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Summary
Chromosome 16p11.2 reciprocal genomic disorder, resulting from recurrent copy-number variants (CNVs), involves intellectual

disability, autism spectrum disorder (ASD), and schizophrenia, but the responsible mechanisms are not known. To systemically dissect

molecular effects, we performed transcriptome profiling of 350 libraries from six tissues (cortex, cerebellum, striatum, liver, brown fat,

and white fat) in mouse models harboring CNVs of the syntenic 7qF3 region, as well as cellular, transcriptional, and single-cell analyses

in 54 isogenic neural stem cell, induced neuron, and cerebral organoid models of CRISPR-engineered 16p11.2 CNVs. Transcriptome-

wide differentially expressed genes were largely tissue-, cell-type-, and dosage-specific, although more effects were shared between

deletion and duplication and across tissue than expected by chance. The broadest effects were observed in the cerebellum (2,163 differ-

entially expressed genes), and the greatest enrichments were associated with synaptic pathways in mouse cerebellum and human

induced neurons. Pathway and co-expression analyses identified energy and RNA metabolism as shared processes and enrichment

for ASD-associated, loss-of-function constraint, and fragile X messenger ribonucleoprotein target gene sets. Intriguingly, reciprocal

16p11.2 dosage changes resulted in consistent decrements in neurite and electrophysiological features, and single-cell profiling of orga-

noids showed reciprocal alterations to the proportions of excitatory and inhibitory GABAergic neurons. Changes both in neuronal ratios

and in gene expression in our organoid analyses point most directly to calretinin GABAergic inhibitory neurons and the excitatory/

inhibitory balance as targets of disruption that might contribute to changes in neurodevelopmental and cognitive function in

16p11.2 carriers. Collectively, our data indicate the genomic disorder involves disruption of multiple contributing biological processes

and that this disruption has relative impacts that are context specific.
Introduction

Reciprocal genomic disorders (RGDs) are syndromes

caused by recurrent CNVs generated from non-allelic ho-

mologous recombination (NAHR).1 These disorders typi-

cally involve altered dosage of multiple genes and are

collectively among the greatest contributors to neurodeve-

lopmental disorders (NDDs) and a spectrum of related

neuropsychiatric disorders.2–6 Despite this considerable

morbidity, the molecular mechanisms by which these

reciprocal rearrangements disrupt development remain

largely unknown. Given that NAHR reproducibly alters

the dosage of precisely the same sets of genes, the inherent

genomic architecture of RGDs has largely prevented assess-

ment of each affected gene’s specific contributions to asso-
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ciated phenotypes. However, the establishment of acces-

sible RGD mouse models, and recent advances in

CRISPR-based genome engineering in human induced

pluripotent stem cells (hiPSCs), show promise that dissect-

ing specific genetic and molecular underpinnings of RGDs

could now be tractable.7

Recurrent deletion (MIM: 611913) and duplication

(MIM: 614671) of an �743 kb genomic segment of chro-

mosomal locus 16p11.2 underly a relatively common

and highly penetrant RGD associated with a spectrum of

phenotypes, including autism spectrum disorder (ASD),

schizophrenia (SCZ), abnormal head circumference,

altered body mass, craniofacial and skeletal anomalies,

and predisposition to neuroblastoma.8–19 This specific

CNV includes a unique�593 kb segment, as well as at least
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Figure 1. Experimental design and expression profile of RGD genes across samples
(A) Illustration of human 16p11.2 segment and SD and the syntenic 7qF3 region in mouse. Only protein-coding genes are shown, via
human Ensembl GRCh37 (version 75) annotation and mouse Ensembl GRCm38 (version 83). Single-guide RNA targeting the SDs to
promote a model of NAHR-mediated CNV is indicated by scissors. Mouse models were generated through Cre-loxP-mediated recombi-
nation as described.34

(B) Schematic depiction of the study design and analyses. To systemically dissect molecular functions associated with 16p11.2 RGD, we
performed transcriptome analyses of 101mice with reciprocal CNVs (350 total samples) of the syntenic chromosomal region 7qF3 across
cortex, striatum, and cerebellum, as well as three non-brain tissues. Furthermore, we generated NSCs, iNs, and cerebral organoid deriv-
atives of isogenic hiPSCs harboring CRISPR-engineered reciprocal 16p11.2 CNVs and assessed cellular, transcriptional, and single-cell
signatures associated with 16p11.2 CNVs.
(C) Expression distribution of 27 protein-coding genes within the 16p11.2 region in WT samples including mouse tissues, NSCs
and iNs, and GTEx data. The results revealed 16p11.2 genes with a higher expression level in brain tissue and neurons than in non-brain
tissues.

(legend continued on next page)
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one copy equivalent of an �150 kb flanking segmental

duplicati8on (SD). The unique segment encompasses 27

protein-coding genes, and four protein-coding gene pa-

ralogues are located in each SD (Figure 1A). Genes in this

region exhibit conserved-order synteny onmouse chromo-

somal locus 7qF3; three of the genes in the SD are present

but not duplicated, and the fourth is absent from the

mouse genome. The 16p11.2 genes are involved in a

wide variety of cellular functions, including chromatin re-

modeling (INO80E, HIRIP3 [MIM: 603365]),20,21 ubiquiti-

nation (KCTD13 [MIM: 608947]),22 DNA repair (SLX1A

[MIM: 615822], SLXB [MIM: 615823]),23 MAP kinase

signaling (MAPK3 [MIM: 601795], TAOK2 [MIM:

613199]),24 and neurotransmitter release (DOC2A [MIM:

604567], PRRT2 [MIM: 614386]), among others.25,26 In

large-scale exome-sequencing studies of ASD or NDD, no

individual genes within 16p11.2 have been implicated as

contributors to these disorders on the basis of a significant

excess of de novo loss-of-function mutations. Other reports

have linked individual genes to these phenotypes; such

studies have included one observing an excess of missense

variants in MAPK3 among NDD cases,27 a case report

where a 118 kb deletion encompassing five genes (MVP

[MIM: 605088], CDIPT [MIM: 605893], SEZ6L2 [MIM:

616667], ASPHD1, and KCTD13) segregated with ASD in

a three-generation pedigree,28 and most recently publica-

tion of a nominal association of coding variants in

CORO1A [MIM: 605000] with ASD (false discovery rate

[FDR] q < 0.05),29 but none of these results reach stringent

statistical thresholds for reproducible association, as well-

established ASD and NDD risk loci do. Multiple in vivo

studies have also suggested a contribution of reciprocally

modulated expression of KCTD13 to the neuroanatomical

changes associated with the 16p11.2 RGD, but these find-

ings have not been consistent across studies.22,30–33 Thus,

the precise pathogenic mechanisms associated with recip-

rocal dosage changes of the 16p11.2 locus and the partic-

ular genes that drive them remain to be defined.

Recent genomic studies of the broad set of genes individ-

ually associated with ASD and NDD have suggested a

convergence of NDD-associated genes on key functional

pathways, including chromatin modification, transcrip-

tional regulation, and synaptic transmission.35,36 Investi-

gations of animal models and tissues have also explored

NDD pathogenesis by interrogating protein-protein inter-

actions, quantifying regional and temporal patterns of

co-expression,35–40 and performing in vivo phenotyping

during development.41 The resulting data have corrobo-

rated the aforementioned processes as contributors but

have also revealed neurogenesis-related effects, including
(D) Heatmaps of 16p11.2 region genes’ basal expression in mouse tiss
human tissues (GTEx, transcripts per million) (bottom).
(E) n-fold change (log2) of the protein-coding genes in the CNV and i
in red and duplications in blue across brain tissues (left panel) and h
panel highlights the unique portion of the 16p11.2 CNV region har
7qF3 segment, whereas pink vertical bars in the right panel highlight
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altered ratios of cell types in the developing brain. One

approach to elucidating pathogenic mechanisms in

RGDs is to use global transcriptome analysis of peripheral

cells from individuals harboring CNVs.42 However, pa-

tient-specific variability in genetic background and cell

type-specific expression patterns can complicate identifica-

tion of regulatory changes most relevant to abnormal neu-

rodevelopment. We previously developed genome-editing

methods of modeling NAHR by targeting SDs with

CRISPR/Cas9 to produce precise isogenic human cellular

models of recurrent RGDs in hiPSCs and derived neuronal

lineages.7 Here, we sought to integrate large-scale human

and mouse modeling to disentangle the tissue-specific,

cell-type-specific, and gene-dosage-specific molecular and

transcriptional signatures associated with 16p11.2 RGD.

To accomplish this, we examined tissue-specific changes

in global gene expression by using mouse models with

reciprocal CNVs in 7qF334 and comprehensive analyses

of three brain regions (cortex, striatum, and cerebellum)

and three non-brain tissues (liver, white fat, and

brown fat), along with neural stem cells (NSCs) and

neurogenin-2 induced neurons (iNs) derived from isogenic

hiPSC lines engineered to model reciprocal 16p11.2 CNV

(Figure 1B). We found that these CNVs cause a complex

spectrum of distinct and overlapping gene expression

changes that reflect both tissue-specific and shared

pathway changes. Human cell models carrying 16p11.2

CNVs demonstrate aberrant neuronal phenotypes,

including shorter neurites and reduced electrical activity.

Finally, single-cell RNA sequencing (scRNAseq) of cerebral

organoids harboring 16p11.2 CNVs revealed an altered

cell composition with an excitatory/inhibitory neuron

imbalance, providing a potential link between 16p11.2

rearrangements and their associated neuropsychiatric

phenotypes, including ASD and SCZ.
Methods

CRISPR/Cas9 genome editing and cell-model

development
Guide-RNA design, hiPSC culture, and DNA transfection

16p11.2 CRISPR-engineered, isogenic hiPSC lines with deletion or

duplication of the 16p11.2 region were generated via the SCORE

approach.7 In brief, to design the optimal guide RNA, we first iden-

tified all possible 18–25mer guides with Jellyfish and performed a

degenerate BLAST search to identify sequences that would

uniquely target the 16p11.2 SDs, respectively, with no predicted

off-target effects. The gRNA was cloned into pSpCas9(BB)-2A-

Puro plasmid with a puromycin resistance marker (pX459, Addg-

ene plasmid 48139) via a BbsI restriction site. Validation of the
ues (top), hiPSC-derived NSCs and induced neurons (middle), and

n the flanking regions are shown in coordinate space for deletions
uman cells (right panel). The light-blue shaded region in the left
boring 27 human orthologous protein-coding genes in the mouse
the segmental duplication region in the human 16p11.2 segment.
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guide sequence in the gRNA vector was confirmed by Sanger

sequencing. Before transfection, the EndoFree Plasmid Maxi Kit

was used according to the manufacturer’s (Qiagen’s) instruction

for purification of all plasmids.

CRISPR-engineered, isogenic hiPSC lines (KCTD13Het) with

deletion of KCTD13 were generated via transfection with CRISPR

guide RNA 50-TAAAAAGGATGGATGTAGGC-3’ and 50-TGCCTG

TGTTAGGAGGTATC-30 with the Amaxa Nucleofector II (Lonza)

with Human Stem Cell Nucleofector Kit 1 (Lonza) and program

B-016, according to the manufacturer’s instructions. After nucleo-

fection, hiPSCs were cultured in media supplemented with 10 mM

Y-27632 dihydrochloride for 24 h prior to selection with puromy-

cin (0.1 mg/mL). After 24 h, surviving hiPSCs were recovered in

fresh Essential 8 medium (E8; Gibco, A1517001) for 48 h prior

to fluorescence-activated cell sorting (FACS).

TheGM08330 hiPSCs43 were used for all studies andmaintained

in feeder-free culture on plates coated with Matrigel hESC-Quali-

fied Matrix (Corning, 08-774-552) with E8 supplemented with

penicillin-streptomycin (Life Technologies, 15140) in a humidi-

fied incubator at 37�C with 5% CO2. ReLeSR (STEMCELL Technol-

ogies, 05873) was used for routine cell passaging. mFreSR freezing

medium (STEMCELL Technologies, 05855) was used for cryopres-

ervation. Y-27632 dihydrochloride (MedChem Express, HY-

10583) was added to media at 10 mM for up to 24 h for initial

plating and for several subsequent passages.

Single-cell isolation via FACS

To obtain isogenic hiPSC colonies after CRISPR/Cas9 treatment,

we isolated single cells via FACS. At 72 h after nucleofection, we

dissociated the hiPSCs into a single-cell suspension by using Accu-

tase and resuspended them in DPBS with 10 mM Y-27632 dihydro-

chloride (Santa Cruz Biotech). All samples were filtered through

5 mL polystyrene tubes with 35-mm-mesh cell strainer caps (BD

Falcon 352235) immediately prior to sorting. After the addition

of TO-PRO-3 viability dye (Invitrogen), live (TO-PRO-3-) GFPþ
hiPSCs were sorted on the BD FACSAria II with a 100 mm nozzle

under sterile conditions and plated at one cell per well onto Matri-

gel-coated 96-well plates. Once multicellular colonies were clearly

visible (2–3 days after sorting), they were collected into individual

wells of Matrigel-coated 96-well plates by manual picking. Once

individual hiPSC colonies were available (�14 days after sorting),

the genomic DNA from those colonies was characterized by copy-

number assay.

Copy-number analysis and characterization of cell lines: Quantitative

real-time PCR (qRT-PCR), chromosomal microarray analysis, and

optical genome mapping

Array-based comparative genomic hybridization (aCGH) was per-

formed on the CytoScan HD array (ThermoFisher) according to

the protocol provided by the manufacturer. The assay tests for im-

balances (gains or losses) in the genomic DNA sample. This array

platform contains �2.7 million probes, including 1,953,246

copy-number probes and 743,304 SNP probes, targeting regions

throughout the human genome. A genomic imbalance is noted

when six or more oligonucleotides show a minimum average log

ratio of 0.25 for one-copy gains and �0.50 for one-copy losses;

oligonucleotide information is based on the human genome refer-

ence build NCBI 37.3 (hg19). It covers >36,000 RefSeq genes and

has 1marker per 880 bases, complete ISCA constitutional coverage

(1 marker/384 bases), cancer gene coverage (1 marker/553 bases),

X chromosome genes (1 marker/486 bases), and 12,000 OMIM

genes (1 marker/659 bases). Genomic imbalances are called with

ChAS software (ThermoFisher) when a minimum of 50 consecu-

tive probes is observed for loss and 50 consecutive probes are
1792 The American Journal of Human Genetics 109, 1789–1813, Oct
observed for gain. A 50 Kb size cutoff (i.e., the lower limit of

detection) has been established for CNV calls from constitutional

specimens at the Jackson Laboratory. This assay does not exclude

chromosome anomalies smaller than the assay’s effective

resolution. The assay is also not specifically designed to detect

mosaicism, uniparental disomy, methylation abnormalities, or

other chromosomal rearrangements (including chromosomal

translocations, insertions, and inversions). For optical genome

mapping, frozen hiPSC pellets were shipped to Bionano Geno-

mics. Isolation of high-molecular-weight DNA, labeling, data as-

sembly, and identification of breakpoint regions were conducted

by Bionano Genomics as described.44

Selection and differentiation of TRA-1-60-positive hiPSCs

Lines selected for differentiation underwent magnetic-activated

cell sorting (MACS) for expression of the TRA-1-60 cell-surface

marker for selection of pluripotent cells. Cells were separated on

a MiniMACS Separator (Miltenyi Biotec, 130-090-312) with Anti-

TRA-1-60 microbeads (Miltenyi Biotec, 130-100-832) according

to the manufacturer’s instructions (�2 3 106 cells per line). TRA-

1-60-positive cells were plated with Y-27632 dihydrochloride

(10 mM), expanded, and cryopreserved with mFreSR. Cells within

three passages of TRA-1-60 selection were used for differentiation

into NSCs with the PSC Neural Induction Medium kit

(ThermoFisher, A1647801) according to the manufacturer’s proto-

col (MAN0008031). For all CRISPR lines, passage 7 stageNSCswere

dissociated for RNA-seq.

For differentiation to iNs, TRA-1-60-positive hiPSCs were plated

as single cells at 80% confluence on a Matrigel-coated 6-well plate

with Y-27632 dihydrochloride. Polybrene (hexadimethrine bro-

mide; Sigma, 107689) was added at 8 mg/mL within 3 h of replat-

ing. Cells were incubated with polybrene for 10–15 min prior to

the addition of lentivirus. Lentiviral constructs for directed differ-

entiation of hiPSCs into iNs were made as described previously45

and added to polybrene-treated hiPSCs. Cells were incubated

with lentivirus for 24 h, followed by a media change with regular

E8. At least 48 h after single-cell replating, transduced hiPSCs were

cryopreserved and passaged for expansion. Transduced hiPSCs

were expanded onto Matrigel-coated T-25 flasks. Once all lines

in a batch reached 70%-80% confluence, cells were replated as sin-

gle cells onto a new T-25 flask with neural maintenance medium

(NMM) supplemented with Y-27632 dihydrochloride and

2 mg/mL doxycycline (Clontech, NC0424034) to begin induction

of Ngn2 expression and puromycin resistance (day 0), driven by

the tetO promoter. The NMM we use in this study is adopted

from Shi et al., 2012.46 24 h after re-plating, media were changed

to NMM supplemented with 2 mg/L doxycycline (Millipore

Sigma, D9891) and 1 mg/mL puromycin (Sigma) so that selection

of Ngn2-expressing cells (day 1) could begin. We added fresh

NMM with doxycycline and puromycin to cells to continue selec-

tion on days 2 and 3. On day 4, cells were detached with Accutase

(ThermoFisher, A1110501) and replated onto Poly-L-Ornithine

(10 mg/mL; Sigma-Aldrich, P4957)/Laminin (5 mg/mL; Sigma-

Aldrich, L2020)-coated plates with NMM supplemented with

2 mg/L doxycycline, 10 mg/L human BDNF (Pro-Spec, CYT-207),

and 10 mg/L human NT-3 (PeproTech, 450-03). Prior to replating,

cells were counted via a Countess II Automated Cell Counter

(Invitrogen, AMQAF1000) with 2.5 3 105 cells plated per well of

a 12-well plate. After replating, iNs were not exposed to air, and

they required half-media changes every other day. On day 6, fresh

NMM with doxycycline, human BDNF, human NT-3, and 2 g/L

cytosine b-D-arabinofuranoside (Sigma, C1768-100MG) was

added to prevent glial growth. On day 8, a half-media change
ober 6, 2022



with fresh NMM with doxycycline, BDNF, and NT-3 was conduct-

ed. For subsequent media changes (days 10þ), NMM supple-

mented with only BDNF and NT-3 was added until cells reached

day 24 of differentiation, at which time cells were dissociated for

RNA-seq.

Generation of cerebral organoids and dissociation for single-cell

RNAseq

To generate cortical organoids from hiPSCs, we used TRA-1-60-

positive hiPSCs with the protocol described.47,48 In brief, we

derived embryoid bodies (EBs) by dissociating hiPSC colonies

and plating 9,000 single cells in each well of a 96-well ultra-low

attachment plate (Corning 7007). On day 3, half of the media

were replaced with embryoid body media without bFGF and

Y-27632. On day 7, EBs were moved to 24-well low-attachment

plates (Corning 3473). Media were changed every other day. On

day 12, EBs were transferred to a droplet of Matrigel in 6-well

low-attachment plates (Corning 3471). Media were changed every

3-4 days, and organoids were moved to an orbital shaker placed in

the incubator.

Single-cell suspensions of cerebral organoids were prepared with

the Worthington Papain Dissociation System (Worthington

Biochemical, LK003153) and previously described adjustments.49

In short, cerebral organoids at 6 months were moved to 60 mm

dishes, to which a solution of Papain/DNase was added. Using a

new, sterile razor blade for each, we minced organoids to form

<1 mm pieces and incubated them at 37�C for 30 min on an

orbital shaker set to 70 rpm. Each sample was then mixed with a

1 mL pipette and returned for an additional 10 min incubation.

Cells were then triturated with a 10 mL pipette and transferred

to new conical tubes to allow debris to settle. These suspensions

were transferred to new tubes containing protease inhibitor solu-

tion, inverted tomix, and then passed through 40 mmcell strainers

into new tubes, which were centrifuged at 300 3 g for 7 min. The

resulting pellets were resuspended in DPBS with 0.04% BSA be-

tween 900 and 1,000 cells/mL and with viability ranging from

87-98%, according to the Countess II Automated Cell Counter.

Additional wash/resuspension steps were omitted to promote

cell viability.

Neurite dynamics measurement

Neurite dynamicsmeasurement was performed on a live-cell imag-

ing system, Incucyte ZOOM system (Sartorius) with the automated

IncuCyte NeuroTrack analysis platform. Time-lapse images were

acquired under incubated conditions at 37�C and 5% CO2, as

described,50 but with some modifications regarding image ana-

lyses. In brief, iNs were plated onto transparent 96-well plates at

a density of 17,000 cells per well with IncuCyte NucLight Rapid

Red Reagent (1:2000) and imaged every hour (nine image loca-

tions from each well) over 7 days at a resolution of 0.61 mm/pixel.

The number of biologically independent lines per genotype in the

experiment were WT n ¼ 3, 16pDel n ¼ 2, 16pDup n ¼ 3, and

KCTD13Het n ¼ 2.

Phase-contrast (cells) and red-channel (nuclei) images

(1,39231,040 pixels) were segmentedwith Essen IncuCyteNeuro-

Track software (2018A), and time-course data for neurite length,

neurite branchpoints, and number of nuclei were exported. The

numbers of images analyzed per group were WT n ¼ 170,

16pDel n ¼ 118, 16pDup n ¼ 105, and KCTD13Het n ¼ 87.

Further analysis was performed on these metrics with custom soft-

ware written in Matlab (R2018b). Images with a nuclear count less

than 200were omitted from analysis. We calculated neurite length

per nucleus and neurite branchpoints per nucleus by dividing neu-

rite length and neurite branchpoints by the average number of
The American Jo
nuclei detected during the first 8–12 h of the imaging period.

These metrics were then smoothed via the robust Lowess method

with a window of 10 data points (20 h). Cumulative neurite

outgrowth and branchpoints were computed from the sum of

the first difference of the smoothed metrics. Outliers were

removed bymutant groupwithmedianþ 1.5* inter quartile range.

Time course plots were generated using Gramm for Matlab (Morel,

2018). One-way ANOVA with Tukey post-hoc comparisons were

used for statistical comparisons between mutant groups.

Microelectrode array (MEA) electrophysiology

To track spontaneous activity in neuronal cultures, we plated 60k

iNs (day 5) per well of a 48-well CytoView MEA plate (Axion

BioSystems). NMM supplemented with only BDNF and NT-3

were added until cells reached day 24 of differentiation as

described above. On day 24, iN culture medium switched to

BrainPhys Neuronal Medium (STEMCELL Technologies), and

then half of the medium was changed every three days. Starting

on day 25, we made extracellular recordings on the AxionMaestro

Pro machine (Axion BioSystems) to monitor spontaneous activity

within the culture. All recordings were performed in BrainPhys

and were started 5 min after the MEA plates were placed on the

recording chamber for a duration of 15 min. The raw signals

were acquired real-time and analyzed offline with Axion’s Inte-

grated Studio Navigator v3.4.1 software (Axion BioSystems). Mea-

surements obtained by the manufacturer-set thresholds included

activity, electrode burst, network burst, synchrony, and oscillation

metrics. For assessment of the strength of synaptic connections,

Synchrony is measured as the area under the normalized cross-cor-

relation, a unitless measure between 0 and 1.51 A value of 1 means

spikes are perfectly synchronous, whereas 0 indicates perfectly

asynchronous. For assessment of the functional networks, oscilla-

tion is ameasure of how the spikes from all of the neurons in a well

are organized in time as the coefficient of variation in inter-spike

intervals for each electrode; this coefficent is averaged across elec-

trodes in the well. High values indicate action potentials are not

coordinated across neurons in the network. Spike raster plots

were created in Neural Metric Tool v3.2.5 software (Axion

BioSystems). The statistical results were created in Axion’s Inte-

grated Metric Plotting Tool v2.4.4 software (Axion BioSystems).

The MEA experiment was performed on two independent plates

on different dates, named as two different batches. Data were

analyzed from the wells with R8 active electrodes/well and

normalized by corresponding wild-type (WT) mean within

each batch. To test the statistical significance between groups

(16pDel, 16pDup and KCTD13Het) andWTsamples, we employed

a multivariate linear model (� edit þ batch). The recordings from

two 48-well MEA plates were included in the analysis on the basis

of the time point with the highest average neuron activity shown

in theWT. The numbers of biologically independent lines for MEA

analysis are WT n ¼ 2, 16pDel n ¼ 2, 16pDup n ¼ 2, and

KCTD13Het n ¼ 2. The numbers of replicates per group were

WT n ¼ 15, 16pDel n ¼ 24, 16pDup n ¼ 24, and KCTD13Het

n ¼ 18 in the analysis reflected in Figure 5.
Transcriptomics
Mouse models for 16p RGD, samples, and underlying datasets

The 16p11.2 mouse models with reciprocal CNVs of the syntenic

7qF3 region were created at the Cold Spring Harbor Laboratory by

A. Mills and colleagues, as previously described in Horev et al.,34

and provided by the Jackson Laboratories (stock numbers

013128 and 013129). After receipt, mice were housed in the
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animal facility of the Massachusetts General Hospital (Boston,

MA), provided with constant access to a standard diet of food

and water, and maintained on a 12 h light/dark cycle. All proced-

ures were designed to minimize pain and discomfort, under

approved IACUC protocols of theMassachusetts General Hospital,

in accordance with National Institutes of Health (NIH) guidelines.

Analyses were performed with animals of both sexes. Dissection of

mouse tissueswas performed simultaneously for allmice at 8weeks

of age. The mouse samples were split into five RNA extraction

batches (labeled as B1–B5) and three sequencing batches (labeled

as DS1–DS3) (Table S1). An overview of the underlying datasets

and samples used for these analyses is shown in Figure 1B, and

more details can be found in Table S1.

In brief, the following models and samples were analyzed. (1)

16p11.2 CNV mice. 350 RNAseq libraries from 101 mice with

16p11.2 CNV. In the initial 16 mice, we evaluated six tissues (liver,

white fat, brown fat, cerebellum, striatum, and cortex), which

enabled exploration of 16p11.2 tissue-specific effects; and in the

85 replication mice, we restricted our analysis to brain tissues (cor-

tex, striatum, and cerebellum). (2) 16p11.2 CRISPR hiPSC-derived

NSCs (n ¼ 28) and iNs (n ¼ 24). NSC samples were composed of

two batches: batch 1 (WT n ¼ 6, 16pDup n ¼ 8) and batch 2

(WT n ¼ 6, 16pDel n ¼ 8).

Strand-specific RNAseq library preparation

All RNA samples were extracted with Trizol reagent according to

the manufacturer’s (Invitrogen’s) instruction. RNA sample quality

(based on RNA integrity number [RIN]) and quantity were deter-

mined on an Agilent 2200 TapeStation, and between 500 and

100 ng of total RNA was used for library preparation. 1 mL of

diluted (1:100) External RNA Controls Consortium (ERCC) RNA

Spike-In Mix (Thermo Fisher) was added to each sample; mix 1

and mix 2 were alternated for each well in a batch.

350 mouse RNASeq libraries were prepared with a customized

version of the strand-specific dUTP method (188 libraries)42,52

and the Stranded mRNA Library Kit (Illumina) (162 libraries),

and the same TrueSeq kit was used in the preparation of 52 human

cell line RNAseq libraries (28 NSCs, 24 iNs). Both library prepara-

tion methods used polyA capture to enrich mRNA, followed by

stranded reverse transcription and chemical shearing to make

appropriate stranded cDNA inserts for the library. Libraries were

finished by the addition of both sample-specific barcodes and

adapters for Illumina sequencing and then between 10 and 15

rounds of PCR amplification.We evaluated the final concentration

and size distribution of libraries by using 2200 TapeStation and/or

qPCR with the Library Quantification Kit (KK4854, Kapa Bio-

systems). We multiplexed libraries by pooling equimolar amounts

of each prior to sequencing. 350 RNASeq libraries were sequenced

on multiple lanes of an Illumina HiSeq 2000 or 2500 platform,

generating median 38M paired-end reads of 50, 51, and 75 bp.

52 human cell line RNAseq libraries were sequenced on multiple

lanes of an Illumina HiSeq 2500 platform, generating median

33.8M paired-end reads of 75 bp.

RNA sequencing quality control

Quality of sequence reads was assessed by fastQC (version 0.10.1).

We generated gene-based counts for mouse and human RNAseq li-

braries by aligning sequence reads to themouse reference genome,

GRCm38 (v83), and the human reference genome, GRCh37 (v75),

and relying on Ensembl gene annotations of these reference

genomes by using STAR (version 2.4.2a)53 with parameters

‘‘–outSAMunmapped Within –outFilterMultimapNmax 1 –outFil-

terMismatchNoverLmax 0.1 –alignIntronMin 21 –alignIntronMax

0 –alignEndsType Local –quantMode GeneCounts –twopassMode
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Basic.’’ We assessed the quality of alignments by using custom

scripts in Picard Tools, RNASeQC,54 and SamTools.55 These qual-

ity-checking assessments and exploratory analyses identified one

outlier RNAseq in cerebellum samples, Dp835, one outlier in hu-

man NSC, H7, and five outliers in human iNs (deletions B5, H7,

and C3 and duplications B9 and C5). These samples exhibited

high duplication rate varying between 55 and 89% and low esti-

mated library sizes between 3.4 and 20.5 M Dp835 was also an

outlier in other quality control metrics including exonic rate

(0.41), intergenic rate (0.24) and intronic rate (0.35). Further

exploratory analyses including clustering and principal-compo-

nent analysis (PCA) were implemented in R (version 3.4) with

DESeq2 (version 1.18.1)56 and custom scripts. Exploratory ana-

lyses identified a striatum sample, t1992, as an outlier in batch 1

samples, which also exhibited a high chimeric-pair percentage

(6.73%). These outliers were excluded from further analyses,

including those of differential expression and co-expression. Our

analyses were restricted to mouse genes with 1-to-1 human ortho-

logs, which were obtained from the Mouse Genome Informatics

database in July 2020.

Expression analyses of the CNV region

Genomics coordinates of the engineered region, spanning from

Slx1b to Sept1, in 16p11.2 deletion and duplication mouse models

were obtained from Horev et al.34 Because original coordinates

were based on the mm9 mouse reference genome, they were

further converted to mm10 coordinates with Liftover (University

of California at Santa Cruz) chr7: 126,688,926–127,218,445. The

Ensembl GRCm38 (v. 83) annotations showed that this region

harbored 35 protein-coding genes: 27 human orthologous pro-

tein-coding genes; two human orthologous segmental duplication

genes (Slx1b and Bola2), which were not duplicated in the mouse

genome; four additional genes (Cd2bp2, Tbc1d10b, Mylpf, and

Sept1) that were centromeric to the CNV and beyond the human

16p11.2 CNV segment; and mouse-specific genes Gm42742 and

Pagr1b, although the latter was removed in Figure 1A because it

was not a separate gene and has been removed in the most recent

mouse genome. Breakpoints of human 16p11.2 CNV regions in

our CRISPR/Cas9-treated cell lines were determined as Chr16:

29,487,574–30,226,919 on the basis of human reference genome

GRCh37 (v. 75) and CRISPR guides. This region harbored 32 pro-

tein-coding genes on the basis of the Ensembl GRCh37 (v. 75)

gene annotation. In Figures 1A and 1D, we used the new gene

name TLCD3B (MIM: 615175)/Tlcd3b for a 16p11.2/7qF3 gene

that was named as FAM57B/Fam57b in the reference genomes

(GRCh37 v. 75 and GRCm38 v. 83) used in our analysis. An un-

characterized gene, RP11-37C12.3 (ENSG00000258130), was

excluded from the region because it was annotated as a pseudo-

gene in the most recent human reference genome. To estimate

the expression levels of SD genes BOLA2B, BOLA2 [MIM:

613182], SLX1A, SLX1B, SULT1A3 [MIM: 600641], and SULT1A4

[MIM: 615819] in human cell lines, we generated two reference ge-

nomes in which genes at one SD region were masked with bed-

tools maskdata.57 This approach allowed better estimation of

expression levels of unmasked SD genes. To this end, we first real-

igned the sequence reads to these reference genomes by using

STAR with the above-described parameters. Next, we identified

the sequence reads that mapped to the SD genes’ exons with no

mismatch, and from this we estimated the expression of a partic-

ular SD gene by counting the fragments represented by two mated

reads that were mapped to the same gene. Using these count data

for six SD genes in the original raw-count matrix, we converted

raw-count expressions of SD genes to transcripts per million
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(TPM). Similarly, applying the DESeq2 þ SVA pipeline to the same

count data matrix, we estimated changes of these six SD genes in

comparisons of deletion versus wild type and duplication versus

wild type across human cell lines.We assessed the statistical signif-

icance of the deviation of observed n-fold changes of SD genes

from expected n-fold changes (n ¼ 0.75 for deletion; n ¼ 1.25

for duplication) in each comparison by applying two-tailed one

sample t test.

Differential-gene-expression analyses

Differential expression (DE) analyses performed on genes that

passed the expression threshold in a given comparison were con-

ducted with R/Bioconductor packages DESeq2 (v.1.18.1).56 To

determine genes that passed the expression threshold for a partic-

ular comparison, we first calculated count-per-million (cpm)

expression values of genes across the samples used in the compar-

ison. cpm expression of ith gene in sample j was defined as

106 3 Ci/LSj, where Ci is raw counts of the ith gene and LSj is the

library size of jth sample. We used the total number of uniquely

mapped reads reported by STAR for a given sample for the library

size of that sample. Next, we calculated the cpm expression

threshold corresponding to 10 counts for the particular compari-

son by using the equation 106 3 10/median(LS), where me-

dian(LS) is the median value of library sizes of samples used in

the comparison. cpm thresholds varied between 0.27 and 0.38

across the comparisons for which we performed DE analysis. All

the genes, regardless of their type (e.g., protein coding, antisense),

that had expression values in cpm equal or greater than the cpm

expression threshold in at least 50% of samples in either condition

(e.g., Del vs WT) were further analyzed in the DE analysis. We per-

formed DE analysis for each type of mouse tissue and human cell

line. In these analyses, CNV type (deletion or duplication) was

compared with CNV-type-matched wild-type samples in mouse

non-brain tissues (e.g., Del vs Del WT). When we compared dele-

tion or duplication to their CNV-matched wild types in brain tis-

sues, we also added wild types not specific for a certain CNV

type from the third batch (B3) or the second dataset (DS2) to

each of their corresponding wild types (e.g., Del vs WT þ Del

WT). Deletion and duplication samples were compared to the

same wild types in human iNs, whereas deletion and duplication

samples were compared to their separate WTs in human NSCs.

To account for unknown sources of variation in the expression

data, we estimated surrogate variables (SVs) for each comparison

by using the R/Bioconductor package Surrogate Variable Analysis

(SVA version 3.26) by setting � genotype as the full model and

�1 as the reduced model.58,59 Differentially expressed genes

(DEGs) were identified at false discovery rate (FDR) < 0.1 via the

Wald test under the design ‘‘� genotype þ SVs,’’ where FDR was

calculated according to the Benjamini Hochberg procedure.60 In

these analyses, DESeq2’s independent filtering and cooksCutoff

options were turned off. Protein-coding DEGs were used in the

further downstream analyses, including enrichment analyses

and comparisons of DEGs across different comparisons. Statistical

significance of overlap of DEGs between different comparisons

was assessed by a one-sided Fisher’s exact test or, equivalently, a

hypergeometric test.

Gene co-expression network analyses

Gene co-expression network analysis for each mouse brain tissue

and human cell type was performed separately with R package

Weighted Correlation Network Analysis (WGCNA version

1.61).61 For this analysis, we used log2-transformed SVA-corrected

counts under the signed network option; we set the minimum

module size to 50 and merged modules with >75% similarity.
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We generated SVA-corrected counts for each brain tissue and hu-

man cell line by combining deletion, duplication, and wild-type

samples after removing the outlier samples that were described

above. SVA was applied to the union of analyzed genes in deletion

versus wild-type and duplication versus wild-type comparisons

relying on the full model � genotype (deletion, duplication,

wild-type) and the reduced model �1. Genes in the 7qF3 engi-

neered region and the 16p11.2 region were excluded in the further

co-expression analyses of mouse and human samples, respectively.

We set negative SVA-corrected counts to zero and log2 trans-

formed them after adding 1 to the count matrix. To identify addi-

tional outlier samples in co-expression analysis, we adapted the

procedure described by Oldham et al.62 as follows. We first

computed the average Pearson’s correlation coefficient for each

sample by correlating that sample with other samples within

each mouse brain tissue and human cell type. From these sam-

ple-specific average correlation values, we further computed tis-

sue- or cell-type-specific average correlation values and standard

deviations. Within each mouse brain tissue or human cell type,

we identified samples with average correlation values at least three

standard deviations lower than tissue- or cell-type-specific average

correlation values as outlier samples. In doing so, we identified the

following samples as outliers in co-expression analyses: D809 for

mouse cerebellum, w1514 and w1516 for mouse cortex, w1210

for mouse striatum, and C5 for human NSCs. These outlier sam-

ples were excluded from further analyses. Soft power was selected

such that scale-free topology fit (R2) > 0.85. Module membership

for each was re-evaluated on the basis of the module membership

p_value such that genes with pR 0.01 were marked as unassigned

(grey module). To identify the modules highly correlated with

deletion and duplication in each co-expression analysis, we inves-

tigated how expression patterns of module genes represented by

module eigengenes correlated with four situations in which dele-

tion, duplication, and wild-type samples were represented by the

following contrasts: (1) dosage effect (�1, log2(3/2), 0); (2) geno-

type effect (‘‘cnv,’’’’cnv,’’’’wt’’); (3) deletion versus duplication þ
wt (‘‘cnv,’’’’wt,’’’’wt’’); and (4) duplication vs deletion þ wt

(‘‘wt,’’’’cnv,’’’’wt’’). The statistical significance of the relationship

between module eigengenes and the above contrasts was assessed

via linear regressionmodels, eigengenei � vectorj, where i and j in-

dex the module in a particular mouse brain tissue or human cell

type and one of the four situations described above, respectively.

Modules with p < 1 3 10�5 and size R30 protein coding genes

were selected for further analyses. To profile the expression pattern

of module genes across the human neurodevelopment, we gener-

ated an expression matrix for selected modules by using the

PsychENCODE expression data63 and calculated module eigen-

genes for each module by employing WGCNA. Next, we calcu-

lated the mean module eigengene value for each of nine develop-

mental windows per module as described.63 We assessed the

statistical significance of module overlaps by employing a one-

sided Fisher’s exact test or, equivalently, a hypergeometric test.

Overrepresentation analysis

To assign biological significance to selected protein-coding genes,

including DEGs, DEGs shared between two or more comparisons,

and module genes identified in co-expression analysis, we used a

one-tailed Fisher’s exact test (equivalent to a hypergeometric

test) to perform overrepresentation analysis (ORA) of these genes

for Gene Ontology (GO) ‘‘biological process’’ terms,64 which we

retrieved from the MSigDB (v7.4) database,65 synaptic gene ontol-

ogies (SynGO version 1.1),66 and curated gene sets. ORA was per-

formed only for protein-coding genes, where both selected and
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background gene sets contained only protein-coding genes. For

calculations of the enrichment p value for a particular selected

gene set, analyzed protein-coding genes from which selected

genes were chosen constituted the background gene set. For

example, if ORA would be performed for DEGs from a deletion

versus wild type comparison inmouse cortex tissue, then the back-

ground set was all the protein-coding genes that were analyzed in

this analysis—in other words, all the protein-coding genes that

passed the expression threshold. Similarly, if ORA would be per-

formed for a particular module identified in co-expression analysis

of mouse cortex samples, then the background gene set was all the

protein-coding genes analyzed in this co-expression analysis. In

the case of ORA of selected genes shared between two or more

comparisons, the background gene set was an intersection of back-

ground gene sets for each comparison. In these analyses, both hu-

man and mouse genes were represented by their symbol identi-

fiers, and one-to-one human orthologs were used for the latter

group. Furthermore, only GO terms with at least 10 associated

genes in the background set were considered.

Generation of single-cell RNAseq libraries

Dissociated cells were maintained on ice no longer than 30 min

prior to being loaded onto the 103 Chromium single-cell

controller (10x Genomics, PN-120263). scRNA-seq libraries were

prepared with the Chromium Single Cell 30 Library & Gel Bead

Kit v3 (PN-1000075) according to the manufacturer’s instructions

(CG000183) with a Chromium Single Cell B Chip (PN-1000073)

for a targeted cell recovery of 5,000 cells. Post-library construction

quality control and quantification were performed with both a

High-Sensitivity D1000 ScreenTape (Agilent, 5067-5582) and

qPCR via the Universal KAPA Library Quantification Kit (Roche,

KK4824). Final libraries were pooled according to molar concen-

trations and submitted for sequencing on the Illumina NovaSeq

S4 platform; there were an average of eight libraries per lane at

2.5 billion reads per lane.

Single-cell RNAseq analysis

Each scRNA library was aligned against Ensembl human transcrip-

tome reference GRCh38 version 92 via the 10X CellRanger

(v. 3.0.2) program with 5,000 expected cells. We then processed

each aligned library in Seurat v. 4.0.0.901067 independently by

filtering out cells with the highest and lowest 2.5% quantile

RNAs. All filtered libraries were merged, followed by an unsuper-

vised clustering via the UMAP method.68 The number of cell

clusters were determined with resolution of 0.2. The unsuper-

vised-cluster labels were transferred to annotated neuron cell

types heuristically, on the basis of the expression levels of the

selected cell type markers. Empirically, clusters 0, 4, 5, and 6

were labeled as excitatory neurons, whereas clusters 1 and 3

were labeled as inhibitory neurons. Cluster 2 was labeled as astro-

glia cells.

We then independently analyzed excitatory neurons, inhibitory

neurons, and astroglia cells by using. unsupervised clustering via

the UMAPmethod to subdivide cell types. The number of cell clus-

ters was determined with resolution of 0.2. Meanwhile, WGCNA

v1.70.369 was applied on highly variable genes from excitatory

neurons, inhibitory neurons and astroglia cells, respectively,

with soft power of 8, 7 and 5. In each cell type, raw modules

were merged with a dissimilarity threshold of 0.25. To identify

the genotype effect on each module, the average expression of

genes associated with amodule in a given genotype was compared

to that in WT. Wilcoxon Rank Sum and Signed Rank test was im-

plemented to determine the significance. Bonferroni correction

was applied to p values from all identified modules in all the three
1796 The American Journal of Human Genetics 109, 1789–1813, Oct
cell types. To reveal whether a module was enriched for a certain

group of genes, Fisher’s exact test was implemented.

Creation of schematic diagrams

The graphical abstract and figures of the study design were created

with BioRender.com.
Results

The genomic properties of the 16p11.2 RGD locus

As described above, the human 16p11.2 RGD locus in-

volves �743 kb of genomic sequence that includes a

unique �593 kb segment, as well as at least one copy

equivalent of an�150 kb flanking SD. The unique segment

encompasses 27 protein-coding genes, and four gene paral-

ogs are located in each SD (Figure 1A). Across these 31 pro-

tein-coding genes in humans, 30 (with the exception of

ZG16 [MIM: 617311]) are expressed at detectable levels

(R0.1 TPM) from bulk RNA sequencing (RNAseq) across

at least one of 13 brain regions profiled in the Genotype-

Tissue Expression (GTEx) project; the highest fraction of

genes were expressed in the frontal cortex (30/31,

97%).70 To place the genomic properties of the 16p11.2

RGD, and the genes therein, within the context of 19

NAHR-mediated RGDs profiled in a study by Collins

et al.71 in which both deletion and duplication were asso-

ciated with a spectrum of disease phenotypes, we note that

the proximal 16p11.2 CNV ranked fifth for total number of

protein-coding genes among all RGD segments but ranked

first after normalization by RGD size (i.e., it is the most

gene-dense RGD profiled). The 16p11.2 RGD also ranked

fourth for normalized density of constrained genes intol-

erant to loss-of-function (LoF) variation as defined as the

bottom (decile or sextile) of the LoF observed over the ex-

pected upper-bound fraction (LOEUF) metric in the

Genome Aggregation Database (gnomAD).72 When we

further scrutinized these 19 NAHR-mediated GD segments

for more nuanced metrics of dosage sensitivity (i.e., intol-

erance to haploinsufficiency [pHaplo] or triplosensitivity

[pTriplo]) provided in Collins et al.,71 the 16p11.2 CNV

ranked second in terms of the combined number of pre-

dicted haploinsufficient and/or triplosensitive genes

when data were normalized by GD size. These data collec-

tively suggest that the functional consequences of the

reciprocal 16p11.2 CNV are likely due to a number of

dosage-sensitive loci and not concentrated for all pheno-

types on a single ‘‘driver gene’’ as are those in regions

such as 15q11-13 (UBE3A [MIM: 601623] in Angelman

syndrome [MIM: 105830]73) or 17q21 (KANSL1 [MIM:

612452] in Koolen-de Vries syndrome [MIM: 610443]74),

among many others.
Transcriptional profiling of 16p11.2 RGD in mouse and

human models

To identify the transcriptional consequences of the

16p11.2 CNVs in the brain, we used both mouse models

of deletion and duplication of the 7qF3 region of synteny
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conservation and neuronal derivatives of 16p11.2 RGD

hiPSC models (Figures 1A and 1B). These mice display

16p11.2-relevant phenotypes because of CNVs that

include orthologs of the 27 unique 16p11.2 protein-coding

genes and of two genes (SLX1A and BOLA2) that are

located in the flanking human segmental duplication

and which are not duplicated in the mouse.34 The recip-

rocal mouse CNVs also include four genes located outside

the human segment: Cd2bp2, Tbc1d10b, Mylpf, and Sept1.

We performed transcriptional profiling in brain tissue on

a collection of 101 mice (12 deletion, 31 duplication, and

58 wild-type [WT] littermates) across cortex, striatum,

and cerebellum (302 total libraries from brain tissue) and

examined three non-brain tissues (liver, white fat, and

brown fat) of relevance to 16p11.2 RGD phenotypes in a

subset of 16 mice (four deletion, four duplication, and

eight WT littermates; 48 total libraries from non-brain

tissue). In summary, we profiled tissue-specific expression

patterns from mouse 7qF3 CNVs across 350 RNAseq

libraries (Table S1).

For the comparison with human cellular models, we

generated isogenic hiPSC lines with 16p11.2 CNVs by us-

ing the CRISPR SCORE method7 and genotyped them by

quantitative real-time PCR (qRT-PCR) and genome-wide

array-based comparative genomic hybridization (aCGH).

For a subset of lines, we additionally performed nanopore

sequencing and generated direct label and stain (DLS) op-

tical genome maps (Bionano Genomics) (Figure S1A, see

methods). We then differentiated the hiPSCs into NSCs

(n ¼ 27 lines; 12 WT, seven deletion, and eight duplica-

tion), iNs (n ¼ 19 lines; six WT, seven deletion, and six

duplication), and cerebral organoids (n ¼ 8) to assess

disease-relevant cellular and transcriptomic signatures

(Figure 1B). Cellular identities of all lines were verified

with cell type-specific marker gene expression in the

RNAseq data (Figure S1B).

We first reviewed the local expression patterns of genes

within and near the RGD segment by CNV genotype.

The expression levels of genes within the CNV interval

in WT mice varied widely by tissue. In general, their

expression levels and the significance of altered expression

caused by the CNV were relatively greater in brain tissues,

with some exceptions, such as Qprt, which was predomi-

nantly expressed in the liver (Figures 1C and 1D,

Table S2). GTEx data show a comparable overall pattern,

where 16p11.2 CNV genes are more highly expressed in

human brain tissues than in non-brain tissues and where

the human NSCs and iNs showed brain-like expression,

except for QPRT [MIM: 606248] (Figures 1C and 1D). In

both mouse and human experiments, expression changes

of most genes within the CNV segment reflected their

dosage loss or gain, as expected (Figures 1E and S1C). We

found no consistent evidence of dosage compensation

from the unaltered allele in the brain regions, as we had

observed previously for human lymphoblastoid cells.42

The fact that the SD genes NPIPB12 andNPIPB13 are mem-

bers of a dispersed set of paralogs (absent in the mouse
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genome) precludes their individual quantification,

whereas the paralog pairs BOLA2/BOLA2B, SLX1A/SLX1B,

and SULT1A3/SULT1A4 each constitute four copy equiva-

lents in the WT human lines. The human deletion and

duplication cell lines lost and gained one SD copy, respec-

tively, corresponding to expected 0.75- and 1.25-fold

changes in expression for these three paralogue pairs.

The average n-fold expression change of these SD genes

in human cell lines did not deviate significantly from these

expectations (iN deletion, n ¼ 0.79 5 0.07, p ¼ 0.17; iN

duplication, n ¼ 1.25 5 0.04, p ¼ 0.84; NSC duplication,

n ¼ 1.18 5 0.11, p ¼ 0.18), except that SD genes were

significantly more downregulated than expected in the

NSC deletion samples (n ¼ 0.64 5 0.10, p ¼ 0.047).

A few genes in mouse tissues and human cell lines did

not show altered expression levels consistent with an ex-

pected CNVeffect. Gdpd3 exhibited highly variable expres-

sion across all six mouse tissues, previously reported

behavior attributed to genetic background differences of

the parental mouse strains.34 Genes with higher-than-ex-

pected dysregulation include Kif22 in brown fat, Mylpf in

liver, Qprt and Zg16 in white fat (Figure S1C), and TLCD3B

in human NSCs (6.6-fold, Figure 1E). Overall, genes in the

engineered CNV region were expressed more variably in

the non-brain tissues than in the brain tissues. Principal-

component analysis based on the expression profile of

the 27 CNV genes separated all tissues (Figure S1D).

Genome-wide transcriptional changes in the RGD

models

We next asked whether genes outside the 16p11.2 region

showed altered expression patterns in our RGD models.

In the mouse models, the number of genes differentially

expressed (on the basis of FDR <0.1) as a result of 7qF3

deletion or duplication (excluding the CNV genes) varied

greatly across tissues (Figure 2A, Table S3). Although

most of these effects were tissue specific, there was signifi-

cantly greater sharing of DEGs than expected by chance

across the brain tissues (Figure 2A); such sharing that was

evident for both for deletion- and duplication-associated

DEGs (Figures S2A and S2B). Conversely, within each brain

region there were fewer DEGs shared between deletion and

duplication models (Figure S2C). Interestingly, many of

these DEGs were similarly upregulated or downregulated

in both CNV models (i.e., perturbed non-reciprocally). It

is possible that for some genes (e.g., Ccdc101 and Kdm8)

near the CNV region, differential expression could be due

to position effects observed in brain tissues but not in pe-

ripheral tissues. Only one gene, Kctd21, was differentially

expressed as aresult of both 7qF3 CNVs in all three brain

tissues; deletion was associated with upregulation, and

duplication was associated with downregulation (i.e.,

reciprocal dysregulation). The overall pattern of gene-

expression changes observed in brain tissue was not

observed in peripheral tissues, where there was little

sharing of DEGs across liver tissue, brown fat, and white

fat or between these tissues and the brain regions
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Figure 2. Transcriptional profiling and disease specific brain signatures in 16p11.2 transgenic mouse and human neuron models
(A) Overlap among the DEGs observed between mouse brain tissues, peripheral tissues, and human cells.
(B) Overlap among the DEGs observed between NSCs and iNs.
(C) GO enrichment analysis is shown as bar plots for comparisons of mouse brain tissues, human NSCs and iNs. Enrichments at a nom-
inal level and at FDR <0.1 are marked in light blue and blue, respectively.
(D) SynGO enrichment analysis for comparisons of mouse brain tissues, human NSCs, and iNs. Enrichments at nominal level (p< 0.05)
and at FDR <0.1 are marked in light blue and blue, respectively.
(E) The pathways enriched for shared mouse brain DEGs.
(F) GO Biological Process terms enriched for DEGs shared between human NSCs and iNs.
(Figure 2A). With the notable exception of liver tissue,

these peripheral tissues, like the brain tissues, lacked signif-

icant DEG sharing between deletion and duplication

models, (Figure S2C). Overall, our mouse DEG analyses

highlight significant shared effects of the CNVs that are
1798 The American Journal of Human Genetics 109, 1789–1813, Oct
greatest in the brain but also reveal many more distinct tis-

sue-specific reciprocal and non-reciprocal impacts.

In the human cell models, the number of global changes

in gene expression varied strikingly between NSCs and iNs

(Figures 2A and 2B, Table S3); the former yielded many
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more significant DEGs due to either 16p11.2 deletion or

duplication. Despite the surprising paucity of iN DEGs,

there was significant sharing of DEGs between NSCs and

iNs (p ¼ 7.55 3 10⁻7), although these effects were less sig-

nificant than the stronger sharing exhibited across the

mouse brain regions (p < 13 10⁻13) (Figures 2A, S2A and

S2B). However, the NSC DEGs showed more significant ev-

idence than the brain regions of sharing between deletion

and duplication effects (p ¼ 6.123 10⁻7), although only 31

of the 81 shared DEGs exhibited reciprocally altered

expression (Figures 2B and S2C). Thus, like the adult tissues

of the mouse model, the human models of NSC and

maturing neuron developmental stages point to a combi-

nation of shared and nonshared effects across cell types,

in that there is evidence for both reciprocal and non-recip-

rocal changes in gene expression.

Gene Ontology enrichment analysis of differentially

expressed genes

To explore the potential functional ramifications of differ-

ential expression in these models, we performed Gene

Ontology (GO) ‘‘biological process’’ term enrichment

(Figure 2C and Table S4). No GO terms were enriched at

an FDR-significant level (FDR <0.1) among mouse cortex

DEGs, but the mouse cerebellar and striatal deletion-

elicited DEGs both showed significant enrichments for a

number of GO terms related to energy metabolism, for

example oxidative phosphorylation and electron transport

chain. Although the significant terms revealed by dele-

tion-elicited DEGs largely overlapped between these two

brain regions, a few were tissue-specific, including proton

transmembrane transport in cerebellum and tricarboxylic

acid cycle in striatum. In cerebellum, the duplication CNV

elicited a much larger number of DEGs, which revealed en-

richments for a number of neuronal-development-related

terms, including neuron differentiation and neurogenesis

(Figure 2C). Therefore, we repeated our enrichment ana-

lyses by using the expert-curated SynGO database, which

was developed for studying synaptic biology and includes

a number of additional GO ‘‘biological process’’ and

‘‘cellular components’’ terms (Figure 2D and Table S5).

Notably, known NDD-associated genes are enriched for

SynGO terms, suggesting that leveraging this database

could provide insights into pathogenic mechanisms. The

cerebellum 7qF3 duplication DEGs showed significant en-

richments for a series of synapse-related terms, including

synapse, synapse organization, process in the synapse, and

postsynapse. In contrast, cortex 7qF3 duplication DEGs

were enriched for synaptic vesicle priming and extrinsic

component of presynaptic membrane (Figure 2D).

Given the significant sharing of DEGs across brain re-

gions, we also performed GO-term enrichment analysis

for the 223 unique DEGs shared by at least two brain re-

gions. These showed significant enrichment only for the

energy-metabolism-related terms cellular respiration and

energy derivation by oxidation of organic compounds

(Figure 2E, Table S4), both at lower significance levels
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than those of the distinct energy-metabolism-related terms

enriched among cerebellum and striatumDEGs (Figure 2C,

Table S4). These data indicate that many additional DEGs

that are not shared across the brain regions contribute to

the increased significance of the energy-metabolism-

related terms in individual brain regions, suggesting that

analysis focused solely on shared effects across tissues

does not fully capture the extent of a biological process

altered as a result of the CNV.

Consistent with the findings from the mouse brain re-

gions, the iN DEGs associated with duplication showed

FDR-significant GO-term enrichment for energy-meta-

bolism-related terms, among many others (Figure 2C,

Table S4). The iN duplications also revealed significance

for a variety of terms related to translation, mRNA meta-

bolism and protein targeting, and some of the RNA meta-

bolism terms (RNA catabolic process, RNA metabolic process)

were shared with NSC duplication-elicited DEGs, although

the latter showed fewer GO enrichments overall. Not sur-

prisingly, the SynGO enrichment analyses of DEGs from

the iNs and NSCs differed substantially, and significant

terms resulted only with the more differentiated iNs,

where SynGO: metabolism was prominent, along with

translation at both presynapse and postsynapse

(Figure 2D, Table S5). Several of the significant terms over-

lapped with the mouse brain analysis of cerebellar duplica-

tion-elicited DEGs. Interestingly, the 81 genes shared

between 16p11.2 deletion and duplication NSCs were

not significantly enriched for any GO terms, failing to sup-

port a common process disrupted by the reciprocal dosage

changes in this cell type. By contrast, analysis of the 28

DEGs shared between the NSC and iN DEGs yielded signif-

icant enrichment for a series of energy metabolism-related

terms (Figure 2F, Table S4) and for terms related to synaptic

protein translation (Figure S2D, Table S5) pointing to these

processes as disrupted across both cell types.

None of the GO terms from brain-tissue analyses

emerged as significant in the peripheral tissues

(Figure S3A and S3B). Brown-fat DEGs revealed no signifi-

cant GO-term enrichment, whereas the deletion- and

duplication-elicited DEGs each yielded a distinct set of sig-

nificant enrichments in liver and white fat. Liver deletion

DEGs showed top enrichments for a series of terms related

to muscle or actin-based contraction and filament sliding,

monocarboxylic acid metabolism, and lipid metabolism,

whereas those due to duplication revealed terms such as

connective tissue development, chondrocyte differentiation,

and apoptotic process. In white fat, the deletion DEGs de-

tectedmost prominently a series of terms related to organic

acid metabolism, whereas the duplication DEGs revealed

terms related to inflammation.

Overall, the mouse DEG and enrichment analyses sug-

gest that in the brain, the CNVs produce both shared ef-

fects, whose strength varies greatly across the three brain

regions, and effects that are largely region specific. In the

peripheral tissues, the significant differences are largely tis-

sue and dosage specific. Analyses of the human 16p11.2
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models reinforce the view that, at the level of FDR-signifi-

cant differences, the gene-expression pattern due to the

reciprocal CNVs is largely cell-type specific even when it

involves the same biological process and that disruption

of genes involved in energetics and synapse-related func-

tions is a feature shared across mouse brain and human

neuronal cells.

Co-expression analyses of mouse tissues and human cell

lines

The finding that similar biological processes are revealed in

different tissues by largely distinct sets of CNV-elicited

DEGs indicates that an analysis limited to FDR-significant

DEGs does not adequately capture the biological impact of

the RGD. Consequently, as a complementary route that

utilized all of the gene expression data in defining the pro-

cesses disrupted by the CNVs, we performedweighted gene

correlation network analysis (WGCNA).61 In view of the

largely tissue- and region-specific pattern of DEGs and

the forced differential expression of the genes contained

in the CNV region, we applied WGCNA individually to

each brain region, peripheral tissue, and human cell type

after excluding the 16p11.2 CNV genes. For a given anal-

ysis, we combined deletion, duplication, and wild-type

datasets, performed WGCNA, and then examined the ei-

gengenes of the resulting modules for fit to (1) a reciprocal

CNV effect (CNV dosage), (2) an effect driven solely by

deletion (deletion versus duplication þ WT) or by duplica-

tion (duplication versus deletion þWT), or (3) a similar ef-

fect induced by both deletion and duplication (genotype

versus WT). Within each co-expression module that

showed a significant fit at p < 1 3 10�5, we tested the

member genes for enrichment of GO ‘‘biological process’’

terms and SynGO terms as well as enrichment of a variety

of neurodevelopment-associated gene sets. The results for

mouse brain regions and human cells are shown in Figure 3

and for mouse peripheral tissues are shown in Figure S3C.

The latter yielded only one significant co-expression mod-

ule in the liver and none in brown fat or white fat. The full

lists of co-expression modules in the mouse brain and hu-

man-cell data are shown in Tables S6A and S6B, respec-

tively. Module eigengenes of all the modules identified

by WGCNA for six mouse tissues and human NSCs and

iNs are shown in Table S7.

Analysis of the cerebellum (CE modules) and cortex

(CO modules) yielded four co-expression modules each

(CE1–CE4 and CO1–CO4, respectively) that showed a sig-

nificant fit to one or more of the models tested, and the

striatum (S modules) revealed five significant modules

(S1–S5) (Figure 3). For most of these co-expression mod-

ules, the eigengenes showed the greatest significance for

a continuous reciprocal effect of CNV dosage, albeit

with different relative contributions from deletion and

duplication, as evidenced by the lesser significance

achieved for solely a deletion effect (deletion versus dupli-

cation þ WT) and solely a duplication effect (duplication

versus deletion þ WT). Notable exceptions, such as the
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cerebellar CE4 module and the striatal S5 module, pro-

vided greater significance for an effect limited to deletion

(only enriched for deletion-upregulated DEGs). In

contrast, the cortex CO2 module revealed significance

related to duplication (only enriched for duplication-

downregulated DEGs). Notably, no module was signifi-

cant for gene-expression effects driven in the same direc-

tion by both deletion and duplication. The cerebellum

CE1 module, whose eigengene showed a positive correla-

tion for 16p duplication, displayed the most significant

enrichment for ASD,29 NDD,29 genes identified in the

Deciphering Developmental Disorder Study (DDD),75

schizophrenia (SCZ) genes,76 chromatin modifiers,77

loss-of-function (LoF)-constrained genes,72 mRNA targets

of fragile X messenger ribonucleoprotein (FMRP targets),78

and Rho GTPase cycle genes,65,79 which was the top

significantly enriched term from the REACTOME data-

base.79 These disease and functional gene sets have been

described previously in relation to 16p11.2 CNV genes

and associated neurodevelopmental and psychiatric disor-

ders.2–6 Other modules, including CE3, CE4, CO1–CO4,

and S1–S3, displayed selective enrichments for disease

and functional gene sets. The results of co-expression

enrichment indicate significant disturbance of the tran-

scriptome caused by 16p11.2 CNVs, but with effects

that are variable across brain regions. The distinct impact

on various brain regions may indicate a potential link be-

tween tissue-specific contributions to a spectrum of phe-

notypes associated with 16p11.2 RGD.

To gain insights into disease development and progres-

sion, we then compared expression patterns of member

genes from co-expression modules across human brain

developmental time points by using the expression data

from the PsychENCODE project63 (Figure S3D). Except

for CO2, S4, NSC2, and NSC4, most of the modules ex-

hibited high expression in the prenatal stage, suggesting

that the impact of 16p11.2 CNVs is significant in early

developmental stages (Figure 3 and Figure S3D). Module

CO2, highly expressed in the postnatal stage, displayed sig-

nificant enrichment for LoF-constrained genes,72 FMRP

targets,78 and synaptic genes,66 strongly suggesting that

this module contributes mainly to the abnormalities in

the cortex (Figure 3).

GO-term enrichment revealed biological processes asso-

ciated with the various co-expression modules (Figure 3,

Tables S8A and S9). Although some mouse brain modules

(CO1, CO2, S3, and S5) provided comparatively weak or

no support for GO enrichment (FDR > 1 3 10�5), most

pointed to multiple terms that had moderate to high sup-

port (FDR < 1 3 10�5) and that were most often shared

with several other modules across all three brain regions,

indicating disruption of some of the same processes across

the brain. For example, the top-scoring term in cortex

(CO4, translational termination) was also significant in

CE4 and S4. The top-scoring terms in cerebellum modules

CE2 and CE4 (cellular respiration and cotranslational protein

targeting to membrane) were also significant in S4 and CO4,
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Figure 3. Weighted gene co-expression network analysis (WGCNA) of mouse brain and human cell transcriptome
modules that are statistically significantly associated with deletion (Del) and duplication (Dup) genotypes at p< 13 10�5. The first- and
second-row annotations indicate for each column the source tissue or cell line for modules and whether module genes are more highly
expressed in prenatal or postnatal stages. The first panel, named ‘‘eigengene genotype correlations,’’ is colored to show the statistical
significance of the eigengene correlation for the listed module. The second panel, named ‘‘differentially expressed genes,’’ is colored
to show the statistical significance of the overlap between module members and differentially more- or less-expressed genes
(FDR < 0.1) from the corresponding mouse tissue or human cell line with deletion (Del) or duplication (Dup) genotype. The third
and fourth panels list the number of genes overlapping between themodule and literature-curated gene lists (disease gene sets and func-
tional gene sets, respectively) and are colored to show the statistical significance of the overlap. The lists include ASD-associated genes,29

NDD-associated genes,29 genes identified in the DDD,75 rare variants in genes associated with SCZ,76 chromatin modifiers,77 loss-of-
function-intolerance-constrained genes (LOEUF <0.35) as reported by the genome aggregation database consortium,72 FMRP targets,78

synaptic genes from SynGO v1.1,66 and Rho GTPase cycle genes.65,79 The heatmap color scale highlights the statistical significance in
�log10 scale, and numbers in the heatmap cells are Pearson’s correlation coefficients (the first panel) or the number of genes shared be-
tween gene sets andmodules (other panels). Numbers within the parentheses next tomodule names show the number of protein-coding
genes in the co-expression modules identified in the mouse tissue, human NSC, and iN modules.
respectively. The top-scoring term in striatum (S4, mito-

chondrion organization) was also significant in CO4 and

CE2. Most of the shared terms across the modules were

related to energy metabolism (e.g., cellular respiration;

oxidative phosphorylation; mitochondrion organization; aero-

bic respiration; ATP synthesis-coupled electron transport), to

RNA metabolism (e.g., RNA processing; mRNA processing;

RNA splicing; mRNA metabolic process; RNA catabolic pro-

cess), to translation (e.g., peptide metabolic process; transla-

tional initiation; translational elongation; translational termi-

nation; and peptide biosynthetic process), or to protein

targeting (e.g., establishment of protein localization to

endoplasmic reticulum; protein targeting). Other GO enrich-

ments that were detected at FDR < 1 3 10�5 in only a

single module typically also received weaker support

(1 3 10�5 < FDR < 0.1) in some other modules, but

some enrichments implicated distinctly region-specific ef-
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fects (e.g., cerebellum CE1, homophilic cell adhesion via

plasma membrane adhesion molecules; striatal S4, proteaso-

mal ubiquitin-dependent protein catabolic process). Interest-

ingly, while pointing to cell adhesion, the CE1 module

did not detect any of the energy metabolism, RNA meta-

bolism, translation, or protein-targeting terms, yet it was

notably enriched for disease and functional gene sets.

These results suggest that the co-expression of these genes

in the largest module observed (2,563 genes) (Table S8A)

might reflect convergence of components of multiple bio-

logical processes and thereby represent disease pathways

that are not well captured by individual GO terms defined

from normal biological processes.

A similar analysis of the less abundant data from human

cell lines yielded six significant modules in NSCs (NSC1–

NSC6) and one in iNs (iN1) (Figure 3, Tables S8B and S9),

generally of smaller size and lower significance than the
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modules detected in the mouse brain. In individual in-

stances, these modules favored reciprocal effects (NSC1)

or effects primarily due to 16p11.2 deletion (NSC2,

NSC4–NSC6) or to duplication (NSC3, iN1). NSC1 and

iN1 modules displayed common enrichments for disease

and functional gene sets, including NDD, SCZ, and LoF-

constrained genes, whereas iN1 yielded a distinct enrich-

ment for synaptic genes. In GO enrichment analysis,

only NSC6 yielded a significant functional category at

FDR < 1 3 10�5, and most of these were among the RNA

metabolism terms noted above for the mouse model.

Weaker support (1 3 10�5 < FDR < 0.1) was obtained for

other terms, including a variety of terms related to cellular

morphogenesis (iN1, NSC4), cell substrate adhesion

(NSC1), cell-cell adhesion, and neurogenesis (NSC4) and

energy metabolism (NSC6).

Overall, the co-expression analysis yielded both distinct

and common enrichments across tissues and cells, suggest-

ing that there are critical genes shared by particular mod-

ules. We performed a pairwise comparison of the modules

that exhibited enrichment for ASD or NDD gene sets

at p < 0.1 to define shared genes and signatures

(Figure S3E). Amongst these comparisons, CE1 and

NSC1, both containing genes highly expressed in the pre-

natal stage, displayed the most significant overlap

(p < 1 3 10�10) between mouse and human cell line mod-

ules: 423 shared genes were significantly enriched for dis-

ease gene sets, chromatin modifiers,77 LoF-constrained

genes,72 FMRP targets78 and the Rho GTPase cycle.65,79

Interestingly, these two modules were correlated in oppo-

site directions with CNV dosage, suggesting that some

genes that impact the system during the early neurodeve-

lopmental stages can respond to perturbation by deletion

and duplication in a context-specific manner (Figure S3E).

SynGO analysis of the mouse brain and human-cell

WGCNA modules revealed fewer significant terms overall

at FDR <0.1 (Table S9). In the mouse brain, these were

limited to CE2 and CE4, the latter of which revealed the

greatest significance. However, again CE1 differed; its top

terms were related to synaptic organization and function

(maintenance of alignment of postsynaptic density and presyn-

aptic active zone; postsynaptic spectrin-associated cytoskeleton

organization; regulation of presynaptic membrane potential),

whereas the most significant enrichments in both CE2

and CE4 related to translation (e.g., SynGO: postsyn_ribo-

some postsynaptic ribosome, SynGO: presyn_ribosome presyn-

aptic ribosome, and GO: translation at synapse). The NSC

and iNs shared enrichment of terms related to synaptic or-

ganization (e.g., synapse organization), whereas the top hits

in each were anchored component of presynaptic active zone

membrane and SynGO: synprocess process in the synapse,

respectively.

The neurons with 16p11.2 RGD display aberrant

spatiotemporal neurite dynamics

To determine whether the changes in gene expression

caused by the 16p11.2 deletion and duplication lesions
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were reflected in the functional properties of neurons car-

rying these lesions, we evaluated whether the 16p11.2

RGD alters the morphological and electrophysiological

properties of iNs. To assess neurite dynamics, we per-

formed morphological analysis of the 16p11.2 RGD iNs

by using the IncuCyte real-time live-cell imaging system

(Sartorius) over seven days (Figure 4A) in comparison

with WT cells and with cells heterozygous for inactivation

of KCTD13, which is a candidate driver gene in the

16p CNV. Figure 4B shows the corresponding neurite

outgrowth images with image segmentation. One-way

ANOVA indicated significant differences in cumulative

neurite length (F ¼ 25.14, p ¼ 4.12 3 10�15, df ¼ 3) and

neurite branchpoints (F ¼ 33.14, p ¼ 1.81 3 10�19, df ¼
3) across WT, 16p11.2 deletion (16pDel), 16p11.2 duplica-

tion (16pDup), and KCTD13 heterozygous deletion

(KCTD13Het) lines. The iNs with 16p11.2 CNVs showed

lower neurite length and reduced numbers of neurite

branchpoints (Figures 4C and 4D), whereas the WT and

KCTD13Het iNs displayed comparable values (Figures 4C

and 4D). Post-hoc comparisons with the Tukey HSD test

of the 16pDel (neurite length—mean ¼ 140.30, SE ¼
7.52; neurite branchpoints— mean ¼ 3.10, SE ¼ 0.25)

and 16pDup (neurite length—mean ¼ 139.68, SE ¼ 7.98;

neurite branchpoints—mean ¼ 3.79, SE ¼ 0.26) iNs

confirmed significantly decreased total neurite length

(p ¼ 4.31 3 10�9 and p ¼ 5.37 3 10�9, respectively,

Figure 4E) and branchpoints (p ¼ 3.77 3 10�9 and p ¼
4.85 3 10�9, respectively, Figure 4F) when compared to

the WT (neurite length—mean ¼ 203.73, SE ¼ 6.27; neu-

rite branchpoints—mean ¼ 5.77, SE ¼ 0.21). The

16p11.2 CNV iNs were also significantly different from

the KCTD13Het iNs (neurite length—mean ¼ 207.24,

SE ¼ 8.76; neurite branchpoints—mean ¼ 6.01, SE ¼
0.29) in terms of both neurite length (p ¼ 4.44 3 10�8

and p ¼ 7.47 3 10�8, respectively, Figure 4E) and neurite

branchpoints (p ¼ 3.77 3 10�9 and p ¼ 1.14 3 10�7,

respectively, Figure 4F). The 16p11.2 CNV iNs were not

significantly different from each other, and there was no

significant difference between the WT and KCTD13Het

iNs. Taken together, these findings strongly suggest that

16p11.2 CNV results in neurite outgrowth and branching

deficits, that some of the genes in the region are involved

in these mechanisms, and that deletion of KCTD13 alone

does not recapitulate these neuronal deficits.

16p11.2 RGD neurons exhibit altered

electrophysiological features

To assess the electrophysiological features of the 16p11.2

RGD neuronal cultures, we measured spontaneous

neuronal firing by using multi-electrode arrays (MEAs), a

non-invasive platform for simultaneous recording of elec-

tric signals from multiple electrodes, to study electrophys-

iology in vitro (Figure 5A). We differentiated iNs, replated

60k day 5 iNs onto MEA plates, then continued differenti-

ation and recorded their activity directly for a period of

time (Figure 5A). Representative temporal raster plots
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Figure 4. 16p11.2 RGD neurons revealed altered neurite dynamic features
(A) Experimental design. iNs were differentiated from hiPSCs as described in the methods section. On day 5, iNs were replated onto
96-well plates and imaged over 7 days with the Incucyte ZOOM system (Sartorius).
(B) IncuCyte images of iNs at 0, 4, and 8 days after being plated with overlaid neurite (blue) and nucleus (magenta) segmentation masks
(scale bar represents 50 mm).
(C) The results for cumulative neurite length. 16p11.2 deletion (16pDel) and duplication (16pDup) iNs showed significant differences in
neurite length compared to that of WT and KCTD13 heterozygous deletion (KCTD13Het) iNs at the p < 0.05 level (one-way ANOVA).
The shaded area indicates SEM.
(D) Similar results for cumulative neurite branchpoints. 16pDel and 16pDup iNs showed significant differences in neurite branchpoints
compared to those of WT and KCTD13Het at the p < 0.05 level (one-way ANOVA). The shaded area indicates SEM.
(E) Post-hoc comparisons of neurite length via the Tukey HSD test. 16pDel and 16pDup neurons displayed significantly reduced neurite
length in comparison to WT neurons (***p < 0.001), whereas KCTD13Het neurons displayed neurite length comparable to that of WT
neurons (p > 0.05).
(F) Post-hoc comparisons of neurite branchpoints via the Tukey HSD test. Compared to WT neurons, 16pDel and 16pDup neurons dis-
played significantly fewer neurite branchpoints (***p < 0.001), whereas the number of neurite branchpoints displayed by KCTD13Het
neurons was comparable to that displayed by the WT group (p > 0.05). The numbers of images per group were n ¼ 170 (WT), n ¼ 118
(16pDel), n ¼ 105 (16pDup), and n ¼ 87 (KCTD13Het).
illustrating timestamps of spikes over 1 min of continuous

recording; overlaid representative waveforms are shown in

Figures 5B–5E, respectively, for WT, 16pDel, 16pDup, and

KCTD13Het iNs. One-way ANOVA indicated significant

differences in neuronal activity (normalized weighted

mean firing rate, F¼ 4.28, p¼ 83 10�3, df¼ 3), functional

connections between neurons (normalized synchrony, F ¼
4.69, p ¼ 5 3 10�3, df ¼ 3), and functional networks

(normalized oscillation, F ¼ 5.21, p ¼ 3 3 10�3, df ¼ 3)

across WT, 16pDel, 16pDup, and KCTD13Het lines. We

observed a significant effect of 16p CNVs on neuronal ac-

tivity (WT—mean ¼ 1, SE ¼ 0.09; 16pDel—mean ¼ 0.65,

SE ¼ 0.05, p ¼ 1.02 3 10�3; 16pDup—mean ¼ 0.65, SE ¼
0.06, p ¼ 3.23 3 10�3) (see methods), whereas WT and

KCTD13Het (mean ¼ 0.85, SE ¼ 0.12) were not signifi-

cantly different (p ¼ 2.23 3 10�1) (Figure 5F). The neurons

with 16p11.2 CNVs and KCTD13Het all displayed signifi-

cantly reduced synchrony (WT—mean ¼ 1, SE ¼ 0.22;

16pDel: mean ¼ 0.52, SE ¼ 0.08, p ¼ 7.97e-3; 16pDup:

mean ¼ 0.51, SE ¼ 0.08, p ¼ 8.54 3 10�3; KCTD13Het:

mean ¼ 0.43, SE ¼ 0.05, p ¼ 1.13 3 10�2) (Figure 5G).
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However, only 16pDel and 16pDup neurons exhibited

significantly reduced oscillation (deletion—mean ¼ 0.77,

SE ¼ 0.04, p ¼ 7.39 3 10�5; duplication—mean ¼ 0.78,

SE ¼ 0.04, p ¼ 5.1 3 10�5) (Figure 5H) in comparison to

WT (mean ¼ 1, SE ¼ 0.05), whereas KCTD13Het neurons

were not significantly different (mean ¼ 0.91, SE ¼ 0.06,

p ¼ 2.76 3 10�1). As was the case with the morphometric

phenotyping, these data indicate that changes in dosage of

16p11.2 genes affect the electrophysiological properties of

iNs.

Altered cell complement in 16p RGD cerebral organoid

model

The observation of an impact on the development and

function of iNs by both 16p11.2 deletion and duplication,

coupled with the fact that a number of the significant

WGCNA modules from mouse brain and human NSCs

were enriched for members of a module defined in early

human neurodevelopment (‘M2’ in Figure 3), prompted

us to assess potential neurodevelopmental deficits in cere-

bral organoids. We differentiated a subset of hiPSC lines
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Figure 5. RGD neurons displayed aberrant electrophysiological properties
(A) Overview of the study design. iNs were differentiated from hiPSCs as described in the methods section. On day, 5 iNs were replated
ontoMEA plates with NMM. The neural activities were recorded after the culture medium switched to BrainPhys Neuronal Medium (day
24).
(B–E) Representative temporal raster plots from iNmodels demonstrating the activity over time for all electrodes in the well. Each plot is
30 s for sufficient spike and burst resolution, and horizontal rows correspond to 16 electrodes. Abbreviations are as follows: wild type
(WT), 16p11.2 deletion (16pDel), 16p11.2 duplication (16pDup), and KCTD13 heterozygous deletion (KCTD13Het). Raster plots
were generated with Neural Metric Tool v3.2.5 software (Axion Biosystems).
(F) Neuron activity (normalized weighted-mean firing rate). 16pDel and 16pDup neurons displayed significantly lower activity thanWT
neurons (**p < 0.01), whereas KCTD13Het neurons displayed a level of activity comparable to that of the WT (p ¼ 0.222). Data are pre-
sented as means 5 SEM, and normalized data points are plotted.
(G) Neuron synchrony (normalized synchrony Index). 16pDel, 16pDup, and KCTD13Het neurons displayed significantly lower syn-
chrony than WT neurons (*p < 0.05, **p < 0.01). Data are presented as means 5 SEM, and normalized data points are plotted.
(H) Neuron network oscillation (normalized network ISI coefficient of variation). 16pDel and 16pDup neurons displayed significantly
lower oscillation than WT neurons (***p < 0.001), whereas KCTD13Het neurons displayed a level of activity comparable to that of the
WT (p ¼ 0.276). The number of samples per group was n ¼ 15 (WT), n ¼ 24 (16pDel), n ¼ 24 (16pDup), and n ¼ 18 (KCTD13Het). Data
are presented as means 5 SEM, and normalized data points are plotted.
with 16p CNVs or KCTD13 heterozygous inactivation into

cerebral organoids by using the protocols as described47,48

and performed scRNAseq on 6-month-old organoids (n¼ 2

WT, 2 16pDel deletion, 2 16pDup duplication, and 2

KCTD13Het) to investigate genotype-specific single-cell

signatures (Figure 6A). These data were analyzed by uni-

form manifold approximation and projection (UMAP),

GO enrichment, and co-expression analysis (WGCNA).

Expression of canonical marker genes identified excitatory

neurons, inhibitory neurons, and astroglia as three major
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cell classes in the cerebral organoids (Figures 6B and

S4A). A fourth cell population that did not pass criteria

and was annotated as ‘‘unknown’’ expressed limited oligo-

dendrocyte and microglia-related markers (Figures 6B and

S4A). The cerebral organoids carrying 16p11.2 CNVs dis-

played reciprocally altered ratios of excitatory to inhibitory

neurons in comparison to WT (Figure 6C); 16pDel and

16pDup organoids had relatively more inhibitory and

excitatory neurons, respectively. The KCTD13Het organo-

ids showed no dramatic changes in cell ratio as compared
ober 6, 2022



Figure 6. Altered neurodevelopmental signatures in 16p11.2 cerebral organoids
(A) Experimental design. 16p11.2 organoids were differentiated from hiPSCs, as described in the methods section. The organoids at
6 months were dissociated as single-cell suspensions and further processed by 103 Chromium and sequenced on an Illumina
NovaSeq S4 platform.
(B) Clustering of organoid cells in the UMAP space, with cell types assigned.
(C) Proportion of cells in each cell type per genotype (WT, 16pDup, 16pDel, and KCTD13Het).
(D) Modules’ average expression change in each genotype compared to WT. The circle size represents the significance of expression
changes in terms of negative-log10-transformed Bonferroni-corrected p values, and the color gradient represents the strength of expres-
sion changes in the log-transformed scale. In inhibitory neurons, Inhibitory_ME2 contains all the six HVGs from the 16p11.2 region and
is positively correlated with 16p11.2 CNV dosage, as expected.
(E and F) Normalized expression of CALB2 (E) and the eigengene expression of Inhibitory_ME4 (F) across the inhibitory neuron popu-
lation in the UMAP space.
to WT, again suggesting that the observed functional

changes are a result of the combinatorial effects of many

genes in the region and that the altered excitatory/inhibi-

tory neuron ratio seen with the 16p11.2 deletion is not

driven by KCTD13 alone.

To dissect the underlying molecular patterns that led to

genetic lesions and cell-composition imbalance in these or-
The American Jo
ganoids, we investigated gene co-expression modules that

are correlated with various 16p genotypes (Table S10). To

avoid data sparsity from scRNA, we used only highly vari-

able genes (HVGs) in each cell population. Although two

modules fromastroglia, ‘‘ME3’’ and ‘‘ME10,’’showedoverall

upregulation due to 16p11.2 deletion and to heterozygous

KCTD13 deletion, respectively, indicating the potential
urnal of Human Genetics 109, 1789–1813, October 6, 2022 1805



for non-neuronal effects, the most significant correlation

with 16p11.2 gene dosage was found in the ‘‘ME4’’ module

of inhibitory neurons. Notably, the inhibitoryME4module

was negatively correlated with 16p11.2 CNV dosage

(Figure 6D and Table S10) and showed modest enrichment

for NDD-associated genes (Figure S4B), supporting the

importance of an effect on inhibitory neurons. Indeed,

GOenrichment analysis ofME4member genes revealed sig-

nificance for terms relevant to cell morphogenesis, neuro-

genesis, and neuron differentiation (Figure S4C and

Table S11), whereas SynGO enrichment analysis revealed

no significant terms. Moreover, a number of the top 10

genes most correlated with the ME4 module eigengene

were highly relevant to GABAergic inhibitory neuron func-

tion (Figure S4D andTable S12). Among these,GAD2 (MIM:

138275) encodes a GABA-synthesizing enzyme, and DLX2

(MIM: 126255) and DLX5 (MIM: 600028) specify GABA

interneuron progenitor transcription factors.80 We further

explored which subtype of inhibitory neurons was repre-

sented by the inhibitory ME4 module by using six subtype

markers, including CALB1 (MIM: 114050), CALB2 (MIM:

114051), NPY (MIM: 162640), PVALB (MIM: 168890), SST

(MIM: 182450), and VIP (MIM: 192320). Interestingly, we

found that the expression pattern of CALB2 (encoding cal-

retinin) across the inhibitoryneuronpopulation (Figure 6E)

wasmost similar to the expression pattern of the inhibitory

ME4module eigengene (Figure 6F), indicating that thema-

jority cell type represented in the ME4 module is the calre-

tinin-positive GABAergic inhibitory neuron. Thus, both

neuronal ratios and gene expression changes in the orga-

noid analyses point most directly to GABAergic inhibitory

neurons and the associated excitatory/inhibitory balance

as a target of disruption that could contribute toneurodeve-

lopmental and cognitive deficits in both 16p11.2 deletion

and duplication.
Discussion

The 16p11.2 RGD is associated with a variety of prominent

neurodevelopmental and other phenotypes, including fea-

tures that are shared (e.g., NDD, ASD, seizure), mirrored

(e.g., macrocephaly or microcephaly; obesity or low body

weight), or distinct (e.g., predisposition to neuroblastoma

among deletion subjects, schizophrenia among duplica-

tion subjects).81–83 Each of these features is likely to be

driven by haploinsufficiency or triplosensitivity for one

or more genes or combinations of genes within the

16p11.2 region. Indeed, it is conceivable that each of the

shared or mirrored phenotypes results from the pathway

disruptions that ensue from altered expression of the

same critical CNV region gene or set of genes in both dele-

tion and duplication individuals. However, although

mutational analysis of persons with NDD in the absence

of 16p11.2 dosage change have pointed to several different

genes in the CNV region as potential contributors, none

has been identified as unequivocally causal. Consequently,
1806 The American Journal of Human Genetics 109, 1789–1813, Oct
we sought to gain insight into this RGD through the

shared (both reciprocal and non-reciprocal) and distinct

transcriptional changes associated with deletion and

duplication of the entire region.

Our overall findings in both themouse and hiPSCmodel

systems indicate that the expression of genes in the CNV

segment directly reflects their gene dosage and is typically

highest in the brain but that the same dosage change re-

sults in significantly altered expression of largely different

sets of genes outside the CNV segment in different tissues

and cells. There was more sharing of these altered non-

CNV genes than expected by chance, particularly across

the brain regions, but those genes that were shared repre-

sented a small minority of the total DEGs and only a yet

smaller subset of these displayed a reciprocal effect (i.e.,

expression altered in opposite directions by deletion vs.

duplication). However, GO enrichment analyses of the

significantly altered genes, and particularly co-expression

of genes whose expression was correlated with CNV

dosage, provided evidence for several commonly disrupted

biological processes across the mouse brain regions and

human neurons. These results were most prominent for al-

terations in energy metabolism, mRNA metabolism, trans-

lation and protein targeting. These alterations were not

observed in the peripheral tissues, which exhibited disrup-

tion of distinct biological processes.

Interestingly, although the vast majority of DEGs did

not display a significant reciprocal effect of deletion and

duplication on their expression, those WGCNA co-expres-

sion modules that correlated with CNV dosage were

revealing of similar GO terms across the brain and human

cell analyses, indicating that this enrichment is driven by

more subtle reciprocal alterations of many genes involved

in these biological processes. However, some significant

co-expression modules, particularly the cerebellar module

CE1, suggest the existence of additional interconnected ef-

fects on a large set of genes that shows limited GO enrich-

ment but that may be important in contributing to

abnormal phenotypes. Expression of the genes in CE1 is

positively correlated with CNV dosage—there is an appar-

ently larger effect of deletion than duplication—and boasts

strongly significant enrichment for LoF-constrained genes

and FMRP target genes, along with enrichment for NDD-

associated genes, genes identified in the DDD, chromatin

modifiers, and genes from a co-expression module (M2)

defined very early in human neurodevelopment. However,

unlike the extensive sets of GO enrichments formost other

significant mouse brain modules, CE1 is most significant

for the term homophilic cell adhesion via plasma membrane

adhesion molecules and shows weaker support for other

terms related to neuronal development (e.g., neuron

differentiation; neuron development; neurogenesis) and adhe-

sion (e.g., cell-cell adhesion via plasma membrane; biological

adhesion) (Table S9). This contrast indicates that the large

CE1 module and modules CO1, CO2, S3, and S5, which

did not show any strong GO enrichments, might each

reflect convergence of 16p11.2 dosage-elicited expression
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changes for subsets of non-CNV genes drawn from multi-

ple different biological processes. Alternatively, they could

result from a diversity of 16p11.2 dosage-elicited responses

in the different cell types within each region.

Together, the notable similarities and many differences

in transcriptomic alterations between brain regions, pe-

ripheral tissues, and human neuronal cells indicate that

the CNV dosage changes of the same set of genes have im-

pacts, both in terms of biological processes disrupted and

in terms of the genes most significantly altered within

those processes, that are context-specific. The importance

of cellular context is reinforced by differences in the func-

tional impact of the 16p11.2 CNV in our iNs (both deletion

and duplication result in reduced numbers of neurites and

branchpoints and in reduced electrical activity) compared

to dopaminergic neurons (larger soma and hyperexcitabil-

ity due to deletion and increased neurite numbers due to

duplication) derived from the same hiPSCs.84 In the

former, neuronal homeostasis appears to reflect the ‘‘Goldi-

locks principle,’’ in that too little or too much expression

of the 16p11.2 genes results in the same cellular pheno-

type, similar to the observation that some individual genes

cause ASD both by haploinsufficiency and by triplosensi-

tivity.85–88 By contrast, in the latter context and in our

organoid analysis, decreased and increased 16p11.2 gene

expression have different consequences. The context spec-

ificity of the effects of 16p11.2 deletion, along with the po-

tential effects of genetic background, are also reflected in a

comparison of our data with those of Roth et al.,89 who

sequenced RNA from cortical neural rosettes of 13

16p11.2 deletion individuals and seven controls. In this

mixed genetic background, they identified only 93 signifi-

cant DEGs outside the deletion region, and none of these

overlapped with DEGs from our isogenic comparison of

16pDel NSCs or iNs. Neither did the orthologues of their

DEGs appear among our mouse-brain-region DEGs, with

the exception of two genes in striatum (Ext1 and Lhfpl3).

Similarly, they detected no enriched GO terms at

FDR < 0.05, and the 25 GO term enrichments that they re-

ported at p < 0.05 did not overlap with those detected by

DEGs from our 16pdel NSCs and iNs. Consequently, it is

likely that multiple CNV genes and, consequently, disrup-

ted biological processes contribute to the phenotypic

features of the 16p11.2 RGD, potentially through a combi-

nation of different effects in different contributing cell

types. For example, the cortex, cerebellum, and striatum

are associated with a variety of functions, including move-

ments, motor behaviors, learning, and cognition func-

tions, and they are also implicated in various neurological

diseases.90 Recent data have shown that the cerebellum,

known for sensory-motor control, also plays a role in social

cognition and emotion as a result of its cortical connec-

tions. Consequently, the wide range of symptoms repre-

sented on the autism spectrum could result from the

disruption of circuits involving all three of these brain re-

gions.91 Our findings suggest that the cortex-striatum-cer-

ebellum network could suffer distinct disruption at each of
The American Jo
its nodes, even if through different impacts on similar bio-

logical processes, and that these disruptions might all

contribute to some degree to the ultimate neurodevelop-

mental phenotypes. Similarly, any phenotypes initiated

in the periphery are extremely likely to be due to different

biological processes than those critical to neurological

phenotypes.

The biological processes that were most commonly

disrupted as a result of 16p11.2/7qF3 CNV in the context

of brain or cultured neuronal cells were energy metabolism,

mRNA metabolism, translation, and protein targeting.

Although a number of the genes in the 16p11.2 CNV

segment could participate in or impact on these processes,

it is difficult to point to one as individually responsible for

any of these disruptions. On the other hand, a number of

the genes in the region have been implicated, primarily

throughmodel systems, as having potential impact on neu-

rodevelopmental processes. These include, for example,

SEZ6L2 (synapse numbers, dendritic morphology, and neu-

ritogenesis),92,93 CORO1A (filopodia formation, required for

initial neurite formation),94,95 DOC2A (spontaneous neuro-

transmission associated with its calcium-dependent translo-

cation),25,96 TLCD3B (altered composition and levels of

sphingolipids and glycerolipids associated with cellular

membranes, leading to synaptic protein mislocalization),97

TAOK2 (brain size, neural connectivity, and excitatory

transmission)98; PRRT2 (neuronal excitability)99; and

MAPK3 (dendritic alterations of cortical pyramidal neu-

rons).100 Recently, integration of genetic regulation of

gene expression with genome-wide association data from

human cohorts pointed to INO80E as the potential driver

of schizophrenia due to 16p11.2 duplication and to both

SPN (MIM: 182160) and INO80E as contributors to the

16p11.2-deletion-associated increase in bodymass index.101

Other model studies have also pointed to interaction be-

tween 16p11.2 genes as potentially being responsible for

abnormal phenotypes.102,103 Consequently, our transcrip-

tomic studies suggest that the various phenotypes observed

in the 16p11.2 RGDmost likely result from both individual

genes and gene interactions operating within the context of

different cell types.

In the context of human glutamatergic iNs, the net func-

tional effects of 16p11.2 deletion and duplication were

similar in terms of neuronal morphometry and electro-

physiology, yet in the context of cerebral organoids, these

lesions produced reciprocal effects with respect to the con-

tent of GABAergic inhibitory neurons. Perhaps the impor-

tance of cellular context and specificity of phenotype is

best exemplified by KCTD13. On the basis of modeling

in zebrafish,32 this gene has been implicated previously

as the source of the macrocephaly and microcephaly phe-

notypes associated with 16p11.2 deletion and duplication,

respectively. Recently, RhoA and the associated Rho

GTPase signaling pathway has been implicated in the

link between KCTD13 and 16p11.2 RGD pheno-

types.22,33,104 However, in our human iN model system,

KCTD13 did not show haploinsufficiency for the neurite
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outgrowth and branching phenotypes and was minimally

different from WT for the electrophysiological measures.

Similarly, in cerebral organoids, KCTD13 did not show a

disrupted ratio of inhibitory versus excitatory neurons.

Consequently, KCTD13 does not appear to be a contrib-

utor to these phenotypes in this context, but this does

not preclude its contribution to the RGD phenotypes via

other cellular or developmental contexts. Notably, in our

co-expression analysis, cerebellum module CE1 and stria-

tum module S1 yielded significant enrichment for the

Rho GTPase cycle, but module iN1 and the cortex modules

CO1–CO4 did not,22,33,104 suggesting that the contribu-

tion of KCTD13 dosage could be limited to 16p11.2 RGD

phenotypes involving cerebellum and striatum.

In the future, the organoid model approach might offer

the best available experimental route to assessing the ef-

fects of the 16p11.2 CNV and its constituent genes on hu-

man-relevant phenotypes that are generated through

interaction of cell types in a developmental context. For

example, in a 16p11.2 cohort study, the differences in

intracranial volume, gray and white matter volume,

cortical thickness, and surface area in CNV carriers affected

regions known to exhibit structural abnormalities in ASD

and SCZ.82 Moreover, immunohistochemical studies of

both ASD and SCZ brains have shown a decrease in

the caudate nucleus of the density of calretinin-positive

interneurons.105,106 Genome-wide genetic analyses in hu-

mans have also supported the long-standing hypothesis

that ASD involves disruption of the excitatory-inhibitory

balance.36,107,108 Consistent with ths hypothesis, our

data from cerebral organoids indicate that dose-dependent

differences in the ratio of excitatory to inhibitory neurons

are caused by the 16p11.2 CNV and that this systemmight

offer a route to further dissect the pathways underlying

this difference. By contrast, it has been reported that

CALB2-positive GABAergic inhibitory neurons show

greater abundance in adult primates than in rodents.109,110

In addition, there are other subtypes that are numerous in

primates but are missing or greatly reduced in mouse

cortex.109,111 Therefore, fundamental differences in spe-

cies context could potentially preclude the discovery of

phenotype-associated signatures that are absent in the

brains of model organisms.

In summary, we have demonstrated by using isogenic

hiPSC-derived neurons and mouse models that transcrip-

tomic, morphological, electrophysiological, and cell-fate

signatures of the 16p11.2 CNV are highly context depen-

dent. Although they provide evidence for disruption of a

number of critical processes, most notably energy meta-

bolism, mRNA metabolism, translation, and protein tar-

geting, and for the disruption of neuronal development

and function, the details of these shared pathway disrup-

tions vary by brain region, tissue, and cell type. The shared

pathway disruptions are also accompanied by alterations

specific to the brain region, tissue, or cell type. Delineation

of the individual contributions of causal genes, gene-gene

interactions and dosage change (deletion, duplication or
1808 The American Journal of Human Genetics 109, 1789–1813, Oct
both, either reciprocal or shared) presents a complex prob-

lem that will most likely require a multi-faceted approach.

However, our work suggests that the human cerebral orga-

noid could be a particularly valuable tool for exploring hu-

man neurodevelopmental phenotypes of 16p11.2 RGD, as

well as ASD and SCZ more generally.8,17
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