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Abstract

Background: Establishing a genetic diagnosis for individuals with intellectual dis-
ability (ID) benefits patients and their families as it may inform the prognosis, lead to
appropriate therapy, and facilitate access to medical and supportive services. Exome
sequencing has been successfully applied in a diagnostic setting, but most clinical
exome referrals are pediatric patients, with many adults with ID lacking a compre-
hensive genetic evaluation.

Methods: Our unique recruitment strategy involved partnering with service and
education providers for individuals with ID. We performed exome sequencing and
analysis, and clinical variant interpretation for each recruited family.

Results: All five families enrolled in the study opted-in for the return of genetic
results. In three out of five families exome sequencing analysis identified pathogenic
or likely pathogenic variants in KANSLI, TUSC3, and MED13L genes. Families dis-
cussed the results and any potential medical follow-up in an appointment with a
board certified clinical geneticist.

Conclusion: Our study suggests high yield of exome sequencing as a diagnostic tool
in adult patients with ID who have not undergone comprehensive sequencing-based
genetic testing. Research studies including an option of return of results through a
genetic clinic could help minimize the disparity in exome diagnostic testing between
pediatric and adult patients with ID.
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1% (Maulik, Mascarenhas, Mathers, Dua, & Saxena, 2011). ID
can be caused by genetic or non-genetic factors, such as con-

Intellectual disability (ID) is a lifelong condition that manifests
early in childhood and is characterized by below-average gen-
eral intellectual function and limitations in learning, adaptive
behavior and skills (Salvador-Carulla et al., 2011). The preva-
lence of ID across the world varies but is estimated to be around

genital infections, perinatal asphyxia or trauma, or prenatal
exposure to environmental toxins or teratogens. Establishing
a genetic diagnosis of ID can benefit patients and their fami-
lies, as it may inform the prognosis, preclude further unneces-
sary testing, and lead to appropriate therapy, change of care or
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monitoring strategies and facilitate access to appropriate medi-
cal and supportive services (Adams & Eng, 2018). In addition,
such information may inform recurrence risk and play an im-
portant role in family planning.

At the beginning of the last decade routine genetic testing
for individuals with ID comprised genome-wide microarray
analysis and phenotype guided single gene analysis (Miller
et al., 2010). Utilizing these tests resulted in a genetic diagnosis
in about 10%-20% of individuals (Baker, Raymond, & Bass,
2012). Targeted next-generation sequencing (NGS) gene pan-
els are commonly used in the clinic today due to their lower
cost compared to exome and better insurance coverage. Gene
panels typically include several hundred to thousands of genes
and have a diagnostic yield around 21% (Pekeles et al., 2019).
More recently exome sequencing has been applied in a research
setting for novel ID gene discovery as well as diagnostic setting
with great success. Diagnostic rates of up to 60% have been re-
ported, dependent on setting, gender, and severity of the pheno-
type (Bowling et al., 2017; de Ligt et al., 2012; Mir & Kuchay,
2019; Willemsen & Kleefstra, 2014).

To date, the majority of clinical exome referrals are pedi-
atric patients, with adults comprising only 12%—-16% (Farwell
et al., 2015; Yang et al., 2014) in reported cohorts. One rea-
son for this is that many genetic ID conditions are first recog-
nized in early life when a child is noted to be delayed or have
dysmorphic features, for example. In contrast, adult medical
training does not formally instruct clinicians on when a ge-
netics evaluation would be appropriate (Maves, Williams,
Williams, Levonian, & Josephson, 2007). Furthermore, in
some individuals the causative disorder may not have been
described until recently, long after any genetics workup was
done. As a consequence, most adults with ID who have had
access to genetic testing as children have likely had the less
comprehensive older tests, for example, karyotype, microar-
ray, or single-gene analysis and are lacking a more compre-
hensive genetic evaluation. An illustrative case study of a
55-year-old adult recently diagnosed with Xia-Gibbs syn-
drome, previously only described in pediatric patients, shows
how exome sequencing can bring new knowledge to families,
aiding both the diagnosed adult and younger individuals who
can then develop more informed prognoses (Murdock et al.,
2019). Recently studies of adults with epilepsy and comorbid
ID reported the yield of diagnostic exome testing in the range
of 25%-27% (Benson et al., 2020; Snoeijen-Schouwenaars
et al., 2019). We predicted that many other adults living with
ID might now be able to be diagnosed with modern methods
but are not readily accessing the tests due to a lack of access
to care or knowledge of new opportunities.

To specifically reach undiagnosed adults, we designed a
recruitment strategy to involve service and education provid-
ers for individuals with ID. Our study is at the intersection of
research and clinical diagnostics and involves participants as
engaged partners with the option of return of genetic results

in a CAP/CLIA certified environment. Our aim was to de-
termine the feasibility of this recruitment approach, and to
utilize exome sequencing analysis to estimate the frequency
of positive genetic diagnosis in adults with an ID of any se-
verity, including mild ID.

2 | METHODS
2.1 | Editorial policies and ethical
considerations

The study was approved by the institutional review board
at Baylor College of Medicine (Institutional Review Board
protocol # H-42789), and written, informed consent was ob-
tained from all participants in the study. For the participants
with ID the informed consent was obtained from a parent or
a legal authorized representative.

2.2 | Recruitment and study participants

A brochure describing the study, enrollment criteria, and
risks and benefits of participating was sent via email and
postal mail to the clients of the Arc of Greater Houston, a
community outreach, and service provider for individu-
als with ID. To be eligible for the study individuals had to
be adults (>18 yo), with a diagnosis of ID, and without an
established genetic diagnosis. Individuals with all levels of
ID severity, from mild to profound, were included. Initial
screening interview was conducted to exclude individuals
with an already established genetic diagnosis and individu-
als with known non-genetic cause of ID (e.g. stroke, severe
prematurity, prenatal or perinatal infections). Both parents
were recruited when available for full parents-child trios.
Each family answered a questionnaire covering a detailed
review of ID and related phenotypes, prenatal and perinatal
history and exposures, information about any genetic testing
conducted previously, and family history of ID. Each family
had a choice to consent or decline return of genetic results.
In cases with a genetic finding, the family was re-contacted,
the result confirmed in a CAP/CLIA certified laboratory and
interpreted and shared with the family in a clinical setting by
a board-certified clinical geneticist. The pilot phase of the
project included 11 participants (5 families): two full trios,
two proband + one parent duos, and one proband.

2.3 | Sample collection, exome
sequencing, and variant interpretation

Saliva samples were collected using Oragene DNA saliva
kits following manufacturer guidelines. Genomic DNA was
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TABLE 1 Family reported phenotype PR #1 PR#2 PR# PR#4 PR#S
description for all participants in the study
(PR = proband) 1Q 67-69 30 55 64 68
Significant problems with self-feeding, v v
toileting, dressing
Language disability 4 v
Social interaction problems v v 4
Difficulties with memory and logical 4 v v 4
reasoning
Inattention v v
Microcephaly v v
Sleep disturbances v v
Visual impairment v v
Hearing deficits v 4
Hypotonia v v 4 4
Skeletal abnormalities v 4 4

extracted from saliva according to standard procedures. Exome
sequencing was performed on all 11 participants according to
previously described methods (Lupski et al., 2010). Briefly,
genomic DNA samples underwent exome capture with Baylor
College of Medicine VCRome 2.1pk whole exome design,
and were then sequenced on the Illumina NovaSeqplatform.
Sequencing reads were aligned and mapped to the human
genome reference sequence (hgl9) with the in-house bioin-
formatics Mercury pipeline (Reid et al., 2014). Single nucleo-
tide variants (SNVs) and short Indels were identified using
Platypus (Rimmer et al., 2014). Variants were annotated
using Annovar software (Yang & Wang, 2015), including
variant type (stop gain or loss, amino acid changes, splice site
variants), minor allele frequencies in gnomAD population
databases (Karczewski et al., 2020), and multiple in silico pre-
dictions of variant deleteriousness (CADD, DANN, PolyPhen,
SIFT, MutationTaster). Gene-centric annotations included
pLI scores from gnomAD (probability of being loss-of-func-
tion intolerant) (Genome Aggregation Database Consortium
et al., 2020), and Domino database AD score (probability
of a gene to be associated with autosomal dominant condi-
tion) (Quinodoz et al., 2017). Copy number variants (CNVs)
were identified using XHMM (Fromer & Purcell, 2014) and
additional 270 internal control samples, and annotated with
overlapping gene information using custom in-house scripts.
Variant filtering and prioritization strategy utilized available
trio information to prioritize de novo, rare (MAF < 0.1%) ho-
mozygous, and compound rare heterozygous protein altering
variants (PAV: stop gain and loss, nonsynonymous and splice
site SNVs, and frameshift indels). CNVs that overlapped cod-
ing exons and were identified in probands only were flagged
as candidate variants. For families where complete trio was
not available, we prioritized all rare homozygous PAVs, as
well rare heterozygous PAV variants in genes with pLI score
>0.9 or domino AD score >0.7.Findings were evaluated

according to the American College of Medical Genetics and
Genomics (ACMG) criteria for variant pathogenicity interpre-
tation (Richards et al., 2015).

2.4 | Candidate variants validation

Candidate SNVs and their inheritance were validated by
an orthogonal DNA-sequencing method. Target amplicons
were amplified from genomic DNA using conventional PCR
(HotStarTagDNA polymerase, QIAGEN) and PCR amplifi-
cation products were analyzed by Sanger sequencing using
established methods. Candidate CNVs were validated using
multiplex ligation-dependent probe amplification (MLPA)
by applying MLPA kit P443-A1 (MRC-Holland). MLPA
tests were carried out according to the manufacturer's pro-
tocols, and analysis was done using the MLPA module of
Coffalyser.Net software (MRC-Holland).

3 | RESULTS

3.1 | Recruitment and study participants

The study brochure was sent to approximately 180 families
by the Arc of Greater Houston staff. The research study staff
was contacted by 13 families that were interested in partici-
pating in research. Five families met the eligibility criteria
and were enrolled in the study. All 5 families opted-in for the
return of genetic results. Additional five families were not
eligible for the study; two participants had a previously estab-
lished genetic diagnosis, two had known non-genetic causes
of ID (severe prematurity and stroke) and one participant did
not have an ID diagnosis. One family was eligible but de-
clined to participate citing privacy concerns, and two families
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might be enrolled at a later date. Phenotype descriptions for
individuals with ID are summarized in Table 1, and details
of the molecular findings are outlined in Table 2. Pedigree
charts are provided in Figure S1.

3.2 | Family #1
Proband #1 was a 40-year-old Caucasian male with a diag-
nosis of ID. His mother reported an 1Q score of 67-69, social
interaction problems, difficulties with memory, problem-
solving, and logical reasoning, macrocephaly, mild visual
impairment (strabismus and hyperopia), mild hearing deficit,
and hypotonia. The proband had distinctive facial features
including epicanthal folds, ptosis, mildly upslanted palpebral
fissure, high nasal bridge, broad nasal root, bulbous nose
(Figure 1a). Previous nondiagnostic testing included a normal
male karyotype (46, XY) and negative Fragile X syndrome
testing. Prenatal and perinatal history were unremarkable and
there were no known exposures that could explain his ID.
Both proband and his mother were recruited for the study.
The CNV analysis of exome sequencing data identified
a heterozygous 310 kb deletion (chr17:43861911-44172068,
hgl19) at 17g21.31 in the proband absent from his mother,
other cases in the study, and 270 additional control samples.
The deletion contained the coding exons of CRHRI, SPPL2C,
MAPT, STH genes, and exons 3—15 (NM_001193466) of the
KANSLI (KATS regulatory NSL complex subunit 1) gene.
The deletion was validated in the proband using MLPA
probes specific for KANSLI gene. The MLPA also confirmed
that the mother did not carry the deletion, but the biological
father was not available to ascertain de novo status. A sub-
sequent chromosomal microarray (CMA) showed a slightly
larger 505 kb deletion (chr17:43707119-44212391) encom-
passing the same KANSLI exons. Heterozygous deletions at
17921.31 have been shown to cause Koolen-de Vries syn-
drome (KdVS, OMIM #610443), a clinically heterogeneous
disorder characterized by hypotonia, developmental delay,
moderate ID, and characteristic facial dysmorphism (Koolen
etal., 2012).

3.3 | Family #2

Proband #2 was a 39-year-old Caucasian male with a diagno-
sis of ID. His mother reported an 1Q score of 30, significant
problems with toileting, language disability, social interac-
tion problems, difficulties with memory, problem-solving,
and logical reasoning, attention deficit hyperactivity disor-
der, occasional aggression, microcephaly, hypotonia, high
pain threshold, skeletal abnormalities, hypothyroidism, and
rheumatoid arthritis. The proband had negative Fragile X
syndrome test but no other genetic testing had been done.
Prenatal and perinatal history were unremarkable without any
known exposures. The proband had three healthy siblings.
Both parents and the proband were recruited for the study.
Our variant prioritization strategy identified a homozygous
stop-gain variant ¢.992C>A; p.Ser331Ter (NM_006765.3) in
Tumor suppressor candidate 3 gene (TUSC3) in the proband.
Both parents were heterozygous for the variant, and there
was no evidence of consanguinity. The variant and its inher-
itance were confirmed by Sanger sequencing. This variant
was observed at an ultra-low frequency in the general popula-
tion (gnomAD database MAF = 0.009%, 25/282,626, no ho-
mozygous). This variant has been reported previously in the
hemizygous state in an individual with ID and autism where it
was in trans with a TUSC3 gene deletion (Jones et al., 2013).
Biallelic pathogenic variants in TUSC3 gene have been re-
ported to cause autosomal recessive ID (OMIM # 611093) in
multiple studies (Al-Amri et al., 2016; Garshasbi et al., 2008;
Molinari et al., 2008).

34 | Family #3

Proband #3 was a 27-year-old Caucasian female with a di-
agnosis of ID (Figure 1b). Her mother reported an 1Q score
of 55, significant problems in activities such as self-feeding,
toileting, and dressing, language disability, social interac-
tion problems, difficulties with memory, problem-solving,
and logical reasoning, inattention, self-injurious behavior,
sleep disturbances, cataracts, Duane syndrome, mild hearing

TABLE 2 Molecular findings for three participants with genetic diagnosis resulting from this study (PR = proband)
PR #1 PR #2 PR #3
Gene KANSLI TUSC3 MEDI13L
Molecular finding 17q21.31 deletion NM_006765.3:c.992C>A NM_015335.4:c.263G>A
(p-Ser331Ter) (p-Trp88Ter)
Zygosity Heterozygous Homozygous Heterozygous
de novo Unknown No Yes

Genetic diagnosis Koolen-de Vries syndrome

(OMIM # 610443)

Trio available NO YES

Mental retardation, autosomal
recessive 7 (OMIM # 611093)

Mental retardation and distinctive facial
features with or without cardiac defects
(OMIM # 616789)

YES
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FIGURE 1 Facial features of proband
#1 (a) and proband #3 (b)

deficit, hypotonia, spasticity, pronated ankles, compulsive
skin picking, and sensory difficulties. Negative prior workup
included karyotype, Fragile X, Prader-Willi, Rett syndrome,
and carnitine and biotin deficiency testing. Prenatal and peri-
natal history were unremarkable with no known exposures.
Both parents and the proband were recruited for the study.

Exome sequencing analysis identified a de novo het-
erozygous stop-gain variant ¢.263G>A, p.Trp88Ter
(NM_015335.4) in mediator complex subunit 13-like
(MED13L) gene. The variant was confirmed in the proband
and was not detected in the parents by Sanger sequencing.
This novel variant has not been observed in the general pop-
ulation (gnomAD database). Multiple studies, reviewed in
(Asadollahi et al., 2017) have reported on the role of loss of
function variants in the MED13L gene in individuals with ID
with or without heart defects (OMIM # 616789).

3.5 | Family #4

Proband #4 was a 24-year-old Caucasian female with a di-
agnosis of ID. Her legal representative reported an 1Q score
of 64, sleep disturbances, hypotonia and mild scoliosis. The
proband had a negative Fragile X syndrome test. The details

of prenatal and perinatal history were not known. No rela-
tives were available for the study.

3.6 | Family #5

Proband #5 was a 35-year-old Caucasian female with a diag-
nosis of ID. Her mother reported an IQ score of 68, difficul-
ties with memory, problem-solving, and logical reasoning.
The family reported that proband had negative genetic testing
when she was a child (~6-year-old), but they could not recall
the type of test. Prenatal and perinatal history was unremark-
able, and there were no known exposures. Proband and the
mother were recruited for the study.

In families #4 and #5 exome sequencing analysis did not
identify any variants that would explain ID in the proband
and meet the ACMG criteria for the return of pathogenic or
likely pathogenic variant result.

4 | DISCUSSION

Many adults with ID underwent less comprehensive genetic
testing when they were pediatric patients (e.g. karyotype,
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single gene tests). The aim of this pilot study was to apply
more comprehensive, exome sequencing-based assays, and
determine the rate of known Mendelian diseases in adults
with ID of any severity. Our focus was to recruit participants
and their families through non-clinical organizations that
provide education and support services to individuals with
ID. Our recruitment was a one-time-only mailing of a study
brochure which resulted in interest from 13 families and re-
cruitment of 5 families. This demonstrates that there is inter-
est in families with adults with ID in participating in genetic
research. In addition, all 5 families recruited consented to re-
ceive a genetic diagnosis, indicating that this is an important
part of participation for the families.

In three of five participating families exome sequencing
identified pathogenic or likely pathogenic variant (according
to ACMG standards) matching the indication of ID, indicat-
ing a high rate of genetic diagnosis in adults with ID. Each
of the three families has been invited to an appointment with
a board certified clinical geneticist for CAP/CLIA (College
of American Pathologists accredited/Clinical Laboratory
Improvement Amendments certified) confirmation of the re-
sults, and discussion of the findings and any potential medi-
cal follow-up or change of care or disease management.

Proband #1 had distinctive facial features characteristic of
individuals with Koolen de Vries syndrome (KdVS) includ-
ing epicanthal folds, ptosis, mildly upslanted palpebral fis-
sure, high nasal bridge, broad nasal root, and a bulbous nose.
He also had mild ID, hypotonia, strabismus, and a friendly
disposition that is often described in individuals with KdVS
(Koolen, Morgan, & de Vries, 1993). The diagnosis had im-
portant management implications due to other body systems
that are frequently involved in KdVS. In a recent review of
the phenotypic spectrum of individuals with KdVS, 38.6%
of individuals had a heart defect, and 45.2% had renal and
urogenital anomalies (Koolen et al., 2016). In particular,
cryptorchidism is found in 71% of males with KdVS and is
associated with complications such as testicular cancer. A
previous echocardiogram in this patient was normal, how-
ever, he had never undergone imaging of the kidneys or uro-
genital system. Thus, renal and scrotal ultrasounds were done
after this new diagnosis was made and both were normal. The
family was counseled that recurrence risk was low (<1%) for
future pregnancies as all knownKANSLI pathogenic variants
and nearly all reported 17q21.31 deletions have been de novo
(Koolen et al., 1993). However, the possibility of germline
mosaicism could not be excluded.

Proband #2 had a homozygous stop-gain variant in
TUSC3, a gene involved in magnesium transport and ho-
meostasis as well as glycosylation, with an important role in
learning, memory and embryonic development, and recently
recognized as a novel tumor suppressor gene (Yu et al.,
2017). The TUSC3gene is mainly expressed in the brain,
consistent with its association with ID (GTEx Consortium,

2013). Biallelic defects in TUSC3 cause a congenital dis-
order of N-linked glycosylation (CDG) leading to ID and
developmental delays and other systemic findings includ-
ing microcephaly, dysmorphic features, and short stature.
Like our patient, affected individuals may have significant
speech delay and IQs in the moderate to severe ID ranges
(Garshasbi et al., 2008; Khan et al., 2011). In terms of treat-
ment, there is no known corrective therapies for TUSC3-
CDG and management is aimed at preventative/supportive
measures. Regarding its suspected role as a tumor suppres-
sor gene, TUSC3 has been proposed as a potential biomarker
and therapeutic target for diagnosis and treatment of some
cancers (Yu et al., 2017). The patient and family were also
counseled to adhere to age-appropriate cancer screening, in-
cluding colonoscopy beginning at age 50 years. The patient's
parents were confirmed to be heterozygous carriers of the
TUSC3 variant and were advised of the 25% recurrence risk
in another pregnancy and that their other unaffected children
had a ~2/3rd's risk of also being carriers.

In proband #3 we identified a de novo heterozygous stop-
gain variant in MEDI3L gene. The MEDI3L gene is associ-
ated with an autosomal dominant ID syndrome with infantile
onset, developmental delay, speech and language delay, and
dysmorphic features (PMID: 25758992), all of which this
patient featured. This diagnosis was especially important for
management because of the increased risk of associated car-
diac malformations including septal defects and/or transposi-
tion of the great arteries (Asadollahi et al., 2013; van Haelst
et al., 2015). The parents of this patient did not report any
cardiac issues in her, however we recommended a baseline
echocardiogram that was done and did not reveal any struc-
tural heart defects. She was also advised to continue follow-
ing with ophthalmology given her history of cataracts which
notably have also been associated with the closely related
MEDI3 gene (Boutry-Kryza et al., 2012). As this was a de
novo variant, the family was counseled that recurrence risk in
another pregnancy was low (<1%) but not zero due to possi-
ble germline mosaicism.

It has been demonstrated before that complete trio facil-
itates genetic analysis, and results in higher diagnostic rates
(Farwell et al., 2015). The two families in our study where
exome sequencing failed to provide a genetic diagnosis did
not have a complete trio. Two probands from these families
also had milder phenotypes and higher IQ scores (Table 1).
Also, exome sequencing analysis will identify only CNVs
spanning multiple exons, while smaller CNVs and other
types of structural variants would usually not be detected.
Thus CMA testing would be the next logical test in these
undiagnosed cases followed by whole genome sequencing
that would enable the identification of a larger spectrum
of sizes and types of SVs (Shashi et al., 2019), as well as
identification of noncoding variants and might lead to a
diagnosis.
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This study is of small size, with only 5 families recruited
and analyzed and indicates the need for larger genetic studies
of adults with ID recruited in a non-clinical setting. Currently,
medical insurance providers rarely cover the expense of exome
or genome sequencing testing for adults with ID due to per-
ceived limited clinical utility. This has resulted in disparity in
exome and whole-genome diagnostic testing rates between the
pediatric and adult patients. The benefits of exome sequencing
in patients with ID has been established before (Benson et al.,
2020; Bowling et al., 2017; de Ligt et al., 2012; Mir & Kuchay,
2019; Snoeijen-Schouwenaars et al., 2019; Willemsen &
Kleefstra, 2014). Our study shows that with minimal vetting
we were able to identify participants most likely to bene-
fit from exome sequencing. It also points to potentially high
yield and value of exome and genome sequencing as a diag-
nostic tool in this population. In addition, these new diagnoses
have had positive implications for these individuals’ medical
insurance coverage and access to support services. Our study
provides evidence that there is benefit in revisiting adult pa-
tients with ID who have not undergone newer comprehensive
sequencing-based genetic testing.
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