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Abstract

We report a recurrent 680-kb deletion within chromosome 15g13.3 in ten individuals, from four
unrelated families, with neurodevelopmental phenotypes including developmental delay, mental
retardation and seizures. This deletion likely resulted from nonallelic homologous recombination
between low-copy repeats on the normal and inverted region of chromosome 15¢13.3. Although
this deletion also affects OTUD7A, accumulated data suggest that haploinsufficiency of CHRNA7
is causative for the majority of neurodevelopmental phenotypes in the 15¢q13.3 microdeletion
syndrome.

Recurrent deletions of chromosome 15g13.3 were not recognized as pathological until 2008,
when they were first reported in individuals with mental retardation, seizures, autism,
schizophrenia and bipolar disorderl—. This deletion is also found in ~1% of individuals with
idiopathic generalized epilepsy’8. In contrast to what occurs in many analogous deletion
syndromes, which arise as de novo events, most affected subjects have inherited the
mutation from a parent, who may have any of the known phenotypic manifestations or
occasionally a normal phenotype. Incomplete penetrance has been described in several of
those families. The reciprocal duplication of 15913.3 was also reported at a lower frequency;
however, there is currently no clear evidence of whether the duplication is invariably benign
or whether it may cause phenotypic abnormalities.
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The critical 1.5-Mb deletion of 15g13.3 likely arises through non-allelic homologous
recombination (NAHR) between low-copy repeat (LCR) sequences designated as
breakpoints 4 and 5 (BP4 and BP5), telomeric to the greater Prader-Willi and Angelman
syndromes domain. This chromosomal region encompasses six RefSeq genes: MTMR15,
MTMR10, TRPM1, KLF13, OTUD7A and CHRNA7. CHRNA?Y encodes the a7 subunit of the
neuronal nicotinic acetylcholine receptor, which is highly expressed in the brain. Attention
has focused on CHRNA7 because mutations in ion channel genes, possibly including
CHRNAY (ref. 9), have been associated frequently with epilepsy, and because of a possible
implication of CHRNA7 in schizophrenial®11, A fusion gene, CHRFAM7A, mapping in BP4
comprises exons A-E of FAM7A1 and FAM7A2 and exons 5-10 of CHRNA7. Any attempts
at sequencing to detect mutations must distinguish the sequences for exons 5-10 from
CHRNA7 and CHRFAM7A.

We now report ten individuals from four unrelated families with a smaller, ~680-kb deletion
that lies within the 1.5-Mb deletion of 15913.3 and encompasses the entire CHRNA7 gene
and the first exon of one of the isoforms of OTUD7A (Fig. 1, Supplementary Fig. 1la—d and
Supplementary Methods).

Our subjects with the 680-kb deletion presented with phenotypes falling within the range of
those seen for the 15913.3 deletion syndrome (Table 1). The 680-kb deletion was inherited
in both of two families for which both parents were available for study. Patient 1, the
proband for his family, was an 8-year-old male with obesity (BMI = 30.6) and severe mental
retardation (Kaufman Assessment Battery for Children score of 21). Mild facial
dysmorphisms in this individual included bilateral epicanthal folds, anteverted nares and a
thin upper lip. This individual had no history of seizures but had an abnormal
electroencephalogram (EEG). The deletion was present in his mother, two siblings, maternal
aunt and maternal grandmother (patients 2—6; Table 1 and Supplementary Fig. 1e). The
individual’s mother and her sister have a history of mental retardation and epilepsy, and his
siblings have global developmental delay. The family is of European ancestry and there
were no family members in whom the deletion was nonpenetrant, but this is not substantially
different from the published data of a 65-70% penetrance rate for 15q13.3 deletions
(Supplementary Table 1). Patient 7 is a 21-month-old female proband with impaired growth
and severe global developmental delay. Her deletion was maternally inherited, and her
mother (patient 8) was reported to have normal intelligence but also a history of epilepsy
since the age of 5. Patient 9 is a 16-year-old African-American male with mild mental
retardation, attention deficit hyperactivity disorder and aggressive behavior. He has no
history of seizures, and his EEG was reported as normal. His growth parameters are between
the 50th and 75th percentiles. This individual’s father does not carry the deletion, but his
biological mother was unavailable for additional studies. Patient 10 is an 8-month-old
Hispanic male with global developmental delay, hypotonia and failure to thrive. The
inheritance of the 680-kb deletion is unknown for this individual. In summary, four out of
ten subjects with the 680-kb deletion manifested seizures or EEG abnormalities, and nine
out of ten showed developmental delay and/or mental retardation. The variable expressivity
in these subjects may relate to common polymorphisms on the remaining hemizygous allele,
different genotypes elsewhere in the genome, or sex- and age-dependent penetrance for
specific traits.

The 680-kb deletion was found in the Medical Genetics Laboratories at Baylor College of
Medicine in 3 of 8,882 affected individuals, for a frequency of 1 in 2,960. This is far lower
than the incidence of the larger 15q13.3 deletions, which were found at frequencies of 1 in
350 among mentally retarded individuals in the first published report! and 1 in ~550
samples referred to the Medical Genetics Laboratories at Baylor College of Medicine. Our
collection of subjects referred for chromosome microarray analysis includes mostly children
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with various combinations of developmental delay, mental retardation, autism and birth
defects; a small percentage has seizures, but rarely as an isolated finding!2. In a series of
3,699 controls (1,202 Germans and 2,497 North Americans of predominantly European
ancestry) screened for copy number changes at CHRNA7 using SNP-based arrays and
MLPA, no such deletions were reported’. Notably, a previously reported individual with
paranoid schizophrenia and poor learning performance (case 15 in ref. 6) may have the 680-
kb deletion, based on data reported in that study. Also of note, we identified a similar-sized
duplication involving CHRNA?7 in 59 unrelated cases among 8,882 subjects screened, for a
frequency of 1 in ~170, which is close to the frequency of 1 in 185 among controls’. In all
21 instances of duplication in our series for which both parents were studied, the duplication
was inherited by the child. Notably, in the same cohort, we observed only three 1.5-Mb
BP4-BP5 duplications. The high frequency of duplications compared to deletions (59
compared to 3) and lack of de novo cases suggest that the duplication is either benign,
associated with relatively high reproductive fitness or both. The proportion of inherited
cases for both the larger 15q13.3 deletion (73% of all previously reported deletions) and the
smaller 680-kb deletion is in marked contrast to those for other deletions with a similar
spectrum of phenotypes. For example, the majority of 16p11.2 deletion cases are of de novo
origin (Supplementary Note and Supplementary Table 1).

In-depth analysis of this genomic region revealed very complex arrangements of LCRs12:13,
The distal breakpoints of the 680-kb deletions map within BP5, and the proximal
breakpoints map between exons 1 and 2 of OTUD7A at the distal CHRNA7-LCR
(Supplementary Fig. 1a—c). Notably, the 680-kb deletion is always accompanied by an ~90-
kb duplication within BP4 (Fig. 1 and Supplementary Fig. 1b,c). We propose that the 680-kb
deletions are due to NAHR between the CHRNA7-LCR copies on the normal and inverted
chromosome 15q13.3 in a cell heterozygous for the inversion (Supplementary Fig. 1f); the
inversion was shown to be present in 44% of individuals of varied ethnicities in the study
population®. To verify this hypothesis, we designed CHRNA7-LCR-specific long-range
PCR primers that would not amplify the original CHRNA7-LCR copies but would amplify
the predicted junction between them (Supplementary Table 2). In patients 7 and 9, we
amplified and sequenced the patient-specific PCR products, allowing us to narrow the
NAHR site regions between two informative cis-morphic nucleotides within 49 bp (chr. 15:
28,815,284-28,815,332; chr. 15: 29,749,424-29,749,472) and the adjacent 67 bp (chr. 15:
28,815,334-28,815,400; chr. 15: 29,749,356-29,749,422) in the proximal and distal
CHRNAZ7-LCRs, respectively. In patient 1, we narrowed the NAHR site to within 217 bp
(chrl5: 28,776,996-28,777,212; chrl5: 29,787,470-29,787,686) in the proximal and distal
CHRNAZ7-LCRs, respectively (Supplementary Fig. 1f and Supplementary Fig. 2). We
propose that the BP4-BP5 inversion favors meiotic NAHR between the CHRNA7-LCRs,
perhaps explaining the high frequency of CHRNA7 duplications. Until now, the BP4-BP5
inversion breakpoints have not been mapped?. The analyses of the distal breakpoints of all
four 680-kb deletions and the proximal breakpoints of the 90-kb duplication fragments
within BP4 allowed us to narrow the recombination site regions of the BP4-BP5 inversions
to within the FAM7A1 and FAM7A2 genes, suggesting that they are potential
recombinogenic sites (Fig. 1).

Given (i) the known function of CHRNA?Y, (ii) the phenotypic overlap among individuals
with the larger 15q13.3 deletion and the 680-kb deletion, (iii) the cosegregation of the 680-
kb deletion with the abnormal neurobehavioral phenotype in a family with six affected
individuals and (iv) the fact that this deletion was not seen in 3,699 control samples’, we
propose that the phenotypes associated with the larger 15913.3 deletions and the 680-kb
deletion are equivalent or nearly so. Four lines of argument suggest that haploinsufficiency
for CHRNA7 and not for OTUD7YA is causing the phenotype, although both are expressed in
brain. First, OTUD7A is a putative deubiquitinasel4, and haploinsufficiency for enzymes is
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usually recessive and not deleterious. Second, CHRNA7 encodes an ion channel, and
mutations in ion channel genes have been associated frequently with epilepsy. Third, there is
some evidence linking CHRNA?7 to epilepsy and schizophrenia in humans®-11, Fourth, a
heterozygous missense mutation in Chrna7 causes increased susceptibility to nicotine-
induced seizures in micel®. Identifying disease-associated point mutations in CHRNA7 may
eventually completely resolve the question of the genetic basis of neurodevelopmental
phenotypes.

If haploinsufficiency for CHRN7A conveys most or all of the phenotypic abnormalities
associated with 15q13.3 deletions, we hypothesize that treatment with an agonist to
CHRNAZ7 (for example, chantix (varenicline)) might be beneficial in such individuals.
Further discussion is provided in a Supplementary Note.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Results of array CGH analysis with a 15913.3 region-specific high-resolution 135K
oligonucleotide microarray (NimbleGen). We identified the same apparent patterns of CNV
changes in all four individuals with the 680-kb deletion, indicating that these deletions arose
as a result of NAHR on chromosomes 15 with the same or nearly identical BP4-BP5

inversion.
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