 
L2/3 and L4 excitatory neurons, suggesting potential 
abnormal excitatory-inhibitory neuronal communica-
tions in ASD brains. Among the decreased interactions 
in ASD, paracrine signaling between oligodendrocyte 
and two inhibitory neurons (IN-SV2C and IN-PV) 
showed the most reduction, followed by OPC autocrine 
signaling. These findings are very interesting, not only 
in terms of major implications of inhibitory neurons but 
also with respect to the increasing appreciation of the 
role of glia in neuron development and functions, such 
as synapse modification [42, 43]. In addition, reduction 
of oligodendrocyte cells was previously reported and 
linked to neurodevelopmental disorders [44, 45].

The ACC shows a different pattern of alterations in 
cell-cell interactions, with similar numbers of cell-type 
pairs exhibiting increased or decreased interactions in 
ASD brains (Fig. 1d–e; also see below).

Major intercellular signaling patterns in PFC
Next, we grouped L-R interactions into signaling pathways 
using CellChat and compared them between ASD and 
controls. This is a key advantage of CellChat over other 
software, and it is important because many L-R interac-
tions would invoke the same downstream signaling, such 
as FGF1/2/3-FGFR1/2/3 or NRNX1/2/3-NLGN signal-
ing. Afterwards, we used CellChat to identify the major 
latent patterns in outgoing and incoming signaling in the 
control and ASD PFC, by clustering cell types sending or 
receiving similar signaling. For outgoing signaling (Fig. 2a 
and b), CellChat uncovered 5 and 4 patterns for control 
and ASD samples, respectively. In control (Fig. 2a), pattern 
1 involved interneurons and Neu-mat cells, in which the 
main pathways were IGF, TAC, HGF, and OSTN. Pattern 
2 involved solely excitatory layer neurons with NOTCH, 
WNT, EPHB, and NT as main contributors. Oligoden-
drocytes clustered by themselves in pattern 3, expressing 
SPP1, CD22, and MAG. Pattern 4 involved endothelia and 
microglia, with FN1, ESAM, OCLN, and PECAM1 as the 
coordinators. Finally, pattern 5 was comprised of only non-
neuronal astrocytes and OPC cells, in which the expres-
sion of genes related to VEGF and ANGPTL was the most 
abundant. On the other hand, pattern 1 from ASD PFC was 
a mixture of nonneuronal and neuronal cells with astro-
cytes, interneurons, and Neu-mat (Fig. 2b). In this pattern, 
genes encoding IGF, CRH, BMP, and TAC signaling were 
the dominant ligands. In pattern 4, similarly, both non-
neuronal and neuronal cells were involved, with a mixture 
of microglia and NRGN-expressing neurons. Here, CD39, 
CD45, and VISTA were the main senders. Like controls, 
excitatory neurons grouped together in pattern 2 with out-
going signals from NT, ANGPT, and CSF pathways. Pat-
tern 3 clustered only nonneuronal cell types, endothelial 
and oligodendrocytes cells, with CD22, MAG, CLDN, and 
ESAM as the main signaling contributors.

From the receiving end, 7 patterns were found in con-
trol PFC while 6 in ASD (Fig. 2c and d). In control (Fig. 2c), 
pattern 1 involved excitatory layer neurons, while SEMA5, 
VIP, and WNT were the main signaling receivers. Pat-
tern 2 grouped interneurons and Neu-mat cells with genes 
related to OSTN and PACAP pathways. FN1 and TENAS-
CIN pathways were the main signal receivers in pattern 3, 
in which astrocytes participated. Endothelia, oligodendro-
cytes, and microglia clustered by themselves in patterns 4, 
5, and 7. Finally, IN-SV2C were in pattern 6 with TAC, KIT, 
and CD226 as main receptors for incoming signals. For ASD 
(Fig. 2d), pattern 1 was formed by excitatory layer neurons 

Fig. 2 Cell-cell communication patterns in PFC. The networks show the CellChat inferred latent patterns connecting cell groups sharing similar 
signaling pathways. The thickness of the water flow represents the relative contribution of the cell group or signaling pathway to a latent pattern; 
outgoing patterns for secreting cells in control (a) and ASD (b); incoming patterns of receiving cells in control (c) and ASD (d). Note that CellChat 
only includes main contributors in these plots, and cell types (e.g., Neu-NRGN-I) making small contributions are thus omitted

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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with SEMA5, CCK, and SEMATOSTIN pathways as the 
main receptors. Interneurons and Neu-mat cells clustered 
again together in pattern 2, with TAC, KIT, and PACAP 
pathways. Genes involved in FN1 and TENASCIN path-
ways were the predominant receptors in pattern 3, enclos-
ing astrocytes. Endothelial, both oligodendrocyte cell types 
and microglia were enclosed in patterns 4, 5, and 6, respec-
tively, and showed same patterns as in control dataset.

Taken together, analysis of the intercellular CCC pat-
terns indicates that all cell types contribute, although 
at various extents, in both control and ASD PFCs, and 
no cell type appears to serve as major signaling hubs in 
either condition. The CCC patterns seem similar in ASD 
and controls, but it appears a little less diverse (one fewer 
pattern) in ASD.

Pan‑cell type signaling difference between ASD 
and control PFCs
Considering that one ligand may interact with receptors 
on multiple cell types, and vice versa, we next exam-
ined intercellular signaling for which multiple or all 17 
cell types participated, in contrast to looking at cell-cell 
communications between any two cell types as described 
above. For this, we used CellChat to sum up all the L-R 
interaction strengths in the same signaling pathway 
across all cell types in which the L-R encoding genes were 
expressed. In total, CellChat has a collection of 229 fami-
lies of signaling pathways. Among them, 68 unique ones 
were identified in our global approach. CellChat con-
siders this pan-cell CCC network as “information flow.” 
Applying it to our data, we obtained “relative information 
flow” change between ASD and controls (Fig.  3a; Addi-
tional file 4: Table S3). The result indicates that 8 signal-
ing pathways, noncanonical WNT (ncWNT), GRN, EGF, 
THBS, PTH, OCLN, SPP1, and CD226, were specifically 
identified in the control dataset, but no pathways unique 
to ASD were found. Additionally, 48 of the signaling path-
ways were significantly downregulated and 6 upregulated 
in ASD when the relative information flow was analyzed 
statistically (Fig.  3a; p < 0.05, Wilcoxon test). How-
ever, we should mention that the differences (i.e., effect 
sizes)  for most signaling are relatively small (Additional 
file 4: Table S3). Close examination of the changes in rela-
tive contributions of individual cell types with respect to 
both outgoing and incoming signaling in ASD and con-
trol datasets illustrates this better (Fig. 3b and c). It also 
indicates that the two largest reduced signaling pathways 
(ncWNT and THBS) are due to significant decreases in 
incoming signaling in multiple cell types. This close-in 
analysis further suggests that excitatory and inhibitory 
neurons are the major sources of signaling senders, while 
both neurons and glial cells participate as receivers. The 

contribution of microglia to information flow, however, 
appears low in this analysis.

In summary, our global analysis identified cell-cell 
communications and intercellular signaling that are 
potentially disrupted either between specific pairs of cell 
types or across many cell types in the ASD brains.

Sample‑by‑sample CCC analysis in PFC
The above global approach is standard in CellChat and 
is also the most common design in cell-cell communi-
cation analysis by other software (i.e., only making two 
sample comparisons). One concern is that it did not 
account for the potential differences among individual 
ASD or control samples. Furthermore, the computation 
would count interactions between cells in two differ-
ent brains. Thus, we decided to apply a complementary 
sample-by-sample approach (Fig.  1). In essence, we 
used CellChat to obtain strengths of L-R interactions or 
score signaling pathways for each of the 13 ASD and 10 
control PFC samples, as above, but then applied Wil-
coxon test to determine if the sample-level strengths 
were significantly different between ASD and control 
groups. The numbers of cells for each ASD and control 
samples can be found in Additional file  1: Table  S1b, 
while the pathway strengths for individual samples are 
in Additional file 5: Table S4a, including the mean val-
ues for ASD and controls, the standard deviation, and 
the differences as fold changes. We focused our analysis 
on pan-cell type signaling. In addition to the 68 iden-
tified by the above global approach, 24 others were 
detected. Of these 92 pathways, 10 were specific from 
controls and 3 unique to ASD. Pathways and genes 
belonging to each of them are listed in Additional file 5: 
Table S4b. After pathways found in less than 5 samples 
were excluded, 74 were retained for ASD vs control 
comparison. A principal component analysis (PCA) 
of the samples based on the scores of the 74 signaling 
showed that the first and second components explained 
44.7% of the variation (Additional file  3: Fig. S3), with 
noticeable but not large separation between the ASD 
and control samples, indicating a small shifting but 
no major rewiring of intercellular signaling flow in the 
two groups, consistent with results above. To gain bet-
ter insight into the underlying molecular interactions, 
we decided to analyze all the L-R interactions in the 74 
signaling by Wilcoxon test. Although only 13 interac-
tions remained significant at 10% FDR upon multiple 
testing correction, the results indicated that, at the 
nominal p < 0.05, 88 L-R interactions in these signal-
ing were significantly different between ASD and con-
trols (Fig.  4). These 88 L-R interactions were mapped 
to 32 signaling pathways (Additional file 5: Table S4c), 
25 and 7 of which were down- and upregulated in the 
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ASD PFCs, respectively, indicating that the other 42 
signaling did not have significantly differential L-R 
interactions by our method. The data in Fig. 4 also help 
explain the apparent difference between an increase 
in pairwise cell-cell interaction strengths (Fig.  1c) and 

a reduction of global CCC information flow in ASD 
(Fig.  3a); there were more individual L-R interactions 
showing decreased strength (blue in Fig.  4), but they 
involved fewer cell types than those interactions exhib-
iting increased strength (red in Fig. 4).

Fig. 3 Comparison of pan-cell type signaling networks in PFC. a Pan-cell type relative information flow showing signaling pathways identified in 
ASD PFC and controls. The pathways with greater information flow in ASD or controls were in cyan or red, respectively, with black indicating no 
significant differences. b and c Dot plots showing the difference in relative contribution of each cell type to outgoing (b) or incoming (c) signaling 
in ASD vs controls. Signaling on the left (a) with no difference was not included in (b) or (c)
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From the 32 differentially active pathways, we 
selected six with strong literature support for their 
potential involvements in ASD to illustrate our find-
ing (see “Discussion” for details). They are neurexin 
(NRXN), fibroblast growth factor (FGF), contactin 
(CNTN), netrin-G ligand (NGL), neuregulin (NRG), 
and pleiotrophin (PTN) signaling. A chord diagram 
reflecting differences in interaction strengths between 
ASD and control samples is drawn for each path-
way (Fig.  5), including the directions of changes and 
the cell types involved. For each of the pathways, we 
also included the genes if their expression levels were 
determined to be significantly different between ASD 
and controls cells by Velmeshev et  al. [23]. Among 
the six, cell-cell interactions in NRXN and NRG were 
mostly increased in ASD while decreased for FGF and 
PTN, but similar numbers of increased and decreased 
interactions were observed in the other two pathways. 
Details of the strengths for each sample, cell pair, and 
pathway can be found in Additional file 6: Table S5.

To test how our result may be affected by the data-
base of ligand/receptors, as it was reported to be a key 
factor [33], we replaced the CellChat L-R interactions 
with those from CellPhoneDB (v2.0) [31] and repeated 

the above ASD vs control comparison. This resulted in 
43 signaling pathways, all of which were detected in the 
above analysis using CellChat database. Among them, 
12 pathways showed a statistically significant difference 
between control and ASD (Wilcoxon test; p < 0.05).

In short, the results from our sample-by-sample 
approach strengthen our findings by the global method. 
Together, they highlight important intercellular signal-
ing potentially disrupted in ASD PFC and demonstrate 
the advantage of CCC-focused analysis over conventional 
different gene expression analysis, as it can uncover 
altered intercellular signaling that would otherwise be 
missed in the latter.

Function enrichment analysis of the disrupted cell‑cell 
signaling
To better understand the roles of the disrupted cell-cell 
signaling, we carried out GO enrichment analysis, using 
165 genes in the 32 dysregulated pathways (Additional 
file 5: Table S4d). At FDR < 0.05, we found that the top 
“biological process”-related GO terms were axonogen-
esis, extracellular matrix organization, peptidyl-tyrosine 
phosphorylation, synapse organization, regulation of cell 
morphogenesis, among others (Fig.  6a) The enrichment 

Fig. 4 Heatmap for differential L-R interactions (y-axis) identified for individual pairs of cell types (x-axis) from the sample-by-sample approach
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analysis was reproduced by another software, ClueGO 
[35], which also reduced redundancy in the enriched 
terms. As shown in Fig.  6b, ClueGO was able to iden-
tify 8 clusters of GO terms, in which the main cluster, 
covering 27% of the terms, was related to axon develop-
ment. This cluster is composed of neurogenesis, axon 
guidance, generation of neurons, neural crest migration 
or axon development terms, and pathways with impor-
tant roles in neurodevelopmental disorders. The sec-
ond most enriched cluster (24% of terms) was “enzyme 
linked receptor protein signaling pathway,” in which 
terms such as MAPK cascade, ERK1, and ERK2 cascade 
or protein tyrosine kinase activity were included. Regu-
lation of neuron projection development covered 8% of 
the terms, comprising key pathways related to develop-
mental disorders such as regulation of neurogenesis, 
positive regulation of axonogenesis, or regulation of 
nervous system development. Positive regulation of epi-
thelial cell proliferation, biomineral tissue development, 

peptidyl-tyrosine phosphorylation, and vasculature 
development accounted for 9%, 5%, 4%, and 4% of terms, 
respectively. Taken together, the GO enrichment results 
are consistent with previous findings that have implicated 
these same cellular processes in ASD and other psychiat-
ric conditions [10, 11, 13] but put a more clear connec-
tion to the important roles of cell-cell communication.

Functional connection of the disrupted cell‑cell signaling 
to ASD risk genes
In order to study how the disrupted cell-cell communica-
tion signaling is linked to ASD genetic risk, we applied 
the STRING database to construct a protein-protein 
interaction network. It identified 1076 edges connect-
ing 153 of the 165 genes in the disrupted CCC signaling 
(ranging from 1 to 30 connections) to 239 ASD risk genes 
in the SFARI database (Fig. 7a). In addition, the network 
has an average local clustering coefficient of 0.38 and 

Fig. 5 Chord diagrams plotting signaling strength differences between ASD and control PFC. The lines represent changes in L-R interaction 
strengths, with the statistically significantly different ones colored as intense red or blue, for increase or decrease in ASD, respectively. Light red or 
light blue for small changes not reaching statistical significance. Gray lines for no changes. Genes identified as differentially expressed in Velmeshev 
et al. [23] study were indicated in the corresponding cell type(s). The color bars in the inner circles indicates targeting cell types of the outgoing 
signaling while noncolor part for incoming signaling
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Fig. 6 Function enrichment analysis of genes in the dysregulated CCC signaling. a Dot plot showing the enriched GO terms. b Network connecting 
GO terms with sharing genes. Nodes are enriched GO terms, while the edges represent the extents of genes shared between two terms

Fig. 7 Connection between brain disorder risk genes and genes in the dysregulated CCC signaling. a Protein interaction network connecting 
dysregulated CCC signaling genes (blue) and ASD risk genes (white) in SFARI database. b Dot plot showing overlapping results of dysregulated 
signaling genes with lists of genes implicated in different brain disorders
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interaction enrichment values of 0.05, indicating overall 
strong connections among the genes (i.e., nodes).

Enrichment for gene sets related to brain disorders
To further address how disruption of the CCC signaling 
may be related to ASD, we intersected the 165 genes with 
lists of genes associated with ASD, schizophrenia (SCZ), 
intellectual disability (ID), bipolar disorder (BD), and 
attention-deficit hyperactivity disorder (ADHD) (Addi-
tional file 7: Table S6) and tested for significance of over-
representation (Fig.  7b). Among the genes overlapping 
with ASD lists, CNTNAP2, LRRC4C, NLGN2, NLGN3, 
NRXN1, NRXN2, NRXN3, and PLXNA4 are considered 
as ASD risk genes with “high confidence” in SFARI data-
base, due to multiple studies linked them to autism and 
other neurodevelopmental disorders [13, 46–50]. Also, 
significant enrichment was found with bipolar disorder 
(odds ratio (OR) = 2.7) and ADHD (OR = 2.4) gene lists, 
similar to previous findings [12, 51]. In addition to the 
ASD genes, SEMA5A or NRG1 are also very interesting. 
Semaphorin 5A gene has been linked to autism [52], and 
additionally, the failure of its expression has been linked 
to abnormal development of the axonal connections in 
the forebrain [53]. Decreased expression of neuregulin 1 
has been linked to orchestration of a number of execu-
tive functions in ASD patients [54], as well as SCZ and 
bipolar disorders [55]. Regarding ADHD-enriched genes, 
Krumm et al. [56] related 3 semaphorin receptor protein 
(PLXNA3) to ASD. This receptor is known to be impor-
tant for axon pathfinding in the developing nervous sys-
tem [57]. Even though there were overlaps of genes in the 
ID and SCZ lists, no statistical significance was found 
for the overlap between the 165 CCC genes and genes 
related to these two disorders.

Relationship between disrupted intercellular signaling 
and differential gene expression programs
To address how disruption of the CCC signaling may 
lead to downstream gene expression difference in the 
ASD brains, we studied how they could be linked to the 
pathways enriched among DEGs in each of the cell types 
in the ASD brains. To do this, we first ranked genes by 
their expression fold changes between ASD and con-
trol cells in each of the 17 cell types and then performed 
GSEA (Additional file  8: Table  S7). From the result, we 
selected and showed the enriched GO terms contain-
ing at least one gene in our disrupted CCC signaling 
(Fig. 8), resulting in 58 GO terms linked to 14 signaling 
pathways. Fourteen of the GO terms were more active 
in the controls, mostly involving nonneuronal cells. Oli-
godendrocytes showed 8 enriched pathways, including 
transmission of nerve impulse, regulation of glial cell 
differentiation, and cell chemotaxis. Similarly, AST-PP 

was enriched in integrin-mediated signaling pathways 
and regulation of smooth muscle cell differentiation. GO 
terms more active in ASD samples were mainly seen in 
neuronal cells, i.e., IN-SST, IN-SV2C, IN-VIP, L2/3, and 
Neu-NRGN-I. In total, 45 GO terms more active in ASD 
neurons were connected to disrupted CCC signaling, 
including synapse assembly, neuron cell adhesion, learn-
ing, regulation of neuron differentiation, postsynaptic 
specialization organization, receptor clustering, or syn-
aptic signaling. Taken together, these results indicate that 
disrupted intercellular communications can be linked to 
downstream intracellular pathways and gene expression 
programs dysregulated in both neurons and glia cells in 
the ASD brains.

Spatial co‑expression of ligands and receptors
Our analysis assumed that all  cells of the same type 
express the same ligands and receptors, by using snRNA-
seq data that did not directly include spatial locations of 
cells, although the excitatory neurons did contain brain 
layer information. Spatial location, however, could be an 
important factor in cell-cell communication. To address 
this, we analyzed the spatial transcriptomics data from 
Maynard et al. [41], which applied 10× Genomics Visium 
platform to generate a map of gene expression in the six-
layered dorsolateral prefrontal cortex of an adult human 
brain. In their study, the  authors have already corrobo-
rated their spatial registration to the cell-type annota-
tion in the snRNA-seq data used in our analysis. Here, we 
wanted to determine if the spatial expression levels of the 
ligand-receptor pairs are more correlated than expected 
by chance. The data indicate that most of the randomly 
paired L-R had correlation coefficients near “0,” but the 
interacting pairs identified by CellChat showed signifi-
cantly larger correlations, using spatial data across all 
brains or the subset in defined layers (Additional file  3: 
Fig. S4a/b). The correlation shifted to both positive and 
negative perhaps because CellChat interaction includes 
soluble agonists, antagonist, and co-stimulatory, and co-
inhibitory cofactors.

Cell‑cell communications in anterior cingulate cortex
We present our findings for PFC above, but we have also 
carried out analyses for the anterior cingulate cortex 
samples using our global approach. Similar to PFC, most 
of the cell-cell interactions in ACC also occurred through 
neuronal cell types (e.g., L5/6-CC and L2/3 excitatory 
neurons), while microglia and Neu-NRGN-I contributed 
the least. In contrast to PFC, our global approach found a 
mixture of lost and gained pairwise interactions in the 17 
ASD vs controls as mentioned above (Fig. 1d; Additional 
file  3: Figure S5a). L4, Nue-mat, Neu-NRGN-I, Neu-
NRGN-II, and AST-PP cell types showed an increased 
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Fig. 8 Connection between cell-type ASD-enriched pathways and dysregulated CCC signaling. Dot plot showing enriched pathways from GSEA 
for individual cell types, with red and blue for higher activities in ASD and control PFC, respectively. The right column lists the corresponding 
dysregulated signaling from CCC analysis
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number of interactions, acting as receiver cell types, 
while the remaining cell types showed decreased inter-
actions in ASD. Similar to PFC, CCC strengths (Fig. 1e; 
Additional file  3: Fig. S5b) were increased in ASD ACC 
for most of the cell types. For pan-cell type signaling net-
work, CellChat identified 70 unique signaling pathways 
in ACC, with 5 specific to controls (ANGPT, CD226, 
CD99, ENHO, and ncWNT) and 4 to ASD (EDN, FN1, 
PTH, and TENASCIN) (Additional file  9: Table  S8). In 
Additional file  3: Fig. S6, we show the relative informa-
tion flow for these pathways, with 37 significantly up- and 
16 downregulated in the ASD. Only 13 pathways showed 
a decreased activity, while 5 showed increased activity in 
both ASD PFC and ACC. Further analysis compared the 
relative contributions from each cell type for outgoing 
and incoming signaling in ASD and control ACC, indi-
cating global similarity but noticeable changes for some 
pathways, such as CD99, ncWNT, or ANGPTL (Addi-
tional file 3: Fig. S7a/b).

Discussion
ASD is a neurodevelopmental disorder involving genetic, 
epigenetic, and environmental factors through various 
processes [3, 58]. At the cellular level, cell-cell signaling 
is critical. Using CellChat, we have performed a CCC 
analysis using previously published single cell datasets 
[23]. The availability of data from both ASD and con-
trols allowed us for the first time to systematically com-
pare cell-cell communications in ASD and control brains. 
Results from our multiple-level CCC analyses suggest 
that several cell-cell signaling pathways are potentially 
disrupted in the ASD brains, involving mostly neurons, 
but glial cells also contribute. Our findings are in line with 
a large body of literature that support the importance of 
cell-cell interactions in neurodevelopment and brain dis-
orders. For example, studies suggested that genes dysreg-
ulated in ASD were enriched in cell-cell communication, 
nervous system development, or cilia regulators or com-
ponents terms [10, 11]. Our computational analysis is 
based on the combined expression of ligands, receptors, 
and their cofactors in any pair of cell types. It is concep-
tually different from differential expression analysis based 
on individual genes. This can be seen in the results shown 
in Fig. 5, where many of the disrupted signaling pathways 
contain only few or no DEGs that were determined from 
the same datasets.

Also different from many other cell-cell commu-
nication studies, we applied a combination of global 
approaches and sample-by-sample approaches. While 
the former potentially has higher sensitivity (due to 
more cells included), the latter likely has better preci-
sion as it requires independent statistical supports from 
many samples. Nevertheless, the disrupted cell-cell 

communications and the corresponding signaling path-
ways from the two approaches generally agree, with 
nearly all in the global approach also found by sample-
by-sample approaches. For some signaling, the two 
approaches reported inconsistent results, probably 
because the degree of changes between ASD and controls 
is moderate or small, but further study will be needed. At 
the signaling level, our study indicates that more cell-cell 
communications show increased activities or strengths in 
ASD, but those involved in fewer cell types are decreased. 
Genes in these differential CCC pathways were enriched 
for molecular pathways and cellular processes that play 
important roles in neurogenesis and neuron functions, 
as well as risk genes for ASD. In our global approach, we 
found a reduction of interaction numbers but a slight 
increase of interaction strengths in PFC (Fig. 1). As men-
tioned above, this “inconsistency” is likely technical  in 
computing, due to reduced expression of some poorly 
expressed ligands and receptors in ASD relative to con-
trols, resulting in missing interactions in ASD. Interest-
ingly, the numbers of total  genes detected in the ASD 
PFCs were also lower than those in controls (t-test, p 
< 0.05), suggesting that the reduction in interaction 
numbers could be a result of a global reduction in gene 
expression. This, however, is not related to sequencing 
depths or cell numbers because we did not find them to 
be statistically different between the ASD and controls.

We have explored a few alternative approaches to 
address reproducibility. In addition to the two com-
plementary approaches, we tried a “middle ground” 
approach by randomly grouping the PFC control and 
ASD samples into four each in the two conditions, ensur-
ing similar numbers of cells in the controls and ASD. We 
then applied our sample-by-sample design to perform 
a 4 vs 4 comparison. This identified 85 of the 92 path-
ways in our original 13 vs 10 analysis, with the reduc-
tion expected from a smaller sample size. The significant 
different pathways at nominal p < 0.05 were almost the 
same (Additional file 10: Table S9). Additionally, we per-
formed a subsampling analysis by randomly selecting 
50% of the cells (repeating 10 times). Analyzing the data 
by our global approach showed that the changes in L-R 
strengths between ASD and controls were highly cor-
related to what were obtained using all cells (Additional 
file 3: Fig. S8). Furthermore, we tested two other software 
(NATMI and CellPhoneDB) [29, 31] and obtained signifi-
cantly overlapping but not identical results, with the dif-
ference largely due to differences in both the collection of 
ligand receptors and how interactions are quantified, as 
discussed by others [33]. Finally, as discussed in “Results,” 
we applied CellChat on the CellPhoneDB L-R database 
and identified 43 of the 92 pathways using the Cell-
Chat database. Note that some major pathways, such as 
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NRXN, were not in the CellPhoneDB. With these results, 
we believe that CellChat is appropriate for our current 
analysis, but a reanalysis would be valuable when new 
and improved CCC software and data become available.

To put our results in a broader literature content, below 
we discuss key signaling pathways with strong literature 
support for their association with ASD or abnormal neu-
rodevelopment: NRXN, FGF, CNTN, NGL, NRG, and 
PTN pathways (Fig. 5).

The neurexin pathway is composed of NRXN1, NRXN2, 
NRXN3, NLGN1, NLGN2, and NLGN3 genes, all of 
which except NLGN1 are identified as “high confident” 
ASD genes in SFARI database. Many studies have also 
linked these genes closely to ASD and other neurodevel-
opmental disorders. Wiśniowiecka-Kowalnik et  al. [59] 
described three CNVs within NRXN1 in subjects from 
three families showing ASD, anxiety and depression, 
developmental delay, and speech delay. Furthermore, 
Pinto et  al. [60] detected an excess of exonic NRNX1 
CNVs in 996 cases compared to 4964 controls. How-
ever, Wang et al. [47] did not find an association between 
NRXN1 and ASD, suggesting heterogeneity of the dis-
order, but their study associated NRXN2 and NRXN3 to 
ASD and specific alleles to ASD severity. On the recep-
tor side, a nonsense variant in NLGN2 was reported 
in a patient with severe anxiety, obsessive-compulsive 
behaviors, autism, short attention span, global develop-
mental delays, hyperphagia, obesity, macrocephaly, and 
dysmorphic features [48]. Similarly, two studies found 
that intronic NLGN3 variants were potentially linked to 
ASD [61] with a male bias [62]. Furthermore, overexpres-
sion of both NRXN and NLGN can lead to an alteration in 
excitatory/inhibitory ratio due to an increase in the num-
ber of synapses [63].

In mammals, there are 18 different FGF ligands and 4 
FGF receptors (FGFRs), many of which regulate cell pro-
liferation, cell division, and neurogenesis [64]. Here, we 
identified 12 that showed (5 after Wilcoxon test) a dif-
ference between ASD and controls, all of which had a 
decreased strength in ASD PFC (Fig. 5). FGF1 and FGF2, 
FGFR1, FGFR2, and FGFR3 were involved. While FGFR1 
and FGFR4 are mainly expressed in neurons, FGFR2 and 
FGFR3 are expressed in astrocytes and oligodendrocytes 
[65]. In accordance with that, the only significant FGF1-
FGFR1 interaction was found between L5/6 and IN-PV 
neurons, while the interactions with FGFR2 and FGFR3 
receptors were found with astrocytes and oligodendro-
cytes as receiver cells. The FGF system is known to be 
involved in different brain-related disorders. Esnafoglu 
and Ayyıldız [66], for example, reported significantly 
lower levels of FGF2 in ASD children. Additionally, 
Evans et  al. [67] linked decreased expression of FGF1, 
FGF2, FGFR2, and FGFR3 in cortical areas to depressive 

disorder, while Liu et al. [68] and Wang et al. [69] linked 
FGF2 and FGFR2, respectively, to bipolar disorder.

The contactin pathway (CNTN), on the other hand, 
showed significant L-R interactions between most pairs 
of the cell types. Genes in these significant interactions 
were CNTN1, CNTN2, CNTNAP1, CNTNAP2, NRCAM, 
L1CAM, and NFASC. Conactin-1 and Contactin-2 are 
important for neuron-glia interactions, and they regulate 
neuronal migration and axon guidance [70]. However, no 
direct link has been found to ASD [71]. Its interaction 
partners, CNTNAP2 and NRCAM, on the other hand, 
were identified as syndromic and strong candidate and as 
gene with suggestive evidence, respectively. CNTNAP2 is 
a very well-known gene in ASD, and brains with the risk 
variants show more connectivity between the frontal cor-
texes, while connections dimmish between more distant 
regions [72]. Also, Li et  al. [73] suggested susceptibility 
of the gene in the Chinese Han population, while more 
recently, Nascimento et  al. [74] linked a single-nucleo-
tide polymorphism (SNP) of CNTNAP2 in a Brazilian 
population. Cntnap2 knockout rats exhibited deficits in 
sociability and social novelty, exaggerated acoustic startle 
responses, increased avoidance to sounds, and a lack of 
rapid audiovisual temporal recalibration [75], all of which 
are related to the symptoms in ASD.

The interaction between leucine-rich repeated-con-
taining (LRRC) protein 4B, also known as NGL-3, and 
receptor-type tyrosine-protein phosphatase (FPTPRF/
LAR) was the only one showing a significant change in 
the Netrin-G ligand (NGL) pathway in ASD PFC. NGL 
are synaptic adhesion molecules that regulate synapse 
development, function, and plasticity, with three family 
members: NGL-1/LRRC4C, NGL-2/LRRC4, and NGL-3/
LRRC4B [76]. Lee et al. [77] suggested that NGL-3 regu-
lates brain development and locomotive and cognitive 
behaviors, among others. However, no data suggests a 
link between NGL-3 gene and ASD. The LAR complex, 
on the other hand, is part of the RPTPs large family 
known to be involved in broader functions in the central 
nervous system [78]. Even though other RPTP complexes 
have been associated with ASD [60], no direct informa-
tion exists for LAR complex.

Neuregulin (NRG) complexes, NRG1/2/3/4, play 
important roles in many neurological disorders such as 
brain trauma, spinal cord injury, and SCZ [79, 80]. All 
isoforms contain a fragment encoding epidermal growth 
factor (EGF)-like domain that enables the interaction 
with ErbB receptor tyrosine kinases [81]. Many studies 
have been published about these interactions regard-
ing important functions in cell differentiation, neuronal 
migration, or synapse formation [82, 83]. Three inter-
actions between these complexes were among our sig-
nificant results: ligands NRG1, NRG3, and NRG4 and 
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receptor ErbB4. Many studies link the NRG1 complex to 
ASD. Abbasy et al. [54], for example, reported that down-
regulation of the complex is linked to deficits in response, 
vigilance, and working memory. Likewise, Esnafoglu [84] 
suggested that NRG1-ErbB signal system may contribute 
to the disorder, and Dabbah-Assadi et al. [85] suggested 
that NRG1-ErbB4 pathway disruption can lead to cog-
nitive dysfunction. While NRG2 and NRG3 complexes 
have not been linked to ASD, many reports support their 
link to other neurodevelopmental disorders such as SCZ 
and bipolar disorder [86, 87].

In the PTN pathways, the unique ligand from our 
analysis was pleiotrophin protein, an extracellular 
matrix-associated protein known to be involved in 
neurodevelopmental processes such as cellular pro-
liferation, early presynaptic, or postsynaptic speciali-
zation [88]. A previous study [89] demonstrated that 
PTN knockout mice showed disruptions in cognitive 
and affective processes. Another study suggested that 
both PTN and its receptor, protein tyrosine phos-
phatase receptor type Z1 (PTPRZ1), could be potential 
candidate genes for ASD [90].

In addition to the above signaling pathways with litera-
ture support for their association to ASD, our unbiased 
overrepresentation analysis also found GO “biological 
processes” terms related to axonogenesis, extracellular 
matrix organization, peptidyl-tyrosine phosphorylation, 
synapse organization, or regulation of cell morphogen-
esis. Similarly, Gai et  al. [91] in their study of ASD risk 
genes from 631 autism subjects, 1162 parents, and 1775 
control children found enrichments in synaptic func-
tions, such as cell-cell signaling, transmission of nerve 
impulse, or neurotransmitter transport. Similar results 
were reported in an independent study [92]. In this study, 
112 ASD genes were selected for enrichment analy-
sis in mouse and human phenotypes. The results linked 
these genes to changes in brain and neuronal morphol-
ogy, electrophysiological changes, neurological changes, 
and higher-order behavioral changes. In a comparative 
study between ASD and SCZ [93], gene sets enriched in 
protein phosphorylation/kinase activity, among others, 
were found for ASD. Furthermore, this study suggested 
an etiological overlap of ASD and SCZ since 8% of the 
clinically significant CNVs were shared between the two 
disorders. This comes as no surprise since a large epide-
miological study [94] has found that a family history of 
SCZ is a risk factor for ASD. Moreover, in 50% of ASD 
cases, there is an association with intellectual disability 
as well as comorbidity with other psychiatric disorders 
[58, 95]. In this regard, it is interesting that our analysis 
of the disrupted cell-cell communication genes found no 
enrichment with SCZ and ID genes but positive enrich-
ments for bipolar disorder, ADHD, and ASD.

In this study, cell-cell communication is inferred from 
the expression of protein-coding genes, thus not cap-
turing other signaling events in the brain, such as non-
protein molecules (e.g., neurotransmitters). Another 
limitation of the study, as in other cell-cell interaction 
studies based on scRNA-seq or snRNA-seq, lies in the 
lack of spatial information, as juxtracrine and paracrine 
signaling operate from 0 to 200 μm [96]. The application 
of spatial transcriptomic data will help, but that tech-
nology by itself is currently not able to provide single-
cell resolution data. However, one study applied spatial 
transcriptomics to investigate alterations occurring in 
tissue domains within a 100-μm diameter around amy-
loid plaques in Alzheimer’s disease and found altera-
tions consistent with disease pathogenesis [97]. As the 
technology advances and more data become available 
for ASD, we should be able to improve the methods in 
this study, as discussed in a recent review [96]. In addi-
tion, since the snRNA-seq data were from postmortem 
brains, our findings by themselves cannot distinguish 
if the CCC signaling disruption contributes directly to 
ASD pathogenesis or is a result of the brain’s response 
to ASD conditions. Lastly, signaling in the brain is con-
ducted by proteins, while our analysis was based on 
RNAs.

Conclusions
In this study, we perform a comprehensive bioinfor-
matics analysis to characterize the cell-cell communi-
cation changes in the brains of autistic subjects. We 
found multiple intercellular signaling pathways that 
are potentially altered in autism. Genes in these altered 
signaling pathways show a significant enrichment for 
genes involved in both ASD risk and with intracellular 
molecular pathways that are putatively dysregulated in 
multiple brain cell types.

Abbreviations
ACC : Anterior cingulate cortex; ADHD: Attention-deficit hyperactivity 
disorder; ASD: Autism spectrum disorder; AST-FB: Fibrous astrocytes; AST-PP: 
Protoplasmic astrocytes; BD: Bipolar disorder; CCC : Cell-cell communication; 
CNTN: Contactin pathway; CNV: Copy number variation; DEG: Differentially 
expressed genes; DNM: De novo missense variants; FDR: False discovery rate; 
FGF: Fibroblast growth factor ; GO: Gene ontology; GSEA: Gene set enrichment 
analysis; GWAS: Genome-wide association study; ID: Intellectual disability; 
IN-PV: Parvalbumin interneurons; IN-SST: Somatostatin interneurons; IN-SV2C: 
SV2C interneurons; IN-VIP: VIP interneurons; L-R: Ligand receptor; L2/3: Layer 
2/3 excitatory neurons; L4: Layer 4 excitatory neurons; L5/6-CC: Layer 5/6 
cortico-cortical projection neurons; L5/6: Layer 5/6 corticofugal projection 
neurons; Neu-mat: Maturing neurons; Neu-NRGN: NRGN-expressing neurons; 
NGL: Netrin-G ligand; NRG: Neuregulin; NRXN: Neurexin; OR: Odds ratio; OPC: 
Oligodendrocyte precursor cells; PFC: Prefrontal cortex; PPI: Protein-protein 
interaction; PTN: Pleiotrophin; SCZ: Schizophrenia; SFARI: Simons Founda-
tion Autism Research Initiative; WES: Whole exome sequencing; WGS: Whole 
genome sequencing.



Page 18 of 20Astorkia et al. Journal of Neurodevelopmental Disorders           (2022) 14:29 

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s11689- 022- 09441-1.

Additional file 1: Table S1. Summary for PFC. S1a) Numbers of cells and 
L-R interactions in control and ASD datasets; S1b) Numbers of cells in 
individual control and ASD samples.

Additional file 2: Table S2. Lists of Ligand-Receptor Interactions. S2a) List 
of L-R interactions identified in control PFC; S2b) List of L-R interactions 
identified in ASD PFC; S2c) List of L-R interactions in control ACC; S2d) List 
of L-R interactions in ASD ACC.

Additional file 3: Figure S1. Scatter plot for cell numbers in the 17 cell 
types and their numbers of CCC interactions. Figure S2. Heatmaps show-
ing CCC differences between ASD and control PFCs in terms of counts 
(a) and strengths (b). The rows and columns indicate signaling sending 
and receiving cells, respectively. Figure S3. PCA plot based on pathway 
interaction strengths in ASD and control samples. Figure S4. Density 
plots for spatial expression correlation of actual L-R pairs identified in the 
scRNA-seq data or randomly paired L-Rs using either all spatial spots (a) 
or only spots in defined brain layers (b). Figure S5. Heatmaps showing 
CCC differences between ASD and control ACCs in terms of counts (a) 
and strengths (b). Figure S6. Pan cell type signaling networks identified 
in ASD ACC vs controls. Figure S7. Dot plots showing the change in rela-
tive contributions of each ACC cell type to outgoing (a) or incoming (b) 
signaling in ASD vs controls. Figure S8. Bubble plots showing the change 
in interaction strengths between individual pairs of cell types. The y-axis 
shows the differences computed with all cells, while the x-axis shows the 
differences computed with one half of the cells. In the latter analysis, 50% 
of the cells were randomly selected to run CellChat 10 times, the mean 
differences are plotted on the x-axis with the standard deviations from the 
10 runs indicated by bubble sizes.

Additional file 4: Table S3. CCC signaling pathways detected in ASD PFC 
and control datasets.

Additional file 5: Table S4. Data from sample-by-sample analysis. S3a) 
CCC pathway strengths for individual ASD and control samples; S3b) 
Genes in the detected signaling pathways; S3c) disrupted CCC signal-
ing pathways and corresponding genes; S3d) list of unique genes in the 
dysregulated CCC signaling.

Additional file 6: Table S5. CCC pathway strengths between each cell 
pair in ASD and control samples.

Additional file 7: Table S6. Gene lists related to neurodevelopmental 
disorders.

Additional file 8: Table S7. GSEA results for individual cell types.

Additional file 9: Table S8. CCC signaling pathways in ASD ACC and 
control datasets.

Additional file 10: Table S9. Comparison of the identified pathways by 
different approaches and their fold changes in strength between ASD and 
control PFCs.

Acknowledgements
We would like to thank members of the Zheng Lab for valuable discussion, 
suggestions, and review of the manuscript.

Authors’ contributions
MA performed all the bioinformatics analysis and prepared the manuscript. 
HML contributed to analysis and edited the manuscript. DZ conceived of the 
experiment, contributed to the analytic plan, edited the manuscript, and super-
vised the work. All authors read, edited, and approved the final manuscript.

Funding
This work was supported in part by grants to the Rose F. Kennedy Intellectual 
and Developmental Disabilities Research Center (RFK-IDDRC) from the Eunice 
Kennedy Shriver National Institute of Child Health & Human Development 
(NICHD) at the NIH (U54HD090260; P50HD105352).

Availability of data and materials
No new experimental data were acquired in this study, and the snRNA-seq 
data are publicly available at (https:// cells. ucsc. edu/? ds= autism).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Genetics, Albert Einstein College of Medicine, Bronx, NY, 
USA. 2 Department of Psychiatry, Albert Einstein College of Medicine, Bronx, 
NY, USA. 3 Department of Neuroscience, Albert Einstein College of Medicine, 
Bronx, NY, USA. 4 Rose F. Kennedy Intellectual and Developmental Disabilities 
Research Center, Albert Einstein College of Medicine, Bronx, NY, USA. 5 Depart-
ment of Neurology, Albert Einstein College of Medicine, Bronx, NY, USA. 

Received: 28 September 2021   Accepted: 18 April 2022

References
 1. American Psychiatric Association. Highlights of changes from DSM-IV-TR 

to DSM-5. 2013.
 2. Maenner MJ, Shaw KA, Baio J, Washington A, Patrick M, DiRienzo M, et al. 

Prevalence of autism spectrum disorder among children aged 8 years-
autism and developmental disabilities monitoring network, 11 sites, 
United States, 2016. MMWR Surveill Summ. 2020;69:1–12.

 3. Banerjee-Basu S, Packer A. SFARI gene: an evolving database for the 
autism research community. DMM Dis Model Mech. 2010;3:133–5.

 4. Chen JA, Peñagarikano O, Belgard TG, Swarup V, Geschwind DH. The 
emerging picture of autism spectrum disorder: genetics and pathology. 
Annu Rev Pathol Mech Dis. 2015;10:111–44.

 5. Hormozdiari F, Penn O, Borenstein E, Eichler EE. The discovery of inte-
grated gene networks for autism and related disorders. Genome Res. 
2015;25:142.

 6. Oded O, Evan E. Delineating the common biological pathways perturbed 
by ASD’s genetic etiology: lessons from network-based studies. Int J Mol 
Sci. 2017;18. https:// doi. org/ 10. 3390/ ijms1 80408 28.

 7. Kumar S, Reynolds K, Ji Y, Gu R, Rai S, Zhou C. Impaired neurodevelopmen-
tal pathways in autism spectrum disorder: a review of signaling mecha-
nisms and crosstalk. J Neurodev Disord. 2019:11. https:// doi. org/ 10. 1186/ 
S11689- 019- 9268-Y.

 8. Scheiffele P. Cell-cell signaling during synapse formation in the CNS. Annu 
Rev Neurosci. 2003;26:485–508. https:// doi. org/ 10. 1146/ annur ev. neuro. 26. 
043002. 094940.

 9. Armingol E, Officer A, Harismendy O, Lewis NE. Deciphering cell–cell 
interactions and communication from gene expression. Nat Rev Genet. 
2020;22:71–88.

 10. Carias KV, Wevrick R. Clinical and genetic analysis of children with a dual 
diagnosis of Tourette syndrome and autism spectrum disorder. J Psychiatr 
Res. 2019;111:145–53.

 11. Zhang Y, Li N, Li C, Zhang Z, Teng H, Wang Y, et al. Genetic evidence of 
gender difference in autism spectrum disorder supports the female-
protective effect. Transl Psychiatry. 2020;10:1–10.

 12. Grove J, Ripke S, Als TD, Mattheisen M, Walters RK, Won H, et al. Identifica-
tion of common genetic risk variants for autism spectrum disorder. Nat 
Genet. 2019;51:431–44.

 13. Satterstrom FK, Kosmicki JA, Wang J, Breen MS, De Rubeis S, An JY, 
et al. Large-scale exome sequencing study implicates both develop-
mental and functional changes in the neurobiology of autism. Cell. 
2020;180:568–584.e23.

https://doi.org/10.1186/s11689-022-09441-1
https://doi.org/10.1186/s11689-022-09441-1
https://cells.ucsc.edu/?ds=autism
https://doi.org/10.3390/ijms18040828
https://doi.org/10.1186/S11689-019-9268-Y
https://doi.org/10.1186/S11689-019-9268-Y
https://doi.org/10.1146/annurev.neuro.26.043002.094940
https://doi.org/10.1146/annurev.neuro.26.043002.094940


Page 19 of 20Astorkia et al. Journal of Neurodevelopmental Disorders           (2022) 14:29  

 14. Wilfert AB, Turner TN, Murali SC, Hsieh P, Sulovari A, Wang T, et al. Recent 
ultra-rare inherited variants implicate new autism candidate risk genes. 
Nat Genet. 2021;53:1125–34.

 15. Keary C, Minshew N, Bansal R, Goradia D, Fedorov S, Keshavan M, et al. 
Corpus callosum volume and neurocognition in autism. J Autism Dev 
Disord. 2009;39:834–41.

 16. Casanova M, El-Baz A, Mott M, Mannheim G, Hassan H, Fahmi R, et al. 
Reduced gyral window and corpus callosum size in autism: possible 
macroscopic correlates of a minicolumnopathy. J Autism Dev Disord. 
2009;39:751–64.

 17. Park B, Hong S, Valk S, Paquola C, Benkarim O, Bethlehem R, et al. Differ-
ences in subcortico-cortical interactions identified from connectome and 
microcircuit models in autism. Nat Commun. 2021;12. https:// doi. org/ 10. 
1038/ S41467- 021- 21732-0.

 18. Chien YL, Chen YC, Gau SSF. Altered cingulate structures and the 
associations with social awareness deficits and CNTNAP2 gene in autism 
spectrum disorder. NeuroImage Clin. 2021;31:102729.

 19. Wang P, Zhao D, Lachman HM, Zheng D. Enriched expression of genes 
associated with autism spectrum disorders in human inhibitory neurons. 
Transl Psychiatry. 2018;8. https:// doi. org/ 10. 1038/ s41398- 017- 0058-6.

 20. Chen S, Wang J, Cicek E, Roeder K, Yu H, Devlin B. De novo missense vari-
ants disrupting protein–protein interactions affect risk for autism through 
gene co-expression and protein networks in neuronal cell types. Mol 
Autism. 2020;11:1–16.

 21. Li M, Santpere G, Imamura Kawasawa Y, Evgrafov O, Gulden F, Pochareddy 
S, et al. Integrative functional genomic analysis of human brain develop-
ment and neuropsychiatric risks. Science. 2018;362. https:// doi. org/ 10. 
1126/ SCIEN CE. AAT76 15.

 22. Wang D, Liu S, Warrell J, Won H, Shi X, Navarro F, et al. Comprehensive 
functional genomic resource and integrative model for the human brain. 
Science. 2018:362. https:// doi. org/ 10. 1126/ SCIEN CE. AAT84 64.

 23. Velmeshev D, Schirmer L, Jung D, Haeussler M, Mayer S, Bhaduri A, et al. 
Single-cell genomics identifies cell type–specific molecular changes in 
autism. Science. 2019;364:685–9.

 24. Ji G, Li S, Ye L, Guan J. Gene Module analysis reveals cell-type specific-
ity and potential target genes in autism’s pathogenesis. Biomedicines. 
2021;9. https:// doi. org/ 10. 3390/ BIOME DICIN ES904 0410.

 25. Armingol E, Joshi CJ, Baghdassarian H, Shamie I, Ghaddar A, Chan J, et al. 
Inferring the spatial code of cell-cell interactions and communication 
across a whole animal body. bioRxiv. 2020; 2020.11.22.392217. https:// doi. 
org/ 10. 1101/ 2020. 11. 22. 392217.

 26. Lin Y, Loo L, Tran A, Moreno C, Hesselson D, Neely G, et al. Characterization 
of cell-cell communication in COVID-19 patients. bioRxiv. 2020;08:190–6.

 27. Ghoshdastider U, Rohatgi N, Naeini Mojtabavi M, Baruah P, Revkov E, Guo 
Y, et al. Pan-cancer analysis of ligand-receptor cross-talk in the tumor 
microenvironment. Cancer Res. 2021;81:1802–12.

 28. Plotnikov EY, Silachev DN, Popkov VA, Zorova LD, Pevzner IB, Zorov SD, 
et al. Intercellular signalling cross-talk: to kill, to heal and to rejuvenate. 
Heart Lung Circ. 2017;26:648–59.

 29. Hou R, Denisenko E, Ong H, Ramilowski J, Forrest A. Predicting cell-to-
cell communication networks using NATMI. Nat Commun. 2020:11. 
https:// doi. org/ 10. 1038/ S41467- 020- 18873-Z.

 30. Browaeys R, Saelens W, Saeys Y. NicheNet: modeling intercellular commu-
nication by linking ligands to target genes. Nat Methods. 2020;17:159–62.

 31. Efremova M, Vento-Tormo M, Teichmann SA, Vento-Tormo R. Cell-
PhoneDB: inferring cell–cell communication from combined 
expression of multi-subunit ligand–receptor complexes. Nat Protoc. 
2020;15:1484–506.

 32. Jin S, Guerrero-Juarez CF, Zhang L, Chang I, Ramos R, Kuan CH, et al. 
Inference and analysis of cell-cell communication using CellChat. Nat 
Commun. 2021;12:1–20.

 33. Dimitrov D, Türei D, Boys C, Nagai JS, Flores ROR, Kim H, et al. Comparison 
of resources and methods to infer cell-cell communication from single-
cell RNA data. bioRxiv. 2021. https:// doi. org/ 10. 1101/ 2021. 05. 21. 445160.

 34. Yu G, Wang LG, Han Y, He QY. ClusterProfiler: an R package for com-
paring biological themes among gene clusters. Omi A J Integr Biol. 
2012;16:284–7.

 35. Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M, Kirilovsky A, 
et al. ClueGO: a cytoscape plug-in to decipher functionally grouped 
gene ontology and pathway annotation networks. Bioinformatics. 
2009;25:1091–3.

 36. Yang C, Li J, Wu Q, Yang X, Huang AY, Zhang J, et al. AutismKB 2.0: a 
knowledgebase for the genetic evidence of autism spectrum disorder. 
Database. 2018;2018:106.

 37. Shen L IS of M at mount S. GeneOverlap: Test and visualize gene overlaps. 
R package version 1.26.0, 2020. http:// shenl ab- sinai. github. io/ shenl 
ab- sinai/. https:// bioco nduct or. org/ packa ges/ relea se/ bioc/ html/ GeneO 
verlap. html (Accessed 18 May 2021).

 38. Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D, Huerta-Cepas 
J, et al. STRING v10: protein–protein interaction networks, integrated over 
the tree of life. Nucleic Acids Res. 2015;43:D447–52.

 39. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette 
MA, et al. Gene set enrichment analysis: a knowledge-based approach 
for interpreting genome-wide expression profiles. Proc Natl Acad Sci. 
2005;102:15545–50.

 40. Mootha VK, Lindgren CM, Eriksson K-F, Subramanian A, Sihag S, Lehar 
J, et al. PGC-1α-responsive genes involved in oxidative phosphoryla-
tion are coordinately downregulated in human diabetes. Nat Genet. 
2003;34:267–73.

 41. Maynard KR, Collado-Torres L, Weber LM, Uytingco C, Barry BK, Williams 
SR, et al. Transcriptome-scale spatial gene expression in the human 
dorsolateral prefrontal cortex. Nat Neurosci. 2021;24:425–36.

 42. Allen NJ, Lyons DA. Glia as architects of central nervous system formation 
and function. Science (80- ). 2018;362:181–5.

 43. Falk S, Götz M. Glial control of neurogenesis. Curr Opin Neurobiol. 
2017;47:188–95.

 44. McPhie DL, Nehme R, Ravichandran C, Babb SM, Ghosh SD, Staskus A, 
et al. Oligodendrocyte differentiation of induced pluripotent stem cells 
derived from subjects with schizophrenias implicate abnormalities in 
development. Transl Psychiatry. 2018;8:1–10.

 45. Mauney SA, Pietersen CY, Sonntag KC, Woo TUW. Differentiation of oligo-
dendrocyte precursors is impaired in the prefrontal cortex in schizophre-
nia. Schizophr Res. 2015;169:374–80.

 46. Trost B, Engchuan W, Nguyen CM, Thiruvahindrapuram B, Dolzhenko E, 
Backstrom I, et al. Genome-wide detection of tandem DNA repeats that 
are expanded in autism. Nature. 2020;586:80–6.

 47. Wang J, Gong J, Li L, Chen Y, Liu L, Gu HT, et al. Neurexin gene fam-
ily variants as risk factors for autism spectrum disorder. Autism Res. 
2018;11:37–43.

 48. Parente DJ, Garriga C, Baskin B, Douglas G, Cho MT, Araujo GC, et al. 
Neuroligin 2 nonsense variant associated with anxiety, autism, intel-
lectual disability, hyperphagia, and obesity. Am J Med Genet Part A. 
2017;173:213–6.

 49. Zhang T, Zhang J, Wang Z, Jia M, Lu T, Wang H, et al. Association 
between CNTNAP2 polymorphisms and autism: a family-based 
study in the chinese han population and a meta-analysis combined 
with GWAS data of psychiatric genomics consortium. Autism Res. 
2019;12:553–61.

 50. Etherton M, Földy C, Sharma M, Tabuchi K, Liu X, Shamloo M, et al. 
Autism-linked neuroligin-3 R451C mutation differentially alters hip-
pocampal and cortical synaptic function. Proc Natl Acad Sci U S A. 
2011;108:13764–9.

 51. Khanzada NS, Butler MG, Manzardo AM. GeneAnalytics pathway analysis 
and genetic overlap among autism spectrum disorder, bipolar disorder 
and schizophrenia. Int J Mol Sci. 2017;18:527.

 52. Melin M, Carlsson B, Anckarsater H, Rastam M, Betancur C, Isaksson A, 
et al. Constitutional downregulation of SEMA5A expression in autism. 
Neuropsychobiology. 2006;54:64–9.

 53. Jones L, López-Bendito G, Gruss P, Stoykova A, Molnŕ Z. Pax6 is required 
for the normal development of the forebrain axonal connections. Devel-
opment. 2002;129:5041–52.

 54. Abbasy S, Shahraki F, Haghighatfard A, Qazvini MG, Rafiei ST, Noshadirad 
E, et al. Neuregulin1 types mRNA level changes in autism spectrum dis-
order, and is associated with deficit in executive functions. EBioMedicine. 
2018;37:483–8.

 55. Tabarés-Seisdedos R, Rubenstein JLR. Chromosome 8p as a potential hub 
for developmental neuropsychiatric disorders: implications for schizo-
phrenia, autism and cancer. Mol Psychiatry. 2009;14:563–89.

 56. Krumm N, Turner TN, Baker C, Vives L, Mohajeri K, Witherspoon K, et al. 
Excess of rare, inherited truncating mutations in autism. Nat Publ Gr. 
2015. https:// doi. org/ 10. 1038/ ng. 3303.

https://doi.org/10.1038/S41467-021-21732-0
https://doi.org/10.1038/S41467-021-21732-0
https://doi.org/10.1038/s41398-017-0058-6
https://doi.org/10.1126/SCIENCE.AAT7615
https://doi.org/10.1126/SCIENCE.AAT7615
https://doi.org/10.1126/SCIENCE.AAT8464
https://doi.org/10.3390/BIOMEDICINES9040410
https://doi.org/10.1101/2020.11.22.392217
https://doi.org/10.1101/2020.11.22.392217
https://doi.org/10.1038/S41467-020-18873-Z
https://doi.org/10.1101/2021.05.21.445160
http://shenlab-sinai.github.io/shenlab-sinai/
http://shenlab-sinai.github.io/shenlab-sinai/
https://bioconductor.org/packages/release/bioc/html/GeneOverlap.html
https://bioconductor.org/packages/release/bioc/html/GeneOverlap.html
https://doi.org/10.1038/ng.3303


Page 20 of 20Astorkia et al. Journal of Neurodevelopmental Disorders           (2022) 14:29 

 57. Carulli D, Winter F d, Verhaagen J. Semaphorins in adult nervous system 
plasticity and disease. Front Synaptic Neurosci. 2021;13. https:// doi. org/ 10. 
3389/ FNSYN. 2021. 672891.

 58. Anagnostou E, Zwaigenbaum L, Szatmari P, Fombonne E, Fernandez 
B, Woodbury-Smith M, et al. Autism spectrum disorder: advances in 
evidence-based practice. CMAJ. 2014;186:509–19.

 59. Wiśniowiecka-Kowalnik B, Nesteruk M, Peters SU, Xia Z, Cooper ML, Sav-
age S, et al. Intragenic rearrangements in NRXN1 in three families with 
autism spectrum disorder, developmental delay, and speech delay. Am J 
Med Genet Part B Neuropsychiatr Genet. 2010;153:983–93.

 60. Pinto D, Pagnamenta AT, Klei L, Anney R, Merico D, Regan R, et al. Func-
tional impact of global rare copy number variation in autism spectrum 
disorders. Nat. 2010;466:368–72.

 61. Steinberg KM, Ramachandran D, Patel VC, Shetty AC, Cutler DJ, Zwick ME. 
Identification of rare X-linked neuroligin variants by massively paral-
lel sequencing in males with autism spectrum disorder. Mol Autism. 
2012;3:1–12.

 62. Yu J, He X, Yao D, Li Z, Li H, Zhao Z. A sex-specific association of com-
mon variants of neuroligin genes (NLGN3 and NLGN4X) with autism 
spectrum disorders in a Chinese Han cohort. Behav Brain Funct. 2011:7. 
https:// doi. org/ 10. 1186/ 1744- 9081-7- 13.

 63. Dahlhaus R, Hines RM, Eadie BD, Kannangara TS, Hines DJ, Brown CE, et al. 
Overexpression of the cell adhesion protein neuroligin-1 induces learn-
ing deficits and impairs synaptic plasticity by altering the ratio of excita-
tion to inhibition in the hippocampus. Hippocampus. 2010;20:305–22.

 64. Turner CA, Eren-Koçak E, Inui EG, Watson SJ, Akil H. Dysregulated 
fibroblast growth factor (FGF) signaling in neurological and psychiatric 
disorders. Semin Cell Dev Biol. 2016;53:136–43.

 65. Asai T, Wanaka A, Kato H, Masana Y, Seo M, Tohyama M. Differential 
expression of two members of FGF receptor gene family, FGFR-1 and 
FGFR-2 mRNA, in the adult rat central nervous system. Mol Brain Res. 
1993;17:174–8.

 66. Esnafoglu E, Ayyıldız SN. Decreased levels of serum fibroblast growth 
factor-2 in children with autism spectrum disorder. Psychiatry Res. 
2017;257:79–83.

 67. Evans SJ, Choudary PV, Neal CR, Li JZ, Vawter MP, Tomita H, et al. Dysregu-
lation of the fibroblast growth factor system in major depression. Proc 
Natl Acad Sci U S A. 2004;101:15506.

 68. Liu X, Zhang T, He S, Hong B, Chen Z, Peng D, et al. Elevated serum levels 
of FGF-2, NGF and IGF-1 in patients with manic episode of bipolar disor-
der. Psychiatry Res. 2014;218:54–60.

 69. Wang T, Zeng Z, Hu Z, Zheng L, Li T, Li Y, et al. FGFR2 is associated 
with bipolar disorder: a large-scale case–control study of three 
psychiatric disorders in the Chinese Han population. World J Biol 
Psychiatry. 2012;13(8):599–604. https:// doi. org/ 10. 3109/ 15622 97520 
11650 203.

 70. Ascano M, Mukherjee N, Bandaru P, Miller JB, Nusbaum JD, Corcoran DL, 
et al. FMRP targets distinct mRNA sequence elements to regulate protein 
expression. Nat. 2012;492:382–6.

 71. Zuko A, Kleijer KTE, Oguro-Ando A, Kas MJH, Van Daalen E, Van Der 
Zwaag B, et al. Contactins in the neurobiology of autism. Eur J Pharmacol. 
2013;719:63–74.

 72. Scott-Van Zeeland A, Abrahams B, Alvarez-Retuerto A, Sonnenblick L, 
Rudie J, Ghahremani D, et al. Altered functional connectivity in frontal 
lobe circuits is associated with variation in the autism risk gene CNTNAP2. 
Sci Transl Med. 2010;2. https:// doi. org/ 10. 1126/ SCITR ANSLM ED. 30013 44.

 73. Li X, Hu Z, He Y, Xiong Z, Long Z, Peng Y, et al. Association analysis of 
CNTNAP2 polymorphisms with autism in the Chinese Han population. 
Psychiatr Genet. 2010;20:113–7.

 74. Nascimento PP, Bossolani-Martins AL, Rosan DBA, Mattos LC, Brandão-
Mattos C, Fett-Conte AC. Single nucleotide polymorphisms in the CNT-
NAP2 gene in Brazilian patients with autistic spectrum disorder. Genet 
Mol Res. 2016;15. https:// doi. org/ 10. 4238/ gmr. 15017 422.

 75. Scott KE, Kazazian K, Mann RS, Möhrle D, Schormans AL, Schmid S, et al. 
Loss of Cntnap2 in the rat causes autism-related alterations in social 
interactions, stereotypic behavior, and sensory processing. Autism Res. 
2020;13:1698–717.

 76. Woo J, Kwon S-K, Kim E. The NGL family of leucine-rich repeat-containing 
synaptic adhesion molecules. Mol Cell Neurosci. 2009;42:1–10.

 77. Lee H, Shin W, Kim K, Lee S, Lee E-J, Kim J, et al. NGL-3 in the regulation 
of brain development, Akt/GSK3b signaling, long-term depression, and 
locomotive and cognitive behaviors. PLoS Biol. 2019;17:e2005326.

 78. Takahashi H, Craig AM. Protein tyrosine phosphatases PTPδ, PTPσ, 
and LAR: presynaptic hubs for synapse organization. Trends Neurosci. 
2013;36:522–34.

 79. Pankonin M, Sohi J, Kamholz J, Loeb J. Differential distribution of neu-
regulin in human brain and spinal fluid. Brain Res. 2009;1258:1–11.

 80. Wang R, Wang Y, Hu R, Chen X, Song M, Wang X. Decreased plasma levels 
of neureglin-1 in drug naïve patients and chronic patients with schizo-
phrenia. Neurosci Lett. 2015;606:220–4.

 81. Falls DL. Neuregulins: functions, forms, and signaling strategies. Exp Cell 
Res. 2003;284:14–30.

 82. Meyer D, Yamaai T, Garratt A, Riethmacher-Sonnenberg E, Kane D, Theill 
LE, et al. Isoform-specific expression and function of neuregulin. Develop-
ment. 1997;124:3575–86.

 83. Fricker F, Lago N, Balarajah S, Tsantoulas C, Tanna S, Zhu N, et al. Axonally 
derived neuregulin-1 is required for remyelination and regeneration after 
nerve injury in adulthood. J Neurosci. 2011;31:3225–33.

 84. Esnafoglu E. Levels of peripheral Neuregulin 1 are increased in non-medi-
cated autism spectrum disorder patients. J Clin Neurosci. 2018;57:43–5.

 85. Dabbah-Assadi F, Alon D, Golani I, Doron R, Kremer I, Beloosesky R, 
et al. The influence of immune activation at early vs late gestation on 
fetal NRG1-ErbB4 expression and behavior in juvenile and adult mice 
offspring. Brain Behav Immun. 2019;79:207–15.

 86. Meier S, Strohmaier J, Breuer R, Mattheisen M, Degenhardt F, Mühleisen 
T, et al. Neuregulin 3 is associated with attention deficits in schizophrenia 
and bipolar disorder. Int J Neuropsychopharmacol. 2013;16:549–56.

 87. Yan L, Shamir A, Skirzewski M, Leiva-Salcedo E, Kwon O, Karavanova I, 
et al. Neuregulin-2 ablation results in dopamine dysregulation and severe 
behavioral phenotypes relevant to psychiatric disorders. Mol Psychiatry. 
2017;23:1233–43.

 88. Rauvala H, Peng HB. HB-GAM (heparin-binding growth-associated 
molecule) and heparin-type glycans in the development and plasticity of 
neuron-target contacts. Prog Neurobiol. 1997;52:127–44.

 89. Krellman JW, Ruiz HH, Marciano VA, Mondrow B, Croll SD. Behavioral and 
neuroanatomical abnormalities in pleiotrophin knockout mice. PLoS One. 
2014;9:e100597.

 90. Bailey A, Hervas A, Matthews N, Palferman S, Wallace S, Aubin A, et al. A 
full genome screen for autism with evidence for linkage to a region on 
chromosome 7q. Hum Mol Genet. 1998;7:571–8.

 91. Gai X, Xie HM, Perin JC, Takahashi N, Murphy K, Wenocur AS, et al. Rare 
structural variation of synapse and neurotransmission genes in autism. 
Mol Psychiatry. 2012;17:402–11.

 92. Buxbaum JD, Betancur C, Bozdagi O, Dorr NP, Elder GA, Hof PR. Optimiz-
ing the phenotyping of rodent ASD models: enrichment analysis of 
mouse and human neurobiological phenotypes associated with high-risk 
autism genes identifies morphological, electrophysiological, neurological, 
and behavioral features. Mol Autism. 2012;3:1–8.

 93. Kushima I, Aleksic B, Nakatochi M, Shimamura T, Okada T, Uno Y, et al. 
Comparative analyses of copy-number variation in autism spectrum dis-
order and schizophrenia reveal etiological overlap and biological insights. 
Cell Rep. 2018;24:2838–56.

 94. Sullivan P, Magnusson C, Reichenberg A, Boman M, Dalman C, Davidson 
M, et al. Family history of schizophrenia and bipolar disorder as risk fac-
tors for autism. Arch Gen Psychiatry. 2012;69:1099–103.

 95. Woodbury-Smith M, Scherer SW. Progress in the genetics of autism 
spectrum disorder. Dev Med Child Neurol. 2018;60:445–51.

 96. Longo SK, Guo MG, Ji AL, Khavari PA. Integrating single-cell and spatial 
transcriptomics to elucidate intercellular tissue dynamics. Nat Rev Genet. 
2021;22:627-44.

 97. Chen WT, Lu A, Craessaerts K, Pavie B, Sala Frigerio C, Corthout N, et al. 
Spatial transcriptomics and in situ sequencing to study Alzheimer’s 
disease. Cell. 2020;182:976–991.e19.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.3389/FNSYN.2021.672891
https://doi.org/10.3389/FNSYN.2021.672891
https://doi.org/10.1186/1744-9081-7-13
https://doi.org/10.3109/156229752011650203
https://doi.org/10.3109/156229752011650203
https://doi.org/10.1126/SCITRANSLMED.3001344
https://doi.org/10.4238/gmr.15017422

	Characterization of cell-cell communication in autistic brains with single-cell transcriptomes
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Human brain single-nucleus RNA-seq data
	Cell-cell communication analysis in PFC data
	Overrepresentation analysis based on curated gene sets and gene ontology
	Protein-protein interaction network
	Gene enrichment analysis based on cell types
	Spatial co-expression of ligands and receptors
	Cell-cell communication analysis in anterior cingulate cortex data
	Using L-R interactions from the CellPhoneDBv2.0 database to run CellChat in PFC data

	Results
	Numbers and strengths of L-R interactions in autistic PFC and controls
	Major intercellular signaling patterns in PFC
	Pan-cell type signaling difference between ASD and control PFCs
	Sample-by-sample CCC analysis in PFC
	Function enrichment analysis of the disrupted cell-cell signaling
	Functional connection of the disrupted cell-cell signaling to ASD risk genes
	Enrichment for gene sets related to brain disorders
	Relationship between disrupted intercellular signaling and differential gene expression programs
	Spatial co-expression of ligands and receptors
	Cell-cell communications in anterior cingulate cortex

	Discussion
	Conclusions
	Acknowledgements
	References


