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Abstract

Regions of homozygosity (ROHs) are copy neutral segments that have been identified in unaffected and

affected individuals with autism spectrum disorder (ASD), through a wide used tool called Single

nucleotide polymorphism (SNP) microarray platform. The mechanisms behind the origin of these regions

could be parental consanguinity, uniparental disomy (UPD), linkage disequilibrium of a remote origin

and low rates of recombination. The study was carried out with a cohort of 353 samples from family

trios, of which 114 were children with idiopathic autism. We evaluated 37 genes known by the study of

Doan et al. (2019) to be recessive neurodevelopmental genes related or possibly related with ASD.

Therefore, the objective was to evaluate the regions of homozygosity and the mentioned genes, as a route

to understand better the genetic etiology of ASD. In our individuals where found 30 of the 37 genes, with

a prevalence of the genes CA2 and ITPRIPL1. All the regions from child could be explain by inheritance

of one allele by the father and the other by the mother, concluding that we do not find any other

mechanism as UPD.

Key Words: Regions of homozygosity (ROH – LCSH), Autism spectrum disorder, recessive genes,

inheritance
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Introduction

Single nucleotide polymorphism (SNP) microarray platforms have been widely used to detect regions of

duplications and deletions in the genome, these regions are called copy number variations (CNVs). The

SNP arrays technique also allows detection of regions of homozygosity (ROHs), also called long

contiguous stretches of homozygosity (LCSH) (Tarini 2013, Wang et al. 2015 & Chaves et al. 2019). De

novo and recurrent CNVs have been implicated in the development of various diseases, however the role

of ROH has not been fully explored. The LCSH can be found throughout the genome, ranging from few

0.5–1.0 Mb to hundreds of Mb (Chaves et al. 2019). The main mechanisms through which ROH can

appear are, ancestral homozygosity, parental consanguinity (or relatedness), uniparental disomy (UPD)

and chromosomal recombination or rearrangements (Kearney et al 2011, Gibson et al. 2006, Sund et al.

2013).

Several mechanisms affect the length of this homozygosity regions. First, it is known that regions of

homozygosity between 0,1 – 4 Mb are common in the genome mainly due to linkage disequilibrium (LD)

of a remote origin, and usually are excluded from all the studies of LCSH (McQuillan et al. 2008).

Because of this, the cutoff size of ROHs in most of the studies is between 5 - 10 Mb (Wang et al. 2015).

Long regions of homozygosity (> 5Mb) are in many cases due to parental consanguinity. In this case, the

same genetic segment of a chromosome is inherited by the child, because their parents inherited it from

a common ancestor. The longer the region, it means that there was less recombination and therefore the

degree of consanguinity will be greater, and this therefore will occur in multiple chromosomes (Wang et

al. 2015, Gibson et al. 2006, McQuillan et al. 2008).

UPD is the second most known mechanisms for long stretches of homozygosity, in which the child

inherited both homologs of one parent (Heterodisomy - hUPD) or two copies of the same parental

homolog (isodisomy - iUPD) (Papenhausen et al. 2011). The mechanisms of formation of this two

disomy types are trisomy rescue, gamete complementation, monosomic rescue and postzygotic somatic

recombination (Robinson 2000). The cases of UPD involve the whole chromosome, however some

exceptions occur for segmental (interstitial or telomeric) UPD cases, in which is involved only one part

of a chromosome, due to postzygotic recombination (somatic) between maternal and paternal

homologues (HR) (Sasaki et al. 2013). Not only long stretches of homozygosity are exclusively due to
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consanguinity or segmental UPD, but there are some other mechanisms that give rise to this LCSH that

have been less studied and understood. Some studies have revealed that this long ROHs found in outbred

populations arise because they are localized in specific regions of high LD and low rates of recombination

(Gibson et al. 2006).

Neurodevelopmental disorders as Autism Spectrum Disorders (ASD) and Intellectual disability (ID),

have been widely studied through SNP microarrays, because of their heterogeneous genetic identity.

ASD is one of the most predominant neurodevelopmental disorders, affecting 1 in 59 children and

presenting a high rate of heritability between 64-91% (Baio et al. 2018, Tick et al. 2016).This therefore

reflects a great genetic influence that comprises inherited and de novo CNVs, SNPs, common risk

variants, rare variants, among other genetic factors that affect the correct functioning and expression of

genes. For this reason, in the last decade the study of LCSH has been an important tool to understand and

discover possible risk genes involved in neurodevelopmental, congenital and risk autosomal recessive

disorders (Miller et al. 2010, Rylarsdam et al. 2019, Pajusalu et al. 2015). In any given case, the number

and length of ROHs is determined by several mechanisms, but it is also important to consider the ethnicity

of the samples, because it is an important characteristic that can bring some information regarding the

frequency of common ROHs and how these differ among populations (Wang et al. 2015, McQuillan

2008).

Most genes studied in ASD are haploinsufficient causing a dominant model of inheritance while

recessive genes in ASD have been understudied. There is few evidence demonstrating that autism may

be caused by homozygous recessive mutations in regions shared by common ancestors. Additionally runs

of homozygosity and the genes inside this regions  in outbred populations has been recently demonstrated

as an ASD approach to further understand the complex and heterogeneous genetic component of ASD

(Chahrour et al. 2012, Yu et al. 2013, Hildebrandt et al. 2009). Doan et al. (2019) carried out a study

whose objective was to elucidate the contribution of recessive mutations in ASD and therefore new

biological pathways acting in this condition. To do this they filter and studied 37 genes in which biallelic

mutations were found in cases and no in controls. Some of these genes where already reported in ASD

(CA2, DDHD1, NSUN2, PAH, SLC1A1, USH2A) and others not. In this study were analyzed ROHs (>

1 Mb) that contain one or more of the 37 recessive genes described by Doan et al. (2019). For this reason,

the main purpose of this study, is to understand the importance of homozygous regions in the study of

the etiology of autism spectrum disorders, based mainly through the study and analysis of the behavior
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of the regions of homozygosity and recessive genes inside them and thus understand its possible

relationship with the etiology of ASD.

Materials and Methods

This study is part of a larger study that has collected 353 blood samples from family trios, between March

2017 to December 2019. Parents where used as controls and patients where children with a diagnosis of

idiopathic autism, that where first evaluated by a child psychiatrist, psychologist (ADIR and ADOS

diagnostic test) and clinical geneticists. DNA extracted from blood was analyzed, through the omni

express SNP array from Illumina that has 710 thousand genetic markers. Data was scan trough the

GenomeStudio software that identifies CNVs and ROHs trough the cnvPartition algorithm. For the

correct interpretation of LCSH and to avoid false-positive results, a visual analysis and selection was

performed. In the meantime, blood samples from trios were sent to the autism sequencing consortium for

whole exome sequencing.

The selection of ROHs was made looking for those chromosome stretches that contained one or more of

the 37 recessive genes described in the Doan et al. (2019) study. This was made using a software called

PLINK (Purcell et al. 2007) that checks and filters the regions that contained the genes of interest. After

filtration from PLINK, a visual review trough UCSC (Kent et al. 2002) was made to check if each of the

37 genes found in the homozygosity regions were complete or partial between the start and the end of

ROHs. Before the selection of the regions containing the given genes, a classification of the degree of

consanguinity was made using the total of the regions and filtering those >5Mb. This was accomplished

with the objective of understand the dynamics of inbreeding of our population, because it is known that

this phenomenon has a great impact on autism.

The degree of consanguinity was determined using the methodology proposed by Sund et al. (2013) that

uses a 95% confidence interval to calculate five inbreeding percentages (25, 12.5, 6.25, 3.125 and

1.5625%). The regions that were used for this calculation were those > 5Mb, that are known to be long

stretches of homozygosity with a possible consanguinity origin as understood in Papenhausen et al.

(2011) study. Also, the individual must have 1 or more ROHs in two or more chromosomes to be

considered for an inbreeding case according to Wang et al. (2015). For the easiest interpretation of the

degree of inbreeding the following ranges found in Sund et al. (2013) study were used: over 21,3%
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indicates parents being first-degree relatives or closer, 15.3–21.3% between first or second degree, 9.7–

15.3% second degree, 8.3–9.7% between second or third degree, 4.4–8.3% third degree, 4.2–4.4%

between third or fourth degree, 2.4–4.2% fourth degree, 2.0–2.4% between fourth or fifth degree and

0.5–2.0% fifth degree.

To compare the alleles of children and parents, alleles of all the individuals to be analyzed were obtained

through the Genome Studio software (www.illumina.com/genomestudio). The next step was to do a

visual review of the alleles to compare between cases and controls and to understand the origin of the

regions of the children.

From exome sequencing, it is expected to find the presence of mutations in the genes that were analyzed.

This with the objective of further analysis of those patients with the given mutations, and a broad

understanding of the role of recessive mutations in the origin of ASD.

Results

After analyzing SNP array data from 114 trios, a total of 7731 regions of homozygosity were observed,

of which, 183 regions from 67 individuals were > 5Mb and were considered for degree of consanguinity

evaluation. Additionally, from these 7731 regions, 183 from 137 individuals (45 cases and 92 controls)

were found to contains at least 1 of the 37 recessive genes (Figure 1) and 170 regions included the entire

gene. Were identified 30 of the 37 recessive genes described by Doan et al. (2019) in the ROHs of our

population (Table1).
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Figure 1. Diagram of number of ROHs and individuals that were considered for the evaluation of the degree of

consanguinity and those who had at least 1 of the 37 recessive genes.

According to the degree of consanguinity analysis, were found 18 individuals with 2 or more ROHs in

two or more chromosomes. Of these individuals, 2 were cases with a degree of 4,23% and 1.90% that

indicates that their parents are third-or fourth degree relatives and fifth degree relatives, respectively. The

other 16 cases, 5 were third degree relatives, 2 fourth degree relatives, 1 fourth- or fifth degree relatives

and 8 fifth degree relatives (Table 2).

Searching for possible cases of UPD in the 148 individuals, was found only 1 patient with a possible case

of UPD, based on the statement of Pajusalu et al. that multiple ROHs on a single chromosome is a

possible case of UPD if the length of the  LCSHs are >25% of the length of the entire chromosome. In

this patient, were identified three regions in the chromosome 6 of lengths 7.6, 16.01 and 22.92 Mb that

represents de 27% of the whole chromosome. However, the medical history was reviewed and contained

that the parents were second grade cousins. Likewise, the alleles of the parents were analyzed, and

through this it was shown that the origin of the region is due to maternal and paternal inheritance.

67 individuals 137 individuals

7731
ROHs

183 ROHs
have at least 1

of the 37
genes

183 ROHs
greater than

5Mb



8

Table 1. Doan et al. (2019) recessive genes found in the regions of homozygosity of 137 individuals, and their

size in each ROH

Gene Chromosome Total number of

ROHs found

Size of the gene in each of

the ROHs (Complete –

Partial)

Exons included in

partial genes

CGN 1 5 All Complete

USH2A 1 2 Partial Exon 63 to 72 (72)

Exon 1 to 41 (72)

FEV 2 2 All Complete

ITPRIPL1 2 27 26 Complete – 1 Partial Exon 2 to 3 (3)

RIF1 2 11 9 Complete – 2 Partial Exon 22 to 35 (35)

Exon 3 to 35 (35)

CXCL9 4 3 All Complete

MOB1B 4 6 All Complete

NSUN2 5 4 All Complete

ABCC10 6 2 All Complete

COL19A1 6 6 1 Complete – 5 Partial Exon 1 to 14 (51)

Exon 3 to 51

Exon 1 to 6 (51)

Exon 1 to 12 (51)

Exon 1 to 16 (51)

NCOA7 6 11 9 Complete – 2 Partial Exon 13 to 18 (18)

Exon 13 to 18 (18)

CDHR3 7 1 All Complete

CPA4 7 2 1 Complete – 1 Partial Exon 1 (11)

LSMEM1 7 4 All Complete

CA2 8 37 All Complete

ZNF16 8 2 All Complete

SLC1A1 9 2 All Complete

BTAF1 10 8 All Complete

DYDC1 10 11 All Complete

FCHSD2 11 5 All Complete

GCN1L1 12 2 All Complete

HOXC5 12 4 All Complete

PAH 12 1 All Complete

SLC35E3 12 5 All Complete
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MEDAG 13 1 All Complete

BRMS1L 14 6 All Complete

DDHD1 14 3 All Complete

NUPR1 16 7 All Complete

ATP9B 18 1 All Complete

ELOF1 19 2 All Complete

Table 2. Estimated degree of consanguinity found in this study

ID Number of chromosomes

with ROHs

Total number of

ROHs

Percentage of

inbreeding

Degree of relatedness

(Sund et al. 2009)

033 - P 2 3 1,48% Fifth

058 - P 2 2 0,5 % Fifth

067 - M 9 20 7,19 % Third

064 - M 8 14 5,11 % Third

070 - M 2 2 0,90 % Fifth

073 - P 10 14 7,30 % Third

074 - P 10 16 7,27 % Third

077 - M 2 2 0,71 % Fifth

077 - C 4 4 1,90 % Fifth

087 - P 3 5 1, 87 % Fifth

088 - P 8 12 4,75 % Third

121_6 - M 3 3 0,87 % Fifth

121_6 - C 5 11 4, 23 % Third- or fourth

131_6 - P 2 4 2,10 % Fourth- or fifth

002_7 - P 2 2 0, 83 % Fifth

145_7 - M 2 2 1, 06 % Fifth

151_7 - M 4 8 3,2 % Fourth

157_7 - M 3 4 2,6 % Fourth

Abbreviation: P = Father, M= Mother, C = Child

Out of the 30 genes CA2 and ITPRPIL1 were the two most found, being in 37 and 27 individuals,

respectively. The other genes were detected in maximum 11 individuals and the distribution of the other

genes and the number of ROHs per chromosome are detailed in figure 2.



10

From the visual analysis of the results, the number of fathers having ROHs is a little higher than the

number of mothers and child. In some individuals both parents and their child have equal regions of

homozygosity and therefore they are inherited regions (Table 3). Of the 137 individuals,11 cases share

the 70% to 100% of the regions of one or both parents. In 4 of the 11 cases the region was inherited from

the mother, in the other 5 cases was inherited from the father and in 2 cases mother and father has the

same region as their child. In other individuals only parents or children were seen, therefore their cases

could not be analyzed. Regarding the size of the ROHs of the 183 considered regions, 151 were between

1 and 5Mb, was is relevant for future considerations regarding the origin of the regions.

Figure 2. Genes and number of ROHs and their distribution among chromosomes

From these results, were choose and analyzed the duos (Father-child or Mother-child) (Table 3) that

shared the same region, to understand the origin of the regions of these 9 children. To do this, the alleles

of this child and their parents were obtained through the Genome Studio software, to compare and know

if the alleles of the son could be inherited, one from the mother and the other from the father. In all the 9

cases, on parent was homozygous like the children and the other heterozygous. From this it was possible

to prove that the regions of these 9 children are due to the inheritance of alleles by the father and the

mother. Additionally, children who do not have regions shared with parents were selected, a total of 35

cases where analyzed. From these cases was found that 34 cases have regions that can be explained by
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the inheritance of one allele by the father and the other allele by the mother. In one case, some but not

all the alleles of the child could be only inherited by the mother, but the fact that this has not been seen

in all the alleles, suggests that it is not a possible case of uniparental disomy and could be considered a

possible genotyping error.

Regarding the gender, was found that in cases the number of males was higher than females, with a result

of 13% of females vs 87% of males (Figure 3). In contrast, in unaffected males and females the difference

was smaller with a result of 48% of females vs 52% of males (Figure 4).

Table 3. Distribution of the regions of homozygosity (183) among fathers, mothers, children, and the regions

shared by children and their parents.

Gen Number of ROHs

found in fathers

Number of ROHs

found in mothers

Number of ROHs

found in child

Relationship

between individuals

CGN 1 2 2 No

USH2A 1 - 1 No

FEV 1 1 - No

ITPRIPL1 10 8 9 5 Duos *

RIF1 4 2 4 1 Duo

CXCL9 1 1 1 No

MOB1B - 3 3 No

NSUN2 - 4 - No

ABCC10 - 1 1 No

COL19A1 1 1 3 No

NCOA7 2 7 2 No

CDHR3 1 - - No

CPA4 - 2 - No

LSMEM1 1 1 2 No

CA2 14 10 13 2 Trios - 3 Duo

ZNF16 2 - - No

SLC1A1 1 1 - No

BTAF1 6 1 1 No

DYDC1 4 1 6 No

FCHSD2 2 1 2 No

GCN1L1 1 1 - No

HOXC5 2 - 2 No



12

PAH 1 - - No

SLC35E3 2 2 1 No

MEDAG 1 - - No

BRMS1L 1 3 2 No

DDHD1 1 2 No

NUPR1 3 3 1 No

ATP9B 1 - - No

ELOF1 - 1 1 No

Total1: 65 59 57 11

*Duo: Father and child or mother and child

1The total number is 181 because within the data two brothers of a child are reported and were excluded from this

count

Figure 3. Percentage of female and male present in cases

Male
87%

Female
13%

Gender of cases with ROHs

39 cases 6 cases
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Figure 4. Percentage of female and male present in controls

Discussion

Long contiguous Stretches of homozygosity have been shown to be one of the genomic elements that

can be studied to understand the complex and heterogeneous etiology of ASD. This because it is known

that the structure of ASD has a great variation in its genotypic and phenotypic expression. The genetic

identity of ASD can vary in commonness (common or rare variation), appearance mode (inherited vs. de

novo variation), type (single nucleotide or copy number variation) and mode of allelic action (dominant,

recessive, additive or subtractive) (Gaugler et al. 2014, De Rubeis & Buxbaum 2015). Today it is known

that genetic variation is responsible for over 50% of the risk of developing ASD (Hallmayer et al. 2011,

De Rubeis & Buxbaum 2015). Likewise, the phenotypic variation, including behavioral and cognitive

traits has a big spectrum, that makes difficult the search for a unique genetic risk factor or genetic cause.

In fact, it is also known that these neurodevelopmental disorders can be related and confused with other

disorder that has a similar genetic and phenotypic architecture (Yoo 2015, Brainstorm Consortium et al.

2018)

The high heritability in ASD has led to the search for new routes of investigation because the known

studies of copy number variants (CNV) and single nucleotide polymorphisms (SNPs) still provide little

Male
52%

Female
48%

Gender of controls with ROHs

65 controls 59 controls
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explanation (Constantino et al. 2012, Rylaarsdam and Guemez-Gamboa 2019, Woodbury‐Smith and

Scherer 2018). The new routes of investigation through the regions of homozygosity (ROH) has have set

their sights on recessive disease genes, and their relationship with ASD (Casey et al. 2012). The fact that

homozygous regions have different mechanisms of origin, and that much of them has an inherited

component, let us explore and understand a different origin of ASD. This route lets understand and

discover new recessive genes and mutations and understand the behavior of haplotype blocks in affected

individuals.

As it is known that autism has a great genetic component, in some cases it can be easily explained when

it is a case of inbreeding. Therefore, this aspect must be considered when trying to study a supposed

unrelated population, to do not fall into mistakes. In our study we estimated the degree of consanguinity

to check first if there were kids with related parents and second if children could be affected by a much

older inbreeding influence. In fact, it could be said that children in our study come from outbred parents,

but in contrast some parents that act as controls came from a much inbreeding population. This can

suggest that children could or not have a higher susceptibility if there is a much older inbreeding influence

in their family, but this must be evaluated more precisely.

Of the 30 genes found, the genes CA2 and ITPRPIL1 are the two most interesting because these genes

were found in the 35% of the homozygous regions. However, there is not a relevant and studied

relationship so far between the ITPRPIL1 gene and autism. But regarding the CA2 gene, it has been

found a relationship between this gene and autism in very few cases. Kiliç et al. (2014) reported that gene

mutations related with Carbonic Anhydrase Type II (CA2) Deficiency Syndrome has been found in

approximately 200 individuals up to the time of their study but just one case reported this syndrome and

autism. Nevertheless, in about the 65% of individuals with this syndrome an association with intellectual

disability has been found (Nagai et al. 1997, Hu et al. 1997, Awad et al. 2002, Kilic et al. 2014). The

above indicates that mutations in this gene can cause typical clinical features of carbonic anhydrase type

II deficiency accompany also by intellectual disability. This find is important, but the studies regarding

this gene suggest that the literature does not indicate a relevant association with autism, also because it

is known that autism is a group of disorders that can be originated by the interactions between multiple

genes (Kilic et al. 2014). It would be interesting if the behavior of these 30 recessive genes in this regions

could be evaluated and compared at the population level, in order to be compared with other populations

and thus establish patterns and differences between individuals of different ethnicities.



15

The regions of homozygosity that were found to be shared by one of the parents and their child, are

regions that the son inherited from his two parents and are not cases of UPD or consanguinity. For this

reason, it can be said that we are facing a case of haplotype blocks, that is one of the known mechanisms

by which a child can inherited a region from his outbred parents. Therefore, as Gibson et al. (2006)

claims, this mechanism can be explained because are regions with a low recombination rate thus regions

of high linkage disequilibrium. This mechanism of disequilibrium made the regions conserved for

generations making ancestral segments inherited persist over time. Furthermore, it should be noted that

although were found regions that were present only in children and not in their parents, no single regions

were found only in cases or controls, but that all the regions that were observed were present in both.

Starting from this it would be interesting to compare the alleles between cases and controls that have the

same regions and stablish if the haplotypes are the same between affected and unaffected individuals.

This because is expected by evidence in other studies that affected individuals should have higher

frequency of the same haplotypes in the regions surrounding a mutation compared with the frequency of

haplotypes in controls (Casey et al. 2012, The International HapMap Consortium 2003). It is also known

that regions that are between 1 and 5Mb are in most cases because of linkage disequilibrium of an ancient

origin, and this is a phenomenon that could be normal in many populations, as can be seeing in our

individuals.

In ASD it has been widely observed that men have a higher prevalence of neurodevelopmental disorders

than female, with a ratio of male-to-female 4:1. This event is unknown but has been explained through a

phenomenon called  female protective effect (FPE) that ensures that females need and have more genetic

variants than man, that makes that they need more etiologic load to have the same level of impairment

as males. What could be observed in the studied individuals was a greater number of affected men, but

in the other hand it was no proven that females have more or longer regions of homozygosity than males.

Therefore, in this study it is not evident the female protective effect. (Jacquemont et al. 2014, Robinson

et al. 2013)

As it is known by several studies, exome sequencing is an important tool to understand what is happening

with genes along the entire genome. This can bring the detailed information needed to see in the genes

of interest some new mutations, that can bring some clues about the origin of ASD in some affected

individuals. An additional important factor is that in most cases is not only one gene but various genes

that are affecting the children and causing de disease. That is why the blood samples of all the individuals
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with homozygosity regions of this study were send to the autism sequencing consortium for whole exome

sequencing, to do a future more detailed analysis of the genes in question.

In conclusion the study of regions of homozygosity in patients with ASD can bring some new routes of

understanding about the etiology of this disorders. On the one hand it allows the identification of

recessive genes and mutations which can be as important as the dominant ones. On the other hand, it

allows the identification of a possible inheritance pattern of regions and haplotype blocks that with the

entire allelic information will allow to understand a little more the relevance of these regions in the

genome.
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