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Abstract
Identifying the Genetic Drivers of 3q29 Deletion-Associated Phenotypes

By Stephanie M. Garceau

The 3929 deletion is a 1.6 Mb, heterozygous deletion that confers a greater than 40-fold
increased risk for schizophrenia. This deletion also confers increased risk for other
neurodevelopmental disorders, including autism spectrum disorder and intellectual
disability. To interrogate the biological consequences of the 3q29 deletion, the Emory 3929
project mouse team generated a mouse model harboring a heterozygous deletion of the
syntenic region on mouse chromosome 16. These mice display social interaction and
growth deficits similar to phenotypes observed in humans with the 3q29 deletion. The FVB
mouse genetic background altered the observed growth deficits suggesting that genetic
background can modulate the genotype-phenotype relationship. Given the attention that
DLGI has received as a candidate gene, we used Dlg/ " mice to determine if DLGI is the
causal gene for the observed phenotypes. We saw minor growth deficits in the Dig"™" mice
but did not observe behavioral deficits. To narrow the critical region of distinct phenotypes
identified in the full deletion mice, I used CRISPR/cas9 to generate two additional mouse
models harboring heterozygous sub deletions of the 3q29 interval. Taken together, we show
that the 3q29 deletion mouse model is a tractable entry point to understanding the biological
mechanisms underlying complex deletion-associated phenotypes, including
neurodevelopment disorders.
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Introduction

Neurodevelopmental disorders, such as autism spectrum disorder, intellectual disability,
and schizophrenia, are characterized by alterations in cognitive function. Twin studies identify a
substantial heritable component for neurodevelopmental disorders.!> The estimated heritability
of schizophrenia and autism is 81% and 90% respectively.** Although the heritability of these
disorders is clear, the underlying genetic drivers remain elusive. Efforts to detect risk loci for
neurodevelopmental conditions using linkage studies have been largely unsuccessful.’ These
findings, or lack thereof, support the idea that these complex conditions are not driven by highly
penetrant mutations at one, or even a few, genes. Candidate gene by environment interaction
studies attempt to define how genetic and environmental factors contribute to overall disease
risk.® These studies require prior knowledge to identify causal candidates and are typically
underpowered which limits their success.” Genome-wide association studies (GWAS) of
neurodevelopmental disorders leverage large sample sizes to reveal common genetic risk loci
that confer minimal increases in risk. A GWAS with almost 37,000 schizophrenia cases and over
113,000 controls finds 108 risk loci.® Identification of numerous risk loci in GWAS suggest that
complex phenotypes, like neurodevelopmental disorders, are polygenic in nature. Collectively,
common variants confer substantial risk for neurodevelopmental disorders, but individually their
effects are weak and variable. Recent findings identify a class of rare variants that individually
have a stronger effect on risk, termed copy number variants.

Copy number variants (CNV) are large, typically >1kb, duplications or deletions of the
genome. Intervals susceptible to alterations in copy number are flanked by segmental
duplications, or low copy repeats, that are the substrate for nonallelic homologous

recombination. Pathogenic CNVs are rare, highly penetrant genomic alterations implicated in



neurodevelopmental disorders.’ Individual CNVs confer substantial increased risk for
neurodevelopmental disorders, like schizophrenia, providing a genetic entry point for
understanding these complex conditions.! Early studies identify genomic disorders that arise
from de novo CNVs and display low phenotypic variability with high penetrance of
characteristic phenotypes.!! For example, individuals with Smith-Magenis Syndrome harbor a
chromosomal deletion at 17p11.2 and have a distinct phenotypic profile including facial
dysmorphisms, intellectual disability, and sleep disturbances.'> An additional category of
pathogenic CNVs associated with neurodevelopmental disorders are those with variable
phenotypic expressivity.!! The 22q11.2 deletion is the most common pathogenic CNV occurring
1 in 4,000 live births.!* The clinical profile of the 22q11.2 deletion includes increased risk for
other neurodevelopmental disorders including intellectual disability and autism spectrum
disorder accompanied by distinguishing physical anomalies.'* Most notably, the 22q11.2
deletion has been identified as one of the largest known genetic risk factors for schizophrenia.'>
The only other known CNV that confers comparable risk for schizophrenia is the 329
deletion.!>16

The 3929 deletion is a 1.6 megabase (Mb), heterozygous deletion on the long arm of
chromosome 3. Most of the reported cases of 329 deletion syndrome are recurrent, de novo
deletions, though inherited cases are reported.!” Attempts to develop a comprehensive phenotype
profile are limited due to the deletion’s low occurrence (~1 in 30,000 live births) and late-onset
of some phenotypes, specifically the neuropsychiatric phenotypes.'® To date, all clinical cases
and reports from the 3q29 registry corroborate that patients with this deletion display extensive
variable phenotypic expressivity.!”!” This copy number variant confers a greater than 40-fold

increased risk and has been identified as one of eight CNV risk loci for schizophrenia.'>!® The



3929 deletion is also associated with increased risk for autism spectrum disorder, intellectual
disability, and generalized anxiety disorder.!*2! Aside from the neurodevelopmental phenotypes,
3929 deletion patients also display physical abnormalities. Physical phenotypes include low birth
weight, growth deficits, skull abnormalities (microcephaly, high nasal bridge, etc), and ocular
abnormalities (microphthalmia, cataract, etc). Other reported phenotypes include heart defects,
abnormal MRI, and gastroesophageal reflux disorder.!”*? The Emory 3q29 Project clinical team
is conducting comprehensive phenotyping on 329 deletion study subjects to better characterize
the phenotype spectrum.?* The wide range of phenotypes, and observed variable phenotypic
expressivity, suggests that deletion of the 3q29 interval affects many different molecular
pathways.

The causal genetic element(s) of 3q29 deletion-associated phenotypes is not known. Of
the 21 protein-coding genes, all but SLC514 (Slcla) and ZDHHC19 (Zdhhc19) are expressed in
either human or mouse brain.?*?> The top candidate gene for the neurodevelopmental phenotypes
in the interval are FBXO45, PAK?2, and DLG1.%° FBXO45 is of interest because of its expression
at both the pre and post synaptic sites and identified role in synapse dynamics. FBX045 encodes
a ubiquitin ligase that regulates synaptic activity by degrading a synaptic vesicle priming factor.
The absence of the priming factor prevents vesicle fusion and neurotransmitter release used for
neuron communication.?’” PAK?2 is another favored candidate gene because of its role in
cytoskeletal dynamics at the synapse.?® Pak2*" mice display synaptic cytoskeleton deficits and
autistic-like behavior.?” DLG] is the most popular candidate gene within the interval for the
neurodevelopmental phenotypes given its role in synaptic plasticity via excitatory receptor
trafficking in the brain.’® A few studies identify an association between DLGI and

schizophrenia. Post mortem analysis of prefrontal cortex from schizophrenia patients display a



reduction in DLGI expression.’! A separate study examining exome sequences of schizophrenia
patients shows an enrichment of variants in DLGI compared to controls.*> Mouse studies largely
utilize conditional knockout models as Dlg/ knockout mice die perinatally from respiratory
failure. Mild, sex specific behavior deficits are observed in Dlg! brain specific conditional
knockout mice.** Collectively these studies warrant further investigation of DLGI while also
suggesting that DLG is unlikely to be the only genetic driver for the observed phenotypes in
3929 deletion patients. Work in Drosophila suggests a genetic interaction between PAK2 and
DLG]I. Single gene heterozygous flies did not display a phenotype but dlg/pak
transheterozygotes displayed reduced synapse number and circadian rhythm deficits.>* These
data suggest that complex phenotypes may be driven by more than one gene contained within the
interval.

There has been limited focus on the other 16 genes expressed in brain within the 3q29
interval, but some of these genes share similar functions. Four genes (TFRC, PCYT1A, SENPS,
BDHI) have been identified to function in metabolism and/or mitochondria function. Two genes
(TCTEX1D2, CEP19) have identified functions in cilia formation and signaling. Another four
genes (UBXN7, RNF168 WDRS53, FBX045) have been implicated in ubiquitination and
ubiquitin-related modifications. New findings reported in a preprint article suggest that NCPB2,
DLGI, FBX0O45, PIGZ, and BDH|1 are functionally similar in their ability to disrupt cell cycle
and apoptotic pathways. They also find that NCBP?2 acts as a modulator to enhance the deficits
imposed by the other four genes individually.*> A more in-depth summary of what is known
about the remaining genes can be found in Table 1. Although informative, one should exercise
caution in prioritizing candidate genes based on a review of the literature. Ideally there would be

efforts to interrogate each gene’s function in a systematic manner. In reality, the functional data



available for each gene is based on the specific interests of the experimenters. Incomplete
functional profiles of genes within the 3q29 interval may initially deprioritize the genes as
candidates, but it does not mean that they are not drivers of the 3q29 deletion phenotypes.

The remarkable increased risk for neurodevelopmental disorders associated with CNVs
has prompted efforts to model these genomic alterations in mouse. These mouse models can help
us better understand the etiology of the complex phenotypes. Until recently, efforts to study copy
number variants in mice have been hindered by the inability to generate controlled genomic
aberrations. The advent of Cre-loxP technology enabled the first targeted breakpoints using loxP
sites.’® Cre-mediated recombination occurs between two loxP sites and results in chromosome
deletions, inversions, or even translocations depending on loxP site location and orientation.
Though still used today, this chromosome engineering method has its limitations. The process in
and of itself is incredibly labor-intensive. The targeting of loxP sites relies on the generation of
insertion vectors which are then sequentially introduced into the mouse embryonic stem cell
genome. Additional limitations exist in that the recombinase properties of Cre are less
efficacious with increased distance between loxP sites. A selectable marker is used to detect cells
with a recombination event after Cre transfection and further experiments are required to confirm
the desired chromosome rearrangement. Although laborious, some of the first CNV mouse
models were generated using the Cre-loxP chromosome engineering technique.’’’

The recent discovery and development of CRISPR/Cas9 as a tool for chromosome
engineering has made a complex, laborious process rather straight-forward and efficient.
CRISPR uses a guide RNA (gRNA) to target the Cas9 nuclease to the region of DNA where it
will generate a double strand break. CNV deletions are generated by designing two gRNAs, one

for each desired breakpoint. Double strand breaks in the DNA will activate repair via the non-



homologous end joining or homology directed repair pathway. Non-homologous end joining is
the favored repair pathway and can result in nonspecific base pair insertions or deletions.*’ The
greatest advantage of this technique is the ability to bypass ES cell targeting by directly
introducing the designed CRISPRs and Cas9 into a one-cell zygote. Genomic editing begins soon
after introduction into the zygote and resulting offspring can be screened within one month.
Additionally, Southern blot analysis or whole-genome sequencing can be used to confirm that
only the desired genomic alteration occurred. One limitation of CRISPR/Cas9 technology is the
possibility of off-target effects.*!*> The resulting founder mice can be backcrossed multiple
generations to recombine out the off-target mutations and minimize the likelihood of their
effects. CRISPR/Cas9 technology has revolutionized the ability to generate targeted
chromosome aberrations, including CNVs, by reducing the cost and time involved.

There is emerging evidence that suggests there are multiple genetic drivers for the
complex phenotypes associated with CNVs, including the neurodevelopmental phenotypes.
Mouse models of single genes within CNVs often do not recapitulate all of the phenotypes
observed in models of the entire interval. For example, the learning and memory deficits
observed 15q13.3 deletion mice are not observed in single candidate gene models.**** Similarly,
models of candidate genes within the 16p11.2 interval do not display the abnormal brain
morphology and motor coordination deficits observed in the 16p11.2 deletion mice.**® These
data support that the interrogation of a single genes function and its effects when combined with
the haploinsufficiency of neighboring genes is required to identify the driving genetic element(s)
for each distinct phenotype.

Mouse studies of the 22q11.2 deletion have had limited success in identifying the causal

genetic elements underlying observed complex phenotypes. In part, the challenges faced can be



attributed to the regions size and complexity. The 22q11.2 deletion is most often observed as the
heterozygous deletion of a ~3 Mb interval with over 68 genes and 4 low copy repeats (LCRs).*
In stark contrast, the 3q29 deletion is a 1.6 Mb interval with only 21 genes and two LCRs. The
syntenic interval on mouse chromosome 16 contains all 21 genes in the same order as human
with an additional mouse specific gene (Bex6). The region is inverted to human with breakpoints
synonymous to those identified in 3q29 patients. There are reported cases of asymptomatic
individuals harboring an inversion of the 3929 interval with breakpoints synonymous to those
identified in those with the 3q29 deletion.’® These data suggest that the causative genetic
element(s) of deletion phenotypes are contained within the interval rather than outside. The
interval’s relative low number of genes, low complexity, and synteny in mouse make it a great
candidate for genetic dissection. To begin interrogating the interval for drivers of deletion-
associated phenotypes, the Emory 3q29 Project mouse team made a mouse model using
CRISPR/Cas9 to generate a heterozygous deletion of the 3q29 syntenic region in mouse
(B6.Del 167841 Tfrcy

In this thesis I, in collaboration with the Emory 3q29 Project mouse team, set out to
characterize the cognitive, behavioral, and physical deficits that exist in B6.Del16"2% /-7 mice.
In parallel, we interrogated the role of candidate gene DLG! in the B6.Del16"2% /-7 phenotypes
using B6.DIg ™" mice. Many phenotypes observed in 3q29 deletion patients can be assessed in
mice and serve as a starting place for our experiments. Specifically, we evaluated social
interaction between stranger mice as a translational measure for the social deficits in autism
spectrum disorder. The observed growth deficits in 3q29 patients prompted us to conduct a
longitudinal study of growth in our mice. We will use the prominent phenotypes in our

B6.Dell67/84"1-1ie mice to define the critical region and potentially map the causal genetic



element(s). Given the evidence suggesting there are multiple, causal genetic elements for CNV
phenotypes, instead of interrogating individuals genes I systematically subdivided the 3q29

GBI ice T

interval. To narrow the critical region for phenotypes observed in B6.Dell
generated two additional novel mouse models using CRISPR/Cas9 to subdivide the syntenic
region into 11 genes apiece (B6.Dell6"8%1-Bex6 and B6.Del 167700451 The data in this thesis

shows the utility of 3q29 deletion mouse models in narrowing the critical window and

uncovering the underlying biology of complex, deletion-associated phenotypes.



Methods
Generation of mouse models using CRISPR/Cas9

To generate the full deletion in mouse, two guide RNAs were designed at the syntenic
breakpoints in the mouse genome: gRNA ‘A’: TTCAGTGGTATGTAACCCCTGG at
Chr.16:31,369,117 (GRCm38.p3) and gRNA ‘B’: CCTGAGCTGATTGGACAACTAG at
Chr.16:32,634,414 (GRCm38.p3). An additional gRNA was designed between genes Bex6 and
Fbxo45 in the mouse genome to generate the sub deletions in mouse: gRNA ‘C’:
CCTTTAGTGGGTCTCCATTCAC at Chr.16:32,224,953 (GRCm38.p4). Single-cell
C57BL/6N, 129, DBA and FVB zygotes were injected by the Emory Transgenic and Gene
Targeting Core with 50 ng/ul of gRNA pairs (see Table 2) and 100ng/pl Cas9 RNA. Embryos
were cultured overnight and transferred to pseudo pregnant females.

Digl™ mice on a 129/C57BL/6] mixed background were obtained from Dr. Jeffrey
Miner (Washington University, St Louis, Missouri). The B6.DI/g] ™ mice used were backcrossed
to generation N6 with marker-assisted breeding (Dartmouse™, geiselmed.dartmouth.edu/
dartmouse) to >99% congenicity on the C57BL/6N background. The DBA.DIg/ " mice used
were backcrossed to generation N4 to an average of 94% congenicity on the DBA background as
no marker assisted breeding was used.
Screening for deletions using PCR and Southern Blot

Resulting pups were screened for the expected deletion via PCR using ear or tail genomic
DNA. PCR primers were designed to detect the expected deletion and the wild-type (non-
deleted) allele (Table 2).

PCR Conditions
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PCR amplification was performed in a mixture of buffer, forward and reverse primers
(0.5 uM), dNTPs, MgCI2 (~2 mM), Taq polymerase, and the DNA to be amplified (50 ng/rxn).
Thermocycler settings for full deletion primers were as follows: 94°C for 5 min, 30 cycles at
94°C for 30 s, 56.7°C for 30 s, and 72°C for 60 s, then 1 cycle at 72°C for 5 min. Thermocycler
settings for both sets of the sub deletion primers were as follows: 94°C for 5 min, 30 cycles at
94°C for 30 s, 57°C for 30 s, and 72°C for 60 s, then 1 cycle at 72°C for 5 min. Products were
separated on a 2% agarose TBE gel.
Full deletion Southern blot

Full deletion pups were screened by Southern blot. Southern blots were adapted from a
protocol as previously described.’! Briefly, 10[_E genomic DNA was digested overnight using
the FastDigest Xbal from ThermoFisher Scientific (catalog number: FD0684). Fragments were
separated on 0.8% agarose gel and transferred to a nylon membrane. The membrane was
prehybridized with 14 mL hybridization buffer (350 mL 20% SDS, 75 mL 20x SSC, 100 g
PEG8000, 250 mg heparin, water to 1L) and 500 uL salmon sperm at 65°C for 2-4 hours. A
542bp, p32 labeled DNA probe was generated using Invitrogen RadPrime DNA labeling system
(Thermo Fisher Scientific, Waltham, MA) and the following primer pair: forward primer-
ATTCAGGTCTTTAATGAGAACACAA and reverse primer-
TGAATAGTGGCTCTGTCTGAAG. The radiolabeled probe was added to 10 mL hybridization
buffer with 500 uL salmon sperm and 20 uL cotl DNA. The prehybridization solution was
removed and the hybridization solution was added to the membrane and left overnight at 65°C.
The following day the membrane was rinsed with 25 mL Buffer I (5 mL 20% SDS, 100 mL 20x
SSC, water to 1 L) at room temperature. After rinsing, the membrane was washed for 15 minutes

at 65°C with 50 mL of Buffer I followed by 30 minutes at 65°C with 50 mL of Buffer II (25 mL
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20% SDS, 5 mL 20x SSC, water to 1 L). The membrane was laid on a phosphor screen overnight
and imaged the following day.
Phenotyping of B6.Dell16"/541!-1fc mice

All behavioral assays were conducted on 16 to 20-week-old mice. Behavioral assay
sample size was 12-16 mice per sex per genotype. Behavior data collected was analyzed by
unpaired t-test when comparing two groups. When comparing more than two groups, analysis
was done by two-way, repeated measures ANOVA. Sidak’s correction for multiple comparisons
was used if a significant genotype effect or interaction was detected from the ANOVA. Mice
were on a 12hr light/dark cycle with unrestricted food and water.
Growth curves

B6.Del16724!-T¢ [(female = 32 wild type, 34 mutant)(male = 33 wild type, 27 mutant)]
and B6.DIgl"" [(female = 23 wild type, 25 mutant)(male = 36 wild type, 30 mutant)] mice were
weighed weekly over 16 weeks, beginning at P8. Analysis was conducted in R using the package
geepack by R. Pollak and M. Epstein. Generalized estimating equations were used to account for
correlations observed in a single subject as a result of data being collected at multiple time
points. Regression analysis was used for weight, genotype and age.

129.Del167/B4h-Tf [ (female = 30 wild type, 32 mutant)(male = 52 wild type, 38 mutant)],
FVB.Del16"8%!-Tfr¢ [ (female = 21 wild type, 30 mutant)(male = 25 wild type, 18 mutant)], and
DBA.DIgl"" [(female = 4 wild type, 24 mutant)(male = 19 wild type, 24 mutant)] mice were
weighed weekly, starting at P8, over 7 or 8 weeks depending on strain. Significance was
determined using two-way, repeated measures ANOVA.

Social Interaction Behavior Paradigm



12

This paradigm was adapted from Yang et al.’? using a 58x46x38cm three-chamber
apparatus constructed by The Emory Rodent Behavioral Core. Chambers were delineated as
north, middle, and south with removable dividers between each chamber. The north and south
chambers were 20cm long while the middle chamber was 18cm long. The subject mouse was
placed in the middle chamber with the dividers in place for 8 minutes. The dividers were then
removed, and the subject mouse was given 10 minutes to explore the entire, empty apparatus.
After acclimation, the dividers were replaced with the mouse in the middle chamber. An empty
cup and a cup with a stranger mouse were alternately placed in the north and south chambers.
The dividers were removed, and the subject mouse was recorded for 10 minutes. Video footage
was scored for duration of olfactory investigation with either the empty cup or cup with a
stranger mouse.

Marble Burying Behavioral Assay

A 48x25x22cm plexiglass cage was filled with approximately 5 cm of evenly distributed
corncob bedding. 20 black marbles were gently placed on top of the bedding in 5 rows of 4. The
subject mouse was placed in the cage and given 30 minutes to bury the marbles. The mouse was
removed after 30 minutes and a picture of the cage was taken for analysis. A marble was
considered buried if >50% was covered by bedding. Three experimenters scored the photos
while blinded to genotype. The average of the three scores for each subject mouse was reported.
Immunofluorescence

E15.5 pups were decapitated, and tail tissue was collected for genotyping. Heads were
post-fixed in 4% PFA overnight. The heads were then dehydrated in 70% ethanol (EtOH)
overnight, at minimum. The heads were placed in paraffin cassettes and submerged for 1 hour in

each condition: 90% EtOH, 100% EtOH (repeat 3x), Xylene (repeat 2x). The cassettes were then
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placed in liquid paraffin overnight and embedded the following day. Paraffin blocks were
sectioned to 10 um thickness on a microtome and mounted on slides. Slides were deparaffinized
and rehydrated before immunofluorescence.

For immunofluorescence, slides were blocked in 10% goat serum, 0.5% Tween-20 in 1X PBS
for 1 hour. Primary antibody incubation was at 4°C overnight. Primary antibodies were Tbrl
(anti-rabbit, 1:500, Millipore #AB9616) and CleavedCaspase3 (anti-rabbit, 1:200, Cell Signaling
#9661). Slides were then washed with 1X PBS and secondary antibody was applied and
incubated at room temp for 1 hour. Signal was detected using fluorescent-conjugated Alexa 488
(Invitrogen A-11008) secondary antibody. Images were taken on a Leica DM6000 B microscope

using QImaging Retiga EXi Fast1394 camera. Images were processed in Imagel.
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Results (My contributions are signified with “I/'we”)
CRISPR/Cas9 generated 3q29 full deletion mouse model

To mimic the 3q29 deletion in mouse, the Emory 3q29 mouse team designed two guide
RNAs at these breakpoints, one proximal to Bdhl (CRISPR A) and one distal to 7frc (CRISPR
B) (Figure 1b). They used PCR to identify founder animals harboring the expected heterozygous
deletion. Of the 23 animals born, 7 produced a PCR product indicating the expected
heterozygous deletion. They confirmed the lack of gross rearrangements in full deletion animals
by Southern blot. Xbal digested the genomic DNA and the radiolabeled probe hybridized to a 5.2
kb wild-type fragment and a 6.2 kb fragment on the deleted chromosome (Figure 1b).
PCR products for B6.Dell6"84I-Tfrc founders

6B I-Tfre founders

The 3929 mouse team sequenced the deletion PCR products of two B6.Dell
used (#127 and #131) to determine the breakpoint location. The resulting sequences displayed
different breakpoints by 21 bases which is likely a result of the non-homologous end joining
repair pathway (see Table 3).%
B6.Del16"/B4I-Tfrc mice display growth deficits

Individuals with 3q29 deletion syndrome display reduced birth weight and difficulty

gaining weight.' To test for this phenotype in the B6.Del 1654 -1/

mice, I collected weekly
weights for 16 weeks beginning at P8 in collaboration with R. Pollak. Female B6.Del16"/5¢#!-T/r
mice weighed on average 2.24 grams less than their wild-type littermates (p<0.0001, Figure 2a).
Male B6.Dell16"2% -1 mice weighed on average 1.61 grams less than their wild-type littermates

(p<0.0005, Figure 2b). Thus, we observed a growth deficit in both B6.Del16"2%!-T female and

male mice when compared to their wild-type littermates. The observed growth deficits validate
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using our novel rodent model to dissect the genetic drivers of deletion-associated, complex
phenotypes.

We also weighed the B6.DIgI"" mice and their wild-type littermates. The B6.DIgl""
female mice weighed on average 0.78 grams less than their wild-type littermates (p<0.05, Figure
2¢) and there was no significant difference between B6.DIg/"" male mice and their wild-type
littermates (Figure 2d). The observed growth deficits in B6. Dig/"" female mice have smaller
effect sizes than B6.Dell16™2%- T mice. These data indicate that Dig/ may be contributing to
the growth phenotype but is not the single causal gene.

Genetic background of Dell167B4I-Tfrc mice alters growth phenotype

Genetic background of subject mice can greatly influence the phenotypes.** To
investigate this idea, the 3q29 mouse team generated the full deletion on three other mouse
strains: DBA, 129, and FVB. They also backcrossed Dlgl"" mice to be 94% congenic on the
DBA background. I conducted growth curve analysis to investigate how genetic background may
alter growth. These data are incomplete due to duration of collection (7-8 weeks) and small
cohort size for some genotypes.

129.Del167/B4-Tfr¢ mijce displayed a growth phenotype in both sexes similar to
B6.Del 167241/ mice. Female 129.Dell16™2% -7 mice weighed on average 1.62 grams less
than their wild type littermates (p<0.0001, Figure 3a) and male 129.Dell6"8% /-7 mice weighed
1.35 grams less than their wild type littermates (p<0.005, Figure 3b). We observed an alteration
in the genotype-phenotype relationship in FVB.Dell6"54!-/ mice. Female FVB.Del16"2%!-Tfr
mice weighed 0.95 grams less than their wild type littermates (p<0.05, Figure 3¢). Notably, the

6+/Bdh 1-Tfic

reduced growth phenotype in B6.Dell female mice had a much larger effect size than
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that of female FVB.Del16"2%- T mice. Male FVB.Del16"2%!-1/ mice weighed slightly less
than their wild type littermates, but the difference did not reach significance (p=0.07, Figure 3d).

I also weighed DBA.DIg"" mice. Preliminary results suggest that the genotype-phenotype
relationship in DBA.DIg/ ™ mice may be altered from the B6.DI/g/"" mice. Female DBA.DIg] ™
mice did not weigh significantly different from their wild type littermates, but the N for the wild
types is not sufficient to draw conclusions (Figure 3e). Male DBA.DIg/ " mice weighed 0.93
grams less compared to their wild type littermates (p=0.007, Figure 3f). My preliminary
exploration of the growth phenotype in these other strains demonstrates that genetic background
alters the genotype-phenotype relationship.
B6.Del16"B41-Tfrc male mice have deficits in social interaction

We used the three-chamber social interaction paradigm to assess for social deficits.
Difficulties in social communication is one of the hallmarks of autism spectrum disorder, which
has been reported in 3q29 deletion patients.!”!” We placed the subject mouse in a three chamber
apparatus with an empty cup and a cup with a stranger mouse in the north and south chambers.
The subject mouse explored and interacted with the empty cup and/or cup with a stranger mouse
for 10 minutes. I reviewed video footage of the paradigm and quantified duration of olfactory
investigation with the stranger mouse in a cup or empty cup. I used olfactory investigation as a
measure of social interaction. Wild-type mice spent significantly more time interacting with the
stranger mouse compared to the empty cup (Figure 4a, female: t25 = 7.176, p<0.0001, male: #25 =
4.018, p<0.0005). Female B6.Del16"54"!-Tfic mice displayed the same wild-type sociality (t24 =
3.237, p<0.005). Male B6.Del16"24!-T¢ mice did not demonstrate a preference for either the
cup with the stranger mouse or the empty cup (t2s= 1.769, p = 0.0878). The lack of preference

phenotype is translated into deficits in sociability.
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In order to test whether heterozygosity of Dig! is the genetic driver of the observed
deficits in B6.Del16 21/ male mice, we tested DIg! ™ mice for social interaction deficits
(Figure 4b). DigI*" female and male mice did not display social deficits (female: t24 = 4.716,
p<0.0001, male: #24 = 2.846, p<0.01), nor did their wild-type littermates (female: #25 =3.711,
p<0.005, male: 12> = 6.29, p<0.0001), thereby suggesting DIg! is not the singular contributor for

6"BdhI-Tfre male mice.

the observed social deficits seen in B6.Dell
B6.Del167B4I-Tfic mice do not display anxiety-like behavior

We tested for anxiety-like behavior using the marble burying assay. In this assay we
placed the subject mouse in a cage with 5 rows of 4 marbles placed on top of corn cob bedding.
After 30 minutes the subject mouse was removed, and a photo of the cage was taken. Three
experimenters, including myself, quantified the number of marbles buried in each photo and we
reported an average of the three scores for each subject mouse (Figure 5). We observed no

6 /BT female and male mice

differences in the number of marbles buried between B6.Dell
compared to their wild-type littermates (Figure 5a, females: 30 = 0.6147, p>0.05, males: t2s =
0.7167, p>0.05). Similarly, we observed no differences between DIg/"" female and male mice
relative to their wild-type littermates (Figure, 5b, females: 725 = 0.22, p>0.05, males: 723 = 0.632,
p>0.05). These data indicate that the 3q29 deletion and DIg/ do not contribute to a marble
burying phenotype, but this does not rule out the contribution of these genetic elements in other
anxiety-like behaviors.
B6.Dell6"24h1-1frc mice display normal cortical plate development

Functional MRIs of schizophrenia patients display a reduction in cortical layer

thickness.> I examined the architectural integrity of B6.Del16 2% /-1/"¢ brains at the peak of

neurogenesis (E15). To examine cortical layer development, I used an antibody against T-box,
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Brain 1 (7hr1) in E15.5 embryos. Tbrl is a T-box gene that codes for a transcription factor
involved in regulating cortical development.>® I saw no gross differences in layer thickness
relative to wild-type littermates (Figure 6). I also assessed for excessive cellular death in these
slices using an antibody against CleavedCaspase3. I saw no obvious evidence of excessive
cellular death in B6.Dell6™2% /-1 brains compared to wild-type controls (not quantified, Figure
6). Together these data suggest that the 3q29 deletion does not alter apoptosis or cortical layer
establishment in E15.5 embryos.
CRISPR/Cas9 generation of 3q29 sub deletion mouse models

The B6.Dell6"8% -1 mice recapitulated some of the distinct, complex phenotypes
observed in 3q29 deletion patients. To narrow the critical region for each distinct phenotype, I
systematically subdivided the 3q29 interval and observed the effects on established, full deletion
phenotypes. I designed a third guide RNA between Bex6 and Fbxo45 (CRISPR C) to subdivide
the interval into two regions containing 11 genes apiece (Figure 1c). Mice were injected with
CRISPR A, from the full deletion, and CRISPR C to generate the proximal sub deletion from
Bdh1 to Bex6 (B6.Del16724"1-B¢x6) Tysed PCR to identify founder animals harboring the
expected heterozygous sub deletion. Of the 8 animals born from the proximal sub deletion
injections, 3 animals had a PCR product indicative of the expected deletion. Separate injections
of CRISPR B, from the full deletion, and CRISPR C generated mice harboring the adjacent,
distal sub deletion from Fbxo45 to Tfic (B6.Dell677x#1/i¢) Of the 39 animals born from the
distal sub deletion injections, 4 had a PCR product indicating the presence of the expected
heterozygous deletion.

PCR products for B6.Dell6"x#-1fi¢ founders
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I sequenced the deletion PCR products for all animals with the expected distal sub
deletion to determine the breakpoint location. I did not identify any two potential founders
carrying identical breakpoints indicating chew back at the Cas9 cut site during repair via non-
homologous end joining. I used founders 52 and 79 to backcross to generation N4 and obtain
cohorts for analysis because their breakpoints were only 2 base pairs different (see Table 3).
These animals are following the same breeding scheme as the full deletion animals and cohorts

will be bred for analysis at generation N4.
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Discussion

The Emory 3929 mouse team generated a novel mouse model harboring the 3q29
deletion as part of a collective effort to better understand the genetic drivers of complex,
deletion-associated phenotypes. We conducted a broad range of analyses to establish a
phenotypic profile and discern the biological consequences of the 3q29 deletion. First, we found
that B6.Del16724"-T mice displayed persistent growth deficits reminiscent of those observed in
individuals with 3q29 deletion (Figure 2a-b). These findings were recently replicated in another
3q29 mouse model generated with Cre-loxP technology.’” Growth is a complex phenotype
influenced by both genetic and environmental factors. The effects of these factors converge on a
single biological process: the cell cycle.’® Given this, candidate genes in the 3q29 interval for the
observable growth deficits could be those implicated in the cell cycle (NCBP2, DLG1, FBX045,
PIGZ, BDH]I). Additional analyses link growth arrest with repression of genes involved in
metabolism and mitochondria function.>® These data suggest additional candidate genes for the
growth deficits are those with roles in metabolism and mitochondria function (PCYT1A4, BDH],
SENPS, TFRC). We analyzed Dlgl™ mice to determine whether Dlg/ was the causal genetic
element for observed growth deficits. Only female Dlg/ ™" mice displayed a significant growth
deficit compared to their wild type littermates (Figure 2c). The effect size observed was much
smaller than those observed in the B6.Del16 7541 mijce suggesting that Dlg/ may be
contributing to the growth phenotype in female mice, but is not the only contributing genetic
element.

As previously stated, phenotypes manifest variably in mice of different genetic
backgrounds.>* We generated and assessed growth in two additional mouse models of the 3q29

deletion, on the FVB and 129 genetic background, to thoroughly define the relationship between
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the 3929 deletion genotype and growth phenotype. As predicted, I observed changes in the

genotype-phenotype relationship depending on the mouse genetic background. FVB.Del16 "2

/¢ male mice did not weigh significantly less than their wild type littermates (Figure 3d).

FVB.Dell6"8%!-T females weighed less than their wild type littermates with a much smaller

effect size compared to B6.Del16"2% /-7 female mice (Figure 3c). The 129.Del16"8% -1 mice

displayed growth deficits similar to those observed in the B6.Del16"/B7 -1/

mice (Figure 3a and
3b). The reported alterations in the genotype-phenotype relationship suggest there are genetic
modifiers acting in some mouse strains, and not others, to exacerbate or diminish the growth
phenotype.

The strong association of the 3q29 deletion with neurodevelopmental disorders prompted

G"/Bdhi-Tfic

us to evaluate cognitive and behavioral function in the B6.Dell mice. Twenty-five to

30% of individuals with the 3q29 deletion report diagnosis of autism spectrum disorder.!”-!>-22
This neurodevelopmental disorder has a 4:1 male bias and is characterized by deficient social
skills, language difficulties, and restrictive behaviors.® We assessed for deficits in social
interaction via the three-chamber test in B6.Del16"2#/-7" mice as an endophenotype for autistic
behaviors. B6.Del16 754 -T/*¢ male mice display social interaction deficits but B6.Del16 ™84T
female mice do not (Figure 4a). Studies on the Cre-loxP 329 mouse model also found deficits in
social behavior using the reciprocal social interaction test.”” We tested the Dlg/™" mice in the
three-chamber paradigm and did not find any deficits eliminating Dig/ as the single driver for
the social deficits observed in B6.Dell6"5 -1 male mice (Figure 4b). The identified sex-

G"/Bdhl-Tfic

specific social deficits in B6.Dell mice align with the sex differences observed in

autism and suggest that there may be sex-specific molecular mechanisms underlying these
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phenotypes. Future studies should include investigation of complex phenotypes in a sex-specific
manner with the possibility of unveiling novel differences.

Anxiety is another prominent neuropsychiatric phenotype in 3q29 deletion patients.!* We
assessed anxiety with the marble burying assay and did not observe increased anxiety in male or
female B6.Del1672%-T mice (Figure 5a). These findings are in stark contrast to the 3q29
deletion human data. One explanation for the disparity is that there are multiple tests for
evaluating anxiety-like behaviors in mice, including marble burying, open-field, and elevated
plus maze. Anxiety is a complex phenotype with many different features and each task is
designed to assess a subset of those features.®! The variable expressivity of anxiety in individuals
with the 3q29 deletion may explain why some tasks reveal phenotypes and others do not.
Another plausible explanation for the absence of anxiety-like behavior is the presence of
modifier alleles in the C57BL/6 mouse strain that mask the phenotype. We can begin testing this
hypothesis by putting the FVB.Del16"2% -1 and 129.Del16"/E4"!-1/¢ mice through the marble
burying assay. It is understood that this would not be a comprehensive analysis given there are
many more mouse strains than the two listed. The absence of a marble burying phenotype in
B6.Del16724-T/¢ mice does not rule out the genetic contribution of the 3q29 deletion to other
anxiety-like behaviors.

I began exploring the hypothesis that the underlying molecular mechanism for the
reduced growth phenotype is dysregulation of the cell cycle by staining embryonic brain slices
for a marker of apoptosis, cleaved caspase-3. I decided to evaluate cellular death at embryonic
day 15.5 when neurogenesis in the brain is at its peak.®? There were no observable differences in

6"/Bdhl-Tfic

apoptosis between E15.5 wild type and B6.Dell embryos (Figure 6). During

neurogenesis in the cerebral cortex, cells replicate, divide, and migrate to establish an organized
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layered matrix of cellular connections. I stained for a transcription factor that regulates cortical
layer establishment, 7br1, in E15.5 embryos to assess for dysfunction in these cellular
processes.*® The altered thickness of the cortical layers observed in individuals with
schizophrenia suggests a functional relevance of alterations in neurogenesis and, specifically,
cortical layer establishment. I saw no gross differences in layer thickness in B6.Del16"/B4 -1/
embryos compared to wild type (Figure 6). Interestingly, recent findings show a remarked
decrease in number of parvalbumin expressing inhibitory neurons in the cortex.’’ I did not detect
these difference in my staining because 7br/ is highly expressed in excitatory, rather than
inhibitory, neurons.’® Additional studies are required to support or refute the proposed hypothesis
that dysregulation of the cell cycle underlies the growth phenotype. Obvious next steps would be
to stain for cleaved caspase-3 at different time points and include a proliferative marker.

The pronounced growth and social phenotypes in B6.Dell6"54" -1/ mice will be used as
a tool to determine if our systematic sub deletion strategy is a tractable way to identify the
genetic drivers of these phenotypes. In order to find the critical genetic element(s) in the 3q29
interval responsible for the observed phenotypes, we will sub divide the interval in an unbiased,
step-wise fashion in mouse and assess the phenotypes. I generated the first two sub deletion
mouse models, each with heterozygous deletions of either the proximal (B6.Del16/2%!-B¢x6) or
distal (B6.Del16"Fx#43-1/¢) 11 genes. The B6.Dell16"2%-Bex6 founders initially had breeding
difficulties and injections were repeated. The breeding scheme underway for the B6.Del16"/54"!-
Bext and B6.Del16"1P045- 1 mice is the same as the full deletion mice and cohorts for analysis
will be generation N4.

The data in this thesis has laid the foundation for future experiments and the genetic

dissection of the 3q29 interval. Some of the outstanding questions can be addressed with a
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combination of the mouse models we generated and efforts by the International Mouse
Phenotyping Consortium (IMPC) to prioritize, generate and phenotype single gene loss of
function alleles in C57BL/6 mice for the 21 genes in the 3q29 interval. Below, I will lay out how
these tools can be leveraged to address some of the outstanding questions.

Are the genetic drivers of the social and growth phenotypes within the 3q29 interval?

The presence of the growth and social phenotypes in sub deletion mice would confirm
that the genetic drivers are within the 3q29 interval. There are three different ways in which the
growth and social phenotypes can manifest in the B6.Del16™8%/-8ex6 and B6.Del16™FPx045-1fe 1)
The growth and social phenotypes can segregate together with one sub deletion or the other
thereby narrowing the critical window to 11 genes. Next steps would include subdividing the
region again and assess how the phenotypes segregate to narrow the critical window even
further. 2) The growth and social phenotypes segregate with different sub deletions. This result
will suggest that the two complex phenotypes are being driven by different genetic elements
within the 3q29 interval. Next steps would be the same as if the phenotypes segregated together.
3) A more complex result would be the manifestation of diminished growth and social
phenotypes in both sub deletions. This result will suggest additive effects of multiple genes
across the 3g29 interval. The complexity arises in the fact that it cannot be discerned whether the
phenotypes are a result of the additive effects of a few or all of the genes.

Conversely, if the growth and social phenotypes are not observed in sub deletion mice,
there are two possible reasons. The manifestation of these phenotypes could require the
synergistic interaction between multiple haploinsufficient genes. Alternatively, a gene within the
interval is a regulator for the causal genetic element(s) located outside of the interval. These

possibilities can be tested by breeding B6.Del16 724156 and B6.Del167*#-1f¢ mice to
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produce a new mouse model harboring the proximal and distal sub deletion in trans
(B6.Del16871-Bext/Fbxod5-Tfrey f peijther sub deletion alone display the phenotypes by the
B6.Del1 68¢1-Bex6/Fbxot3-Trc mice do, it supports the hypothesis that synergistic interactions

between genes across both sub deletions are necessary for the presentation. If B6.Del165¢#!-

Bext/Fbxo43-Tfre mice do not exhibit the phenotypes, it supports the hypothesis that regulatory genes
are acting on the drivers outside of the interval. Another less explored explanation is that the
observed phenotypes manifest from disruptions in chromatin structure within the interval.®*

Is DIgl a modifier of 3q29 deletion-associated phenotypes?

Variable expressivity of 3q29 deletion-associated phenotypes in humans suggest the
presence of genetic modifiers. A genetic modifier is defined as an element that alters the
phenotypic expression of another gene or genes.** The diminished growth deficits observed in
B6.DIgl"" mice implicate DIg] as a potential modifier for the growth phenotype. If the growth
deficits were to segregate in the distal sub deletion, future studies could test the modifier function
of DIg! by crossing B6.DIg]l™ mice with the B6.Del16™7%*4-T mice to generate mice
harboring both the sub deletion and haploinsufficiency of Dig/. Exacerbation or reduction of the
growth deficits in these mice would support the hypothesis that DIg/ is a genetic modifier for the
growth deficits observed in the 3q29 deletion.

How can key genetic elements be identified using the sub deletion strategy?

Our step-wise sub deletion strategy is an unbiased approach that has the potential to
identify functionally relevant genetic elements underlying complex 3q29 deletion-associated
phenotypes. Genes identified by IMPC as having large effects on distinct phenotypes would

warrant generation of mouse models harboring various combinations of the sub deletions and

single gene mutations. Examination of these models for exacerbated or diminished phenotypes
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would begin dissecting the interactions between each gene and other elements within the interval
This approach could identify which combination of genetic elements in the interval is driving
each phenotype.

The sub deletion strategy is also capable of uncovering whether distinct, complex phenotypes are
driven by the same, different, or overlapping genes. The identification of overlapping drivers for
behavioral deficits observed in B6.Del16"2%!-1 mice would warrant future studies
interrogating the molecular pathways associated with that gene. The 3g29 mouse models we
generated will continue to be remarkably useful in the genetic dissection of the 329 interval and
identification of genetic drivers underlying its complex phenotypes, like neuropsychiatric

disorders.
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Summary Mouse model data

NRROS Expressed in immune cells of the central | Nrros” mice display severe motor deficits
nervous system. Regulates reactive and die before 6 months.®
oxygen species. Required for microglia
differentiation and development.®’

PCYTIA™ Encodes rate-limiting enzyme for Pcytla” mice are embryonic lethal E3.5
synthesis of cell membrane lipid Pctla™" mice show 50% enzyme activity
phosphatidylcholine (PPC).%’ does not affect PPC synthesis in adults.®’

BDHI™* Encodes mitochondrial membrane Cardiac-specific BdhI™” mice display
enzyme that helps synthesize beta- worsened heart failure upon exposure to
hydroxybutyrate, a metabolic intermediate | stressors compared to their wild type
that is a key regulator in metabolic littermates.*’
disease pathogenesis.®®

SENP5SN* Encodes an enzyme active in the nucleus | Senp35” mice are indistinguishable from
and mitochondria. Reduction of this wild type littermates.”
enzyme results in altered mitochondrial
function and morphology.’®"! Also
required for cell division.”

TFRC" Encodes a transferrin receptor that is Tfrc” mice are embryonic lethal E12.5
important for iron uptake. from anemia and hypoxia. Tfic” mice are
Receptor functions in regulating indistinguishable from wild type by
mitochondrial fusion and function.™ display deficits in iron homeostasis.”

MFI2 Encodes a melanotransferrin proteins with | Mfi2” mice are indistinguishable from wild
similar sequence and structure to TFRC. type littermates, no deficits in iron uptake
Suggested role in tumorigenesis and or metabolism.”’
proliferation.”®

RNF168° Encodes a ubiquitin ligase that play a Rnf168" mice are indistinguishable from
critical role in double strand break wild type but display age-dependent
repair.’® reduced male fertility.”

UBXN7’ Regulates ubiquitin ligase activity by Ubxn7”" mice are preweaning lethal. E18.5
binding ubiquitinated proteins.* embryos show growth and skull deficits.”

WDR353’ Adaptor protein for interactions between
ubiquitin ligase and target proteins.®!

TCTEX1D?2* | Protein involved in trafficking to, and Tctex1d2”” male mice are infertile.”
possibly within the cilium.

CEP1Y9° Homozygous mutations found in Cepl9” mice are obese, glucose intolerant,
ciliopathy patients.®? Protein localizes to insulin resistant, and infertile due to
the mother centriole and is involved in degradation of the sperm tail %
cilia assembly.®3

NCBP2* Modulator that enhances the cell cycle or | Nehp2” mice are preweaning lethal.
apoptotic pathway deficits imposed by Ncbp2*"~ male mice display an increased
DLGI, FBX0O45, PIGZ, & BDHI anxiety-related response.”
individually.®

Table 1. Summary of functional data for brain-expressed genes in the 3q29 interval.
SLC51A4 and ZDHHC19 are not expressed in brain. * genes function linked to metabolic
pathways and/or mitochondrial function. © genes function in ubiquitination or ubiquitin-related
modifications. * genes function in cilia and/or associated with ciliopathies. * genes function in
the cell cycle and apoptotic pathways.
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gRNA pairs Deletion PCR primers Breakpoint PCR primers

Full deletion gRNA A: Proximal Forward: Proximal Forward:

B6.Del167/Bdh!-Tjre TTCAGTGGTAT | CCCTCCTTCCTCAATCACTG | CCCTCCTTCCTCAATCACTG
GTAACCCCTGG | Distal Reverse: Proximal Reverse:
gRNA B: TGCCACTCTTCAGCTCATTG | CCCATCATTGGAGGAAAAA
CCTGAGCTGAT | Product size: ~400 bp Product size: ~400 bp
TGGACAACTAG

Proximal sub deletion | gRNA A: Proximal Forward: C Forward:

B6.Del16"B8dh1-Bex6 TTCAGTGGTAT | CCCTCCTTCCTCAATCACTG | AGAGATCTGCCTGCTTCTGC
GTAACCCCTGG | Distal Reverse: C Reverse:
gRNA C: GTTACTCCCTTTTGCCTCCC CACCATGGCAACAATGTCTT
CCTTTAGTGGG | Product size: Product size: ~430 bp
TCTCCATTCAC

Distal sub deletion gRNA C: Proximal Forward: C Forward:

B6.Del 1 6Fbro43-Tfre CCTTTAGTGGG | ATGCATGTTCATGCTGTGGT | AGAGATCTGCCTGCTTCTGC
TCTCCATTCAC | Distal Reverse: C Reverse:
gRNA B: CACCAATAGTGAGGCGGTTT | CACCATGGCAACAATGTCTT
CCTGAGCTGAT | Product size: ~330 bp Product size: ~430 bp
TGGACAACTAG

Table 2. Primer and guide RNA sequences for 3q29 mouse models.
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Breakpoint Sequence

B6.Del16Bdhi-Tfic
Founder # 127

AGGCATTTTCTCAAGTAAGGTTCCCTCTTTTCTGATGACTCTACCTT
GTATCAAGTTGACATAAAGCTGCCAAGATCTGTCACCAGCTTCAGT
GGTATGTAGGAGACAGACAGGAGACAGAGTTCCCTCCCTCTCCC
TCCTGTCTGTCTTCTGTTCCTCTTTTATGTAGCAAACGTGACTCAGT
GGCACGCCTCTCTTGCACTCCTATGAGATATCACTGAAATTATTAT
TATTATTATAAAAAAGAGAAACCGCCTCACTATTGGTGCCAAGAA
AGGATTTTGGTGTCTAAGCATCTGGCCTCTGGGAACCAATGAG

B6.Del16BdhI-Tfic
Founder # 131

AGGCATTTTCTCAAGTAAGGTTCCCTCTTTTCTGATGACTCTACCTT
GTATCAAGTTGACATAAAGCTGCCAAGATCTGTCACCAGCTTCAGT
GAAGACAGAGTTCCCTCCCTCTCCCTCCTGTCTGTCTTCTGTTCCTC
TTTTATGTAGCAAACGTGACTCAGTGGCACGCCTCTCTTGCACTCC
TATGAGATATCACTGAAATTATTATTATTATTATAAAAAAGAGAA
ACCGCCTCACTATTGGTGCCAAGAAAGGATTTTGGTGTCTAAGCAT
CTGGCCTCTGGGAACCAATGAG

B6.Dell @iﬁ@aokm-dvm
Founder # 52

ATTGTATGGATTCTGGGGAATAAACTCAAATCCTCAGGCTCAATGC
CAAGAGCTCTTACCCCCGAGCCATCTCTGCCCCTACCAGCAGICCC
TCCCTCTCCCTCCTGTCTGTCTTCTGTTCCTCTTTTATGTAGCAAAC
GTGACTCAGTGGCACGCCTCTCTTGCA

B6.Dell @iﬁcﬂcﬁw-Q\m
Founder # 79

ATTGTATGGATTCTGGGGAATAAACTCAAATCCTCAGGCTCAATGC

CAAGAGCTCTTACCCCCGAGCCATCTCTGCCCCTACCAGCAGITTC
CCTCCCTCTCCCTCCTGTCTGTCTTCTGTTCCTCTTTTATGTAGCAA
ACGTGACTCAGTGGCACGCCTCTCTTGCA

Table 3. Breakpoint PCR sequences for founder animals. Bold letters signify breakpoint

differences.
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Figure 1. CRISPR/Cas9 generation of 3q29 deletion mouse models.

a) The 3929 interval is on chromosome 3 in human and inverted on chromosome 16 in mouse. b)
CRISPR A (chr16:31,369,117) and CRISPR B (chr16:32,634,414) were designed to mimic the
reported human breakpoints and used to generate a heterozygous deletion of the 329 region.
PCR and southern blot were used to confirm deletion presence. ¢) CRISPR C (chr16:32,224,953)
was designed to generate sub deletions of the 3q29 interval. The proximal, heterozygous sub
deletion was generated using CRISPR A and CRISPR C and confirmed with PCR. d) CRISPR C
and CRISPR B were used to generate the distal, heterozygous sub deletion. PCR was used to
detect the expected sub deletion.
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Figure 2. B6.Dell6"24"-Tfc female and male mice display robust growth deficits while
B6.DIgI*- females display subtle growth deficits.

a) B6.Del16"2%!-1 female mice weigh less than their wild type littermates (N = 34 wild type,
32 mutant) b) B6.Del1672%!- male mice weigh less than their wild type littermates (N = 33
wild type, 27 mutant) ¢) B6.DIgI"" female mice weight less than their wild type littermates (N =
23 wild type, 25 mutant) d) B6.DIg""- male mice weigh the same as their wild type littermates
(N =36 wild type, 30 mutant). *p<0.05, ***p<0.0005, ****p<0.0001.
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Figure 3. Mouse genetic background alters the growth deficit phenotype.

a) 129.Del16724"-T/¢ female mice weigh less than their wild type littermates (N = 30 wild type,
32 mutant). b) 129.Del16"8% -1/ male mice weigh less than their wild type littermates (N = 52
wild type, 38 mutant). ¢c) FVB.Dell6"8%/- 7 female mice weigh slightly less than their wild type
littermates (N = 21 wild type, 30 mutant). d) FVB.Del16"2%!-T/ male mice weigh the same as
their wild type littermates (N =25 wild type, 18 mutant) ¢) DBA.DIg] "~ female mice weigh the
same as their wild type littermates (N = 4 wild type, 24 mutant) f) DBA.DIg/*" male mice weigh
slightly less than their wild type littermates (N = 19 wild type, 24 mutant). Significance was
determined by two-way ANOVA. **p<0.05, ***p<0.005, ****p<0.0001
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Figure 4. B6.Del16"59-Tfic male mice display social impairment.

a) B6.Del16"2%!-T/ female mice and their wild type littermates spent more time interacting with
the stranger mouse in a cup versus the empty cup (N = 14 wild type, 14 mutant). B6.Del16"/54!-
Tf¢ male mice displayed no preference between the stranger mouse in a cup and the empty cup (p
=0.09) while their wild type littermates preferred to interact with the stranger mouse in a cup (N
=15 wild type ,15 mutant). b) B6.DIgl"" female mice and their wild type littermates spent more
time interacting with the stranger mouse in a cup compared to the empty cup (N = 14 wild type,
13 mutant). B6.DIg/"" male mice and their wild type littermates spent more time interacting with

the stranger mouse in a cup compared to the empty cup (N = 12 wild type, 13 mutant).
**%p<0.0005, **p<0.01.
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Figure 5. B6.Del16"24!-Tfic and B6.DIg1- do not display altered anxiety.

a) B6.Del16 21 female and male mice bury the same number of marbles compared to their
wild type littermates [N = (female: 16 wild type, 16 mutant), (male: 15 wild type, 15 mutant)]. b)
B6.DIgI""" female and male mice bury the same number of marbles compared to their wild type
littermates [N = [(female: 14 wild type, 13 mutant), (male: 12 wild type, 13 mutant)].
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Figure 6. B6.Dell16"5%-T/ic embryos have normal cortical plate development and cell death.
E15.5 B6.Dell16™84- 1 embryos display similar Tbrl and CC3 staining compared to their wild
type littermates (N = 3 wild type, 3 mutant).
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