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a b s t r a c t

Folate deficiency is an environmental risk factor for several developmental disorders. De novo mutations
(DNMs) also play important etiological roles in various developmental disorders. However, it remains
unclear whether DNMs in folate-related genes (FRGs) contribute to developmental disorders. We
obtained a list of 1,821 FRGs from folate metabolism pathways and the Comparative Toxicogenomics
Database, along with data concerning DNMs in 15,404 cases and 3,391 controls from the
Gene4Denovo database. We used a TADA-Denovo model to prioritize candidate disease-associated
FRGs, and characterized these genes in terms of genic intolerance, functional networks, and expression
patterns. Compared with the controls, FRGs were significantly enriched in likely damaging DNMs
(ldDNMs) in patients with developmental disorders (1.54 � odds ratio � 3.39, Padj � 0.0075).
Furthermore, FRGs with ldDNMs rather than with likely non-damaging DNMs (lndDNMs) overlapped sig-
nificantly among the five developmental disorders included in the datasets. The TADA-Denovo model pri-
oritized 96 candidate disease-associated FRGs, which were intolerant to genetic variants. Their functional
networks mainly involved pathways associated with chromatin modification, organ development, and
signal transduction pathways. DNMT3A, KMT2B, KMT2C, and YY1 emerged as hub FRGs from the pro-
tein–protein interaction network. These candidate disease-associated FRGs are preferentially expressed
in the excitatory neurones during embryonic development, and in the cortex, cerebellum, striatum,
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and amygdala during foetal development. Overall, these findings show that DNMs in FRGs are associated
with the risk of developmental disorders. Further research on these DNMs may facilitate the discovery of
developmental disorder biomarkers and therapeutic targets, enabling detailed, personalized, and precise
folate treatment plan.

� 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Study overview of the Analysis Pipeline. Using whole-genome and whole-
exome sequencing data, we assessed the burden of likely damaging de novo
mutations (ldDNMs) in folate-related genes (FRGs) of patients with developmental
disorders. The FRGs with ldDNMs were then analyzed by the Transmission And De
novo Association (TADA) model to prioritize candidate disease-associated FRGs and
1. Introduction

Developmental disorders, such as autism spectrum disorder
(ASD), intellectual disability (ID), epileptic encephalopathy (EE),
congenital heart disease (CHD), and undiagnosed developmental
disorder (UDD), are a group of complex conditions that affect sev-
eral aspects of development, and manifest between the embryonic
period and childhood [1]. The severe symptoms of patients with
developmental disorders can continue into adulthood, affecting
the long-term quality of life, and placing considerable financial
burdens on patients’ families and society in general. Developmen-
tal disorders exhibit some overlap, with symptoms found in one
developmental disorder potentially being present in others. For
example, the clinical phenotype associated with ASD is quite
broad, with patients often exhibiting ID, developmental delays, or
epilepsy [2]. Intriguingly, it has been reported that patients with
CHD are at an increased risk for the emergence of neurodevelop-
mental disorders (NDDs), with approximately half of patients with
CHD developing NDDs as their conditions progress [3].

Folate, a water-soluble vitamin B, plays an important role in the
de novo synthesis of purines and pyrimidines, which are the com-
ponents of DNA and RNA [4]. Purine and pyrimidine deficiencies
can result in DNA replication errors, which can lead to mutations
and chromosomal aberrations, and affect the proliferation and
division of cells [5,6]. Thus, folate is vital during the period of preg-
nancy, and its deficiency may affect the formation of embryos, and
the growth and development of children. Several epidemiological
studies have suggested that maternal folate deficiency during early
pregnancy may increase the risk of children developing ASD, CHD,
developmental delays, and seizures [7–11]. Patients with ASD and
CHD reportedly have abnormally low levels of 5-
methyltetrahydrofolate (5-MTHF) [12,13], and an animal study
found that folate deficiency during development caused deficits
in memory and cognition [14]. More importantly, a case-control
cohort of 45,300 Israelis subjects showed a preventive effect of
maternal folate supplementation in the reduction of ASD [9], and
a population-based study of 2,401 mothers and their children
found that periconceptional folic acid supplementation reduced
the risk of CHD [13]. Treatment with folinic acid could improve
the clinical features of patients with developmental delays, autistic
features, and seizures associated with cerebral folate deficiency
[15]. These findings meet four of Hill’s criteria [16] for inferring
causality (i.e., consistency, biological gradient, plausibility, experi-
ment), and thus support the hypothesis that folate deficiency con-
tributes to developmental disorders.

Genetic disorders of folate metabolism and transport can also
affect folate status. Patients harboring loss-of-function mutations
in the FOLR1 gene develop movement disorders and epileptic sei-
zures [17], and a de novo loss-of-function mutation in the CIC gene
contribute to cerebral folate deficiency by downregulating FOLR1
expression [18]. Single nucleotide polymorphisms (SNPs) in
folate-related genes (FRGs) (e.g., 677C > T and 1298A > C SNPs in
MTHFR, 2756A > G SNP in MTR, and 66A > G SNP in MTRR) may
cause folate pathway abnormalities that increase the risks of
ASD, CHD, and EE [19–22]. Although the effect of each SNP is quite
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weak, a combination of several SNPs may account for most of the
narrow-sense heritabilities. Several de novo mutations (DNMs)
with relatively stronger pathogenic effects DNMs and have been
shown to play vital roles in various developmental disorders,
including ASD [23], UDD [24], CHD [25], EE [26], and ID [27]. For
example, by comparing patients with ASD and their unaffected sib-
lings, Iossifov et al. [23] showed that 13% of missense DNMs and
43% of functional DNMs (i.e., nonsense, frameshift, and splice-site
DNMs) contributed to 12% and 9% of ASD diagnoses, respectively.
Approximately 26.9%, 40%, and 42%, of DNMs are estimated to con-
tribute to a diagnosis of EE [28], ID [29], and UDD [24], respec-
tively. Although these findings provide important insights, our
understanding of the genetic architecture of developmental disor-
ders is still in its infancy, and there are likely additional relevant
genes and genetic etiologies that remain undiscovered.

Therefore, in this study, we performed exploratory integrative
genomic analyses (Fig. 1) to (1) investigate the contribution of
DNMs in FRGs to the risk of developmental disorders, (2) prioritize
candidate disease-associated FRGs and hub FRGs in developmental
disorders, and (3) characterize the functional pathways, functional
networks, and expression patterns of candidate disease-associated
FRGs in the human brain.
2. Materials and methods

2.1. Data collection and annotation

We manually compiled a list of 1,821 FRGs (Table S1) from two
different resources: (1) a set of 48 human genes from a database of
the one-carbon metabolic pathway [30], and (2) a catalogue of
human orthologs of 1,773 mouse genes obtained from the Compar-
ative Toxicogenomics Database (CTD) [31], which lists specific
perform exploratory integrative genomic analyses.
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chemical–gene relationships mentioned in published references.
DNMs in patients with developmental disorders identified by
whole-exome sequencing (WES) or whole-genome sequencing
(WGS) were downloaded from the Gene4Denovo database
(http://www.genemed.tech/gene4denovo/), which integrated data
from multiple sources to allow for their convenient cataloguing,
searching, downloading, browsing, and downstream analyses. Con-
trols included an unaffected sibling and healthy individuals. The
information of DNMs for developmental disorders and control sub-
jects available in the literatures is provided in Table S2.

We annotated DNMs with ANNOVAR [32] based on RefSeq gene
definitions as described in our previous studies [33–35]. Only the
exonic DNMs in the FRGs (Table S3) were used for the subsequent
analysis. According to the predicted functional effects, the variants
were classified into four classes: protein-truncating variants (PTV,
including frameshift, nonsense, and canonical splice-site muta-
tions), deleterious missense variants (Dmis), tolerant missense
variants (Tmis) and synonymous variants. Likely damaging DNMs
(ldDNMs) were defined as the combination of PTVs and Dmis.
Likely non-damaging DNMs (lndDNMs) were defined as the combi-
nation of Tmis and synonymous variants. We used our recently
developed ReVe tool [36] to predict deleterious missense variants
with scores greater than 0.7 and tolerant missense variants with
scores no higher than 0.7.
2.2. Characterization of ldDNMs in FRGs

As reported previously [33], lndDNMs should be unrelated to
phenotypic conditions and can therefore be used to partly remove
batch effects influencing the rates of DNM detection reported in
different publications. We therefore used a two-tailed Fisher’s
exact test to compare the ldDNMs and lndDNMs in FRGs among
patients with ASD, CHD, ID, EE, or UDD with those of the controls.
Hence, we used the following general format in R (R version 4.0.2):

fisher.test(matrix(c(x1, n1, x2, n2), alternative=“two.sided”))

where x1 and x2 are the number of ldDNMs in cases and controls,
respectively, and n1 and n2 are the number of lndDNMs in cases
and controls, respectively.

To determine whether the number of observed genes contain-
ing multiple ldDNMs was greater than the number expected from
chance among FRGs, we performed one million permutations tests
based on FRGs with multiple ldDNMs as described in our previous
studies [33,34]. Given that the observed numbers of FRGs with
multiple ldDNMs are N1, we sampled N1 genes from all FRGs in
developmental disorders with replacement based on the back-
ground DNM rate of per gene reported by Samocha et al. [37].
For each permutation, calculating the number (Li) of the same gene
repeatedly arise in sampled N1 genes set. The P value was calcu-
lated as the proportion of the expected number of recurrent FRGs
from the permutation is equal or greater than the observed num-
ber of recurrent FRGs. Hence, we used the following general
format:

Empirical P � value ¼
P1M

i¼11 Li � N1ð Þ
1;000;000

where ‘i’ denotes natural number.
We used DNENRICH software [38], which accounts for gene

size, trinucleotide context, and the functional effect of the observed
number of mutations, to determine whether there was significant
overlap between the controls and the patients with different devel-
opmental disorders in terms of FRGs containing ldDNMs or
lndDNMs. The P value was generated by the DNENRICH tool.
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2.3. Prioritising candidate disease-associated FRGs

In line with previous studies [34,35], we used the Transmitted
And De novo Association (TADA) model [39] to prioritize candidate
genes associated with developmental disorders, and then inter-
sected the prioritized candidate genes with FRGs, which were then
defined as candidate disease-associated FRGs. TADA-Denovo is a
type of Bayesian model and requires the following parameters:
the background DNM rate per-gene of mutation types, the number
of risk genes of developmental disorder, the burden of mutation
types, and the relative risk parameters (Table S4). We used two
strategies to identify candidate disease-associated FRGs at a false
discovery rate (FDR) � 0.1. The first strategy involved, counting
the number of ldDNMs associated with each disorder and using
the TADA-Denovo method to calculate gene-specific FDR values.
The second strategy involved, leveraging the power of the large
cohort by pooling the ldDNMs associated with each gene across
all five developmental disorders of interest to calculate gene-
specific FDR values. The second strategy is viable because the five
developmental disorders share genetic components [33,40]. We
classified the associations between TADA-prioritized FRGs and
developmental disorder as strong (i.e., FDR � 0.01), possible (0.01
< FDR � 0.05), or suggestive (0.05 < FDR � 0.1). We defined FRGs
that only contained ldDNMs in the context of a single developmen-
tal disorder as unique FRGs, and we defined those containing
ldDNMs in the contexts of multiple developmental disorders as
shared genes.

To determine whether candidate disease-associated FRGs with
rare variants were intolerant to variance, we used the probability
of loss-of-function intolerance (pLI) score (https://gnomad.broad-
institute.org/) and the residual variation intolerance scores (RVIS)
[41], which are both reliable measures of genic intolerance to
ldDNMs [42]. Higher pLI and lower RVIS values indicate greater
intolerance to functional and deleterious missense variants in a
gene, respectively. We used the Wilcoxon rank-sum test to com-
pare the distributional differences in pLI scores and RVIS scores
across three datasets: (1) all RefSeq genes excluding the FRGs
(i.e., Non-FRGs), (2) all FRGs, and (3) the candidate disease-
associated FRGs.
2.4. Protein–protein interaction (PPI) network construction and
analysis

To investigate the physical interactions of proteins encoded by
the candidate disease-associated FRGs, we downloaded PPI datas
with confidence scores of >0.4 from the STRING database
(https://string-db.org/) and removed nonphysical interactions.
We visualized the PPI network with Cytoscape v3.7.2 (https://cy-
toscape.org/). We applied a permutation test as described in our
previous studies [33,34] to evaluate whether the PPI network
was more closely connected than would be expected by chance.
We used the Cytoscape plugin cytoHubba to analyze the role of
each gene in the PPI network based on seven topological analysis
metrics: degree, closeness, radiality, maximal clique centrality,
the density of the maximum neighbourhood component, the max-
imum neighbourhood component, and the edge percolated compo-
nent. We regarded genes ranking in the top 10 for all seven metrics
as being ‘‘hub genes” in the PPI network.
2.5. Gene ontology enrichment

We used Metascape [43] to perform gene ontology enrichment
analysis on the candidate disease-associated FRGs within the PPI
network. Only terms with a minimum count of 3, a P value < 0.01,
and a minimum enrichment factor >1.5 were deemed statistically
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significant. We selected the most significant gene ontology term
within each cluster to represent the cluster.
2.6. Expression pattern analysis of candidate disease-associated FRGs

We used the tissue-specific enrichment analysis (TSEA) tool
[44] to determine the specific spatiotemporal expression patterns
of candidate disease-associated FRGs in the brain. Dougherty
et al. [45] provided cell-specific gene lists for different cell types
and human brain regions, and/or across different developmental
stages according to the specificity index probability (pSI). The user
can perform enrichment analysis to estimate input candidate gene
lists that significantly overlap with cell-specific gene lists, which
can be identified by Fisher’s exact test with Benjamini-Hochberg
correction. We calculated pSI values for input candidate gene sets
in 6 different brain regions (i.e., the cortex, amygdala, hippocam-
pus, cerebellum, striatum, and thalamus) and across 10 different
developmental epochs (i.e., the early foetal period, the early mid-
foetal period, the late mid-foetal period, the late foetal period,
the neonatal-early infancy period, the late infancy period, the early
childhood period, the middle-late childhood period, the adoles-
cence period, and the young adulthood period) from embryonic
development to adulthood. We applied Benjamini-Hochberg cor-
rections to the P values for gene expression.

Furthermore, The single-cell RNA-sequencing expression data
of the human mid-gestational embryonic cerebral cortex were
derived from 4,000 normal individual cells of 22 brain regions,
which were used to examine the expression features of candidate
disease-associated FRGs in eight clusters of GABAergic inhibitory
neurons (n = 968) and four clusters of glutamatergic excitatory
neurones (n = 1,625) [46]. The expression value, quantified as tran-
scripts per million (TPM), of each gene was normalized according
to log2(TPM/10 + 1). We used Wilcoxon rank-sum tests to compare
GABAergic and glutamatergic neurones in terms of the average
expression levels of candidate disease-associated FRGs.
3. Results

3.1. Increased burden of FRGs ldDNMs in patients with developmental
disorders

By cross-referencing our list of FRGs and our DNMs data, no
enrichment of ldDNMs was found in the patients with develop-
mental disorders using a set of 48 FRGs (Table S5). Owing to the
small number of 48 FRGs with an even smaller number of ldDNMs,
this dataset may have had insufficient power to obtain statistically
significant results when comparing cases and controls. However,
most of the odds ratios (ORs) were greater than 1, suggesting that
there is a tendency of enrichment of ldDNMs in the 48 FRGs of
patients. Significant enrichment of ldDNMs in the patients with
developmental disorders was found using the set of 1,773 FRGs
(Table S5). We then integrated the two gene sets for burden anal-
ysis. Patients with developmental disorders had a greater burden
of ldDNMs in all FRGs than the controls (Table 1; 1.54 � OR � 3.
39; Padj � 0.0075), and for the combination of all five developmen-
tal disorders (i.e., ADD), showing a significant enrichment of
ldDNMs was found ADD (OR = 1.89; Padj = 6.06 � 10�8). This anal-
ysis was replicated using the largest available exome sequencing
cothorts, demonstrating a significantly increased rate of ldDNMs
in developmental disorder cases, confirming our results
(OR = 2.09, P = 1.81 � 10�11; Table S6).

We also observed FRGs with multiple ldDNMs in ASD, CHD, EE,
ID, UDD, and controls, respectively. Interestingly, the number of
FRGs with multiple ldDNMs in all five developmental disorders
(P < 0.05) were significantly higher than random expectation by
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the permutation test, which was not the case for controls
(P = 0.19) (Fig. S1). In addition, the number of FRGs with multiple
ldDNMs was significantly higher than random expectation for ADD
cases (P = 0.011, Fig.S1). Taken together, these results suggest that
ldDNMs in FRGs may contribute to developmental disorder risk.

3.2. FRGS with ldDNMs exhibit significant overlap between different
developmental disorder subtype

We observed a significantly higher degree of overlap between
the ID and UDD groups, the EE and ID groups, and the EE and
UDD groups, with the ratio of observed overlap to expected overlap
(O/E) ranging from 5.38 to 7.38 (P � 1.00 � 10�5; Table 2) in terms
of FRGs harboring ldDNMs. We also found a lower degree of over-
lap for the ASD and ID groups, the ASD and UDD groups, and the
CHD and ID groups (2.24 � O/E � 2.47, P � 3.40 � 10�3; Table 2).
The ASD and CHD groups, the ASD and EE groups, and the CHD and
UDD groups showed weaker significant degree of overlap (Table 2).
There was no significant degree of overlap between the control
group and any of the specific developmental disorder groups in
terms of FRGs with ldDNMs or with lndDNMs. There was no signif-
icant degree of overlap between any pair of specific developmental
disorder groups in terms of FRGs with lndDNMs. These findings
suggested that ldDNMs in FRGs may constitute a shared genetic
aetiology for various developmental disorders.

3.3. Prioritization of candidate disease-associated FRGs

The TADA-Denovo model prioritized 16, 3, 10, 20, and 52 candi-
date disease-associated FRGs in the ASD, CHD, EE, ID, and UDD
groups, respectively. Given the aforementioned overlaps between
these five developmental disorders in terms of FRGs with ldDNMs,
we also performed a pooled TADA-Denovo analysis combining the
ldDNMs associated with all five developmental disorder types,
which prioritized 75 candidate disease-associated FRGs, including
21 candidate disease-associated FRGs that did not reach the signif-
icance threshold (FDR � 0.1) in analyses of specific developmental
disorder subtypes. After eliminating redundancies between the
results of the two strategies, we obtained a list of 96 prioritized
candidate disease-associated FRGs (Table 3). There was significant
overlap between candidate disease-associated FRGs harboring
ldDNMs with developmental disorder and FMRP targets[47], chro-
matin genes, essential genes, and genes encoding postsynaptic
density proteins (2.25 � OR � 7.68, P � 7.63 � 10�16, Fisher’s exact
test; Table S7).

Of 96 prioritized candidate disease-associated FRGs, 52 had
strong associations with developmental disorders, 27 had possible
associations, and 17 had a suggestive association. Furthermore, 28
were unique, 28 were shared between two developmental disor-
ders, 22 were shared among three developmental disorders, and
18 FRGs were shared among at least four developmental disorders
(Table 3). The fact that most of the prioritized candidate disease-
associated FRGs were shared suggests that these five developmen-
tal disorders have substantially similar genetic mechanisms.

3.4. Genic intolerance and rare frequency of candidate disease-
associated FRGs

The pLI (in which a higher score indicates more intolerant func-
tional variants for each gene) and the RVIS [41] (in which a lower
score indicates more intolerant deleterious missense variants for
each gene) have been validated as reliable metrics [42] of genic
intolerance to ldDNMs. The minor allele frequency of variants in
gnomAD has been hypothesized to significantly contribute to com-
plex diseases. Compared with non-FRGs, the FRGs had higher pLI
scores (P < 2.22 � 10�16; Fig. S2A), lower RVIS scores (P < 2.22 � 1



Table 1
Burden of ldDNMs in FRGs in five developmental disorders.

ASD (6,511) UDD (4,293) EE (933) ID (1,331) CHD (2,645) ADD (15,713) Control (3,391)

ldDNMs 406 471 88 137 133 1,235 120
lndDNMs 577 532 66 90 193 1,458 268
OR 1.57 1.98 2.97 3.39 1.54 1.89 –
95% CI 1.22–2.04 1.53–2.56 1.99–4.46 2.38–4.86 1.12–2.12 1.50–2.40 –
P value 0.00035 4.83 � 10�8 3.03 � 10�8 1.30 � 10�12 0.0075 2.12 � 10�8 –
Adjusted P 0.00042 7.25 � 10�8 6.06 � 10�8 7.80 � 10�12 0.0075 6.06 � 10�8 –

Abbreviations: ASD, autism spectrum disorder; UDD, undiagnosed developmental disorder; EE, epileptic encephalopathy; ID, intellectual disability; CHD, congenital heart
disease; ADD, all five developmental disorders; FRGs, folate-related genes; DNMs, de novo mutations; OR, odds ratio; CI, confidence interval. ldDNMs were defined as the
combination of protein-truncating variants (i.e. nonsense, frameshift and canonical splice site mutations) and deleterious missense mutations, which were predicted by ReVe;
lndDNMs were defined as the combination of tolerant missense mutations and synonymous mutations. We performed a Fisher exact test to estimate the burden of ldDNMs in
FRGs in disorders versus controls. P-values were adjusted for multiple testing using the Benjamini-Hochberg correction, and a false discovery rate (FDR) < 0.05 was considered
significant.

Table 2
Overlap between FRGs with ldDNMs or lndDNMs across developmental disorders and controls.

Groups ldDNMs in shared FRGs lndDNMs in shared FRGs

Obs Exp O/E P value Obs Exp O/E P value

ASD and CHD 95 69.82 1.36 0.038 136 142.92 0.95 0.66
ASD and EE 83 52.81 1.57 0.047 37 48.13 0.77 0.88
ASD and ID 193 79.41 2.43 2.80 � 10�4 49 60.00 0.82 0.86
ASD and UDD 603 269.17 2.24 6.10 � 10�4 311 335.56 0.93 0.84
ASD and Control 56 54.02 1.04 0.42 166 176.28 0.94 0.73
CHD and EE 33 17.23 1.92 0.038 6 16.77 0.36 1.00
CHD and ID 64 25.91 2.47 3.40 � 10�3 17 20.98 0.81 0.79
CHD and UDD 138 87.90 1.57 0.054 108 117.14 0.92 0.77
CHD and Control 13 17.67 0.74 0.86 53 61.49 0.86 0.85
EE and ID 101 17.44 5.79 1.10 � 10�4 6 6.75 0.89 0.63
EE and UDD 318 59.15 5.38 1.70 � 10�4 54 37.64 1.43 0.019
EE and Control 8 11.84 0.68 0.78 24 19.80 1.21 0.22
ID and UDD 673 91.21 7.38 1.00 � 10�5 45 50.92 0.88 0.78
ID and Control 15 18.35 0.82 0.67 25 26.78 0.93 0.65
UDD and Control 51 63.18 0.81 0.74 147 158.71 0.93 0.78

Abbreviations: ASD, autism spectrum disorder; UDD, undiagnosed developmental disorder; EE, epileptic encephalopathy; ID, intellectual disability; CHD, congenital heart
disease; FRGs, folate-related genes; DNMs, de novo mutations; ldDNMs were defined as the combination of protein-truncating variants (i.e., nonsense, frameshift and
canonical splice site mutations) and deleterious missense mutations, which were predicted by ReVe; lndDNMs were defined as the combination of tolerant missense
mutations and synonymous mutations.
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0�16; Fig. S2B), and an extremely rare variants frequency
(P = 0.0057; Fig. S2C). Furthermore, the candidate disease-
associated FRGs had significantly higher pLI scores (P < 2.22 � 10
�16; Fig. S2A), lower RVIS scores (P = 1.80 � 10�10; Fig. S2B) and
an extremely rare variants frequency (P = 0.0011; Fig. S2C) com-
pared with those of the other FRGs. These results suggested that
FRGs harboring damaging rare mutations are more likely to exhibit
genic intolerance to ldDNMs than other genes are.
3.5. PPI network of candidate disease-associated FRGs and hub FRGs

The completed PPI network for the 96 candidate disease-
associated FRGs featured 78 interacting genes and 221 connections
(Fig. S3A). The number of interacting genes and connections was
higher than would be expected from chance drawn from the entire
FRGs set (P < 1.00 � 10�6; Fig. S3B), which suggests that the candi-
date disease-associated FRGs within the tight network are biolog-
ically related. The PPI network showed enrichment of the
candidate disease-associated FRGs within pathways related to
transcriptional regulation, chromatin modification, organ develop-
ment, and signal transduction pathways (Table S8). Our analyses of
topological metrics showed that the PPI network contained four
hub FRGs (Table S9). These were DNMT3A, KMT2B, KMT2C, and
YY1, which carried 11, 6, 11, and 2 ldDNMs, respectively. The hub
FRGs exhibited high degrees of connectivity within the PPI net-
work, which suggests that they play key roles in the etiology of
developmental disorders.
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3.6. Distinct expression patterns for candidate disease-associated FRGs

Our tissue-specific enrichment analysis showed enriched
expression of the candidate disease-associated FRGs during the
early-foetal periods and early-mid-foetal periods within the cortex
[Benjamini–Hochberg (BH)-corrected, P value (PBH) = 0.0070 and
0.0070, respectively; Fig. 2A], cerebellum (PBH = 0.0070 and
PBH = 0.043, respectively; Fig. 2A), and striatum (PBH = 0.01 and
PBH = 0.0060, respectively; Fig. 2A). Expression of the candidate
disease-associated FRGs was also significantly enriched in the early
foetal amygdala during the early foetal period (PBH = 0.014;
Fig. 2A). These findings suggested that candidate disease-
associated FRGs display a prenatal bias and may play important
roles in regional brain development.

Our analyses of the expression patterns of candidate disease-
associated FRGs in glutamatergic excitatory neurones and GABAer-
gic inhibitory neurones from the human embryonic cerebral cortex
[46] showed that 23 candidate disease-associated FRGs were
expressed at higher levels in excitatory neurones than in inhibitory
neurones, with one candidate disease-associated FRGs was
expressed at a higher level in inhibitory neurones than in excita-
tory neurones (Fig. 2B). The 72 candidate disease-associated FRGs
were expressed at similar significant levels in the excitatory and
inhibitory neurones (Fig. 2B). The high number of the candidate
disease-associated FRGs that were preferentially expressed in exci-
tatory neurones suggests that such FRGs play critical roles in the
cortical circuitry.



Table 3
Prioritized candidate disease-associated FRGs with FDR less than or equal to 0.1 by
TADA-Denovo.

Rank FDR � 0.01 (n = 52) 0.01 < FDR � 0.05
(n = 27)

0.05 < FDR � 0.1
(n = 17)

Unique
genes
(n = 28)

BRD7a, GATA6c,
EBF2e, KCNA2e,
CAMTA1u, GFOD2u,
SLC12A2u, SOX4u

ANKRD27a,
ATP1B1a, KDM2Bi,
KDM5Cu, RAD51u,
IL1RAPL2u, YY1u,
ASIC2u, MSI1u,
OTX1u, PDX1u,
GOLPH3u, SIAH1u,

CELF4a, KDM6Ba,
PGAM5i, CHMP2Ai

KMT2Bu, PHF8u,
U2AF2u

Shared
genes in
two

disorders
(n = 28)

RNF146, SIN3A,
VEZF1, SOX11,
PRPF8, WDR26,
PPP2CA, TAOK1,
CSNK2B, KIF1A

NGFR, TFAP4,
RAB14, RARA,
EPHB1, LARP4B,
COL2A1, OTX2,
PAX3, PSMD3

PRPF4B,
ATIC,
ZNF248,
PMM2,
DDX50,
NAT8L,
NR3C2,
TRPC4AP

Shared
genes in
three

disorders
(n = 22)

ELL2, ERI1, FOXP2,
SYNCRIP, NR4A2,
ASXL1, TRIO, HK1,
GABBR2, BCL11A,
TRIP12, LAMB1,
PPM1D, CLTC,
ATP1A3, SMARCA2,
TCF7L2, KAT6B

PSMC4, ARID1A,

CUL1, CPD
Shared

genes in
at least
four

disorders
(n = 18)

TAF1, SMAD6,
SPRED2, AGO1,
KCNQ3, RYR2,
KMT2C, FGF12,
POGZ, DNMT3A,
ARID1B, KCNQ2,
PTEN, CACNA1A,
CREBBP, SCN8A

NF1, GRIN1

Candidate disease-associated FRGs are split into four parts based on the number of
disorders and ranked into three tiers based on the strength of FDR (false discovery
rate). The tier of unique genes with superscript letters including a, c, e, i, and u
represents genes only carrying only ldDNMs in ASD, CHD, EE, ID, and UDD,
respectively. Based on the TADA-Denovo analysis of exonic ldDNMs from five
developmental disorders, we prioritized 75 candidate disease-associated FRGs,
including 21 new these FRGs (bold Italic) that were not prioritized in the first
strategy (see method).
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4. Discussion

The rapid development of high-throughput sequencing meth-
ods has accelerated research on the genetic architecture of devel-
opmental disorders [48]. DNMs with strong disruptive effects
have been shown to be the main genetic causes of developmental
disorders [49], and several environmental factors, including folate
deficiency and FRG polymorphisms, can act as risk factors for
developmental disorders [15,50–52]. Furthermore, folate defi-
ciency can result in aberrant gene expression, mutations, and chro-
mosomal instability [53]. These lines of evidence, which point to
intricate interrelationships among folate deficiency, accumulated
evidence confirmed the intricate interrelationships between folate
deficiency, genetic variations, and developmental disorder aetiolo-
gies, motivated us to explore the contributions of FRGs DNMs to
developmental disorders.

To the best of our knowledge, this is the first study to use exome
data to show that FRGs carry high DNM burdens in patients with
developmental disorders. In addition, our analyses also indicated
that the number of FRGs with recurrent ldDNMs in patients with
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developmental disorders was unlikely to be due to chance. In anal-
yses of between-group similarities in the FRGs with ldDNMs, we
observed high degrees of overlap between the ID and UDD groups,
the EE and UDD groups, and the EE and ID groups. This observation
is consistent with the high degree of comorbid occurrence
observed for these developmental disorders. We also observed
moderate degrees of overlap between the ID and ASD groups, the
UDD and ASD groups, and the CHD and ID groups and weaker
degrees of overlap for the CHD and ASD groups, the EE and ASD
groups, and the CHD and UDD groups. These overlaps suggest that
these developmental disorders should not be considered as iso-
lated disorders. A potential future research direction would be to
investigate the genetic overlaps between various developmental
disorders and epilepsy, as the prevalence of epilepsy can range
from 45% to 82% in patients with severe ID [2] and from 5% to
15% in patients with ASD[54].

Our TADA-Denovo model prioritised 96 candidate disease-
associated FRGs, including PAX3. Lemay et al.[55] reported that a
nonsense DNM in PAX3 could be responsible for cases of neural
tube defects when the mothers did not take folic acid or multivita-
mins periconceptionally. Most of these FRGs exhibited high levels
of haploinsufficiency and intolerance to ldDNMs. These results pro-
vide a useful list of developmental disorder related FRGs for future
studies to focus on. We found that 68 of the candidate disease-
associated FRGs carried ldDNMs in the contexts of at least two
developmental disorders, which suggests that ldDNMs in certain
FRGs can have multiple functional effects and contribute to multi-
ple causes of developmental disorders. The remaining 28 candidate
disease-associated FRGs, which only had ldDNMs in the context of
a single developmental disorder, may be useful foci for research on
molecular endophenotypes [56]. Such research could facilitate
efforts to understand the genetic aetiologies of individual cases
and formulate individualised folate treatment plans.

Our PPI network analyses yielded preliminary evidence that the
candidate disease-associated FRGs are highly interconnected and
that DNMT3A, KMT2C, KMT2B, and YY1 serve as hub FRGs. DNMT3A,
KMT2C, and KMT2B are methylation-related genes, since folate
deficiency affects methylation, thereby affecting the normal bio-
logical functions of these genes will be impacted. DNMT3A encodes
de novo DNA methyltransferase[57], a member of the class I
methyltransferase family, which is essential for DNA methylation
during early embryonic development [58]. Another study showed
that DNMT3A mutations are associated with overgrowth and ID
[59]. Folate can be a limiting factor and methyl donor source in
folate and methionine cycles, including DNMT3A methylation; in
turn, a damaging mutation in DNMT3A affects the binding of the
methyl donor. KMT2B and KMT2C are members of the mammalian
H3K4 methyltransferase family, and mutations in these genes have
been associated with developmental disorders [60,61]. Animal
studies have also shown that deletion of the KMT2B enzyme in fer-
tilized eggs leads to the death of mouse embryos [62]. Proton-
coupled folate transporter (PCFT) plays an important role in
intestinal folate absorption. YY1, a trans-activating transcription
factor [63,64], resulted in a ~50% decrease in transcriptional activa-
tion of PCFT [65]. Barnard et al. [66] further demonstrated that the
developmental disorder associated gene CHD8 sites were enriched
in YY1 transcription factor motifs.

The candidate disease-associated FRGs are preferentially specif-
ically expressed in the cortex, cerebellum, striatum, and amygdala
during the early-foetal and early mid-foetal periods of develop-
ment. This observation suggests that these early stages of brain
development are particularly sensitive to ldDNMs in FRGs. Multi-
ple lines of evidence indicate that the molecular pathologies of
ID and ASD involves abnormalities in the cerebral cortex [67–70]
and striatum [71–74]. Intriguingly, a quarter of the candidate
disease-associated FRGs were preferentially expressed in the exci-



Fig. 2. Expression pattern analysis of candidate disease-associated folate-related genes (FRGs). (A) Tissue-specific expression analyses (TSEA) of the candidate disease-
associated FRGs during the early foetal and mid-early foetal stages of development. The size and color of each hexagon represents the FRG’s specificity index probability, and
the hexagon’s color represents the Benjamini-Hochberg–corrected P value. Positions closer to the large central hexagon indicate higher tissue specificity levels and darker
colors indicate the more significant P values. (B) Heatmap of normalized expression levels of the candidate disease-associated FRGs in the inhibitory and excitatory neuron
types. In the heatmap, gene expression levels are scaled as a function of [log2(TPM/10 + 1)], in which ‘‘TPM” stands for transcripts per million. Each row represents the average
expression level of each gene, and the columns represent four clusters of the excitatory neurones and eight clusters of the inhibitory neurons. P values were calculated using
the Wilcoxon rank sum test.
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tatory neurones of the embryonic cerebral cortex, which suggests
that these FRGs play critical roles in the excitatory neuronal circu-
ity. This idea is consistent with previous research on neurodevel-
opmental disorders [42].

Our study has several limitations that should be taken into con-
sideration when interpreting the results. First, DNMs were col-
lected based on integration of datasets from previously published
studies using different cohorts, technologies, and coverages. These
integrated DNMs were analyzed by the TADA-Denovo model to
increase the power for detecting candidate genes, but individual
heterogeneity should be taken to care. Second, further research is
needed to verify the existence of specific regulatory relationships
between folic acid and most of the FRGs listed in the CTD. Third,
the combination of two FRG datasets of vastly different size (the
48 FRGs set and the core 1,773 FRGs set) may fall into the Simp-
son’s paradox so that the final results are explained mainly by
the core 1,773 FRGs set. Fourth, although we divided missense
mutations into Dmis and Tmis, the genes associated with hotspots
of Tmis may be better understood about protein structure. Fifth,
our analysis was based on bioinformatics methods to prioritize
candidate disease-associated genes and cannot be used unequivo-
cally to establish causality. Thus, functional experiments will be
necessary to validate their pathophysiological importance of the
identified genes. Sixth, although it is essential to understand the
relationship between folate and disease phenotypic change, the
existing phenotypes associated with the developmental disorders
and FRG prevalence were not available. Further, detailed clinical
data may aid in the understanding the clinical diagnosis and
genetic etiology of developmental disorders.

In summary, our results suggest that ldDNMs in FRGs con-
tribute to the risk of patients with developmental disorder and
may provide useful information for the genetic counselling and
the treatment of some patients. Furthermore, our analyses high-
lighted several the candidate disease-associated FRGs and hub
FRGs that may be useful foci for further research into the patho-
physiology of developmental disorders. Although further research
is necessary to determine the optimal list of the candidate
1420
disease-associated FRGs, our results clearly implicate FRGs in per-
turbations of the neuronal circuity. Taken together, our findings
elucidate the role of FRGs in developmental disorders, enabling
further research is planned to integrate multi-omics data for iden-
tifying additional candidate disease-associated FRGs.
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