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Excess of runs of homozygosity is associated with severe
cognitive impairment in intellectual disability
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Purpose: The harmful effects of inbreeding are well known by genet-
icists, and several studies have already reported cases of intellectual
disability caused by recessive variants in consanguineous families.
Nevertheless, the effects of inbreeding on the degree of intellectual
disability are still poorly investigated. Here, we present a detailed
analysis of the homozygosity regions in a cohort of 612 patients with
intellectual disabilities of different degrees.

Methods: We investigated (i) the runs of homozygosity distribution
between syndromic and nonsyndromic ID (ii) the effect of runs of
homozygosity on the ID degree, using the intelligence quotient score.

Results: Our data revealed no significant differences in the first anal-
ysis; instead we detected significantly larger runs of homozygosity

INTRODUCTION

Intellectual disability (ID) is one of the most common neuro-
psychiatric disorders and an unresolved health-care problem,
with a prevalence ranging from 1 to 3%.' The genetic causes
of ID have been largely investigated in the past decades,
but because of a male prevalence of ID, research was mainly
focused on X-linked forms until recently. Molecular karyotyp-
ing is the most common technique used today in ID investiga-
tion, and gross chromosomal abnormalities explain up to 15%
of the cases.” Despite this, more than 60% of patients have no
identifiable genetic cause.?

The recent introduction of next-generation sequencing tech-
nologies has opened new possibilities, making the detection
of causal variants more economical and faster. Recent stud-
ies have revealed that a significant proportion of sporadic ID
might be attributable to de novo mutations,** whereas only a
small number has shown recessive inheritance. In addition, the
vast majority of the studies focused on the role of autosomal
recessive variants considered only ID cases in consanguineous
families.*® The widespread availability of high-density single-
nucleotide polymorphism (SNP) array data in the past few years
has made possible the study runs of homozygosity (ROHs), long
genomic stretches of DNA inherited identical-by-descent from

stretches in severe ID compared to nonsevere ID cases (P = 0.007),
together with an increase of the percentage of genome covered by
runs of homozygosity (P = 0.03).

Conclusion: In accord with the recent findings regarding autism and
other neurological disorders, this study reveals the important role of
autosomal recessive variants in intellectual disability. The amount of
homozygosity seems to modulate the degree of cognitive impairment
despite the intellectual disability cause.
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the same ancestor that are directly correlated to the inbreeding
level.’ In this scenario, ROHs have become a powerful tool for
investigating the role of distant inbreeding in any population
on alarge scale. The cumulative effect of multiple recessive vari-
ants, as tested in ROH studies, plays an important role in the
etiology of complex diseases. Indeed, excess of ROHs has been
identified as a risk factor for Parkinson disease,'* Alzheimer
disease,'" schizophrenia,'? and also speech delay and autism.'>"
In this light, we have performed an ROH study on individu-
als affected by ID with two principal purposes: (i) to test the
amount of ROHs as a risk factor for syndromic features of ID
and (ii) to investigate the effect of ROHs on the degree of ID.

MATERIALS AND METHODS

We collected data for 668 (266 female and 402 male) affected
children from the pediatric clinics of four Italian hospitals
(IRCCS-Burlo Garofolo (TS), IRCCS-Casa Sollievo della
Sofferenza (FG), Citta della Scienza e della Salute (TO), and
IRCCS-Oasi Maria SS (EN)) that are specialized Italian ID
health services.

Probands were evaluated with a diagnostic algorithm to exclude
cases of nongenetic ID (Table 1) and were then classified as non-
syndromic ID (NSyn-ID), if the only clinical feature detected was
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Table 1 List of clinical examinations and exclusion criteria for the diagnosis of nonsyndromic ID

Examinations

Exclusion criteria

Anamnesis
Pre-/peri-/neonatal history

Specialist evaluations
Orthopedic
Ears, nose, and throat
Ophthalmological
Endocrinological
Dysmorphological and anthropometric

Instrumental evaluation
Brain MRI
Echocardiography
Abdominal ultrasound

Adverse events (HP;: 0001197)

Bone malformations (HP: 0003330)

Sensorineural hearing loss (HP: 000407)

Severe refraction disease (HP: 000539), fundus alterations (HP: 0001098)

Hormone alterations (HP: 0003117), urogenital malformations (HP: 0000119)

Major dysmorphisms (HP: 0001999), micro/macrosomia (HP: 0004322, HP: 0001548)

Major malformations (HP: 0012443)
Heart malformations (HP: 0002564)
Gastrointestinal (HP: 0011024), hepatic (HP: 0001392), splenic (HP: 0001743), and renal

malformations (HP: 0012210)
EEG Seizures (HP: 0001250) or EEG alterations (HP: 0002353)

Anamnestic, clinical, and instrumental evaluations necessary to define a nonsyndromic form of ID. Each feature is matched with the corresponding HP (Human Phenotype

Ontology) term.

EEG, electroencephalography; ID, intellectual disability; MRI, magnetic resonance imaging.

the ID, and as syndromic ID (Syn-ID), if additional anomalies
were detected. We also collected data regarding neurodevelop-
mental assessments using the intelligence quotient (IQ) that were
evaluated using developmental scales (Bayley III, Brunet-Lezine,
or Griffiths) or an intelligence scale (Weschler) according to the
age of the patients. We were able to collect IQ information for
only 368 subjects, thus excluding the remaining individuals from
all analyses using IQ. Individuals were then divided into a nonse-
vere ID case group (NSev-ID), for IQ ranging from 35 to 75, and
a severe ID case group (Sev-ID), for IQ less than 35.

Samples were genotyped using four SNP-array plat-
forms (Illumina San Diego, CA; HumanCytoSNP-12vl,
HumanCNV370v1, HumanOmniExpress-12v1, and Affimetrix,
Santa Clara, CA; Genome-Wide Human SNP 6.0), depending on
the health-care unit providing the samples. Standard genotyping
quality control was performed, removing low-quality markers
and samples (Supplementary Materials and Methods online).

Given that different ancestral populations have very dissimilar
homozygosity distributions,'* we performed principal compo-
nent analysis and removed outlier individuals (Supplementary
Materials and Methods online). After this step, we proceeded
with the detection of ROHs using the analysis toolset PLINK
(http://pngu.mgh.harvard.edu/~purcell/plink/).'* We searched
for continuous stretches of at least 100 homozygous autosomal
markers and a minimal length of 1 Mb. We chose 1 Mb as the
minimal ROH length because sparser arrays (HumanCytoSNP-
12vl and HumanCNV370v1) are not able to identify shorter
stretches. Individuals with ROHs totaling more than 6.25% of
the whole genome were excluded because they are typical of
descendants of close consanguineous marriages.'> Moreover, to
identify possible deletions that would be misclassified as ROHs,
we performed copy-number variation detection analysis using
PennCNV (http://www.openbioinformatics.org/penncnv/)."”

For each subject, we considered (i) the total amount of
homozygosity (KB), which is the total Kb spanned by all ROHs,
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(ii) the mean length of ROH segments (KBAVG), and (iii) the
presence of at least one ROH of size >5Mb.

To overcome differences in ROH distribution attributable
to the different array densities, we chose to perform a logistic
regression in each data set and then to combine the results in
a meta-analysis using a standard inverse variance method in
which the contribution of each data set was weighted and cor-
related with its size.” The rate of long ROHs in the two groups was
calculated regardless of the array type because all the arrays used
are able to detect them. The level of significance for the different
proportions of long ROHs in the two groups was obtained with
the x> test.

RESULTS

After a quality-control procedure, 19 individuals were excluded
for low-quality data, 37 were removed because of genetic outli-
ers, and 10 were identified as descendants of consanguineous
marriages. Moreover, we detected a total of 32 deletions, and
the corresponding genomic regions were excluded from further
analysis. At the end of these steps, we obtained a clean study
sample of 612 individuals. As expected, the distribution of KB
and KBAVG differed between the four arrays (Supplementary
Table S1 online).

We first investigated the correlation between homozygos-
ity and complexity of phenotype in ID cases. We regressed
the syndromic/nonsyndromic status of KB and KBAVG for
612 individuals (187 NSyn-ID and 425 Syn-ID), and no
association was detected for KB (odds ratio (OR) = 1.02;
confidence interval (CI) = 0.88, 1.20; P = 0.75) or for KBAVG
(OR = 0.99; CI = 0.94, 1.04; P = 0.71). The second part of
the study focused on the degree of ID (294 NSev-ID and 74
Sev-ID). We found significantly larger homozygous stretches
in Sev-ID as compared with NSev-ID cases, together with an
increased amount of global homozygosity, despite the lower
number of individuals as compared with that of the previous
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a
Data set n OR 95% ClI KB odds ratio
Affymetrix 6.0 71 117 [0.96; 1.44]
HumanOmniExpress 203 1.11 [0.98; 1.25]
HumanCNV370 40 075 [0.40;1.41] —————+—
HumanCyto 54 1.47 [0.77;2.81] —
Pooled estimate 368 1.12 [1.01;1.24] >
'
1
T * 1
0.5 1 2
b
Data set n OR 95% Cl KBAVG odds ratio
Affymetrix 6.0 71 1.10 [0.96; 1.26] —
HumanOmniExpress 203 1.10 [0.98; 1.25] ——
HumanCNV370 40 1.03 [0.40;1.14] ———
HumanCyto 54 110 [0.95;1.27] —
Pooled estimate 368 1.12 [1.02;1.14] e
i
T 1
0.8 1 1.25
Figure 1 Single data sets and combined analysis for global

homozygosity and mean length of ROH stretches. For each analysis, we
reported the number of individuals (n), the estimated changes in odds ratio
(OR), and the 95% confidence intervals (95% Cls). On right side, we reported
the meta-analysis forest plots. Squares represent the OR for each data set,
and their size is proportional to contribution of each data set; horizontal lines
are the respective Cls. The diamond represents the summary measurement.
In a, the result of global homozygosity analysis is reported, and an increase
of 10Mb in KB was considered. In b, the mean length of ROH is reported,
with the increase in KBAVG set to 100 Kb. In both cases, the summary
measurements were significantly >1, although it is clear that the signal is
stronger in b than in a. KBAVG, the mean length of ROH segments; OR, odds
ratio; ROH, run of homozygosity.

analysis. In Figure 1, we reported the OR for severe status
and the 95% CI from the single logistic regressions and the
meta-analysis. Notably, for every 10-Mb increase in total
homozygosity, the OR for severe status was increased by 12%
(OR =1.12; CI = 1.01, 1.24; P = 0.030). Moreover, there was
a strong association between KBAVG and the degree of ID
(OR =1.08; CI = 1.02, 1.14; P = 0.007). This means that for
every 100-kb increase in KBAVG, the OR for Sev-ID status
was increased by 8%.

To check for the presence of confounding factors, several
models were tested that included sex, the first three principal
components for possible population stratification, sample
origin, and Syn-ID/NSyn-ID status; statistical significance
for KBAVG was obtained for all the tests. The effect of larger
ROHs was confirmed by counting the number of subjects
with at least one ROH longer than 5Mb; the rates of those
subjects were 0.24 for Sev-ID patients and 0.12 for NSev-ID
patients (P = 0.0087). Such long ROHs accounted for 20% of
total homozygosity across Sev-ID individuals and for only
6% in NSev-ID individuals. Finally, we checked for ROHs
frequently present in Sev-ID as compared with NSev-1D, but
we did not find any significant association (Supplementary
Table S2 online).

398

GANDIN et al | ROHs and intellectual disability

DISCUSSION

The harmful effects of inbreeding are well known by geneticists.
Sons of consanguineous couples have an increased probability of
being affected by a recessive pathology attributable to identical-
by-descent mutations, and this predisposition is inversely cor-
related with the distance from the common ancestor. Although
it was first noted in fitness-related phenotypes, several recent
studies identified the amount and the size of ROHs, including
homozygosity arising from distant inbreeding, as an important
player in neurological disorders. Nevertheless, the way in which
ROHs contribute to the etiology of the disease is still unclear.

Following this approach, we tested the effect of ROHs on the
presence of syndromic features in individuals with ID who were
not descendants of consanguineous mating. Syndromic condi-
tions are more common in very close inbreeding and, although
one mutation can be the cause of Syn-ID, different features may
be attributable to multiple recessive homozygous mutations in
different genes. Based on our analysis, ROHs are not associated
with the complexity of the phenotype (e.g., malformations, sei-
zure, and microcephaly/macrocephaly). A possible explanation
is that in our cohorts the majority of syndromic cases were not
the result of multiple gene defects but instead were attributable
to single-gene ID syndromes. However, we detected significant
associations between both total quantity and mean length of
ROHs with the degree of ID, which is not biased by the pres-
ence of cases of extremely close inbreeding because, as a pre-
caution, these were removed from our data set. This correlation
between long ROHs and severity of ID is even stronger when
considering only ROHs larger than 5Mb. Not surprisingly, our
results are very similar to the effects of homozygosity on ID in
simplex autism."

The stronger effect of length with respect to total amount
of ROHs can be explained with two mechanisms. On the one
hand, we had limited data and we could not exclude an over-
estimation of the extent of the ROHs because of the lack of
array resolution and, for the same reason, we could not ana-
lyze ROHs shorter than 1 Mb. Because we were missing shorter
stretches, the associations were driven by long ROHs because
they are easily detected. On the other hand, it is possible that
longer ROHs, which arise from closer inbreeding, could have
a greater effect, leaving an open question regarding the influ-
ence of short ROHs on ID. According to Szpiech et al.,' who
reported an enrichment of deleterious variants in long ROHs in
healthy individuals, long stretches of homozygosity may con-
tain more likely damaging variants arising from close inbreed-
ing that have not yet been purged by selection. Those variants
may have an important role in ID modulation.

Further investigation would require testing our findings in a
larger cohort using whole-genome sequencing analysis. In this
way it would be possible to obtain a more accurate estimate of
the extent of ROHs, especially for short stretches. In addition,
our results indicate that homozygosity mapping on sequencing
data can be a valuable tool to identify genes involved in modula-
tion of the degree of ID. The most important consequence of this
study is probably that, despite the heterogeneity of ID causes in
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our cohorts (copy-number variation, insertions/deletions, and
single-nucleotide variations), the distribution of homozygosity
seems to have a significant impact on determining the severity
of impairment, implying an important contribution of recessive
genetics effects. This is not surprising because cognitive ability
is a very complex trait and its total variability is unlikely to be
determined by a single pathogenic mutation. Other environ-
mental and genetic factors could modulate the phenotype, and
one of the most important seems to be accounted for by ROHs.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the
paper at http://www.nature.com/gim.
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