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Abstract
Background: Gene co-expression analysis (GCA) has emerged as an important tool to identify convergent
molecular pathways of ASD risk genes. The aim of this study is to identify ASD-relevant genes at the
whole-genome level using GCA with consideration of the effect of confounding factors on GCA, including
the size, expression level, and guanine-cytosine content of genes.

Methods: Pearson’s correlation coe�cient was computed to indicate the co-expression of a gene pair
based on the BrainSpan human brain transcriptome dataset. Whether a gene is signi�cantly co-expressed
with a group of high-con�dence ASD risk genes (hcASDs) was determined by statistically comparing the
co-expression of this gene with the hcASD gene set to that of this gene with permuted gene sets of
matched gene features. This method is referred to as "matched-gene co-expression analysis" (MGCA).
Gene ontology (GO) analysis and construction of integrated GO enrichment networks were performed to
reveal convergent pathways of co-expressed genes. Behavioral tests were carried out in gene knockout
mice. 

Results: Gene size, mRNA length, mRNA abundance, and guanine-cytosine content were found to affect
co-expression pro�les of ASD genes. Using the MGCA method, we con�rmed the convergence in the
developmental expression pro�les of hcASDs. MGCA also effectively revealed convergent molecular
pathways of ASD risk genes and determined that CDH11, but not CDH9, is associated with ASD. Mouse
behavioral studies showed that Cdh11-null mice, but not Cdh9-null mice, have multiple autistic-like
behavioral alterations.

Limitations: The use of tissue-derived transcriptomes instead of single-cell transcriptomes may have
detected coincident expression of some functionally irrelevant genes in different cell types. Some ASD
risk genes may have been missed due to the highly stringent statistical standard of MGCA. Another
limitation is the relatively small number of animals analyzed in behavioral tests.

Conclusions: Results of this study revealed the importance of considering matched gene features in GCA.
CDH11 was con�rmed to be an important ASD risk gene and Cdh11-null mice were found to be a very
useful animal model for investigation of ASD.  

Background
Autism spectrum disorder (ASD) is a group of heterogeneous neurodevelopmental conditions with a
complex genetic basis [1, 2]. A large number of susceptibility genes whose mutations or copy number
variations (CNV) may be associated with ASD have been identi�ed by genetic linkage analyses, genome-
wide association studies (GWAS), whole-exome sequencing (WES), or whole-genome sequencing (WGS)
[3, 4]. However, the functions of most of these risk genes in developing brains remain unknown, and a
causal relationship between their variations and autism traits has not been established. In order to
prioritize investigation of genes and signaling pathways of high relevance to ASD, a method to determine
the functional importance of a large group of risk genes is vital.
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The highly diverse ASD risk genes are believed to functionally converge in several common molecular
pathways closely relevant to autism, such as the Wnt signaling pathway, the mammalian target of
rapamycin (mTOR) pathway, and dendrite development and synaptic remodeling pathways [3, 5].
Consistent with the functional convergence of ASD risk genes, results of several studies suggest the
convergence of developmental expression pro�les of a large group of risk genes [6, 7]. It is generally
believed that genes with similar expression pro�les are co-regulated or have related functions [6, 8].
Although the co-expression of individual genes may be a coincident event, the co-expression of a group
of functionally related genes is unlikely to be a random occurrence. Co-expression of genes within a
biological pathway is a strong indication of their shared functions [8]. Based on this concept,
computational analyses of various brain transcriptomes have been conducted to identify potential co-
expression networks of ASD risk genes and to discover brain circuits that may be affected by the risk
genes [6, 7, 9, 10]. In these studies, the correlation coe�cient (CC) of a pair of genes is calculated based
on their expression levels in different brain regions and/or developmental stages. Genome-wide gene co-
expression networks are constructed by setting an empirically determined threshold of CC [6]. A major
limitation in most of these studies is lack of consideration of potential effects of confounding factors
such as the size, expression level (mRNA abundance), and guanine-cytosine (GC) content of genes on the
result of GCA [11]. Most ASD risk genes are large genes with a higher expression level in the brain than in
other tissues [12]. It is unclear whether the size or expression level of an ASD gene affect its co-
expression with other genes. It is also unknown whether the convergent pattern of developmental
expression pro�les is speci�c to ASD risk genes or a common property of genes with similar features,
such as large gene size and high mRNA abundance [11].

Some ASD risk genes code for adhesion molecules, such as members of neurexin and neuroligin families,
which mediate pre- and post-synaptic adhesion, respectively, in ASD-related brain circuits [13, 14]. Genetic
variants of several other adhesion molecules, including classical and non-classical cadherin family
members, are also frequently found to be associated with ASD by GWAS [15] and WES studies [16–19].
Cadherin family members play important roles in multiple developmental processes, including cell
proliferation, polarization, neuronal migration, axon projection, dendrite arborization, and synapse
assembly, by mediating homophilic and heterophilic cell-cell interactions [20–24]. It is unclear as to which
cadherin family members are crucial in ASD and which ASD-relevant brain areas are affected by cadherin
mutations.

In this study, we discovered that four gene features, including mRNA abundance, genomic DNA (gDNA)
size, mRNA size, and GC content of the coding region of a gene, profoundly affect gene co-expression
pro�les in the brain. We developed a novel method called “matched-gene co-expression analysis” (MGCA)
to examine whether a gene exhibits signi�cant co-expression with a group of high-con�dence ASD risk
genes (hcASDs). This was accomplished by statistically comparing the co-expression level of a gene with
the hcASD gene set to that of this gene with a large number of permuted gene sets of matched features
(see method). Compared with the method without considering these gene features, MGCA was found to
be effective in identifying functionally convergent molecular pathways of ASD risk genes. MGCA also
revealed “homophilic cell adhesion” as one of the most signi�cantly converged molecular pathways of
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risk genes. Further analysis of CDH11 and CDH9, two ASD candidate genes belonging to the cadherin
family of adhesion molecules, showed that CDH11, but not CDH9, is associated with ASD. This �nding
was corroborated by mouse behavioral studies using Cdh11 and Cdh9 knockout mice.

Materials And Methods
Data �ltering and computation of correlation coe�cient

The human brain transcriptome dataset from BrainSpan (www.brainspan.org) (RNA-Seq Gencode v10)
was used for gene co-expression analyses. This dataset contained 256 transcriptomes of 16 different
brain regions. The developmental stages ranged from post-conception week 8 (PCW8) to 40 years old
(40Y). Normalized mRNA expression values were represented by RPKM (Reads Per Kilobase Per Million
Mapped Reads). The average mRNA expression level of each gene in all tissues was considered as the
mRNA abundance level of a gene. Gene length and mRNA length were determined based on gene
annotations provided by the National Center for Biotechnology Information (NCBI). The GC content in the
coding region of a gene was obtained from GCevobase (Ensembl_release_88). Based on statistical
analyses of genetic data described previously [25], 64 risk genes that reached a genome-wide
signi�cance threshold were used as the hcASD gene set in the present study (high con�dence ASD risk
gene set, Additional �le 2: Table S1). Genes with an average expression level lower than the lowest
expression level of hcASDs were �ltered out (Additional �le 2: Table S1). Perl scripts were written to
conduct most calculations. Pair-wise Pearson’s correlation coe�cient (CC) was used to indicate the
tendency of co-expression of a gene pair. Heatmaps were constructed with the software R based on the
CC matrix of 1/100 evenly distributed genes. The mean CC was de�ned as co-expression coe�cient
(CEC), which indicates the tendency of co-expression of a gene with a speci�c set of genes (

; where M indicates the total gene number of a gene set) or the
tendency of co-expression of two gene sets (

; where M and N represent the total
gene number of two different gene sets, respectively).

Gene set de�nition

After data �ltering, a total of 15942 genes with information on gene length, mRNA length, mRNA level,
and GC content available were identi�ed from the BrainSpan human brain transcriptome dataset and
used for the study (Additional �le 2: Table S1). In addition to the hcASD gene set, the following gene sets
were also used: mRand, Rand, TetraM-2515, Top-2515, TetraM-only, and Top-only. Each mRand gene set
contained 64 genes with one of the four gene features of each gene matched with that of the
corresponding hcASD gene in the hcASD gene set. Each Rand gene set contained randomly selected 64
genes without considering matched gene features. TetraM-2515 was the gene set containing 2515 genes
that exhibited signi�cant co-expression with the hcASD gene set under all four matched conditions (see

http://www.brainspan.org/
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Fig. 3). The Top-2515 gene set contained top 2515 genes with the highest CEC values with the hcASD
gene set. TetraM-only and Top-only gene sets contained non-overlapped genes that were present only in
the TetraM-2515 and the Top-2515 gene sets, respectively. 

Gene ontology (GO) analysis

GO analysis was performed using DAVID v6.8 (http://david.ncifcrf.gov/tools.jsp), and the human whole-
genome genes provided by DAVID were used as the background list. For identi�cation of signi�cantly
enriched GO terms, a corrected p-value of 0.05 (Benjamini-Hochberg method) was used for �ltering.

Enrichment network of multiple gene sets

Metascape (http://metascape.org) was used to sort genes in each gene set into functional groups
(nodes) based on GO and KEGG annotations. Gene enrichment networks were visualized by Cytoscape
(https://cytoscape.org/) using ‘force-directed’ layout with edges bundled for clarity. For identifying
enrichment of genes in a specific functional group (pathway), a P-value of 0.001 and an enrichment
factor of 10 were set as the threshold of signi�cance. The 20 most signi�cant (lowest P-value) pathways
were chosen for heatmap or network construction. In the heatmap (Additional �le 1: Fig. S6a), pairwise
similarities between any two signi�cant terms were computed based on Kappa-test scores. The enriched
terms were then hierarchically clustered into a tree with a kappa score of 0.3 as the threshold. Boxes were
colored according to their P-values. Gray boxes indicate lack of enrichment for a speci�c GO term. In a
network graph (Fig. 3d; Additional �le1: Fig. S6b), each pie represented a node (a group of genes
belonging to a GO term). Within each pie, different slices represented different input gene sets (gene sets
used for analysis), coded by different colors, and the area of each slice was proportional to the number of
genes in a selected gene set that was associated with the GO term of the node. Edges between nodes
indicate a kappa score above the threshold (Kappa similarity > 0.3).

Animals

Cdh9 KO mice [26] were provided by Dr. Joshua R. Sanes at Harvard University. Cdh11 KO mice [27] were
obtained from the Jackson Labs (Cdh11tm1Mta/HensJ, https://www.jax.org/strain/023494). All mice were
housed in groups of �ve with free access to food and water and kept on a 12-hour light/dark cycle. All
behavioral tests were carried out on mice 2-5 months of age. All tests were conducted during daytime.
The surface of the apparatus for behavioral tests was cleaned with 50% ethanol between tests. At least 5 
min between cleaning and the next test was allowed for ethanol evaporation and odor dissipation.

Genotyping

Genotyping of Cdh9 KO mice was done by PCR as previously described [26]. The PCR product for the
wildtype (WT) Cdh9 allele was 550 bp ampli�ed with the primer pair Cdh9-P1 (CCA CTA CAG GAA ACC
TTT GGG TT) and Cdh9-P3 (ATG CAA ACC ATC AGG TAT ACC AAC C), and that of the mutant allele was
430 bp ampli�ed with the primer pair Cdh9-P1 and Cdh9-P2 (CGT GGT ATC GTT ATG CGC CT). The

http://david.ncifcrf.gov/tools.jsp
http://metascape.org/
https://cytoscape.org/
https://www.jax.org/strain/023494
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annealing temperature for Cdh9 PCRs was 63oC. For genotyping of Cdh11 KO mice, the primer pair
Cdh11-P1 (CGC CTT CTT GAC GAG TTC) and Cdh11-P2 (CAC CAT AAT TTG CCA GCT CA) was used for
ampli�cation of the mutant allele, and the primer pair Cdh11-P3 (GTT CAG TCG GCA GAA GCA G) and
Cdh11-P2 was used for the WT allele. The annealing temperatures for PCR were 63.1oC and 56oC for the
mutant and WT alleles, respectively. Sizes of the PCR products for the mutant and WT alleles were 500 bp
and 400 bp, respectively.

Behavioral tests

Open �eld test. The standard open �eld test was performed to evaluate gross locomotor activity, anxiety
level, and repetitive behavior. The test mouse was allowed to freely explore the open �eld arena (50 cm ×
50 cm) for 30 min. The motion of the mouse was videoed and tracked by an automated tracking system
(EthoVision XT 11.5), which also recorded rearing, hopping, turning, self-grooming, moving time, total
moving distance, and time spent in the center of the arena (1/2 of total size). 

Elevated plus maze test. The standard elevated plus maze (EPM) apparatus consisted of two open and
two closed arms, 12 x 2 inches each, connected by a central platform (2 x 2 inches). The maze was 20
inches off the ground. The test mouse was gently placed on the central platform with its head facing one
closed arm and was allowed to freely explore for 10 min. The time that the mouse stayed in the two open
arms and the frequency of open arm entry were recorded.

Grip strength test. The test mouse was placed on a metal grid on top of a transparent chamber. The grid
was quickly inverted, and the time for the mouse to drop off the grid was determined. Five consecutive
trials were carried out, and the average hanging time for each mouse was calculated. The maximum
hanging time was set for 1 min. After 1 min of hanging, the trial was stopped, and the hanging time was
recorded as 1 min.

Horizontal bar test. The mouse was gently placed on a metal wire, with the two forepaws gripping the
wire. The length of time which the mouse hung on the wire was measured. The maximum hanging time
was set for 1 min. The average hanging time was calculated from 5 consecutive trials.

Rotarod test. Mice were habituated to the rotarod apparatus (Harvard Apparatus 760770) by leaving them
on the low-speed rotating rod (4 rpm) for 5 min each day for 3 days and tested on the fourth day on the
accelerating rod. The time and the maximum rotation speed that the test mouse was able to maintain the
balance on the rotating rod were measured. Five consecutive trials were done for each mouse.

Social preference test. A modi�ed three-chamber apparatus was used. The apparatus comprised 3
rectangular (10 x 15 inches) chambers made of white Plexiglas with a 5-inch gate connecting the two
side chambers to the middle chamber. A 3-sided (5 inches wide for each side) fence made of clear
Plexiglas was placed inside each side chamber facing the door of the side chambers, creating a 5-inch x
5-inch square area separated from the side chambers but connected to the middle chamber through the
door (Fig. 6a). The two side chambers were covered by transparent Plexiglas to minimize the diffusion
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and mixing of odor between chambers. To conduct the test, the test mouse was placed inside the middle
chamber and allowed to freely explore the middle chamber and the square zone in each side chamber for
10 min. Three social partner mice were then placed into the fenced area in one side chamber, and the test
mouse was allowed to freely explore for another 10 min. Another 3 social partner mice were then placed
in the other side chamber, and the behavior of the test mouse was tracked for 10 min. The time that the
test mouse spent in each chamber was measured.

Statistical Analysis

Data are presented as mean ± standard error of the mean (SEM). Upper fence test and Grubbs’ test were
performed to evaluate whether a speci�c CEC value was signi�cantly higher than the CEC values of 200
randomly selected sets of feature-matched or non-matched non-hcASD genes. Grubb’s test was done
using the “grubbs.test” script in the R software package. For the permutation test, 100,000 mRand or
Rand gene sets were used; hcASDs were not excluded from the permuted gene sets. The false discovery
rate (FDR) of a gene was determined by the frequency of this gene signi�cantly co-expressed (P < 0.001)
with 10,000 mRand gene sets determined by MGCA. Behavioral analyses were performed blind to
genotypes. Data were analyzed using one-way ANOVA followed by student’s t-test as post hoc analysis.
Statistical analyses were performed with SPSS (IBM, Armonk, USA) or GraphPad Prism (GraphPad
Software, La Jolla, CA, USA).

Results
Effects of gene features on gene co-expression pro�les

The potential effect of the four gene features, including mRNA abundance, mRNA size, gDNA size, and
GC content of the coding region, on gene co-expression pro�les was �rst analyzed. The BrainSpan human
brain transcriptome dataset was used for this analysis. This dataset contains transcriptomes of human
(both gender) brain tissues from 16 different brain regions of various developmental stages and ages
(from PCW8 to 40Y). A total of 15,942 genes with information on all 4 gene features were identi�ed and
used for analyses. These genes were placed in ascending order of mRNA abundance, mRNA size, gDNA
size, or GC content as gene lists (Additional �le 2: Table S1). The correlation coe�cient (CC) of each gene
pair was calculated to re�ect the co-expression level of the two genes, and the results were displayed in
pseudo color-coded matrices. In each of the CC matrices (Fig. 1a), these 15,942 genes were placed in
ascending order on both x and y axes from the lowest mRNA abundance and GC content or the smallest
gDNA and mRNA size to the highest mRNA abundance and GC content or the largest gDNA and mRNA
size. All four CC matrices were found to exhibit uneven color intensity in different areas with higher
intensity corresponding to higher CC values. The overall color intensity was the highest in areas
corresponding to medium mRNA abundance, medium to high gDNA or mRNA size, and low GC content
(Fig. 1a). This result suggests that all four gene features affect gene co-expression pro�les.

Most hcASDs are large genes with medium to high mRNA abundance levels, but with no clear bias in GC
content (Additional �le1: Fig. S1). To determine whether each of these four gene features affects the co-
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expression of a gene with the hcASD gene set as a whole, the co-expression coe�cient (CEC, mean CC
between a gene and each of the hcASD genes) of each of the 15,942 genes with the entire hcASD gene
set was calculated (blue dots in Fig. 1b; Additional �le 2: Table S1). In each of the 4 panels (Fig. 1b), the
15,942 genes were placed in ascending order (x-axis). A noise-reduced (by data averaging) CEC
distribution curve was then generated by plotting the average CEC of a gene with its neighboring 20 (10
above and 10 below; ±10), 50 (±25), 100 (±50), or 200 (±100) genes on the gene lists under each gene
ranking condition. Results showed a bell-shaped curve when genes were ranked by mRNA abundance,
suggesting that genes with medium expression levels are more likely to co-express with the hcASD gene
set (Fig. 1b, left panel). There was an overall positive correlation between gDNA or mRNA size of a gene
and its CEC with the hcASD gene set (Fig. 1b, middle two panels). The CEC curve peaked at genes with
approximately 40% GC content (x-axis between 1000-2000; y-axis between 0.28-0.31) and gradually
declined with increasing GC content (Fig. 1b, right panel; Additional �le 2: Table S1).

With cubic regression, each noise-reduced CEC distribution curve was found to have an R2 value > 0.9
(Additional �le 1: Fig. S2;Additional �le 3: Table S2), indicating a very high correlation between each of
these gene features and the tendency of co-expression of a gene with the hcASD gene set. When the
15,942 genes were placed in stochastic (random) orders, CECs were evenly distributed, and the noise-
reduced CEC distribution curves were �at (Fig. 1c).

Similar genome-wide gene co-expression pro�les of the hcASD gene set were observed in transcriptomes
of early (8PCW-2Y) and late (4Y-40Y) stages (Additional �le 1: Fig. S3a), both gender, and different brain
regions (Additional �le 1: Fig. S3b, c). These �ndings suggest that the co-expression pro�le of hcASD
genes is affected by all four gene features, regardless of developmental stages, gender, and brain areas. 

The genome-wide co-expression pro�le of the hcASD gene set was then compared to those of gene sets
with an equal number (64) of genes in the top, middle, or bottom positions of the gene lists corresponding
to highest, medium, and lowest mRNA abundance and GC content or largest, medium, and smallest
mRNA and gDNA sizes (Additional �le 4: Table S3; Fig. 1d). When genes were ranked by mRNA
abundance, the noise-reduced CEC distribution curve of the hcASD gene set largely overlapped with that
of the gene set of median mRNA abundance levels (Middle in Fig. 1d); this result is consistent with the
observation that most hcASDs are genes of moderate mRNA abundance. The noise-reduced CECs of the
top mRNA abundance gene set (Top in Fig. 1d) were positively correlated with mRNA abundance,
whereas those of the bottom mRNA abundance gene set (Bottom in Fig. 1d) were negatively correlated
with mRNA abundance. When genes were ranked by gDNA or mRNA size, the noise-reduced CEC
distribution curve of the hcASD gene set was most similar to, and higher than, that of the gene set of
largest genes (Top in Fig. 1d). This result is also consistent with the fact that most hcASDs are large
genes. When genes were ranked by GC content, the noise-reduced CEC distribution curve of the hcASD
gene set greatly deviated from those of the Top, Middle, and Bottom gene sets (Fig. 1d), consistent with
the lack of correlation with the GC content of hcASD genes.

Similar co-expression pro�les of feature-matched gene sets



Page 9/31

The genome-wide gene co-expression pro�le of the hcASD gene set was then compared to the pro�les of
200 non-hcASD gene sets, each comprised equal number (64) of randomly selected and feature-matched
non-hcASD genes under the four different gene ranking conditions (Fig. 2a). These gene sets were named
“matched random” (mRand) gene sets (see methods). In general, the genome-wide CEC distribution of
hcASDs was similar to that of each of the 200 mRand gene sets under all four gene ranking conditions.
These �ndings suggest that gene sets with matched gene features have similar genome-wide co-
expression pro�le as the hcASD gene set. However, genes with moderate mRNA abundance had higher
noise-reduced CECs with the hcASD gene set than with any of the 200 mRand gene sets. In contrast, both
low and high mRNA abundance genes (< 1 and > 30 RPKM; < 3000 and >14000 on x-axis) had lower
noise-reduced CECs with the hcASD gene set than with most mRand gene sets. Moreover, genes with
medium to large sizes had higher noise-reduced CECs with the hcASD gene set than with most size-
matched mRand gene sets. Most genes, except those with highest GC content, had higher noise-reduced
CECs with the hcASD gene set than with most GC content-matched mRand gene sets.

Co-expression of ASD risk genes

To determine whether hcASDs exhibit a signi�cant tendency of co-expression with each other, the mean
CEC of each of the 64 hcASDs with the hcASD gene set as a whole (hcASD-hcASD, see method) was
compared to that of a large number of permuted gene sets, each comprised equal number of feature-
matched non-hcASD genes (mRand-mRand) or randomly selected non-hcASD genes (Rand-Rand) and to
the CEC between hcASD and mRand (hcASD-mRand) or Rand (hcASD-Rand) gene sets. Two hundred
each of mRand and Rand gene sets were �rst analyzed. Results showed that feature-matched gene sets
(mRand) had overall higher CECs than random gene sets (Rand) under all four matched conditions
(@@@ in Fig. 2b), suggesting that genes of similar features tend to co-express with each other. The CEC
of hcASD-hcASD (dashed line in Fig. 2b) was 1.5 times higher than the interquartile range [Q3 + 1.5 x (Q3-
Q1), upper fence] of the CECs of mRand-mRand, Rand-Rand, hcASD-mRand, and hcASD-Rand gene sets.
This result suggests that hcASDs have a signi�cantly greater co-expression tendency with each other
than other feature-matched non-hcASD genes or randomly selected genes. Results of the Grubbs’ test
con�rmed this tendency (*** in Fig. 2b). To corroborate this �nding, permutation test was further
conducted with 100,000 permuted sets of genes with matched or non-matched features (see method).
The CEC of hcASD-hcASD was still found to be signi�cantly larger (permutation P-value < 0.001) than
that of hcASD-mRand, mRand-mRand, hcASD-Rand, or Rand-Rand (### in Fig. 2b), indicating a
signi�cant co-expression tendency of hcASDs.

Signi�cant co-expression of hcASDs was also observed in transcriptomes of brain tissues from both
early (8PCW – 2Y) and late (4Y – 40Y) stages (Additional �le 1: Fig. S4a, b), both gender (Additional �le
1: Fig. S4c, d), and different brain regions (Additional �le 1: Fig. S5a-d). These results indicate a highly
conserved mechanism for co-expression of hcASDs. Combined ranking of -log10 p-values of the Grubbs’
test under all four different matched conditions was then performed to determine the relative signi�cance
level of co-expression of hcASDs with each other in different brain regions (Additional �le 1: Fig. S5e).
The top �ve brain regions with the highest signi�cance levels were cerebellum (CB), dorsal frontal cortex
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(DFC), orbital frontal cortex (OFC), primary sensory cortex (S1C), and striatum (STR); these are the brain
regions previously implicated in ASD [28-34]. These results suggest that hcASDs play important roles in
the development and function of these ASD-relevant brain regions.

ASD-relevant pathways identi�ed by MGCA

A gene whose CEC with hcASDs was signi�cantly higher than its CECs with permuted sets of feature-
matched genes (P < 0.001) was considered as signi�cantly co-expressed with hcASDs. Results of this
matched-gene co-expression analysis (MGCA) showed that 3931, 3330, 5629, and 5854 genes were
signi�cantly co-expressed with hcASDs under each of the four matched conditions, respectively (Fig. 3a;
Additional �le 5: Table S4), with a false discovery rate below 5% (FDR < 0.05).

Altogether, 2515 genes were found to signi�cantly co-express with hcASDs under all four matched
conditions with an estimated FDR of each gene below 6.25 x 10-6 (0.054); this gene set was named
TetraM-2515 (Fig. 3a; Additional �le 5: Table S4). TetraM-2515 was then compared with 2515 genes that
had the highest CECs with the hcASD gene set (referred to as Top-2515 gene set, Additional �le 5: Table
S4). TetraM-2515 and Top-2515 gene sets had 1500 genes in common (Overlapped), and each had 1015
non-overlapped genes. These two non-overlapped gene sets were named TetraM-only and Top-only,
respectively (Fig. 3b; Additional �le 5: Table S4). Most Top-2515 genes had a medium mRNA abundance
level, a large gene size, and a high CEC value (> 0.4), whereas TetraM-2515 genes had a broad range of
mRNA abundance, gene size, and CEC values (Fig. 3b). TetraM-2515 genes and Top-2525 genes had 34
and 32 genes overlapped with hcASD genes, respectively. 

Gene ontology (GO) enrichment analysis of the TetraM-2515 gene set showed signi�cant over
representation of genes in molecular pathways closely related to ASD, including covalent chromatin
modi�cation, protein polyubiquitination, homophilic cell adhesion, axon guidance, negative regulation of
dendrite development, synapse assembly, Wnt signaling pathway, and RNA splicing. The Top-2515 gene
set also showed signi�cant enrichment of genes in several pathways relevant to ASD, including covalent
chromatin modi�cation, mRNA slicing, protein ubiquitination, and Wnt signaling pathway (Fig. 3c;
Additional �le 6: Table S5).

To investigate the functional relationship between hcASD and TetraM-2515 or Top-2515 gene sets, an
integrated GO enrichment network of multiple gene sets was constructed [35]. Genes of TetraM-only, Top-
only, Overlapped, and the hcASD gene sets were divided into 130 nodes based on GO and KEGG
annotations. Nodes were connected based on the similarities between node pairs (Kappa similarity > 0.3).
These 130 nodes formed 20 networks. Based on the number of genes from each of the four gene sets in
each node, some networks were found to be dominated by genes from one of these four gene sets (Fig.
3d;Additional �le 7: Table S6). None of hcASDs were in networks dominated by Top-only genes. The
hcASD-dominated network was found to connect with networks dominated by TetraM-only genes or
Overlapped genes (Fig. 3d; Additional �le 7: Table S6), suggesting that hcASDs have a closer functional
relationship with TetraM-2515 genes than with Top-2515 genes.
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MGCA was performed to further analyze an expanded set of ASD risk genes containing 1166 non-
redundant ASD risk genes from ten different sets of previously reported ASD risk genes [6, 17, 25, 36-41]
(Additional �le 8: Table S7). An integrated GO enrichment network of this combined ASD gene set (cASD)
along with TetraM-only, Top-only, and Overlapped gene sets was constructed. Results showed that all
gene sets were converged separately in a subset of functional pathways; however the pathway patterns
of TetraM-only and Top-only gene sets were largely complementary to each other (Additional �le 1: Fig.
S6a). The pathways of TetraM-only genes were related to brain developmental processes, such as
dendrite development, synapse development, and neuronal projection morphogenesis and that of Top-
only genes were related to mRNA processing and covalent chromatin modi�cation. (Additional �le 1: Fig.
S6a; Additional �le 9: Table S8). More co-localized nodes of cASD and TetreM-only genes than those of
cASD and Top-only genes were seen in the network graph (Additional �le 1: Fig. S6b;Additional �le 9:
Table S8). These results suggest that cASD genes have a closer functional relationship with TetraM-only
genes than with Top-only genes.

Co-expression of cadherin genes with hcASDs

Consistent with previous �ndings [7], MGCA revealed that homophilic cell adhesion is the most
signi�cantly over-represented pathway of TetraM-2515 genes (Fig. 3c, d; Additional �le 6: Table S5;
Additional �le 7: Table S6). Some cadherin family members, such as CDH2, in the TetraM-2515 gene set
are known to be high risk genes of ASD (Additional �le 10: Table S9) that play important roles in brain
circuit development [24]. Several cadherin family members were also found in the TetraM-2515 gene set,
including many members of the protocadherins β gene cluster and Dachsous Cadherin-related 1 (DCHS1),
suggesting that these genes also participate in the development and function of ASD-relevant brain
circuits. Some cadherin genes were not signi�cantly co-expressed with hcASDs under any of the matched
conditions; these genes were referred to as tetra-negative genes (TetraN; Additional �le 10: Table S9).
Several recent genetic studies have implicated two type II cadherins, CDH11 and CDH9, in ASD and other
psychiatric diseases [42-46]. As CDH11 and CDH9 belonged to the TetraM and TetraN gene sets,
respectively, we hypothesized that CDH11, but not CDH9, is more likely to be an authentic ASD risk gene.

Autistic-like traits of Cdh11-null mice

To assess the functional relevance of CDH11 and CDH9 to ASD, the behaviors of Cdh11 knockout (KO)
and Cdh9 KO mice were investigated. In the open �eld test (OFT), both male and female Cdh11-null mice
spent a longer time exploring the central area of the open �eld arena than wild type (WT) littermates (Fig.
4a, d). Heterozygous littermates showed a similar but less signi�cant pattern. Total locomotion and
average moving speed of Cdh11 KO mice were slightly reduced compared to WT littermates (Fig. 4b, c).
Both male and female Cdh9-null mice were largely normal in the OFT (Fig. 4e-g).

In the elevated plus maze test, female Cdh11-null mice visited the open arm more frequently and spent a
signi�cantly longer time there. Heterozygous females spent a slightly but not statistically signi�cant more
time in the open arm (Fig. 4h, i). The increased time and frequency of open arm exploration by female
Cdh11-null mice is consistent with the results of a previous study using the same mouse line of mixed
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gender [47]. Male Cdh9-null mice showed longer exploration of the open arm, but female Cdh9-null mice
did not, although female heterozygotes showed an increased frequency of open arm entry (Fig. 4j, k).

Individuals with ASD often have a weaker grip strength than age-matched controls [48]. The gripping
strength test and the horizontal bar test showed that both male and female Cdh11-null mice exhibited
signi�cantly shorter hanging duration than WT littermates (Fig. 5a, b), indicating reduced gripping
strength and/or impaired motor coordination. The gripping strength of Cdh9-null mice was normal (Fig.
5c).

The rotarod test was conducted to evaluate motor-related functions of KO mice. Since female and male
mutant mice displayed similar behaviors in most of the above behavioral tests, only female mice were
analyzed in this test. Compared to WT littermates, Cdh11-null mice, but not Cdh9-null mice, stayed longer
on the rotarod and endured a higher rotation speed in the initial trial (Fig. 5d-g). In subsequent trials,
Cdh11-null mice did not display signi�cant improvement in performance (Fig. 5d, e), indicating impaired
motor learning. The enhanced performance of Cdh11-null mice in the initial trial was very similar to the
phenotype of several other well-characterized ASD mouse models and suggested increased repetitive
motion of these mutant mice [49].

Repetitive behaviors were then evaluated by measuring the duration and frequency of self-grooming
within a 10-minute period, during which mice were placed in a novel or a relatively familiar environment.
As shown in Fig. 5h-i, during the �rst 10 minutes of exploring a novel chamber, Cdh11-null mice exhibited
a signi�cantly greater frequency of self-grooming than WT littermates, indicating elevated repetitive
behavior in a novel environment. Cdh11-null mice also showed a signi�cantly higher frequency of self-
grooming than WT littermates during the second 10-minute period (Fig. 5j, k), indicating elevated
repetitive behavior even in a relatively familiar environment. No such behavioral alteration was observed
in Cdh9-null mice (Fig. 5l, m). 

The modi�ed three-chamber social preference test was conducted to evaluate the sociability of mutant
mice. One main modi�cation was an enlargement of the area for housing social partner mice in order to
reduce their potential stress and anxiety. Another major modi�cation to the protocol was using three mice
instead of a single mouse as social partners. This was done to increase the availability of social cues
and reduce the variability of test results caused by differences in the sociability of individual social
partners (Fig. 6a). In addition, the two side chambers were covered on the top to slow the diffusion and
mixing of odorant cues. Results showed that female Cdh11-null mice exhibited a signi�cant preference to
social partner mice than to an object and to novel partners than to familiar ones (Fig. 6b, c). However,
compared to WT littermates, mutant mice spent signi�cantly longer time in the middle chamber but
signi�cantly shorter time interacting with partner mice (Fig. 6b, c), indicating reduced sociability. In
contrast, Cdh9-null mice did not show any abnormality in this test (Fig. 6d, e).

Discussion
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Gene co-expression analysis (GCA) is a powerful tool to �nd functionally convergent genes. Several
previous GCA studies had considered the potential effect of gene size and GC content, but not mRNA
abundance on the co-expression of ASD risk genes [6]. In the present study, we discovered that four gene
features, including mRNA abundance, mRNA length, gDNA size, and GC content, affected the genome-
wide gene co-expression pro�les in the brain. Although how these gene features affect gene co-
expression pro�les is unclear, this �nding suggests the importance of considering the effect of these gene
features in GCA. Instead of setting a threshold of correlation coe�cient (CC) for gene co-expression
analysis as in most other studies, we screened for signi�cant co-expression relationships by comparing
the co-expression coe�cient (CEC) of a gene with the hcASD gene set to that with permuted gene sets of
matched gene features. Only genes that had a CEC with the hcASD gene set signi�cantly higher than its
CECs with permuted sets of feature-matched genes were considered to be co-expressed with hcASDs.
This matched-gene co-expression analysis (MGCA) paradigm allowed demonstration of signi�cant co-
expression of hcASDs with each other and avoided the potential bias caused by empirically determined
threshold for CC of gene pairs in GCA. By MGCA, we found that TetraM-2515 genes are enriched in
several molecular pathways closely related to neuronal morphogenesis and synaptic development, which
are most commonly affected in ASD. It is likely that many of these TetraM-2515 genes function
synergistically with hcASDs in developmental processes, such as axon projection, dendrite development,
or synapse assembly. However, Top-2515 genes are more prominently enriched in pathways related to
gene expression regulation, such as epigenetic chromatin regulation and mRNA processing (Fig. 3c, d;
Additional �le 1: Fig. S6a, b). Many of these genes are either upstream genes that regulate the
transcription of hcASDs or downstream target genes whose expression is regulated by hcASDs, and thus
display a relatively high co-expression score (CEC) with hcASDs. A very signi�cant �nding in this study is
the association of CDH11 with ASD determined by MGCA. The importance of CDH11 in ASD was not
realized by previous GCA studies due to a relatively low CC with other genes (Additional �le 10: Table S9)
and was excluded from the gene co-expression network. Therefore, in the determination of genes that
have shared functions with hcASDs during brain developmental, MGCA will be an important compliment
to current GCA methods that ignore matched gene features.

Cadherins have been shown to accumulate in synaptic junctions and regulate dendrite development and
synapse maturation [50–53]. Several cadherin family members have been implicated in ASD [16, 54–62].
For example, some protocadherins in the FAT cadherin subfamily were found by whole-exome
sequencing to be associated with ASD [16, 54]. A genetic association study of a large cohort of ASD
individuals and matched controls revealed genes in the protocadherin α gene cluster (PCDHA) as ASD risk
genes [55]. Mutations in the PCDH19 gene have been shown to cause early-onset epilepsy, and many
individuals with these mutations also display autistic features [56–58]. Mutations in the cadherin EGF
LAG seven-pass G-type receptor 2 gene (CELSR2) were speculated to be responsible for the Joubert
syndrome, a disease with a high degree of autistic features [63]. It is uncertain whether other cadherins
are also high-risk factors. Using MGCA, we found that a group of cadherin superfamily members
exhibited a high co-expression pro�le with hcASDs, suggesting shared functions with hcASDs and a role
in ASD etiology. Among them, several protocadherins, mainly PCDHBs, exhibited signi�cant co-expression
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with hcASDs (Additional �le 10: Table S9). The functions of these PCDHBs in the brain remain to be
determined. One of such cadherins identi�ed by MGCA is CDH11. In this study, we found that Cdh11-null
mice had signi�cantly increased repetitive activities. The brain regions including neocortex, CB, and STR
are known to be involved in the control of repetitive behaviors [64]. It is likely that cadherins, Cdh11 in
particular, play important roles in mediating synapse formation during the wiring of circuits in these brain
areas. Consistent with this postulation, our recent work showed Cdh11 expression in ASD-associated sub-
regions in the CB of developing mouse brain [65].

In human studies, partial deletion of CDH11 was observed in a sporadic case of non-syndromic ASD, mild
intellectual disability, and attention de�cit hyperactivity disorder (ADHD) [42]. A case-control association
study revealed a high prevalence of a homozygous single nucleotide variant rs7187376C/C of CDH11 in
patients with ASD [42]. Several other coding variants of CDH11 were also discovered in ASD individuals
[42]. Behavioral changes that we have observed in Cdh11-null mice, including reduced anxiety, increased
repetitive behavior, and reduced sociability, are highly consistent with the non-syndromic ASD case with
partial deletion of CDH11 [42]. This observation supports the notion that loss-of-function of a single risk
gene, such as CDH11, is su�cient to cause several major autism traits. Behavioral phenotypes of ASD are
highly heterogeneous. Some individuals with ASD are hypoactive with elevated anxiety, and some have
attention de�cit hyperactivity disorder (ADHD) but with reduced anxiety [66–69]. The genetic and
neurobiological mechanisms underlying this behavioral heterogeneity have not been fully determined.
Further investigation with a larger cohort of patient families is needed to determine whether loss-of-
function mutations of CDH11 are associated with ADHD.

Most genetic variants found in patients with ASD are heterozygous. In some behavioral tests,
heterozygous Cdh11 KO mice showed a similar trend of behavioral alterations as homozygous KO mice,
but not at a statistically signi�cant level (Fig. 5j, k; Fig. 6c). As ASD has a complex genetic basis and is
affected by environmental factors, it is conceivable that monogenic haplode�ciency of an important risk
gene causes a relatively mild behavioral phenotype in mice. It is likely that more severe behavioral de�cits
may result if the haplode�ciency is combined with other genetic or environmental factors. Our �ndings
suggest that CDH11 is signi�cantly co-expressed with hcASDs and that its mutations may exert a causal
effect in autism traits. Cdh11 KO mice would be very helpful in dissecting the circuit mechanisms
underlying a subgroup of ASD and in screening drugs targeting this subgroup of ASD.

CDH9 plays an important role in the establishment of speci�c synaptic wiring in both the hippocampus
and the retina [26, 70]. Its association with ASD has been suggested by several genome-wide association
studies (GWAS) [71, 72]. The main evidence linking CDH9 to ASD is the strong association of the single
nucleotide polymorphism rs4307059 located in the intergenic region between CDH10 and CDH9 with ASD
[71]. However, this rs4307059 genotype was not correlated with the expression of either CDH9 or CDH10
in adult brains [71, 73], and whether a correlation exists in fetal brains is unknown. Recently, an antisense
noncoding RNA of the moesin pseudogene 1 (MSNP1AS) was shown to be transcribed from the locus
harboring rs4307059. Alterations in this pseudogene were postulated to contribute to ASD [73–75].
Whether CDH9 de�ciency is a causal factor for ASD remains undetermined. Our MGCA showed that,
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unlike CDH11, CDH9 was not co-expressed with hcASDs. This is an indication that CDH9 may not play an
important role in the wiring of ASD-relevant circuits. Consistent with this notion, behavioral tests showed
that Cdh9-null mice exhibited a very mild behavioral abnormality only in the elevated plus maze test, but
not in any other tests. Together with recent �ndings by other researchers, our results suggest that CDH9
de�ciency may not have a major effect on autism traits.

Limitations
The current study was based on the BrainSpan human brain transcriptome dataset. The advantage of
using this dataset for MGCA is that it contains data of a wide variety of brain tissue. Multiple brain
regions that are known to be closely relevant to ASD etiology were included and a broad range of
developmental stages of each brain region were sampled in this dataset. It is a valuable data resource for
investigating gene co-expression related to ASD. A major limitation of using this dataset is that the
transcriptome data were from tissues of mixed cell types. Some co-expressed genes detected using this
dataset may be attributed to coincident expression of functionally irrelevant genes in different cell types
instead of real co-expression of genes that play coordinated functions within the same type of cells. In
recent years, single-cell transcriptome analysis has emerged as a powerful technology for high-
throughput analysis of various developmental and pathological processes. We expect that future GCA
using single-cell transcriptomes will be an important complement to the MGCA method in the
identi�cation of ASD-relevant genes and molecular pathways.

In the present study, four different gene features were taken into consideration in MGCA, and only co-
expression relationships with a permutation p-value less than 0.001 under all four matched conditions
(tetra-matched) were considered as signi�cant. Although such a highly stringent condition could greatly
increase the accuracy of co-expression detection, some meaningful co-expression relationships may be
�ltered out. Since 34 of the 64 hcASDs were found in the TetraM gene set (p < 0.001), we estimate that
MGCA detected 53% ASD-relevant genes in the whole genome.

Another limitation of the present study is the relatively small number of animals analyzed in some
behavioral tests, such as the modi�ed 3-chamble sociability test. Statistical analysis based on test results
of this small animal cohort indicated impaired social interaction of Cdh11-null mice. It is conceivable that
analysis of more animals could strengthen the conclusion of the present study.

Conclusions
Results of this study revealed the importance of considering matched gene features in the analysis of
gene co-expression and demonstrated the effectiveness of MGCA in identi�cation of ASD susceptibility
genes and their convergent signaling pathways. Application of MGCA led to the identi�cation of CDH11
as an important ASD risk gene. Our results also showed that Cdh11-null mice can be used to study circuit
mechanisms of a subgroup of ASD and explore therapeutic strategies for ASD.
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Figure 1

Effect of gene features on genome-wide gene co-expression pro�les. A total of 15,942 genes with
information on all 4 gene features were identi�ed, placed in Additional �le 2: Table S1 as gene lists, and
used for analyses. a: Heatmaps of CCs of genome-wide gene pairs. Genes were ranked according to
mRNA abundance, gDNA size, mRNA size, or GC content. The correlation coe�cient (CC) of each gene
with all genes was plotted and displayed in pseudo color-coded matrices. b: Genome-wide distribution of



Page 24/31

CECs of each gene with the hcASD gene set under four different gene ranking conditions. In each of the 4
matrix panels, the 15,942 genes were placed in ascending order on the x-axis with 1 being the lowest
mRNA abundance and GC content or shortest in gDNA or mRNA size and 15,942 being the highest in
mRNA abundance and GC content or the longest in gDNA and mRNA size. Each blue dot represents the
CEC of a gene with the hcASD gene set. Purple, yellow, green, and red dots represent noise-reduced
(average) CEC of a gene with its neighboring 20 (10 above and 10 below; ±10), 50 (±25), 100 (±50), or
200 (±100) genes on the gene lists, respectively. Rods at the bottom of each panel show locations of
hcASD genes on the ranked gene lists. c: Genome-wide distribution of CECs of each gene with the hcASD
gene set when genes are placed in stochastic (random) orders. d: Comparison of distribution curve of
noise-reduced CECs of the hcASD gene set with that of the top, middle, and bottom gene sets
(corresponding to highest, medium, and lowest mRNA abundance and GC content or longest, medium,
and shortest mRNA and gDNA length) of equal number (64) of genes on the ranked gene lists under
different gene ranking conditions. Colored rods show the locations of top, middle, and bottom genes on
the ranked gene lists.

Figure 2

Convergent expression of hcASD genes determined by MGCA. a: Comparison of noise-reduced CEC
distribution curves between the hcASD gene set and 200 matched random gene sets (mRand) under
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different gene ranking conditions. X-axis represents gene ranks. b: CECs of hcASD-hcASD, hcASD-mRand,
mRand-mRand, hcASD-Rand, and Rand-Rand gene set pairs. 200 each of mRand and Rand gene sets
were analyzed. Box plots show ranges of CECs of hcASD-mRand, mRand-mRand, hcASD-Rand, and
Rand-Rand gene set pairs. In each box plot, the central rectangles span the �rst quartile to the third
quartile of 200 ranked CEC values. The white bar inside the rectangle shows the median CEC value, and
whiskers above and below the box show the maximum and minimum values, respectively. The dotted line
represents the CEC among hcASDs (hcASD-hcASD) in each panel. Three statistical methods were used to
determine whether the CEC of hcASD-hcASD is signi�cantly higher than that of hcASD-mRand, mRand-
mRand, hcASD-Rand, and Rand-Rand. Upper fences test: red triangles stand for the boundaries of
signi�cant difference (1.5 x fence). Grubbs’ test: * P < 0.05, *** P < 0.001. Permutation test: ### P <
0.001. Student’s t-test was used to determine whether the CECs of hcASD-mRand and mRand-mRand are
signi�cantly greater than those of hcASD-Rand and Rand-Rand, respectively. @@@ P < 0.001.
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Figure 3

Comparison of TetraM-2515 and Top-2515 genes. a: A total of 2515 genes signi�cantly co-expressed
with hcASDs under all four matched conditions were identi�ed by MGCA. b: Three-dimensional
distribution of TetraM-2515 and Top-2515 genes based on the CEC with the hcASD gene set, mRNA size
(bp), and mRNA abundance (RPKM) of each gene. c: Gene Ontology (GO) analysis of TetraM-2515 and
Top-2515 genes. d: Integrated gene enrichment network of TetraM-only, Top-only, Overlapped genes, and
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hcASDs. Each node (pie) represents a GO term with genes mapped to the term. Different slices in each pie
represent different gene sets, coded by different colors, and the area of each slice is proportional to the
number of genes belonging to the represented gene set. 20 networks were identi�ed by Metascape based
on the signi�cance and similarity of each node. Molecular pathways relevant to each network are listed
on the right.

Figure 4
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Open �eld and elevated plus maze tests of Cdh11 and Cdh9 mutant mice. a: Heatmaps showing
cumulated frequency of locations visited by Cdh11 KO, heterozygote (Het), and WT mice in the open �eld
arena. b, c, and d: Moving distance, moving speed, and center exploration time of Cdh11 KO mice. e, f,
and g: Moving distance, moving speed, and center exploration time of Cdh9 KO mice. (male Cdh11 KO:
n=21, Het: n=22, WT: n=14; female Cdh11 KO: n=21, Het: n=22, WT: n=21; male Cdh9 KO: n=14, Het: n=15,
WT: n=12; female Cdh9 KO: n=8, Het: n=15, WT: n=12). j and k: Time spent in open arm and open arm
entry frequency of Cdh11 KO mice. h and i: Time spent in open arm and open arm entry frequency of
Cdh9 KO mice (male Cdh11 KO: n=14, Het: n=14, WT: n=8; female Cdh11 KO: n=15, Het n=14, WT n=17;
male Cdh9 KO: n=13, Het: n=15, WT: n=10; female Cdh9 KO: n=9, Het: n=9, WT: n=10). Data are mean ±
SEM. Statistical difference was determined by one-way ANOVA followed by Student’s t-test. * P < 0.05, **
P < 0.01.
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Figure 5

Gripping strength and repetitive behaviors of Cdh11 and Cdh9 mutant mice. a and b: Results of gripping
test and horizontal bar test for Cdh11 KO mice (male Cdh11 KO: n=21, Het: n=23, WT: n=14; female
Cdh11 KO: n=12, Het: n=14, WT: n=12). c: Results of gripping test for Cdh9 KO mice (male Cdh9 KO mice
n=11, male Cdh9 Het mice n=11, male Cdh9 WT mice n=7, female Cdh9 KO mice n=5, female Cdh9 Het
mice n=5, female Cdh9 WT mice n=4). d-g: Latency to fall (d, f) and maximum durable speed (e, g) in
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rotarod test for female Cdh11 and Cdh9 mutant mice (Cdh11 KO: n=14, Het: n=14, WT: n=17; Cdh9 KO:
n=10, Het: n=12; WT: n=9). Numbers below the X-axis (1-5) represent different trials of tests. h-k:
Frequency and duration of self-grooming of female Cdh11 mutant mice during the �rst (stage 1, h, i) and
the second (stage 2, j, k) 10 min in the open �eld arena (Cdh11 KO: n=9, Het: n=7, WT n=9). l and m,
Frequency and duration of self-grooming of female Cdh9 mutant mice during the �rst (stage 1) and
second (stage 2) 10 min in the open �led arena (Cdh9 KO: n=11, Het: n=17, WT: n=14). Data are mean ±
SEM. Statistical difference was determined by one-way ANOVA followed by Student’s t-test. * P < 0.05, **
P < 0.01, *** P < 0.001, compared to WT littermates. # P < 0.05, ## P < 0.01, compared to mice of the
same genotype.
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Figure 6

Modi�ed three-chamber test of female Cdh11 and Cdh9 mutant mice. a: Schematics of standard and
modi�ed three-chamber tests. b and c: Results of sociability and social novelty preference tests of Cdh11
mutant mice (Cdh11 KO: n=9, Het: n=8; WT: n=9). d and e: Results of sociability and novelty preference
tests of Cdh9 mutant mice (Cdh9 KO: n=13, Het: n=5, WT: n=10). Data are Mean ± SEM. Statistical
difference was determined by one-way ANOVA followed by Student’s t-test. * P < 0.05, ** P < 0.01, *** P <
0.001, compared to the duration spent in the other side chamber. # P < 0.05, compared to WT littermates.
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