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REPORT

Intellectual Disability Is Associated with Increased
Runs of Homozygosity in Simplex Autism

Ece D. Gamsiz,1,2,3,4,5 Emma W. Viscidi,1,2,6 Abbie M. Frederick,1,2 Shailender Nagpal,1,2

Stephan J. Sanders,7 Michael T. Murtha,7 Michael Schmidt,1,2,3,4

Simons Simplex Collection Genetics Consortium, Elizabeth W. Triche,6 Daniel H. Geschwind,8,9,10

Matthew W. State,7,14 Sorin Istrail,11 Edwin H. Cook, Jr.,12 Bernie Devlin,13 and Eric M. Morrow1,2,3,4,*

Intellectual disability (ID), often attributed to autosomal-recessive mutations, occurs in 40% of autism spectrum disorders (ASDs). For

this reason, we conducted a genome-wide analysis of runs of homozygosity (ROH) in simplex ASD-affected families consisting of a pro-

band diagnosed with ASD and at least one unaffected sibling. In these families, probands with an IQ % 70 show more ROH than their

unaffected siblings, whereas probands with an IQ > 70 do not show this excess. Although ASD is far more common in males than in

females, the proportion of females increases with decreasing IQ. Our data do support an association between ROH burden and autism

diagnosis in girls; however, we are not able to show that this effect is independent of low IQ. We have also discovered several autism

candidate genes on the basis of finding (1) a single gene that is within an ROH interval and that is recurrent in autism or (2) a gene

that is within an autism ROH block and that harbors a homozygous, rare deleterious variant upon analysis of exome-sequencing

data. In summary, our data suggest a distinct genetic architecture for participants with autism and co-occurring intellectual disability

and that this architecture could involve a role for recessively inherited loci for this autism subgroup.
Autism spectrum disorders (ASDs [MIM 209850]) represent

a heterogeneous group of neurodevelopmental disorders

with a wide range of cognitive function. Intellectual

disability (ID) (defined as an IQ % 70 and diminished

adaptive function) occurs in 40% of autism cases.1 Many

more males than females are affected by autism, but the

proportion of affected females is increased for affected

individuals with a lower IQ.1,2 Although there has been

substantial progress regarding de novo mutations, identifi-

cation of inherited loci in autism has been challenging.

Many related neurodevelopmental conditions such as ID

are associated with X-linked recessive and/or autosomal-

recessive inherited loci. To date, there have been few

genome-wide studies designed to examine excess homozy-

gosity in autism, particularly in pedigrees without recent

shared ancestry,3–7 which could indicate the effect of auto-

somal-recessive loci.

Because of the important role played by autosomal-

recessively inherited loci in ID and related neurodevelop-

mental disorders,8,9 in this study, we investigated a

possible role for autosomal-recessive loci through the

study of autosomal runs of homozygosity (ROH) with the

use of SNP arrays. We analyzed the Simons Simplex Collec-
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tion (SSC), composed of 2,108 North American simplex

ASD-affected families.10 These families were recruited for

the presence of a single affected offspring and were pheno-

typed for ensuring that siblings and parents were unaf-

fected (i.e., had no ASDs, learning disorders, broader

autism phenotypes, or related psychopathologies). We

were able to capitalize on the recruitment of the unaffected

sibling as a matched control to compare the burden of

ROH. We tested the hypothesis that ROH is associated

with affected status in those children with autism and

co-occurring ID. Our data indicate that ROH is associated

with affected status in individuals with a full-scale

IQ % 70 and also that low IQ is a predictor of increased

ROH. Although girls with autism appear to have a higher

burden of ROH than do their same-sex unaffected siblings,

our data cannot discern whether this association between

female gender in autism and increased ROH is indepen-

dent of low IQ. Overall, our analysis supports significant

differences in the genetic architecture for children with

autism and low IQ. Although other causes are possible,

the simplest explanation for increased ROH is that auto-

somal-recessive loci play an important part in the genetic

susceptibility to autism with co-occurring ID.
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At the time of writing this manuscript, the SSC data set

included 2,108 genotyped families. All research was

approved by the appropriate institutional review boards,

and informed consent was obtained. The pedigree struc-

ture involves one affected child per pedigree (i.e., simplex)

for a total of 3,941 children. Of these pedigrees, 1,656 had

a quartet structure with unaffected parents, one proband,

and one unaffected sibling. The remaining 452 families

were trios without an unaffected sibling and were not

analyzed in the case-control study. The overall male-to-

female ratio for probands was 6.4:1, and for probands

with an IQ % 70, the male-to-female ratio was 4.7:1.

Phenotype and ancestry information can be found in

recent publications.10,11 Girls with autism appear to be

lower functioning than boys in this SSC sample, as has

been described previously for other data sets.12 The average

full-scale IQwas 82.9 for boys and 75.3 for girls (p< 0.001).

Composite scores on the Vineland Adaptive Behavior Scale

were 73.4 for boys and 71.4 for girls (p < 0.001). Affected

boys and girls had equivalent calibrated Autism Diagnostic

Observation Schedule (ADOS) severity scores: 7.4 for boys

and 7.4 for girls (p ¼ 0.68).

Noting that the parents do not have known shared

ancestry, we evaluated autosomal homozygosity as a

potential marker of autosomal-recessive loci in this SSC

cohort. Individuals in the SSC were genotyped on one of

three different array versions—Illumina 1Mv1 (327 fam-

ilies), Illumina 1Mv3 Duo (1,159 families), or Illumina

HumanOMNI 2.5 (622 families)—at the Keck Foundation

Yale Center for Genomic Analysis. Members of each family

were analyzed on the same array version.11 Illumina 1Mv1

and 1Mv3 Duo have 1,040,853 probes in common (97% of

probes in the 1Mv1 and 87% of probes in the 1Mv3).11 The

HumanOMNI 2.5 array has 2,450,000 probes, including

single-nucleotide variants (SNVs) with a minor allele fre-

quency down to 1%. For the HumanOMNI 2.5 arrays,

rare SNVs with an allele frequency below 2.5% were

removed for the elimination of spurious calls of homozy-

gosity due to the largely monomorphic major allele of

these variants. In the Illumina 1Mv3 Duo array, 53,405

CNVi probes were excluded in ROH analysis.

We used PLINK version 1.0713 to identify autosomal

ROH. To prevent the program from underestimating

ROHs as a result of an occasional genotyping error or

missing genotype, we allowed one heterozygous and five

missing calls per window. We analyzed a range of mini-

mum segment lengths, including 1,000 kb, 1,750 kb,

2,000 kb, 2,500 kb, 3,000 kb, and 3,500 kb, as the lower

thresholds for calling a ROH (Figure 1 and Table S1, avail-

able online). Data from the X and Y chromosomes were

not analyzed.

We ensured that measurements of ROH were not con-

founded by large copy-number variants (CNVs) (i.e.,

genomic deletions that appear as a segment of homozygos-

ity but actually reflect hemizygosity). First, we discovered

59 children for whom a ROH call (minimum segment

size of 1,000 kb or larger) was actually a large CNV. These
104 The American Journal of Human Genetics 93, 103–109, July 11, 2
segments of hemizygosity were removed from the ROH

data set. Second, we examined the logR data regarding

probe intensity for the probes contained within all blocks

of ROH for skewness toward nonzero values (Figure S1). By

this method, we found little evidence to suggest that anal-

ysis of ROH was confounded by overlapping CNVs. Third

and finally, the size of ROH argued against false-negative

CNV calls. For example, 40% of study participants had at

least one ROH with a minimum segment size greater

than 2,500 kb. CNV calling methods are excellent at pre-

dicting CNVs of this large size (positive predictive value

of 96%11). Notably, the proportion of autism probands

with CNVs of this size was far lower than 40% at

<2.3%.11 Finally, we examined the logR data directly for

the most recurrent ROH intervals in autism for each rele-

vant family, and these data did not support the presence

of large CNVs within these ROH intervals (Figures S2–S5).

From the outset, we chose for our major analyses to

involve strictly within-family studies. The family-based

discordant sibling-pair design of the SSC study allows for

proband-sibling comparisons that mitigate a wide range

of technical and methodological confounders, such as

those introduced by differences in ancestry.14 When we

compared total burden of autosomal homozygosity

between affected children and unaffected children across

the study without regard to family, we did not observe dif-

ferences (data not shown). As our major analysis, we

compared ROH measurements between affected partici-

pants and their matched unaffected siblings. In addition,

we stratified the discordant sibling pairs into two groups:

those with probands with a full-scale IQ % 70 and those

with probands with an IQ > 70. We varied the minimum

size limit for the definition of ROH between 1,000 and

3,500 kb (Figure 1 and Table S1). As the lower limit of

the final segment for ROH is increased, the expectation is

that the blocks are derived from a more recent shared

ancestor. At a minimum final segment size of 1,000 kb or

greater, every participant in the study had at least one

ROH (Table S1). At an increased minimum segment size

of 1,750 kb, 2,500 kb, and 3,500 kb, the proportion of con-

trols with at least one ROH decreased to 86.2%, 37.5%, and

10%, respectively (Table S1). Conditional logistic regres-

sion contrasted probands with their designated siblings

for the number of ROH blocks, total length of ROH, and

average block size. (Similar results were obtained from

the Wilcoxon matched-pairs signed-rank test.)

We discovered that affected status is associated with an

increased burden of ROH in probands with an IQ % 70.

As the minimum block size was increased, we observed

that the ROH burden was higher in affected probands

with an IQ% 70 than in their unaffectedmatched siblings,

but no such excess was seen for an IQ > 70 (Figure 1 and

Table S1). For example, at a minimum segment size

R 2,500 kb, the total burden of ROH in probands with

an IQ% 70 was 1.323 greater than that of their unaffected

siblings (p ¼ 0.03) (Figure 1A). By contrast, the ratio of the

ROH burden in affected versus unaffected siblings in the
013



Figure 1. The Burden of Autosomal ROH Is Higher in Autism-Affected Individuals with IQ% 70 than in Unaffected Siblings in Simplex
Pedigrees
Autosomal ROH burden was higher in probands with an IQ % 70 (blue) than in unaffected siblings in the SSC data set. This effect was
not observed in probands with an IQ > 70 (red). Each ratio is plotted for different minimum segment sizes used for determining a
block of ROH. Asterisks represent the statistical test if the point is different from a ratio of 1, i.e., the proband and unaffected sibling
have equal values (p value < 0.05). Specific p values are presented in Table S1. Conditional-logistic-regression analysis in STATA version
11.1 was performed for comparing probands to their designated siblings. Error bars represent the SEM. Ratios were computed in
STATA version 11.1 with standard errors. z symbols represent the statistical test if the IQ % 70 curve is different from the IQ > 70 curve
(p value < 0.05). A one-way ANOVA was performed for comparing all data points for IQ % 70 and > 70. The ANOVA p value was 0.01
for (A) and (B). The number of discordant sibling pairs, indicated by n, contributed to the data. Further information regarding this
association analysis can be found in Table S1.
(A) The ratio of total length of ROH per individual for probands compared to designated unaffected siblings is plotted.
(B) The ratio of the average number of blocks per individual for probands compared to designated unaffected siblings is plotted.
(C) The ratio of the average block size per individual for probands compared to designated unaffected siblings is plotted.
(D) The ratio between the proportion of probands with at least one ROH block and the proportion of designated unaffected siblings with
at least one ROH block is plotted.
cohort with a proband IQ > 70 was 1.01 (p ¼ 0.89). The

average number of ROH seems to be the major factor

associated with the increased burden (Figure 1B) because

the average length of ROH and proportion of subjects

carrying ROH segments were only negligibly higher than

those of the controls (i.e., ratios were generally less than

1.1) (Figures 1C and 1D). We also studied IQ < 55 in

autism. Relative to their unaffected siblings, probands

with an IQ < 55 were observed to have rising ROH burden

with increasing minimum segment sizes. We ran con-

ditional-regression analysis to test the statistical signifi-

cance, and when the minimum segment sizes were

between 1,000 and 1,750 kb, statistical significance was ob-

tained (p < 0.05). Compared to that of controls, the ROH

burden for probands with an IQ from 55 to 70 increased

substantially between the minimum segment sizes of

1,000 and 3,500 kb. However, because of the low sample

size (n ¼ 208), statistical significance was not obtained

(Table S2). The same trend was observed for the average

number of blocks (Table S2).
The Am
As has been true for other forms of genetic variation,

such as CNVs, ROH segments are widely distributed across

the entire genome (Figure 2). There exist genomic regions

that contain more ROH in affected probands than in

controls. Despite the large sample size, the statistical signif-

icance for any given single locus failed to survive conserva-

tive genome-wide correction (Figure S6). The most highly

recurrent locus reached p values between 0.015 and

0.0383. The complete set of loci and candidate genes recur-

rent in autism (with a p value less than 0.2) is shown in

Table S3. Of note, several regions contain only a single

gene or very few genes. The genes implicated in this

way include CADM2 (MIM 609938) on chromosome 3,

PLCXD3 and FGF10 (MIM 602115) on chromosome 5,

and UNC5D and RIPK2 (MIM 603455) on chromosome 8.

Interestingly, both CADM2 and FGF10 have been previ-

ously implicated as candidate genes by a homozygosity

approach in autism.4 Also of note, one region on chromo-

some 8 contains TRAPPC9 (MIM 611966), a gene known to

be mutated in autosomal-recessive ID.15–17 Overlapping
erican Journal of Human Genetics 93, 103–109, July 11, 2013 105



Figure 2. Genome-wide Distribution of
ROH Blocks for the Minimum Final
Segment Size of 2,500 kb According to
Disease Status
Genome-wide distribution of ROH blocks
for the minimum final segment size of
2,500 kb is shown and was created with
Idiographica (see Web Resources). Chro-
mosomes X and Y were excluded from
the analysis. All ROH blocks, which occur
at least once in a subject, are shown.
blocks in four examples of recurrent regions and relative

logR and B allele frequency (BAF) values are shown in Fig-

ures S2–S5. According to relative logR and BAF data for all

relevant families, we were unable to detect any CNVs or

heterozygous regions for the probands for whom the

ROH blocks were called.

Further, we investigated whether there are homozygous,

rare deleterious coding variants in any of the genes within

intervals in which ROH was more common in affected

probands than in their control siblings (Table S4) by using

available exome-sequencing data for the SSC data

set.18,19,20 Although sequence data were only available

for a subset of the participants in this study, we were able

to find several candidate mutations. We identified putative

deleterious, homozygous missense variants in affected

individuals in two distinct dynein-encoding genes. For

example, one affected individual (with an IQ of 28)

exhibited a homozygous missense variant (a highly con-

served uncharged glutamine to positively charged histi-

dine in dynein, axonemal, heavy chain 7 [DNAH7 (MIM

610061)]) that transmitted in the pedigree, i.e., was homo-

zygous in the proband. We also identified putative delete-

rious, homozygous variants in BMP3 (MIM 112263) and

BMP5 (MIM 112265) in two different affected individuals

(Table S4). Determining a potential role in disease for

each of these variants will require further investigation.

We next set out to investigate genotype-phenotype cor-

relations for ROH in the group of affected individuals in

the SSC. Across four groupings of participants (females

with and without ROH and males with and without

ROH), we examined the association between ROH (defined

as a segment R 2,500 kb) and IQ measures, Vineland

Adaptive Behavior Scale scores, the presence of epilepsy,

and autism measures such as the Autism Diagnostic Inter-

view, Revised (ADI-R), the ADOS, and the calibrated ADOS

severity score. We conducted bivariate analyses to deter-
106 The American Journal of Human Genetics 93, 103–109, July 11, 2013
mine the association between group

(ROH or non-ROH) and phenotypic

characteristics. For continuous vari-

ables (cognition, adaptive func-

tioning, and autism symptoms), the

mean and SD were calculated in

each group. We used the generalized

linear model to compute least-squares

means for each group. We calculated
the p values for differences of the least-squares means to

compare groups to each other. For categorical variables

(epilepsy), we calculated the number and percentage in

each group and computed a chi-square p value.

Within the autism cohort, we noticed a strong statistical

association between ROH andmeasures of intellectual (IQ)

and adaptive (Vineland) function, but not measures of

autism symptoms or severity (Figure 3). With a minimum

ROH R 2,500 kb, girls with ASD and carrying at least one

ROH consistently demonstrated lower IQ and Vineland

scores than did other groups. For example, the mean full-

scale IQ for probands was 81.9 for the entire sample and

74.0 for female probands with ROH (Figure 3 and Table

S5). Relative to ASD males without ROH, ASD boys with

ROH also showed statistically significant impairment in

cognition and functioning (Figure 3 and Table S5). Males

with autism and ROH had IQ levels approximately five

points lower than did autism boys without ROH (IQ of

80.2 with ROH versus IQ of 84.4 without ROH, p ¼
0.002). Based on ADI-R and ADOS scores, autism symp-

toms did not show distinct differences across these groups

(Figure 3 and Table S5). Of note, the highest rate of epilepsy

was also observed in girls carrying at least one ROH (6.8%)

as compared to affected females without ROH (1.2%) (p <

0.02, chi-square ¼ 6.232, 1 degree of freedom).

Given the increase in proportion of girls with autism in

the IQ% 70 group, we tested the hypothesis that girls with

autism have an increased burden of ROH regardless of IQ

level, but this contrast was not significant (data not

shown). Given the possibility of reduced penetrance of

autism susceptibility loci in females compared to males,

we then strictly tested same-sex-discordant sibling pairs.

As shown in Figure S7, compared to their same-sex sib-

lings, girls with autism revealed a statistically significant

burden of ROH (p < 0.01), whereas relative to their male

unaffected siblings, boys with autism did not show this



Figure 3. Children with Autism and Autosomal ROH Have Lower Cognitive Function and Adaptive Function
(A) Comparison of IQ tests for autism probands with and without autosomal ROH (minimum final segment size of 2,500 kb). The y axis
indicates the mean score, and error bars represent the SEM.
(B) Comparison of adaptive functioning based on Vineland scores for autism probands with and without ROH (minimum final segment
size of 2,500 kb). The y axis indicates mean composite scores for each group, and error bars represent the SEM.
(C) Comparison of autistic symptoms based on ADOS scores for autism probands with andwithout ROH (minimumfinal segment size of
2,500 kb). The y axis indicates mean ADOS scores for each group, and error bars represent the SEM.
(D) Comparison of autistic symptoms based on ADI-R scores for autism probands with andwithout ROH (minimumfinal segment size of
2,500 kb). The y axis indicates mean ADI-R scores for each group, and error bars represent the SEM.
All tests were conducted in SAS version 9.2. Statistically significant p values (<0.05) are shown in the graphs. Further information
regarding phenotype-genotype analysis can be found in Table S5.
pattern (Table S6). However, when we conducted statistical

models for predictors of ROH by using logistic-regression

analysis, only ID was independently associated with ROH

burden (Table S7). Although female gender might be asso-

ciated with increased ROH in autism, we were not able to

disentangle female gender from low IQ with regard to

this association with increased ROH in autism (Table S7).

Many genome-wide studies have focused on de novo

genetic variants that confer risk in autism; however, in

the current study, we have potentially identified an

inherited component of the genetic architecture. The

methods of Kong et al.21 estimate that a block of homo-

zygosity that is 2,500 kb dates to a common ancestor

approximately 40 generations back in the pedigree, or

approximately 1,000 years ago (Figure S8A). We also esti-

mated the generational age of ROH blocks with a mini-

mum segment size of 2,500 kb for probands and siblings

(Figures S8B and S8C). The effect size of the genome-

wide burden measures appears to decrease with the addi-

tion of older and smaller loci, suggesting that as a group,

more recent ROH blocks have a greater effect size (Figure 1).

On the basis of these estimates, it is evident that these

inherited ROH risk loci are distinct from the de novo vari-

ation in the genetic architecture.
The Am
In summary, we conducted a genome-wide analysis of

ROH in the SSC data set and present two principal find-

ings. First, autism involving ID is associated with an

increased burden of ROH in affected probands compared

to unaffected siblings in these simplex pedigrees. Second,

among affected probands, we observed a strong association

between autosomal homozygosity and the level of intellec-

tual and adaptive function. Individuals with lower func-

tioning appear more likely to harbor at least one large

block of homozygosity. Relative to prior studies of homo-

zygosity in autism or other neuropsychiatric disease, our

study has several strengths. Our data set capitalizes on

the internal sibling control that circumvents the chal-

lenging confounds regarding population stratification, a

luxury other studies did not have. Our study argues that

autosomal-recessive loci might contribute to an important

part of the genetic architecture of autism in low-IQ pro-

bands at least in simplex autism. In addition, we present

data that support a model involving a distinct genetic

architecture in girls and autism-affected individuals with

low IQ. Our data are consistent with the possibility that

the effect seen in girls is principally driven by level of IQ.

The mechanisms through which ROH loci confer sus-

ceptibility to autism involving ID remain to be proven.
erican Journal of Human Genetics 93, 103–109, July 11, 2013 107



Much of the excess ROHmight map onto a heterogeneous

group of recessive loci, that is, a series of loci wherein loss-

of-function or hypomorphic alleles are homozygous and

thereby confer disease susceptibility. In addition to loss-

of-function alleles, homozygous hypermorphic alleles

might also confer susceptibility to disease. Further, as

opposed to coding variants alone, variants that alter

gene-expression levels might be particularly pertinent.

In several ways, ROH loci appear comparable to large

genomic CNVs that are well known to be associated with

autism and ID.22 Similar to ROH, CNVs are heteroge-

neously distributed across the genome and can confer

reduced dosage (deletions) or increased dosage (duplica-

tions) mechanisms. Another possible interpretation

regarding ROH loci is that, like CNVs, some ROH loci

can have features of a contiguous gene disorder. Instead

of a single variant’s conferring disease susceptibility, there

might be additive or interactive effects of contiguous vari-

ants within an ROH interval. Further analysis of DNA

sequence within ROH loci will be required for identifying

and/or distinguishing the mechanisms by which ROH

might confer susceptibility to low-IQ autism as observed

here.
Supplemental Data

Supplemental Data include eight figures and seven tables and can

be found with this article online at http://www.cell.com/AJHG.
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