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Functional Consequences of CHRNA7
Copy-Number Alterations in Induced
Pluripotent Stem Cells and Neural Progenitor Cells

Madelyn A. Gillentine,.2 Jiani Yin,..2 Aleksandar Bajic,!.2 Ping Zhang,3> Steven Cummock,2+
Jean J. Kim,35> and Christian P. Schaaf!.2*

Copy-number variants (CNVs) of chromosome 15q13.3 manifest clinically as neuropsychiatric disorders with variable expressivity.
CHRNA?7, encoding for the a7 nicotinic acetylcholine receptor (nAChR), has been suggested as a candidate gene for the phenotypes
observed. Here, we used induced pluripotent stem cells (iPSCs) and neural progenitor cells (NPCs) derived from individuals with hetero-
zygous 15q13.3 deletions and heterozygous 15q13.3 duplications to investigate the CHRNA7-dependent molecular consequences of the
respective CNVs. Unexpectedly, both deletions and duplications lead to decreased a7 nAChR-associated calcium flux. For deletions, this
decrease in a7 nAChR-dependent calcium flux is expected due to haploinsufficiency of CHRNA?7. For duplications, we found that
increased expression of CHRNA7 mRNA is associated with higher expression of nAChR-specific and resident ER chaperones, indicating
increased ER stress. This is likely a consequence of inefficient chaperoning and accumulation of a7 subunits in the ER, as opposed to
being incorporated into functional @7 nAChRs at the cell membrane. Here, we showed that a7 nAChR-dependent calcium signal cas-
cades are downregulated in both 15q13.3 deletion and duplication NPCs. While it may seem surprising that genomic changes in oppo-
site direction have consequences on downstream pathways that are in similar direction, it aligns with clinical data, which suggest that

both individuals with deletions and duplications of 15q13.3 manifest neuropsychiatric disease and cognitive deficits.

Introduction

Copy-number variation at 15q13.3 has proven to be a
major contributor to neuropsychiatric disease. Among
individuals carrying recurrent 15q13.3 copy-number vari-
ants (CNVs), a wide range of neuropsychiatric phenotypes
have been reported, including intellectual disability/devel-
opmental delay (ID/DD), epilepsy, autism spectrum dis-
order (ASD [MIM: 209850]), and schizophrenia (MIM:
181500)."* The most severe of these phenotypes are
observed in rare individuals with homozygous deletions,
resulting in neonatal encephalopathy.®° The highly pene-
trant heterozygous deletions (15q13.3 microdeletion syn-
drome [MIM: 612001]) result in moderate ID/DD, seizures,
and ASD.” Duplications at 15q13.3 are the most common
CNVs contributing to neuropsychiatric disease. In a recent
genotype-to-phenotype study of a cohort of individuals
with 15q13.3 gains, we found that they tend to exhibit a
milder, yet similar, phenotype in comparison to deletion
probands, consisting of borderline ID, ASD, and attention
deficit-hyperactivity disorder (ADHD [MIM: 143465]). This
is in line with associations that have previously been
reported, with 15q13.3 duplications found in 1.25% of
probands with ADHD.*? However, gains are also present
at high frequency in control populations (0.6%),'” leading
to open questions about the true pathogenicity of these
CNVs.

While the full range of phenotypes for both 15q13.3 de-
letions and duplications has not been fully established,
both our and others’ previously published work supports
the idea that 15q13.3 duplication probands have a milder
neurobehavioral phenotype than those with deletions,
although with incomplete penetrance and considerable
variability.

Due to an enrichment of low copy repeat (LCR) elements
clustering into breakpoints (BPs) along the chromosome,
15q13.3 is one of the least stable regions in the human
genome and thus is incredibly vulnerable to structural vari-
ation mediated by nonallelic homologous recombination
(NAHR). While CNVs in this region vary in size depending
on what BPs are used, the majority of deletions are medi-
ated by BP4 and BPS and contain six genes: FANI (MIM:
613534), MTMR10, TRPM1 (MIM: 603576), KLF13
(MIM: 605328), OTUD7A (MIM: 612024), and CHRNA7
(MIM: 118511), as well as one micro-RNA: hsa-mir-211
(Figure 1). The most frequent of duplications occur be-
tween the distal-CHRNA7-LCR (D-CHRNA7-LCR) and
BPS, encompassing CHRNA7 and possibly the first non-
coding exon of OTUD7A. While mechanistically it should
be included, limitations in the resolution of clinical CMA
analysis have left it unclear whether part of OTUD7A is
encompassed by these small CNVs, and what the conse-
quence, if any, would be on its expression."*'! Further-
more, due to the 5’ end of CHRNA7 spanning BPS, it has
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Figure 1. 15q13.3 Region and CNVs in Probands

Region from breakpoint (BP) 3 to BP5 shown, including BP4 and the proximal (P) and distal (D-CHRNA7-LCR) CHRNA7-LCRs. Red/blue
regions indicate recurrent CNVs observed. Probands’ CNVs in the study are shown underneath their appropriate recurrent CNV in blue
(duplications) or red (deletions), labeled with their identifier. CHRNA?7 is highlighted by a red box. Adapted from UCSC Genome Browser.

not been confirmed whether the gene is fully duplicated,
which may be relevant for its mode of pathogenesis.

Small deletions and duplications mediated by the
D-CHRNA7-LCR and BP5 highlight CHRNA?7 as a candidate
gene for the neuropsychiatric phenotypes observed.'”
CHRNA?7 encodes for the a7 nicotinic acetylcholine recep-
tor (nAChR) subunit and is highly expressed in the brain,
particularly in the hippocampus."” The gene has been
implicated in neuronal functions, including learning,
memory, and attention.'* a7 nAChRs are located pre-,
post-, and extra-synaptically and are important for
mediating fast signal transduction at synapses. When stim-
ulated by agonists, these channels open and allow flux of
Na®, K', and Ca®", with higher Ca®>" permeability than
other nAChRs.'*"® The influx of calcium can activate sec-
ondary messengers, depolarize the membrane, and acti-
vate voltage-gated ion channels to increase calcium flux
and stimulate calcium-induced calcium release (CICR)
from internal stores.'® This results in downstream calcium
signaling effectors being activated, which are involved in a
multitude of cellular processes.

When considering the human population, CHRNA?Y is a
strong candidate gene for many of the phenotypes observed
in individuals with 15q13.3 CNVs. The majority of the
probands carrying 15q13.3 CNVs do not carry additional
CNVs, suggesting that a gene or genes in the region are
responsible for their phenotypes.' Additionally, multiple
cohorts of individuals with neuropsychiatric disorders
have had positive responses to treatment with o7 nAChR
agonists and positive allosteric modulators (PAMs). In indi-
viduals with schizophrenia, a7 nAChR targeting agonists
and PAMs have been utilized with clinically relevant results,
including a reduction of negative symptoms and improve-
ments in cognition. Similarly, although in much smaller co-
horts, o7 nAChR agonists and PAMs have been utilized in

ASD, with reported improvements in social behavior.'”*

Broad nAChR agonist galantamine, an FDA-approved
drug, has been used in the treatment of Alzheimer disease
(MIM: 104300), which also has the a7 nAChR implicated
in its pathogenesis.'® This is likely impacting «7 nAChRs
in particular, as it has also been used successfully in a pro-
band carryinga 15q13.3 deletion diagnosed with aggressive
behaviors and schizophrenia.”’ Overall, this evidence
strongly supports that CHRNA?7 is playing a significant
role in the phenotypes observed in probands, both with
15q13.3 CNVs and possibly in a broader population of indi-
viduals with neuropsychiatric phenotypes.

While the human data support the notion of CHRNA? as
a potential candidate gene for 15q13.3 CNV phenotypes,
animal models of Chrna7 loss of function have provided
little evidence. For deletions, Chrna7 knockout mice have
been found to exhibit few of the human behavioral pheno-
types.”"*> On a functional level, decreased hippocampal
inhibitory function and alterations in GABA, receptors
have been noted, although these do not result in measur-
able behavioral changes.”® This suggests that there may
be compensatory mechanisms in the mouse that do not
occur in humans, although this has yet to be determined.
Furthermore, it has been shown that RIC3, a chaperone
required for biogenesis and trafficking of «7 nAChRs,
may function differently in mouse versus humans.**
Knockout mice of the typical BP4/BPS deletions have
been shown to recapitulate some phenotypes observed
in individuals with 15q13.3 losses, including epilepsy,
autism, and schizophrenia-like behaviors, suggesting that
other genes in the region could be contributing to the phe-
notypes observed in 15q13.3 microdeletion syndrome.?®
While clinical CMA data have highlighted the phenotypes
associated with 15q13.3 duplications, no models of these
CNVs have been reported.
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Table 1. Clinical Characteristics of Probands

Identifier Sex Age at Biopsy 15q13.3 CNV ID/DD ASD ADHD
DUP04" M 9 years BP3/BPS duplication yes no yes
DUP16™" F 13 years BP4/BPS duplication borderline yes yes
DUP19¢ F 7 years D-CHRNA7-LCR/BPS duplication no no no
DEL11¢ M 13 years BP4/BPS deletion borderline yes no
DEL16%¢ M 14 years BP3/BPS deletion yes yes no
DEL18 M 15 years BP4/BP5 deletion’ yes no no
CONTROLO1' F 4 years copy neutral no no no
CONTROLO02® M 7 years copy neutral no no no
CONTROLO3*" M 7 years copy neutral yes no no

®Published in Gillentine et al.®

6g21 duplication

<Sibling of DUPO1 in Gillentine et al.®
9published in Ziats et al.”

®Has secondary CNV (17912 loss)
DUP19’s sibling

9DUPO3’s sibling in Gillentine et al.®
PSibling of DUP16 in Gillentine et al.®

Induced pluripotent stem cells (iPSCs) have proven to be
an extremely valuable resource for studying human dis-
ease. Many neuropsychiatric disorders, including Rett
syndrome (MIM: 312750), Timothy syndrome (MIM:
601005), bipolar disorder, schizophrenia, and idiopathic
autism, have been modeled using iPSCs, neural progenitor
cells (NPCs), and terminally differentiated neurons.**~>°
Recently, the expression and functionality of nAChRs
have been explored in human iPSC-derived neurons.*'**
In these studies, it was concluded that the a7 nAChR was
the major functional nAChR subtype in iPSC-derived
neuronal cells. In order to complement animal models of
CHRNA?7-dependent disease, with all their species-depen-
dent limitations especially when it comes to modeling
human behavior and psychiatric disease, we decided to
develop human iPSC lines from both individuals with
15q13.3 deletions and 15q13.3 duplications. These iPSCs,
along with the induced neuronal cell lines derived from
them, represent an exciting model to study the molecular
consequences of CHRNA7 copy-number variation, and
may represent a tool for developing therapeutics for the
affected individuals down the line.

Here, we explored gene expression, o7 nAChR-depen-
dent calcium flux, and consequences of altered calcium
signaling in iPSCs and NPCs derived from 15q13.3 CNV
probands. With the limitations of clinical CMA for this
region of the genome, we first answered questions of
gene expression of CHRNA7 and OTUD7A for duplication
NPCs. We then determined that these proband-derived
cells have a7 nAChR-dependent phenotypes, with both
CNVs resulting in decreased o7 nAChR-dependent calcium
flux, known to be an extremely efficient way to increase
calcium concentrations in the cell. This decreased o7
nAChR-dependent calcium flux has similar consequences
for both 15q13.3 deletions and duplications, resulting in

downregulation of downstream effectors. In NPCs with
15q13.3 deletions, this is likely due to haploinsufficiency
of CHRNA7. We propose a mechanism for the pathoge-
nicity of CHRNA?7 duplications of increased o7 protein
levels in the ER, resulting in ER stress and impaired
chaperoning of a7 subunits to the membrane. While the
decreased o7 nAChR functionality in 15q13.3 duplication
cells is surprising based on genomics and mRNA expres-
sion, these similar molecular phenotypes are in line with
the clinical traits observed in the respective probands.

Material and Methods

Establishment of Cohort of CHRNA7 CNV Probands
Probands were recruited based on known 15q13.3 CNVs identified
by clinical CMA testing, as previously described.” ' Studies recruit-
ing the probands were approved by the Institutional Review Board
at Baylor College of Medicine, and probands consented to use of
their cells in research. A total of six probands (three with 15q13.3
deletion and three with 15q13.3 duplication) and three control sib-
lings of both sexes were biopsied (probands aged 7-14, controls aged
4-7, Figure 1). Five of the six individuals carrying 15q13.3 CNVs had
previously been phenotyped by a team of specialists at Texas Chil-
dren’s Hospital, and the final duplication individual was reportedly
asymptomatic (Table 1).”'° Secondary CNVs of uncertain clinical
significance were detected in one control subject (CONTROL2)
and her 15q13.3 duplication sibling (DUP16), as well as in one
deletion proband (DEL18) (Table 1).”'° Genotypes of all indi-
viduals in this study were confirmed using multiplex ligation-
dependent probe amplification (MLPA) as previously described.”

Generation of Human Induced Pluripotent Stem Cells
(iPSCs)

15q13.3 deletion, 15q13.3 duplication, and control fibroblasts
were derived from individuals’ biopsies by the IDDRC Tissue Cul-
ture Facility Core. Fibroblasts were reprogrammed into iPSCs by
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the Baylor College of Medicine Human Stem Cell Core (HSCC)
using the CytoTune-iPS 2.0 Sendai Reprogramming Kit (Life
Technologies), following the manufacturer’s protocol. Following
transduction, cells were grown in high-glucose DMEM+10%
FBS+1x MEM non-essential amino acids (Life Technologies) for
5 days, in TeSR-E7 (StemCell) for 8 days, and in TeSR-E8 (StemCell)
until day 21 when colonies were manually picked. Lower passaged
colonies were picked manually, while later passaged colonies were
passaged using ReLeSR (StemCell) or 0.5 mM EDTA. After reprog-
ramming, iPSCs were maintained in mTeSR1 (StemCell) on
Matrigel (Corning) or Cultrex (Trevigen). All cells were incubated
at 37°C with 95% humidity and 5% CO?.

Neural Progenitor Cell (NPC) Differentiation

To differentiate iPSCs into NPCs, a dual SMAD inhibition protocol
based on previous publications was used.**** Generally one clone
was differentiated, with two clones for Controll and DUP04. iPSCs
were dissociated using Accutase (Sigma) and 2 million cells per
well were plated into an Aggrewell plate (StemCell) in Neural In-
duction Medium (DMEM/F-12 and Neurobasal media [Life Techo-
nologies], 2% B27-supplement minus vitamin A [Life Technolo-
gies], 1% N2-supplement [Thermo Fisher]|, 2 mM Glutamax [Life
Techonologies]). 10 uM Y-27632 (Selleckchem) was used during
initial 24 hr of culturing in Aggrewells to promote cell survival.
On the following day media was changed and 10 uM SB-431542
(Selleckchem) was added to initiate dual SMAD inhibition. Start-
ing at day 3, 4 pM dorsomorphin (Santa Cruz Technologies) was
added. On day 5, embryoid bodies were collected, sieved through
a 37 um reversible strainer (StemCell), and transferred to Matrigel-
or Cultrex (Trevigen)-coated plates in Neural Proliferation Me-
dium (DMEM/F-12 and Neurobasal media, 1% B27-supplement
minus vitamin A, 0.5% N2-supplement, 20 ng bFGF/mL [Pepro-
tech], and 20 ng EGF/mL [Peprotech]). Both SMAD inhibitors
were present in media until day 9 with addition of 10 uM cyclop-
amine (CCP) (VWR) starting from day 6. Media was changed daily
until rosettes of neural progenitors were collected at day 12 by in-
cubation for 1 hr with Neural Rosette Selection Reagent (StemCell)
at 37°C. Dislodged rosettes were incubated for 1 hr in plates coated
with 0.2% porcine gelatin (Sigma). The floating fraction was
collected and transferred into a non-coated plate and incubated
in suspension overnight. On the following day, floating spheres
of NPCs were plated onto Matrigel- or Cultrex-coated 6-well plates
and propagated until confluent. Cells were passaged using Accu-
tase and split into media containing 10 uM Y-27632 to support
single-cell survival. All cultures were maintained in presence of
1% penicillin-streptomycin (Thermo Fisher).

iPSC and NPC Characterization

Two or three iPSC clones were characterized for each individual by
karyotyping at an early passage post reprogramming, flow cytome-
try for cell-specific iPSCs markers OCT4 and SSEA-4, immunofluo-
rescence at a later passage, and by qPCR twice for appropriate
markers (Figures 2, S1, and S5). Flow cytometry was performed by
the Baylor College of Medicine Human Stem Cell Core and the
Cytometry and Cell Sorting Core. Cells were trypsinized and centri-
fuged at 200 x g for 5 min. Cells were resuspended in FACS
buffer (DBPS without Ca®* or Mg>*, 2% FBS, 0.1% sodium azide)
and then stained for cell surface antigens SSEA-4-APC (R&D
FAB1435A) and CD-29-Alexa 488 (AbD Serotec MCA2298A488)
as a negative control for 30 minutes at 4°C. Cells were then fixed
for 30 min in 2% paraformaldehyde (PFA) at room temperature fol-

lowed by permeabilization in permeabilization buffer (DBPS
without Ca** or Mg®*, 0.1% BSA, 0.1% Saponin) for 30 min at
room temperature. Cells were then stained for nuclear antigen
OCT4-PE (BD 560186) for 1 hr at room temperature. Finally, cells
were stained with DAPI and run through FACS on same day.

For immunofluorescence, iPSCs or NPCs were plated on
Matrigel- or Cultrex-coated glass coverslips. Cells were rinsed twice
with PBS and fixed with 3.7%-4% PFA for 15 min at room temper-
ature. Cells were then permeabilized in 0.5% Triton-100X in PBS
for 10 minutes at room temperature and washed two times with
PBS. Fixed cells were blocked for 1 hr in 1% BSA + 22.25 mg/mL
glycine in PBST. iPSCs were incubated overnight at 4°C with
antibodies for pluripotency markers (1:100 goat anti-SOX2
[Santa Cruz, SC-17320] and 1:60 mouse anti-OCT4 [Santa Cruz,
SC-5279]). NPCs were incubated overnight at 4°C in in
neural progenitor markers (1:200 rabbit anti-SOX2 [Abcam,
ab97959], 1:50 rabbit anti-PAX6 [Abcam, ab5790], 1:200 rabbit
anti-PAX6 [BioLegend, 901301], and 1:200 FOXG1 anti-rabbit
[Abgent, AP9793c]). Appropriate secondary antibodies (1:200
AlexaFluor-488, -555, or -647) were incubated with cells for 1 hr
at room temperature in the dark. Cells were imaged on a Zeiss
880 or Zeiss 710 confocal microscope and analyzed using Image].

RNA Isolation and qPCR

RNA was isolated from confluent iPSCs and NPCs in 6-well plates
using miRNeasy Mini Kit (QIAGEN) following manufacturet’s pro-
tocol. cDNA was synthesized using M-MLV Reverse Transcriptase
(Invitrogen) according to the manufacturer’s directions. Quantita-
tive PCR (qPCR) was performed using the primers in Table S1,
designed manually using DNASTAR SeqBuilder or used in previous
publications,***® with the following cycle: 95°C for 10 minutes;
40 cycles 95°C for 10 s, 60°C for 20 s, and 72°C for 15 s; followed
by 95°C for 10 s and then 25°C for 30 s. All gPCR products were
between 95 and 150 basepairs. qPCR was run using the CFX96
Real Time System (Bio-Rad) using SYBR green. Of note, CHRNA7
qPCR primers had no overlap with the fusion gene, CHRFAM7A
(MIM: 609756) (Figure S2, Table S1). For calculation of signifi-
cance, only biological replicates were considered. However, error
bars in Figure 3, Figure 4D, and Figure 5 take biological and tech-
nical replicates into consideration.

Measurement of Intracellular Calcium using FLIPR

5 x 10* NPCs, one clone per individual, were plated in an optical
bottom 384-well plate coated with Cultrex (Trevigin). Once
confluent after 2 days, changes in calcium flux were measured in
response to an orthosteric nAChR agonist agonist (epibatidine),
a7 nAChR-specific PAM (PNU-120596) positive allosteric modu-
lator (PAM) in the presence of agonist, and an a7 nAChR-specific
antagonist (methyllcaconitine, MLA) in the presence of PAM and
agonist with the Fluo-8 No Wash Calcium Assay kit (Abcam)
according to kit instructions. Cells were transferred to the
FLIPR™" (Molecular Devices) after incubation in Fluo-8 for 1 hr.
Drug dilutions (2x, epibatidine [Tocris], PNU-120596 [Tocris],
and MLA [Tocris]) were prepared in a separate 384-well compound
plate and were added in 25 pL volumes by automated pipetting.
Intracellular calcium levels were recorded before and after drug
dispensing. Data were exported and analyzed by two-way
ANOVA using Microsoft Excel and GraphPad Prism and are
normalized to the baseline relative light units. Peak fluorescence
values were determined by averaging the peak normalized values,
typically at the last time point, of each group.
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Measurement of Apoptosis and Cell Viability

Apoptosis and cell viability were measured for 15q13.3
deletion and duplication NPCS, normalized to controls, using
the ApoTox-Glo Asssay (Promega) according to manufacturer’s
instructions. Luminescence and fluorescence were measured using
a BioTek 2 Synergy Multi-Mode plate reader (BioTek).

Results

Generation and Characterization of 15q13.3 CNV
Proband-Derived iPSCs and NPCs

In order to elucidate the molecular pathogenesis of 15q13.3
CNVs, we utilized proband-derived iPSCs and differentiated
them into cortical-like NPCs. Three iPSC clones were
generated per individual from fibroblasts of three individ-
uals with 15q13.3 deletions, three with 15q13.3 duplica-
tions, and three sibling control subjects. Three iPSC clones
were used unless one was found to have an abnormal karyo-
type. Two 15q13.3 deletions spanned BP4/BP5 and one
spanned BP3/BPS5, while duplications spanned BP3/BPS,
BP4/BPS5, or D-CHRNA7-LCR/BPS (Figure 1). Phenotypes
of probands are outlined in Table 1.”'° All iPSC lines ex-
pressed pluripotency markers OCT4 and SSEA4 by flow cy-
tometry (Figure S1). Additionally, all lines showed SOX2

Figure 2. Characterization of iPSCs and
NPCs

(A and B) iPSCs stain positive for SOX2 (A)
and OCT4-AF488 (B), both pluripotency
markers. Figure S1 shows additional char-
acterization of iPSCs using flow cytometry
and karyotypes.

(C and D) NPCs stain positive for neuronal
markers FOXG1 (C), SOX2 (see D for dupli-
cations and deletions), and PAX6 (D).

and OCT4 at the protein level as deter-
mined by immunofluorescence (Fig-
ures 2A and 2B). Post reprogramming,
iPSC clones were also karyotyped to
ensure no additional chromosomal
abnormalities were introduced during
the reprogramming process.

All control, deletion, and duplica-
tion lines were successfully differenti-
ated into NPCs. NPC markers SOX2,
FOXG1, and PAX6 were present at the
protein level, as determined by immu-
nofluorescence, and NESTIN (MIM:
600915) was expressed, as determined
by qPCR (Figures 2C, 2D, and S5).

Assessment of Potentially Dosage-
Sensitive 15q13.3 Genes CHRNA7
and OTUD7A
By qPCR, 15q13.3 microdeletion
iPSCs (data not shown) and NPCs,
with one clone per individual pooled
with the appropriate genotype, showed significantly
decreased expression of CHRNA7 compared to pooled con-
trols (p < 0.0001 for both deletion sizes, Figure 3A). For du-
plications, it has been unclear whether CHRNA? is fully
duplicated, because part of the gene is located in an LCR
element. mRNA expression of CHRNA7 in 15q13.3 dupli-
cation iPSCs (data not shown) and NPCs was significantly
increased compared to controls, suggesting that CHRNA7
is fully duplicated in 15q13.3 duplication iPSCs and
NPCs (p < 0.0001 for all duplication sizes pooled and indi-
vidually). qPCR primers did not overlap with the fusion
gene, CHRFAM7A, and are specific for CHRNA?7 (Figure S2).
While CMA analysis and the genomic structure of the
LCRs utilized suggests that the first noncoding exon of
OTUD7A is included in D-CHRNA7-LCR/BP5 CNVs, it
has been unclear whether this aberration would affect
OTUD7A gene expression. This is of particular importance
for duplications, as a duplicated first exon could be capable
of disrupting expression. Utilizing qPCR, we determined
that in D-CHRNA7-LCR/BPS duplication iPSCs (data not
shown) and NPCs, gene expression of OTUD7A resembles
that of control cells, but is appropriately up- or downregu-
lated in pooled larger duplications and pooled deletions
(Figure 3B).
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Figure 3. 15q13.3 CNV NPCs Have
Correlative Gene Expression by qPCR
Control NPCs are shown in gray, duplica-

— tion NPCs are in blue, and deletion NPCs

CHRNA7 OTUD7A
A B
2.0- Hkkk 1 ke c 2.0 — ek k
5 i)
® 2 1.5
8 1.54 g 15
g u%- ns
5 1.01 o 1.0
g E:
g 0.5 g 0.5
5 S
2 4
0.0 0.0
= Controls 3 Controls
Il Duplications [ D-CHRNA7-LCR/BP5 Duplication
[l Deletions

Il Deletions

a7 nAChR-Dependent Calcium Flux Is Decreased in

Both 15q13.3 Deletion and Duplication Proband-
Derived NPCs

The a7 nAChR is unique among nAChRs in that it has a
very high permeability to calcium, being one of the most
efficient ways to increase cytoplasmic calcium concentra-
tions. Utilizing the FLIPR™" High-Throughput Cellular
Screening System (Molecular Devices), intracellular cal-
cium levels in response to a7 nAChR-signaling of control,
deletion, and duplication NPCs were measured in response
to epibatidine, an orthosteric agonist of nAChRs, PNU-
120596, an o7 nAChR-specific type II positive allosteric
modulator (PAM), and methyllycaconitine (MLA), an a7
nAChR-specific antagonist. Both 15q13.3 deletion and
duplication NPCs had decreased a7 nAChR-dependent cal-
cium flux. With application of 1 uM epibatidine, 15q13.3
deletion and duplication NPCs had significantly reduced
calcium flux compared to controls (interaction of two-
way ANOVA p < 0.0001) (Figures 4A and S4). Agonist alone
is unable to detect a7 nAChR-dependent calcium flux
accurately, as the channels open and desensitize within
milliseconds. PAMs allow for the ion channel to remain
open for a longer period of time, allowing for measurement
of a7 nAChR-specific signal. With co-application of 1 pM
epibaditine and 3 pM PNU-120596, the response was
significantly lower for deletion NPCs, by 46%, and duplica-
tion NPCs, by 17%, compared to control NPCs, as deter-
mined by two-way ANOVA (p < 0.0001) (Figure 4B). Of
note, duplication NPCs’ calcium flux is between control
and deletion NPCs, which is remarkably similar to what
has been observed with clinical phenotypes. Peak fluores-
cence, indicative of peak calcium levels, was significantly
decreased for 15q13.3 deletions (p = 0.0458, ANOVA)
(Figure 4C) as compared to controls, with 15q13.3 duplica-
tions having an intermediate value not significantly
different from either controls or deletions. Time to reach
peak fluorescence from stimulation was not significantly
different between groups, indicating the channel kinetics
are normal, as can be appreciated by the similar shape in
the calcium flux curves (data not shown). In response to

Il BP3-BP5/BP4-BP5 Duplication

| are in red. All groups were compared using
a one-way ANOVA.

(A) CHRNA7 is fully duplicated for all
sizes of 15q13.3 gains (n = 3 clones, 3
individuals).

(B) The expression of OTUD7A in small
D-CHRNA7-LCR/BPS gains (n = 1 clone,
1 individual) is not altered as compared
to controls (n = 3 clones, 3 individuals),
while its expression is appropriately up-
or downregulated in larger duplications
(n = 2 clones, 2 individuals) and deletions
(n = 3 clones, 3 individuals), respectively.
****p < 0.0001; ns, not significant; BP,
breakpoint. Error bars indicate standard
€ITOL.

co-application of 1 uM epibatidine, 3 pM PNU-120596,
and 10 uM MLA, this response was decreased for each
group, indicating that this is an «7 nAChR-specific phe-
nomenon (Figure S3).

Gene Expression of Chaperones Involved in Folding,
Assembly, and Trafficking «7 nAChRs Is Increased in
15q13.3 Duplication NPCs

From gene to fully functional receptor, o7 nAChRs must be
folded and assembled in the ER, followed by trafficking of
fully assembled receptors to the membrane. In order to
explore a mechanism explaining decreased «7 nAChR-spe-
cific calcium flux in duplication NPCs, we looked to the
folding, assembly, and trafficking of the receptors. Two
chaperones have been identified to be necessary for a7
nAChR assembly in the ER and transport to the mem-
brane: RIC3 (MIM: 610509) and NACHO.***"~3° By qPCR,
both of these chaperones had significantly increased
mRNA expression in 15q13.3 duplication NPCs (RIC3
p = 0.0456, NACHO p = 0.0066; Figure 5) and decreased
expression in deletion NPCs (RIC3 p = 0.0106, NACHO
p = 0.0019).

Expression of a Subset of ER Stress Markers Is Increased
in 15q13.3 Duplication NPCs

Since two nAChR-specific ER chaperones had altered gene
expression, we explored other ER stress markers. Activation
of three pathways is implicated in ER stress and the
unfolded protein response: IREa splicing of XBP1 (MIM:
194355), PERK activation, and ATF6 translocation. Spliced
XBP1 (XBPI(s)) had significantly increased expression in
15q13.3 duplication NPCs (p = 0.0052). Two known ER
stress markers transcribed by XBP1(s) had increased
expression, although not significantly, in duplication
NPCs ERDJ4 (also known as DNAJB9 [MIM: 602634],
p = 0.3055) and EROILB (IMIM: 615437], p = 0.2158).
ERDJ4 had no change in deletion NPCs, but a decrease in
expression of EROILB (p = 0.0104) was observed. Of
note, CHOP and GADD34, known to be downstream of
PERK dimerization and autophosphorylation and to lead
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Figure 4. 15q13.3 Deletion and Duplica-
tion NPCs Have Decreased o7 nAChR-
Dependent Calcium Flux

(A and B) Controls are shown with a gray
solid line, duplications are shown as blue
diamonds, and deletions are shown as red
circles. Error bars are not shown for
simplicity in the figure but are shown in
Figure S4.
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an orthosteric nAChR agonist, NPCs have
a response that is decreased for both
15q13.3 deletion and duplication NPCs
(two-way ANOVA p < 0.0001; s: seconds).
(B) With co-application of 1 pM epiba-
tidine and 3 puM PNU-120596, an o7
nAChR-specific type II positive allosteric
modulator (PAM), decreased o7 nAChR-
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NPCs (two-way ANOVA p < 0.0001).

I (C) Peak fluorescence, as measured by
normalized relative light units, for each
genotype, with co-application of 1 uM
epibatidine and 3 uM PNU-120596. De-
letions have significantly decreased peak
fluorescence, while duplications have
trending decreased peak fluorescence, indi-
cating less calcium flux. Data are of three
replicates for each condition for each indi-
vidual (one NPC line each) in two experi-
ments, and averages of each genotype
(controls n = 3, duplications n = 3, dele-
tions n = 3); p < 0.05; ns, not significant.
Data are normalized to baseline values.
(D) 15q13.3 deletion and duplication NPCs

have decreased o7 nAChR-dependent calcium signaling via the JAK2-PI3K pathway, as determined by qPCR (p < 0.05, ****p < 0.0001,

one-way ANOVA).
Error bars indicate standard error.

to apoptosis, did not have increased expression in 15q13.3
CNV NPCs. BCL2 (MIM: 151430), affected downstream of
CHOP during ER stress-induced apoptosis, did not have
altered expression in either deletion or duplication NPCs.
Additionally, neither duplication or deletion NPCs showed
increased apoptosis or decreased viability, as compared to
control NPCs (Figure S7).

15913.3 CNV NPCs Have Decreased o7 nAChR-
Dependent Calcium Effectors Downstream Signaling
The o7 nAChR has many important consequences in
neuronal cells, including modulation of neuronal excit-
ability and neurotransmitter release as well as calcium
flux directly impacting multiple cellular signaling path-
ways. We explored the JAK2-PI3K pathway and found
that multiple components had decreased mRNA expres-
sion in both 15q13.3 deletion and duplication lines
(Figure 4D). This pathway, with JAK2 an early target of cal-
cium flux through the a7 nAChR, has been implicated in
anti-apoptotic effects, anti-inflammation effects, and neu-
roprotection.**"** Notably, each of these downstream
effectors alterations followed the same trend of 15q13.3
duplications being intermediate between controls and
15q13.3 deletions.

Discussion

In this study, we established induced pluripotent stem cells
(iPSCs) from individuals with 15q13.3 microdeletions and
microduplications and differentiated them into cortical-
like neural progenitor cells (NPCs), from which we were
able to determine molecular consequences of CHRNA7Z
CNVs. Remarkably, we identified a mechanism of patho-
genesis for both CHRNA7 deletions and duplications,
both of which result in decreased 7 nAChR-dependent
calcium flux, although due to different pathomechanisms
(Figure 6).

15q13.3 microdeletions and duplications have been
difficult to study for a variety of reasons, including the
incomplete penetrance and variable expressivity of hu-
man phenotypes, the imperfect resolution of CMA anal-
ysis, especially in proximity of repetitive sequences, and
the challenges of recapitulating phenotypes in murine
models. Proband-derived cells provide an opportunity
to study genes and mechanisms in a relevant human
model. In the future, our 15q13.3 iPSCs and NPCs have
potential to be a valuable tool in drug discovery, due to
their ease of proliferating and use in high-throughput
experiments.
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Figure 5. 15q13.3 Duplications Have
Increased Expression of nAChR-Specific
and Resident ER Chaperones

All groups were compared using a one-way
ANVOA.

(A) RIC3, a nAChR-specific ER chaperone
involved in folding, assembly, and traf-
ficking of nAChRs, is upregulated in dupli-
cation NPCs (n = 3 clones, 3 individuals).
The gene is downregulated in deletion
NPCs (n = 3 clones, 3 individuals), which
may be due to fewer nAChR subunits.
NACHO, a nAChR-specific ER chaperone
involved in folding, assembly, trafficking,
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and cell surface expression, is upregulated
in duplication NPCs (n = 3 clones, 3 indi-
viduals) and downregulated in deletion
NPCs (n = 3 clones, 3 individuals).

(B) ER stress marker XBPI(s), the spliced
mRNA of XBP], is increased in duplication
NPCs (n = 3 clones, 3 individuals) and is
unchanged in deletion NPCs (3 clones, 3
individuals).

(C) Downstream targets of XBP1 have dif-
ferential changes in expression. ERDJ4, an
ER-resident chaperone important in
folding misfolded or unfolded proteins, as
well as those that fold slowly, is upregu-
lated by 26.5%, although not significantly
due to small sample size, in duplication

BCL2

NPCs (n = 3 clones, 3 individuals). EROILB, an ER-resident chaperone and ERAD protein, is similarly upregulated in duplication
NPCs (22.5%) (n = 3 clones, 3 individuals) and downregulated in deletion NPCs (n = 3 individuals, 3 clones). EDEM, an ER-associated
degradation factor, has no changes in expression in either 15q13.3 duplication or deletion lines (n = 3 clones, 3 individuals for each),

suggesting that the ER stress is mediated.

(D) ER stress factors downstream of PERK dimerization and phosphorylation CHOP, GADD34, and BCL2, known to lead to cell death
with changes in expression, are unchanged in both duplication and deletion NPCs (3 clones, 3 individuals for both), supporting that

the ER stress is mediated in 15q13.3 duplication cells.

*p < 0.05, **p < 0.01, ns, not significant. Error bars indicate standard error.

15g13.3 Gene Expression Is Altered in Proband-Derived
Cells

First, we explored gene expression of 15q13.3 genes in pro-
band-derived iPSCs and NPCs (Figure 3). For deletions, we
saw expression of both CHRNA7 and OTUD7A decreased
by about 50%, as one would expect. Due to the repetitive
nature of the genome at 15q13.3, it had yet to be deter-
mined whether CHRNA?7 was fully duplicated in probands
carrying 15q13.3 gains, as the 5’ end of the gene resides in
an LCR element.'' With a partial duplication, the mecha-
nism of pathogenesis would likely be different, so determi-
nation of the full duplication of CHRNA7 was key. Using
qPCR primer sets with no overlap with the human fusion
gene of CHRNA7, CHRFAM7A, we identified that in all
three of our duplication proband iPSC and NPC lines,
CHRNA7 was fully duplicated, further implicating the
gene in neuropsychiatric phenotypes.

Additionally, in smaller duplications that span from
the D-CHRNA7-LCR to BPS5, it has been unclear whether
the duplication of the first noncoding exon of OTUD7A
alter its expression. It has been hypothesized that
duplication of the first exon may disrupt the gene and
decrease its expression in these probands, resulting in
haploinsufficiency of the gene. While we had only one
proband with a small D-CHRNA7-LCR/BPS duplication,

the iPSCs and NPCs generated from this individual had
expression levels of OTUD7A similar to controls, while
duplications that encompassed the entirety of OTUD7A
had appropriately increased expression. This suggests
that changes in CHRNA7 copy number are likely the
major contributor to the pathogenesis these duplications.
Recently, evidence has been found that OTUD7A loss-
of-function mutations or deletions may contribute to
neuropsychiatric phenotypes (J. Yin, personal communi-
cation), so it may be possible that loss OTUD7A contrib-
utes to phenotypes observed in 15q13.3 deletion
probands. Unfortunately, due to the rarity of the pro-
bands (about 16% of all individuals carrying 15q13.3
deletions), we were unable to determine whether the
expression of OTUDZA is altered in individuals with
D-CHRNA7-LCR/BPS deletions.

a7 nAChR-Dependent Calcium Flux Is Decreased in Both
15q13.3 Deletion and Duplication NPCs

As protein levels of a7 subunits cannot be determined
reliably with many commercial antibodies, we chose to
directly assess the a7 nAChR functionality in our NPC
lines. Interestingly, we found that «7 nAChR-dependent
calcium flux was decreased in both 15q13.3 deletion and
duplication NPCs (Figure 4B). 15q13.3 deletion NPCs
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effects resulting from CHRNA7 copy-
number variation. Other nAChRs,
similar to what has been observed in
iPSC-derived neurons, are expressed
in our NPCs (Figure S6). However,
particularly for duplications, it is
likely that these are dysregulated or
have altered function due to their
chaperones shared with the o7
nAChR, which could vary between
individuals. Furthermore, it is likely
that alterations in a7-dependent

subunit

were expected to have decreased calcium flux due to hap-
loinsufficiency of CHRNA7. For the duplication NPCs,
the decreased calcium flux was surprising, considering
the genomic and expression data. However, looking
at the reported phenotypic manifestations in probands
with 15q13.3 CNVs, the decreased calcium flux in both
groups mirrors what has been observed in the clinic: dele-
tions often having a similar but more severe phenotype
than duplications.

In response to a non-selective nAChR agonist, epibati-
dine, we saw the same pattern of decreased calcium
response for both 15q13.3 deletion and duplication
NPCs (Figure 4A). Due to the activation of multiple
nAChRs via epibatidine, the decrease in calcium flux
following its application suggests that additional nAChRs
cannot, or do not, fully compensate for the functional

calcium flux may alter gene expres-
sion of additional nAChRs. While
some compensation from additional
nAChRs, or even other Cys-loop receptors, may be occur-
ring in 15q13.3 NPCs and/or neurons, it is unclear whether
this would be consistent among probands or whether there
would be significant impact.

With co-application of epibatidine and PNU-120596, a
positive allosteric modulator of &7 nAChRs that reduces
its desensitization kinetics, there was a considerably larger
change in calcium flux as compared to epibatidine alone.
15q13.3 deletions had the lowest peak levels of calcium
flux, and duplications had a non-significant decrease in
o7 nAChR-dependent calcium flux compared to controls.
This places 15q13.3 duplication NPCs’ a7 nAChR-depen-
dent calcium flux at an intermediate between controls
and 15q13.3 deletions, not significantly different from
either. While somewhat speculative, this is remarkably
similar to what is often observed in the clinic, with
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15q13.3 deletion and duplication probands sharing phe-
notypes with differing severity.

Adaptive ER Stress Is Increased in 15q13.3

Duplication NPCs

Folding, assembly, and trafficking of nAChRs is a notori-
ously inefficient process, so any perturbation of the system
would likely decrease the number of functional nAChRs at
the membrane.** Two chaperones have been found to be
necessary for o7 nAChR assembly and trafficking: RIC3
and NACHO. RIC3, a Cys-loop receptor-specific ER chap-
erone, has previously been observed to have increased
mRNA expression in individuals with bipolar disorder,
with significantly higher levels in bipolar individuals man-
ifesting psychosis.** Similarly, our 15q13.3 duplication
NPCs had increased expression of RIC3 (Figure 5A). Addi-
tionally, NACHO, a recently identified ER chaperone spe-
cific to nAChRs and important for their folding, assembly,
trafficking, and cell surface expression, was also increased
in 15q13.3 duplication NPCs. This suggested ER stress as
a result of increased o7 subunits in the ER with inefficient
and/or diminished processing.

The ER has been proposed to be involved in neuropsy-
chiatric disease, as many psychotropic medications likely
involve the ER in their mechanism of action.** For nAChRs
in particular, the ER has been implicated in pathogenesis,
as nicotine is known to mediate ER stress and upregulate
(increase number of receptors at the membrane)
nAChRs.**™*® ER stress in 15q13.3 duplication NPCs was
confirmed by measuring expression of known ER stress
markers in the 15q13.3 duplication cells. Increased expres-
sion of ER stress marker spliced XBP1 highlights the
unfolded protein response pathway of inositol requiring
enzyme loa (IREla), which is bound by unfolded or mis-
folded proteins. We also identified increased expression
of ERDJ4, an ER-resident chaperone and transcriptional
target of spliced XBP1, that is known to bind to both
unfolded and misfolded proteins as well as proteins that
fold especially slowly. Furthermore, we found increased
expression of ERO1LB, whose expression is also dependent
on XBP1 splicing and is important in ER-associated degra-
dation (ERAD). A second pathway in the unfolded protein
response activated by PERK dimerization, resulting in
CHOP expression and ultimately apoptosis, was not upre-
gulated in these cells. Activation of a subset of ER stress
pathways is thought to be indicative of adaptive ER stress
and has been noted in disorders of protein accumula-
tion.” Altogether, this suggests that an increase in
genomic copy number of CHRNA7 results in increased
mRNA and protein product, which is retained in the ER
due to insufficient chaperoning. Due to unreliable human
o7 antibodies, we were unable to show changes on the pro-
tein level, but this conclusion has both functional and
literature support.*®

Protein accumulation in the ER, resulting in ER stress,
has been reported in other neurodevelopmental disorders
and is implicated in their pathogenesis. Pelizaeus-Merz-

bacher disease (PMD [MIM: 312080]), a dysmyelinating
disorder of the central nervous system, is known to result
in apoptotic pathways of the unfolded protein response
being activated due to accumulation of misfolded protein
in the ER, specifically the membrane protein proteolipid
protein 1 (PLP1).°>! Both missense mutations and duplica-
tions at PLP1 (MIM: 300401) result in PMD, with duplica-
tions having a less severe phenotype.”’ This has been
suggested to be the case due to differing molecular conse-
quences, with missense mutations resulting in accumula-
tion of mutant PLP1 in the ER and genomic duplications
resulting in accumulation of PLP1 in endosomes or lyso-
somes, resulting in less PLP1 at the membrane. Deletions
of PLP1, while showing a phenotype due to less PLP1 at
the plasma membrane, have an even less severe phenotype
than duplications, likely due to no trafficking conse-
quences on the protein. In iPSCs, genomic duplications
of PLP1 have been explored, as well as a partial duplication
that disrupts the expression of PLPI similar to deletions.>”
In iPSC-derived oligodendrocytes, missense mutations in
PLP1 have been shown to have a molecular phenotype of
increased apoptosis due to increased ER stress.>® Broadly,
this supports the notion of differing molecular conse-
quences for different genetic changes of membrane pro-
teins. However, unlike PMD iPSC-derived cells, it appears
that the ER stress phenotype does not result in a cell death
phenotype in our 15q13.3 duplication NPCs, but instead
an adaptive ER stress phenotype that is allowing the cell
viability to be the same as control cells.

It is possible that a similar range of cellular phenotypes
may be seen with 15q13.3 CNVs, with deletions having a
more severe phenotype due to decreased «7 nAChRs at
the membrane and duplications having a less severe
phenotype since they are able to still traffic some, but
not all, a7 nAChRs to the membrane. Interestingly, in
contrast to PLP deletions, although difficult to address
due to the 99% homology with CHRFAM7A, no single-
nucleotide variants or small indels have been reported in
the coding region of CHRNA?Y.

Dysregulation of nAChR chaperones and/or nAChR traf-
ficking has been implicated previously in neuropsychiatric
disease, as well as shown to occur in vitro.*>~*® Similar to
our model, a model of ER stress in response to nAChR
dysfunction has been proposed for Alzheimer disease, a
disease for which the a7 nAChR has also been impli-
cated.’* In this model, chaperone dysfunction or ER stress
results in increased assembly and trafficking of non-func-
tional receptors or those with inappropriate stoichiometry,
which may be less sensitive to ligands. Inappropriate stoi-
chiometry of these receptors may include homomeric 7
nAChRs, although with the wrong number of subunits or
inclusion of other nAChR subunits that are known to
interact with a7 subunits, such as B2 subunits, but again
in inappropriate numbers. Furthermore, these receptors
may include CHRNA7-FAM7A subunits, encoded by
CHRFAM7A, which has been proposed to have a domi-
nant-negative effect on o7 nAChRs.'*°° In overexpression
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studies, it is known that CHRNA7-FAM7A and «.7 subunits
interact in mammalian cells, although a dominant-nega-
tive effect in humans has yet to be determined.'” It is likely
that a combination of decreased receptors, as well as
increased dysfunctional receptors, contribute to the phe-
notypes seen in 15q13.3 duplication probands.

Downstream Signaling to a7 nAChR Activation Is
Decreased in Both 15q13.3 Deletion and

Duplication NPCs

Calcium signaling is extremely important in neuronal
cells, with downstream effectors being activated and
involved in many facets of cellular function. Beyond
what we have explored here, «7 nAChR calcium flux is
known to initiate calcium flux through voltage-dependent
calcium channels (VDCCs) and cause calcium-induced cal-
cium release (CICR) from the ER, each of which may have
their own impact on the cell.*® Many pathways have been
found to be active in response to a7 nAChR calcium influx,
including the JAK2-PI3K pathway, which, among many
downstream effects, is anti-apoptotic, anti-inflammatory,
and involved in neuroprotection upon activation by the
a7 nAChR. Here, we found that in both CNV groups
JAK2 (MIM: 147796), directly activated by a7 nAChR-
dependent calcium flux, had significantly decreased
expression compared to controls, with its downstream
target, PI3K, having decreased mRNA expression in both
groups, but only significantly for deletions (Figure 4D).
The wide variety of processes that may be affected by the
changes in calcium flux in the cells of probands with
15q13.3 CNVs may contribute to the variable expressivity
of phenotypes observed.

Potential Cellular Consequences

Here, we have identified an early cellular response to
changes in copy number of CHRNA?7. As an nAChR, there
is a wide range of cellular phenotypes that could result
from decreased a7 nAChR calcium flux, which we only
began to explore here. The calcium influx from the o7
nAChR activates a range of secondary messengers, some
or all of which could contribute to human phenotypes.*®
Furthermore, many of these pathways likely impact gene
expression and/or neuronal differentiation.'®®” Future
studies will need to address how neuronal differentiation
may be impacted by CHRNA7 CNVs and whether this is
a rescuable phenotype.

Clinical Implications

While 15q13.3 deletions have a prevalence similar to other
genomic disorders (unpublished data), 15q13.3 duplica-
tions are the most common CNV contributing to neuro-
psychiatric disease, found in 1/123 individuals submitted
for clinical chromosomal microarray analysis.'’ Here,
NPCs were utilized for their future potential in drug discov-
ery, as these cells can be generated quickly from iPSCs and
propagated easily for high-throughput experiments.’®
Pharmacological compounds that target «7 nAChRs have

been utilized in individuals with a range of neuropsychi-
atric phenotypes. Most relevant to 15q13.3 CNVs, the
nAChR type I PAM and AChE inhibitor, galantamine, has
been used in an individual with a 15q13.3 microdeletion,
with some positive short- and long-term results observed,
although there is definitely opportunity for improve-
ment.>” Both type I and type Il PAMs specific for the a7
nAChR have been in development, some tested in hu-
mans, some in primates, and many more in rodents.’*"?
These two drug classes have varying effects on 7 nAChRs,
with type I PAMs not altering the normal kinetics of recep-
tor desensitization and type II PAMs blocking desensitiza-
tion. Not only does our study support the use of o7 nAChR
targeting compounds, it also expands the pool of probands
that would likely benefit from such therapies.

Interestingly, it has been observed that mood-stabilizing
drugs, including lithium and valproate, increase expres-
sion of ER stress markers, but do not lead to apoptosis,
indicative of adaptive ER stress.””®! Lithium treatment
has also been shown in vitro to prevent cell death induced
by drugs that increase ER stress, such as thapsigargin.®”
This suggests that mitigating ER stress toward a nonapop-
totic response could likely benefit individuals with a vari-
ety of neuropsychiatric disorders, especially those in which
ER stress in implicated, such as those associated with
15q13.3 duplications. With increased ER stress marker
expression but avoiding apoptosis, it may be possible to in-
crease the number of chaperones in the ER, thus making it
easier for the cell to assemble nAChRs. In Alzheimer dis-
ease models, drugs known to reduce ER stress, such as
4-phenylbutric acid (4-PBA), have been found to have pos-
itive effects on neuronal cells, which have increased AB
secretion upon ER stress, but increased o/y cleavage of
APP with treatment reducing ER stress.°* Furthermore,
4-PBA has been tested in humans as a diabetes treatment,
suggesting that it is a safe treatment option.®® Thus, there
may be a two-pronged approach to treatment of 15q13.3
duplications: targeting the 7 nAChRs that do make it to
the membrane, or targeting the process that causes them
to be reduced.

Open Questions in 15q13.3 CNVs
While we have demonstrated a molecular pathology for
15q13.3 CNVs, there are still many unanswered questions.
The first of these is the variable expressivity of phenotypes
in 15q13.3 CNV probands. CHRFAM7A, the human-spe-
cific fusion gene of CHRNA7 and FAM7A shown to have
a dominant-negative effect on &7 nAChR in some recombi-
nant systems, likely plays a role in this variable expressiv-
ity. Our study provides the basis for using iPSC-derived
neuronal cells to explore whether CHRFAM7A, or other po-
tential modifiers, has an impact on a7 nAChR calcium
flux. As CHRFAM7A is human specific, its exploration in
a human model is necessary to understand its contribution
to neuropsychiatric disease.

Other factors likely contribute to the variable expres-
sivity as well. Recently, Rex et al.°* identified seven

884 The American Journal of Human Genetics 101, 874-887, December 7, 2017



novel modulators of &7 nAChR calcium flux in a high-
throughput screen. Six of these seven modulators are
expressed in the brain and include proteins in the ER,
proteins involved in transcription, and proteins involved
in translation. Changes in these genes or their functions
may contribute to the variable expressivity observed, as
well as changes in other known modulators, including
RIC3 and NACHO. RIC3 has been implicated in Parkin-
son disease, with loss-of-function mutations, showing
that variants in the gene may be clinical relevant.
Currently, probands with 15913.3 CNVs are generally
tested only by chromosomal microarray and not whole-
genome or whole-exome sequencing, so additional vari-
ants that may contribute to phenotypes have yet to be
uncovered.

Conclusions

Here, we generated 15q13.3 CNV iPSCs and NPCs, which
may have clinical utility in the future for developing tar-
geted therapeutics. We show that 15q13.3 CNVs both
exhibit the same molecular pathogenesis, although to
varying degrees and through differing mechanisms. This
suggests that future studies into drug development for
treatment with these CNVs should focus on both deletion
and duplication probands.
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