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De novo variants (DNVs) analysis has proven to be a powerful approach to gene discovery in Autism Spectrum Disorder (ASD),
which has not yet been shown in a Brazilian ASD cohort. The relevance of inherited rare variants has also been suggested,
particularly in oligogenic models. We hypothesized that three-generation analyses of DNVs could provide new insights into the
relevance of de novo and inherited variants across generations. To accomplish this goal, we performed whole-exome sequencing of
33 septet families composed of probands, parents, and grandparents (n =231 individuals) and compared DNV rates (DNVr)
between generations and those from two control cohorts. The DNVr in the probands (DNVr = 1.16) was marginally higher than in
parents (DNVr = 0.60; p = 0.054), and in controls (DNVr = 0.68; p = 0.035, congenital heart disorder and DNVr = 0.70; p = 0.047,
unaffected ASD siblings from Simons Simplex Collection). Moreover, most of the DNVs were found to have paternal origin in both
generations (84.6%). Finally, we observed that 40% (6/15) of the DNVs in parents transmitted for probands are in ASD or ASD
candidate genes, representing recently emerged risk variants to ASD in their families and suggest ZNF536, MSL2 and HDAC9 as ASD
candidate genes. We did not observe an enrichment of risk variants nor sex bias of transmitted variants in the three generations,
that can be due to sample size. These results further reinforce the relevance of de novo variants in ASD.
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INTRODUCTION
Autism spectrum disorders are mainly characterized by difficulty in
social and communication skills, besides restricted/repetitive
behaviors and interests [1]. The prevalence of ASD is estimated
as at least 1% (reviewed in Lord et al. [2]). Genomic alterations
commonly associated with ASD etiology include copy number
variants (CNVs), single nucleotide variants (SNVs) and small
insertions/deletions (Indels) and the percentage of de novo
variants is higher (2 to 3 folds or even higher) in ASD individuals
as compared to control population [3-7]. Of note, the rate of the
de novo variants in ASD individuals’ parents is unknown. The
analysis of de novo variants has proven to be a powerful approach
in ASD gene discovery [6, 8-10]. However, they do not fully
explain phenotype in the most part of the ASD cases given the
complex genetic architecture of ASD. Indeed, these patients also
present more deleterious inherited variants than their non-
affected siblings, favoring oligogenic models as an important
mechanism contributing to this phenotype [11-13], where de
novo mutation in previous generations can contribute to an
accumulation of inherited variants of medium and low effect
associated with incomplete penetrance.

Parental increased age has also been associated with higher
rates of de novo variants, in both healthy, and disease-associated

cohorts, including ASD [14-17]. Considering the increased number
of de novo variants in ASD individuals and their advanced parental
age, we hypothesized that three-generation analysis of de novo
variants could provide new insights into the clinical relevance of
variants that have arisen de novo across generations. Therefore,
our main goal was to investigate if the proportion of total and
damaging de novo variants (DNVs) varies across generations, and
verify if the total DNV rates correlate to parental age at
conception. We also compared the DNV rates to available controls
in the literature: healthy siblings of ASD probands [4] and
individuals with congenital heart disorder [18, 19]. We also
analyzed the clinical relevance of damaging variants among the
DNVs that arose in the parents and probands. Finally, we
determined whether there is an accumulation of DNVs plus
inherited risk variants through generations or a sex bias in the rare
variants’ segregation through three generations.

METHODS

Subjects and DNA samples

We collected DNA samples from 33 different families ascertained at the
Centro de Estudos do Genoma Humano e Células-Tronco (CEGH-CEL),
Instituto de Biociéncias, Universidade de Sdo Paulo, composed of ASD
probands, parents and grandparents, herein referred as septets (initial
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number of individuals = 231). The main criteria of inclusion of families in
our study were: ASD diagnosis based on the current DSM at the time of
evaluation, non-syndromic ASD [20], and living grandparents. We clinically
evaluated all probands, reviewed parents’ and grandparents’ age at
conception based on date of birth and collected familial histories of
neuropsychiatric/neurological disorders. All male probands were negative
for Fragile X testing. DNA samples were extracted from whole blood
samples in most cases, and for cases of grandparents living in long
distances, saliva samples were used.

Exome sequencing and de novo variants rates in probands,
parents and controls

All the DNA samples were prepared using the SureSelect QXT Target
Enrichment for lllumina Multiplexed Sequencing (lllumina, Inc., California,
USA), following the manufacturer's recommendations. The libraries were
sequenced with lllumina HiSeq 2500 sequencer in paired end reads of
approximately 100 bp. Sequence alignments to the human genome
reference (UCSC hg19) were performed with Burrows-Wheeler Aligner,
data processing and variant calling were performed with Picard and
Genome Analysis Toolkit package (GATK), and variants annotation was
performed with ANNOVAR. The mean coverage of exome data from the
231 individuals were 63X, with approximately 80% of the exome being
covered by 20 reads, and 70% by 30 reads. The annotation of high
confidence de novo variants was performed with DeNovoGear software
[21], in addition to a visual inspection of all the identified de novo variants
in the software Integrative Genomic Viewer (IGV [22]). For Sanger
sequencing of 18 de novo variants, we used BigDye Terminator v3.1
Cycle Sequencing Kit, in the ABI 3730 DNA Analyzer (Thermo Fisher
Scientific, Massachusetts, USA). Variants’ frequency in the general
population was filtered for less than or equal to 1% using
GnomAD (https://gnomad.broadinstitute.org/), 1000 Genomes (https://
www.internationalgenome.org/) and ABraOM (https://abraom.ib.usp.br/)
databases.

For the control population analysis, we obtained de novo variants
(missense and loss of function - LoF), in two available whole genome
sequencing (WGS) cohorts of non-ASD individuals: 1911 unaffected
siblings of ASD patients from Simons Simplex Collection (SSC)[4]; and
2072 individuals with Congenital Heart Defects (CHD) [18, 19], from the
international database “denovo-db” (http://denovo-db.gs.washington.edu/
denovo-db/index.jsp). We compared the rates (total number of variants
divided by the total number of individuals) of de novo variants among
probands, parents and these two non-affected ASD cohorts through
Fisher's exact test. Variants’ prioritization criteria are detailed in Supple-
mentary material.

De novo variants origin, variants classification, parental age
We performed fragment-based phasing algorithm to infer the parental
origin of DNVs using dng phaser tool from DeNovoGear software [21]. The
analysis parameters were adapted for our exome data, considering SNPs
found at 300 pb or 1000 pb distance from the DNVs.

De novo missense (CADD =20) and LoF variants in genes with brain
expression (16,465 genes from the Human Protein Atlas database, HPA,
www.proteinatlas.org/) were defined as damaging variants. Regression
analysis was performed through decision trees in R software (R Core Team
2019) to evaluate parental age at conception differences, regarding gender
and generation, for both parents and grandparents of ASD individuals in
our cohort, using the libraries partykit and rpart for the models. Finally, we
performed Poisson regression analysis to test whether there is a correlation
between the number of de novo variants in the offspring and parental age.
Detailed information on variants classification and clinical significance is
available in Supplementary material.

Inherited variants transmission and analysis

We also characterized the transmitted variants across generations. For this
analysis, we selected ultra-rare (<0.1%) LoF and missense (CADD = 30)
variants, in autosomal, brain expressed genes, with pLI > 0.9 (or z-score > 3
for genes with missense variants). All variants were visually curated using
IGV [22] and the selected variants are referred as inherited risk variants. We
performed Fisher’s exact test to determine whether there was a sex bias in
variants’ transmission. To test the hypothesis that the risk variants
accumulate through generations, we performed a Wilcoxon signed-ranks
test comparing probands’ and grandparents’ average number of risk
variants (Supplementary material).

SPRINGER NATURE

RESULTS

Cohort characterization

Our cohort was composed of 9 females and 24 males diagnosed
with non-syndromic ASD (Supplementary Table 1), besides their
parents and grandparents (n =231 individuals). Simplex families
cases represented 29 out of 33 families (considering one case of
monozygotic concordant twins, and three probands with an
affected sibling; only probands were included in the sample).
Kinship and quality analysis using whole exome sequencing (WES)
data revealed ten trios with sample issues (one proband trio and
nine parents’ trios), which resulted in their exclusion. Only
complete trios that fulfilled the established quality criteria were
kept in the subsequent analysis, and therefore, we included three
sets of trios: 1) proband, mother and father, n=32 trios; b)
proband’s mother and maternal grandparents, n=30 trios; c)
proband’s father and paternal grandparents, n = 27 trios (Supple-
mentary Table 2). For inherited risk variants, the four families in
which the ASD proband carries a pathogenic or likely pathogenic
variant in ASD genes (P3, P7, P10, and P15) were also excluded,
totalizing 28 probands, 26 mothers, 23 fathers, 49 grandmothers
and 49 grandfathers (26 maternal and 23 paternal).

DNVs rates in probands, parents and controls

We identified 37 de novo variants in 20 probands (6 LoF and 31
missense; Table 1, Supplementary Table 3), 20 de novo variants in
15 mothers (1 LoF and 19 missense; Supplementary Table 4), and
14 de novo variants in 10 fathers (3 LoF and 11 missense;
Supplementary Table 5). Of note, we validated by Sanger
sequencing 100% (18/18) of the set of tested de novo variants
in probands (Supplementary Table 3). We observed a significant
increase in the combined rate of de novo (DNVr) LoF and missense
variants in ASD probands (37/32; DNVr =1.16), compared to
congenital heart disease individuals (1,416/2,072; DNVr = 0.68;
Fisher's test p=0.035), and non-ASD affected siblings from SSC
(1,333/1,911; DNVr=0.70; Fisher's test p=0.047). We also
observed a marginally statistically significant (at 5% level) increase
(34/57; DNVr = 0.60; Fisher's test p = 0.054) when we compared to
DNVr in parents.

De novo variants: Origin and clinical relevance in two
generations

Proband'’s analysis: We were able to infer the parental origin for
16% (6/37) of the DNVs in the probands, in which five had
paternal origin and one maternal. Of the 37 variants, 12 were in
genes with pLI = 0.9. Five out of the 37 variants were classified as
likely pathogenic or pathogenic: four in ASD genes (WDFY3, BRSK2,
PACS2 and KAT6A) and one in the non-associated ASD gene, EVC
(#MIM193530 and #MIM225500, respectively). EVC gene s
associated with autosomal dominant (AD) and recessive (AR)
conditions, but the patient did not present any clinical features of
the AD phenotype when evaluated.

Fourteen out of the 32 remaining DNVs, all classified as VUS, are
located in ASD candidate genes (Supplementary Table 3). Five of
fourteen were located in genes with pLI > 0.9.0f note, the patient
P13-1 harbors two DNVs acting in cis on MSL2, recently suggested
as an ASD candidate gene [23]. We also highlight, based on their
relevance to brain function and being subject to purifying
selection (pLl = 0.9), the ZNF536 and HDAC9 genes. Therefore, 18
out of 37 (49%) DNVs in probands are pathogenic/likely
pathogenic or VUS in genes relevant to ASD.

Parent’s analysis: We were able to infer the parental origin for
20% (7/34) of the DNVs in the parents (four in mothers, one had
maternal origin and three DNVs had paternal origin; three in the
father’s group, being all three of paternal origin). Of the 34 DNVs
in the parents, 10 were in genes with pLI > 0.9. Two variants (6%,
2/34) in ASD (CC2D1A) or ASD candidate (CHD5) genes were
classified as pathogenic or likely pathogenic (one in a mother,
one in a father). Detailed clinical features were not available for
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Poisson regression analysis. Parental age correlation to the number of de novo variants identified in the offspring. A, B Maternal and

paternal conception age correlation to the number of de novo variants in the offspring (N=31 mothers and 27 fathers). C, D Paternal
conception age correlation to the number of de novo variants in the offspring (N =58 grandmothers and 58 grandfathers).

these subjects, but no ASD features were reported. Eleven of the
remaining 32 DNVs (32%; 11/34) were classified as VUS for ASD
(including one variant in the ASD gene HNRNPF and 10 in ASD
candidate genes), of which five are located in genes with pLI > 0.9
(Supplementary Tables 4 and 5). Therefore, the probands’ parents
present 13 (38%; 13/34) pathogenic/likely pathogenic or VUS
DNVs in ASD (two variants) or ASD candidate genes (11 variants).

Altogether, 15 out of the 34 DNV variants found in the parents
were transmitted (Supplementary Table 6; 9/20 from mothers and
6/14 from fathers), six of them in ASD (CC2DI1A, potentially
pathogenic, maternal origin) or ASD candidate (maternal origin:
RFWD3, FGD1, and paternal origin: IGF2R, EIF3E, LFNG, all classified
as VUS variants) genes. We did not observe a transmission bias of
damaging DNVs (missense variants with CADD > 20 plus LoF
variants; 11 transmitted and 14 non-transmitted, Fisher’s exact
test, p =0.777) or non-damaging variants (four transmitted and
five non-transmitted variants). Finally, the search of MSSNG
database for other ASD individuals with DNVs in the 15 genes
with DNVs identified in the parents that were transmitted to the
probands, lead to the identification of additional ASD individuals
with DNVs on NBAS, ARHGEF28, IGF2R, and LFNG (Supplementary
Table S6), being the last two genes ASD candidate genes.

Parental age at conception and DNVs rates in our cohort

The mean conception age of mothers was 29.18 5 years,
compared to 25.85 £ 5 years for the grandmothers. Meanwhile,
the mean conception age of fathers was 31.45+6 years,
compared to 29.35+7 years in grandfathers (Supplementary
Table 2). We observed on the regression decision tree
model (Supplementary Fig. 1) that parental age at conception
is differentiated by gender and generation (parents or

SPRINGER NATURE

grandparents). Females present reduced conception age com-
pared to males, and probands’ grandparents are younger than
probands’ parents (p=0.0008). A significant correlation was
observed only between the number of de novo variants and
patient’s paternal age (Poisson regression analysis, fathers’ age
p-value = 0.0358; mothers’ age p-value =0.382; grandfathers’
age p-value = 0.452; grandmothers’ age p-value =0.195), Fig. 1.
However, the positive association identified for the patient’s
fathers age was not observed after exclusion of an outlier father,
P28-3 (p =0.129).

Transmission patterns of inherited variants

We have performed an analysis of the inherited rare variants
through 3 generations for an oligogenic model. In total, 111
different rare variants were selected (107 variants detected in
grandparents, two DNVs in probands’ parents and two DNVs in
probands.;DNVs in probands and probands’ parents generations
were kept in this analysis, since it is not possible to distinguish
the DNVs to inherited risk variants selected in the grandparents
generation). The segregation of rare at-risk ASD variants were
accordingly to expected to Mendelian law, with no sex bias of
the transmitting parent: probands’ parents, in addition of two
DNVs, inherited 31/55 from grandfather and 24/55 from grand-
mothers (Fisher’s exact test, p = 0.57) and probands, in addition
of two DNVs, inherited 19/37 from fathers and 18/37 from
mothers. In addition, we did not observe a significant difference
in the average number of risk variants between grandparents
(combined putative de novo and inherited, 99 variants/98
grandparents = 1.01) and probands (de novo and inherited
variants, 39 variants/28 probands = 1.39; Wilcoxon test, p = 0.16,
Supplementary fig. 2).

European Journal of Human Genetics (2023) 31:1017 -1022



DISCUSSION

The three-generation families’ variant analysis allowed us to
determine the rate of de novo variants in non-affected parents of
ASD individuals, which had lower DNVs rates (0.60) compared to
probands (1.16), and similar rates compared to controls. Despite
the differences in sample size and methodology for variant
prioritization of other cohorts, DNVs rate in probands was
comparable to the literature [4]. Moreover, probands presented
2.1-fold enrichment of variants in genes intolerant to loss of
function variants (pLI=0.9) compared to their parents (pro-
bands =12 variants in 32 individuals; parents = 10 variants in
57 individuals). Although direct comparisons are not possible due
to differences in methodology and sample size, notably Satter-
strom et al. [8]., using data from ASD affected individuals and their
unaffected siblings, observed a 3.5-fold enrichment of DNV
(pLI>0.995) as compared to DNV in non-affected sibs. To our
knowledge, this is the first study showing this type of data, and
despite our small sample, we were able to observe a higher rate of
DNVs between the probands and their parents, even though with
a marginal significance level. Higher number of total and ASD
relevant variants (here represented by variants in ASD or ASD
candidate genes) were observed in probands, further supporting
the relevance of de novo variants in the ASD genetic architecture.

We could determine the parental origin for 18% (13/71) of all
DNVs identified (probands and their parents), comparably to the
previous analysis using this same tool that identified approxi-
mately 20% of DNVs parental origin [21]. Also, 84.6% of the DNVs
in both generations were of paternal origin, an expected number
as seen by Jonsson et al. [15], that identified 80.4% of DNVs with
paternal origin. Indeed, this data is in accordance with the
observation that the age of the father is an important factor in
determining the number of de novo SNVs variants in the offspring
[17], although a positive association was not observed in our study
possibly due to sample size.

Notably, 43% (6/15) of the transmitted parents’ DNVs were in
ASD (one gene - CC2D1A) or ASD candidate (five genes - RFWD3,
FGD1, IGF2R, EIF3E and LFNG) genes. We observed that de novo
variants in two of these ASD candidate genes, IGF2R and LFNG,
were also found in ASD individuals from the MSSNG database.
Despite the limited data of this study, the occurrence of de novo
and recently emerged variants in ASD or ASD candidate genes in
healthy parents can represent a source of genetic factors
contributing to ASD following an oligogenic model, which still
represents a challenge to be dissected [24, 25].

Probands’ analysis of DNVs led to the identification of variants
in previous and possible novel ASD candidate genes. We should
bear in mind that it is still challenging to infer which gene or
variants are indeed highly penetrant or represent medium or
minor contributing factors. Nevertheless, our data adds to the
literature a novel ASD case with a rare de novo variant in BRSK2
[26]. Of note, we identified two additional de novo variants in
BRSK2 in the MSSNG database. In addition, we would like to
highlight ZNF536, MSL2 and HDAC9 as new ASD candidate genes.
ZNF536 encodes a zinc finger protein specifically expressed in
neuronal cells, that acts as a negative regulator of neural cell
differentiation, being also discussed for its role in the maintenance
of neuronal cells and development of forebrain neurons
implicated in social behavior and stress [27, 28]. We also identified
two de novo cis-variants on MSL2 in one patient (P13-1). MSL2 was
recently reported as an ASD candidate [23], and encodes a protein
involved in chromatin modification [29]. Finally, HDAC9 encodes a
histone deacetylase [30]. It has been demonstrated that HDAC9 is
associated with schizophrenia, being widely expressed in post-
mitotic neurons, and may play an important role in mature neuron
function [31].

The analysis of inherited risk variants in our sample did not
reveal any transmission bias across generations or gender,
although our sample size may have impacted these results.
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The relevance and patterns of transmitted variants for ASD has
been approached by different authors, generally by comparing
the burden of transmitted variants in ASD affected individuals and
their siblings [32-34]. However, the origin and features of these
variants across generations were not fully explored. More recently,
Wilfert et al. (2021) [12] showed that variants transmitted to
affected individuals are more recent than variants transmitted to
their siblings with similar frequency and type, further suggesting
that understanding the patterns of variants’ segregation through
generations may help understanding the genetic architecture of
autism. Genomic larger studies of three-generations of ASD
propositus could be a helpful approach to understanding the
complex ASD genetic architecture and possibly with a better cost-
effective effect than large case-control samples, as exemplified
here with the observed difference in the DNV rate between
probands and their parents despite our modest sample size.

In summary, our study showed for the first time DNVs rates in
parents of ASD probands, and suggest enrichment of transmitted
de novo risk variants to their offspring. We also reinforce the
paternal origin of the vast majority of DNVs with paternal origin in
both generations. Notably, in addition to de novo variants other
mechanisms such as epigenetics might contribute to increased
ASD risk with parental aging [16, 35]. In addition, we cannot rule
out the contribution of damaging variants to ASD endopheno-
types in the parents, which were not systematically evaluated.
Finally, we describe novel variants in genes recently pointed out
as ASD genes (BRSK2) and reinforce new ASD candidates (HDAC9,
MSL2 and ZNF536). In conclusion, our study showed that the
analysis of three-generations presents a promising strategy to
investigate the effect of de novo and inherited risk variants in ASD,
with a better cost-effective effect than extreme large population
studies.
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