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Abstract

Copy number variants (CNVs) have been implicated in multiple neuropsychiatric conditions, 

including autism spectrum disorder (ASD), schizophrenia, and intellectual disability (ID). 

Chromosome 15q13 is a hotspot for such CNVs due to the presence of low copy repeat (LCR) 

elements, which facilitate non-allelic homologous recombination (NAHR). Several of these CNVs 

have been overrepresented in individuals with neuropsychiatric disorders; yet variable expressivity 

and incomplete penetrance are commonly seen. Dosage sensitivity of the CHRNA7 gene, which 

encodes for the α7 nicotinic acetylcholine receptor in the human brain, has been proposed to have 

a major contribution to the observed cognitive and behavioral phenotypes, as it represents the 

smallest region of overlap to all the 15q13.3 deletions and duplications. Individuals with zero to 

four copies of CHRNA7 have been reported in the literature, and represent a range of clinical 

severity, with deletions causing generally more severe and more highly penetrant phenotypes. 

Potential mechanisms to account for the variable expressivity within each group of 15q13.3 CNVs 

will be discussed.
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1. Introduction

Copy number variation of chromosome 15q13 has been implicated in several 

neuropsychiatric diseases. The proximal part of chromosome 15 is one of the least stable 

regions in the genome, largely due to the presence of six low copy repeat (LCR) elements 

that cluster into six breakpoints (BP1-BP6), mediating non-allelic homologous 

recombination (NAHR), leading to chromosomal microdeletions and -duplications. Between 

BP1 and BP3, deletions are known to result in Prader-Willi syndrome when on the paternal 

chromosome and Angelman syndrome when on the maternal chromosome. Duplications of 

the same segment have been associated with autism, learning disabilities, and seizures. 

Telomeric to the Prader-Willi/Angelman syndrome region, at 15q13.3, CNVs have been 

observed in wide range of neuropsychiatric phenotypes, including cognitive deficits, 

schizophrenia, epilepsy, mood disorders, attention deficit hyperactivity disorder (ADHD), 

and autism spectrum disorder (ASD) [1].

The CNVs at 15q13.3 manifest incomplete penetrance, with deletions leading to 

neuropsychiatric phenotypes in approximately 80% of cases [2] and duplications having 

much lower penetrance [1]. The most common deletions span from BP4 to BP5, a region 

containing six genes: FAN1, MTMR10, TRPM1, KLF13, OTUD7A and CHRNA7 and one 

microRNA: hsa-miR-211. Of these genes, CHRNA7 has been suggested as playing a major 

role in the neuropsychiatric phenotypes observed in patients.

In this review, we will discuss the entire spectrum of 15q13 CNVs, including homozygous 

deletions, heterozygous deletions, heterozygous duplications, and triplications, as well as 

their associated phenotypes. Cases were selected from the literature based on the report of 

phenotypic data beyond that used for ascertainment. We summarize a total of 363 patients 

from 54 publications, assuming that patients were not reported repeatedly in multiple 

publications. We propose that CHRNA7 is a dosage-sensitive gene, with more severe 

phenotypes caused by loss of copy number, and relatively milder effects by gain in copy 

number.

2. CHRNA7 as a candidate gene

CHRNA7 encodes for the α7 subunit of nicotinic acetylcholine receptors (nAChRs). 

Nicotinic acetylcholine receptors represent a family of ligand-gated ion channels and are 

members of the cys-loop receptor superfamily (reviewed by Schaaf, 2014) [3]. These ion 

channels have high expression in the brain, with highest expression of CHRNA7 in the 

hippocampus. Receptors comprised of α7 subunits are typically homopentameric, although 

they have also been shown to interact with β2 subunits [4] and potentially with subunits 

encoded by CHRFAM7A (discussed in section 6.4). Homopentameric α7 nAChRs, located 

both pre- and post-synaptically, are important in mediating signal transduction at synapses 

and in regulating both inhibitory and excitatory neurotransmitter release [5]. Additionally, 
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α7 nAChRs play a role in synaptic plasticity, learning, and memory through neuronal 

calcium signaling [6]. As an ion channel involved in the regulation of neurotransmitters, 

CHRNA7 has been considered a strong candidate gene for seizure phenotypes, which is 

corroborated by deletions of CHRNA7 being found in 1% of patients with idiopathic 

generalized epilepsies (IGE). Furthermore, CHRNA7 has been suggested as a candidate for 

some of the other neurodevelopmental and neuropsychiatric phenotypes observed in patients 

with 15q13.3 CNVs.

3. 15q13.3 as a hotspot for genomic rearrangements

Chromosome 15q13 contains LCR elements clustering into BP1 to BP6. As a result, 15q13 

is highly susceptible to NAHR, which likely results in many of the CNVs observed in the 

region. Distal to the Prader-Willi/Angelman syndrome region at BP1 to BP3, various 

recurrent microdeletions and microduplications occur between BP3 and BP5 (Figure 1). The 

largest of these rearrangements are mediated by BP3 and BP5, spanning ∼3.4 Mb to ∼3.9 

Mb. While BP3-BP4 deletions are known to occur, they will not be discussed here, as they 

do not include CHRNA7 [7]. CNVs between BP3 and BP5 have a lower prevalence than 

BP4-BP5 CNVs, with only 14 heterozygous deletion individuals and four duplication 

individuals reported in the literature [2,7–17]. The fewer number of individuals with BP3-

BP5 CNVs is likely due to the lower amount of shared homology between BP3 and BP5 

when compared to BP4 and BP5. The LCRs making up BP4 and BP5 share a large amount 

of homology, with three regions (oriented in opposite directions relative to each other) of 95 

kb, 140 kb, and 218 kb having 99.6% identity. These provide the substrate for NAHR [15]. 

Additionally, a frequently observed inversion within BP4 results in segments of BP4 and 

BP5 being in the same orientation, which increases the intergenerational likelihood of an 

NAHR event. In contrast, there are fewer shared homologous regions between BP3 and 

BP5. CNVs between BP3 and BP5 affect more than 20 genes, but the phenotypes of patients 

with these CNVs (discussed in Sections 4.1.1. and 4.2.1.1.) are remarkably similar to those 

with BP4-BP5 CNVs (discussed in Sections 4.1.2 and 4.2.1.2.), suggesting that the causative 

dosage sensitive gene or genes lies between BP4 and BP5.

The most extensively documented CNVs at 15q13 span ∼1.5 Mb to ∼2 Mb between by BP4 

and BP5. Sharp et al. (2008) first described deletions between BP4 and BP5 in five 

individuals with intellectual disability (ID) and epilepsy, and estimated the prevalence of 

these microdeletions to be approximately 0.3% among individuals with ID. Since then, 

reports on many individuals with BP4-BP5 deletions have been published, totaling to 208 

heterozygous individuals identified in the literature with a wide range of clinical phenotypes 

[2,8–13,15,16,18–45]. Duplications of this region are less common, with only 18 cases 

reported in the literature [16,27,42,46–49]. The limited number reported could, however, 

also be due to the reduced penetrance of clinical phenotypes among individuals with such 

duplications. Based on differing breakpoints and size, two different classes of BP4-BP5 

duplications have been described [1]. As previously mentioned, these CNVs encompass six 

genes, one of which is CHRNA7.

Smaller CNVs only affecting CHRNA7 and the first exon of the longer isoform of OTUD7A, 

a gene encoding for a deubiquitinase, have been reported in patients with phenotypes similar 
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to those described for BP4-BP5 CNVs (discussed in Sections 4.1.3. and 4.2.1.3.) [50]. 

Additional LCR elements at the distal CHRNA7-LCR (D-CHRNA7-LCR) are found 

proximal to CHRNA7, and the breakpoints of these smaller CNVs map between exons 1 and 

2 of OTUD7A. Within the D-CHRNA7-LCR, there are at least six NAHR “hotspots”, 

consisting of repetitive DNA elements, providing additional substrates for NAHR [1]. Based 

on varying breakpoints and size, five classes of small CHRNA7 duplications have been 

described. These smaller CNVs, as well as some BP4-BP5 CNVs, are also often 

accompanied by additional rearrangements within the breakpoint regions themselves, likely 

due to inversions in the region and the presence of CHRFAM7A. The latter is a chimeric 

fusion gene of CHRNA7 and an unknown genetic element, FAM7A, which shares exons 5-10 

with CHRNA7, increasing the amount homology in the region [51].

The smallest CNVs, also utilizing breakpoints in the D-CHRNA7-LCR, have been found as 

small as ∼350 kb. These deletions only encompass CHRNA7, and as affected individuals 

manifest similar phenotypes to those with larger deletions, CHRNA7 has been proposed to 

be at least partially responsible for the cognitive and behavioral manifestations of 15q13.3 

CNVs in general. For the purposes of this review, we have grouped all the copy number 

changes using the D-CHRNA7-LCR, which includes CNVs spanning CHRNA7 and the first 

exon of OTUD7A as well as those spanning only CHRNA7.

4. Phenotypes associated with changes in CHRNA7 copy number

4.1. 15q13.3 microdeletion syndrome

15q13.3 deletion syndrome (OMIM 612001) is caused by heterozygous deletions at 

15q13.3, ranging in size from ∼350 kb to 3.9 Mb. The estimated frequency of 15q13.3 

microdeletions in patients with ID is approximately 0.29%. This is comparable to the 

prevalence of Angelman syndrome (0.34%), Prader-Willi syndrome (0.22%) and Williams 

syndrome (0.31%) in patients with ID [15]. Additionally, deletions of CHRNA7 are found in 

∼1% of individuals with IGE and have been found to be overrepresented in schizophrenia 

cohorts [10,32]. While it has been suggested that there may be a sex bias in 15q13.3 

microdeletion syndrome [20], we are unable to observe any significant difference between 

the number of males (n=108) and females (n=124) carrying deletions of CHRNA7. 

Emphasizing the wide range of phenotypes associated with these deletions, probands have 

been ascertained from cohorts consisting of ID, developmental delay (DD), multiple 

congenital abnormalities (MCA), dysmorphic features, ASD, IGE, and clinical samples 

submitted for array comparative genomic hybridization (aCGH). Deletions between ∼1.5 

Mb and ∼2 Mb are the most common, but both larger and smaller deletions are reported 

with similar clinical phenotypes. Of note, homozygous deletions involving CHRNA7 have 

been reported and are phenotypically more severe phenotypes (discussed in Section 4.1.4.).

4.1.1. Phenotypes associated with BP3-BP5 deletions—The largest recurrent 

15q13.3 deletions occur between BP3 and BP5 and span approximately 3.4 Mb to 3.9 Mb, 

encompassing more than 20 genes, including CHRNA7. Fourteen individuals with 

heterozygous BP3-BP5 deletions have been reported in the literature [2,7–16,22]. 

Inheritance was determined in seven of the 14 cases, with four being de novo (28.5% of 

cases with known inheritance) [7,8,10,16], two inherited from an affected mother (14.3%) 
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[14], and one inherited from a neurotypical mother (14.3%) [12,13] (Figures 2 & 3). In 

addition, one clinically unaffected father of a child with a homozygous 15q13.3 deletion was 

identified as a heterozygous BP3-BP5 deletion carrier. All of the reported individuals 

excluding two parents have neuropsychiatric phenotypes, suggesting almost complete 

penetrance of these BP3-BP5 deletions. However, this cannot be determined conclusively 

due to the limited number of reported cases and the lack of inheritance information for half 

(n=7, 50%) of the individuals.

Of affected individuals with these larger deletions (n=12), often having more than one 

clinical condition, nine (75%) were diagnosed with cognitive deficits, including ID, 

developmental delay, or learning disabilities (Table I, Figure 4). Eight individuals (66.7% of 

affected individuals) were also reported to have language or speech impairments. Almost 

half (n=5, 41.7%) had a history of seizures, epilepsy, and/or abnormal electroencephalogram 

(EEG) findings. Other neuropsychiatric conditions were prevalent in these patients, 

including ADHD or attention difficulties (n=5, 41.7%), ASD (n=3, 25%), and other 

abnormal behaviors, including Prader-Willi-like phenotypes and hyperphagia (n=5, 41.7%). 

Five cases were reported as overweight or obese. Mildly dysmorphic features were reported 

in seven cases (58.3%), hypotonia in four (33.3%). Other medical (n=6 50%) and 

neurological (n=4, 33.3%) conditions were reported which may be impacting the overall 

phenotypes observed (Table II).

4.1.2. Phenotypes associated with BP4-BP5 deletions—The largest number of 

15q13.3 deletion cases have breakpoints in BP4 and BP5, and are ∼1.5 Mb to ∼2 Mb in 

size. From our literature review, we identified 208 individuals with heterozygous BP4-BP5 

deletions with sufficient clinical information beyond ascertainment data [2–8,11,12,14–41]. 

Of these 208 cases, 121 deletions were of unknown inheritance (Figures 2 & 3). Of the cases 

with known inheritance (n=87, 20.7% (n=18) were de novo. A total of 57.5% of BP4-BP5 

deletion cases were inherited from unaffected parents by report: 12.6% (n=11) from an 

unaffected father and 44.8% (n=39) from an unaffected mother. Neuroaffected parents 

transmitted 8% (n=7) paternally and 13.8% (n=12) maternally. For total parental inheritance, 

significantly (p<0.0001) more BP4-BP5 deletions were transmitted maternally (n=51, 

73.9%) than paternally (n=18, 26.1%). Five cases had an additional genetic aberration that 

may be contributing to their phenotypes, including 16q duplications [37, 8], and mosaic 

Turner syndrome [39] (Table II).

Of the neuroaffected individuals (n=192, 92.3%), with individuals often having more than 

one clinical feature, the phenotypes show considerable variability (Table I, Figure 4). Just 

over half (n=105, 54.7% of affected cases) have diagnosed cognitive deficits. About one 

third (n=71, 37%) have a history of seizures, epilepsy, and/or EEG abnormalities. Fifty-four 

cases (28.1%) have diagnosed language or speech impairments. Other neuropsychiatric 

phenotypes include schizophrenia (n=26, 13%), ASD or autistic features (n=22, 11.5%), and 

ADHD or attention difficulties (n=18, 9.4%). Abnormal behaviors, including aggression, 

inhibition, and impulsiveness were observed in almost a quarter of the cases (n=46, 24%). 

Mood disorders (n=25, 13%) were prevalent in these individuals, including anxiety, bipolar 

disorder, and depression. Dysmorphic features were present in 47 cases (24.5%), however 

these were typically mild, and no consistent pattern of dysmorphia was seen. Fourteen 
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(7.3%) individuals were reported to have hypotonia. Additional medical conditions (n=14, 

7.3%) and neurological conditions (n=13, 6.8%) were reported.

4.1.3. Phenotypes associated with D-CHRNA7-LCR-BP5 deletions—Smaller 

deletions encompassing CHRNA7 were first reported by Shinawi et al. (2009). They 

documented ten individuals with heterozygous ∼680 kb deletions, spanning CHRNA7 and 

the first exon of OTUD7A. These deletions share the distal breakpoints of the larger 

deletions (BP5), but have proximal breakpoints at the distal CHRNA7-LCR (D-CHRNA7-

LCR) [50]. This case series substantiated the idea that haploinsufficiency of CHRNA7 is a 

major contributor to the phenotypes associated with 15q13.3 microdeletion syndrome. The 

deletion of the first exon of OTUD7A was felt to be less likely pathogenic, as OTUD7A 

encodes a deubiquitinase, and most enzymes can tolerate a 50% decrease in protein 

abundance without a major decrease in flux due to enzyme kinetics. Subsequently, even 

smaller deletions of <500 kb that only include CHRNA7 were identified [52], and will be 

included in the analysis here. Individuals with these smallest CHRNA7 deletions reported to 

date have similar phenotypes to those with the ∼680 kb deletions, as well as the larger BP4-

BP5 and BP3-BP5 deletions.

A total of 42 individuals with small deletions encompassing only CHRNA7 +/- the first exon 

of OTUD7A, were found through our literature review, ranging from 380 kb to 693 kb 

[9,12,20,32,49,50,52–54, 78]. Inheritance was determined for almost half (n=19, 45.2%) of 

the cases, with one being de novo (5.3% of known cases), eight paternally inherited (42.1%), 

and 10 (52.6%) maternally inherited (Figures 2 & 3). Three mothers and three fathers 

carrying the deletion were neurotypical (n=6, 14%). Seven of the probands had additional 

genetic aberrations, five of which have been implicated in neuropsychiatric disorders, 

including one 5p15.1 duplication, one 1q21.1 deletion [20], one with Charcot Marie Tooth 

Type 1A, one 2q24.3-q31.1 deletion, and one with a duplication at Xq26.2 [50] (Table II).

The most prevalent phenotype observed in neuroaffected individuals with DCHRNA7-LCR-

BP5 deletions (n=37), with individuals often having more than one clinical condition, were 

cognitive deficits (n=19, 51.4% of affected cases) (Table I, Figure 4). A history of seizures, 

epilepsy, and/or EEG abnormalities was reported for 13 individuals (35.1%). Other 

neuropsychiatric conditions included ASD or autistic features (n=6, 16.2%), ADHD or 

attention difficulties (n=5, 13.5%), mood disorders, including anxiety and bipolar disorder 

(n=4, 10.8%), and schizophrenia (n=1, 2.7%). Language or speech impairments were 

reported in five (13.5%) cases. Seven cases (19%) exhibited abnormal behaviors, including 

aggression, hyperphagia, and inhibition. Dysmorphic features, usually mild, were observed 

in nine (24.3%) cases. Additional cardiovascular (n=5, 13.5%), neurological (n=3, 8.1%), 

and medical conditions (n=4, 10.8%) were also reported (Table II).

4.1.4. Phenotypes associated with homozygous deletions of CHRNA7—
Homozygous 15q13.3 deletion involving CHRNA7 causes a severe to profound neurological 

disorder. It has been reported in a total of 11 cases in the literature [9,18,20,28,52,54–56]. 

Three (27.3%) of the 11 published cases are compound heterozygotes [9,56], one with BP4-

BP5 and BP3-BP5 deletions, and two BP4-BP5 and D-CHRNA7-LCR-BP5 deletions. Of 

the other eight (72.7%%) patients, two are homozygous for D-CHRNA7-LCR-BP5 
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deletions [52,54], and six are homozygous for BP4-BP5 deletions [18,20,28,55] (Figures 2 

& 3). The general clinical presentation of homozygous 15q13.3 microdeletion is that of a 

neonatal encephalopathy. All 11 reported individuals had cognitive deficits and hypotonia. 

Ten individuals (91%) had additional neurological conditions, including abnormal brain 

MRI, areflexia, subarachnoid cysts, and dysmorphic corpus callosum. Nine cases (81.8%) 

had a history of seizures, epilepsy, or EEG abnormalities. Language or speech impairments 

(n=9, 81.8%) and ASD (n=1, 9.1%) were also reported. Eye pathologies, including visual 

impairment, optic nerve atrophy, and abnormal visual evoked potentials (VEP) were 

observed in eight (72.7%) patients, all of which had homozygous deletions of at least 1.5 

Mb. This is a much higher prevalence of eye phenotypes than what is seen in heterozygous 

deletion individuals (n=16, 6%). The size of the homozygous deletions associated with eye 

phenotypes is critical, as it includes TRPM1, mutations of which are known as the cause of 

autosomal recessive congenital stationary night blindness [55]. The more severe phenotype 

in these patients may be explained by compounding effects due to the loss of multiple genes. 

Genotype-phenotype correlation suggests that homozygous loss of TRPM1 is responsible for 

the visual impairment of these patients, as individuals with homozygous small D-CHRNA7-

LCR deletions not including TRPM1 do not typically manifest eye pathologies.

4.2. Elucidation of phenotypes and pathogenicity associated with 15q13.3 gains

4.2.1. Phenotypes associated with published duplications of 15q13.3—While 

loss of CHRNA7 has been found to have high penetrance, gains of CHRNA7 have been more 

enigmatic. Like 15q13 deletions, the genomic size of these duplications varies due to 

different breakpoints in the multiple LCRs in the region. The smallest published duplications 

are mediated by D-CHRNA7-LCR and BP5 while the largest are mediated by BP3 and BP5. 

Duplications involving CHRNA7 were first reported by van Bon et al. (2009), and since then 

it has been reported that CHRNA7 duplications occur in approximately 0.57% of samples 

submitted for clinical chromosomal microarray analysis [3], 1.25% cases with ADHD [43], 

and 1% of cases with IGE [10]. These duplications also occur in up to 1 in 180 controls [10]. 

While CHRNA7 duplications are currently considered of unknown clinical significance, 

there is evidence in the literature suggesting that they may be pathogenic, however with 

decreased penetrance [1]. One would assume that increased gene dosage of CHRNA7 leads 

to greater protein abundance of α7 subunits, however, that has yet to be shown.

While small CHRNA7 duplications have been found in control individuals, these control 

subjects were not included in our analysis due to lack of clinical data. Transmitting parents, 

with and without phenotypes, were included. In total, 90 individuals with duplications 

involving CHRNA7 were available for review [1,16,17,27,31,32,42,43,46–49,53,57–59].

4.2.1.1. Phenotypes associated with BP3-BP5 duplications: Only four individuals with 

BP3-BP5 duplications have been reported to date, making this the rarest 15q13.3 CNV to be 

reported in the literature (Table II). One of the three had an additional genetic aberration, a 

200 kb deletion at 14q31.1, implicated in ASD [16]. Two were of unknown inheritance, 

while one was inherited from a phenotypically normal father [16] and one from a 

phenotypically affected mother [13] (Figures 2 & 3).
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Three out of the four cases were reported to have neuropsychiatric phenotypes (Table I, 

Figure 4). All three affected individuals had cognitive deficits. ASD, ADHD, and mood 

disorders were each diagnosed in two cases. Hypotonia was reported in only one case, as 

was being overweight. It appears that the range of phenotypes observed in BP3-BP5 

duplication patients overlaps with what is seen in both individuals with deletions of 15q13.3 

and smaller duplications of 15q13.3.

4.2.1.2. Phenotypes associated with BP4-BP5 duplications: Eighteen BP4-BP5 

duplications have been identified in the current literature (Table II). Over half (n=11, 61.1%) 

of these are of unknown inheritance, making it difficult to conclude any patterns in 

transmission (Figures 2 & 3). Of the cases with known inheritance (n=7), five cases (83.3%) 

were de novo [16,27,46] while two were inherited from a phenotypically normal parent 

[46,48].

The phenotypes of affected patients (n=16) seem to mirror those associated with CHRNA7 

deletions and both larger and smaller duplications (Table I, Figure 4). Almost half (n=7, 

43.8% of affected patients) have cognitive deficits, while the same number have a diagnosis 

of ASD. Five cases (31.3%) have a diagnosis of ADHD or attention difficulties. Language 

or speech impairment was observed in five cases (31.3%). Other neuropsychiatric 

phenotypes included seizures, epilepsy, and/or EEG abnormalities (n=3, 18.8%), mood 

disorders (n=3, 18.8%), and schizophrenia (n=1, 6.25%). Finally, dysmorphic features were 

reported in four cases (25%).

4.2.1.3. Phenotypes associated with D-CHRNA7-LCR–BP5 duplications: The most 

common duplications of CHRNA7, with an estimated prevalence of one in 174 to one in 186 

individuals, encompass only the gene itself or include the first exon of OTUD7A, with 67 

cases identified in the literature for which clinical data are available [1,3,31,32,46,47,53,57–

59]. Of these, 53 (79.1%) have unknown inheritance (Figures 2 & 3). For the cases with 

known inheritance, none were de novo. Eight duplications were inherited from an unaffected 

parent (57.1% of cases with known inheritance; maternal n=5, 35.7%; paternal n=3, 21.4%) 

[1,46,57,58], showing incomplete penetrance for this CNV. Two cases were transmitted 

from an affected father (14.3%) [1], while four were transmitted from an affected mother 

(28.6%) [1,59]. Fourteen cases had additional genetic aberrations associated with 

neuropsychiatric disease, including five ARHGAP11B deletions associated with ASD, which 

may be due to their location within BP4 on 15q13 [57,58] (Table II, Figure 1).

Only seven of 67 cases (10.4%) had reportedly normal phenotypes, all of which were 

transmitting parents. Of the affected individuals (n=60, 89.6%), often having multiple 

clinical features, no single phenotype occurred in more than a third of the cases. The most 

prevalent phenotypes were cognitive deficits and schizophrenia, affecting 17 individuals 

each (28.3% of affected cases) (Table I, Figure 4). Other neuropsychiatric phenotypes 

included ADHD (n=11, 18.3%), mood disorders (n=11, 18.3%), and ASD (n=9, 15%). 

Language or speech impairment was reported in five cases (8.3%). Seven cases (11.6%) 

exhibited abnormal behaviors, including disruptive behavior disorder, pica, and alcohol 

abuse. Seven cases (11.6%) were reported to have hypotonia and dysmorphic features were 

reported in only three cases (5%). In a study of individuals with Alzheimer disease, the 
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small duplication of CHRNA7 was found in six of 276 cases (2%) and one of 332 controls 

(0.3%) [31].

4.2.1.4. Phenotypes associated with triplications of 15q13.3: Complex genomic 

rearrangements resulting in a triplication of CHRNA7 have been observed in one published 

family, totaling to four individuals, three of which had confirmed neuropsychiatric 

phenotypes [60]. The CHRNA7 triplication lies within a duplication-inverted triplication-

duplication (DUP-TRP/INV-DUP) type rearrangement [61]. The proband and his twin both 

inherited the triplication maternally, while their mother inherited the CNV paternally 

(Figures 2 & 3). Neuropsychiatric phenotypes were present in three of four individuals with 

the triplication, including cognitive deficits, ASD, ADHD or attention difficulties, and mood 

disorders. Language or speech impairment was present in only one child, as were seizures 

that had onset at 20 years old in the mother. Alcoholism, drug addiction, and abusive 

behaviors were present in the maternal grandfather with the triplication, suggesting 

neuropsychiatric disease may have been present, although full clinical information was not 

available. Additionally, three of the four triplication cases were reported to have mildly 

dysmorphic features.

4.2.2. Caveats of estimated pathogenicity of CHRNA7 gains—Most of the current 

studies have identified duplications at 15q13.3 in large cohorts of clinical chromosomal 

microarray (CMA) samples. Cognitive delays, DD/ID, ASD, and MCA represent some of 

the most common indications for having CMA performed as a clinical test. Thus, the 

phenotypic spectrum presented here may simply be a result of ascertainment bias. In order to 

answer the question of pathogenic relevance of CHRNA7 gains, one would have to screen 

large unbiased populations, and then perform a detailed neurobehavioral assessment in those 

individuals identified to carry a CHRNA7 duplication. Similarly, this could be done for 

children who were identified as CHRNA7 duplication carriers prenatally [1,62].

5. Shared clinical phenotypes of patients with CHRNA7 CNVs

Patients with both CHRNA7 gains and losses have been found to manifest a similar range of 

neuropsychiatric phenotypes, suggesting that the human brain is sensitive to CHRNA7 

dosage. Dosage sensitivity is often observed in synaptopathies, such as the neuropsychiatric 

phenotypes associated with both deletions and duplications of SHANK3 and MECP2 [63]. 

We have assessed the common phenotypes between the heterozygous deletions and 

duplications of CHRNA7 (Table I). Overall, almost half (n=160, 44.1%) have cognitive 

deficits, making this the most often observed phenotype. A history of seizures, epilepsy, or 

EEG abnormalities was reported for 26.4% (n=96) of cases. Language and speech 

impairment is also common, affecting 21.2% (n=77) of published cases. Other 

neuropsychiatric conditions include abnormal behaviors (n=69, 19%), ASD (n=49, 13.5%), 

ADHD or attention difficulties (n=46, 12.7%), mood disorders (n=46, 12.4%), and 

schizophrenia (n=45, 12.4%), highlighting the variable expressivity associated with changes 

in CHRNA7 copy number.

Due to the fewer cases of CHRNA7 duplications reported in the literature, it is challenging to 

determine whether certain phenotypes are more frequently seen with deletions or 
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duplications, respectively. However, it appears that gains of CHRNA7 may have a less 

severe phenotype than losses (Table I). In particular, cognitive deficits (55.2% of all affected 

deletions cases, 34.2% of all affected duplications cases), language or speech impairment 

(27.8% of deletion cases, 12.7% of duplication cases) and seizures (36.9% of deletion cases, 

8.9% of duplications cases) occur at higher frequencies for CHRNA7 deletions. In contrast, 

ASD occurs more frequently with CHRNA7 gains (22.8%) than with losses (12.9%), as do 

ADHD (22.8% in duplication patients, 11.6% in deletion patients) and schizophrenia (22.8% 

in duplications, 11.2% in deletions).

6. Potential explanations for incomplete penetrance and variable 

expressivity of 15q13.3 CNVs

Individuals with CNVs involving CHRNA7 manifest a range of phenotypes that is primarily 

neurobehavioral or neuropsychiatric, but the penetrance of these phenotypes is incomplete, 

and among those who are clinically affected, there is great variability in severity and 

expressivity. One would assume that altered dosage of CHRNA7 leads to changes in α7 

protein abundance, subsequently changing calcium signaling in respective domains of the 

central nervous system. But the genetic and/or environmental factors that serve as modifiers 

of the CHRNA7-related phenotypes have yet to be identified. Several hypotheses have been 

proposed.

6.1. Additional CNVs may contribute to phenotypic variability in patients with CHRNA7 
CNVs

For ID and DD, a “two-hit hypothesis” has been proposed, such that the accumulation of 

multiple large copy number variants is associated with more severe clinical phenotypes [64]. 

Additional CNVs in patients with CHRNA7 copy number changes may contribute to the 

phenotypes that are observed. Three published CHRNA7 duplication patients have additional 

genetic aberrations of SHANK2, for which deletions and point mutations have been 

implicated in ASD [57,58]. Several other patients with CHRNA7 deletions and duplications 

carry additional CNVs implicated in ASD. However, additional genetic abnormalities are 

only reported in 8.5% (n=27) of affected individuals and were seen in three unaffected 

individuals, suggesting that additional genetic aberrations are not the sole explanation for the 

variability observed.

6.2. Single nucleotide polymorphisms as a possible source of phenotypic variability in 
patients with CHRNA7 CNVs

Researchers have hypothesized that in CHRNA7 deletion cases single nucleotide 

polymorphisms (SNPs) on the remaining allele may be contributing to the phenotypic 

variation seen in patients. Common variation has been found to have an additive effect in 

ASD [65], so it is possible that these common variants could be transmitted from unaffected 

parents and contribute to a phenotype when in the presence of a CHRNA7 CNV. However, 

only very few SNPs have been identified in CHRNA7. In the coding region of the gene, one 

published rare (<1% MAF) SNP in the last exon has been found in one ASD proband and 

his mother, however it occurred at the same frequency in controls and was not predicted as 

deleterious [48]. Twenty-one SNPs have been found in the promoter region of CHRNA7, 
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several of which have a functional effect on gene transcription in patients with schizophrenia 

[66]. Most of these polymorphisms result in decreased transcription [67].

The major challenge in identifying SNPs of CHRNA7 is represented by the gene structure, 

with exons 5-10 of the gene and the 3′ UTR region being duplicated in the fusion gene 

CHRFAM7A. Therefore sequencing the region shared between the two genes is usually 

uninformative which makes the identification of deleterious CHRNA7 mutations or variants 

that may play a role as modifiers of CNV-related phenotypes quite difficult.

6.3. Epigenetic changes may contribute to phenotypic variability in patients with CHRNA7 
CNVs

Epigenetic changes may also contribute to phenotypic variability in CHRNA7 CNV cases, as 

it has been shown that chromatin interactions with the Prader-Willi Imprinting Center may 

modulate CHRNA7 expression [68]. The same study showed decreased CHRNA7 

expression in the brains of individuals with Rett syndrome and autism. Similarly, in 

15q11-13 duplication syndrome (most frequently BP2-BP3), which accounts for 1-3% of 

ASD cases, CHRNA7 transcription has shown to be reduced in both induced pluripotent 

stem cell (iPSC) models [69] and human neuronal cell line models [70], suggesting that 

dysregulation of the gene could contribute to neuropsychiatric phenotypes. The CHRNA7 

promoter is subject to methylation, which can be altered due to point mutations in the 

promoter region, and the gene's mRNA levels are correlated with the amount of promoter 

methylation.

6.4. Modifier genes may contribute to phenotypic variability in patients with CHRNA7 CNVs

Modifier genes may account for variation in phenotypes observed among individuals with 

CHRNA7 CNVs. A hypothesized modifier gene for CHRNA7 CNVs is the fusion gene 

CHRFAM7A, as recently been reviewed by Sinkus et al. (2015). CHRFAM7A is an 

ancestral, human specific fusion gene resulting from the partial duplications of CHRNA7 and 

FAM7A, the latter of which is a novel genetic element of unknown function [67]. 

CHRFAM7A has been suggested as a possible autism candidate gene itself and has 

expression about one magnitude lower than CHRNA7 in the brain [71,72]. The duplicated 

CHRNA7 genomic sequence, exons 5 through 10, which is shared with the fusion gene, is 

99.9% similar, resulting in the genes being overall 76% similar and sharing four 

transmembrane domains, but having different Ntermini, with CHNRA7-FAM7A lacking 

part of the ligand binding site [73]. The gene is also in opposite orientation to CHRNA7, 

which may impact its expression. In both neuroaffected and control populations, the 

CHRFAM7A locus copy number is variable, with 1% individuals having zero copies, 

10%-20% having one copy, and most individuals having two or three copies. Furthermore, 

CHRFAM7A is incredibly polymorphic, with up to 30 known polymorphisms. One 

polymorphism, a two base pair deletion in exon 6 (CHRFAM7AΔ2bp), has been associated 

with schizophrenia and inversely associated with IGE [74,75].

Functional studies suggest that CHRFAM7A may impact α7 receptors. It has been suggested 

that CHRFAM7A may confer a dominant negative effect on CHRNA7, as it has the ability to 

be incorporated into α7 receptors, which are typically homopentameric. The initial 
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hypothesis had been explored in Xenopus oocytes and non-neuronal cell lines [72], and it 

was more recently shown that the CHRFAM7A protein product, CHRNA7-FAM7A, and the 

polymorphic protein product, CHRNA7-FAM7AΔ2bp, form functional receptors with α7 

subunits also in mouse and rat cells, when overexpressed [76]. While the CHRNA7-FAM7A 

nAChR subunits lack part of the ligand-binding site, the CHRNA7-FAM7AΔ2bp nAChR 

subunit completely lacks the ligand-binding site. The hypothesized dominant negative effect 

occurs through CHRNA7-FAM7A or CHRNA7-FAM7AΔ2bp subunits interacting with α7 

subunits and decreasing the total number of functional ligand-binding sites. Furthermore, 

CHRNA7-FAM7A has been shown to interact with other receptors, including α3 and α4 

receptors, and it is possible that it may interact with the larger family of cys-loop receptors, 

such as 5HT3 and GABA receptors. If the functionality of these receptors was also impacted 

by CHRFAM7A copy number and interactions, it could also explain part of the phenotypic 

variability seen in patients. However, this has yet to be shown in human cells. It is possible 

that the varying copy number of CHRFAM7A or CHRFAM7AΔ2bp may have a role in 

modulating the phenotypes observed in individuals with CHRNA7 CNVs, as the protein 

levels of α7 subunits and their functionality may be altered in these patients.

7. Clinical implications

Deletions of chromosome 15q13.3 represent a rare, but well-defined cause of neurocognitive 

deficits and psychiatric disease. The incomplete penetrance and variable expressivity of the 

associated phenotypes, even within the same family, represent a significant challenge in 

counseling affected families, both in a pre- and postnatal setting. Even more challenging 

appears to be the situation for individuals affected with copy number gains involving 

CHRNA7, because of their uncertain pathogenicity. Due to the high prevalence of small 

CHRNA7 duplications in the population, these may represent one of the most common 

genomic events with an effect on cognition and behavior. However, it has yet to be shown 

that the duplications lead to (a) an actual increase in α7 protein abundance, (b) physiological 

differences, such as altered calcium signaling, and (c) neurophysiological changes and 

clinical/behavioral changes in cohorts that are ideally free of ascertainment bias.

With the increasing number of conditions associated with 15q13.3 CNVs and the increasing 

number of patients being identified, the demand for therapeutics is becoming more apparent. 

As membrane-bound receptor, α7 is amenable to pharmacotherapeutic modulation by 

agonists, antagonists, or allosteric modulators [77]. Nicotinic agonist drugs have already 

been approved and marketed for smoking cessation and have been utilized in 

neuropsychiatric diseases including depression, ADHD, schizophrenia, Alzheimer disease, 

and Parkinson disease [3]. These disorders all have alterations of α7 protein levels and/or 

CHRNA7 copy number implicated in their pathogenicity. Due to the lack of efficacy or side 

affects of some of the developed drugs, nicotinic positive allosteric modulators have also 

been considered, as they lack intrinsic activity and only become active when acetylcholine is 

present. Additionally, the sensitivity of nicotinic positive allosteric modulators is higher, as 

the binding sites for these modulators differ between different nAChRs. Some of the 

respective drugs (or combinations thereof) could be considered to be repurposed for an 

indication of specific CHRNA7 CNVs. Carefully designed, placebo controlled studies would 

be warranted.
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8. Conclusions

Variations in copy number of CHRNA7 have been found to be associated with a wide range 

of phenotypes, including cognitive deficits, language and speech impairments, ASD, and 

mood disorders. The CHRNA7 gene appears to be critically dosage-sensitive with most 

profound phenotypes in individuals with zero copies of the gene, moderately severe 

neuropsychiatric disease in those with heterozygous deletions, and incompletely penetrant 

disease in individuals with more than two copies of the gene. The variable expressivity and 

incomplete penetrance of 15q13.3 CNVs suggest that there may be other factors contributing 

to the phenotypes observed in patients, such as additional genetic abnormalities, epigenetic 

factors, and/or modifier genes and CNVs, with the fusion gene CHRFAM7A being one of 

the prime candidates. Future studies will need to focus on the underlying molecular 

mechanisms of both CHRNA7 deletions and duplications, in concert with varying copy 

number of potential modifier genes or CNVs.
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Figure 1. Recurrent Copy Number Variants Found at Chromosome 15q13.3
Multiple recurrent deletions (red) and duplications (blue), likely the result of NAHR, occur 

at 15q13.3 due to the presence of LCRs that cluster into six breakpoints (BP1-BP6) along 

15q13, with BP3-BP5 shown. The proximal CHRNA7-LCR (P) and distal CHRNA7-LCR 

(D-CHRNA7-LCR) are also shown. DECIPHER coordinates for 15q13.3 microdeletion 

syndrome are shown in gray. Large deletions and duplications, up to 3.9 Mb, occur between 

BP3 and BP5. The CNVs occur between BP4 and BP5 typically range from 1.5 Mb to 2 Mb 

in size. Smaller CNVs between the D-CHRNA7-LCR and BP5 have also been found to 

occur, encompassing CHRNA7 +/- the first exon of OTUD7A. CHRNA7 is highlighted by a 

red box. The number of published cases is given in parentheses above each set of 

breakpoints, with homozygous CNVs being omitted. Adapted from UCSC Genome 

Browser.

Gillentine and Schaaf Page 18

Biochem Pharmacol. Author manuscript; available in PMC 2016 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. CHRNA7 CNVs with Known Parental Transmission
D-CHRNA7-BP5 CNVs are shown in gray (n=21 deletions, n=25 duplications), BP4-BP5 

CNVs are shown in dark gray (n=81 deletions, n=3 duplications), and BP3-BP5 CNVs are 

shown in black (n=4 deletions, 3 duplications). Overall, CHRNA7 deletions are transmitted 

maternally significantly more (p<0.0001, χ2) than paternally. However, this is primarily due 

to BP4-BP5 deletions, which also have significantly more (p<0.0001) maternally transmitted 

alleles. Homozygous deletions, heterozygous deletions, duplications, and triplications are 

included.

CNV: copy number variant, BP: breakpoint
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Figure 3. Inheritance of CHRNA7 CNVs
The majority of 15q13.3 CNVs have unknown inheritance (black). The remaining CNVs 

have multiple modes of inheritance (paternal-gray, maternal-white, de novo-diagonal lines), 

with none being significantly different. The large number of cases with unknown inheritance 

may be masking any significance for modes of inheritance. For duplications, the smaller 

sample size may also be contributing to the lack of significance. Homozygous deletions, 

heterozygous deletions, duplications, and triplications are included. CNV: copy number 

variant, BP: breakpoint
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Figure 4. Clinical features of individuals with heterozygous CHRNA7 CNVs
Cognitive deficits were the most prevalent phenotype in both duplication and deletion 

patients. Seizures (including epilepsy and EEG abnormalities) were considerably more 

common in patients with CHRNA7 deletions. ASD, ADHD or attention difficulties, mood 

disorders, and schizophrenia were more common in individuals with CHRNA7 duplications. 

Cognitive deficits (including ID, DD, and learning difficulties) were the only features to 

occur in near half of all individuals with heterozygous CNVs, emphasizing the variable 

expressivity associated with CHRNA7 changes in copy number. Mood disorders includes 

anxiety, bipolar disorder, depression, and unspecified mood disorders. Phenotypically 

normal individuals, homozygous deletions and triplications not included.
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