Clemson University

TigerPrints
All Dissertations Dissertations

8-2023

A Systems Genetics Approach to Drosophila melanogaster
Models of Rare and Common Neurodevelopmental Disorders

Rebecca MacPherson
rajones@g.clemson.edu

Follow this and additional works at: https://tigerprints.clemson.edu/all_dissertations

b Part of the Genetics Commons, and the Genomics Commons

Recommended Citation

MacPherson, Rebecca, "A Systems Genetics Approach to Drosophila melanogaster Models of Rare and
Common Neurodevelopmental Disorders" (2023). All Dissertations. 3386.
https://tigerprints.clemson.edu/all_dissertations/3386

This Dissertation is brought to you for free and open access by the Dissertations at TigerPrints. It has been
accepted for inclusion in All Dissertations by an authorized administrator of TigerPrints. For more information,
please contact kokeefe@clemson.edu.


https://tigerprints.clemson.edu/
https://tigerprints.clemson.edu/all_dissertations
https://tigerprints.clemson.edu/dissertations
https://tigerprints.clemson.edu/all_dissertations?utm_source=tigerprints.clemson.edu%2Fall_dissertations%2F3386&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/29?utm_source=tigerprints.clemson.edu%2Fall_dissertations%2F3386&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/30?utm_source=tigerprints.clemson.edu%2Fall_dissertations%2F3386&utm_medium=PDF&utm_campaign=PDFCoverPages
https://tigerprints.clemson.edu/all_dissertations/3386?utm_source=tigerprints.clemson.edu%2Fall_dissertations%2F3386&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:kokeefe@clemson.edu

A SYSTEMS GENETICS APPROACH TO DROSOPHILA MELANOGASTER
MODELS OF RARE AND COMMON NEURODEVELOPMENTAL DISORDERS

A Dissertation
Presented to
the Graduate School of
Clemson University

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy
Genetics

by
Rebecca Anne MacPherson
August 2023

Accepted by:
Dr. Trudy F. C. Mackay, Committee Chair
Dr. Robert R. H. Anholt, Co-Chair
Dr. Frank Alexander Feltus
Dr. Jennifer M. Mason



ABSTRACT

Fetal Alcohol Spectrum Disorders are a group of disorders resulting from prenatal

alcohol exposure, presenting with neurodevelopmental and facial abnormalities of
varying severity. SSRIDDs and CdLS are rare disorders of chromatin modification,
resulting in patients with a wide range of craniofacial, digit and/or neurodevelopmental
abnormalities. All of these disorders have a wide range of clinical phenotypes and disease
severity, yet the role of potential genetic modifiers and gene-gene or gene-environment
interactions in disease pathogenesis is largely unknown and cannot be studied in humans.
Insufficient numbers of patients with a single rare disorder prevent investigation of
genetic factors beyond the focal disease-associated variant, while experimental study of
the more common FASD using human subjects is prohibited due to ethical constraints.
Drosophila melanogaster is an excellent model system for neurodevelopmental disorders,
as Drosophila neurobiology is largely conserved in humans and experiments performed
in Drosophila are low-cost, easily controlled, and exempt from regulation. Here, we take
advantage of the Drosophila model system and identify genetic factors contributing to
these neurodevelopmental disorders. Specifically, we used the Drosophila Genetic
Reference Panel (DGRP) of inbred lines with full genome sequences and single cell RNA
sequencing to identify genetic networks in adult Drosophila after developmental ethanol
exposure and demonstrate that changes in sleep, activity, and time to sedation as a result
of the developmental ethanol exposure are dependent on genetic background. We also
developed a novel assay measuring time to ethanol-induced sedation of individual flies to

better assess this phenotype in our research and characterized a previously unstudied long



noncoding RNA critical for Drosophila fitness and stress-response. We then established
Drosophila models for multiple SSRIDD and CdLS subtypes and determined the extent
to which behavioral and transcriptomic phenotypes vary within and across these rare
disorders. Finally, we used SSRIDD Drosophila models to present evidence for the role
of genetic modifiers in ARID1B-associated SSRIDD and identify candidate genetic
modifiers for multiple SSRIDD subtypes. Taken together, these results show that the
Drosophila model system is a powerful tool for investigating the genetic underpinnings of
both rare and common neurodevelopmental disorders that cannot be currently identified

using human populations.
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CHAPTER ONE

INTRODUCTION

Biology is driven by genetics, the environment, and the interaction between the two.
However, insurmountable obstacles prevent scientists from fully understanding processes
influenced by human genetics. Ethical constraints prohibit anything but the best treatment
of individuals, monetary limits prevent study of sufficient quantities of people to make
confident assertions, and long lifespans and generation times for humans prevent
collection of longitudinal data and generation of large numbers of offspring for study.
However, as biology is conserved across taxa, model organisms can fill knowledge gaps
and provide starting points for future studies using human data. From yeast to apes, each
model system has its own strengths and pitfalls. Model organisms allow for detailed
investigation of biological concepts relevant to human health, with fewer regulations, at
lower cost, and in a shorter timeframe than studies on humans alone. Furthermore,
genetic and environmental factors can be controlled and even manipulated in experiments

using model systems, whereas in humans, these factors cannot often be altered.

Genetic model systems also enable a cost-effective systems genetics approach to complex
traits. In this era of multi-omics, one project can generate transcriptome, metabolome,
proteome, epigenome, microbiome and/or behavioral data across a variety of genetic
backgrounds and environments. Taking a systems genetics approach, with integration of

all available data, gives a more complete picture of the molecular underpinnings of a trait



of interest (Civelek and Lusis 2014). A systems genetics approach is not limited to
traditionally complex traits; even seemingly simple monogenic and/or Mendelian
disorders are more complicated than previously realized and could be considered a
complex trait (Scriver and Waters 1999; Bis-Brewer et al. 2020). This holistic systems
genetics approach can generate genetic networks for and identify molecular correlates
with the trait of interest, which could lead to identification of genetic modifiers,

environmental interventions, and/or novel targets for pharmaceuticals.

In this dissertation, | utilize the model organism Drosophila melanogaster as a model for
multiple human diseases, including Fetal Alcohol Spectrum Disorder (FASD), Switch-
Sucrose non-fermenting (SWI/SNF)-Related Intellectual Disability Disorders
(SSRIDDs), and Cornelia de Lange syndrome (CdLS). Using the models | have
established, | take a systems genetics approach to investigate the role of genetic
background in modulating disease severity. | begin with an introduction chapter on the
strengths of Drosophila as a model system, then shift my focus to alcohol and how
Drosophila has been used to understand the influence of genetics on consequences of
developmental ethanol exposure. | conclude the introduction with an overview of rare
neurodevelopmental disorders of chromatin modification and how Drosophila can be
used to model these disorders and identify potential modulators of disease severity. In
subsequent chapters of this dissertation, | describe a novel method for assessing ethanol
sedation time of single Drosophila, identify genetic networks associated with genetic

background-dependent responses to developmental ethanol exposure, characterize a long



noncoding RNA critical for reproductive fitness and ethanol-mediated stress response,
utilize single cell RNA sequencing to understand the effect of developmental ethanol
exposure in the adult brain, establish Drosophila models for related neurodevelopmental
disorders of chromatin modification and compare transcriptomic changes across
Drosophila models, and analyze the role of non-additive epistasis in, and identify
candidate genetic modifiers for Drosophila models of SWI/SNF-Related Intellectual

Disability Disorders.

Strengths of Drosophila melanogaster as a model system

D. melanogaster has been utilized as a genetic model organism for over 100 years
(Morgan 1910) and is one of the premier model organisms in biology. D. melanogaster is
a relatively simple eukaryote with X and Y sex chromosomes and two large
(chromosomes 2 and 3) and one very small (chromosome 4) autosome , containing about
14,000 protein-coding genes. D. melanogaster was the first major higher-order organism
to have its genome fully sequenced (Adams et al. 2000; Hoskins et al. 2015; Gramates et
al. 2022). Furthermore, Drosophila have a short generation time, can be inbred or
crossed, and can be rapidly phenotyped using an ever-growing number of methods.
Drosophila are well suited to serve as a model organism for human disorders, as
Drosophila have orthologs of about 65% of human disease genes (Reiter et al. 2001,
Chien et al. 2002), are economical to rear in large numbers in a controlled environment,

and are exempt from regulatory oversight. As a result, Drosophila have been used to



model a range of human diseases, including substance use disorders, rare genetic
diseases, neurological disorders, obesity, cancer, and sleep disorders (Ugur et al. 2016;
Dubowy and Sehgal 2017; Mirzoyan et al. 2019; Petruccelli and Kaun 2019). Studies on
human diseases are facilitated by publicly available D. melanogaster genetic tools,
including RNA interference strains with knockdown, knockout, and/or overexpression
constructs for most Drosophila genes that can be used in a tissue-specific or time-specific
manner (Dietzl et al. 2007; Zirin et al. 2020), balancer chromosomes to prevent
recombination and/or preserve deleterious mutations, and thousands of Drosophila strains
with characterized alleles and mutations (Gramates et al. 2022). The availability of the
Drosophila melanogaster Genetic Reference Panel (DGRP) of wild-derived inbred
Drosophila lines with full genome sequences (Mackay et al. 2012; Huang et al. 2014)
enables genome wide association (GWA) mapping of natural allelic variants affecting
quantitative traits with high precision, since linkage disequilibrium decays rapidly with

physical distance in regions of normal recombination.

The Drosophila brain and sleep

The D. melanogaster nervous system is well-suited as a model for human disorders with
a neurological component. Like humans, Drosophila have glia and neurons with similar
functional roles as their human counterparts, utilize many of the same neurotransmitters
(e.g. Gamma Aminobutyric Acid (GABA), dopamine, serotonin), and are capable of
experience-dependent modulation of behavior (Quinn et al. 1974; Bellen et al. 2010; Li

et al. 2020). While the complex eye and its development were one of the first systems



used in Drosophila neurogenetics research, scientific progress has advanced to single-cell
transcriptomic atlases of D. melanogaster brain tissue, with multiple time points and
multiple genetic backgrounds (Davie et al. 2018; Allen et al. 2020; Janssens et al. 2022),
as well as in-depth analyses of neural circuitry of Drosophila brain components,
including the mushroom body (Li et et al. 2020). The mushroom body is comprised of
about 2,000 neurons called Kenyon cells, and is a key regulator of sleep, experience-
dependent modulation of behavior, associative memory, and integration of signaling from
dopaminergic neurons (Joiner et al. 2006; Li et al. 2020; Modi et al. 2020). Downstream
targets of the Kenyon cells are mushroom body output neurons (MBONSs), and the
synapses between Kenyon cells, dopaminergic neurons, and MBONSs form the lobes of
the mushroom body, e.g alpha and beta lobes. The morphological characteristics of the
alpha and beta lobes vary with genetic background (Zwarts et al. 2015), yet abnormalities
in lobe structure have also been observed in Drosophila models of human disorders with
neurological manifestations (Chubak et al. 2019; Kang et al. 2019; Kim et al. 2021). The
D. melanogaster brain has also been used as a model for neurodegenerative disorders,
including Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease (Bolus et

al. 2020).

Drosophila is also an important model organism for sleep. Although Drosophila do not
have states of rapid eye movement (REM) and non-REM sleep characteristic of higher-
order organisms such as mammals (Ly et al. 2018), Drosophila sleep does satisfy the

behavioral characteristics of sleep, including regulation by circadian rhythm, decreased



responsiveness to stimuli, and rebound following deprivation (Campbell and Tobler
1984; Hendricks et al. 2000; Shaw et al. 2000). Furthermore, D. melanogaster have a
distinct body posture for sleeping and sleep at a preferred location, with a threshold of
about 5 minutes of immobility indicative of sleep (Hendricks et al. 2000). Sleep can be
easily quantified using an activity monitor, which quantifies the number of times an
individual fly breaks an infrared beam, thereby indicating activity, and the absence of
activity for at least 5 minutes indicating sleep. Sleep is sexually dimorphic and is
influenced by age; males sleep more than mated females during the day (Huber et al.
2004; Isaac et al. 2010), and aged Drosophila show more fragmented sleep patterns (Koh
et al. 2006). Regulation of sleep has been associated with numerous genes and
neurotransmitters, many of which are involved in regulation of dopamine, GABA,
serotonin, glutamate, and calcium in the Drosophila brain. The Drosophila mushroom
body is instrumental for regulation of sleep; without a functioning mushroom body sleep
is altered (Joiner et al. 2006; Pitman et al. 2006). Specific MBONSs and Kenyon cells
have been classified as sleep-promoting or wake-promoting, further demonstrating the
importance of the mushroom body in regulation of sleep (Ly et al. 2018). In addition to
its role as a regulator of locomotor activity, the central complex is also responsible for
regulation of sleep. In the fan-shaped body, dopamine released by dopaminergic neurons
counteracts sleep-promoting neurons, leading to wakefulness (Pimentel et al. 2016). The
sleep-promoting R2 ring neurons of the ellipsoid body become more excitable in

response to sleep deprivation, but less excitable upon sleep rebound (Liu et al. 2016).
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Figure 1.1. Select components of the D. melanogaster brain. Schematic includes
mushroom body and central complex components important in regulation of sleep in

Drosophila. Drawing not to scale.

The Drosophila melanogaster Genetic Reference Panel

While D. melanogaster has proven fruitful in studies on the effects of single genes and
mutations with large effects. The use of Drosophila, with its strengths as a model
organism, facilitates studies with adequate statistical power to begin to unravel the
genetics underpinning variation in quantitative (or complex) traits. The DGRP has been
used to perform genome-wide association studies, mapping key loci associated with
variation for Drosophila quantitative traits, including heavy metal toxicity, fitness traits,

mating behaviors, stress-response, and body morphology (Mackay and Huang 2018). The



genetic variation observed for these traits supports hypotheses about the importance of
genetic background and the potential influence of genetic modifiers on a variety of
phenotypes. Recently, the DGRP has been expanded from about 200 lines to over 1000
lines (T. Mackay, personal communication, March 2023), all of which have been
sequenced to an average depth of 40X using short-read next generation sequencing
technology. A subset of 100 new DGRP lines have also been sequenced with long-read
technology to accurately capture structural variants, mid-sized deletions, translocations,
transposons, and highly repetitive areas of the genome ((T. Mackay, personal
communication, March 2023), The larger number of DGRP lines with greater sequencing
accuracy will provide greater power to detect epistatic interactions and variants with

smaller effect sizes and or lower allele frequencies, as well as low frequency variants.

The DGRP has also been used to identify gene by environment interactions across the
Drosophila genome (Mackay and Huang 2018; Huang et al. 2020). Introduction of
foreign substances, (e.g. pharmaceuticals, heavy metals, ethanol) into Drosophila food
media allows examination of effects of a specific substance on phenotypes via
developmental exposure and/or consumption. Individuals within each DGRP line are
nearly genetically identical, but there is wide genetic variation between DGRP lines,
which gives excellent power to detect gene by environment interactions when large
numbers of individuals from each line are reared in multiple controlled environmental
treatments. Genetic modifiers for a specific genetic perturbation can also be identified

using the DGRP (He et al. 2016, Talsness, et al. 2020; Ozsoy et al. 2021). Progeny



resulting from crosses of a Drosophila line with a mutation or gene knockdown to
numerous DGRP lines can be assessed for phenotypic variation, and subsequent GWA
analyses can identify variants associated with the severity of the phenotype, e.g. variants

that may be a genetic modifier of the original genetic perturbation.

CRISPR/Cas9 System in Drosophila

One advantage of working with D. melanogaster as a model organism is the feasibility
and ease of genome manipulation. The Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)/Cas9 system is a powerful and efficient tool in
Drosophila to infer gene function, perturb regulatory networks, and generate precise
single base pair changes or insertions or deletions of entire gene sequences. Generally,
the endonuclease (Cas9 is commonly used) generates double stranded breaks 3
nucleotides away from a PAM site. The specific PAM site(s) used by the endonuclease is
determined by the short guide RNA(s) (QRNA) designed by the researcher. Insertions can
be generated by ensuring desired DNA fragment is present during repair of the double
stranded break generated by the endonuclease. Although the potential for genome
manipulation was first discovered in bacteria (Jinek et al. 2012), the CRISPR/Cas9
system was quickly adapted for D. melanogaster (Gratz et al. 2013). Since 2013,
CRISPR has been widely utilized in D. melanogaster and nucleases with alternative
properties (e.g. greater PAM site flexibility, increased specificity) continue to be
implemented (Zirin et al. 2022). The endonuclease, gRNAs, and any DNA fragments can

be supplied exogenously and co-injected into Drosophila embryos to generate mutations,



but individual components (e.g. gRNAS) can be placed into the Drosophila genome and
crossed with another transgenic line (e.g. one expressing Cas9) to yield progeny with
potential mutations of interest (Zirin et al. 2022). Appropriate balancer chromosomes in
D. melanogaster allow preservation of otherwise homozygous lethal or deleterious
mutations for further study and prevent recombination from interfering with the specific
mutation of interest. Although CRISPR can efficiently generate mutations at precise
locations, the stochastic nature of DNA repair is evident across mutations isolated from
the same experiment; there is still variation in sequence between isolated mutations and

the possibility of off-target double-stranded breaks remains (Martin et al. 2016).

UAS-GAL4 system in Drosophila

Another powerful component of the D. melanogaster genetic toolkit is the UAS-GAL4
system. GAL4 is a yeast transcriptional activator, which cooperatively binds to an
Upstream Activating Sequence (UAS). The UAS-GAL4 system has two primary
constructs: a tissue-specific or ubiquitous enhancer, which is located upstream of the
yeast transcription factor GAL4, and a GAL4 binding site (UAS sequence) located
upstream of a gene-specific sequence (Brand and Perrimon 1993). This gene-specific
sequence, when transcribed, can be complementary in sequence to the gene of interest
that leads to decreased gene expression due to RNA interference (RNAI), or short guide
RNAs that induce increased gene expression when in a background also containing Cas9
protein (Heigwer et al. 2018). Additional variations on this system include temperature-

and time-specific GAL4 expression, often through the GAL4 repressor protein GAL80 to
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limit expression of GAL4, and using GAL4 to drive expression of Cas9 in the presence of
a guide RNA to induce a CRISPR-mediated genomic alteration (Heigwer et al. 2018).

Some of the primary pitfalls of the UAS-GAL4 system in Drosophila are the potential for
off target effects, inconsistent levels of gene knockdown, and negative impacts on fitness

(Ma et al. 2006; Alic et al. 2012; Vissers et al. 2016).

In addition to a large number of publicly available GAL4 drivers (Jenett et al. 2012;
Gramates et al. 2022), there are multiple collections of lines with UAS constructs located
on chromosomes X, 2, and/or 3 for almost all D. melanogaster genes. While all of these
collections have the potential for off-target effects, the Vienna Drosophila Research
Center “GD” collection is limited in value because the UAS-construct insertion sites for
these lines are unknown (Dietzl et al. 2007; Green et al. 2014, Vissers et al. 2016;
Evangelou et al. 2019). The RNAI lines available as part of the Transgenic RNAI Project
(TRIP), generated by the Drosophila RNAI Screening Center (DRSC), are isogenic and
have a single known UAS insertion site for each chromosome (attp40 and attp2 for
chromosomes 2 and 3, respectively) (Perkins et al. 2015; Zirin et al. 2020). For some
genes, the TRIP collection has two RNA. lines, one with the UAS construct on
chromosome 2 and the other with the construct on chromosome 3. The ability to select
between two isogenic RNAI lines for the same gene of interest provides the researcher
the opportunity to use both RNAI lines independently for stronger evidence of a finding
and the ability to select the UAS construct on the chromosome that works best in crossing

schemes used to generate specific genotypes.
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Development of new genetic resources, such at those outlined above, ensure Drosophila
remains one the of the primary model systems in biology. However, many of the novel
technologies, including variations on single-cell technologies, tissue preservation, and
genome manipulation are developed with human and/or mouse samples in mind.
Implementation of these methods on alternative tissue types, such as those found in
Drosophila, is challenging and typically requires protocol development and validation by

the individual labs that wish to use the technology.

Although the existence of stock centers allows widespread distribution of Drosophila
stocks, decades-long maintenance of stocks, despite a lack of contamination, are still
susceptible to mutations and genetic drift. The degree of drift and divergence in
individual Drosophila stocks is rarely quantified, thus some stocks are not what they
seem. Furthermore, mutations and RNA. collections are initially created in different
genetic backgrounds, which can result in two studies on the same gene or variant having
seemingly contradictory outcomes. Comparisons of multiple members of a single protein
complex stemming from research that was not performed in isogenic backgrounds may
not be as accurate as initially proposed. Much of the field does not appreciate the
potential magnitude of background-specific effects, especially in single-gene studies,
though continued development and use of stock libraries containing isogenic lines for
genome- and transcriptome-manipulation may help alleviate some of the genetic-

background-based inconsistencies going forward.
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Drosophila melanogaster as a model for alcohol-related phenotypes

Alcohol Use in Humans

Ethanol is the most widely consumed and abused drug. In the U.S., an estimated 5.6% of
adults have Alcohol Use Disorder (AUD), which is a decreased ability to control alcohol
use in spite of the deleterious consequences of such use (Substance Abuse and Mental
Health Services Administration 2020; National Institute on Alcohol Abuse and
Alcoholism 2021). Individuals with AUD may also develop tolerance to ethanol and
require more ethanol to feel similar effects. This tolerance can be metabolic, where liver
enzymes metabolize alcohol more rapidly; functional, where the brain can compensate
for the relatively high levels of ethanol in the body; or even learned, where an
individual’s tolerance is dependent on environmental cues (Elvig et al. 2021). Several
factors influence the risk of developing the brain disorder AUD, including mental health
comorbidities, early drinking age, ethanol exposure during brain development, alcohol
misuse, and family history (Hasin and Grant 2015). Estimates of AUD heritability are as
high at 60% (Tawa et al. 2016), indicating the strong role of genetics, though
environment and the interactions between an individual’s genes and their environment

also influences the likelihood of developing AUD.

In humans, ethanol crosses the blood-brain barrier and acts as a central nervous system
depressant, enhancing GABA-A receptor mediated inhibition and antagonizing excitatory
N-methyl-D-aspartate (NMDA) glutamate receptors. Imaging studies have shown that

ethanol can affect numerous brain regions, including the nucleus accumbens, dorsolateral
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and mesial prefrontal cortex, amygdala, and the dorsolateral, inferior prefrontal and
parietal cortices (Bjork and Gilman 2014). Negative consequences of ethanol use are not
limited to AUD, as excessive alcohol consumption, even in the absence of AUD, is
associated with liver cirrhosis, cancer, violence, and accidents and injuries (National
Center for Chronic Disease Prevention and Health Promotion 2022). Females that are
pregnant or may become pregnant who consume alcohol put a developing fetus at risk of

Fetal Alcohol Spectrum Disorder (FASD).

Fetal Alcohol Spectrum Disorders in Humans

FASDs refer to a range of conditions stemming from prenatal alcohol exposure. Although
FASD affects 0.77% of the population worldwide (Lange et al. 2017), the rate of FASD
is higher in the U.S., where up to five percent of the school aged population may have
FASD (May et al. 2014). The most severe form of FASD is Fetal Alcohol Syndrome
(FAS), which is characterized by intellectual disability and learning problems, decreased
head size, height, and weight, as well as distinct facial features including a smooth
philtrum and short palpebral fissures (May et al. 2014). Individuals with FAS present a
financial burden on their caretakers with a cost of about 2 million per individual, leading

to an estimated cost of $4 billion annually in the U.S. alone (Lupton et al. 2004).

FASDs are completely preventable if the fetus is not exposed to alcohol during gestation.
However, a 2022 study found that 1 in 7 pregnant women drank at least one alcoholic

beverage in the 30 days prior to survey administration, and 1 in 20 pregnant women
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reported binge drinking (Gosdin et al. 2022). The effects of prenatal alcohol exposure are
difficult to quantify since women who do not know they are pregnant may consume
alcohol, potential comorbidities, issues associated with self-reporting of alcohol use
during pregnancy, and inability to quantify the environment and degree of alcohol
exposure for the fetus. Furthermore, alcohol metabolism and alcohol use disorder have
heritable components (Dodge et al. 2014; Tawa et al. 2016) and are therefore dependent
upon genetic background, further skewing conclusions made from observational studies

on prenatal ethanol exposure.

A twin study comparing diagnosis rates of FASD found that diagnosis was 100%
concordant in monozygotic twins, but only about 65% concordant in dizygotic twins,
suggesting a genetic component to susceptibility to the effects of prenatal alcohol
exposure (Streissguth and Dehaene 1993). Ethanol metabolism could contribute to
background-dependent ethanol susceptibility, as specific alcohol dehydrogenase alleles
are significantly underrepresented in children unaffected with FAS, correlated with lower
FASD incidence (McCarver et al. 1997; Viljoen et al. 2001; Das et al. 2004; Jacobson et
al. 2006), and associated with specific ethanol-associated phenotypes (Boyles et al.
2010), including alcohol intake of an adult (e.g., a pregnant mother). GWA studies and
candidate gene approaches focusing on cleft lip/palate have identified SNPs associated
with ethanol use and facial clefting (Romitti et al. 1999; Beaty et al. 2011), supporting

the hypothesis that genetics influences phenotypic presentation of FASD as well.
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Overall, little is understood about the exact genetic underpinnings and pathogenic
mechanisms of developmental alcohol exposure. Detailed analyses on the molecular and
genetic effects of ethanol on brain tissue are extremely limited, given the difficulty in
obtaining brain tissue from living individuals. Furthermore, information must be obtained
in a retrospective manner, as it is unethical to administer a neurotoxic substance. Thus,
our knowledge of the transcriptomic and epigenetic effects of ethanol on human brain is
derived from post-mortem tissues. Although post-mortem tissue may be the best available
human brain tissue, it does not provide any molecular information on acute effects,
effects during neonatal and childhood development, and effects due to repeated exposures
to alcohol. As previously discussed, human data can only provide observational findings
— experiments using human data, outside of human cell lines (which also have limited
translatability to humans on a macroscale), for studies on humans and ethanol are not
possible, regardless of the question of interest. Model organisms provide a unique

opportunity to investigate the effects of ethanol, especially during development.

Mammalian models of Fetal Alcohol Spectrum Disorder

One theme across multiple animal models of FASD is the influence of strain-specificity
on experimental outcomes. Despite a controlled laboratory environment, different
genotypes can result in variable phenotypes, whether in mouse, rat, chicken, Drosophila,
or zebrafish models of FASD (Eberhart and Parnell 2016). In response to developmental
ethanol exposure, genetic background-specific differences have been observed in

craniofacial dysmorphology, survival, apoptosis of neural crest cells, eye morphogenesis,
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overall birth defects, and cerebellar changes (Eberhart and Parnell 2016). Interestingly,
even sub-strains of rat responded differently to developmental ethanol exposure (Wentzel
and Eriksson 2008), further highlighting the impact that small genetic differences may
have on phenotype. The strain-specificity complicates examination of the molecular
mechanisms of FASD and emphasizes the need for controlled genetic backgrounds in

future studies.

Animal models are also invaluable for assessing long-terms impacts of developmental
alcohol exposure. Much of the research on FASD is focused on direct effects of ethanol
on development, with a few studies on children and adolescents and almost no
information about outcomes for FASD patients as adults. Thus, the long-term health
impacts of developmental ethanol exposure remain understudied. Although mental health
disorders stemming from developmental ethanol exposure are challenging to model
outside of humans, animal models of FASD have found that developmental ethanol
exposure may predispose individuals to hypertension, type Il diabetes, cancer and
tumorigenesis, substance abuse, and autoimmune disorders (Moore and Riley 2015).
Animal models have also found that alcohol exposure in adults can impact ethanol
sensitivity across at least two subsequent generations (Bonilla et al. 2021; Guzman et al.

2022), studies which are nearly impossible to conduct in human populations.

Much of the work on craniofacial effects of developmental ethanol exposure has

stemmed from work in zebrafish, especially given the ease of controlled alcohol exposure
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during development. For example, work done in zebrafish indicates that various
components of the Sonic Hedgehog pathway, which is known to cause holoprosencephaly
in humans, interact with ethanol to cause craniofacial and neurological changes during
development (McCarthy et al. 2013; Zhang et al. 2013), some of which can be
ameliorated by cholesterol (Li et al. 2007). Specific mutant mouse strains showed
exacerbation of holoprosencephalic phenotypes in response to developmental alcohol
exposure that were rescued by mutations in genes that increased Shh signaling (Hong and
Krauss 2012, 2013). Alongside other non-mammalian model systems, including chicken,
quail and frog, fish models of FASD show developmental ethanol exposure interferes
with signaling of retinoic acid, a key morphogen which also relies upon ADH for proper

catabolism (Moore and Riley 2015).

Mammalian models of prenatal alcohol exposure are well suited for modeling effects on
neuronal tissues, the presence of specific gestational timeframes, and the ability of the
mammalian placenta and uterus to best mimic the human fetal environment. Although
mouse models have led to mechanistic findings about the role of ethanol during
development, such as the importance of NOS1 in brain development in the presence of
developmental ethanol exposure (Bonthius et al. 2015; Karacay et al. 2015A; Karacay et
al. 2015B), mouse models generally show decreased brain volume as a result of early
gestational ethanol exposure, findings which are also true of human FASD patients
(Petrelli et al. 2018). Mouse models of developmental ethanol exposure in later gestation

have also shown changes in organ development, somatosensory, visual and frontal
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cortexes, delayed developmental milestones, and increased depressive and anxiety
behaviors, all of which are similar to phenotypes observed in FASD patients (Petrelli et
al. 2018). Mouse FASD models have also shown decreased short-wave sleep and
increased sleep fragmentation (Wilson et al. 2016), which align with sleep disturbances

reported in FASD patients (Inkelis and Thomas 2018).

Experiments using animal models of FASD and AUD can have controlled environments,
ethanol dosage, and genetic backgrounds. Furthermore, ethanol metabolism and genes
related to the nervous system are highly conserved and mammalian models can emulate
the in utero ethanol exposure of humans. Although mammalian models have been
primarily used in this field, these models suffer from small sample sizes, limited genetic
resources, and some governmental regulations. Thus, large scale “-omic” work, effects of
genetic background, and comprehensive whole-brain research regarding ethanol exposure
are largely understudied and under-sampled and remain relative knowledge gaps in the

field.

Drosophila as a model system for alcohol-related phenotypes

D. melanogaster has been used in numerous studies of the effects of drugs, including
ethanol. Drosophila and humans both metabolize ethanol though alcohol dehydrogenase
and acetaldehyde dehydrogenase enzymes, and developmental ethanol exposure can lead
to changes in development and adult behavior (McClure et al. 2011; Devineni and

Heberlein 2013; Morozova et al. 2018). As in humans, the Drosophila CNS is stimulated
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at low doses of ethanol but depressed at higher doses of ethanol (Devineni and Heberlein
2013). These effects on the nervous system manifest in a similar manner to humans: low
doses of ethanol stimulate locomotor activity and higher doses lead to sedation and even
death. Drosophila also develop tolerance and preference with repeated exposures to
ethanol and experience withdrawal when the source of ethanol is removed (Berger et al.
2004; Ghezzi et al. 2014). Ethanol-related phenotypes, including alcohol tolerance and
alcohol sensitivity, vary with genetic background (Morozova et al. 2015; Fochler et al.
2017; Morozova et al. 2018) and have allowed Drosophila to serve as a model for AUD
and FASD, in addition to providing broader mechanistic insights on ethanol metabolism
and its effects on neural tissue (McClure et al. 2011; Devineni and Heberlein 2013; Engel

et al. 2019; Logan-Garbisch et al. 2014; Guevara et al. 2018; Belhorma et al. 2021).

Ethanol is often delivered to D. melanogaster via ethanol vapors or ethanol-supplemented
food. Ethanol vapors can be administered during development in an ethanol bath, or even
by placing ethanol on the cotton plug of vials. However, for behavioral quantification,
ethanol is most commonly administered through an inebriometer, a vertical tube filled
with ethanol vapors leading to loss of postural control, thereby quantifying total
inebriation and or sedation time of groups of Drosophila (Cohan and Graf 1985; Weber
1988; Morozova et al. 2006). Capillary feeder (CAFE) assays can also be used to
administer ethanol solutions for consumption to adult Drosophila, often providing them
the choice of two or more solutions to calculate a preference index of the ethanol solution

compared to an alternative solution (Ja et al. 2007). As individuals are given the choice
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of an ethanol solution, CAFE assays can be used to model AUD and quantify preference
for/against ethanol-laced solutions. Supplementation of standard Drosophila food media
with ethanol allows administration of ethanol throughout development, from embryo
through adult, and can be used to model FASD while also measuring ethanol-mediated
changes to Drosophila at specific developmental timepoints (McClure et al. 2011,

Guevara et al. 2018; Morozova et al. 2018).

The protocols most commonly used to assess changes in behavior due to ethanol
exposure are performed on groups of Drosophila. However, testing groups masks within-
group phenotypic variation and ignores potential effects of social interactions between
individuals on their behavior. Testing Drosophila individually prevents variation due to
social interactions and increases statistical power with measurements on individuals. As
in most fields, the effects of long-noncoding RNAs remains underappreciated —
especially striking within ethanol research, as many long noncoding RNAs (INcRNAS)
have known roles in stress-response. Recent research on Drosophila and ethanol has
primarily been motivated by translational potential to humans, therefore important
modulators of ethanol response with limited human implications, such as Drosophila-

specific noncoding RNAs, remain understudied.

Drosophila models of Fetal Alcohol Spectrum Disorder
In D. melanogaster models of FASD, developmental ethanol exposure is generally

associated with decreased fitness. However, just as in other FASD model systems,
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genetic background influences these ethanol-mediated phenotypes. One GWA study
examining viability and development time resulting from developmental ethanol
exposure of 200 DGRP lines found genes enriched for development of neurons, the
nervous system, and organs, as well as Wnt signaling and signal transduction (Morozova
et al. 2018). This group also found Cyclin E to be a key node in a genetic interaction
network, suggesting that cell cycle regulation, Myc activity, and ribosome biosynthesis
are critical for response to developmental ethanol exposure (Morozova et al. 2018).
Interestingly, CycE also has high expression in female ovaries, supporting the use of

Drosophila to model FASD (Morozova et al. 2018).

Another mechanistic insight gleaned from Drosophila models of FASD is the
involvement of insulin signaling. Insulin is a signaling factor upstream of mechanistic
target of rapamycin (mTOR), both of which work to regulate gluconeogenesis and well as
cell growth and differentiation. Ethanol inhibits the mTOR pathway and overactivation of
MTOR rescued the effects of ethanol in zebrafish mutants without MTOR (Xu et al. 2013;
Eberhart and Scott 2016). Although rat models have shown that signaling of insulin is
reduced in the brains of FASD rat models (Xu et al. 2013), a Drosophila FASD model
also found that overactivation of insulin signaling reduces ethanol-mediated effects
(McClure et al. 2011). A subsequent study has identified separate roles for insulin
signaling in ethanol-mediated changes to survival and developmental time and linked the

drop in insulin signaling to increased fatty acid accumulation and oxidative stress,
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suggesting that the current knowledge of the role of insulin signaling in developmental

ethanol exposure is incomplete (Logan-Garbisch et al. 2015).

Oxidative stress is another proposed mechanism for the ability of developmental ethanol
exposure to alter development and behavior. Ethanol results in a two-pronged elevation
in oxidative stress, as ethanol increases production of reactive oxygen species and
decreases expression of genes involved in counteracting reactive oxygen species (Wu and
Cederbaum 2003; Brocardo et al. 2011). Supporting this hypothesis, Drosophila larvae
have increased expression of genes involved in oxidative stress response after exposure to
alcohol (Logan-Garbisch et al. 2015, Belhorma et al. 2021). The transcriptional changes
in oxidative stress response due to developmental ethanol exposure are associated with a
neuroprotective effect against aging, a consequence of oxidative stress (Belhorma et al.
2021). Aged Drosophila with a history of developmental ethanol exposure do not
experience the same degree of age-related decline in performance on negative geotaxis
assays, measures of central nervous system function, compared to their control

counterparts (Belhorma et al. 2021).

D. melanogaster models of FASD are particularly intriguing because ethanol is a
naturally occurring component of the D. melanogaster environment. Drosophila lay their
eggs in and eat microorganisms on rotting fruit, an environment relatively high in
ethanol. Guevara et al. (2018) found that developmental ethanol exposure in a D.

melanogaster model of FASD was associated with decreased food consumption during
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development as well as upregulation of neuropeptide F, which is important in feeding
behavior, and provided a protective effect against ethanol-mediated lethality during
development. While the decreased food intake and transcriptomic changes are important
to consider in future Drosophila FASD studies, these data also suggest that neuropeptide
F expression may be a D. melanogaster-specific adaptation to counteract developmental

environments with high ethanol levels.

Ethanol exposure may also lead to epigenetic changes. Adult Drosophila with repeated
exposures to ethanol result in progeny with decreased sensitivity to ethanol, even when at
least one week had elapsed since last ethanol exposure (Bonilla et al. 2021). However,
the progeny did not necessarily develop functional tolerance (Bonilla et al. 2021).
Histone methyltransferase G9a is a H3K9 epigenetic regulator responsible for regulating
insulin-like peptide genes (Shimaji et al. 2017) and the histone deacetylase Sirtl is
downregulated and leads to changes in gene expression itself after ethanol exposure
(Morozova et al. 2006; Engel et al. 2016). Sirt1 is also associated with insulin signaling
in D. melanogaster, further supporting the role of insulin in ethanol response, and the
connection between aging, ethanol, oxidative stress, and insulin. Early developmental
ethanol exposure in mammalian models has led to evidence of long-term changes in

epigenetic reprogramming, methylation, and histone modifications (Kleiber et al. 2014).

Some Drosophila models of FASD examining transcriptional changes resulting from

developmental ethanol exposure describe different observations. For example, one
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manuscript focuses on the importance of insulin in Drosophila models of FASD
(McClure et al. 2011), but another manuscript does not corroborate this finding
(Morozova et al. 2018). These differences may be due to experimental design, may be
artifacts, or may be genotype-specific adaptations to ethanol in the Drosophila natural
environment; additional data are necessary to attempt to resolve these discrepancies.
Small scale studies indicate epigenetics, transgenerational inheritance, and aging are
important in response to ethanol (McClure et al 2011, Logan-Garbisch et al. 2015,
Belhorma et al. 2021, Bonilla et al. 2021, but very few larger scale studies (Morozova et
al. 2018) have been conducted to verify and expand upon these findings, especially
across multiple genetic backgrounds and experimental setups. Additional insights on the
effects of ethanol on Drosophila will come as new epigenetic, single-cell, and multi-omic

technologies become mainstream.

Role of Sex

Sex is an important biological concept that should be accounted for in research studies,
especially those on an individual’s response to ethanol. AUD disproportionately affects
more males than females (Substance Abuse and Mental Health Services Administration
2020), and the physiological response to ethanol differs across sexes (Hasin and Grant
2015). Alcohol intake of the mother carrying the fetus is of primary concern in FASD,
although alcohol intake can also affect sperm quality in males (Finelli et al. 2022).
Examination of a single sex in any model system ignores the possibility of sex-specific

changes. There is strong evidence in D. melanogaster that most traits differ across sexes,
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including prenatal ethanol exposure, sleep, brain morphology, and startle-induced
locomotor response (Mackay and Huang 2018). However, some traits in humans do not
appear to be sex-specific or lack the quantity of data needed to analyze sexes separately,
as is the case with some rare disease phenotypes. In these cases, assessment of both sexes
in model systems and then examining traits that are similar in both sexes or conducting a
pooled analysis across both sexes is more likely to be a true representation of the disease
state in humans, as opposed to assessing a single sex alone. The degree to which sexual
dimorphism in Drosophila models of rare disease impacts translational potential to

humans remains understudied.
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Drosophila melanogaster as a model for rare neurodevelopmental disorders of chromatin

modification

Although a disease must affect fewer than one in 200,000 individuals to be classified as
rare, rare diseases as a whole affect over 30 million people, or about 1 in 10 people, in the
United States alone (National Human Genome Research Institute 2020). Most of these
diseases have small patient populations, which makes diagnosis, advocacy,
characterization, and scientific study of the disease challenging. Environmental and
genetic factors are responsible for about 25% and 75% of rare diseases, respectively
(Global Genes 2023). Despite the high fraction of rare diseases with genetic causes, only
about 5% of rare diseases have treatments and less than half of patients with a rare
genetic disease receive a molecular diagnosis (Marwaha et al. 2022; Global Genes 2023).
However, government-backed incentivization of pharmaceutical development for and
research on rare disorders has been recently increasing (National Human Genome
Research Institute 2020). Children are disproportionately affected by rare diseases, as
half of rare disease patients are children, and long diagnostic odysseys may lead to
misdiagnosis or a lack of a diagnosis in younger individuals (Marwaha et al. 2022;

Global Genes 2023).

Drosophila as a model for rare disorders
Genetic study of rare human disorders is extremely challenging in humans and higher-

order model organisms, as analyses often require greater levels of statistical power than
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can be attained given ethical, temporal, and monetary restrictions on scientific research.
Drosophila are well suited for the study of rare genetic disease, as balancer chromosomes
allow for maintenance of otherwise deleterious variants and large numbers of Drosophila
can be reared at low cost. Genome manipulation to humanize Drosophila by inserting
human wildtype and mutant cDNA into the Drosophila genome can help clinical teams
assess the putative function of a specific variant of unknown significance and provide
evidence as to whether the variant may be disease-related in a human patient (Ugur et al.
2016; Link and Bellen 2020). Forward genetic screens in Drosophila have identified
novel genes associated with human disease (Bell et al. 2009; Yamamoto et al. 2014; Link
and Bellen 2020) and can identify pathways involved in disease pathogenesis that can be
targeted for pharmaceutical intervention. Drosophila can also be used as an economical,
low-risk, and high-throughput method to assess the effectiveness of possible
pharmaceutical interventions for individual patients (Bell et al. 2009, Hope et al. 2022).
In addition to assessing the impact of a single variant, reference panels such as the DGRP
allow for study of the effect of a variant across multiple genetic backgrounds on disease
phenotype (Talsness et al.2020; Hope et al. 2022). Although behavioral and whole-
organismal phenotypes can only be performed in Drosophila adults and larvae,
Drosophila cell culture remains a valuable tool to gain mechanistic effects of genetic

variants.

The conservation of neurological development between Drosophila and humans makes

Drosophila particularly useful in studying disorders with neurological presentations such
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as seizures, neurodegeneration, developmental delay, and intellectual disability (Coll-
Tane et al. 2019; Link and Bellen 2020). As examples, work on rare diseases in
Drosophila has led to diagnosis of human patients with microcephaly (Cavallin et al.
2017), identification of therapeutic targets of NLGY 1-deficiency (Hope et al. 2022) and
strengthened a novel association of a RhoGTPase with a developmental and epileptic
encephalopathy (Straub et al. 2018). Drosophila was also instrumental in mechanistic
findings for Kleefstra syndrome, which is caused by variants in the chromatin remodeler
EHMTL, as studies demonstrated that variants in the Drosophila ortholog of EHMT1
(G9a) resulted in changes to learning and memory behaviors and gene expression
(Kramer et al.2011). Some patients with Kleefstra phenotypes did not harbor variants in
EHMTL. Drosophila was then used to test for genetic interactions between EHMT1 and
genes of interest that harbored variants possessed by patients with wildtype EHMT1
(Kleefstra et al. 2012). This led to diagnosis for patients as well as increased basic

science knowledge of the EHMT1 chromatin remodeling complex.

Although Drosophila are established tools for modeling rare neurodevelopmental
disorders, many studies do not use available technologies to reach their full potential.
Increased accessibility of RNAseq allows researchers to examine an entire affected
animal, while simultaneously assessing transcriptional profiles of affected and unaffected
tissues. Tissue-specific studies could increase the utility of Drosophila to model disorders
with genetic underpinnings historically considered outside of neurological development

or discover non-neurological manifestations in Drosophila models of neurodevelopmental
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disorders. Single-cell multi-omics would provide additional levels of detailed information
on the effects of ethanol on different cell types. Another area in which many current
Drosophila models fall short is regarding the effects of genetic background, as common
practice is to use the Drosophila strain with maximal convenience to the researcher,

skewing comparisons across studies.

Drosophila could also be useful in disentangling the effects of environment on
neurodevelopmental disorders. Human patients are not exempt from environmental
factors, such as developmental alcohol or heavy metal exposure, which can muddy the
clinical picture. Assessment of a disorder across multiple environments remains a largely
untapped area of rare disease research. Recently, findings from some Drosophila models
of a rare congenital disorder of glycosylation have been immediately translatable to
humans (Hope et al. 2022; Perlara PBC 2023). Additional successes will indicate whether
immediately translatable studies are coincidental or an indication of what is to come as

the field advances.

Chromatin modification and disease

In addition to Kleefstra syndrome, SWI/SNF-related intellectual disability disorders
(SSRIDDs) and Cornelia de Lange syndrome (CdLS) are rare neurodevelopmental
disorders that stem from mutations in chromatin remodeling protein complexes.
Chromatin is the collection of nuclear DNA, associated proteins, and any associated

modifications (e.g. methyl groups). Chromatin state is tied to the accessibility of the
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DNA, where open chromatin can be bound by molecular machinery responsible for
transcription and or replication (Boltsis et al. 2021). In its compact form, DNA is
normally wound around proteins called histones. Histones, as well as the DNA itself, can
be modified (e.g. with methyl, acetyl and phosphoryl groups) to change the strength of
the bond between negatively charged DNA and positively charged histones, thereby
modulating the accessibility of the DNA. Protein complexes rely upon chromatin
accessibility to facilitate long-range interactions and loading of transcriptional machinery,
which provide feedback and lead to other changes in chromatin state (Boltsis et al.2021).
These changes in DNA accessibility lead to changes in transcription and thereby gene
expression throughout the genome, potentially leading to widespread downstream effects

and disease development.

The role of chromatin modification in disease is becoming increasingly complicated. The
plethora of downstream effects stemming from aberrant chromatin modifications makes
identification of mechanisms for diseases related to chromatin modification challenging.
Some chromatin modifying enzymes have significant roles outside of chromatin
modification, while other chromatin modifying complexes change in composition across
tissue and time or may have individual complex subunits with roles unrelated to
chromatin, further obscuring potential disease mechanisms. New disease-gene
associations are increasing the number of chromatin-related genetic disorders, and
epigenetic signatures have failed to be detected in individuals with pathogenic variants in

genes related to chromatin modification (Nixon et al. 2019; Barish et al. 2020; Aref-
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Eshghi et al. 2021). Phenotypically, pathogenic variants within members of the same
chromatin modification complex result in disparate clinical findings, suggesting the
presence of genetic modifiers. The full picture of chromatin modification in disease is far

from clear.

SWI/SNF-related intellectual disability disorders

The mammalian SWI/SNF (mSWI/SNF) or Brahma-Related Gene 1 (BRG1)/ Brahma
(BRM) associated factor (BAF) complex is a large adenosine triphosphate (ATP)-
dependent chromatin remodeler that functions as a reader by recognizing histone
modifications, binding histone-wrapped DNA in a largely non-sequence-specific manner
through zinc-finger and bromo domains (He et al. 2020). The BAF complex is
antagonistic to Polycomb repressive complex (PRC)-mediated chromatin silencing
through competitive binding and removal of PRC1 and PRC2, and/or ejection of the
histone leading to free DNA (Kadoch et al. 2017; He et al. 2020). The BAF complex,
therefore, is primarily associated with expression activation, especially for tissue-specific
expression and subsequent cell differentiation (Centore et al. 2020). The mSWI/SNF
complex has three primary forms, the canonical, polybromo-associated, and non-
canonical BAF complexes, although there are 29 possible components, of which up to 15
are incorporated into BAF complexes at any given point throughout development
(Centore et al. 2020; He et al. 2020). Some of the more critical components include
SMARCAZ2/4, which are BAF ATPases, and SMARCBL1, which facilitates proper

positioning of and interacts with the DNA-bound nucleosome, while most other subunits,
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including ARID1A/B, and SMARCC1/2, serve as a core and structural scaffold (He et al.
2020). In addition to transcriptional regulation and tissue differentiation, the mSWI/SNF
complex also has roles in double-strand break repair (Cenik and Shilatifard 2021).
Defects in components of the mSWI/SNF complex are associated with cancer, autism
spectrum disorder, schizophrenia, Kleefstra’s syndrome spectrum, and SSRIDDs
including Coffin-Siris and Nicolaides-Baraitser syndromes (Sokpor et al. 2017; Cenik

and Shilatifard 2021).

SSRIDDs are a collection of autosomal dominant neurodevelopmental disorders that arise
from variants in the human SWI/SNF complex (Bogershausen and Wollnik 2018). There
are no distinct diagnostic criteria or treatment options for SSRIDD patients, in part due to
the wide phenotypic spectrum. Classic Coffin-Siris syndrome (CSS) is characterized with
developmental delay, intellectual disability, fifth-digit abnormalities, hypotonia and
abnormal hair growth (Coffin and Siris 1970; Santen et al. 2013). However, under the
larger umbrella of SSRIDDs, patients may also or instead present with seizures, Dandy-
Walker malformations and agenesis of the corpus callosum, course facial features,
hearing and eye abnormalities, and cardiac and renal malformations (Schrier Vergano et
al. 2021). Patients with variants in ARID1B are the most commonly reported SSRIDDs
patients and typically present with a milder phenotype, whereas patients with variants in
SMARCBL1 present with a more severe clinical picture (Bogershausen and Wollnik 2018;
Schrier Vergano et al. 2021). Interestingly, some patients with ARID1B variants may

only present with mild intellectual disability or autism spectrum disorder, and no other
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notable findings. Nicolaides-Baraitser syndrome is an additional form of SSRIDD but is
only associated with variants in SMARCA2 (Nicolaides and Baraitser 1993; Bogershausen
and Wollnik 2018). Sufficient prognostic data on SSRIDDs has not yet been collected to

assess longer term patient outcomes.

The exact mechanism of SSRIDDs is largely unknown. SSRIDDs are associated with
loss of function, gain of function, and dominant negative mutations, whether missense,
nonsense, or deletion variants (Bogershausen and Wollnik 2018). SSRIDDs have a wide
phenotypic spectrum and the mSWI/SNF complex has a wide range of roles, including
those in transcriptional regulation, DNA repair, maintenance of pluripotency, and cellular
differentiation (Cenik and Shilatifard 2021). Furthermore, the exact composition of the
BAF complex varies across tissues and developmental time points, and some gene
families within the mSWI/SNF complex (e.g. ARID genes) appear to be less or more
frequently mutated than others (Kadoch and Crabtree 2015; Bogershausen and Wollnik
2018). Interestingly, although genes associated with SSRIDDs are frequently mutated in
cancers, cancers have only been reported in three individuals with Coffin-Siris syndrome
thus far, each of whom had a variant in a different mSWI/SNF component (Schrier
Vergano et al. 2021). However, pathogenic SMARCBL variants can cause
schwannomatosis and rhabdoid tumor predisposition syndrome, and SMARCEL variants
have been identified in patients with spinal and clear cell meningiomas, though these
patients do not have other SSRIDD-related phenotypes (Kadoch and Crabtree 2015;

Schrier Vergano et al. 2021). Thus, further study is needed on the cancer risk for
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SSRIDD patients and suggests the potentially subunit- and disease-specific mechanisms

for pathogenesis of SSRIDD and SWI/SNF-related tumorigenesis.

Studies in mice and Drosophila have shown that lack of specific SWI/SNF components,
including BRG1, BAF47, and BAF155, is associated with early embryonic lethality; and
gene knockdown studies for BRG1 showed decrease pluripotency and cell proliferation as
well as widespread changes in transcription (Alfert et al. 2019). The non-canonical BAF
complex specifically binds to CTCF and topologically associating domains and is
therefore thought to play a role in long-range chromatin organization (Michel et al.
2018), providing yet another potential mechanism for SWI/SNF-related disease
pathogenesis. Heterozygous changes in the neural progenitor BAF and neural BAF
complexes lead to neural tube defects and changes in the cerebellum, cortex and midbrain
of mice (Sokpor et al. 2017; Alfert et al. 2019). BAF complexes are also important in
development of glia and neurons, as well as cardiac and muscle development (Sokpor et
al. 2017). Thus, the exact mechanisms of SSRIDDs are multifaceted and likely variant-

specific, complicating functional studies on SSRIDDs.

Despite the plethora of research on the SWI/SNF complex and orthologous complexes,
the role of the mSWI/SNF complex in SSRIDD pathogenesis remains unknown. The
lethality associated with loss of mSWI/SNF complex members, the widespread impact of
mSWI/SNF-mediated chromatin modification, and the involvement of mSWI/SNF

complex members in roles outside of chromatin modification are current obstacles in
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discovering SSRIDD mechanisms. Insights on mechanism would support or refute the
ongoing shift in classification from individual disorder to a spectrum-based classification
and the use of an umbrella term SSRIDD, which are currently based largely on the
varying clinical pictures associated with variants in mSWI/SNF complex components,
not molecular or mechanistic evidence. Molecular evidence could also help answer the
question of why cancer has been observed in some SSRIDD patients, but not others,

given the high rates of mSWI/SNF-related variants in tumors.

Even as new SSRIDD-related genes are discovered, we still cannot explain the degree of
clinical variability for patients with pathogenic variants in the same gene, or for patients
with pathogenic variants in different mSWI/SNF-related genes. Hypotheses for why and
how this variation exists in SSRIDDs have not yet been tested. Clinically, long-term
prognosis and cancer rates of SSRIDD patients is unknown, partially due to the small

number of known SSRIDD patients.

Cornelia de Lange syndrome

Although the cohesin complex is named for its role in sister chromatid cohesion during
the G1 and S phases of cell division, this highly conserved, ring-shaped complex also
facilitates transcriptional regulation, DNA repair, and long-range interactions across the
genome, though less is known about these roles (Nasmyth and Haering 2009). Cohesin
has four primary protein components: SMC1, SMC3, RAD21 and Stromalin (SA1 or

SA2). SMC1 and SMC3 make up the the cohesin ring along with RAD21 and SA1/SA2
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binds to RAD21 to facilitate interactions between multiple cohesion rings (Nasmyth and
Haering 2009; Zhu and Wang 2019). Accessory proteins, such as NIPBL, MAU2, and
HDACS are involved in loading, recruitment, and stabilization of cohesin onto chromatin,
while the accessory protein CTCF is important for binding at transcriptional start sites
and proper gene expression (Nasmyth and Haering 2009; Deardorff et al. 2012; Zhu and
Wang 2019). Defects in cohesin can lead to aneuploidy, increased apoptosis, and
decreased cell division, as sister chromatids are not held together properly during cell
division, as well as altered gene expression, as long-range chromatin and promoter-
enhancer interactions and proper localization of cohesin at transcriptional start sites

become disrupted (Zhu and Wang 2019).

Variants in NIPBL, SMC1A, SMC3, RAD21, BRD4, and HDCAS are associated with
Cornelia de Lange syndrome (CdLS) (Deardorff et al. 2020). CdLS patients have distinct
facial gestalt, including synophrys, as well as intellectual disability, digit anomalies, and
growth retardation (Kline et al. 2018). Most CdLS is autosomal dominant, but HDAC8-
and SMC1A- CdLS are X-linked (Deardorff et al. 2020). The severity of the phenotype is
often, but not always, dependent on the type of variant and the gene containing the
variant. Because of this phenotypic variation, some patients present with clinical features
resembling another disorder: patients with SMC1A variants present with a phenotype
resembling the X-linked intellectual disability disorder Rett syndrome, or without many
of the hallmark CdLS features (Kline et al. 2018). Due to the small number of CdLS

cases and the relatively large number of mosaic CdLS patients, genotype-phenotype
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correlations and predicted patient outcomes are weak or non-existent, depending upon the
genotype (Deardorff et al. 2020). Most CdLS patients will survive into adulthood, though
the most common causes of death in infants and children are congenital diaphragmatic
hernia, and respiratory issues, respectively (Schrier et al. 2011). Variants in RAD21 and
SMCI1A can also be associated with autosomal recessive visceral neuromyopathy
(Mungan syndrome) and early-infantile epileptic encephalopathy type 85, respectively

(Deardorff et al. 2020).

In addition to variants in structural components of cohesin and NIPBL that give rise to
classic CdLS, variants in other cohesin-associated genes have been associated with
CdLS-like phenotypes, suggesting the presence of a CdLS spectrum under the larger
umbrella term of cohesinopathy (Kline et al. 2018). The mechanism of cohesinopathies
as a group remains in question. Variants in ESCO2, a gene responsible for cohesion
establishment in S phase (Alomer et al. 2017), are associated with the autosomal
recessive ESCO2-Spectrum disorder, previously known as Roberts-SC phocomelia
syndrome (Goh et al. 2010). These patients have severely shortened long bones,
intellectual disability, decreased growth, and craniofacial, renal and cardiac anomalies
due to increased apoptosis and reduced cell proliferation (Goh et al. 2010). Interestingly,
although genes associated with both CdLS and ESCO2-Spectrum disorder are related to
regulation or structure of the cohesin complex, cells from patients with variants in

SMC1A, SMC3, NIPBL, HDACS8, and RAD21 do not show issues with chromatid
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cohesion and instead show only altered gene expression and may have changes in DNA

repair (Dorsett and Krantz 2009).

CdLS can be loss of function (for variants in BRD4, HDACS, NIPBL and RAD21) or gain
of function/dominant negative (for most variants in SMC1A and SMC3) (Deardorff et al.
2020). The exact mechanism for CdLS pathogenesis has not been resolved, but clues
from Drosophila provide a starting point. Lack of SMC1, SA and RAD21 led to impaired
axon pruning in Drosophila (Pauli et al. 2008, Schuldiner et al. 2008), thereby indicating
that cohesin is critical for proper development of the nervous system. Another study in
Drosophila observed Nipped-B and cohesin throughout chromatin, bound to hundreds of
active genes, especially those regions bound by RNA polymerase 11 (Misulovin et al.
2008), suggesting that cohesin and Nipped-B are instrumental in gene expression. The
lack of impaired chromatid cohesion in CdLS patients and the lack of known mutations in
critical cohesin subunit domains suggests that CdLS pathogenesis does not arise from
reduced cohesin activity, but instead is due to an alteration in cohesin function. For
example, changes in the distribution and rate of cohesin and or NIPBL binding to the
genome likely leads to changes in gene expression that affect key developmental

pathways (Dorsett and Kratz 2009).

Many of the same outstanding questions for SSRIDDs remain for CdLS. The basic

mechanisms of disease pathogenesis, regardless of the subunit or cofactor, remain

unknown. Work in Drosophila has indicated that CdLS may arise through errant function
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of a secondary role of the cohesin complex, but exactly how and when the cohesin
complex regulates transcription, or how these changes in transcriptional regulation result
in CdLS remains unknown. Mechanistic studies are challenging for CdLS-associated
genes, as loss of these genes is incompatible with life. Furthermore, it is not known why
clinical presentations vary within and across CdLS-associated genes, or why some CdLS-
associated genes also harbor pathogenic variants associated with other disorders.
Mechanistic insight would also help determine the accuracy of a spectrum-based
approach to CdLS. CdLS has been partially characterized using the Drosophila model,
but hypotheses beyond characterization have not yet been tested in animal models.
Despite larger numbers of CdLS patients, long-term prognosis and best practices in

clinical management is still unknown.

Cancer

Given the integral nature of chromatin state to the cell cycle, DNA replication, and
transcription, it is not surprising that many cancers possess mutations in genes tied to
chromatin modification. These variants are in chromatin readers, writers, and erasers, as
well as genes responsible for catabolism and anabolism of chromatin modification
substrates (Zhao et al. 2021). Additionally, mis-regulation of chromatin modifications are
just as frequent causes of cancer as specific genetic variants (Marine et al. 2020). One of
the more common genetic causes of cancer is due to variants in components of the
mammalian SWI/SNF (BAF) complex, which are estimated to exist in greater than 20%

of all cancers and lead to both loss-of-function and gain-of-function cancers (Kadoch and
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Crabtree 2015). ARID1A encodes the most commonly mutated BAF subunit in cancer,
and variants in ARID1A are found in multiple tumor types (Kadoch and Crabtree 2015).
Many genes encoding cohesin complex members and associated proteins are also
mutated in cancer, such as NIPBL and SMC1A, which are mutated in about 4.9 and 1.7
percent of tumor samples, respectively (COSMIC database: cancer.sanger.ac.uk; Tate et
al. 2019). Dysfunctional cohesin could lead to cancer through its roles in chromatid
cohesion, DNA repair, or transcriptional regulation. Aneuploidy as a result of cohesin
dysfunction can serve as the “second hit” in the two-hit hypothesis, whereas polyploidy
can lead to overexpression of a proto-oncogene (Di Nardo et al. 2022). Histone
deacetylases, including HDACS, are also associated with cancer development through
alteration of transcription as a result of deacetylated histones and other proteins (Li and

Seto 2016; Zhao et al. 2021).

Cancer is a major area of biological research with too many yet unanswered questions to
be discussed here in full. However, there are a subset of unanswered questions related to
disorders of chromatin modification, namely why some subunits of chromatin
modification protein complexes are more associated with cancer risk and/or are detected
more often in tumors of otherwise healthy individuals. Unfortunately, given the rarity of
patients with disorders of chromatin modification, these questions will have to be
addressed from a cancer perspective, as opposed to an SSRIDD- or CdLS-based

approach.
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Drosophila as a model for SSRIDDs and CdLS

Using Drosophila to model SSRIDDs and CdLS provides specific advantages, including
easy generation of a large number of afflicted individuals, a high degree of human-
Drosophila conservation for SWI/SNF and cohesin complexes, RNAI lines that mimic the
heterozygous nature of autosomal-dominant disorders, and balancer chromosomes that
facilitate study of otherwise lethal alleles. Although craniofacial, digit, and hair
anomalies are challenging to model in Drosophila, neurological phenotypes can more
easily be assessed. For example, while sleep issues, seizures, and structural brain
anomalies are not diagnostic for CdLS or SSRIDDs, these phenotypes are commonly
observed in CdLS and SSRIDD patients (Kline et al. 2018; Schrier Vergano 2021) and
therefore could be considered representative phenotypes for Drosophila models of CdLS
and SSRIDD. Drosophila has been used to model other common SSRIDD and CdLS
phenotypes, including low muscle tone and intellectual disability (Bellen et al. 2019;

Coll-Tane et al. 2019).

D. melanogaster is particularly well suited to model CdLS, as much of the mechanistic
work on CdLS pathogenesis performed thus far was performed in Drosophila cell lines
(Dorsett 2016), and a previous model of NIPBL-associated CdLS has been well
characterized in D. melanogaster (Wu et al. 2015). A previous study also used RNAI-
based SSRIDD Drosophila models to look for specific changes in brain morphology and
neuronal development (Chubak et al. 2019). Although there is no DNA methylation in

Drosophila, neither the human SWI/SNF nor cohesin complexes rely upon DNA
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methylation as the sole disease mechanism. Histone-based chromatin modifications and
changes in chromatin due to long-range interactions are still conserved from Drosophila

to humans.

Variants associated with other neurodevelopmental disorders are not uncommon in CdLS
and SSRIDD patients. For example, variants in KMT2A, a histone methyltransferase, and
in members of the human chromatin remodeler SWI/SNF complex, have been identified
in patients that met clinical diagnostic criteria for classic CdLS (Parenti and Kaiser 2021).
Furthermore, variants in genes with roles perhaps more distantly related to cohesin, such
as DDX23, an RNA helicase, and NAA50Q, a component of the NatE complex, which is
involved in post-translational protein modification, have also been identified in patients
with clinical presentations similar to or meeting the diagnostic criteria for CdLS (Parenti
and Kaiser 2021). Currently, there is debate in the literature as to classification of
SSRIDDs, such as whether variants in SOX11, BICRA and SMARCD1 should be
associated with a form of Coffin-Siris syndrome (Schrier Vergano et al. 2021; Al-
Jawahiri et al. 2022), or whether CSS and NCBRS or other clinical differentials are part
of the same disease spectrum (Wieczorek et al. 2013; Aref-Eshghi et al. 2018;
Bogershausen and Wollnik 2018). Use of the umbrella term SSRIDD allows inclusion of
genetic disorders together that were previously considered distinct from one another.
Still, individuals with variants in PHF6 were initially diagnosed with CSS based on
clinical findings, despite a molecular diagnosis of Borjeson-Forssman-Lehmann

syndrome (Wieczorek et al. 2013).
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There are a few possibilities for the abundance of overlap across supposedly distinct
disorders, none of which are mutually exclusive. These disorders could all be
mechanistically linked due to the wide range of roles that the cohesin and mammalian
SWI/SNF complexes may have in the cell. The discrepancy could be a result of the
clinical findings, as the diagnostic criteria for CdLS or SSRIDDs may not be specific
enough and/or the phenotypic spectrums for CdLS and SSRIDDs are too wide to be
captured well with discrete diagnostic criteria. A third possibility is that there are
secondary variants in the genetic backgrounds of some patients that could contribute to
variation in disease presentation across disorders that may have overlapping phenotypes,
whether molecular or clinical (Rahit and Tarailo-Graovac 2020). These secondary
variants and their associated genes are termed “genetic modifiers.” Studies have not yet
investigated the possibilities of genetic modifiers, nor have resolved the mechanisms for

these disorders, in humans or in Drosophila.

Studies on SSRIDDs and CdLS in Drosophila (Pauli et al. 2008, Schuldiner et al. 2008,
Misulovin et al. 2008, Pauli et al. 2010, Wu et al. 2015, Chubak et al. 2019) have
primarily consisted of experiments involving a single tissue- or cell- type. It is not known
whether the phenotypes assessed are accurate representations of phenotypic changes in
human SSRIDD and CdLS patients. Only one study has modeled either SSRIDDs or
CdLS and considered more than one protein complex component simultaneously, in the

same genetic background (Chubak et al. 2019). Further studies on how each subunit
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contributes to disease individually, or on the degree to which alterations in each complex
member or cofactor cause similar or dissimilar changes to the whole organism are
needed. Transcriptomic profiles performed on whole-fly CdLS models were also
restricted to a specific tissue--type (Wu et al. 2015), though changes in epigenetic
profiles, protein levels, and tumor development have not been quantified on any level in

any models.

Genetic modifiers — an overview

Over the past few decades, there have been an increased number of studies of genetic
modifiers of rare and common diseases. Traditionally, genetic modifiers are defined as a
genetic variant that modulates the phenotype of another genetic perturbation. Phenotypic
modulation may occur through epistasis (gene-gene interaction) where the presence or
absence of the epistatic partner leads to a change, in the magnitude or direction, of the
phenotypic trait stemming from variation at the focal gene (Mackay 2014). Epistasis can
suppress or enhance the phenotype of the focal allele and the the magnitude of epistasis
depends on allele frequencies in the population (Mackay 2014). Genetic modifiers were
identified as early as 1914 (Dexter 1914) in Drosophila, where genetic background
accounted for non-Mendelian ratios of truncate wing mutants. Although linkage mapping
was used to identify genetic modifiers for most of the 20" century, genetic modifiers can
also be identified through association mapping (GWAS studies). GWA studies examine
the association between a given genomic locus (e.g. SNP) and the phenotype of interest

across all individuals in the study, resulting in a prediction in the relationship between the
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locus and the phenotype. The locus with the most significant association in a genomic
region is not necessarily the causative allele, although the associated locus is in linkage
disequilibrium (LD), or segregates with, the causative allele. The type of allele,
computational prediction and functional annotation of polymorphisms that were not
genotyped for the GWAS but are in LD with the associated allele can lead to
identification of a presumed causative, or in the case of genetic modifiers, modifying
allele (Tam et al. 2019). Once identified, genetic modifiers may explain phenotypic

variation observed across patients and provide basic insight as to the disease mechanism.

GWA results depend on the study design. The minimal effect size that can be detected is
determined by the sample size: detection of smaller effect sizes requires more individuals
(Tam et al. 2019). Population stratification can lead to false positive associations and
must be controlled. There is a trade-off between larger numbers of genomic loci (more
dense genotyping) and the multiple testing correction, which is based on the number of
independent association tests performed and is used to limit false positives (Mackay
2014). Identification of genetic modifiers for rare diseases is challenging in human
populations. To achieve statistically significant results, GWAS require large numbers of
unrelated individuals, which do not exist for most rare diseases. The need for large
studies is especially true for quantitative traits and common diseases that arise from
multiple small-effect alleles. Rare diseases, or diseases that arise due to alleles with larger
effect sizes do not require such large population sizes, although by definition, there are

not enough individuals with a rare disease to constitute even a “small” population. GWA-

46



based methods for identification of genetic modifiers are also not feasible, a barrier to the
growing field of precision medicine. Accurate molecular and clinical phenotyping are
additional barriers for GWA analyses of rare disorders. Alternative methods for
identification of genetic modifiers for rare disorders using only human data would be
beneficial to human genetics but remain unproved. Animal models, including rodents,
Drosophila and worms, are therefore valuable in the identification of genetic modifiers,
especially for rare disorders, as large numbers of unrelated individuals can be reared and

phenotypically quantified with minimal environmental variance.

Genetic modifiers and rare disease

Further contributing to the complications of identifying genetic modifiers in humans is
that not all secondary variants reported may be related to pathogenesis. Unfortunately,
identification of such instances is rare and demonstrating the resulting molecular impact
is extremely challenging. A patient may present with two or more disease-causing
variants, each of which is associated with a separate, unrelated genetic disorder. As
mentioned earlier, this may be the case for some patients with SSRIDDs and/or CdLS.
The subsequent clinical phenotype in such cases is often difficult to disentangle and may
blur straightforward diagnosis of either disorder. These two variants (or the molecular
phenotypes stemming from these variants) may interact with one another to modulate
disease presentation (i.e., act epistatically), and therefore be considered genetic modifiers
of one another (Rahit and Tarailo-Graovac 2020). However, they might be genetic

modifiers through perhaps a non-traditional or unanticipated mechanism, as studies
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typically identify genetic modifiers based on the ability of the specific variant to change
disease presentation in the presence of only a single disorder, not the extent to which
known disease-causing variants are codominant in the presence of other known disease-
causing variants (Rahit and Tarailo-Graovac 2020). However, development of software to
predict the impact of two variants in the same individual would allow laboratory
geneticists to begin to disentangle these effects in human populations, yet these have not
yet been introduced. High throughput animal models could also facilitate prediction of
genetic interactions between potentially pathogenic variants. Traditionally, identification
of and impact from genetic modifiers of rare diseases has been ignored; other than the
somewhat recent idea that such modifiers may exist for rare disorders, there is little
known about their frequency, magnitude of effect, or how to best identify them. Outside
of human populations, identification of genetic modifiers for rare disorders using model

organisms shows the most promise.

Identification of genetic modifiers in Drosophila

D. melanogaster has been used to identify genetic modifiers for over a century. Recent
efforts to identify genetic modifiers for human disorders in Drosophila have been aided
by widely available CRISPR, RNAi knockdown and RNAI overexpression lines which
allow for relatively easy modeling of human disorders, and the DGRP, which is a large
repository of well-characterized unrelated genetic backgrounds. Screens to identify
modifiers have also been performed in cell culture using D. melanogaster cell lines

(Luhur et al. 2019), though these are perhaps not as indicative of a macro-scale
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phenotype (such as sleep/movement or neurodegeneration) and fall prey to the same
pitfalls of all cell culture experiments. Screens to identify candidate modifiers in cell
culture may screen thousands of induced mutations in the presence of a drug, for
example, that inhibits the gene of interest and then phenotype the cell for gene

expression, cell death, etc. and examine the associated cell genotype (Dalton et al. 2022).

Screens to identify candidate genetic modifiers for human disorders in living Drosophila
typically first induce a mutation or genetic perturbation relevant to the disease phenotype
in a single genetic background, then cross that line to as many genetic backgrounds as
possible (e.g. the DGRP, lines with RNAi-mediated perturbations of candidate modifiers)
and score resulting F1 progeny for the phenotype of interest (Cukier et al. 2008, Lavoy et
al. 2018, Talsness et al. 2020, Dalton et al. 2022). Depending on the experimental design,
the phenotypic and genotype data can be used to perform a GWA study. Functional
validation of associated loci can be assessed by quantifying other perturbations in the
associated gene (e.g., induced mutations, naturally occurring variants, or changes in
expression due to RNAI) on the phenotype of interest, or by quantifying changes in
phenotype as a result of a genetic perturbation in the candidate modifier within the
genetic background containing the original focal variant. The latter method provides
stronger functional evidence for epistasis between the candidate and the focal gene,
though is much harder to accomplish while still preserving genetic background.
Relevance of candidate modifiers for human disease (as opposed to Drosophila-specific

effects) can be at least partially quantified through databases of functional annotation,
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such as Gene Ontology, and prediction of gene conservation from Drosophila to humans.
Despite the pervasive nature of epistasis (Mackay 2014)and evidence for variable
phenotypes in human disorders, relatively few studies have examined the role of genetic
modifiers, especially in rare disease pathogenesis. This is likely due to the lack of
statistical power in these populations, although this is no longer a barrier when using

Drosophila, with tools such as the DGRP and tissue-specific drivers available.

Limiting expression of a specific deleterious genotype to a tissue that is not critical for
life, such as the Drosophila eye or wing, allows study of genotypes that would otherwise
sterilize and or kill the animal. Genetic modifier screens in Drosophila are only limited
by the number of genetic backgrounds available and the ease of phenotyping. It should be
noted that genetic modifiers can be identified for genetic perturbations of large or small
effect sizes, though to date fewer studies have identified modifiers of small effect size.
Genetic screens in living Drosophila have been used to identify modifiers for Drosophila
phenotypes of apoptosis (Palu et al. 2019), head morphology (Ozsoy et al. 2021), and
olfaction (He et al. 2016), as well as candidate modifiers for human disorders DPAGT1-
CDG (Dalton et al. 2022), Parkinson’s disease (Lavoy et al. 2018), and NGLY1

deficiency (Talsness et al. 2020).

Despite recent successes in identifying candidate genetic modifiers for human diseases

using the Drosophila model, candidate modifiers have not been widely validated in

human populations. Thus, the translatability to humans of these methods remains in
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question. It has also not been tested whether the same genetic modifiers can be identified
using different approaches in the same experimental conditions, e.g., does a screen using

a wing-tissue phenotype give the same results as one using an eye-tissue phenotype?

Given the possibility of genetic modifiers in SSRIDDs and CdLS pathogenesis and the
success of identifying candidate genetic modifiers in Drosophila, Drosophila is an

excellent choice for modeling SSRIDDs and CdLS.

Research Purpose

Overall, the role of genetic background in human disease pathogenesis remains
understudied.Genotype-phenotype studies rely on accurate phenotyping and
consideration of phenotypic variation across individuals. In Chapter 2, | describe a novel,
inexpensive, high-throughput method for quantifying time to sedation in individual
Drosophila, a key phenotype for modeling ethanol-related disorders in Drosophila,
including FASD. I then take advantage of this new assay for other projects involving
ethanol response, now able to consider time to sedation of individual flies and quantify

within-line variation.

Until the development of single-cell technologies, investigation of changes in individual

cell types within heterogeneous tissue, such as the brain, was challenging. We do not

know the degree to which bulk RNA sequencing masks changes in specific cell types.
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With single-cell RNA sequencing, we can observe transcriptomic responses to external
chemicals, such as ethanol, at a much higher, never-before-seen resolution. In Chapter 3,
we take advantage of single-cell technologies and examine the impact of developmental
ethanol exposure on the transcriptome of adult Drosophila brain tissue. We show sexually
dimorphic responses in subsets of neural and glial cells that were associated with lipid
transport, glutamate, GABA, and glutathione metabolism, and vision. Here, | also expand
the phenotype associated with developmental ethanol exposure in Canton S-B
Drosophila, quantifying decreased viability and individual changes to sleep, activity, and

ethanol-sedation.

Although previous work reports the impact of genetic background on developmental
ethanol exposure, background-dependent differences at the level of the transcriptome as a
result of developmental ethanol exposure and how these transcriptomic changes may
correlate with behavioral changes remains unknown. Additionally, although changes in
sleep and activity as a result of developmental ethanol exposure were reported in Canton
S-B Drosophila, the extent to which these changes varied with genetic background was
unresolved. In Chapter 4, | demonstrate background-dependent effects of developmental
ethanol exposure on sleep and activity phenotypes as a part of a larger study on
background-dependent changes in gene expression in whole-fly tissue after
developmental ethanol exposure as a model for FASD. This study found extensive sexual
dimorphism in gene expression and identified a female-specific coordinated network of

small nucleolar RNAs (snoRNAS) in response to developmental ethanol exposure.
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The role of snoRNAs in ethanol response identified in Chapter 4 led to broader questions
about the roles of noncoding RNAs in stress response in Drosophila; compared to
protein-coding genes, only a few noncoding RNAs have been comprehensively
characterized in Drosophila. The study outlined in Chapter 4 also identified a previously
unstudied IncRNA in D. melanogaster associated with response to developmental ethanol
exposure and host to snoRNAs, U snoRNA host gene 4 (Uhg4). Chapter 5 details the first
characterization of the IncRNA and snoRNA host gene Uhg4, where | performed
behavioral and transcriptomic analysis across in-house generated Uhg4 deletion mutants
and found Uhg4 to be critical for multiple fitness and stress-response traits, including

oocyte development and ethanol sedation time.

Genetic background does not only impact common disease traits, such as FASD, but also
rare genetic disorders with varied phenotypic presentations. Varied phenotypes suggest
the presence of genetic modifiers naturally segregating in the human population, but such
modifiers for rare chromatin modification disorders have not yet been identified. In some
diseases with a wide range of phenotypes, disorder classification is shifting towards a
spectrum-based approach based on clinical findings. SSRIDDs and CdLS are two
neurodevelopmental disorders of chromatin modification with a wide range of within-
disorder clinical findings that are shifting towards a spectrum-based classification
approach. This shift is purely based on clinical observations; no studies have examined

whether molecular evidence for a spectrum-based approach to SSRIDDS and/or CdLS
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exists. We seek to use Drosophila as a model for SSRIDDs and CdLS, to investigate the
relationship between different subtypes of SSRIDDs and CdLS and hypothesize an
explanation for the phenotypic variation across these disorders. In Chapter 6, I use the
Drosophila system to establish the first RNAi-based co-isogenic Drosophila models for
many subtypes of SSRIDDs and CdLS. | quantified gene-specific changes in behavior,
brain morphology and the transcriptome, supporting a spectrum-based approach to
classification of these disorders. | also identified genes co-regulated with the Drosophila
ortholog of SSRIDD-associated SMARCB1. The human orthologs of these genes are

potential candidate genetic modifiers for SMARCB1-SSRIDD.

Out of all genes associated with SSRIDDs, ARID1B is the most common. ARID1B is also
associated with cancers and Autism Spectrum Disorder, but genetic modifiers for
ARID1B, or an explanation for the wide range of phenotypes associated with ARID1B,
have not yet been identified. In Chapter 7, | show that there are naturally occurring
genetic modifiers for a Drosophila model of ARID1B-related SSRIDD using a recently
expanded DGRP. | also perform a GWA using a recently expanded DGRP and a
Drosophila model of ARID1B-related SSRIDD limited to wing tissue, as the fly ortholog
of ARID1B is critical for survival. Although this chapter has identified potential

modifiers, validation of these modifiers is still ongoing.
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CHAPTER TWO
HIGH-THROUGHPUT METHOD FOR MEASURING ALCOHOL SEDATION TIME

OF INDIVIDUAL DROSOPHILA MELANOGASTER

Sass, T.N.*, MacPherson, R.A.*, Mackay, T.F.C., Anholt, R.R.H. High-Throughput
Method for Measuring Alcohol Sedation Time of Individual Drosophila melanogaster. J.
Vis. Exp. (158), 61108, d0i:10.3791/61108 (2020).
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Introduction

The National Institute on Alcohol Abuse and Alcoholism reports that in 2015 excessive
alcohol consumption, designated as "alcohol use disorder", affected an estimated 16
million people in the United States. Alcohol abuse causes a wide range of adverse
physiological effects and is a major cause of death in the U.S. In humans, decreased

sensitivity, or a low level of response to alcohol, has a strong genetic component and is
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associated with a higher risk of developing alcohol use disorders’234, Genetic risk
studies on human populations are challenging because of population admixture, diverse
developmental histories and environmental exposures, and reliance on self-reported
questionnaires to quantify alcohol-related phenotypes, which are often confounded with

other neuropsychiatric conditions.

Drosophila melanogaster provides an excellent model to study the genetic underpinnings
of alcohol sensitivity>®"#, The Drosophila model allows strict control over genetic
background, and virtually unlimited numbers of individuals of the same genotype can be
reared rapidly under well-controlled environmental conditions without regulatory
restrictions and at relatively low cost. In addition to publicly available mutations and
RNAI lines that target a majority of genes in the genome, the availability of

the Drosophila melanogaster Genetic Reference Panel (DGRP), a population of 205
inbred wild-derived lines with complete genome sequences, has enabled genome-wide
association studies®°. Such studies have identified genetic networks associated with
effects on development time and viability upon developmental exposure to ethanol!t12,
Evolutionary conservation of fundamental biological processes enables translational

inferences to be drawn by superimposing human orthologs on their fly counterparts.

Flies exposed to ethanol undergo physiological and behavioral changes that resemble

human alcohol intoxication, including loss of postural control®, sedation, and

development of tolerance®!41>, Alcohol induced sedation in Drosophila can be
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quantified using inebriometers. These are 122 cm long vertical glass columns with
slanted mesh partitions to which flies can attach!®"8, A group of at least 50 flies (sexes
can be analyzed separately) are introduced in the top of the column and exposed to
ethanol vapors. Flies that lose postural control fall through the column and are collected
at 1 min intervals. The mean elution time serves as a measure of sensitivity to alcohol
intoxication. When flies are exposed to alcohol a second time after recovering from the
first exposure, they can develop tolerance, as evident from a shift in mean elution
time!3151920 \Whereas inebriometer assays have led to identification of genes, genetic
networks, and cellular pathways associated with alcohol sedation sensitivity and
development of tolerance!?13142! the assay is time consuming, low-throughput, and

ineffective for measuring alcohol sensitivity in single flies.

Alternative ethanol sedation assays that do not require the elaborate inebriometer set-up
allow for more convenient measurements but are still limited in throughput and generally
require analyses of groups of flies rather than individuals?!:22232425 Assessing single flies
minimizes the potential for confounding effects due to group interactions, such as those
stemming from social behaviors. Here, we present a simple, low-cost, high-throughput

assay for assessing alcohol sedation sensitivity in large numbers of single flies.
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Protocol

1. Construction of the testing apparatus

1. Create a cardboard template the size of a 24-well cell culture plate by tracing
around the plate on cardboard and cutting out the designated area.

2. Cuta piece of small insect screen mesh the size of the cell culture plate using the
cardboard template from step 1.1.

3. Prepare a 24-well cell culture plate by placing a small line of hot glue around the
perimeter of the top of the plate using a hot glue gun and affixing the screen mesh
on top of the open wells.

4. Secure a wooden craft stick to each of three sides of the same cell culture plate
from step 1.3 using a hot glue gun. The modified cell culture plate should now
resemble the plate diagram shown in Figure 2.1A and the experimental setup
shown in Figure 2.2.

NOTE: Prepare at least as many cell culture plates as will fit in the filming

chambers (see below).
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A
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Figure 2.1. Diagram of the testing apparatus and filming chamber. (A) Upper
Diagrams. The top, side, and front views of the testing apparatus are shown, respectively.
A screen mesh lays flat on top of a 24-well cell culture plate. The wooden craft sticks,
represented by the arrowheads, are attached to three adjacent sides for stability and
alignment aid, two on the side of the well plate with six wells and one on the side of the
plate with four wells. All attachments are hot glued onto the apparatus. (B) Lower
Diagrams. The top, side, and front views of the assay set-up are shown, respectively. A
slit is cut in the right side of the box, from the opening for the lid to the back of the
opening, with the bottom of the slit level to the inner surface. The hole on the top of the
box, the surface parallel to the ground, is centered for maximum video exposure. The

shaded box represents the video camera.
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Figure 2.2. Photograph of the assay system. The video camera is placed on top of the

polystyrene chamber, with the lens inserted in the cut-out hole, illustrated in the diagrams
of Figure 2.1B. Two sets of modified 24-well cell culture plates rest on top of an

illumination pad that is inserted in a slit through the side of the chamber.

2. Construction of the filming chamber
1. Create a filming chamber by cutting a hole the size of the video camera lens on

the side of a polystyrene box. Cut an additional slit the width of the illumination
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pad in the opposite side of the polystyrene box. The filming chamber should
resemble the filming chamber shown in Figure 2.1B and Figure 2.2.

Prepare the filming chamber for use by inserting the illumination pad into the slit
and positioning the camera in the lens hole above the illumination pad.

Place all materials and perform all subsequent testing in a controlled environment,
preferably a behavioral chamber with approximately 30% humidity, 25 °C

temperature, uniform airflow, and noise levels less than 65 dB.

3. Preparation of the testing apparatus and flies

1.

2.

3.

Pipette 1 mL of 100% ethanol through the screen mesh into each well.

Dry the screen mesh with a piece of cheesecloth.

Cut two pieces of cheesecloth the dimensions of the cell culture plate using the
cardboard template created in step 1.1. Place them on top of the dry screen mesh
of the modified cell culture plate containing ethanol from step 3.2.

Create a small piece of thin, flexible plastic cutting board by tracing around the
cardboard template created in step 1.1 as a general guide and expanding the traced
area by 1-2 cm on one of the short sides. Cut out the expanded traced area from
the thin, flexible plastic cutting board. After cutting, ensure that the plastic still
fits between the three wooden craft sticks on the testing apparatus, but hangs off
one end by 1-2 cm.

(Optional) If an aspirator needs to be created, assemble an aspirator like the one

shown in Figure 2.3 by first cutting a P1000 pipette tip in half. Insert the piece
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with a larger diameter into one end of a ~30 cm piece of flexible tubing to serve

as a mouthpiece.

Figure 2.3. A fly aspirator in which flies are collected with an interchangeable

mouthpiece attached to flexible tubing and a wide bore serological pipette with a
cotton gauze stopper. The operator can aspirate a single fly into the pipette for transfer

without anesthesia.

6. (Optional) To complete the aspirator assembly, cover the wide end of a 10 cm

piece of serological pipette with gauze to prevent flies from getting into the tubing
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and insert the pipette, gauze first, into the open end of the tubing to serve as a fly
chamber. The aspirator should resemble that shown in Figure 2.3.

7. Using an aspirator (Figure 2.3, steps 3.5 and 3.6), aspirate one fly per well into a
separate 24-well cell culture plate. Use the flexible plastic to cover any wells
containing previously aspirated flies. Record the well position and any relevant
genotype or phenotype information of each fly.

8. Hold the flexible plastic flush with the top of the cell culture plate containing the
flies to prevent their escape and invert the plate onto the top of the modified cell
culture plate with the ethanol. The sheet of flexible plastic should be resting on
top of the sheets of cheesecloth. Align the inverted cell culture plate containing
flies using the craft sticks to ensure each well with ethanol aligns with each well
containing a fly.

9. The experimental setup should resemble Figure 2.2.

4. Testing the flies
1. Ensure the illumination pad is lit at full brightness for maximum visual contrast.
Start recording with the video camera.
2. To expose the flies to ethanol, carefully remove the plastic from between the well
plate and testing apparatus, taking care not to dislodge the cheesecloth.
3. Terminate the video recording once all flies have lost postural control. Once it is
suspected that all flies have lost postural control, tap firmly in the center of the

plate to ensure that all flies have complete loss of postural control. If there is
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movement, continue to record. Continue to tap periodically (every 1-2 min) until
no movement occurs.

4. (Optional) To quickly recover the flies, remove only the top plate from the testing
apparatus, revealing sedated flies resting on the cheesecloth. Aspirate individual
flies into chosen containers for recovery.

5. Replace the ethanol in the modified cell culture plates with 1 mL of fresh 100%
ethanol at least 1x every hour to control for evaporation and humidification of the
ethanol and to maintain consistent ethanol exposure throughout the assay. Dry the
screen mesh with cheesecloth.

6. Repeat for as many samples as desired.

NOTE: For highest throughput, aspirate the next round of flies into new cell
culture plates during the video recording. The protocol can be paused here, as the

video recording can be reviewed later.

5. Determination of fly sedation time
1. Record sedation time for each individual fly by watching the video recording.
Sedation time is defined as the moment a fly loses complete postural control and
locomotor ability. It is recommended to watch the film in reverse and record the

time that the fly begins to move to ensure accuracy.
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Representative Results

Two 24-well microtiter plates could generate data simultaneously on 48 individual flies
within as little as 10 min. Table 2.1 lists measurements of ethanol sedation times for 48
individual flies, males and females separately, of two DGRP lines with different
sensitivities to alcohol exposure on development time and viability®3. Flies of line
RAL_555 were less sensitive than line RAL_177 (Figure 2.4, Table 2.2; p < 0.0001,
ANOVA). Males and females of RAL_177 showed no sexually dimorphic effect (Figure
2.4, Table 2.2; p > 0.1, ANOVA), whereas females of line RAL_555 were less sensitive
to ethanol exposure than the males (Figure 2.4, Table 2.2; p < 0.006, ANOVA). The large
number of flies that can be measured simultaneously and the ability to measure sexes and
different lines contemporaneously can increase accuracy by reducing error due to

environmental variation.
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Table 2.1. Measurements of ethanol sedation times (s) of individual flies
of (A) DGRP lines RAL_177 and (B) RAL_555 for separate sexes (n = 48). See

also Table 2.2, Figure 2.4.

A. |Ethanol Sedation Time (s) B. |Ethanol Sedation Time (s)
Females Males Females Males
414  |365 |477 |423 |568 |309 937 |742 |622 |460 (331 |498
201 384 498 |411 (523 |626 791 619 |197 |467 |455 |562
228 364 |333 |440 (403 |267 504 744 |513 |570 (582 |506
440 416 |404 |408 (422 |384 970 540 |369 |865 (533 |492
888 283 |285 [322 (369 |287 595 550 |606 |392 (544 |345
1079 (519 |315 |393 (376 |284 418 709 |553 |308 (477 |388
718 287 432 |275 (206 |411 366 564 |558 |385 (576 |377
598 337 |398 |279 (631 |[372 437 692 |578 |460 (511 |412
241 398 |364 |347 (374 |808 665 |729 |484 |532 (425 |354
229 |423 |534 |386 (396 [628 312 |576 |305 (334 (531 |506
388 |488 |451 (523 |322 |533 682 |638 |420 (560 (548 |379
252 529 |375 |427 (330 |540 1045 (741 |708 |832 (509 |472
674 401 (303 |401 (307 (311 394 675 |381 |477 (449 |784
303 453 |351 |429 |525 (262 540 690 |520 |556 (495 |226
258 483 (302 |389 |[562 (319 356 615 |336 |454 (524 |590
346|426 |385 (416 |596 |287 626 |678 |840 (634 (677 |509
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Figure 2.4. Alcohol sedation times of DGRP lines RAL_177 and RAL_555. The bars
represent means and the error bars SEM (n = 48). Sedation times for RAL_177 flies were
less than those for RAL_55 flies (p < 0.0001, ANOVA). Individual data points are
indicated in Table 2.1. Additional statistically significant differences between sexes and

lines are indicated in the text and in Table 2.2.
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Table 2.2. Analyses of variance for sedation time across sex and DGRP line. The
model used was Y = u+ L + S + LxS + ¢, where p is the overall mean, L is the fixed effect
of the DGRP line (RAL_177, RAL_555), S is the fixed effect of sex (male,

female), LxS is the interaction term (fixed), and ¢ is the error term. The
modelsY=p+L+¢candY =+ S + & were used for the reduced models. Line, Sex, and
the Line x Sex interaction term were all significant in the full model at o < 0.05. Reduced
models by sex and DGRP line RAL 555 were also significant at o < 0.01. See also Table

2.1, Figure 2.4. df = degrees of freedom, SS = Type | Sums of Squares.

Analysis Source of Variation | df SS  |[F-Value |P-value

Line 1 |769627 |34.869 |[<0.0001

Sex 1 105001 |4.757 0.0304
Full Model Pooled

Line x Sex 1 186021 3.897 0.0498

Error 188 (4149491

Line 1 685126 |[23.58 <0.0001
Reduced Model Females

Error 94 (2730718

Line 1 170522 (11.3 0.0011
Reduced Model Males

Error 94 (1418774

Sex 1 1473 0.023 0.8800
Reduced Model RAL_177

Error 94 11943741

Sex 1 190549 (8.12 0.0054
Reduced Model RAL_555

Error 94 (2205751
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Discussion

Here, we present a simple, inexpensive, and high-throughput method for assessing
sedation time due to ethanol exposure in Drosophila melanogaster. Unlike many current
methods, which require group analyses, this assay enables a single person to collect
individual sedation time data for ~2,000 flies within an 8 h work period. We found that a
single person can score 48 flies for sedation time in about 5 min. At this rate, 2,000 flies
can be scored in approximately 4 h, though scoring can be conducted later. With our
assay, the recorded sedation time for most flies ranges from 5-15 min at an exposure to 1
mL of 100% ethanol. Lower concentrations of ethanol or smaller delivery volumes will

result in longer sedation times.

Current methods for assessing sedation time require testing large numbers of flies without
readily enabling measurements on single individuals!®>16:17:18.19.202122.23.24.2526 ‘\jany
current sedation and sensitivity assays rely upon ST50222324  the timepoint at which 50%
of the flies are sedated as a result of ethanol exposure. Although obtaining the ST50 for
groups of flies was not the primary motivation for developing this assay, the video
recordings demonstrate higher utility compared to current methods, as the recordings can
be used to ascertain the ST50 for groups of individually tested flies and to measure the
percentage of flies that satisfy a given criterion (e.g., loss of postural control) at any time
point. It should be noted that such video analyses would require additional time.

Unlike current inebriometer assays, the method we describe does not require specialized

tools to set up and can be performed in any laboratory using common materials. Using
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this method, we have obtained reliable and consistent sedation times for individual flies.
The assay can, in principle, be extended to assess the effects of exposure to any volatile

substance. The assay can also be applied to measure effects of acute toxicity of volatiles
on other insects, including other fly species. Individual sedation time data can be used to

assess the extent of phenotypic variation within a population, such as the DGRP.

We used small insect screen mesh to prevent direct contact with the ethanol solution
while allowing adequate quantities of ethanol vapors to reach the fly. The layer of white
cheesecloth on top of the screen mesh provides visual contrast between the fly and the
surface below and ensures that flies do not get caught in the screen mesh, which could
lead to ambiguous determination of loss of postural control. Commercially available
membranes that are porous to water and air gave inconsistent results and were
insufficiently penetrable to ethanol vapors. We intentionally used small insect screen
mesh because it is a uniformly porous material that minimizes variation in ethanol
exposure as a result of fly position within a well. Modifications can be made to this
protocol based on available materials, although we recommend a controlled behavioral
chamber, access to 90%-100% ethanol close to the fly, and uniform ethanol exposure.
Fly position within the cell culture plates should be randomized between replicates to
avoid positional bias. For larger experiments that require use of this assay across multiple
days and are therefore subject to environmental variation that could influence assay

results (e.g., changes in barometric pressure)?’, we strongly recommend that flies be
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tested at the same time each day and randomized both within and across days, especially

if different lines and/or sexes are to be compared against one another.

The method we developed is best suited for measuring the effect of acute alcohol
exposure but is not suitable for obtaining consumption data or modeling addiction.
Alcohol sedation sensitivity data obtained from this assay can, however, be integrated
with other measures of alcohol-related phenotypes. One limitation of the system is that
the vertical height of standard cell culture plates allows for vertical fly movement that
cannot be readily tracked by video for detailed assessment of overall activity or
locomotion. However, this limitation does not affect accurate assessment of sedation
time. When using flies of different genotypes (e.g., in DGRP-derived outbred
populations?®), this assay also enables retrieval of individual flies to collect pools of flies
with contrasting phenotypes for bulk DNA sequencing and extreme QTL mapping?®=°.
Overall, this assay permits rapid, inexpensive collection of alcohol sedation data on large

numbers of single flies.
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CHAPTER THREE
DEVELOPMENTAL ALCOHOL EXPOSURE IN DROSOPHILA: EFFECTS ON

ADULT PHENOTYPES AND GENE EXPRESSION IN THE BRAIN
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Developmental Alcohol Exposure in Drosophila: Effects on Adult Phenotypes and Gene
Expression in the Brain. Front Psychiatry. 2021 Jul 22;12:699033. doi:
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Introduction

Prenatal exposure to ethanol can trigger a wide range of adverse physiological,
behavioral, and cognitive outcomes, collectively termed fetal alcohol spectrum disorder

(FASD) (1-4). Fetal alcohol syndrome (FAS) has the most severe manifestations of all
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FASDs, including craniofacial dysmorphologies, neurocognitive deficiencies, and
behavioral disorders such as hyperactivity, attention deficit disorder and motor
coordination anomalies (1, 5-7). FAS/FASD is the most common preventable pediatric
disorder, often diagnostically confounded with autism spectrum disorder (8). Time, dose,
and frequency of exposure are often unknown, and manifestations of FASD are diverse
and become evident long after exposure. The Centers for Disease Control and Prevention
found that 1 in 10 pregnant women report alcohol use and more than 3 million women in
the USA are at risk of exposing their developing fetus to alcohol, despite warning labels
on alcoholic beverages that indicate possible effects on prenatal development (9).

Adverse consequences of fetal alcohol exposure extend throughout the lifespan.

Determining the effects of developmental alcohol exposure on adult phenotypes and gene
expression in the adult brain is challenging in human populations, but can be addressed in
model organisms. Drosophila melanogaster is an excellent model to study developmental
effects of alcohol exposure, as we can control the genetic background and environmental
conditions for large numbers of individuals without regulatory restrictions and at low
cost. Importantly, flies exposed to alcohol experience loss of postural control, sedation,
and development of tolerance (10-13), resembling human alcohol intoxication. Previous
studies on the effects of developmental alcohol exposure in Drosophila showed reduced
viability and delayed development time (14, 15), reduced adult body size (14) and
disruption of neural development (16). Developmental exposure to alcohol was

associated with reduction in the expression of a subset of insulin-like peptides and the
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insulin receptor (14), dysregulation of lipid metabolism and concomitant increased
oxidative stress (17), and reduced larval food intake due to altered neuropeptide F

signaling (18).

Here, we show that developmental alcohol exposure in Drosophila results in decreased
viability, reduced sensitivity to ethanol, and disrupted sleep and activity patterns. Single
cell RNA sequencing on adult fly brains following developmental alcohol exposure
shows widespread sexually dimorphic changes in gene expression. These changes in gene
expression resemble changes observed previously following cocaine exposure (19),
indicating common neuronal and glial elements that respond to alcohol and cocaine

consumption.

Methods

Drosophila Stocks and Exposure to Ethanol

Drosophila melanogaster of the wild type Canton S (B) strain were maintained on
cornmeal/yeast/molasses-agar medium supplemented with yeast at 25°C on a 12 h light:
dark cycle with 50% humidity, in controlled adult density vials to prevent overcrowding.
We allowed 5 males and 5 females to mate for 2 days and aged their progeny for 3-5
days after eclosion. We then placed 50 males and 50 females into large egg collection
cages on grape juice agar and yeast paste. We acclimatized the flies to the cages for 24 h

with grape juice plate changes every 12 h, and collected up to 12-h old eggs with a blunt
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metal needle. We placed the eggs on cornmeal-agar-molasses medium (control) or on
cornmeal-agar-molasses medium containing 10% (v/v) ethanol (ethanol) without yeast.
We collected 50 eggs per vial and set up 1015 vials per condition per collection week
over a 48-h period (Figure 3.1). After eclosion, flies were transferred to control medium
without yeast and aged as indicated for the relevant experiments. Unless otherwise

indicated, all behavioral assays were performed in a controlled environment at 25°C.

g0 (272082000

50 eggs per vial on regular food

3.5 day old flies / 35 = [ B = [ &
A L= ] ] —
50 males X 50 females 3 u U ) U '\_J scRNA-seq Analysis

setup in egg collechon

capes
> 50 eggs per vial on Brains dissected and dssocated from 3.5 day

ethanol-supplemented food old flies colected and aged on regular food

Figure 3.1 Diagram of the experimental design

Viability

The number of flies that emerged from vials into which 50 eggs had been placed were
counted and the data were analyzed using the “PROC GLM” command (Type III) in SAS
v3.8 (Cary, NC) according to the model Y = u + T + ¢, where Y is the number of eclosed
flies, p is the population mean, T is the fixed effect of treatment (flies reared on control or

ethanol medium), and ¢ is the residual error.
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Ethanol Sensitivity

We measured ethanol sedation time as described previously (20) on 44-48 3-5 day old
flies per sex per treatment. Ethanol sedation time was assessed between 8:30 a.m. and
11:30 a.m. The number of seconds required for flies to lose postural control was analyzed
using the “PROC GLM” command (Type III) in SAS v3.8 according to the model Y =
+ T+ S+ TxS + ¢, where Y is the time to sedation, p is the population mean, T is the fixed
effect of treatment (control or ethanol medium), S is the fixed effect of sex, and ¢ is the

residual error.

Sleep and Activity

Flies reared on either control or ethanol medium were placed in Drosophila Activity
Monitors (DAM) (TriKinetics, Waltham, MA) containing a 5% sucrose, 2% agar medium
at 1-2 days of age, and monitored for 7 days on a 12 h light-dark cycle. Activity was
recorded as counts every time the fly interrupts an infrared beam. Sleep was defined as at
least 5 min of inactivity. Only data from flies that survived the entire testing period were
included, resulting in 57-64 flies per sex per treatment for analysis. Raw DAM monitor
data were run in ShinyR-DAM (21), and the outputs were downloaded and parsed
according to phenotype (e.g., day/night, sleep/activity, bout length/bout count) for
subsequent statistical analyses. The data were analyzed using the “PROC MIXED”
command (Type I11) in SAS v3.8 according to the model Y = p

+ T+ S+ TxS + Rep(TxS) + &, where Y is the sleep or activity phenotype,  is the

population mean, T is the fixed effect of treatment (control or ethanol medium), S is the
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fixed effect of sex, Rep is the random effect of replicate and ¢ is the residual error.

Reduced models were also performed for each sex.

Brain Dissociation and Single Cell RNA Sequencing

For single cell RNA sequencing, we collected duplicate samples of 20 brains for each sex
from flies reared on control or ethanol medium. We dissociated the brains as previously
described after incubation with 450 ul of collagenase solution [50 ul of fresh 25 mg/ml
collagenase (Gibco) in sterile water + 400 pl of Schneider's medium] for 30 min followed
by stepwise trituration - P200 pipette 5 times, 23G needle pre-wetted with PBS + BSA 5
times, and 27G pre-wetted needle 5 times (19). The resulting suspension was passed
through a pre-wetted 10 pum strainer (Celltrics, Gorlitz, Germany) with gentle tapping.
We counted live cells using a hemocytometer with trypan blue exclusion and proceeded
with GEM generation using the Chromium controller (10X Genomics, Pleasanton, CA)
for samples with >500 live cells/ul. We prepared libraries in accordance with 10X
Genomics v3.1 protocols. We determined fragment sizes using Agilent Tapestation Kits
(Agilent, Santa Clara, CA)—d5000 for amplified cDNA and d1000 for libraries. We
measured the concentrations of amplified cDNA and final libraries using a Qubit 1X
dsDNA HS kit (Invitrogen, Waltham, MA) and a qPCR based library quantification kit
(KAPA Biosystems, Roche, Basel, Switzerland). We used 12 cycles for the cDNA
amplification and 12 cycles for indexing PCR. We sequenced the final libraries on an

IHlumina NovaSeq6000.
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Single Cell RNA Sequencing Data Analysis and Bioinformatics

We used the mkfastq pipeline within Cell Ranger v3.1 (10X Genomics, Pleasanton, CA)
to convert BCL files from the sequence run folder to demultiplexed FASTQ files. We
used the mkref pipeline to index the release 6 version of the D.

melanogaster reference GCA_000001215.4 from NCBI Genbank. For alignment, we used
the count pipeline within Cell Ranger v3.1 with the expected cell count parameter set to
5,000 cells. We imported raw expression counts output for each sample from the Cell
Ranger pipeline and analyzed these data using the Seurat v3 package in R (22). We
normalized counts by regularized negative binomial regression using

the scTransform pipeline (23). We performed integration of samples using

the SCT method. RunUMAP and FindNeighbors functions were used with 10 dimensions
to ordinate expression space and reduce data dimensionality. To identify cell-type
clusters, we used unsupervised clustering using the FindClusters function and assigned

the origin of clustered cells based on well-established biomarkers.

We used the Pearson residuals output from the scTransform pipeline as input for
differential expression calculation (23). We used the MAST algorithm as the testing
methodology in the FindMarkers function for each cluster to calculate differential
expression, which allows for the incorporation of the cellular detection rate, defined as a
fraction of genes expressed in each cell, as a covariate (24). P-values for differential
expression were adjusted for multiple-hypothesis testing using a Bonferroni correction,

and adjusted p-values that are <0.05 were considered statistically significant.
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Interaction networks were produced using the unique list of differentially expressed

genes aggregated from all clusters and the stringApp (25) within Cytoscape (26).

The code for all analyses can be found here: https://github.com/vshanka23/The-
Drosophila-Brain-after-developmental-ethanol-exposure-at-Single-Cell-

Resolution/blob/main/Rcode_for_analysis.R

Data Availability Statement
The datasets for this study can be found in the GEO repository under accession number

GSE172231.

Results

Effects of Developmental Alcohol Exposure on Adult Phenotypes

Exposure of flies to ethanol during the embryonic and larval stages resulted in an 8.9%
reduction in viability compared to flies reared on control medium (Figure 3.2A). The
adult flies exposed to ethanol during development did not show any overt morphological
abnormalities. We next asked whether developmental alcohol exposure would alter
sensitivity to acute alcohol exposure as adults. We reared developing flies on ethanol
medium and transferred the adults to control medium immediately after eclosion. The

flies that developed on ethanol medium showed reduced sensitivity (longer sedation
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times) to acute alcohol exposure in both sexes, indicating increased tolerance to acute

alcohol exposure compared to flies that developed on control medium (Figure 3.2B).
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Figure 3.2. Effects of developmental alcohol exposure on viability and behavioral
phenotypes in adult flies. (A) Boxplots of viability (n = 12 reps of 50 embryos per
treatment), (B) Ethanol sensitivity (n = 43-49, 3-5 day old flies per sex per

treatment), (C) Activity, (D) Proportion of daytime sleep, (E) Activity bouts during the

day. (F) Proportion of night time sleep, (G) Activity bouts during the night. Day hours

109


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/figure/F2/
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=8341641_fpsyt-12-699033-g0002.jpg
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=8341641_fpsyt-12-699033-g0002.jpg
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/figure/F2/

are from 7 a.m. to 7 p.m., lights on 7 h after hour zero. Gray boxes indicate flies reared
on medium supplemented with 10% (v/v) ethanol and white boxes indicate control flies
grown on regular medium. n = 57-64 flies per sex per treatment for all sleep and activity
phenotypes. *p < 0.05, **p < 0.01, ***p < 0.001. Actograms are shown

in Supplementary Figure S3.1.

Children with FASD often have disturbed sleep (27, 28). Therefore, we used the
Drosophila Activity Monitor system to assess the effects of developmental alcohol
exposure on adult activity and sleep patterns and found that exposure to alcohol during
development had sex-specific effects on these phenotypes. Overall activity in males was
not affected by the ethanol treatment, but females exposed to ethanol were more active
(Figure 3.2C and Supplementary Table S3.1). Ethanol exposure reduced sleep during the
day in both sexes (Figure 3.2D), and day sleep in males was fragmented, with an increase
in activity bouts (Figure 3.2E). In contrast, females compensated for increased activity
and reduced daytime sleep with extended periods of night sleep (Figure 3.2F) with a
reduced number of activity bouts (Figure 3.2G and Supplementary Figure

S3.1; Supplementary Table S3.1).

Effects of Developmental Alcohol Exposure on Gene Expression in the Brain
We performed single cell RNA sequencing to assess the effects of developmental alcohol
exposure on gene expression in the brain in males and females, with two replicates per

sex and treatment (Figure 3.1). We obtained a total of 108,571 cells across all samples,

110


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/#SM1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/#B27
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/#B28
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/figure/F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/#SM3
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/figure/F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/figure/F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/figure/F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/figure/F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/#SM1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/#SM1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/#SM3
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/figure/F1/

which corresponds to ~10% of all cells in a Drosophila brain (Supplementary Table
S3.2). We visualized these data using the Uniform Manifold Approximation and
Projection (UMAP) non-linear dimensionality reduction method (29), which showed that
all samples were uniformly represented (Figure 3.3 and Supplementary Table S3.2).
Unsupervised clustering of the dataset generated 43 cell clusters, which represent the
major regions of the Drosophila brain, including neuronal and glial populations, and all
major neurotransmitter cell types (Figure 3.4 and Supplementary Table S3.3). We
identified seven distinct populations of GABAergic neurons, two subpopulations of
Kenyon cells of the mushroom bodies (integrative centers for experience-dependent
modulation of behavior), and several distinct populations of glia, including two separate

clusters of astrocytes as well as surface glia that form the blood-brain barrier (Figure 3.4).

111


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/#SM4
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/#SM4
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/#B29
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/#SM4
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/figure/F4/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/#SM5
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8341641/figure/F4/
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=8341641_fpsyt-12-699033-g0003.jpg

15 4

10 4
54
® Q ETOH Rep1
o~ ® Q ETOH Rep2
a 0 @ 9 Control Rep1
< ® Q Control Rep2
= ® 3 ETOH Rep1
D ® J ETOH Rep2
@ & Control Rep1
@ & Control Rep2
-5
-10
-15
-10 -5 0 5 10
UMAP 1

Figure 3.3. Uniformity across samples of single cell transcriptomes. Gene expression
patterns of single cells (n = 108, 571) from all eight samples are represented in low
dimensional space using a graph-based, non-linear dimensionality reduction method
(UMAP). Individual dots represent the transcriptome of each cell and the colors of the

dots represent the samples to which the cells belong.
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Figure 3.4. UMAP visualization and annotation of cell clusters. Cells were clustered
based on their expression pattern using the unsupervised shared nearest neighbor (SNN)
clustering algorithm. Individual dots represent each cell and the colors of the dots
represent the cluster to which the cells belong. Annotation of cell types from clusters was
performed by cross-referencing cluster-defining genes across FlyBase (30) and published

literature (Supplementary Table S3.3).
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We combined all differentially expressed genes from all clusters and performed
differential expression analyses. We found 119 transcripts in males and 148 transcripts in
females with altered abundances after developmental alcohol exposure at a Bonferroni
adjusted p < 0.05. We identified 61 upregulated and 25 downregulated genes in males,
and 57 upregulated and 34 downregulated genes in females at a threshold of |logeFC| >
0.25 (Figure 3.5 and Supplementary Tables S3.4, S3.5). Increasing the stringency to
[logeFC| > 1.0 (Bonferroni adjusted p < 0.05) retained 36 upregulated and 10
downregulated genes in males and 32 upregulated and 20 downregulated genes in
females (Supplementary Figure S3.2). Differential expression patterns are sexually
dimorphic, as observed previously for cocaine-induced modulation of gene expression
(29), with only 32 differentially expressed genes in common between the sexes. Changes
in gene expression in the mushroom bodies, represented by cluster C12, are primarily
observed in females. Developmental alcohol exposure modulates expression of several
genes in glia, represented by clusters C5, C15, C23, C24, and C33, in a sexually
dimorphic pattern (Figure 3.5). Especially noteworthy is the prominent differential
expression of INCRNA:CR31451, a long non-coding RNA of unknown function, in
multiple neuronal populations. This transcript is globally upregulated in males but
downregulated in females (Figure 3.5 and Supplementary Figure S3.2). Among all
differentially expressed genes, ~58% have human orthologs (DIOPT score >

3; Supplementary Table S3.6).
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Figure 3.5. Differentially expressed genes across clusters in males (A) and

females (B) after developmental alcohol exposure. Differentially expressed genes are
listed on the top (columns) and cell clusters are represented by the rows. Upregulated
genes are indicated with orange and downregulated genes are indicated with purple.
Differentially expressed genes are filtered at |logeFC| > 0.25 and a Bonferroni

adjusted p < 0.05. Differentially expressed genes that survive a threshold of |[logeFC| >

1.0 with a Bonferroni adjusted p < 0.05 are shown in Supplementary Figure S3.2.

We assessed global interaction networks of differentially expressed gene products across
all cell clusters for males and females separately (Figure 3.6). The male interaction
network is composed of modules associated with glutathione metabolism, lipid transport,
glutamate and GABA metabolism, and vision (Figure 3.6A). The female interaction
network also contains modules associated with glutamate and GABA metabolism, lipid
metabolism, and vision, but the composition of these modules is distinct from their male
counterparts. In addition, the female network features modules associated with
monoaminergic signaling, cell adhesion, and Wnt signaling (Figure 3.6B). Multiple cell
clusters contribute to each network module, indicating that modulation of gene regulation
by developmental alcohol exposure is coordinated across different cells throughout the

brain.
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Figure 3.6. Global interaction networks of differentially expressed gene products in

males (A) and females (B) following developmental alcohol exposure. Colors of the
nodes correspond to the clusters in which expression of the gene is altered after growth

on alcohol-supplemented medium.
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We noticed that many genes that are differentially expressed following developmental
exposure to ethanol correspond to genes that undergo altered expression when flies are
exposed to cocaine (19). However, the transcriptional response to acute exposure to
cocaine is larger than the transcriptional response to developmental alcohol exposure.
Nonetheless, 69.7% of differentially expressed genes in males and 43.2% of differentially
expressed genes in females in our data overlap with differentially expressed genes after
consumption of cocaine (Figure 3.7 and Supplementary Table S3.7), although the
magnitude and direction of differential expression of common genes between the two
treatments varies by cell type (Supplementary Table S3.8). Gene ontology enrichment
analyses of this common set of genes in each sex highlights gene ontology categories
associated with development and function of the nervous system (Supplementary Table

$3.9) (31).
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Figure 3.7. Venn diagrams indicating the proportions of differentially regulated
genes after exposure to alcohol during development or acute consumption of cocaine
for males (A) and females (B). Data for cocaine exposure are from ref 19. See

also Supplementary Table S3.7.

Discussion

We characterized the consequences of developmental alcohol exposure in Drosophila on
viability, behavioral phenotypes, and gene expression in the brain. Characteristic features
of FASD in humans include craniofacial dysmorphologies and cognitive impairments.
Although we did not perform detailed morphometric measurements, we did not observe
any overt morphological aberrations, and cognitive impairments are challenging to assess
in Drosophila. Nevertheless, flies exposed to alcohol during embryonic and larval
development showed changes in activity and sleep patterns (Figures 3.2C-G), consistent
with previously observed effects of larval ethanol exposure on adult circadian rhythms

(32, 33) and reminiscent of activity and sleep disturbances seen in children with FASD
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(27, 28). We also find that growth on alcohol supplemented medium results in reduced

ethanol sensitivity of adult flies, in agreement with a previous study (Figure 3.2B) (14).

We hypothesize that the effects of developmental alcohol exposure on changes in gene
expression in the Drosophila central nervous system will converge on evolutionarily
conserved cellular processes. Drosophila is advantageous for studies on gene expression
at single cell resolution because we can survey the entire brain in a single analysis, unlike
studies in rodents, and pooling multiple brains of the same genotype averages individual
variation. The power to detect changes in gene expression in our study is improved by

only considering changes in gene expression that are consistent across replicates.

We observed changes in gene expression in adult flies, even though exposure to alcohol
occurred only during the larval stages and briefly after eclosion, after which adults were
collected and maintained on regular medium without alcohol. It is possible that

developmental alcohol exposure may result in epigenetic modifications that give rise to

altered gene expression patterns into adulthood (34).

We observe changes in gene expression in diverse neuronal and glial cell populations
(Figure 3.5). Since we are not able to sample all cells of the brain, it is likely that some
neuronal or glial cell populations are not represented in our data. However, the major
regions of the Drosophila brain and all major neurotransmitter cell types are represented

(Figure 3.4 and Supplementary Table S3.3). The effects of developmental alcohol
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exposure are sexually dimorphic, similar to previously observed changes in transcript
abundances following consumption of cocaine (19). Sexual dimorphism is also a
hallmark of FASD, with different effects of fetal alcohol exposure on neural development
and cognitive abilities between males and females (35-38). Although different genes are
affected in males and females, gene ontology analysis indicates that they converge on the
same biological processes, related to development and function of the nervous system
(Supplementary Table S3.8). The considerable overlap between differentially expressed
genes in response to alcohol and cocaine suggests common neural substrates that respond
to toxic exposures. Genes associated with immune defense and xenobiotic detoxification,
including the glutathione pathway, feature in interaction networks of differentially

expressed gene products (Figure 3.6).

InNcRNA:CR31451 shows large sexually antagonistic responses to developmental alcohol
exposure in many neuronal cell populations. Whereas, a previous study documented
expression of this gene in glia (39), we only observe differential gene expression

of INcRNA:CR31451 in neurons under the conditions of our study (Figure 3.5). Future
studies are needed to assess whether this gene product fulfills a regulatory function that
affects multiple neurotransmitter signaling processes and whether its sex-antagonistic
response to alcohol exposure could in part cause the differential gene expression patterns

seen in males and females.
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Our observations of extensive changes in gene expression in glia in response to
developmental alcohol exposure are in accordance with the role of glia in FASD. Fetal
alcohol exposure leads to impaired astrocyte development and differentiation, which
gives rise to microencephaly (40, 41). In addition, ethanol exposure increases
permeability of the blood brain barrier (42), which in Drosophila is formed by the surface
glia (43). Among the glial genes that show altered expression after developmental alcohol
exposure in Drosophila are GILT1, which contributes to the immune defense response to
bacteria (44), Gs2 and Eaatl, which are involved in glutamine synthesis and transport of
glutamate in astrocytes (45, 46), GstE12 and se, which are involved in glutathione
metabolism (47), and fabp and apolpp, which function in lipid metabolism (48, 49).
GABA signaling and glutamate signaling neuronal cell populations feature prominently
in our data (Figure 4). Glutamate is also a precursor for the biosynthesis of glutathione,
which is produced in glia and protects against oxidative stress and detoxification of
xenobiotics (50). Developmental alcohol exposure interferes with glutamate and GABA
signaling because ethanol is both an antagonist to the NMDA glutamate receptor and
mimics GABA (51). Consequently, fetal alcohol exposure results in neuronal apoptosis
during the rapid brain growth spurt during which the astrocytes play a major role

(51, 52). Evolutionarily conserved neural processes that respond to developmental
alcohol exposure in Drosophila thus provide a blueprint for translational studies on
alcohol-induced effects on gene expression in the brain that may contribute to or result

from FASD in human populations.
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CHAPTER FOUR
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Drosophila, performed the behavioral studies, and analyzed the resulting behavioral data.

Introduction

Prenatal exposure to ethanol can trigger a wide range of adverse physiological,
behavioral, and cognitive outcomes, referred to as fetal alcohol spectrum disorder
(FASD) [1-4]. Fetal alcohol syndrome (FAS) is the most severe FASD. Affected
individuals show craniofacial defects, deficiencies in cognition and behavioral anomalies,

including hyperactivity, attention deficit disorder and motor coordination [1, 5-7].
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FAS/FASD is the most common preventable pediatric disorder, often diagnostically
confounded with autism spectrum disorder [8]. The Centers for Disease Control and
Prevention found that, despite warning labels on alcoholic beverages that indicate
possible adverse effects on prenatal development, 1 in 10 pregnant women report alcohol
use and more than 3 million women in the USA are at risk of exposing their developing
fetus to alcohol [9]. Although defects from prenatal alcohol exposure can be replicated in
mouse models [10], identifying genetic factors that contribute to susceptibility to FASD
is virtually impossible in human populations since time, dose, and frequency of exposure
are generally unknown, and manifestations of FASD are diverse and become evident long

after exposure.

Drosophila melanogaster presents an advantageous model for studies on the genetic
underpinnings associated with symptoms of developmental alcohol exposure. The
Drosophila model allows strict control over the genetic background. In addition,
individuals of the same genotype can be reared in large numbers under controlled
environmental conditions, without regulatory restrictions and at low cost. Following
acute exposure to alcohol, flies undergo loss of postural control, sedation, and
development of tolerance, physiological and behavioral changes that resemble human

alcohol intoxication [11-14].

Previous studies on the effects of developmental alcohol exposure in Drosophila showed

reduced viability and delayed development time [15, 16], reduced adult body size [15],
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and disruption of neural development [17]. Developmental exposure to alcohol was
associated with reduction in the expression of a subset of insulin-like peptides and the
insulin receptor [15], dysregulation of lipid metabolism and concomitant increased
oxidative stress [18] and reduced larval food intake due to altered neuropeptide F

signaling [19].

In previous studies, we have taken advantage of natural variation in the Drosophila
melanogaster Genetic Reference Panel (DGRP), a well characterized population of 205
inbred wild-derived lines with complete genome sequences [20, 21], to study the genetic
underpinnings of developmental alcohol exposure [16], voluntary ethanol consumption
[22], acute ethanol intoxication, and induction of tolerance [23, 24], a prelude to the
development of alcohol dependence in people. Linkage disequilibrium in the DGRP
decays within a few hundred base pairs [21], which enables identification of candidate
causal single nucleotide polymorphisms (SNPs) associated with phenotypic variation in
alcohol-related traits. A major unresolved question relates to the mechanism(s) by which
alcohol exposure during development affects adult phenotypes. Here, we performed RNA
sequencing to assess the effects of developmental alcohol exposure on genome wide
genetic variation in gene expression of young adults. Evolutionary conservation of
fundamental biological processes and superposition of human orthologs on
transcriptional networks identified in flies provides translational potential for studies in

the Drosophila model.
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Results

Transcriptional profiles of flies reared on ethanol supplemented medium

We performed transcriptional profiling of flies reared on regular medium or medium
supplemented with 10% (v/v) ethanol from 96 DGRP lines that span the phenotypic
spectrum of alcohol sensitivity following developmental exposure to alcohol
(Supplementary File S4.1) [16]. For each line, we obtained duplicate samples of 30 males
and 25 females, aged 3-5 days, all collected at the same time of day, and performed RNA
sequencing using 125 bp single end reads. A total of 33,580 transcripts were expressed in
adult flies, of which 16,165 (48.1%) are annotated and 17,415 (51.9%) are novel
transcribed regions (NTRs) [25, 26] (Supplementary File S4.2). We performed three-way
factorial mixed model ANOVAs with the main effects of DGRP line, sex, and treatment
for all expressed transcripts, and used a False Discovery Rate (FDR) threshold <0.05 for
statistical significance of each term in the ANOVA model (Supplementary File S4.2). As
in previous analyses of genome-wide gene expression using whole flies [25-27], we find
that expression of nearly all expressed transcripts is sexually dimorphic (28,343, 84.4%).
The expression of 16,278 transcripts (48.5%) is modulated by alcohol, and for 10,002
transcripts the transcriptional response to ethanol differs between males and females (i.e.,
there is a treatment by sex interaction). There is significant genetic variation in
expression for 10,620 transcripts, as well as context-specific genetic variation, with
11,338 transcripts exhibiting genetic variation in sexual dimorphism (sex by line

interaction), 1,222 showing genetic variation in response to developmental exposure to
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ethanol (treatment by line interaction) and 77 with genetic variation in sexual dimorphism

in response to ethanol (sex by treatment by line interaction).

Because we found extensive interactions with sex and treatment and sex and DGRP line,
we performed two-way ANOVASs partitioning gene expression variation by line,
treatment, and the line by treatment interaction (L x T), separately for males and females
(Supplementary File S4.3). The main effect of treatment was significant (FDR < 0.05) for
14,158 (13,827) transcripts in females (males), and the main effect of line was significant
for 13,521 (20,996) transcripts in females (males). We are most interested in transcripts
with a significant genotype by alcohol treatment interaction (L x T) since these transcripts
show genetic variation in their response to developmental ethanol exposure. When we
compared expression profiles of flies grown on ethanol supplemented medium with
transcript abundance levels obtained under standard growth conditions, we found 939
significant L x T interactions in females and 823 in males (Supplementary File S4.4). Of
these 1,351 transcripts that have genetically variable responses to ethanol exposure
during development, 253 are in common between males and females, 499 are female-
specific and 346 are male-specific. The transcripts with significant L x T terms in females
were enriched for biological process gene ontology terms involved in metabolism,
biosynthesis, transcription, immune/defense response, and chromatin organization; and
the transcripts with significant L x T terms in males were enriched for biological process

gene ontology terms involved in immune/defense response, metabolism, and
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development [28] ( Supplementary File S4.4). A total of 65.6% of these genes have

human orthologs ( Supplementary File S4.4).

Co-regulated modules of transcripts that are differentially regulated after developmental
alcohol exposure

We analyzed the sex-specific correlation structure of the developmental alcohol-sensitive
transcriptome and identified eight highly interconnected modules in females (Figure 4.1).
These modules contained transcripts associated with xenobiotic detoxification and
metabolism (Figures 4.1A, B), development and cell adhesion (Figures 4.1B, C), cuticle
formation (Figure 4.1E) and neural signaling (Figure 4.1G). The latter includes sSNPF,
which is associated with neuropeptide F signaling and has been previously implicated
with reduced larval food intake when larvae were grown on alcohol-supplemented
medium [19]. One module consists almost exclusively of NTRs (designated XLOCs;
Figure 4.2D) [25, 26]. Of special interest is 1lp3, which encodes an insulin-like peptide
implicated in developmental exposure to alcohol [15] and is correlated with a network of
NTRs (Figure 4.1F). The most highly correlated group of transcripts are the small

nucleolar RNAs (snoRNAs; Figure 4.1H).
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Figure 4.1. Correlations of differences in gene expression between developmental
ethanol treatment and control in females. The center panel heat map corresponds to the
unfiltered, bi-clustered correlation matrix calculated for differences in expression of
genes with a statistically significant line-by-ethanol treatment interaction term in a linear
mixed effects model. The strength of the correlation is depicted as gradients and the
directionality as color (positive correlations in red and negative correlations in blue).
Networks derived from clusters with strong intra-connectivity are depicted around the
center panel (panels A-H). The MCODE connectivity score for each node is represented
as a color gradient. The edge colors follow the same scheme as the center panel (strength
as gradient and directionality as color). Genes with statistically significant eQTLs are

highlighted with pink borders.
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Figure 4.2. Correlations of differences in gene expression between developmental
ethanol treatment and control in males. The center panel heat map corresponds to the
unfiltered, bi-clustered correlation matrix calculated for differences in expression of
genes with a statistically significant line-by-ethanol treatment interaction term in a linear
mixed effects model. The strength of the correlation is depicted as gradients and the
directionality as color (positive correlations in red and negative correlations in blue).
Networks derived from clusters with strong intra-connectivity are depicted around the
center panel (panels A-1). The MCODE connectivity score for each node is represented
as a color gradient. The edge colors follow the same scheme as the center panel (strength
as gradient and directionality as color). Genes with statistically significant eQTLs are

highlighted with pink borders.

Although there was overlap between alcohol-modulated transcripts in males and females,
the correlation structure for differentially expressed genes in males shows an entirely
different modular organization (Figure 4.2). The nine male modules are generally smaller
and more difficult to interpret than the female modules, as they are dominated by NTRs
and genes of unknown function. Whereas the functions of this new class of non-coding
transcripts remain to be established, they feature prominently in networks of alcohol-
modulated transcripts (Figures 4.1 and 4.2). This suggests a regulatory role for non-
coding elements in the genome in modulating the transcriptional response to

developmental alcohol exposure.
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To identify genetic associations within modules of differentially expressed genes, we
mapped expression quantitative trait loci associated with the difference in expression
between standard and ethanol-supplemented medium, or response expression-
Quantitative Trait Loci (e-QTLs; [25, 26]). We identified 53 eQTLS, including 19 NTRs,
in females, and 45 eQTLs, including 11 NTRs and four long-noncoding RNAs
(IncRNASs), in males (Supplementary File S4.5). All eQTLs, with the exception of the
eQTL associated with the difference in NetA expression between standard and ethanol-
supplemented medium in females, were in trans (greater than 1 kb from the start and end
of the gene body) to the genes associated with an LXT interaction). Therefore, we
determined to what genes these eQTLs were in cis (defined by within 1 kb of a gene
body) (Supplementary File S4.5). We then input the genes with LXT interactions and the
genes to which the eQTLs are cis into known genetic and protein—protein or RNA—
protein physical interaction networks to construct sex-specific networks associated with
genetic variation in response to developmental exposure to ethanol (Figure 4.3). The
resulting networks are composed of integrative modules that highlight considerable
overlap between cellular processes in males and females despite significant sexual
dimorphism in ethanol-induced differential gene expression. Genes associated with
neuronal development and differentiation, response to ethanol, and reproduction are
evident in networks of both sexes. The female network also incorporates modules
associated with glutathione metabolism and phototransduction (Figure 4.3A), whereas the
male network contains modules associated with immune response, starvation and stress

response, and septate junction assembly (Figure 4.3B).
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Figure 4.3. Female (A) and male (B) interaction networks built from eQTLs and
known genetic and physical associations. The central networks in each panel represent
the sex-separated, filtered interaction networks generated by incorporating eQTL
associations calculated from expression differences, between ethanol and control
conditions, of genes with a statistically significant line-by-treatment (LXT) term in the
ANOVA model, to known genetic and protein—protein or RNA—protein physical
interactions from the FlyBase interaction database. Pink nodes represent the genes from
the LxT set. Yellow nodes represent genes either containing or within 1,000 bp of the
eQTL variant. Cyan nodes represent genes with known genetic or physical interactions to
the rest of the network. Blue edges represent the eQTL associations from this study.
Green and orange edges represent known genetic and physical associations from the
Flybase interaction database. Individual inlets of genes around the central network are
MCODE-generated modules of genes. Annotations of the inlets are based on statistically
enriched pathways for genes within these modules. Terms with Benjamini—Hochberg
FDR adjusted P-value < 0.05 in the statistical overrepresentation test were considered

statistically significant

Coordinated sex-specific modulation of an ensemble of sSnoRNAs

Altered co-regulation of 38 snoRNAs was observed only in females exposed to alcohol
during development. The direction of changes in SnoORNA expression was strongly
genetic background-dependent, with some DGRP lines showing coordinated up-

regulation, some exhibiting coordinated down-regulation, and others showing no change
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in snoRNA expression (Figure 4.4; Supplementary File S4.6). The snoRNAs that exhibit
genetic variation in their response to developmental ethanol exposure belong primarily to
the H/ACA class, which are associated with pseudouridylation of ribosomal RNAs

[29, 30]; many are in introns of RpS4, RpL5, RpS5a, RpS7, RpL11, RpS16, RpL17,

and RpL22 ribosomal protein encoding genes. The number of snoRNAs within each gene
varies from 1 to 15 (Supplementary File S4.6). When multiple snoRNAs are present in a
gene, only some show altered expression in response to ethanol exposure, although in
some cases clusters of genes, likely expressed as polycistronic transcripts, are regulated
together. Other snoRNAs with altered expression in response to chronic ethanol exposure
are in introns in dom, which contributes to histone acetyl transferase activity associated
with epigenetic modification of gene expression [31]; CG13900 (Sf3b3), inferred to form
part of a spliceosome complex [32]; SC35, which encodes a splicing factor [33]; kra,
which is annotated as a translation initiation factor binding protein [34]; Aladin, predicted
to form part of the nucleopore complex [35]; and Nop60B, which encodes pseudouridine

synthase [36, 37].
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Figure 4.4. Differentially expressed snoRNAs from female flies grown on ethanol
versus regular food. Vertical columns represent individual DGRP lines. The color scale
indicates upregulation (red) or down-regulation (blue) after growth on ethanol-

supplemented medium

Examination of variation in transcript abundances of sSnoRNAs and host genes other than
those encoding ribosomal proteins show that the expression of these SnoRNAS is
regulated independently from the host genes (Figure S4.1). Interestingly, transcript
abundance levels of all alcohol-sensitive SnoRNAs were correlated with variation in

expression of Uhg4, which is highly expressed in ovaries and encodes a IncRNA (Figure
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S4.1) [38]. A previous genome-wide association study in the DGRP identified Cyclin E
(CycE) as a highly interconnected hub gene in a genetic network associated with alcohol-
induced variation in viability and development time [16]. Variation in CycE transcript
abundance was not correlated with variation in transcript abundance levels of ShoRNAs
but was highly correlated with variation in transcript abundance levels of their host genes
(Figure S4.2). Expression levels of stet, dom, Aladin, kra and Nop60B were also highly

correlated (Figure S4.2).

Effects of developmental alcohol exposure on activity and sleep

The transcriptome is a proximal determinant of organismal phenotypes. FAS/FASD
symptoms include hyperactivity and sleep disorders. Since activity and sleep are
universal measures of nervous system function which can be modeled in Drosophila, we
used activity and sleep parameters as a read-out of the behavioral effects of alcohol
exposure during development (Figure 4.5). We selected three DGRP lines which
exhibited the highest degree of coordinated up-regulation (DGRP_177, DGRP_208,
DGRP_367) and down-regulation (DGRP_555, DGRP_705, DGRP_730) of a subset of
snoRNAs in response to developmental alcohol exposure and reared them either on
regular food or food supplemented with ethanol. We measured their activity and sleep
phenotypes using the Drosophila Activity Monitor (DAM) system, in which single flies
are introduced into narrow tubes and a movement is recorded any time the fly disrupts an
infrared beam. We performed factorial mixed model ANOVA analyses with the main

effects of sex, treatment and DGRP line for activity, night and day sleep proportion, and
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night and day bout count. There was significant genetic variation for all traits among the

DGREP lines, and the L x T interaction was significant for activity, night bout count, and

the proportion of day and night sleep (Supplementary File S4.7). Thus, exposing

Drosophila to alcohol during development affects activity and sleep phenotypes relevant

to patients with FASD, but the effects are dependent on genetic context.
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Figure 4.5 Effects of developmental ethanol exposure on sleep and activity

phenotypes. Boxplots averaged across treatment and sex showing the main effect of line

on (A) locomotor activity, recorded as the average number of counts per day, where

counts are the number of times the fly crosses the infrared beam as recorded by the DAM
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System, (B) number of sleep bouts during day and night hours, and (C) proportion of
time spent asleep during day and night hours. DGRP lines 177, 208, 367, 555, 705, 730
are shown in red, blue, green, purple, orange, and yellow, respectively. Bar graphs of (D)
locomotor activity (LXT P =0.0091), (E) number of sleep bouts during day (light grey
bars) and night (black bars) hours (Day LXT P =0.1538; Night LXT P =0.0014), and (F)
proportion of time asleep during day (light grey bars) and night (black bars) hours

(Day LXT P=0.0491; Night LXxT P=0.0181), for each DGRP line, averaged across
treatment, showing the effect of line by treatment (ethanol-supplemented food minus

regular food). * P <0.05, ** P <0.01, *** P <0.001

Discussion

Although previous studies have identified a plethora of genetic risk factors that contribute
to alcohol related phenotypes in human populations or rodent models [11, 39], our
understanding of the interaction between environmental alcohol exposure and allelic
variants remains incomplete. Evolutionary conservation of fundamental biological
processes and similarity of the effects of alcohol exposure between flies and people have
established D. melanogaster as a useful translational gene discovery system [11, 23, 40].
Here, we identified transcripts that undergo altered regulation when flies are reared on
ethanol. Changes in transcript abundance patterns are sexually dimorphic and reveal
regulatory networks in which NTRs feature prominently. It is of special interest that

females exposed to developmental ethanol exposure show altered regulation of a large
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ensemble of H/ACA class snoRNA genes, which may mediate widespread changes in
protein synthesis upon chronic alcohol exposure. The complex relationship between
expression of host genes and embedded snoRNAs, which we observe in our studies, has
also been documented across seven human tissues, including brain [41]. The mechanisms
by which alcohol triggers changes in gene expression remain unknown and could include
direct effects on the genome, indirect effects on the genome mediated via alcohol-
induced metabolic changes, and/or epigenetic modifications of DNA. Pseudouridylation
of MRNAs, tRNAs and other small RNAs in response to environmental stress can
consolidate or destabilize interactions between RNAs and proteins [42]. The intimate
relationship between snoRNAs and ribosomal function may represent a conduit between
the genome and the proteome that can adaptively modulate the composition of the

proteome in response to ethanol exposure.

The D. melanogaster transcriptome is highly intercorrelated [25] and changes in gene
expression due to an environmental disturbance result in modulation of transcriptional
niches (i.e., coregulated ensembles) of focal genes [40, 43]. This raises a central

“cause versus effect” question as it is not evident a priori which gene is the focal gene
that directly responds to the environmental perturbation. Insights can be derived from
eQTL analyses that can delineate cis-eQTLs and trans-eQTLs [25, 26]. Interestingly, all
but one of the eQTLs associated with transcripts with genetic variation in the difference
in expression between standard rearing conditions and developmental exposure to ethanol

were in trans to the focal transcripts. However, we were able to incorporate the genes to
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which these eQTLs are cis into known interaction networks to derive sex-specific
networks associated with genetic variation in response to developmental exposure to

ethanol in which these genes are candidate regulatory drivers.

The data we present were obtained from flies that were continuously exposed to alcohol
from egg to adult. Exposures that are restricted to different developmental stages will
provide a finer grained picture of the dynamics of the alcohol-sensitive genome.
Similarly, we analyzed transcriptional responses in whole flies. Single cell RNA
sequencing experiments with defined tissues, such as the brain, can provide tissue-
specific resolution of the transcriptional response to developmental alcohol exposure
[44]. However, the data we obtained in this study underscore extensive sexual
dimorphism and emphasize the importance of non-coding elements in regulating the
transcriptional response to alcohol exposure during development. Not all aspects of
FASD (e.g. cognitive impairment) can be readily modeled in flies. Nevertheless, results
from this study illustrate the power of the Drosophila model as a gene discovery system
to gain insights into human disorders, such as FASD, that can only be addressed through

comparative genomics approaches.

Because of conservation of fundamental biological processes and homologies between fly
gene products and their human counterparts, studies on the transcriptional response to
developmental exposure to alcohol in Drosophila melanogaster can provide insights in

the genetic underpinnings that may predispose to FASD.
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Methods

Drosophila lines

The DGRP lines have been generated and are maintained in our laboratories. We selected
96 DGRP lines [20, 21] across the range of phenotypic variation of effects of alcohol
exposure on viability and developmental time (Supplementary File S4.1) [16, 24] and
reared them on cornmeal-molasses-agar medium supplemented with10% (v/v) ethanol at
25 °C, 60-75% relative humidity and a 12-h light—dark cycle at equal larval densities.
We collected two replicates of mated 3-5-day old flies (25 females and 30 males per line)
for a total of 384 samples, following procedures described previously for baseline sample
collection [26]. We used a randomized experimental design for sample collection that
was done strictly between 1-3 pm and froze collected flies over ice supplemented with
liquid nitrogen. The flies were sexed and stored in 2.0 ml nuclease-free microcentrifuge

tubes (Ambion) at -80 °C until processing.

RNA sequencing

We extracted total RNA as described previously [26] with Trizol using the RNeasy Mini
Kit (Qiagen, Inc.), and depleted ribosomal RNA from 5 pg of total RNA using the Ribo-
Zero™ Gold Kit (Illumina, Inc.). Depleted mRNA was fragmented and converted to first
strand cDNA. During the synthesis of second strand cDNA, we used dUTP instead of

dTTP to label the second strand cDNA. We used cDNA from each RNA sample to
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produce barcoded cDNA libraries using NEXTflex™ DNA Barcodes (Bioo Scientific,
Inc.) with an lllumina TruSeq compatible protocol. Libraries were size selected for

250 bp (insert size ~ 130 bp) using Agencourt Ampure XP Beads (Beckman Coulter,
Inc.). Second strand DNA was digested with Uracil-DNA Glycosylase before
amplification to produce directional cDNA libraries. We quantified the libraries using
Qubit dsDNA HS Kits (Life Technologies, Inc.) and Bioanalyzer (Agilent Technologies,
Inc.) to calculate molarity. The libraries were subsequently diluted to equal molarity and
re-quantified. Samples were processed in batches of 48 and 16 libraries were pooled
randomly into 25 pools. We quantified the pooled library samples again to calculate final
molarity and after denaturation diluted them to 14 pM. Pooled library samples were
clustered on an Illumina cBot; each pool was sequenced on one lane of an Illumina

Hiseq2500 using 125 bp single-read v4 chemistry.

RNA sequence analysis

Sequences were analyzed exactly as described previously [26]. We demultiplexed
barcoded sequence reads using the Illumina pipeline v1.9 and trimmed adapter sequences
using cutadapt v1.6 [45]. The trimmed sequences were aligned to multiple target
sequence databases, using BWA v0.7.10 (MEM algorithm with parameters ‘-v 2 —t 4”)
[46]. First, we aligned all trimmed sequences against a ribosomal RNA database to filter
out residual rRNA that escaped depletion during library preparation. Next, we aligned the
remaining sequences against a custom database of potential microbiome component

species using BWA. We then aligned sequences that did not align to either the rRNA or
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microbiome databases to all D. melanogaster sequences in RepBase [47]. Finally, we
aligned the remaining sequences that did not align to any of the databases above to the D.
melanogaster genome (BDGP5) and known transcriptome (FlyBase v5.57) using STAR

v2.4.0e [48].

Gene expression estimation

We followed the analysis described previously [26] to compute read counts for known
and novel gene models using HTSeq-count [49] with the ‘intersection-nonempty’
assignment method. Tabulated read counts for each endogenous gene present in both
Baseline and ethanol-treated lines were combined and normalized across all samples

using EdgeR [50]. We used the normalized gene expression in all following analyses.

Genetics of gene expression

For each expression feature (known and novel transcripts) we fit mixed-effect models to
the normalized gene expression data corresponding

to: Y=S+W+T+L+WxS+LxS+LxT+TxS+TxSxL+g whereY is the
observed log2 (normalized read count), S is sex, W is Wolbachia infection status, W x S is
Wolbachia by sex interaction, L is DGRP line, T is treatment (ethanol-

supplemented vs standard medium), L x S is the line by sex interaction, L x T is the line
by treatment interaction, T x S x L is the treatment by line by sex interaction and ¢ is the
residual error. We also performed reduced analyses for sexes separately

(Y=W+L+T+LxT+e).
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We identified genetically variable transcripts as those that passed a 5% FDR threshold
(based on Benjamini—Hochberg corrected P-values [51]) for the L, T and L x T terms. We
computed the broad sense heritabilities (H?) for each gene expression trait separately for
males and females as
H2=02L+062SxL+02TxL+02SxTxL/(62L+62SxL+02TxL+02SxTxL+62¢),

where 62L, 62SxL, 62TxL, 62SxTxL and c2¢ are, respectively, the among line, sex by
line, treatment by line, sex by treatment by line, and within line variance components.

In addition, for all expression features that were significant for the L x T interaction term
we re-analyzed data for each Treatment condition separately to identify transcripts with
significant changes in expression in one or another condition, or both. We performed
reduced analyses for sexes separately (Y =W +L +¢). We also calculated the Line means
differences for the matching transcripts that were significant for the L x T term

(i.e., Line.ETOH — Line.Baseline) for males and females separately. These line means
differences in expression values were used for hierarchical clustering analysis for the
subset of the significant gene expression features using the JMP12 package (SAS, Cary,

USA).

Construction of correlated expression networks

We used the differences between the conditional means with and without ethanol for each
line to calculate pairwise Pearson correlation coefficients for all genes that had
statistically significant Benjamini-Hochberg False Discovery Rate (BH-FDR) [51]

adjusted p-values (BH-FDR < 0.05) for the line-by-ethanol treatment interaction term in
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the linear mixed effects model (Y =W +L + T + LXT + ¢ run for each sex separately). The
delta-expression correlation matrix was bi-clustered using hierarchical clustering with
complete linkage agglomeration in Genesis statistical software [52]. The bi-clustered
matrix was used for the center panel in each composite figure (Figures 4.2 and 4.3). To
generate the delta-expression correlation networks, the correlation matrix was filtered for
associations with BH-FDR adjusted p-value < 0.05 and the top 10% of correlations based
on the absolute value of the Pearson coefficient. Associations that survive the stringent
filtering criteria were input into Cytoscape and clustered using the MCODE algorithm
with default parameters, but with the ‘Fluff” setting activated to capture relationships
outside of auto-correlated modules [53]. The resulting modules with significantly strong
intra-connectivity (cumulative MCODE score > 4) were mapped back to the correlation
matrix panel based on the identity of the gene membership of each module. We
highlighted genes with a statistically significant (BH-FDR < 0.05) eQTL association

calculated from the expression differences in each module within the composite figure.

eQTL mapping

eQTLs were mapped to differences in expression between baseline and ethanol treatment
of genes with a statistically significant line-by-treatment (LXT) term from the linear
mixed effects model run for each sex separately as previous described [25, 26]. Briefly,
we adjusted normalized FPKM values for Wolbachia infection status, chromosomal
inversions, population structures organized based on top 10 principal components using

Best Linear Unbiased Predictor (BLUP) using the R package ImerTest. We used

153


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9074282/#CR52
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9074282/#CR53
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9074282/#CR25
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9074282/#CR26

covariate adjusted expression differences as phenotype for eQTL mapping using PLINK
(v1.90). We compared association P-values generated by the PLINK t-tests to the
empirical FDR threshold calculated by dividing the number of expected associations
under the null hypothesis generated from 100 permutations at a false discovery rate of
0.05 by the observed number of associations at the same threshold to determine statistical
significance. We further filtered associations filtered for independence using forward
model selection, as previously described [25, 26], by iteratively adding single eQTLs,
starting with the smallest P-values, to an additive association model such that the

conditional P-value for the last added eQTL is no more than 1E-5.

Association networks

To build association networks using the variants identified from eQTL mapping, we
added pairwise eQTL associations between genes that either contain the variant or are
within 1000 bp up- or down-stream of the variant and genes with statistically significant
line-by-treatment (LXT) to the most recent version (fb_2021 05) of the database of
known genetic and protein—protein or RNA-protein physical interactions from the
FlyBase repository and visualized in Cytoscape. The resulting networks of associations
were filtered to contain (i) genes that are part of the eQTL associations, and (ii) genes
that have at least 5 genetic or physical interactions to genes that are part of the eQTL
associations within one interaction distance (one edge). The filtered interaction network
was modularized using MCODE algorithm with default settings but with ‘fluff” activated

[53]. We input genes that are part of the individual modules for Gene Ontology
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Enrichment analysis. Statistically significant (FDR <0.05 in the Overrepresentation
Test), highly specialized terms containing the largest number of genes from the input
from each module were used for functionally labeling each module. For the glutathione
metabolism inlet in the female interaction network in Figure 4.3, GstE family of genes

were added to the GstD tri-gene cluster based on semantic similarity.

Analysis of activity and sleep phenotypes

Flies were reared on standard medium and medium supplemented with 10% (v/v) ethanol
and placed in standard food collection vials overnight. The next day, mated females and
males from both treatment conditions were placed in Drosophila Activity Monitor
(DAM) tubes (TriKinetics, Waltham, MA) that contained agar supplemented with 5%
sucrose at one end, and a small piece of yarn at the other end. Flies were placed in a

25 °C incubator on a 12-h light—dark cycle and their activity and sleep data were recorded
using the DAMSystem (Trikinetics). Raw data from the DAMSystem (TriKinetics) were
uploaded to ShinyR-DAM [54] and resulting output data were parsed by sleep/activity
phenotype for analysis. Sleep was defined as at least 5 min of inactivity and only data
from flies that survived the entire testing period (2-9 days of the fly lifespan) were
retained for analysis. Sleep and activity data were analyzed using the PROC MIXED
command (Type Il Analysis of Variance (ANOVA)) within SAS version 9.04 (Cary,
NC) according to the model

Y=pu+T+L+S+TxL+TxS+ LxS+ TxLxS + Rep(TxLxS) + ¢, where T is the fixed effect

of treatment (ethanol medium, standard medium), L is the fixed effect of line (RAL_177,
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RAL_208, RAL_367, RAL_555, RAL_705, RAL_730), S is the fixed effect of Sex
(male, female), Rep(TxLxS) is the random effect of replicate, and ¢ is the residual
variance. Reduced Type Il ANOVASs (Y=u+T+L+TxL +Rep(TxL) + &) were also

performed by Sex.

DGRP lines are available from the Bloomington Drosophila Stock

Center, https://bdsc.indiana.edu/. RNA sequencing data have been deposited in the GEO
database https://www.ncbi.nlm.nih.gov/geo/ under accession number GSE186240. Raw
DAM data are on the github repository:

https://github.com/rebeccamacpherson/DAM_raw_data DEV_ETOH_DGRP
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Introduction

Long noncoding RNAs (IncRNAs) are a diverse class of non-coding RNAs of at least 200
nucleotides in length. Although IncRNAs were initially thought to be “junk” due to their

noncoding status, we now know that INcRNAs are critical for various biological
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processes, including, but not limited to, transcription and gene regulation [1-8],
chromatin architecture [9-11], DNA damage response [12-14], and scaffolding and
nuclear organization [15-18]. LncRNAs can also act as miRNA sponges [19-21],
regulate gene splicing [17, 22—-25], and be translated into functional peptides [26-28].
LncRNAs can be localized in the nucleus, cytoplasm, or to a specific organelle [29-32],
can act in cis or in trans [8, 23, 33], and may be conserved across taxa in sequence and/or
function [34-36]. Across taxa, INcCRNA dysregulation has been implicated in cancer [37—
40], neurological disorders [6, 41-43], and immune and stress response [44-47].
Additional studies in Drosophila melanogaster have demonstrated critical roles for
IncRNAs in development [48-53], gonadal function [48, 54-56], sleep [19], locomotion

[57], and courtship behavior [58, 59].

Roles for IncRNAs in development, viability, and fertility have been identified in
multiple model systems [4, 8, 34, 55, 60, 61]. However, fitness roles for some
mammalian INcRNAs, including INcRNAs previously linked to fitness traits with gene-
knockdown experiments, have not been replicated using CRISPR-based cell line or
animal model knockouts [62—-65]. Other recently discovered mammalian IncRNAs with
expression limited to reproductive tissues do not affect reproductive phenotypes in
knockout mice [66, 67]. This controversy also extends beyond mammalian systems.
Drosophila and zebrafish studies on CRISPR-mediated deletions of developmentally-
expressed INCRNAs — some of which were previously implicated in development via

RNA interference or morpholino-induced knockdown studies — also failed to identify
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roles for these INcCRNAs in development, viability, or embryogenesis after no overt
phenotypes were detected in knockout animals [68—70]. Inconsistencies across INCRNA
studies may be due to the method of gene perturbation (e.g., RNAI interference, CRISPR-
Cas9), discordant phenotyping, transcriptional noise competing with low expression of
some IncRNAs, differences in the genetic background of organisms used across studies
on the same IncRNA, and/or functional redundancy of the IncRNA [61, 69, 71, 72].
Furthermore, given the abundance of sex-specific and tissue-specific INCRNA expression,
it is also possible that broader developmental pathways may overshadow effects due to

loss of a IncRNA or be limited to a single tissue or behavioral phenotype [61, 72].

Here, we evaluate the effects of loss of function alleles of the D. melanogaster gene
encoding U snoRNA host gene 4 (Uhg4; FBgn0083124). Uhg4 is a IncRNA with
unknown function and is the host gene for seven intronic small nucleolar RNAs
(snoRNAs), which guide posttranscriptional ribosomal RNA modification and processing
[73, 74]. Some U snoRNA host genes interact with regulatory proteins controlling piwi-
interacting RNAs (piRNAS) [75], which are noncoding RNAs involved in transposon
silencing in germ cells [76, 77]. Although adult expression of Uhg4 is highest in ovaries,
it is expressed ubiquitously during development and in other adult tissues, including the
brain and central nervous system, fat body, and trachea [78, 79]. Uhg4 expression is
correlated with modulation of expression of a subset of SnoRNAS in response to
developmental alcohol exposure in Drosophila females [80]. We used

CRISPR/Cas9 germline gene editing to create deletions in the promoter region and first
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exon of Uhg4. These mutations have pleiotropic effects on fitness-related traits, stress
responses, sleep and activity phenotypes, and transcript abundances of both non-coding

and protein-coding RNAs.

Results

Generation of Uhg4 Null Alleles

Uhg4 is a long noncoding RNA that is host to seven small nucleolar RNAs (snoRNAS),
and is expressed ubiquitously throughout development and in adults, with the highest
adult expression in ovaries [78, 79]. We used CRISPR-Cas9 and a double guide RNA
vector to target the deletion of a ~ 685 bp region that includes the promoter region
upstream of Uhg4 as well as the first exon of Uhg4 (Figure 5.1) in two lines of

the Drosophila melanogaster Genetic Reference Panel (DGRP [81]), DGRP lines,
DGRP_208 and DGRP_705. We isolated seven independent deletion mutations in
DGRP_208, most of which varied from one another by a few base pairs (Figure 5.1). The
DGRP_208 deletions spanned the promoter region and the first exon of Uhg4. We also
isolated four independent identical mutations in DGRP_705. The DGRP_705 deletions
removed the Uhg4 promotor region and retained the first exon, and included a 44 bp AT-
rich insertion in the first Uhg4 intron upstream of the start of SnoRNA:Psi28S-

2949 (Figure 5.1). Sanger sequencing shows that the small nucleolar RNA

(snoRNA) snoRNA:Psi28S-2949 within the first exon of Uhg4 is intact for all

independently obtained deletions (Figure 5.1).
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208-AB AACTTCTT-------- -AGGCCTTA-  --------- --GATAGGCGACCGGTGAGT
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208-AH AACTTCTT-------=  -=-- A--m-m mmmmmmmon e CCGGTGAGT
705-AA AACTTCTT--------  ========-- --CTTCACT  ATGATAGGCGACCGGTGAGT
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705-AC AACTTCTT-=-=====  ==----eo- --CTTCACT  ATGATAGGCGACCGGTGAGT
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Figure 5.1. Uhg4 deletions. Diagram showing deletions across the Uhg4 locus with
Sanger sequencing data for the wildtype (DGRP_208, DGRP_705) and mutant
genotypes. Genomic coordinates are shown at the top of the figure. The blue and green
font colors indicate nucleotides of Uhg4 and snoRNA:Psi28S-2949 coding regions,

(1313

respectively. Red font colors indicate the PAM sites. indicates deleted nucleotides
and N refers to multiple different nucleotides between the two wild-type DGRP lines.

Genotypes used for phenotypic analyses are designated with a star

Here, we focus on deletions Uhg4?%~44 Uhg4?%-4F Uhg42%3-46 and Uhg470° 45,
hereafter referred to as 208-44, 208-4F, 208-4G, and 705-4B, respectively. We
randomly selected these mutations for further study after several generations of

backcrossing to the original genetic background. Both genetic backgrounds are highly
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inbred and free of inversions, and DGRP_208 is free of Wolbachia infection [81]. Flies
homozygous for the DGRP_208 Uhg4 deletions show changes in their resting wing
position (Supplementary File S5.1, S5.2). Compared to the control, Uhg4 deletion flies

carry their wings in an elevated and partially horizontally spread position.

Effects of Uhg4 Deletions on Fitness Traits

Fertility and Mating Behavior

When we generated the Uhg4 deletion fly stocks, we did not observe eggs in vials that
contained only flies homozygous for a Uhg4 deletion and we needed to use

a CyO balancer chromosome to maintain the deletion lines (Supplementary Figure S5.1).
To test whether the lack of eggs could be due to a failure of the Uhg4 deletion flies to
mate, we assessed mating latency and copulation duration and found that, although
deletion flies do not produce progeny when mated, they do exhibit normal mating
latencies, copulation times, and proportion of flies mated (Supplementary Figure S5.2,
Supplementary Tables S5.1A, S5.1B). After crossing flies with the deletion to wild-type
DGRP_208 flies of the opposite sex, we observed that Uhg4 deletion females do not lay
eggs, regardless of mating status or genotype of the male partner, and wild-type eggs
fertilized by Uhg4 deletion males do not develop past the embryo stage. To further probe
why Uhg4 deletion females are sterile, we dissected their ovaries after mating. Whereas
ovaries in control DGRP_208 flies contain late-stage oocytes with dorsal filaments

(Fig. 2A), we did not observe any late-stage (> 11) oocytes in ovaries of Uhg4 deletion

females (Fig. 2B and andC).C). We did not perform these analyses for the 705-4B
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Uhg4 allele because it is nearly lethal as a homozygote, with rare viable adults. However,
the few escaper 705-4B females did not lay eggs. These results show that Uhg4 is critical

for fertility in both sexes and that the sterility of Uhg4 deletion in females may stem from

a lack of fully developed eggs.

Figure 5.2. Late-stage oocytes are absent in Uhg4 deletion lines. Maximum projection
z-stack images (60 slices) of DAPI-stained developing egg chambers. A Control Uhg4
(DGRP_208) ovaries. B 208-4F ovaries. C 208-4G ovaries. Compared to wild type, late-
stage oocytes (stage number > 11) and any dorsal filaments are absent in the ovaries of
flies with a Uhg4 deletion. Scale bars represent 75 um. Numbers represent stages based

on Jiaetal. [110]

Development Time and Viability

During maintenance of CyO/Uhg4-deletion flies, we observed delayed emergence and
skewed non-Mendelian ratios of CyO/deletion heterozygotes and homozygous deletion
progeny. We formally assessed egg-adult development time and viability for the

DGRP_208 Uhg4 deletion lines compared to the wild-type control. We placed 50 eggs
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from matings of 208-44/Cy0O, 208-4F/CyO, 208-4G/CyO or DGRP_208/CyO (wild type
control) flies in 25 vials each and recorded the day each fly emerged, as well as the sex,
balancer genotype (Cy or straight wing), and the total number of flies for each sex and
balancer genotype that emerged. Compared to the wild-type controls, flies

with Uhg4 deletions have delayed development by about one day (p <0.0001,

Figure 5.3A, Supplementary Table S5.1C). Furthermore, 208-44 males and

all Uhg4 deletion females show a 2.0- to 5.7-fold decrease in viability (p <0.0001 for all
lines, Figure 5.3B, Supplementary Tables S5.1D, S5.1E). These results suggest

that Uhg4 is necessary for the normal timing of egg-adult development and viability.
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Figure 5.3. Effects of Uhg4 deletion on egg-adult development and

viability. A Stacked bar plots showing the average number of flies homozygous for 208-
AA, 208-4F, 208-4G, or wild type Uhg4 (DGRP_208) that emerge from crosses of 208-
AAICyO, 208-4F/Cy0O, 208-4G/CyO and DGRP_208/CyO flies. B-C Boxplots displaying
viability coefficients for females (B) and males (C) for Uhg4 deletion lines (208-44, 208-
AF, 208-4G) and the wild type (DGRP_208). Males are shown in blue and females are
shown in pink. N =25 vials of 50 embryos each per genotype. See Table S1 for all
ANOVA:s. p-values on the figure are for the comparisons of each sex to the control, by

genotype. *** p<0.001, **** p<(.0001
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Effects of Uhg4 Deletions on Responses to Stressors and Sleep Traits

Stress Responses

We assessed the effect of several stress conditions (heat shock, chill coma recovery, and
ethanol sedation) on Uhg4 deletion and wild-type control flies (Figure 5.4). On

average, Uhg4 deletion lines take longer to recover from a chill-induced coma than the
wild-type in analyses pooled across sexes and all deletion genotypes (p=0.013,
Supplementary Table S5.1F), although there is no difference in the proportion of flies
that recover from a chill-induced coma for the deletion lines compared to the control
(Supplementary Table S5.1G). However, the response to a chill-induced coma is both
sex- and genotype-specific. The chill coma recovery time for all deletion lines compared
to the wild type is significant for males (p=0.0015) but not females (p =0.666); and
males are only significant for the 208-44 (p <0.0001) and 208-4F (p =0.0007) deletion
genotypes (Figure 5.4A). The Uhg4 deletion lines also have reduced survival on average
following a heat shock than the wild type in analyses pooled across sexes and all deletion
genotypes (p=0.0016, Supplementary Table S5.1F). These effects were genotype-
specific as well; only 208-4F (p=0.0013) and 208-4G (p = 0.034) were formally
significantly different from the wild type, although 208-44 trended in the same direction
(p=0.093) (Figure 5.4B). In contrast to temperature-related stressors, Uhg4 deletion flies
show decreased susceptibility to ethanol-induced stress. The time to sedation in response
to acute ethanol exposure is significantly increased averaged over all Uhg4 deletion lines
compared to the wild type in the analyses pooled across sexes (p <0.0001) as well as in

females (p=0.0007) and males (p <0.0001) (Supplementary Table S5.1F). Although
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all Uhg4 deletion sex/genotype comparisons had significantly increased sedation times
relative to the control, there was heterogeneity in the magnitudes of effects among the
deletion genotypes and sexes. In females, 208-4F (p <0.0001) had larger effects

than 208-44 (p=0.016) and 208-4G (p = 0.036); while in males all Uhg4 deletion lines

had similar effects (p <0.0001 for all) (Figure 5.4C).
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Figure 5.4. Effects of Uhg4 deletion on responses to stress. A Boxplots indicating chill
coma recovery time (n=48-57 flies per sex and genotype). B Bar plots showing the
average proportion of flies surviving heat shock (n= 10 replicates of 9 flies per sex and
genotype). C Boxplots showing ethanol sedation sensitivity time (n=44-52 flies per sex
and genotype). Blue boxes indicate males and pink boxes indicate females. Error bars
indicate standard error. See Supplementary Table S5.1 for all ANOVAs. p-values on the
figure indicated by an asterisk (*) represent comparisons of each sex to the control, by
genotype. p-values on the figure indicated by a diamond (¢) represent comparisons of
pooled Uhg4 deletion genotypes versus the control. * p<0.05, ** p<0.01, *** p<0.001,

ks 1) < 0.0001

Sleep and Activity

We used the Drosophila Activity Monitor (DAM) System to assess the effects

of Uhg4 deletions on sleep and activity traits.

208-44, 208-4F, and 208-4G flies sleep more during the day (p=0.0009 from the
analysis of all deletion lines pooled across sexes compared to the wild type, Figure 5.5A,
Supplementary Table S5.1H) and night (p=0.031 from the analysis of all deletion lines
pooled across sexes compared to the wild type, Figure 5.5B, Supplementary Table
S5.1H). The effects of the deletions are much greater on day than on night sleep. In
addition, day sleep is significant averaged over all deletion lines for males (p =0.026) and

females (p=0.014); while the effect on night sleep is male-specific (p=0.011)
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(Supplementary Table S5.1H). Although the Uhg4 deletions sleep longer than the wild
type during the day and night, they also have more fragmented sleep, as the number of
sleep bouts increases both during the day (p =0.002 from the analysis of all deletion lines
pooled across sexes compared to the wild type, Figure 5.5C, Supplementary Table
S5.1H) and night (p=0.0001 from the analysis of all deletion lines pooled across sexes
compared to the wild type, Figure 5.5D, Supplementary Table S5.1H). Concomitant with
increased day and night sleep, the Uhg4 deletions on average have decreased length of
activity bouts during the day (p =0.0061, Figure 5.5E, Supplementary Table S5.1H as
well as decreased total locomotor activity (p=0.0062 from the analysis of all deletion
lines pooled across sexes compared to the wild type, Figure 5.5F, Supplementary Table

S5.1H).

175


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9710044/#MOESM1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9710044/figure/Fig5/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9710044/#MOESM1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9710044/figure/Fig5/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9710044/figure/Fig5/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9710044/figure/Fig5/
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=9710044_12864_2022_8972_Fig5_HTML.jpg

A
1.004
£
£z 075
50
£8 0.501
<2
e
a 0.25+
0.00
C
201
3 151
= >
3 ®
a0 104
Q
8
»n 51
0
E
200
5
1501
e
3E
m> 1004
20
=
2 50
0

Rl

208-AA  208-AF 208-AG Control

e

208-AA  208-AF 208-AG Control

b, b

208-AA 208-AF 208-AG  Control

Proportion of Time

O

Sleep Bout Count,

“

Asleep, Night

Night

(Counts)

Total Activity

1.001

0.751

0.501

0.251

S dumd]

0.00

201

151

10

25001

2000+

1500

1000+

500+

208-AA 208-AF 208-AG Control

208-AA 208-AF 208-AG Control

Ll 0

s S

208-AA 208-AF 208-AG Control

Figure 5.5. Effects of Uhg4 deletion on sleep and activity phenotypes. A Boxplots

showing the proportion of daytime sleep, B the proportion of nighttime sleep, C the

number of sleep bouts at night, D the number of sleep bouts during the day, E total

activity, and F activity bout length during the day. Blue boxes indicate males and pink
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boxes indicate females. Day hours are from 6 am-6 pm. N = 61-64 flies per sex per line,
except 208-4G, which had only 32 females. See Supplementary Table S5.1 for
ANOVA:s. p-values on the figure indicated by an asterisk (*) represent comparisons of
each sex to the control, by genotype. p-values on the figure indicated by a diamond (¢)
represent comparisons of pooled Uhg4 deletion genotypes versus the control. * p<0.05,

**n<0.01, *** p<0.001, **** p<0.0001

Effects of Uhg4 Deletions on Genome-Wide Gene Expression

To gain insights into the mechanisms by which Uhg4 exerts its pleiotropic effects, we
assessed the consequences of deletion of Uhg4 on genome-wide gene expression, and
performed RNA-sequencing on 208-44, 208-4F, 208-4G, and DGRP_208 whole flies,
separately for males and females. We performed factorial fixed effect ANOVAs for each
of the 16,212 genes expressed in young adult flies that evaluate the significance of the
main effects of the four Uhg4 genotypes (Line), Sex, and the Line by Sex interaction.
Plotting ordered raw p-values and adjusted p-values using a false discovery rate (FDR)
correction using the Benjamini—Hochberg procedure (BH-FDR) against the number of
tests revealed a non-monotonic relationship between raw p-values and adjusted p-values
(Supplementary Figure S5.3a). This relationship caused an artificial inflation in the
number of differentially expressed genes at BH-FDR < 0.1. Therefore, we used a BH-
FDR thresholding approach to identify statistically significant genes at BH-FDR <0.1.
Briefly, after ordering the genes based on ascending raw p-values, we compared each

gene’s raw p-value to its BH-FDR critical value calculated as rankx(Q/number of tests) at
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both Q=0.05 and Q= 0.1 (Supplementary Figure S5.3b). For both critical values, p-value
thresholds were determined as the first occurrence of the raw p-value greater than critical
values. Using this method, we identified 17 differentially expressed genes at a BH-

FDR <0.05 for the Line and/or Line by Sex terms (Supplementary Tables S5.2, S5.3).
The top three differentially expressed genes were Uhg4, snoRNA:Psi28S-

2949, and snoRNA: Or-acab. The near-complete loss of Uhg4 expression in the deletion
genotypes is expected due to the deletions of the promoter region and exon 1. The two
snoRNAs are located in the first two introns of Uhg4. Decreased expression

of snoRNA:Psi28S-2949 and snoRNA:Or-acab suggests the Uhg4 deletions affect
regulatory sequences common to both snoRNAs, since their coding sequences are not
altered (Figure 5.1). Ten of the 17 differentially expressed genes are computationally
predicted genes and/or noncoding RNAs, including Uhg4, and have limited to no
information on gene function. One of the 17 significantly differentially expressed genes

was insulin-like peptide 6 (11p6).

A total of 17 genes that are differentially expressed in Uhg4 null genotypes is not
sufficient to infer the function of Uhg4 from the enrichment of Gene Ontologies (GO)
and networks of the co-regulated genes. Therefore, we relaxed the significance threshold
to BH-FDR < 0.1 for the Line and Line by Sex terms of the ANOVA models. This
resulted in 180 differentially expressed genes (Supplementary Table S5.2). Notably, all
genes significant for the Line by Sex terms also had significant Line effects

(Supplementary Table S5.3). For these 180 genes, only one GO term (humoral immune
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response GO:0,006,959) was enriched at BH-FDR < 0.05 (Supplementary Table S5.4).
However, 47 of the 180 genes did not map to a GO term. These analyses suggest that
although deletion of Uhg4 does change the transcriptome, many of these changes are

associated with genes about which little, if anything, is known.

To fully quantify transcriptomic changes in the Uhg4 deletion flies, we also assessed
changes in expression of novel transcribed regions (NTRs) previously identified in the
DGRP (including DGRP_208) [82]. Of the 18,581 NTRs analyzed, we found three (12)
were differentially expressed at BH-FDR < 0.05 (0.1) for the Line term, and one NTR
was differentially expressed for the Line by Sex term at BH-FDR < 0.1. Together with the
protein-coding genes, we have a total 193 differentially expressed genes/NTRs in

the Uhg4 deletion lines (Supplementary Table S5.5).

We then performed k-means clustering to assess patterns of expression across genotypes,
using k =8, as it offered the largest number of clusters without redundancy of expression
patterns across clusters. GO analysis of these k-means clusters emphasizes the sparsity of
information currently known about the genes that are coregulated with Uhg4. Of the eight
clusters, only four clusters (clusters 1, 3, 6, 7) have enriched GO terms (BH-FDR < 0.05).
Cluster 1 is enriched for genes involved in immune response, cluster 3 is enriched for
genes involved in response to stress and temperature, and clusters 6 and 7 are enriched
for genes involved in cuticle structure (Supplementary Table S5.4). Cluster 1 consists of

genes largely downregulated in deletion lines compared to the control, including Uhg4, as
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well as other noncoding RNAs and two NTRs (Supplementary Figure S5.4). Broadly,
cluster 2 contains sexually dimorphic genes, whereas clusters 3 and 5 show genes
upregulated in 208-44 and 208-4G, respectively, compared to other lines. 208-

AF displays intermediate expression patterns compared to 208-44 and 208-4G in clusters

3, 6, and 8 (Supplementary Figure S5.4).

In an effort to generate further hypotheses about the role of Uhg4 and its co-regulated
genes, we used the FlyBase database of known genetic and physical interactions

within D. melanogaster [79] to generate interaction networks for the subset of 180 co-
regulated genes at BH-FDR < 0.1. We also included first-degree interaction neighbors,
genes, or proteins that are recorded in the database as directly interacting with at least one
of the 180 focal genes. These networks revealed nine subclusters containing genes
enriched for a broad spectrum of biological processes, including iron ion transport, fatty
acid metabolism, temperature stress response, membrane trafficking, and morphogenesis
(Figure 5.6, Supplementary Table S5.4). Cluster 9, which contains the genes Ubx, dlp,
and Pten, among others, was enriched for hundreds of GO terms, far more than any other
cluster, suggesting genes in this cluster are critical for a wide range of processes,
including morphogenesis, cell differentiation, transcription factor signaling, sleep and
activity, reproduction, stress response, and metabolism (Supplementary Table S5.4).
Cluster 4 was not enriched for any GO terms and attempts at manual annotation did not
reveal related functions for genes in this cluster (Supplementary Table S5.4). These

results indicate that the IncRNA Uhg4 contributes to diverse cellular functions.
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Figure 5.6. Interaction networks of genes coregulated with Uhg4. Interaction
networks (physical and genetic interactions) based on 180 genes with differential
expression for the Line term (BH-FDR <0.1). The full network (including interaction
neighbors within 1 degree) is in the middle of the figure, with MCODE subclusters and
subcluster GO enrichment annotations (Supplementary Table S5.4) on the perimeter.
Dark green indicates the input 180 genes, and light green indicates an interaction
neighbor. Names are Drosophila gene symbols. Numbers in parentheses indicate the

cluster number.
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Discussion

We used Uhg4-knockout flies to assess the role of the INcRNA Uhg4 across multiple
fitness traits. We present evidence that Uhg4 is critical for egg development and fertility
and has pleiotropic effects on viability, development, stress responses, and sleep.
Genome-wide gene expression data support the finding that Uhg4 has pleiotropic effects,
as Uhg4 is coregulated with genes involved in a wide range of biological processes,
including development, trafficking, metabolism, and stress response. We also observed
that many of the genes differentially expressed upon loss of Uhg4 are also noncoding
RNAs in addition to predicted genes. We can speculate that Uhg4 exerts its pleiotropic
effects through broad-based gene regulatory networks. Further studies will be needed to
obtain more detailed mechanistic insights into the effects on fitness traits of noncoding

RNAs in D. melanogaster.

Although many of the coregulated genes themselves do not have associated GO terms,
many biological processes and functions implicated by GO analysis align with observed
changes in organismal phenotypes. Terms involving response to external stimuli such as
temperature and ethanol, as well as terms relating to immune system response, are
enriched in multiple k-means and interaction network clusters. These terms align with the
increased susceptibility of the Uhg4 deletion flies to extreme hot and cold temperatures,

as well as the decreased susceptibility to ethanol-mediated stressors. Interestingly,
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Alcohol dehydrogenase (Adh) interacts with at least two genes coregulated with Uhg4,
providing a possible mechanistic link between Uhg4 and ethanol response; Uhg4 has
been previously implicated in developmental ethanol exposure, which also results in
decreased susceptibility to ethanol exposure in adult flies [80]. Although not annotated in
Figure 5.6, interaction cluster nine is enriched for genes involved in wing morphogenesis
and gamete generation (Supplementary Table S5.4), which could explain the changes to
wing position and sterility phenotypes, respectively, observed in Uhg4 deletion flies. We
constructed interaction networks from an input of 20 differentially expressed genes and
NTRs (BH-FDR < 0.05) including neighbors within at least 1 degree (Supplementary
Figure S5.5A) and less stringent networks with input of 180 coregulated genes (BH-
FDR <0.1) including neighbors within at least 2 degrees (Supplementary Figure S5.5B).
Cluster 9 in Supplementary Table S5.4, and its more stringent 2-degree interaction
counterpart (Cluster 3 in Supplementary Figure S5.5B), are enriched for hundreds of GO
terms (Supplementary Table S5.4), indicating that these genes have wide-ranging
impacts. Thus, the effects of Uhg4 deletion may extend to additional traits that we did not

assess, such as iron ion transport, or other intracellular phenotypes.

Based on the DAPI-stained ovary images (Figure 5.2) showing a lack of late-stage
oocytes, we hypothesize that Uhg4-deletion females are capable of laying eggs but do not
develop late-stage oocytes. This oocyte development phenotype is supported by the high
expression of Uhg4 in ovaries. However, this does not explain why embryos from wild-

type females and Uhg4 deletion males fail to develop.
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Bootlegger (Boot), a gene located immediately upstream of and in opposite orientation

to Uhg4, is also critical for proper egg development [83, 84]. Our Sanger sequencing data
indicate that Boot is intact in all deletions and our RNAseq data do not show Boot to be
differentially expressed. Furthermore, unlike Uhg4, Boot is minimally expressed in males
and would unlikely be responsible for the sterility observed in Uhg4-deficient males. We
are therefore confident that the phenotypes observed in our Uhg4 deletion flies can be
attributed to Uhg4, though it is possible that Uhg4 and Boot share promoter elements in

their intergenic region.

The role of some snoRNA host genes such as Uhg4 was thought to facilitate transcription
and splicing of snoRNAs [85-87]. Based on our results, we hypothesize that Uhg4 has
roles independent of hosting snoRNAs, as most of its SnoRNAs are not differentially
expressed in Uhg4 deletion flies. The abundance of genes/NTRs coregulated

with Uhg4 that are noncoding RNAs and/or have no known function makes speculation
about the possible functional mechanisms by which Uhg4 affects a wide range of
pleiotropic phenotypes challenging. Uhg4 could bind directly to DNA or transcription
factors to modulate transcriptional regulation, acting in cis to regulate the expression

of snoRNA:Psi285-2949 and snoRNA:QOr-acab, or in trans to regulate the expression of
other genes we observed to be differentially expressed. Uhg4 may also serve an
oncogenic role, as overexpression of Uhg4 in a Drosophila cell line is associated with

tumor growth, andUhg4 is a downstream target of Myc [88]. Uhg4 may also act to
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regulate gene expression at an epigenetic level via histone modifications (Cluster 8,
Figure 5.6). Other IncRNAs in Drosophila that are important for thermotolerance are
essential for remobilization of heterogenous ribonucleoprotein particles (hnnRNPs)

[41, 44]. Uhg4, as a host gene for snoRNAs, which also form ribonucleoproteins, might
also modulate response to thermal stressors via ribonucleoproteins. Uhg4 could also act
in a similar manner to the transcript of oskar, which is critical for oogenesis in
Drosophila [54, 89, 90]. oskar RNA facilitates oogenesis through multiple mechanisms,
as it binds a translational regulator at one locus, has a separate 3’ region critical for

proper egg-laying, and may also be involved in scaffolding of ribonucleoproteins [89].

Uhg4 is a unique example of a IncRNA with pleiotropic functions that is indispensable

for viability and reproduction in D. melanogaster.

Methods

Generation of Uhg4 null alleles

We used the flyCRISPR target finder [91] to design gRNAs flanking Uhg4 Exon 1
(upstream: 5’- GAAGTAAAACTTCTTTGCACTGG -3’; downstream: 5’-
GTAAGTATTATAGATATGATAGG -3’) that did not overlap with known genes and
did not have predicted off-target effects, resulting in a 685 bp deletion. We then
synthesized a single guide RNA (gRNA) vector containing both gRNAs [92]. Briefly,

synthesized phosphorylated gRNAs with complementary sequences were ligated to form
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double-stranded gRNAs with CTTC overhangs. One double-stranded gRNA was cloned
into pBFv-U6.2 (Addgene #138,400), and the other double-stranded gRNA was cloned
into pBFv-U6.2B (Addgene #138,401). Using flanking EcoRI and Notl sites, the
resulting U6 promoter and gRNA within pBFV-U6.2 were excised and ligated into

the U6.2B vector, creating a double-gRNA vector. Sanger sequencing confirmed the

proper insertion of gRNAs.

The completed dual gRNA vector and pBFv-nosP-Cas9 (Addgene #138,402) were
purified and co-injected (BestGene Inc., Chino Hills, CA) into at least 300 embryos from
two different D. melanogaster Genetic Reference Panel (DGRP) lines [81, 93],
DGRP_208 and DGRP_705. These lines have minimal heterozygosity and are
homosequential for the standard karyotype for all common inversions; DGRP_208 is also

free of Wolbachia infection [81].

To preserve the inbred genetic background of the DGRP lines, we screened flies for the
presence of a deletion by individually isolating DNA from clipped wings of virgin female
and male flies [94]. Fly wings were covered with 10 pL of 400 pug/mL protease K in a

10 mM Tris—Cl at pH 8.2, 1 mM EDTA and 25 mM NaCl buffer and incubated at 37 °C
for 2 h followed by 95 °C for 2 min. We used 2uL of the resulting DNA mixture in a
PCR reaction with primers (Left: 5’- CTAGCACGGAACCCTGGAAAT -3’; Right: 5°-
GCAGCGCCTAGTAATCACAGA -3’) according to ApexRedTaq (Genesee Scientific,

El Cajon, CA) manufacturer instructions, with a 61 °C annealing temperature for 30 s and
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30 cycles. The deletion mutations Uhg4?%8-44, Uhg4?%8-4F Uhg4?05-4¢,

and Uhg47%°~42 (hereafter referred to as 208-44, 208-4F, 208-4G and 705-4B,
respectively) were isolated and placed over a CyO balancer chromosome in the
appropriate genetic background. Uhg4 wild-type lines (DGRP_208 and DGRP_705) are

used as controls in this study.

Drosophila culture

Flies were reared at 25 °C with 50% humidity on standard cornmeal-molasses-agar
medium (Genesee Scientific, EI Cajon, CA), supplemented with yeast. Flies were
maintained at controlled density on a 12-h light—dark cycle (lights on at 6 am). Unless
otherwise indicated, all behavioral assays were performed on 3-5 day old homozygous

flies from 8:30 am to 11:30 am.

Sanger sequencing

DNA from homozygous mutant flies was sequenced by the Sanger chain termination
method using a BigDye Terminator Kit v3.1 (ThermoFisher Scientific, Waltham, MA),
with the same primers used to identify deletions. Sequencing was performed on an

Applied Biosystems 3730xI DNA Analyzer (ThermoFisher Scientific, Waltham, MA).

Quantitative real-time PCR
Flies were flash-frozen for RNA extraction at 3-5 days of age. Each sample contained 30

whole flies and was homogenized using a Fisherbrand™ Bead Mill (ThermoFisher
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Scientific, Waltham MA). RNA was extracted using the Direct-zol RNA Miniprep kit
(Zymo Research, Irvine, CA), resuspended in RNase-free water, and kept at -80 °C until
further use. cDNA was synthesized using the iScript™ Reverse Transcription Supermix
for RT-gPCR (Bio-Rad Laboratories, Inc., Hercules, CA) according to the manufacturer’s
instructions. Quantitative real-time PCR to detect expression was performed on three
biological replicates and two technical replicates per sample (except 208-44, which had
two biological replicates), using SYBR™ Green PCR Master Mix (ThermoFisher
Scientific, Waltham, MA) and primers (Uhg4-Forward: 5°-
TCGGTCTTTCGATTTGGATT -3”; Uhg4-Reverse: 5°-
TGTGTTAGTGAGCCACGTTTG -3°, spanning exons 4-5 of Uhg4; GAPDH-Left: 5’-
CTTCTTCAGCGACACCCATT -3’; GAPDH-Right: 5°-
ACCGAACTCGTTGTCGTACC -3°) according to the manufacturer’s instructions.
Percent knockdown was assessed using 44ct [95]. No amplification was observed in non-

template negative controls.

Viability and development time

We placed 75 male—female pairs of flies from each of the DGRP_208 Uhg4 genotypes
(DGRP_208/Cy0O; 208-44/Cy0, 208-4F/Cy0O, 208-4G/CyOQ) in large embryo collection
cages (Genesee Scientific, San Diego, CA), supplemented with fresh yeast paste and
grape juice-agar plates containing 3% agar and 1.2% sucrose in a 25% Welch’s Grape
Juice concentrate solution every 12 h. After 36 h, we placed 50 0-12 h embryos in each

of 25 vials per genotype. From days 9-13 after egg-laying, we collected adult flies once
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daily and recorded the sex, wing phenotype, and day of emergence for each fly, including
flies that eclosed, but died in the food. We calculated relative egg-adult viability (v) for
each vial as the proportion of homozygous Uhg4 adults (1-r) relative to the proportion

of Uhg4/CyO heterozygote adults (r) as v=2(1-r)/r [96].

Fertility

We assessed the fertility of homozygous males and females from the DGRP_208 Uhg4
deletion lines by crossing virgin deletion mutant flies to virgin DGRP_208 flies,
respectively, of the opposite sex. In addition, we also performed crosses of males and
females within each Uhg4 deletion line. We set up four vials each with four males and
four virgin females for each genotype. For each cross, qualitative observations
(presence/absence) were made for each stage of development (embryos, first instar
larvae, second instar larvae, third instar larvae, pupae, adult flies). We did not perform a
formal fertility assay with the 705-4B deletion line due to the very low viability of 705-

4B homozygotes.

Mating behavior

For each DGRP_208 Uhg4 genotype (208-44, 208-4F, 208-4G, DGRP_208), we placed
22-24 pairs of virgin flies in separate mating chambers [97, 98] to acclimate overnight.
Between 8 and 10 am, fly pairs were united and video-recorded for 30 min. Copulation
duration and mating latency were recorded in seconds for each fly pair. We only included

flies that mated in the analyses of mating behaviors and recorded the number of pairs that
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did not mate during the 30-min testing period. We selected 208-4G as a representative
Uhg4 mutant line and assessed the mating behaviors of crosses of 208-4G males to

DGRP_208 virgin females and 208-4G virgin females to DGRP_208 males.

Survival after heat shock

Vials with 2 ml of medium and 9 homozygous flies per sex and Uhg4 genotype were
placed in a 37 °C incubator for 2 or 3 h beginning at 1 pm, with five replicate vials per
sex per genotype per exposure time. After the heat shock, flies were transferred to fresh
vials with 2 ml of medium and allowed to recover overnight. Twenty-four hours after the

heat shock, the number of surviving flies in each vial was recorded.

Chill coma recovery time

For each genotype we placed four vials containing 15 flies without medium on ice for
3 h, sexes separately, and allowed the flies to recover in a 6-well cell culture plate (five
flies per well, two genotypes per plate) for 30 min. We recorded the time until each fly
righted itself by standing up [99]. Only flies that recovered within 30 min of being
removed from the ice were included in the analysis (n=48-57 flies per sex per line),

although we also recorded the number of flies that did not recover.

Ethanol sensitivity
We assessed the time to sedation in response to acute ethanol exposure [100] on 44-52

flies per sex per Uhg4 genotype. Briefly, flies were aspirated into a 24-well cell culture
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plate and placed opposite a 24-well cell culture plate containing 100% ethanol, separated
by a layer of fine screen mesh. We recorded the time to sedation, defined as the moment

each fly loses postural control.

Sleep and locomotor activity

We collected sleep and locomotor activity data using Drosophila Activity Monitors
(DAM) (TriKinetics, Waltham, MA). Briefly, we placed 1-2 day-old flies into DAM
monitor tubes containing 2% agar with 5% sucrose, with two DAM monitors per sex per
Uhg4 genotype, for a total of 64 flies per sex and genotype. Sleep and activity data were
recorded on days 3-8 of the fly lifespan on a 12-h light—dark cycle. Sleep was defined as
at least 5 min of inactivity. Only flies that survived the entire testing period were included
in analyses, resulting in 61-64 flies per sex per Uhg4 genotype (except for 208-4G
females, for which there was only one replicate of 32 individuals). The DAM data were
initially processed with Shiny-RDAM [101] and resulting raw sleep and activity output

files were downloaded for further statistical analysis.

Statistical analyses

Unless otherwise indicated, all behavioral assays were analyzed using the “PROC
MIXED” command (for a mixed-effects model) or “PROC GLM” command (for a pure
fixed-effects model) in SAS v3.8 as a Type Il Analysis of Variance (ANOVA). Where

appropriate, flies were randomized to avoid positional or time-related effects.
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Development time (day of eclosion) was analyzed according to the model
Y=u+L+S+G+LxS+LxG+SxG+LxSxG+Rep(L)+SxRep(L)+G x Rep(L) +
S x G x Rep(L) + . Heat shock (percent of flies that survived) and all sleep and activity
phenotypes (e.g. locomotor activity, bout count, percent of time asleep) were analyzed
according to the model Y=u+L+S+L xS+ Rep(L x S) +e&. Chill coma recovery time
(time to recover, in seconds) and ethanol sensitivity (time to sedation, in seconds) were
analyzed according to the model Y=x+L +S+L xS +¢ Mating latency (in seconds),
mating duration (in seconds), and viability (viability coefficient v) were assessed
according to the ANOVA model Y=+ L +&. In these models, Y is the phenotype of
interest, x is the overall mean, L is the fixed effect of Line (DGRP_208, 208-44, 208-4F,
208-4G), S is the fixed effect of sex (male, female), G is the fixed effect of balancer
genotype (Uhg4/CyO heterozygote, Uhg4 homozygote), Rep is replicate nested within
lines, and ¢ is the residual error. We performed pairwise comparisons of each Uhg4
deletion line (208-44, 208-4F, or 208-4G) with the Uhg4 wild type control, as well as a
pooled comparison across all deletion lines compared to the control. For mating
phenotypes, we also compared 208-4G females x DGRP_208 males and DGRP_208
females x 208-4G males to the control. We used Fisher’s exact tests to assess the
proportion of flies that mated and the proportion of flies that recovered from a chill-
induced coma in mating and chill coma recovery time, respectively using the R stats
package. Models were also run separately by sex. For development time, models were

also run separately for Uhg4/CyO heterozygotes and Uhg4 homozygotes.
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Ovary dissection

We placed mated females from representative Uhg4 deletion lines and their controls
(208-4F, 208-4G, DGRP_208) in fresh food vials supplemented with yeast paste every
12 h for 36 h prior to dissection. Flies were dissected in 1X PBS and ovarioles were
gently separated. Ovaries were fixed in 4% paraformaldehyde for 15 min, followed by
three 15-min washes in PBS with 0.2% Triton X-100. Following a final 15-min wash in
PBS, ovaries were stained with DAPI (Invitrogen) (1 ug/mL) for 10 min and mounted
with ProLong Gold (Invitrogen) immediately after the final PBS wash. Ovaries were
imaged on an Olympus Fluoview FV3000 microscope at 20 X magnification. Images

were processed in Fiji [102].

RNA sequencing

We prepared libraries for RNA sequencing from each RNA sample used in the RT-gPCR
analyses according to Universal RNA-Seq with NuQuant + UDI (Tecan Genomics, Inc.,
Redwood City, CA) manufacturer instructions. Specifically, 100 ng of total RNA was
converted into cDNA via integrated DNase treatment. Second strand cDNA was
fragmented using a Covaris ME220 Focused-ultrasonicator (Covaris, Woburn, MA) to
350 bp. Drosophila AnyDeplete probes were used to deplete remaining ribosomal RNA
and final libraries were amplified using 17 PCR cycles. We used TapeStation High
Sensitivity D1000 Screentape (Agilent Technologies, Inc., Santa Clara, CA) and a
Qubit™ 1X dsDNA HS Assay kit (Invitrogen, Carlsbad, CA) to measure the final library

insert sizes and concentration, respectively. Final libraries were diluted to 4 nM and
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sequenced on a NovaSeq6000 (Illumina, Inc., San Diego, CA) using an S1 flow cell. We
sequenced two biological replicates per sex per line (208-44, 208-4F, 208-4G,

DGRP_208), with ~20-74 million reads per sample.

Barcoded reads were demultiplexed using the NovaSeq Illumina BaseSpace sequencing
pipeline and merged across S1 flow cell lanes. We used the AfterQC pipeline (version
0.9.7) [103] to filter out low-quality, short, and adapter reads and the bbduk command
within the BBTools package [104] to detect levels of rRNA contamination. We used
GMAP-GSNAP [105] to align filtered reads to the D. melanogaster reference genome
v6.13 and the featurecounts pipeline from the Subread package [106] to count unique
alignments to Drosophila genes. Expression for novel transcribed regions (NTRs) was
estimated by first compiling a list of NTRs detected from RNA sequencing of young
adult DGRP flies [82]. The coordinates of these NTRs were converted from R5 to R6
using the Coordinate Converter tool on FlyBase. A new gene transfer format file was
constructed using the coordinate-converted NTR gene models and was used in
conjunction with the alignment files for expression estimation. Counts data for each
sample were filtered to omit genes for which the median count was less than two, as well
as genes for which the proportion of null values across all samples was less than 0.25.
The data were then normalized for gene length and library size using Ge-TMM [107].
Filtered and normalized data were analyzed for differential expression using the “PROC
glm” command in SAS v3.8 (Cary, NC) according to the ANOVA model

Y=u+L+S+LxS+¢ where Line (L), Sex (S), and Line x Sex (L x S) are fixed effects,
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Y is gene expression, u is the overall mean, and ¢ is residual error. A false discovery rate
(FDR) correction using the Benjamini—Hochberg procedure (BH-FDR) for multiple tests
was applied across all genes to determine the subset of differentially expressed genes
significant at BH-FDR < 0.05 and BH-FDR < 0.1 for either the Line or Line x Sex terms.
NTR expression counts were analyzed using the same approach described above but as a
separate dataset. For the bulk RNA sequencing data, plotting ordered raw p-values and
BH-FDR adjusted p-values against the number of tests revealed a non-monotonic
relationship between raw p-values and adjusted p-values. Therefore, we used a BH-FDR
thresholding approach to identify genes with statistically significant p-values from the
ANOVA model. Briefly, after ordering the genes based on ascending raw p-values, we
compared each gene's raw p-value to FDR critical values calculated as rank*Q/number of
tests at both Q =0.05 and Q =0.1. For both critical values, p-value thresholds were
determined as the first occurrence of the raw p-values greater than critical values. Genes
with raw p-values below the p-value threshold at critical values Q =0.05 and Q=0.1
were considered for downstream analyses. We used the resulting 180 genes significant at
FDR < 0.1 for network construction and included the 13 differentially expressed NTRs

(BH-FDR < 0.1) with these 180 genes for k-means clustering.

We performed k-means clustering (k =8, average linkage algorithm) on the Ge-TMM-
normalized least squares means of the 193 coregulated genes. We performed iterative k-
means clustering with different k values to determine the largest number of clusters

without redundant expression patterns across clusters. We used Cytoscape v3.9.1 and the
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interaction networks from FlyBase [79] (FB_2021_05) to create protein and genetic
interaction networks including first-degree neighbors, clustered via MCODE score [108]
where applicable. Cluster annotations are based on significantly enriched Gene Ontology
(GO) terms. We performed GO statistical overrepresentation analyses with GO:
Biological Process Complete, Molecular Function Complete, and Reactome Pathway
terms (GO Ontology database released 2021-11-16) using Panther db v16.0 [109] using

Fisher Exact tests with BH-FDR correction.

Data Availability Statement

All high throughput sequencing data are deposited in GEO GSE199865.

Sanger sequencing, gPCR, and raw behavioral data are available on GitHub at

rebeccamacpherson/Pleitropic_fitness_effects Uhg4 rawdata
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Introduction

Switch/Sucrose Non-Fermenting (SWI/SNF)-related intellectual disability disorders
(SSRIDDs) and Cornelia de Lange syndrome (CdLS) are syndromic neurodevelopmental
Mendelian disorders of chromatin modification. SSRIDDs, including Coffin-Siris
syndrome (CSS) and Nicolaides-Baraitser syndrome (NCBRS), stem from variants in
genes of the Brahma-Related Gene-1 Associated Factor (BAF) complex, also known as
the mammalian SWI/SNF complex (Hoyer et al. 2012; Santen et al. 2012; Tsurusaki et

al. 2012; Van Houdt et al. 2012; Tsurusaki et al. 2014; Hempel et al. 2016; Bramswig et
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al. 2017; Bogershausen and Wollnik 2018; Vasileiou et al. 2018; Gazdagh et al. 2019;
Machol et al. 2019; Zawerton et al. 2019). CdLS is associated with variants in genes that
encode components of the cohesin complex (Krantz et al. 2004; Deardorff et al. 2007;
Deardorff et al. 2012; Gil-Rodriguez et al. 2015; Boyle et al. 2017; Huisman et al. 2017;

Olley et al. 2018).

SSRIDD patients exhibit neurodevelopmental delay, intellectual disability, hypotonia,
seizures, and sparse hair growth, as well as cardiac, digit, and craniofacial anomalies,
where the severity and spectrum of affected phenotypes are dependent upon the specific
variant or affected gene product (reviewed in Bogershausen and Wollnik 2018; Schrier
Vergano et al. 2021; Vasko et al. 2021). For example, many SSRIDD patients with
variants in ARID1B tend to have milder phenotypes including normal growth, milder
facial gestalt, and no central nervous system (CNS) abnormalities, whereas most variants
in SMARCB1 are associated with more severe phenotypes, including profoundly delayed
developmental milestones, seizures, kidney malformations, and CNS abnormalities
(Bogershausen and Wollnik, 2018; Schrier Vergano et al. 2021). Furthermore, variants in
ARID1B are associated with SSRIDD, Autism Spectrum disorder, and non-syndromic
intellectual disability (Hoyer et al. 2012; De Rubeis et al. 2014; lossifov et al. 2014;
Vissers et al. 2016; van der Sluijs et al. 2019). Brain malformations, such as agenesis of
the corpus callosum, Dandy-Walker malformation, and cerebellar hypoplasia, have also

been observed in 20-30% of all patients with variants in the BAF complex (Vasko et al.
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2022), but are most commonly observed in patients with variants in SMARCB1

(Bogershausen and Wollnik 2018).

CdLS patients also display a clinical spectrum including intellectual disability, hirsutism,
synophrys, and digit, craniofacial, and CNS anomalies (reviewed in Kline et al. 2018;
Avagliano et al. 2020; Selicorni et al. 2021). As in SSRIDDs, some phenotypes are more
highly associated with a specific gene, but phenotypic severity can vary widely across
variants within the same gene. For example, most patients with variants in SMC1A show
milder developmental delay and intellectual disability compared to their classical NIPBL-
CdLS counterparts, but about 40% of SMC1A patients exhibit severe epileptic
encephalopathy and intellectual disability (Jansen et al. 2016; Symonds et al. 2017;
Selicorni et al. 2021).CdLS has also been reclassified as a spectrum of cohesinopathies
(Van Allen et al. 1993; Kline et al. 2018). Patients with pathogenic variants in many
genes involved in chromatin accessibility and regulation have overlapping symptoms

with CdLS (Parenti et al., 2017; Aoi et al. 2019; Cucco et al. 2020).

D. melanogaster is well-suited for modeling human disorders, as large numbers of flies
can be raised economically without ethical or regulatory restrictions. Additionally,
SSRIDD- and CdLS-associated genes are highly conserved in flies and a wide variety of
genetic tools are available to create fly models of human diseases (Hu et al. 2011; Perkins
et al. 2015; Zirin et al. 2020). Previous groups have used D. melanogaster to investigate

SSRIDDs and CdLS and have observed phenotypes relevant to disease presentation in
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humans, including changes in sleep, brain function, and brain morphology (Pauli et al.
2008; Schuldiner et al. 2008; Wu et al. 2015; Chubak et al. 2019). These studies have
provided insight into potential disease pathogenesis and suggested that certain subtypes
of SSRIDD and CdLS can be modeled in the fly, but they were not performed in

controlled genetic backgrounds.

Here, we present behavioral and transcriptomic data on Drosophila models of SSRIDDs
and CdLS in a common genetic background. RNAi-mediated knockdown of Drosophila
orthologs of SSRIDD- and CdLS-associated genes show gene- and sex-specific changes
in brain structure and sensorimotor integration, as well as increased locomotor activity
and decreased night sleep. Transcriptomic analyses show distinct differential gene

expression profiles for each focal gene.

Results

Drosophila Models of SSRIDDs and CdLS

We identified Drosophila orthologs of 12 human genes associated with the SSRIDD
chromatin remodeling disorders and CdLS with a DIOPT score > 9 and for which TRiP
RNAI lines in a common genetic background and without predicted off-target effects were
publicly available. Using these criteria, the Drosophila genes Bap111, brm, osa, and Snrl

are models of SSRIDD-associated genes ARID1A, ARID1B, SMARCA2, SMARCAA4,
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SMARCB1, and SMARCEL; and Nipped-B, SMC1, SMC3, and vtd are models of CdLS-

associated genes NIPBL, SMC1A, SMC3, and RAD21 (Table S2).

We obtained UAS-RNAI lines generated in the same genetic background for each of the
fly orthologs and crossed these RNAI lines to each of three ubiquitous GAL4 drivers to
assess viability (Figure S1). We selected ubiquitous drivers since the human SSRIDD- and
CdLS-associated genes and Drosophila orthologs are ubiquitously expressed, and SSRIDD
and CdLS patients carry pathogenic variants in all cells. We initially crossed each UAS-
RNAI line to three ubiquitous GAL4 drivers (Actin-GAL4, Ubiquitin-GAL4, and Ubi156-
GAL4) and assessed viability and degree of gene knockdown in the F1 progeny (Figure
S1). Ubiquitin-GAL4-mediated gene knockdown resulted in viable progeny in only three
of the eleven UAS-RNAI lines, with most progeny dying during the embryonic or larval
stage (Figure S1). Based on these data, we selected the weak ubiquitin driver Ubi1l56-GAL4
(Garlapow et al. 2015) and the UAS-RNAI lines for brm, osa, Snrl, SMC1, SMC3, and vtd
for further study (Table 1). With the exception of Ubi156>0sa males which had ~15% gene
knockdown, RNAI knockdown of all genes ranged from 40-80% (Table S3). Given that
SSRIDDs and CdLS are largely autosomal dominant disorders, knockdown models that
retain some degree of gene expression are reflective of the genetic landscape of SSRIDD

and CdLS patients.
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Table 6.1. Drosophila genes used in fly models. The table indicates fly genes used in
SSRIDD and CdLS fly models, as well as the respective human orthologs and MIM
numbers, associated human disease and respective MIM numbers, and DIOPT scores.

Human orthologs are only included in the table if the DIOPT score is greater than 9.

FlyGene Human Ortholog(s) Human Ortholog Associated Human Disease Phenotype MIM DIOPT score
MIM number(s) Number(s)

brm SMARCA2, SMARCA4 600014, 603254 SSRIDD (NCBRS, CSS 4) 601358, 614609 13,12
osa ARID1A, ARID1B 603024, 614556 SSRIDD (CSS 2, CSS 1) 614607, 135900 12,12
SMC1 SMCIA 300040 Cornelia de Lange syndrome 2 300590 12
SMC3 SMC3 606062 Cornelia de Lange syndrome 3 610759 12
Snri SMARCB1 601607 SSRIDD (CSS 3) 614608 15

vtd RAD21, RAD21L1 606462, 619533 Cornelia de Lange syndrome 4 614701 11, 10

Effects on Startle Response

Given the neurological and musculoskeletal clinical findings in SSRIDD, and CdLS
patients (Bogershausen and Wollnik 2018; Kline et al. 2018; Avagliano et al. 2020; Schrier
Vergano et al. 2021; Selicorni et al. 2021; Vasko et al. 2022), we assessed startle-induced
sensorimotor integration for RNAI of brm, osa, Snrl, SMC1, SMC3, and vtd relative to
their control genotype. Almost all genotypes exhibited a decreased startle response across
both sexes (p < 0.02 for all by-sex by-genotype comparisons to the control, Figure 1A,
Table S4). Males with osa or brm knockdown did not exhibit changes in startle response
(p > 0.05), and females with Snrl knockdown showed an increased startle response (p <
0.0001). In the lines where both sexes were affected, we observed more extreme

phenotypes in males (Figure 1A).
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Figure 6.1. Altered startle response phenotypes in SSRIDD and CdLS fly models.
Startle phenotypes of flies with Ubi156-GAL4-mediated RNAI knockdown. (A) Boxplots
showing the time, in seconds, spent moving after an initial startle force. Asterisks represent
sex-specific pairwise comparisons with the control. (B) Bar graphs showing the percentage
of flies that exhibit tapping behavior (see File S1 and S2) following an initial startle
stimulus. Females and males are shown in purple and green, respectively. See Table S4 for
ANOVAs (A) and Fisher’s Exact Tests (B). N = 36-50 flies per sex per line. *: p < 0.05,

**:p<0.01, ***: p<0.001, ****: p < 0.0001.

While testing flies for startle response, we noticed that some flies exhibited a specific
locomotion phenotype we termed “tapping”. Tapping is characterized by repetitive
extension and retraction of individual legs as if to walk, but without progressive movement
in any direction (File S1). Compared to the control (example shown in File S2), we
observed an increase in the number of flies exhibiting tapping behavior in male flies with

knockdown of brm (p = 0.0267), osa (p = 0.0026), Snr1 (p = 0.0005) and vtd (p = 0.0002)
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(Figure 1B, Table S4). We also observed increases in tapping behavior in females with
knockdown of Snrl and vtd that fall just outside of a significance level of 0.05 (p = 0.0563
for both genes); Figure 1B, Table S4). The tapping and startle phenotypes were not evident

across all genes associated with a specific disorder.

Effects on Sleep and Activity

We hypothesized that hypotonia and sleep disturbances observed in SSRIDD and CdLS
patients (Liu and Krantz 2009; Stavinoha et al. 2011; Rajan et al. 2012; Zambrelli et al.
2016; Bogenshausen and Wollnik 2018; Schrier Vergano et al. 2021; Vasko et al. 2021)
may correspond to changes in activity and sleep in Drosophila models. Sleep disturbances
were also observed in a previous Drosophila model of NIPBL-CdALS (Wu et al. 2015).
Therefore, we quantified activity and sleep phenotypes for RNAi-mediated knockdown of
brm, osa, Snrl, SMC1, SMC3, and vtd. All RNAI genotypes showed increases in overall
spontaneous locomotor activity (p < 0.02 for all by-sex by-genotype comparisons to the
control, Figure 2A, Table S4). This increase in spontaneous locomotor activity was most
pronounced in males with knockdown of osa (p < 0.0001); this was the only genotype for
which males were more active than females (Figure 2A, Table S4). All RNAI genotypes
showed decreases in night sleep (p < 0.0001 for all by-sex by-genotype comparisons to the
control). Flies with knockdown of osa (males, p < 0.0001; females, p < 0.0001) and females
with knockdown of vtd (p < 0.0001) spent about half of the nighttime awake, the least
amount of sleep across all flies tested (Figure 2B, Table S4). In addition to increased

activity, the Drosophila models of SSRIDDs and CdLS have fragmented sleep: the number
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of sleep bouts at night was increased for all lines and sexes compared to the control (p <
0.0001 for all by-sex by-genotype comparisons to the control, except SMC1 males, p =

0.0023, Figure 2C, Table S4).
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Figure 6.2. Altered sleep and activity phenotypes in SSRIDD and CdLS fly models.

Boxplots displaying activity and sleep phenotypes of flies with Ubil56-GAL4-mediated
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RNAI knockdown. (A) total activity; (B) proportion of time spent asleep at night; (C)
number of sleep bouts at night. Females and males are shown in purple and green,
respectively. N = 18-32 flies per sex per line. See Table S4 for ANOVAs. Asterisks indicate
pairwise comparisons of each line to the control, sexes separately. *: p <0.05, **: p <0.01,

***:p<0.001, ****: p <0.0001.

Effects on Brain Morphology

To assess changes in brain structure in brm, osa, Snrl, SMC1, SMC3, and vtd RNAI
genotypes, we focused on the mushroom body and the ellipsoid body, as prior studies on
SSRIDDs in flies have shown changes in mushroom body structure (Chubak et al. 2019),
and the mushroom body has been linked with regulation of sleep and activity in Drosophila
(Joiner et al. 2006; Pitman et al. 2006; Guo et al. 2011; Sitaraman et al. 2015).
Furthermore, SSRIDD and CdLS patients often present with intellectual disability and
CNS abnormalities (Bogershausen and Wollnik 2018; Kline et al. 2018; Avagliano et al.
2020; Schrier Vergano et al. 2021; Selicorni et al. 2021; Vasko et al. 2022). In the
Drosophila brain, the mushroom body mediates experience-dependent modulation of
behavior (reviewed in Modi et al. 2020), making the mushroom body and the ellipsoid
body, which mediates sensory integration with locomotor activity, suitable targets for
examining changes in brain structure. We used confocal microscopy to quantify the lengths
of both alpha and beta lobes of the mushroom body, as well as the horizontal and vertical

lengths of the ellipsoid body (Figures 3A-B). The lengths of these lobes were measured in
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three dimensions, capturing the natural curvature of the alpha and beta lobes of the

mushroom body instead of relying upon a 2D measurement of a 3D object.

Vertical
Ellipsoid
Body

Horizontal
Ellipsoid
Body

Figure 6.3. Examples of mushroom body abnormalities in SSRIDD and CdLS fly
models. Images of a wild type mushroom body annotated with measurement descriptors
for (A) mushroom body alpha and beta lobes, and heel-heel normalization measurement;
and (B) ellipsoid body measurements. Images of select brains from flies with Ubil56-
GAL4-mediated RNAI knockdown of osa showing (C) stunted alpha lobe outgrowth and
narrowed alpha lobe head in a female osa-deficient fly brain; and (D) beta lobe crossing
the midline/fused beta lobes, as well as a skinny alpha lobe in a male osa-deficient fly
brain. Images shown are z-stack maximum projections from confocal imaging. Triangular

arrowheads indicate the abnormalities. The scale bar represents 25 xM.
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We observed sex-specific changes in brain morphology (Figure 3C-D). Females, but not
males, showed decreased ellipsoid body dimensions with knockdown of Snrl (horizontal,
p = 0.0002; vertical, p < 0.0444, Table S4), while knockdown of vtd in females showed
decreased alpha (p = 0.0088) and beta (p = 0.0433) lobe lengths. In addition to sex-specific
effects, we observed sexually dimorphic effects; females with knockdown of brm showed
decreases in alpha lobe and horizontal ellipsoid body length (p = 0.0409, p = 0.0224,
respectively), while brm knockdown males showed increases in alpha lobe and horizontal
ellipsoid body length (p = 0.0301, p = 0.0305, respectively; Figure 4, Table S4). Levene’s
tests for equality of variances indicate that the ellipsoid body measurements have sex-
specific unequal environmental variances in some genotypes compared to the control
(Figure 4, Table S4). These results show that these models of SSRIDDs and CdLS show

morphological changes in the mushroom body and ellipsoid body.
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Figure 6.4. SSRIDD and CdLS fly models show gene-specific changes in mushroom
body and ellipsoid body. Boxplots showing (A) the average alpha lobe and (B) beta lobe
length for each brain; (C) ellipsoid body height (vertical direction; dorsal-ventral) and (D)
width (left-right; lateral). Bar graphs showing the percentage of brains that (E) have a
stunted alpha lobe(s)/narrowed alpha lobe head(s); (F) have a beta lobe(s) crossing the
midline, including fused beta lobes; and (G) display one of more of the following defects:
skinny alpha lobe, missing alpha lobe, skinny beta lobe, missing beta lobe, stunted alpha

lobe/narrowed alpha lobe head, beta lobe crossing the midline/fused beta lobes, extra
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projections off of the alpha lobe, extra projections off of the beta lobe. See Figure 3. All
brains were dissected from flies with Ubil56-GAL4-mediated RNAi knockdown. For
panels A-D, brains missing only one alpha or beta lobe are represented by the length of the
remaining lobe and brains missing both alpha lobes or both beta lobes were not included
in the analyses. For panels E-G, data were analyzed with a Fisher’s Exact test, sexes
separately. Asterisks (*) and diamonds (panels A-D only; 0) represent pairwise
comparisons of the knockdown line versus the control in ANOVAs or Fisher’s Exact tests,
and Levene’s tests for unequal variances, respectively. See Table S4 for ANOV As, Fisher’s
Exact and Levene’s Test results. Females and males are shown in purple and green,
respectively. N = 17-20 brains per sex per line. *: p < 0.05, **: p < 0.01, ***: p < 0.001,

*xx: 1 < 0,0001. 0 p < 0.05, 00: p < 0.01.

We also recorded gross morphological abnormalities, such as missing lobes, beta lobes
crossing the midline, and impaired/abnormal alpha lobe outgrowth (Figure 3C-D).
Although each abnormality was observed across multiple genotypes, only flies with
knockdown of osa demonstrated consistent brain abnormalities. Male and female osa
knockdown flies both exhibited an increased number of alpha lobes with impaired
outgrowth (males: p < 0.0001, females: p < 0.0025, Figure 4E, Table S4), and the osa
knockdown males also showed a significant number of beta lobe midline defects (p =
0.0471, Figure 4F, Table S4). Males with knockdown of SMC1 and vtd also showed

increased numbers of abnormal brains (p = 0.0471, p = 0.0202 respectively; Figure 4G,
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Table S4). Changes in brain morphology are more gene- and sex-dependent than changes

in sleep, activity, and startle response.

Effects on Genome-wide Gene Expression

We performed genome-wide analysis of gene expression for the brm, osa, Snrl, SMC1,
SMC3, and vtd RNAI genotypes and their control, separately for males and females. We
first performed a factorial fixed effects analysis of variance (ANOVA) for each expressed
transcript, partitioning variance in gene expression between sexes, lines, and the line by
sex interaction for all seven genotypes. We found that 8,481 and 6,490 genes were
differentially expressed (FDR < 0.05 for the Line and/or LinexSex terms, Table S5), for a

total of 9,657 unique genes.

brm, osa, Snrl and their human orthologs (Tables 1, S2) are part of the same protein
complex (BAF complex in humans, BAP-complex in flies). Therefore, we evaluated
whether other BAP complex members Bap55, Bap60, and Bap111 (which are orthologous
to human BAF complex members ACTL6A, SMARCD1, and SMARCEL, respectively), are
differentially expressed in the analysis of all genes. We observed differential expression of
strong fly orthologs (DIOPT > 9) of additional BAF complex subunits in the global model
and found that Bap55 and Bap60 (FDR-corrected Line p-values: 0.0123, 0.01306,
respectively; Table S5), but not Bap111, are differentially expressed. We did not observe

differential expression of Nipped-B in the global analysis. Nipped-B is a member of the fly
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cohesin complex along with SMC1, SMC3, and vtd, and is orthologous to the human

cohesin complex member NIPBL.

We next performed separate pairwise analyses for SSRIDD-associated fly orthologs and
CdLS-associated fly orthologs against the control genotype using the subset of 9,657
unique differentially expressed genes from the full ANOVA model (Tables 2, S5). We also
performed these analyses on sexes separately (Tables 2, S5). The number of differentially
expressed genes at a given FDR threshold varies across pairwise comparisons and across
sexes. For example, females with knockdown of brm and Snrl have 583 and 3,026
differentially expressed genes (FDR < 0.05), respectively, whereas males with knockdown
of these genes have 2,996 and 3,376 differentially expressed genes (FDR < 0.05),
respectively (Tables 2, S5). We observed the largest number of differentially expressed
genes in flies with knockdown of Snrl (Tables 2, S5). At FDR < 0.0005, there were still
1,059 genes differentially expressed in Snrl males (Table S5). A greater number of
differentially expressed genes are upregulated than downregulated in flies with knockdown
of brm, SMC1, SMC3, and vtd (Table S5). In contrast, flies with knockdown of osa and
Snrl have a greater number of downregulated genes (Table S5). Flies with knockdown of
Snrl and SMC1 had the greatest percentage of differentially expressed genes shared
between males and females: 12.2% (698) and 7.6% (348) respectively (Table S6). Snrl
also had the greatest percent knockdown by RNAIi. Only four genes are differentially
expressed in all pairwise comparisons of knockdown lines versus the control line, in both

males and females; all are computationally predicted genes (Table S6).
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Table 6.2. Differentially expressed gene counts. The table shows the number of
differentially expressed genes (FDR < 0.05) for the Line and/or Line x Sex terms for each

pairwise analysis of knockdown vs control, sexes together and sexes separately.

Analysis
Both sexes Femalesonly = Males only

Comparison Line LinexSex Line Line
brm vs. Control 2808 1652 583 2995
osa vs. Control 2179 1059 1135 1580
Snrl vs. Control 4996 3632 3026 3376
SMC1 vs. Control 2714 1727 2540 2395
SMC3 vs. Control 1874 586 2711 1161
vtd vs. Control 1998 961 818 1630

We performed k-means clustering to examine patterns of co-regulated expression,
separately for males (k=8) and females (k=10). We identified the cutoff threshold value for
Log2FC by first sorting genes in a descending order of maximal absolute value of Log2FC
(Table S7). We fitted lines to roughly linear segments of the generated distribution and
designated the cutoff threshold as the Log2FC value of the index at the intersection of the
two fitted lines (Figure S2, Table S7). The genes in each cluster are listed in Table S8.
Although many clusters reveal gene-specific expression patterns (e.g. Cluster F1, F9, F10,
Figure 5; Clusters M1, M6, Figure 6), Clusters F7 and F8 show disease-specific patterns,
where knockdown of brm, osa, and Snrl clusters separately from SMC1, SMC3, and vtd
(Figure 5). This is not surprising, as brm, osa, and Snrl are part of the fly BAF complex
and models for SSRIDDs, whereas SMC1, SMC3, and vtd are associated with the fly

cohesin complex and are models for CdLS. We also observed patterns involving genes
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from both SSRIDDs and CdLS. Clusters F4 and M3 contain genes upregulated in response
to knockdown of SMC3, osa, and brm and downregulated in response to knockdown of
Snrl and SMC1 (Figures 5-6) Clusters F5 and M5 contain genes upregulated only in flies
with knockdown of osa and Snrl (Figures 5-6). Notably, many long noncoding RNAs
(IncRNAs) feature prominently in many of the male and female clusters (Figures 5-6;

Tables S7, S8).
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Figure 6.5. k-means clusters for females. k-means clusters (k = 10, average linkage
algorithm) based on expression patterns of the 535 genes with maximal absolute value of

the fold-change in expression, compared to the control. Blue and yellow indicate lower and

higher expression, respectively.
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Figure 6.6. k-means clusters for males. k-means clusters (k = 8, average linkage
algorithm) based on expression patterns of the 535 genes with maximal absolute value of
the fold-change in expression, compared to the control. Blue and yellow indicate lower

and higher expression, respectively.

To infer functions of these differentially expressed genes, we performed Gene Ontology
(GO) analyses on the top approximately 600 (1000) differentially expressed genes for sexes
separately (sexes pooled) (Table S9). These analyses reveal that differentially expressed
genes associated with knockdown of CdLS-associated fly orthologs are involved in
chromatin organization, regulation and processing of RNA, reproduction and mating
behavior, peptidyl amino acid modification, and oxidoreductase activity (Table S9). We
also see sex-specific effects, such as muscle cell development in males and neural
projection development in females (Table S9). Differentially expressed genes associated
with knockdown of SSRIDD-associated fly orthologs in males are involved in mating
behavior, cilia development, and muscle contraction, while we see overrepresented
ontology terms involved in chromatin modification, mitotic cell cycle, and serine hydrolase
activity in females (Table S9). We observed more alignment of GO terms across genes and
sexes in the CdLS fly models (SMC1, SMC3, vtd) than in SSRIDD fly models (brm, osa,
Snrl). There were no overrepresented GO terms for females in the CdLS-specific analysis.
However, in the 156 genes shared across both sexes and both the SSRIDD and CdLS
disease-level analyses, we see an overrepresentation of muscle cell development and actin

assembly and organization (Table S9). GO enrichment on k-means clusters does not reveal
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over-representation of any biological processes, molecular functions or pathways for
Clusters F7, F8, F4, F5, and M3 (Table S10). Genes involved in alpha-glucosidase activity

are overrepresented in Cluster M5 (Table S10).

We generated Venn diagrams (Figure S3) to display the degree of similarity in
differentially expressed genes across analyses, including the 156 genes shared across
SSRIDD and CdLS males and females (Table S6). Interestingly, 93% (2689/2907) of genes
differentially expressed in a disease-specific analysis of CdLS males were also
differentially expressed in CdLS females or in SSRIDD fly models (Table S6). This is in
contrast to CdLS females, SSRIDD males, and SSRIDD females, in which about 25% of
the differentially expressed genes were specific to a single analysis (Table S6).
Approximately 24 and 56 percent of the differentially expressed genes (FDR<0.05) in
pairwise comparisons for males and females, respectively, have a predicted human

ortholog (DIOPT > 9) (Table S11).

Co-Regulated Genes

We selected a subset of co-regulated genes from gene expression analyses as potential
modifiers of the focal genes brm, osa, and/or Snrl. We chose genes that had a significant
effect (Line FDR < 0.05) in analyses pooled across sexes, a suggestive effect (Line FDR <
0.1) for each sex separately, a greater than or less than two-fold-change in both sexes, a
strong human ortholog (DIOPT > 9), and an available attp40 TRiP RNAI line (the same

genetic background as the focal genes). We increased the FDR threshold to 0.1 for the sex-
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specific pairwise analyses to account for the decreased power of these analyses compared
to those with sexes combined. This resulted in 31 genes (Table S12). We further narrowed
our selection by prioritizing genes for further study with potential roles in neurological
tissues, metabolism, chromatin, orthologs associated with disease in humans, and
computationally predicted genes of unknown function. The six fly genes we selected for
further study are Alpl0, CG40485, CG5877, IntS12, Mal-A4, and Odcl, which are
orthologous to human genes ALPG, DHRS11, NRDE2, INTS12, SLC3A1, and ODC1,
respectively (human ortholog with highest DIOPT score listed; Table S12). All six genes
tested were co-regulated with Snrl, but CG40485 and CG5877 were not co-regulated with

osa and brm models of SSRIDDs (Table S6).

For each target gene, we crossed the UAS-RNAI line to the Ubil56-GAL4 driver and
performed qRT-PCR to assess the magnitude of reduction in gene expression. All co-
regulated genes had reduced expression in both sexes (Table S13). We then assessed the
effects of these genes on startle response, sleep, and activity. Knockdown of Mal-A4,
CG5877 and Alp10 showed changes in startle response times for both sexes (Figure S4A,
Table S14). Mal-A4 demonstrated sexually dimorphic changes in startle response similar
to flies with Snrl knockdown, as females showed an increase (p = 0.0215) and males
showed a decrease (p < 0.0001) in startle response (Figure S4A, Table S14). We also
quantified tapping behavior in these co-regulated genes and found that flies with
knockdown of CG5877 and Odcl showed an increase in tapping behavior compared to the

control, similar to flies with knockdown of osa and Snrl (Figure 1B), although we only

231



observed tapping in females with knockdown of Odcl (Figure S4B, Table S14; CG5877

females: p = 0.0266, CG5877 males: p < 0.0001; Odcl females: p = 0.0125).

With the exception of CG40485, which showed no changes in sleep or activity for either
sex, all male RNAI genotypes had increased nighttime sleep bouts (p < 0.03), decreased
night sleep (p < 0.03), and, with the additional exception of CG5877 RNA.:i flies, increased
overall activity (p <0.006) (Figure S4, Table S14). Knockdown of Mal-A4 and Odcl also
showed increased activity for females (p = 0.0049, p = 0.0044, respectively). Only
knockdown of CG5877 resulted in increased night sleep for females (p = 0.0014) (Figure
S4C-D, Table S14). These changes in activity and sleep phenotypes largely parallel those

observed for SSRIDD fly models (Figure 2, Table S14).

Based on effects on startle response, tapping behavior, locomotor activity, night sleep,
and sleep bouts, none of the phenotypes associated with RNAI of the co-regulated genes
exactly matched the phenotypes associated with RNAI of the SSRIDD focal genes in
both magnitude and direction. However, three genes (Mal-A4, CG5877, Odcl) exhibited
at least one altered phenotype in both sexes (Figure S4). These phenotypic observations
provide evidence that Mal-A4, CG5877, and/or Odcl may be interacting with the focal

genes of the SSRIDD fly models.

232



Discussion

Variants in members of the mammalian SWI/SNF complex (BAF complex) give rise to
SSRIDDs, Mendelian disorders with a wide range of phenotypic manifestations, including
Coffin-Siris and Nicolaides-Baraitser syndromes (reviewed in Bogershausen and Wollnik
2018; Schrier Vergano et al. 2021). The diverse consequences of such variants and
variation in penetrance of similar variants in different affected individuals suggest the
presence of segregating genetic modifiers. Such modifiers may represent targets for
ameliorating therapies or serve as indicators of disease severity, yet they cannot be easily
identified in humans due to the limited sample size of individuals with rare disorders. In
addition to identifying potential modifiers, Drosophila models can be used to understand
underlying molecular effects of variants in chromatin-modification pathways and may aid

in discovery of drugs that ameliorate deleterious phenotypic effects.

We used a systematic comparative genomics approach to generate Drosophila models of
disorders of chromatin modification, based on the assumption that fundamental elements
of chromatin modification are evolutionarily conserved. First, we reduced expression of
BAF and cohesin complex orthologs through targeted RNA interference with a GAL4
driver that induces minimal lethality. We assessed consequences of target gene knockdown
on behaviors that mimic those affected in patients with SSRIDDs and CdLS. We used
startle behavior, a proxy for sensorimotor integration, and sleep and activity phenotypes to
assess the effects of variants in fly orthologues of human genes associated with similar

behavioral disorders. These Drosophila models show increased activity, decreased night
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sleep, and changes in sensorimotor integration. Although we cannot readily recapitulate
cognitive developmental defects in Drosophila, these behavioral phenotypes along with
brain morphology measurements provide a representative spectrum of behaviors that
correlate with human disease phenotypes. We observed gene-specific effects. In addition
to showing the largest changes in sleep and activity phenotypes, only osa RNAI flies
showed stunted mushroom body alpha lobes. Furthermore, only females with knockdown
of Snrl showed an increase in startle response times. Our neuroanatomical studies focused
on morphological changes in the ellipsoid body and mushroom bodies. We cannot exclude

effects on other regions in the brain.

Next, we performed whole genome transcriptional profiling to identify co-regulated genes
with each focal gene and used stringent filters to identify candidate modifier genes from
the larger subset of co-regulated genes. k-means clustering reveals co-regulated genes
unique to knockdown of a single protein complex member (Figures S4, S5), yet also shows
genes co-regulated in response to knockdown of several, but not all, members of the fly
cohesin and SWI/SNF complexes. Gene-specific and cross-disease effects are intriguing,
since brm, osa, and Snr1 are part of the fly SWI/SNF complex, and SMC1, SMC3, and vtd
are part of the fly cohesin complex, yet have widespread gene-specific downstream effects
on gene regulation. Upon knockdown of one protein complex member, we did not
necessarily find changes in gene expression of other members of the same complex. It is
possible that a compensatory mechanism exists that maintains transcript levels of other fly

SWI/SNF or cohesin complex members or the focal genes themselves (Dorsett 2009; Raab
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et al. 2017; Van der Vaart et al. 2020), such as with Nipped-B in a CdLS fly model (Wu et
al. 2015). Furthermore, the abundance of IncRNAs co-regulated with focal genes (Figures
S4, S5, Table S8) is intriguing given the association between IncCRNAS, chromatin
modification, and changes in gene expression in both flies and humans (Li et al. 2019;

Statello et al. 2021).

Snrl is part of the Brahma complex, a core component of the BAP complex and is
orthologous to SMARCBL1 (Table S2). Odcl, which encodes ornithine decarboxylase, is
orthologous to ODC1 (Table S12), which is associated with Bachmann-Bupp syndrome, a
rare neurodevelopmental disorder with alopecia, developmental delay, and brain
abnormalities (Prokop et al. 2021; Bupp et al. 2022). Ornithine decarboxylase is the rate-
limiting step of polyamine synthesis, which provides critical substrates for cell
proliferation and differentiation (reviewed in Wallace et al. 2003; Pegg 2016). Polyamines
interact with nucleic acids and transcription factors to modulate gene expression (Watanabe
et al. 1991; Hobbs and Gilmour 2000; Miller-Fleming et al. 2015; Maki et al. 2017).
CG5877 is predicted to mediate post-transcriptional gene silencing as part of the
spliceosome (Herold et al. 2009) and is orthologous to human NRDE2 (Table S12). Mal-
A4 is predicted to be involved in carbohydrate metabolism (Inomata et al. 2019) and is
orthologous to SLC3A1 (Table S12). We observed extensive sexual dimorphism in
behavioral phenotypes and transcriptional profiles upon knockdown of SSRIDD- and

CdLS-associated genes.
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Although we are not aware of transcriptional profiles currently available for SSRIDD
patients, RNA sequencing of post-mortem neurons from CdLS patients have shown
dysregulation of hundreds of neuronal genes (Weiss et al. 2021). RNA sequencing in a
Nipped-B-mutation fly model of NIPBL-CdLS found differential expression of ~2800
genes in the imaginal disc (FDR < 0.05) (Wu et al. 2015). Thus, we believe the number of
differentially expressed genes upon gene knockdown reported herein is comparable to

previous studies.

Methods

Drosophila Genes and Stocks

We selected SSRIDD-, and CdLS-associated genes with a strong fly ortholog (Drosophila
RNAI Screening Center Integrative Ortholog Prediction Tool (DIOPT) score > 9) (Hu et
al. 2011) and a corresponding attp2 fly line available from the Transgenic RNAI Project
(TRIP) (Perkins et al. 2015; Zirin et al. 2020). We excluded human genes that were
orthologous to multiple fly genes to increase the likelihood of aberrant phenotypes upon
knockdown of a single fly ortholog. We used attp40 TRIP lines when assessing phenotypes
associated with knockdown of co-regulated genes. We used the y%, sc”, V%, sev?; TRiP2;
TRIiP3 genotype as the control UAS line in all experiments. With the exception of the initial
viability screen, we crossed all RNAI lines to a weak ubiquitous GAL4 driver line, Ubi156-

GAL4 (Garlapow et al. 2015). Table S1A lists the Drosophila stocks used.
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Drosophila Culture

For all experiments, we maintained flies at a controlled density on standard
cornmeal/molasses medium (Genesee Scientific, EI Cajon, CA) supplemented with yeast
in controlled environmental conditions (25°C, 50% relative humidity, 12-hour light-dark
cycle (lights on at 6 am)). Crosses contained five flies of each sex, with fresh food every
48 hours. After eclosion, we aged flies in mixed-sex vials at a density of 20 flies per vial
until used in experiments. We performed experiments on 3-5-day old flies from 8 am to 11

am, unless otherwise noted.

Viability

For the initial viability screen of Drosophila orthologs of SSRIDD- and CdLS-associated
genes, we crossed attp2 TRIP lines and the control line to three ubiquitous GAL4 driver
lines. For the viability screen of co-regulated genes, we crossed attp40 TRiP lines and the
control line to the Ubi156-Gal4 driver line. From days 0-15, we noted the developmental
stage. For stocks that contained balancers, we recorded the associated phenotypic marker

in eclosed progeny.

Quantitative Real-Time PCR (qRT-PCR)

For the gRT-PCR analyses of gene expression of RNAI targets of brm, osa, SMC1, SMC3,
Snrl, and vtd, we flash froze 3-5-day old whole flies on dry ice and then collected, sexes
separately, 30 flies per sample. We stored frozen flies and their extracted RNA at -80°C.

We extracted RNA using the Qiagen RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) by
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homogenizing tissue with 350uL of RLT Plus Buffer containing B-mercaptoethanol
(Qiagen) and DX reagent (Qiagen), using a bead mill at 5m/second for 2 minutes. We
quantified RNA with the Qubit RNA BR Assay Kit (ThermoFisher Scientific, Waltham,
MA) on a Qubit Fluorometer (ThermoFisher Scientific) according to the manufacturer’s
specifications. We synthesized cDNA using iScript Reverse Transcription Supermix (Bio-
Rad Laboratories, Inc., Hercules, CA) according to the manufacturer’s instructions. We
quantified expression using quantitative real-time PCR with SYBR™ Green PCR Master
Mix (ThermoFisher Scientific), according to manufacturer specifications, but with a total
reaction volume of 20uL. We used three biological and three technical replicates per
sample and calculated percent knockdown using the AAct method (Livak and Schmittgen
2001). Table S1B contains primer sequences used. For the gRT-PCR analyses of gene
expression for the co-regulated genes Alpl0, CG40485, CG5877, IntS12, Mal-A4, and
Odc1l, we extracted RNA using the Direct-zol RNA MiniPrep Plus Kit (Zymo Research,
Irvine, CA) and homogenized tissue with 350uL of Tri-Reagent, using a bead mill at
5m/second for 2 minutes. We used two technical replicates in the qRT-PCR analyses of

co-regulated genes.

Startle-Induced Locomotor Response

We assessed startle response using a variation of a previously described assay (Yamamoto
et al. 2008). In summary, 36-50 flies per sex per line were placed into individual vials to
acclimate 24 hours prior to testing. To standardize the mechanical startle stimulus, we

placed a vial housing a single 3-5-day old fly in a chute. Removal of a supporting dowel
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allows the vial to drop from a height of 42 cm, after which it comes to rest horizontally
(Huggett et al. 2021). We measured the total time the fly spent moving during a period of
45 s immediately following the drop. We also recorded whether the fly demonstrated a
tapping phenotype, a series of leg extensions without forward movement. Time spent

tapping was not considered movement for startle calculations.

Sleep and Activity

We used the Drosophila Activity Monitoring System (DAM System, TriKinetics,
Waltham, MA) to assess sleep and activity phenotypes. At 1-2 days of age, we placed flies
into DAM tubes containing 2% agar with 5% sucrose, sealed with a rubber cap
(TriKinetics) and a small piece of yarn. We collected data for 7 days on a 12-hour light-
dark cycle, with sleep defined as at least 5 minutes of inactivity. We discarded data from
flies that did not survive the entire testing period, leaving 18-32 flies per sex per line for
analysis. We processed the raw sleep and activity data using ShinyR-DAM (Cichewicz and

Hirsh 2018) and used the resulting output data for statistical analysis.

Dissection and Staining of Brains

We dissected brains from cold-anesthetized flies in cold phosphate buffered saline (PBS),
before we fixed the brains with 4% paraformaldehyde (v/v in PBS) for 15 minutes, washed
with PAXD buffer (1x PBS, 0.24% (v/v) Triton-X 100, 0.24% (m/v) sodium deoxycholate,
and 5% (m/v) bovine serum albumin) three times for 10 minutes each, and then washed

three times with PBS. We blocked fixed brains with 5% Normal Goat Serum
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(ThermoFisher Scientific; in PAXD) for 1 hour with gentle agitation, then stained with 2-
5 pg/mL of Mouse anti-Drosophila 1D4 anti-Fasciclin 11 (1:4) (Developmental Studies
Hybridoma Bank; lowa City, IA) for 16-20 hours at 4°C. We washed brains three times
with PAXD for 10 minutes and stained them with Goat anti-Mouse 1gG-AlexaFluor488
(1:100) (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) for 4 hours. Then,
we washed brains with PAXD three times for 10 minutes each prior to mounting with
ProLong Gold (ThermoFisher Scientific). We performed all steps at room temperature with

gentle agitation during incubations

Brain Measurements

We analyzed 17-20 brains per sex per line using a Leica TCS SPE confocal microscope.
We visualized Z-stacks of each brain using Icy v. 2.2.0.0 (de Chaumont et al. 2012).

We measured ellipsoid body height and ellipsoid body width by measuring vertical
ellipsoid body length from dorsal to ventral, and horizontal ellipsoid body length from left
to right (relative to the fly). We also measured lengths of the mushroom body alpha and
beta lobes by drawing a single 3D line (3DPolyLine Tool within Icy) through the center of
each lobe, adjusting the position of the line while progressing through the z-stack. We
measured alpha lobes from the dorsal end of the alpha lobe to the alpha/beta lobe heel
(where the alpha and beta lobes overlap) and beta lobes from the median end of the beta
lobe to the alpha/beta lobe heel. We normalized the measurements for each brain using the
distance between the left and right heels of the mushroom body (heel-heel distance). We

used the average alpha and beta lobe lengths for each brain for subsequent analyses. In the
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case of one missing alpha or beta lobe, we did not calculate an average and instead, used
the length of the remaining lobe for analysis. If both alpha or both beta lobes were missing,
we removed that brain for analysis of the missing lobes, but retained it for analysis of the

other brain regions.

We also recorded gross morphological abnormalities of the mushroom body alpha and beta
lobes, including missing lobe, skinny lobe, extra projections, abnormal alpha lobe
outgrowth, and beta lobes crossing the midline for each brain. We selected these
phenotypes based on prior studies on gross mushroom body morphology (Zwarts et al.

2015; Chubak et al. 2019).

Statistical Analyses

Unless noted below, we analyzed all behavioral data and brain morphology data in SAS
v3.8 (SAS Institute, Cary, NC) using the “PROC GLM” command according to the Type
111 fixed effects factorial ANOVA model Y =u+ L +S+ LxS + ¢, where Y is the phenotype,
1 is the true mean, L is the effect of line (e.g. RNAI line versus the control), S is the effect
of sex (males, females), and ¢ is residual error. We performed comparisons between an

RNA. line and its control. We also performed additional analyses for each sex separately.

We used a Fisher’s Exact test (fisher.test in R v3.63) to analyze the proportion of flies
tapping during startle experiments, the number of brains with a specific morphological

abnormality, and the number of brains with any gross morphological abnormality.
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We performed Levene’s and Brown-Forsythe’s Tests for unequal variances on the same
data set used for the analysis of lobe lengths. For both tests, we used the leveneTest
command ((car v3.0-11, Fox and Sanford 2019) in R v3.6.3) to run a global analysis

comparing all genotypes as well as pairwise comparisons.

RNA Sequencing

We synthesized libraries from 100ng of total RNA using the Universal RNA-seq with
Nuquant + UDI kit (Tecan Genomics, Inc., CA) according to manufacturer
recommendations. We converted RNA into cDNA using the integrated DNase treatment
and used the Covaris ME220 Focused-ultrasonicator (Covaris, Woburn, MA) to generate
350bp fragments. We performed ribosomal RNA depletion and bead selection using
Drosophila AnyDeplete probes and RNACIlean XP beads (Beckman Coulter, Brea, CA),
respectively. We purified libraries after 17 cycles of PCR amplification. We measured
library fragment sizes on the Agilent Tapestation using the Agilent High Sensitivity DNA
1000 kit (Agilent Technologies) and quantified library concentration using the Qubit 1X
dsDNA High Sensitivity Assay kit (Thermo Fisher Scientific). We pooled libraries at 4nM
and loaded them onto an Illumina S1 flow cell (Illumina, Inc., San Diego, CA) for paired-
end sequencing on a NovaSeq6000 (Illumina, Inc., San Diego, CA). We sequenced three
biological replicates of pools of 30 flies each per sex per line. We sequenced each sample
to a depth of ~30 million total reads; we resequenced samples with low read depth (<8

million uniquely mapped reads).
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We used the default Illumina BaseSpace NovaSeq sequencing pipeline to demultiplex the
barcoded sequencing reads. We then merged S1 flow cell lanes, as well as reads from
different runs. We filtered out short and low-quality reads using the AfterQC pipeline
(v0.9.7) (Chen et al. 2017) and quantified remaining levels of rRNA via the bbduk
command (Bushnell 2014). We aligned reads to the reference genome (D. melanogaster
v6.13) using GMAP-GSNAP (Wu et al. 2016) and counted these unique alignments to
Drosophila genes using the featurecounts pipeline from the Subread package (Liao et al.
2013). We excluded genes with a median expression across all samples of less than 3 and
genes where greater than 25% of the samples had a counts value of 0. We then normalized
the data based on gene length and library size using GeTMM (Smid et al. 2018) prior to

differential expression analysis.

Differential Expression Analyses

We performed multiple analyses for differential expression in SAS (v3.8; Cary, NC) using
the “PROC glm” command. We first performed a fixed effects factorial ANOVA model Y
=u+L+S+LxS+ ¢ where Line (L, all RNAI and control genotypes) and Sex (S) are
cross-classified main effects and LinexSex (LxS) is the interaction term, Y is gene
expression, u is the overall mean, and ¢ is residual error. We then performed the same
analyses only for genes associated with SSRIDDs or for CdLS; i.e., 9,657 genes that were
significantly differentially expressed (FDR < 0.05 for the Line and/or LinexSex terms) in

the full model. We ran the ANOVA model for each RNAI genotype compared to the
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control. Finally, we ran ANOVAs (Y = i + L + &) separately for males and females for the

disease-specific and individual RNAi analyses.

Gene Ontology and k-means Clustering Analyses

We performed Gene Ontology (GO) statistical overrepresentation analyses on the top 1,000
differentially expressed genes for the Line term (GO Ontology database released 2022-03-
22, Pantherdb v16.0 (Mi et al. 2013; Thomas et al. 2022)) in each disease-specific and
pairwise analysis for GO Biological Process, Molecular Function, and Reactome Pathway
terms. For the analyses performed on sexes separately, we used the top 600 differentially
expressed genes based on the significance of the Line term. The numbers of differentially
expressed genes used in GO enrichment gave maximal GO enrichment with minimal

redundancy compared to other numbers of differentially expressed genes.

We performed k-means clustering (average linkage algorithm), sexes separately, on Ge-
TMM normalized least squares means of 533 genes that had the highest Log?2 fold change
(FC) in expression. We identified the cutoff threshold value for Log2FC by first sorting
genes in a descending order of maximal absolute value of Log2FC, then fitted lines to
roughly linear segments of the generated distribution and designated the cutoff threshold
as the Log2FC value of the index at the intersection of the two fitted lines. We used
hierarchical clustering (Average Linkage algorithm, WPGMA) to determine the
approximate number of natural clusters, then performed clustering with varying values of

k to determine the largest number of unique, but not redundant, expression patterns. We
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also performed GO statistical overrepresentation analyses on genes in each k-means cluster
(GO Ontology database released 2022-07-01, Pantherdb v17.0 (Mi et al. 2013; Thomas et
al. 2022)) in each disease-specific and pairwise analysis for GO Biological Process,

Molecular Function, and Reactome Pathway terms.

Data Availability Statement

All high throughput sequencing data are deposited in GEO GSE213763.

Raw behavioral data, qPCR data, and coding scripts are available on GitHub at
https://github.com/rebeccamacpherson/Dmel_models_ CSS_NCBRS_CdLS. All UAS-
RNAI lines used in this study are available at the Bloomington Drosophila Stock Center,
except the ubiquitous RNAI driver Ubi156-GAL4 and the double RNAI lines, which are

available upon request.
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CHAPTER SEVEN
IDENTIFICATION OF CANDIDATE GENETIC MODIFIERS IN A DROSOPHILA
MELANOGASTER MODEL OF ARID1B-RELATED SWI/SNF-RELATED

INTELLECTUAL DISABILITY DISORDER

MacPherson, RA, Collins, KM, Macon, SC, Anholt RRH, Mackay TFC.
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Introduction

ARID1B (AT-rich Interaction Domain 1B) encodes a core structural component of the
highly conserved mammalian SWIltch/Sucrose Non-Fermentable (SWI/SNF), or Brahma
Related Gene 1 Associated Factor (BAF) complex (He et al. 2020). The BAF complex is
an adenosine triphosphate-dependent chromatin remodeler with varied composition
across development and tissue type. Although the BAF complex has a number of roles
throughout the cell, the BAF complex is antagonistic to the chromatin silencing
Polycomb repressive complex and is therefore primarily associated with activation of

gene expression (Kadoch et al. 2017; Centore et al. 2020; He et al. 2020). BAF
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complexes are important for long-range chromatin organization, maintenance of
pluripotency, DNA repair, cellular differentiation and development of glia, neurons,
muscle, and cardiac tissues (Sokpor et al. 2017; Michel et al. 2018; Cenik and Shilatifard

2021).

Variants in members of the BAF complex are associated with a range of diseases,
including cancer, schizophrenia, autism spectrum disorder (ASD), Kleefstra syndrome,
SWI/SNF-related intellectual disability disorders (SSRIDDs), and non-syndromic
intellectual disability (Sokpor et al. 2017; Cenik and Shilatifard 2021). SSRIDDs are a
collection of autosomal dominant neurodevelopmental disorders associated with variants
in the mammalian SWI/SNF complex (Bdgershausen and Wollnik 2018). Although the
phenotypic presentation is dependent upon the specific genetic perturbation, SSRIDD
patients present with varying degrees of intellectual disability, hypotonia, facial and digit
abnormalities, developmental delay, brain abnormalities, and seizures (Schrier Vergano
et al. 2021; Vasko et al. 2021). ASD is a neurodevelopmental disorder characterized by
deficits in social communication and interaction, repetitive behaviors and/or sensory
sensitivity not otherwise explained by intellectual disability or developmental delay
(American Psychiatric Association, Diagnostic and Statistical Manual of Mental
Disorders, 5" edition). ARID genes, including ARID1B, are more tolerant of variation
compared to other members of the BAF complex (Kadoch and Crabtree 2015). ARID1A
is the most commonly mutated BAF subunit in cancers, while ARID1B is one of the

genes most commonly associated with general intellectual disability, ASD, and SSRIDDs
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(Hoyer et al. 2012; Grozeva et al. 2015; Kadoch and Crabtree 2015; Yuen et al. 2017,

Bdgershausen and Wollnik 2018; Satterstrom et al. 2020).

Variants in ARID1B are associated with a wide range of clinical presentations, termed
ARID1B-related disorder (Vergano et al. 2019). Some individuals with ARID1B variants
may present with mild intellectual disability, ASD or even normal cognition, while others
may present with a more severe SSRIDD phenotype (Vergano et al. 2019; van der Sluijs
et al. 2019). ARID1B-related SSRIDD patients typically have loss-of-function variants
and present with hypotonia, intellectual disability, hearing loss, developmental delay,
cryptorchidism, coarse facies, nail abnormalities, and behavioral issues (van der Sluijs et
al. 2019; Vergano et al. 2019; Schrier Vergano et al. 2021). However, the genotype-
phenotype correlation for ARID1B-related disorder is poorly understood. Furthermore,
due to the diverse roles of the BAF complex and the variety of associated disease
presentations, the exact mechanisms of BAF-related disease pathogenesis remain

unresolved.

We hypothesize that naturally occurring genetic modifiers may be contributing to the
phenotypic spectrum associated with variants in ARID1B. However, due to the small
number of individuals with pathogenic ARID1B variants, there is insufficient statistical
power to identify candidate genetic modifiers using human patient data alone. Although
mammalian models have identified changes in brain structure and neural development

associated with haploinsufficiency of ARID1B (Jung et al. 2017; Shibutani et al. 2017;
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Ellegood et al. 2021), government regulations and costs become prohibitive when rearing
enough individuals to gain sufficient statistical power for identification of genetic
modifiers. The Drosophila melanogaster model system is well suited to model SSRIDDs;
flies are easy to rear in large numbers at low cost and the BAF complex (Brahma-
associated protein complex in flies) is also conserved. Candidate genetic modifiers can be
identified in Drosophila, using the Drosophila melanogaster genetic reference panel
(DGRP), a collection of over 1000 fully sequenced, wild-derived inbred lines (Mackay et
al. 2012; Huang et al. 2014; T. Mackay, personal communication, March 2023). A focal
variant can be crossed to unique genetic backgrounds from the DGRP, and phenotypic
information of interest from resulting progeny can be used in a genome wide association
(GWA) analysis, thus mapping naturally occurring variants modifying the effect of the
focal variant that are potential candidate genetic modifiers. This approach has been used
to identify candidate genetic modifiers for a range of human diseases (Cukier et al. 2008;
Lavoy et al. 2018; Talsness et al. 2020) and Drosophila traits (He et al. 2016; Palu et al.

2019; Ozsoy et al. 2021).

Previously, we established D. melanogaster models for multiple subtypes of SSRIDDs,
including ARID1B-related SSRIDD (MacPherson et al. 2023). Ubiquitous knockdown of
0sa, the fly ortholog of ARID1B, is associated with changes in sensorimotor integration
and decreased sleep, as well as sex-specific changes in mushroom body structure and
expression of genes related to cell cycle, chromatin modification, and muscle contraction

(MacPherson et al. 2023). Knockdown of osa in post-mitotic neurons also results in

257



changes in long-term memory in males and age-dependent changes in mushroom body
axons (Chubak et al. 2019). In addition to general roles for osa in Drosophila cellular
differentiation (Hu et al. 2021), osa is also required for wing disc regeneration (Tian and

Smith-Bolton 2021).

Here, we use the Drosophila model system to identify candidate genetic modifiers for
ARID1B-related SSRIDD. We first perform a small-scale screen using sleep and activity
data from flies with ubiquitous knock down of osa and show that genetic modifiers for
osa exist in the DGRP. We then proceed to a large-scale screen, using wing phenotype
data from progeny of 392 DGRP lines crossed to flies with wing-specific knockdown of
osa. These data show that there are naturally occurring genetic modifiers of osa in the
DGRP. In the future, these data will be used to perform a genome-wide association

analysis to identify modifier alleles, genes, and pathways.

Methods

Drosophila Stocks

osa RNAI stocks from the Transgenic RNA interference project (TRiP) (Perkins et al.
2015; Zirin et al. 2020) were obtained from the Bloomington Drosophila Stock Center
(BDSC). We used the attp40 osa RNA. line for experiments involving the third
chromosome weak ubiquitous Ubi1l56 GAL4 driver (Garlapow et al., 2015) and the attp2

osa RNA line for experiments involving the X chromosome wing-specific MS1096 GAL4
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driver. We used the y?, sc*, V1, sev?!; TRiP2; TRiP3 genotype as the control UAS line for
initial knockdown experiments. The Ubi156 driver, DGRP 2.0, and DGRP 3.0 lines used
were developed in our laboratory (Garlapow et al. 2015; Mackay et al. 2012, Huang et al.

2014; T. Mackay, personal communication, March 2023).

To generate the Ubil56>0sa and MS1096>0sa stocks, we used the crossing schemes
outlined in Figures S7.1 and S7.2, respectively. Balancer chromosome stocks were
isogenized on a CantonS-B background prior to performing these crosses. A list of

Drosophila lines, full genotypes, and abbreviations used in this study is in Table S7.1.

Drosophila Culture

We maintained flies at a controlled density in controlled environmental conditions (25°C,
50% relative humidity, 12-hour light-dark cycle (lights on at 6 am)). All crosses
contained five males and five females, with fresh food provided every 48 hours. We aged
flies at a density of 25 flies per vial, sexes separately, until used in experiments. Due to
supply chain constraints, we used Nutri-Fly™ Molasses Formulation (Genesee Scientific,
El Cajon, CA) for all experiments except the DGRP wing screen, for which we used
standard cornmeal/molasses medium (Bloomington Drosophila Stock Center Cornmeal,

Molasses, Yeast Recipe).

Quantitative Real-Time PCR of osa Knockdown
Unless otherwise specified, all protocols were followed in accordance with

manufacturer’s recommendations. We extracted RNA from Ubil56>(attp40)osa samples
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containing 30 whole flies, sexes separately, flash frozen on dry ice. Flies and extracted
RNA were stored at -80 °C. RNA was extracted using the Direct-zol RNA MiniPrep Plus
Kit (Zymo Research, Irvine, CA); we homogenized tissue with 350uL of Tri Reagent at
Sm/second for two minutes using a bead mill. We eluted the RNA in 60uL of water. We
quantified the RNA using the Qubit RNA BR Assay kit (ThermoFisher Scientific,
Waltham, MA) on a Qubit fluorometer (ThermoFisher Scientific). We generated cDNA
using the iScript Reverse Transcription Supermix (Bio-Rad Laboratories, Inc., Hercules,

CA).

We used the SYBR™ Green PCR Master Mix (ThermoFisher Scientific) to perform
guantitative real-time PCR and quantify gene expression. The total reaction volume was
changed to 20uL, with 10uL SYBR™ Green PCR Master Mix, 1uL each of forward (5’ -
GGAGCATATATCGCAGGACAAT- 3’) and reverse (5’ -
GTGCTCTGCTGACTGACTTCGT - 3’) primer, and 25 ng cDNA. We calculated
percent knockdown using the AAct method (Livak and Schmittgen 2001), with three

technical replicates for each of three biological replicates.

Sleep and Activity in Ubil56>0sa Flies

We crossed Ubi156-GAL4 males to attp40 UAS-osa virgin females. We placed one day
old flies into DAM tubes (Trikinetics) and collected data until flies were eight days old.
We scored sleep and activity phenotypes for male (TRiP X; CSB 2/UAS-o0sa; Ubi156-

GAL4/TRiP3) and female (CSB X/TRIiP X; CSB 2/UAS-o0sa; Ubi156-GAL4/TRiP3) flies.
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For the control, we crossed Ubi156-GAL4 males to virgin females from the TRIiP control
line and scored resulting male (TRiP X; CSB 2/TRiP 2; Ubi156-GAL4/TRiP3) and female

(CSB X/TRiP X; CSB 2/TRiP 2; Ubi156-GAL4/TRiP3) progeny.

Sleep and Activity DGRP Screen

We crossed CSB X; UAS-0sa/CyO; Ubi-156-GAL4/TM3, Sb males to virgin females from
10 DGREP lines, selected from a subset of maximally homozygous, minimally related,
Wolbachia-free DGRP lines (Zhou et al. 2020). We placed two-to-three-day old flies into
DAM tubes (Trikinetics) and collected data until flies were nine to ten days old. We
scored sleep and activity phenotypes for male (DGRP X; DGRP 2/UAS-osa; DGRP
3/Ubi-156-GAL4) and female (DGRP X/CSB X; DGRP 2/UAS-o0sa; DGRP 3/Ubi-156-
GALA4) flies from crosses to each DGRP line. For the control, we crossed CSB X; TRiP2;
Ubi-156-GAL4 males to DGRP females and collected DGRP X; DGRP 2/TRiP 2; DGRP
3/Ubi-156-GAL4 males and DGRP X/CSB X; DGRP 2/TRiP 2; DGRP 3/Ubi-156-GAL4

females for phenotyping sleep and activity.

Sleep and Activity

We assessed sleep and activity phenotypes using the Drosophila Activity Monitor (DAM)
system (Trikinetics, Waltham, MA). The DAM system quantifies activity by recording
the number of times a fly crosses an infrared beam for every minute during the testing
period, where sleep is defined as at least 5 minutes of inactivity. We placed one day old

flies into DAM tubes (Trikinetics) and collected data until flies were eight days old. We
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collected data on two replicates of 16 flies per sex per genotype. DAM tubes contained a
5% sucrose, 2% agar solution and a rubber cap (Trikinetics) at one end and capped at the
other end with yarn. Flies that died during the testing period were excluded from analysis.
Raw data from the DAM system were initially analyzed using ShinyR-DAM (Cichewicz
et al. 2018). Output data from ShinyR-DAM were downloaded and filtered (e.g.

day/night, sleep/activity) for statistical analyses.

Statistical Analysis of Sleep and Activity Phenotypes
DAM data were analyzed in SAS (SAS Institute, Cary, NC) v 3.8 in a Type Ill Analysis

of variance (ANOVA).

For the initial Ubi156>0sa flies, data were analyzed using the “PROC MIXED”
command according to the fixed effects ANOVAY =+ G + S + GxS + Rep(GxS) + ¢,
where Y is the phenotype, u is the true mean, G is the fixed effect of genotype
(knockdown, control), S is the fixed effect of sex (males, females), Rep is the random
effect of replicate, and ¢ is residual error. Data were also analyzed for males and females

separately.

For the Ubi156>0sa DGRP screen, data were analyzed using the “PROC MIXED”
command according to the mixed-effects ANOVAY =+ L+ G+ S+ LxG + LxS+
GxS + LxGXS + ¢, where Y is the phenotype, u is the true mean, L is the random effect of

DGREP line, G is the fixed effect of genotype (knockdown, control), S is the fixed effect
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of sex (males, females), and ¢ is residual error. Data were also analyzed for males and

females separately.

Crosses for the Wing-Specific DGRP Screen

We crossed virgin MS1096-GAL4/FM6, B; TRiP 2; UAS-0sa/TM3, Sb females to males
from randomly selected DGRP 2.0 (Mackay et al. 2012; Huang et al. 2014) and DGRP
3.0 (T. Mackay, personal communication, March 2023) lines. We collected male
MS1096-GAL4; DGRP 2/TRiP 2; DGRP 3/UAS-o0sa) and female (DGRP X/MS1096-
GAL4; DGRP 2/TRIiP 2; DGRP 3/UAS-osa) progeny from these crosses once daily and
aged them in vials with fresh food to avoid damage to the wings, sexes and genotypes
separately. For controls, we collected FM6, B; DGRP 2/TRiP 2; DGRP 3/UAS-osa males
and DGRPX/FM6, B; DGRP 2/TRiP 2; DGRP 3/UAS-osa females. At 3-5 days of age we

froze 20 flies per sex per genotype per line and stored them at -20 °C.

Wing Vein Scoring

For each sex and genotype, we scored the right wings from 15 randomly selected frozen
flies for presence of intact wing veins. We counted whether the anterior cross vein
(ACV), posterior cross vein (PCV), and longitudinal veins L2, L3, L4, and L5 were intact
and assigned each wing an integer ranging from zero to six based on the number of intact
veins. Crumpled wings were given a score of zero and wings with all six veins intact
were given a score of six. Veins containing gaps or veins that failed to reach the standard

endpoints were not considered intact.
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For crosses that yielded fewer than 15 progeny per sex per genotype, all emerged flies of

the relevant genotype and sex were frozen and right wings scored.

Wing Imaging

Right wings were dissected from where the wing connects with the thorax with a pair of
Dumont forceps (VWR International, Radnor, PA). Dissected wings were placed on a
glass slide (ThermoFisher) and covered with a cover slip (VWR International) (no
mountant was used). Clear nail polish (Sally Hansen, New York, NY) was used to seal
each side of the cover slip. Slides were imaged on a Leica M165FC (Leica Microsystems,

Wetzlar, Germany) with a DMC6200 camera (Leica Microsystems).

Statistical Analysis of Wing Vein Data

Pearson’s correlation coefficient between the sexes was calculated in R (v4.2.3) using the
command cor from the base R package. We used the “PROC MIXED” command in SAS
v3.8 (SAS Institute) to perform an ANOVA on the wing vein data according to the mixed
effects model Y = + L + S + LxS + ¢, where Y is the wing vein score, L is the random
effect of DGRP line, S is the fixed effect of sex, and ¢ is the residual error. We estimated
variance components in SAS using the “PROC VARCOMP” command (Restricted
maximum likelihood approach) according to the model Y = + L + S + LxS + ¢. We also
performed the wing vein ANOVA and estimated variance components for males and

females, separately.
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We calculated broad sense heritabilities (H?) by adding the genetic variance components
for random effect terms and dividing by the sum of all variance components in the model.
We calculated broad sense heritabilities of line means as described above, but instead
used a value for residual (environmental) variance that was divided by the average

sample size.

Data Availability Statement

Raw wing data, gPCR data, and code used for analysis are all deposited on GitHub at
https://github.com/rebeccamacpherson/dissertation_ch7_ARID1B_mods. DGRP 2.0
sequence data can be found at http://dgrp2.gnets.ncsu.edu. DGRP 3.0 sequence data will
be available when the manuscript describing this resource is submitted for publication.
All DGRP 2.0 and DGRP 3.0 flies are available from the Bloomington Drosophila Stock

Center.

Results

Drosophila Model of ARID1B-Related SSRIDD

Previously, we established a Drosophila model for ARID1B-related SSRIDD using an
attp2 UAS-osa TRiP RNAI line and the Ubi156-GAL4 driver line (MacPherson et al.
2023). Here, we sought to validate an additional Drosophila model for ARID1B-related
SSRIDD using an attp40 UAS-osa TRiP RNAI line crossed to the weak ubiquitous
Ubi156-GAL4 driver line. We first confirmed osa knockdown in Ubi156>UAS-osa males

and females (~50% and ~60%, respectively) (Table S7.2). We then assessed
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Ubi156>UAS-osa flies for changes in sleep and activity, as profound changes in sleep
and activity and the mushroom body (a region of the Drosophila brain important for
regulation of sleep (Joiner et al. 2006; Pitman et al. 2006; Sitaraman et al. 2015)) were
previously reported in ARID1B-related SSRIDD flies (MacPherson et al. 2023). ARID1B-
related SSRIDD patients also have hypotonia and central nervous system impairments
(van der Sluijs et al. 2019; Schrier Vergano et al. 2021) that might be reflected in
Drosophila ARID1B-related SSRIDD models as changes to sleep and activity. Similar to
the decreased night sleep and increased activity reported for ARID1B-related SSRIDD
models (MacPherson et al. 2023), we found decreases in night sleep (p < 0.0018 for
males, p < 0.0085 for females) and day sleep (p < 0.0049 for males, p < 0.0068 for
females) and increases in total activity (p < 0.0031 for males, p < 0.0001 for females) in
both sexes, compared to the control, for our Ubil56>0sa ARID1B-related SSRIDD

models (Figure 7.1; Table S7.3).
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Figure 7.1. Altered sleep and activity phenotypes in a Drosophila ARID1B-SSRIDD
model. Boxplots showing sleep and activity phenotypes for flies with Ub156-GAL4-

mediated knockdown of osa, compared to the control. A: Total activity; B: proportion of

266



time sleep asleep at night; C: proportion of time spent asleep during the day. Females and
males are shown in red and blue, respectively. See Supplementary Table 7.3 for statistical
analyses. N=29-32 flies per sex per genotype. Asterisks (*) represent pairwise
comparisons, sexes separately, of the knockdown line compared to the control. **: p <

0.01, ***: p < 0.001, ****: p < 0.0001

Genetic Modifiers for osa in the DGRP

Having established a Ubi156>(attp40)osa ARID1B-related SSRIDD model, we then
generated a Drosophila line that contained both the Ubi156-GAL4 and attp40 UAS-osa
elements (Figure S7.1). We maintained the resulting line (CSB X; UAS-0sa/CyO; Ubi-
156-GAL4/TM3, Sb) with balancer chromosomes due to the poor health of the strain.
When crossed with the DGRP, this strain results in progeny with knockdown of osa
across multiple DGRP genetic backgrounds. Thus, we can assess whether there are alleles
segregating in different genetic backgrounds that alter changes in sleep and activity due

to knockdown of osa (i.e. genetic modifiers).

We crossed virgin females from 10 maximally-homozygous, minimally-related,
Wolbachia-negative DGRP lines to Ubi156>0sa males and assessed sleep and activity
phenotypes in DGRP X; DGRP 2/TRiP 2; DGRP 3/Ubi-156-GAL4 (male) and DGRP
X/CSB X; DGRP 2/TRiP 2; DGRP 3/Ubi-156-GAL4 (female) progeny. Across all genetic
backgrounds tested, flies with knockdown of osa were on average more active; they slept

less during nighttime and daytime hours overall (p > 0.0001; Table S7.4). Changes to
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night sleep, day sleep, and daytime sleep bout length as a result of osa knockdown were

all dependent on genetic background (p < 0.0001 for all phenotypes and sexes; Figure

7.2; Table S7.4). Changes to total activity as a result of osa knockdown were dependent

upon genetic background for males only (p < 0.0001; Figure 7.2; Table S7.4).

Interestingly, although genetic background changes the degree to which osa knockdown

impacts daytime sleep bout length, knockdown of osa alone did not significantly change

daytime sleep bout length compared to the control (p > 0.05, Table S7.4). These

background dependent effects of osa knockdown on sleep and activity phenotypes

suggest that genetic modifiers for osa segregate in the DGRP.
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Figure 7.2. Background-dependent sleep and activity changes in Drosophila ARID1B-

SSRIDD models. Boxplots showing sleep and activity phenotypes for flies with Ub156-
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GAL4-mediated knockdown of osa across different DGRP lines. A: proportion of time
spent asleep at night; B: proportion of time spent asleep during the day; C: total activity;
D: sleep bout length during the day. Females and males are shown in red and blue,
respectively. Flies with knockdown of osa and flies without knockdown of osa are
represented by darker and lighter shades, respectively. See Supplementary Table 7.4 for
statistical analyses. N=12-32 flies per sex per genotype per DGRP line. p values shown
represent the effect of the interaction between genotype (osa knockdown versus control)

and line (DGRP line). DGRP line numbers refer to DGRP 2.0.

Assessment of Wing Vein Phenotypes

Although CSB X; UAS-0sa/CyO; Ubi-156-GAL4/TM3, Sb flies are suitable to identify
genetic modifiers for osa, these flies are too sickly to be reared in sufficient quantities for
a large-scale genome wide association analysis. Thus, we took advantage of a tissue-
specific model for ARID1B-related SSRIDD to avoid the deleterious fitness effects

associated with decreased expression of osa.

We generated a wing-specific ARID1B-related SSRIDD Drosophila model using the
crossing scheme outlined in Supplementary Figure S7.2 with the MS1096-GAL4 driver,
which drives expression of UAS in the dorsal wing disc. MS1096>o0sa flies have varying
degrees of impaired wing vein formation, with incomplete longitudinal veins and/or
crossveins (Figure 7.3). We devised a scoring system to reflect these wing vein changes,

scoring each wing between zero and six, based on the total number of visibly intact
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longitudinal veins (L2, L3, L4, L5) and/or crossveins (anterior, posterior) (Figure 7.3).
For the GWA screen, we crossed MS1096>0sa females to DGRP males from 392 DGRP
lines and scored the right wings from 15 randomly selected progeny of each cross, for
males (MS1096-GAL4; DGRP 2/TRiP 2; DGRP 3/UAS-osa) and females (DGRP
XIMS1096-GAL4; DGRP 2/TRiP 2; DGRP 3/UAS-osa) separately. Due to the presence of
the GAL4 driver on the X chromosome, we also performed analyses for males and

females separately.

Figure 7.3. Examples of wings with altered veins. Images of right wings from the
MS1096>0sa DGRP screen. A: Wing from a control male (DGRP2.0; DGRP321 X;
DGRP321 2/TRiP 2; DGRP321 3/UAS-osa) showing intact Longitudinal vein 2 (L2),
Longitudinal vein 3 (L3), Longitudinal vein 4 (L4), Longitudinal vein 5 (L5), Anterior
crossvein (ACV), and posterior crossvein (PCV) for a score of 6; B: wing from a male fly
(DGRP2.0; MS1096-GAL4; DGRP409 2/TRiP 2; DGRP409 3/UAS-osa) showing a
crumpled phenotype with no visibly intact wing veins for a score of 0; C: wing from a male
fly (DGRP2.0; MS1096-GAL4; DGRP41 2/TRiP 2; DGRP41 3/UAS-o0sa) showing an
intact L2 for a score of 1; D: wing from a female fly (DGRP3.0; RP_0493 X/MS1096-

GAL4; RP_0493 2/TRiP 2; RP_0493 3/UAS-o0sa) showing an intact L2 and ACV for a
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score of 2; E: wing from a female fly (DGRP3.0; RP_0491 X/MS1096-GAL4; RP_0491
2/TRIP 2; RP_0491 3/UAS-o0sa) showing an intact L2, L3, and ACV for a score of 3; F:
wing from a female fly (DGRP2.0; DGRP367 X/MS1096-GAL4; DGRP367 2/TRIiP 2;
DGRP367 3/UAS-o0sa) showing an intact L2, L3, ACV, and PCV for a score of 4; G: wing
from a female fly (DGRP2.0; DGRP83/MS1096-GAL4; DGRP83 2/TRiP 2; DGRP83
3/UAS-o0sa)showing an intact L2, L3, L4, ACV, and PCV for a score of 5. Not all possible

intact wing vein and score combinations are shown. Scale bar represents 1mm.

We ranked line means (Table S7.5) for males and females separately and selected three
subsets of lines for each sex for which we would also score wings from 15 relevant
control flies (DGRP X/FM6, B; DGRP 2/TRiP 2; DGRP 3/UAS-osa (females) and FM6,
B; DGRP 2/TRiP 2; DGRP 3/UAS-o0sa (males)): the lines with the 40 greatest and 40
smallest line mean values, as well as 20 lines on either side of the population median for
a total of 120 lines per sex. We thus aimed to score wings from about one-third of control
flies collected. If lines with equal line means were on either side of a threshold, wings
from all lines with that line mean were scored (e.qg. if the 39th-42nd lines had the same
line means, then wings from 42 lines were scored for that sex and threshold, as opposed
to 40). This resulted in wings scored from 162/392 and 164/392 DGRP lines for males
and females, respectively (Table S7.6). Out of the 4746 control fly wings scored, 99.8%
(4738/4746) scored a “6” and all others (8/4746) scored a “5” (Table S7.6). Each of the 8
control wings with a score of “5” were from different genetic backgrounds. Given the

rarity of control wings without a 6/6 score, we did not include scores from control flies in
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our analyses of variance, as wing vein score does not significantly vary across the DGRP

lines tested.

The distribution of wing vein score line means for knockdown flies is shown in Figure
7.4, ranked in ascending order, sexes separately. At least one wing scored between 0-6
(inclusive) for each sex. Wing vein score in flies with knockdown of osa does vary with
genetic background (p < 0.0001) and sex (p < 0.0001; Table S7.7). On average, females
had a higher line mean (3.14) than males (2.74). Scores from male and female flies are
moderately positively correlated with one another (Pearson’s r = 0.4960; Figure S7.3).
There is variation in wing vein score, as the broad sense heritability (H?) is 0.28 for both
sexes together, and 0.24 and 0.32 for males and females, respectively (Table S7.7).
Heritability based on line means was higher, at 0.82 and 0.88 for males and females,

respectively (Table S7.7).
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Figure 7.4. Line means for wing vein scores. Bar graphs showing line means of intact
wing vein scores for A: females (DGRP X/MS1096-GAL4; DGRP 2/TRiP 2; DGRP 3/UAS-
osa) and B: males (MS1096-GAL4; DGRP 2/TRiP 2; DGRP 3/UAS-osa). Line means are
shown in ascending order, sexes separately. Graphs represent 392 DGRP lines with roughly

15 flies per sex per line.

Discussion

We used the UAS-GAL4 system to model ARID1B-related SSRIDD in D. melanogaster

and present evidence that variants modifying osa (the Drosophila ortholog of ARID1B)
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are segregating in the DGRP. In agreement with a previous RNAi-mediated ARID1B-
related SSRIDD fly model, flies with weak ubiquitous knockdown of osa show decreased
night sleep and increased activity. By crossing Ubi156>0sa flies to the DGRP, we
observe that Ubil56>0sa-mediated changes in sleep and activity are dependent on
genetic background. However, given the decreased fitness of flies with ubiquitous
knockdown of osa, we turned to a tissue-specific model of ARID1B-related SSRIDD for
further experimentation, using the wing-specific GAL4 driver MS1096. MS1096>0sa
flies have impaired wing veination. Thus, we crossed the wing-specific ARID1B-SSRIDD
fly model to 392 DGRP lines and found a high degree of genetic variation for the number
of intact wing veins in resulting progeny. These data will be used to perform GWA
analyses to identify candidate genetic modifiers for osa. Validated candidate genetic
modifiers may translate to human populations and provide a genetic explanation for the

phenotypic variation associated with ARID1B variants.

Although all DGRP 3.0 lines have been generated (T. Mackay, personal communication,
March 2023), resulting DNA sequencing data are currently under analysis. Additionally,
fully genotyped (Huang et al. 2014) DGRP 2.0 lines have been re-sequenced and DNA
sequencing data from DGRP 2.0 and 3.0 are being genotyped together (T. Mackay,
personal communication, Apr 2023). A new GWA analysis pipeline for DGRP data is
under development, which will account for genetic relatedness, Wolbachia infection

status, and effects of inversions (T. Mackay, personal communication, Apr 2023).
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We will use this new pipeline to perform GWA analyses for MS1096>o0sa-mediated wing
vein scores, performing association tests for DNA sequence variants present in the 392
tested DGRP lines with a minor allele frequency (MAF) greater than 0.05. The exact
number of DNA sequence variants with MAF>0.05 in the new DGRP lines is currently
unknown, although we expect at least 2.5 million common (MAF > 0.05) DNA sequence
variants (~2.5 million common variants were observed in the 205 lines of the DGRP 2.0
(Huang et al. 2014)). We will first perform GWA analyses using female phenotype data
on chromosomes X, 2, and 3 and male data on chromosomes 2 and 3. We can only
identify associated sequence variants using male data on chromosomes 2 and 3, as the
MS1096-GAL4 driver is the only X chromosome present in the phenotyped males
(Drosophila males only have one X chromosome, which they inherit from their female
parent). However, given the moderate correlation of male and female wing vein scores,
we could also perform an analysis using data from both sexes. Based on previous GWA
studies using the DGRP 2.0 (Chow et al. 2016; Anholt and Mackay 2017; Lavoy et al.
2018; Mackay and Huang 2018; Talsness et al. 2020), we are confident that we will
identify polymorphisms associated with variation in wing vein score, though it is likely
that only a few will surpass the strict Bonferroni significance threshold. We may also use
a lower significance threshold; studies using the DGRP 2.0 typically use a threshold of p
< 10° (Mackay and Huang 2018). We will not include a control population in the GWA
analysis, as almost all control flies examined (4738/4746; 99.8%) had a wild-type wing

vein phenotype and therefore do not show variation in our phenotype of interest.
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Following identification of associated polymorphisms, we will perform functional
analyses of genes implicated by GWA analyses. Following convention, variants falling in
or near (within 1kb) coding genes will be attributed to that gene. Intragenic variants are
more challenging to interpret and likely fall within transcription factor binding domains,
areas tied to chromatin configuration, and/or microproteins, and often cannot be linked to

a specific gene.

We will validate associated genes through DGRP out-of-sample testing. We will select
variants with the strongest associations in both sexes (whether on chromosomes 2 and 3
from sex-specific GWA analyses, or on chromosomes X, 2, or 3 from the GWAS
containing data from both sexes) for validation. The exact number of variants will be
dependent upon GWA results. For each candidate variant, we will randomly select 20
DGRP lines with the primary allele and 20 DGRP lines with the alternate allele from
DGREP lines not previously tested. We will cross males from each of these DGRP lines to
MS1096>o0sa virgin females and score wing veins from at least 30 MS1096-GAL4;
DGRP 2/TRiP 2; DGRP 3/UAS-osa males and 30 DGRP X/MS1096-GAL4; DGRP
2/TRIP 2; DGRP 3/UAS-osa females. We will then perform a t-test to determine if the
wing vein scores from flies with the alternate allele differ from those with the primary
allele. Statistically different wing vein scores indicate that the variant of interest is a

validated candidate genetic modifier for osa.
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We are confident that we will identify and validate candidate genetic modifiers using this
approach. Previously, subsets of the DGRP 2.0 were crossed to a focal mutation and
progeny analyzed to identify SNPs associated with Drosophila traits of interest (He et al.
2016; Palu et al. 2019; Ozsoy et al. 2021). Others have used this approach to identify and
validate potential candidate genetic modifiers for human disorders (Chow et al. 2016;
Lavoy et al. 2018; Talsness et al. 2020). Furthermore, dozens of studies have identified
modifiers in the DGRP without use of a focal mutation (Anholt and Mackay 2018). One
of the primary differences of our study is the use of additional DGRP lines, which should
provide increased statistical power and therefore permit detection of a larger number of
overall variants and/or variants with smaller effect sizes. The DGRP 3.0 also provides a
larger number of genetic backgrounds for out-of-sample testing, thus providing additional

statistical power at the validation stage as well.

The presence of genetic modifiers for osa in the DGRP suggests that genetic modifiers at
least partially explain the wide phenotypic spectrum associated with variants in ARID1B.
Once candidate genetic variants are identified, it will be intriguing to hypothesize
mechanistic and functional links between the associated genes and ARID1B. Modifier
genes could be involved in transcriptional regulation, chromatin modification,
neurological development, and/or an underappreciated or novel role for ARID1B. osa is
also orthologous to the human gene ARID1A. Although ARID1A also encodes a core
structural subunit of the mammalian SWI/SNF complex, it is less commonly associated

with SSRIDDs and is more commonly associated with cancers than ARID1B. Candidate
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genetic modifiers for ARID1B identified using osa knockdown may also be candidate
genetic modifiers for ARID1A. Regardless, the presence of genetic modifiers supports a
spectrum-based approach to ARID1B-related disorders, including autism spectrum

disorder and SSRIDDs.
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CHAPTER EIGHT

DISCUSSION AND CONCLUSIONS

I have investigated the genetic underpinnings of neurodevelopmental disorders FASD,
CdLS, and SSRIDDs using the D. melanogaster model system. Embracing variation
across individuals within a single genetic background, | developed a novel assay
quantifying time-to-sedation from exposure to ethanol vapors in Chapter Il. | used this
assay in Chapters 11l and V, which present changes in the transcriptome alongside
changes in behavior as a result of introducing stressors on Drosophila, whether
environmental (alcohol) or genetic (gene deletion). Chapter I11 shows sex-specific
changes in neuronal and glial cell populations in brain tissue, as well as decreased
viability, increased time to sedation, and changes in sleep due to developmental ethanol
exposure. This indicates that developmental ethanol exposure has widespread effects
throughout the brain and impacts adult behaviors. Chapter 1V demonstrates that changes
in sleep and the transcriptome resulting from developmental ethanol exposure vary not
only with sex, but also by genetic background. Chapter IV also identified many
background-dependent genetic networks important for response to developmental ethanol
exposure, including a network of largely small-nucleolar RNAs. Chapter V investigates
this snoRNA network further by providing the first characterization of Uhg4, which is
moderately correlated in expression with these snoRNAs and is critical for reproduction
and stress-response. Transcriptomic data across our Drosophila FASD models indicates

that the genetic architecture of response to developmental ethanol exposure is complex,
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dependent on sex and/or genetic background, and persistent into adulthood. Chapter VI
focuses on Drosophila models of other neurodevelopmental disorders, including
SSRIDDs and CdLS, yet the major takeaways remain the same. Decreased expression of
individual members of the cohesin and/or BAP complex reveals extensive sex- and gene-
dependent changes in the transcriptome, sleep and activity, brain structure, and
sensorimotor integration. Chapter V11 establishes another Drosophila model for ARID1B-
SSRIDD and presents evidence for genetic modifiers of osa, the Drosophila ortholog of
ARID1B. Chapter VI identifies genes that may be candidate genetic modifiers for
SMARCBJ1-related SSRIDD and Chapter VI lays the groundwork for the identification of
candidiate genetic modifiers for ARID1B-related SSRIDD. These findings indicate that
even within a single neurodevelopmental disorder, the genetic architecture is complex,

and the role of genetic background cannot be ignored.

Many assays for quantifying Drosophila sedation do not account for individual variation;
large numbers of Drosophila are assessed in groups and a group average or a proportion
serves as the focal data point (Singh and Heberlein 2000). Chapter Il provides the first
high-throughput assay to measure sedation time of individual Drosophila, capturing
variation that is typically ignored. This variation provides information about within-group
variation that can differentiate two populations (i.e. genetic backgrounds) from one

another that might appear similar based on group mean alone.
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The role of genetic background is relevant to all chapters of this dissertation. The single
cell RNA sequencing studies in Chapter 111 were only performed on one genetic
background, yet response to ethanol exposure is background-dependent (Chapter 1V in
this dissertation; Morozova et al. 2015; 2018). McClure et al. (2011) and Bonilla et al.
(2021) also show that effects of ethanol exposure in Drosophila vary with time point of
exposure and persist across generations. Therefore, additional single cell RNA
sequencing studies on brain tissue from different genetic backgrounds, developmental
stages, and generations could reveal how pervasive the changes identified in Chapter 111
are across genetic backgrounds and timepoints. These future directions emphasize the
limitations of results from Chapter I11; although conservation of ethanol metabolism
suggests the broad findings are likely generalizable, more specific conclusions most
likely are tied to the exact experimental setup. Future work in this area could also take
advantage of novel single cell technologies that can capture the epigenome and
transcriptome in parallel. This future direction would be of particular interest, given the
ability of alcohol to modify the epigenome (Liu, Balarman et al. 2009; Wallen et al.

2021).

In contrast with Chapter Il, transcript data from Chapters IV and VI are from whole-
body Drosophila tissue; assessment of specific tissues related to neurological
development (i.e. brain or ventral nerve cord) may provide more relevant insights for
these neurodevelopmental disorders. Important signals from individual tissues may be

masked by conglomeration of all tissue types together, just as signals from individual cell
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types may be masked in a heterogeneous tissue type. Future studies should build upon the
work described herein and examine differential expression across individual tissues and

multiple time points.

Differentially expressed genes identified in Chapters 11, IV, V and VI include a large
number of non-coding RNAs. Although noncoding RNAs are generally acknowledged to
be important, relatively few studies have attempted to individually characterize functional
roles for noncoding RNAs. The work discussed in Chapter V is the first characterization
of the IncRNA Uhg4. Additionally, the generated Uhg4 deletion lines are the first known
Drosophila lines that feature a deletion of Uhg4 alone. Although snoRNA host genes are
difficult to delete with CRISPR-Cas9 due to the presence of intronic snoRNAs, Chapters
IV and V indicate that expression of host genes is likely independent of the expression of
the snoRNAs which they host. Combined with the fitness effects shown in Chapter V,
these results emphasize that snoRNA host genes have roles independent of the SnoORNAs
which they host. Thus, a method for perturbing individual snoRNAs without impacting
nearby snoRNAs or the host gene would be beneficial to provide greater clarity as to the

role of Uhg4 in Drosophila but also the roles for snoRNAs and their host genes.

In addition to highlighting the individual importance of snoRNAs and their host genes,
this dissertation also emphasizes the importance of noncoding RNAs more broadly. All
transcriptomic data generated herein identify critical genetic networks and hub genes that

center around noncoding RNAs, but a role or function for many of these RNAs in the
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organism remains unknown. Although additional research on the thousands of
uncharacterized noncoding RNAs is needed, noncoding RNAs are still challenging to
study. Some of the barriers to working with noncoding RNAs are that they may be
difficult to genetically manipulate, may not have publicly available reagents, and may be
considered high risk or a potential dead-end. snoRNAs are important for stress response
but are difficult to perturb without affecting other genes. How much functional
information is missed due to the lack of knowledge of noncoding RNAs? Perhaps new
CRISPR technologies with alternative PAM sites and new transcript sequencing
technologies will facilitate more in-depth study of noncoding RNAs. This dissertation

affirms that noncoding RNAs are important and are worthy of future research.

The role of Uhg4 in response to multiple stressors (ethanol and temperatures), and the
overlap in changes in gene expression in the Drosophila brain upon exposure to two
“stressful” different foreign substsances (ethanol and cocaine) suggests that there is
overlap across different stress responses. Thus, although this dissertation focuses on
ethanol response, future studies should investigate the generalizability of ethanol
response to other teratogens (in the case of developmental ethanol exposure) and/or other
drugs of abuse. The findings from Chapter V do have limited direct translational
potential, as Uhg4 does not have a human ortholog (Hu et al. 2011). However, Uhg4 is
coregulated with many genes that do have human orthologs, and although snoRNA

sequences are not well-conserved, snoRNA structure and roles in ribosomal RNA
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modification are conserved (Czekay and Kothe 2021). This suggests that despite a lack of

sequence similarity, snoRNA gene function and interactions may be conserved.

Drosophila are capable of experience-dependent changes in behavior, which has been
used as a model for intellectual disability (Coll-Tane et al. 2019). Intellectual disability is
a common clinical finding for all neurodevelopmental disorders studied in this
dissertation yet assessment of this phenotype in our Drosophila models was outside the
scope of this work. Although some groups have examined learning and memory in
Drosophila models of SSRIDDS and CdLS (Wu et al. 2015; Chubak et al. 2019), these
studies either did not account for genetic background or used cell-type specific gene
knockdown in their Drosophila models. Thus, learning and memory assays would be an

interesting future direction for numerous projects included in this dissertation.

In addition to learning and memory, future studies should also consider how chromatin
accessibility differs across SSRIDD and/or CdLS Drosophila models. Chapter V1 focuses
on the transcriptome and potential genetic modifiers, but given the role of the BAP and
cohesin complexes in chromatin remodeling, the assay for transposase-accessible
chromatin with sequencing (ATAC-seq) or single-cell multiome sequencing remains an

intriguing direction.

Although Drosophila have been used to model one or more subtypes of SSRIDDs and

CdLS (Wu et al. 2015; Chubak et al. 2019), Chapter V1 establishes the first SSRIDD and
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CdLS Drosophila models with ubiquitous, as opposed to tissue-specific, gene
knockdown. For some SSRIDD and CdLS subtypes, Chapter V1 establishes the first
animal models of any kind. Rarer subtypes of CdLS such as SMC3-associated CdLS have
not been studied as extensively as the more common NIPBL-associated CdLS, thus
knowledge gaps remain for these rarer subtypes. The validation of these SSRIDD and
CdLS Drosophila models should provide a jumping off point for future work. There are,
however, several other subtypes that were not studied in this dissertation. Some of these
SSRIDD- and CdLS-associated genes were not included because the gene of interest was
not associated with the disorder at the time of project initiation, while others were not
included because ubiquitous knockdown of the gene(s) were lethal in Drosophila. The
reasons why ubiquitous knockdown of only some SSRIDD associated genes resulted in
lethality remains unknown. Our SSRIDD and CdLS models were only representative of
moderate gene knockdown, which is not representative of all variants reported for
SSRIDD- and CdLS-associated genes. Future studies could develop SSRIDD and/or
CdLS models with specific pathogenic patient variants, though development of patient-
specific Drosophila models proved exceptionally challenging for our laboratory. Findings

from patient-specific models should provide a higher degree of translatability.

Most Drosophila human disease models approach a disorder one gene or one associated
variant at a time (Bellen et al. 2019). Although this is a valuable method for mechanistic
studies or associating a variant with a disease phenotype, such a narrow focus has limited

generalizability to other disease subtypes or genetic backgrounds. Larger-scale studies
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comparing multiple genotypes, such as those in Chapter VI, are limited by the resources
required for CRISPR-based approach that preserves genotype, in addition to the
challenges associated with placing and maintaining a deleterious mutation in a live
organism. Chapters VI and VII use a UAS-GAL4 RNAI-based approach with a weak
GAL4 driver to allow for high-throughput generation of primarily viable Drosophila
models. This allows for comparisons across subtypes and across disorders, a particularly
valuable approach as SSRIDDs and CdLS shift towards spectrum-based classifications

(Bogershausen and Wollnik 2018; Kline et al. 2018).

Prior to the work described in the dissertation, transcriptome data from SSRIDD patients
or animal models did not exist, with the exception of a single ARID1B-SSRIDD patient
lymphocyte cell line (Vasileiou et al. 2015). For CdLS, transcriptional data primarily
exists for specific tissues or cell types of NIPBL-CdLS (Kawauchi et al. 2009; Liu, Zhang
et al. 2009; Revenkova et al. 2009; Wu et al 2015; Mills et al. 2018; Weiss et al. 2018).
Chapter VI provides transcriptome-based insight into the pathogenesis of multiple
subtypes of SSRIDDs and CdLS. Chapter VI revealed that a single focal genetic
perturbation (i.e. gene knockdown) results in thousands of differentially expressed genes.
This is the first whole-transcriptome dataset comparing subtypes of SSRIDDs or CdLS in
humans or in animal models. The widespread changes observed make it challenging to
pinpoint causal mechanisms of disease pathogenesis and instead suggest broad

implications in development. Co-regulated genes from Chapter VI provide starting points
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for medical and basic researchers alike in understanding how changes in chromatin

remodelers leads to disease.

Due to the rare nature of SSRIDDs, there have been no GWA studies performed using
human patient data. Chapter VI contains the groundwork for what would be the first
GWA study performed on SSRIDD animal models. Apart from the intended GWA study,
Chapter VI also suggests the presence of genetic modifiers for osa, and therefore
modifiers for ARID1B are probable. Combined with previous successes using the DGRP
to identify trait-modifiying varaints (Mackay and Huang 2018), it is likely that at least
some GWA hits will be validated. Future work will focus on identifying and validating
these candidate modifiers. ARID1B-associated SSRIDD is one of only a handful of
human disorders with formal scientific evidence generated using Drosophila animal
models implicating genetic modifiers in disease pathogenesis (Buff et al. 2007; Branco et
al. 2008; Cukier et al. 2008; Zhan et al. 2013; Chow et al. 2016; Lavoy et al. 2018; Palu

et al. 2019; Talsness et al. 2020).

The presence of genetic modifiers may contribute to the lack of clear genotype-phenotype
correlation for SSRIDDs. Drosophila models can be used to identify potential modifiers,
though even validated modifiers in Drosophila may not be directly translatable to
humans. Future studies could investigate whether a tissue-specific or a ubiquitous
approach (which may be more representative of a patient’s molecular state) produces the

same candidate modifiers, or whether scoring different phenotypes in SSIRDD models
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changes the same candidate modifiers. Modeling SSRIDDs in Drosophila was
challenging due to the deleterious fitness effects associated with decreased expression of
associated orthologs. The role of these genes in reproduction, healthspan, cancer, and
other fitness traits is outside the scope of this dissertation, but these findings could
indicate important disease modifiers or clues to disease pathogenesis. Assessment of
cancer risk in SSRIDD Drosophila models would be an especially worthwhile future
direction, as genes associated with SSRIDDs are also associated with cancers (Kadoch
and Crabtree 2015). Clearly, the genotype-phenotype correlation for SSRIDD- and
CdLS-associated genes is not well understood; much remains to be discovered in this

field.

The studies included in this dissertation serve as a foundation for future work in higher
order model organisms and provide starting points for studies using human data.
Although findings from Drosophila models are not always translatable to humans, this
dissertation uses Drosophila to answer questions that cannot be answered in human
populations. Furthering the systems genetics approach taken here, collection and
incorporation of additional layers of data, such as epigenome, proteome, and/or learning
and memory behavioral data, will enrich our understanding of Drosophila models of
neurodevelopmental disorders. Information gleaned from such animal models may lead
to meaningful changes in disease diagnosis, management, and treatment for human

patients.
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Appendix A

Supplementary material for Chapter 2

All files are located at:
https://clemson.box.com/s/ul80pg6zz382fzsukyxdodvepxi2ccy6

/IMacPherson_dissertation/chapter02_ethanol_sedation_assay
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Supplementary Tables

Supplementary Table S2.1 Materials List

300



Appendix B

Supplementary material for Chapter 3

All files are located at:
https://clemson.box.com/s/ul80pg6zz382fzsukyxdodvepxi2ccy6

//MacPherson_dissertation/chapter03_scRNAseq
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Supplementary Figures
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Supplementary Figure S.3.1 Actograms showing average number of counts per fly per

minute from females grown on (A) ethanol-supplemented food (10% v/v) and (B) regular

food, and males grown on (C) ethanol-supplemented food (10% v/v) and (D) regular

food. Actograms correspond to data collected for sleep and activity phenotypes shown in

Figures 2D—G. Day hours are from 7:00 a.m. to 7:00 p.m., lights on 7 h after hour zero.

Bin length = 5 min.

302




303

Males

1610890
6025190
] 16ud
S6v51L9D | | B
| 9
seydies 430 |
| | | - —— 228690
1899192 |
soN
921990 | |
T 940290
1252699 | |
yosiny
Ly i |
neeg
i | et I I
) - | I I
110y , ] | , =
da) -
ded/ | eggydsy
PPPZEDD | —
179 | |1 | I sisdy
910292 | % 1d 79y
022990 [ ® e
Feu | - = N
N | _.A_H oweuw
uupes i qnur
upd | 10BYd
oM | dpf|
w | e0z6-5-p1
oA | pr
Ahry _ geyderyoyu -
+pe9 | 6867190
6867190 | soxd H.
ervdao | v
v 7 eBatoISH: YNYIU]
soud | SEEFEYOIYNYOU]
LSPLENO YNYIY [ LSPLEH O YNYOU] [T [
°a of</n/o/s/aa e s/
olram e s 0lolr e oo xaatnoroao sy — slsslvgzislena g alsnleseaec/a
SN0 8 5 8838858855500 5888383888838 33883383 [14] 56060060600 3188836838388




Supplementary Figure S.3.2 Differentially expressed genes across clusters in males (A)
and females (B) after developmental alcohol exposure. Differentially expressed genes are
listed on the top (columns) and cell clusters are represented by the rows. Upregulated
genes are indicated with orange and downregulated genes are indicated with purple.

Differentially expressed genes are filtered at |logeFC| > 1.0 and a Bonferroni adjusted p <

0.05.
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Supplementary Tables

Supplementary Table S3.1 ANOVA tables for viability, ethanol sensitivity, sleep, and
activity.

Supplementary Table S3.2 Sequencing statistics. F denotes females and M denotes
males. C indicates control medium and E ethanol-supplemented medium. The numbers

indicate replicates 1 and 2.

Supplementary Table S3.3 Genes used to annotate cell clusters.

Supplementary Table S3.4 List of differentially expressed genes in each cluster in
males. Each sheet corresponds to the male analyses for the given cluster. “Avg_diff” is
conditionally formatted to indicate up- and down-regulation of expression in ethanol
compared to regular food (red: up-regulated, green: down-regulated and yellow: no
difference). p_val: raw p-value from the differential expression analysis for the given
gene in the corresponding cluster. avg_diff: the difference in the log(e) transformed
average expression of the given gene in the corresponding cluster (sheet) between the two
conditions (ethanol compared to regular food). Values above zero indicate up-regulation
of expression due to developmental exposure to ethanol, and likewise, values below zero
represent down-regulation of expression due to ethanol. p_val_adj: Bonferroni adjusted
p-value. The DE matrix sheet is a summary of differentially expressed genes (columns)
and the clusters in which they are differentially expressed (rows) with orange indicating

upregulation and purple indicating downregulation at |avg_diff| thresholds of 0.25 and 1.
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The All DE per cluster sheet and the All DE sheet are summaries of all the differentially

expressed genes.

Supplementary Table S3.5 List of differentially expressed genes in each cluster in
females. Each sheet corresponds to the female analyses for the given cluster. “Avg_diff”
is conditionally formatted to indicate up- and down-regulation of expression in ethanol
compared to regular food (red: up-regulated, green: down-regulated and yellow: no
difference). p_val: raw p-value from the differential expression analysis for the given
gene in the corresponding cluster. avg_diff: the difference in the log(e) transformed
average expression of the given gene in the corresponding cluster (sheet) between the two
conditions (ethanol compared to regular food). Values above zero indicate up-regulation
of expression due to developmental exposure to ethanol, and likewise, values below zero
represent down-regulation of expression due to ethanol. p_val_adj: Bonferroni adjusted
p-value. The DE matrix sheet is a summary of differentially expressed genes (columns)
and the clusters in which they are differentially expressed (rows) with orange indicating
upregulation and purple indicating downregulation at |avg_diff| thresholds of 0.25 and 1.
The All DE per cluster sheet and the All DE sheet are summaries of all the differentially

expressed genes.

Supplementary Table S3.6 Human orthologs of differentially expressed genes.
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Supplementary Table S3.7 Common differentially expressed genes upon developmental

alcohol exposure and acute exposure to cocaine.

Supplementary Table S3.8 Comparison of cell type-specific differentially expressed
genes between developmental ethanol exposure and acute cocaine exposure. Meta-
comparison sheet contains the mapping of clusters and cell types between the two
datasets as well as the methodology and summary of the comparisons. The rest of the
sheets contain the list of statistically significantly differentially expressed genes, their
Loge fold change values, the calculations of the comparisons between the two datasets
for each cell type-category. The comparisons were done for each cell type-category

separately for the male and female datasets.

Supplementary Table S3.9 Gene ontology analysis of differentially expressed genes

identified both after developmental exposure to alcohol and acute intake of cocaine.
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Appendix C

Supplementary material for Chapter 4

All files are located at:
https://clemson.box.com/s/ul80pg6zz382fzsukyxdodvepxi2ccy6

//MacPherson_dissertation/chapter04_FASD_DGRP
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Supplementary Figures
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Supplementary Figure S4.1. Correlations between variation in expression of ShoORNAs

after chronic exposure to ethanol and variation in expression of their host genes. CycE is

included since it is a hub gene in a genetic

network associated with variation in ethanol-

induced variation in development time and viability [16], and Myc is included as it is

associated with ribosome biogenesis and has been implicated as a regulator of Uhg4 [38].

The graphs on the right illustrate examples of scatter plots of the correlations between

expression of Uhg4 and several snoRNAs.
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Supplementary Figure S4.2. Correlations between ethanol-induced variation in
expression of sSnoRNA host genes and variation in expression of CycE. The scatter plots
illustrate examples of correlations between expression of CycE and several snoRNA host

genes.
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Supplementary Files

Supplementary File S4.1. DGRP lines used for transcriptional profiling

Supplementary File S4.2. Three way mixed model ANOVA for differences in transcript
abundances between flies reared on regular and ethanol supplemented medium for sexes
combined. The main effects are treatment (fixed, reared on standard vs. ethanol
supplemented medium), Sex (fixed, males and females) and DGRP Line (random). All

interactions with Line are random, the others are fixed.

Supplementary File S4.3. ANOVA for differences in transcript abundances between

flies reared on regular and ethanol supplemented medium for (A) females and (B) males.

Supplementary File S4.4. Genes with significant LXT interactions in transcript
abundances. (A) Results of female-only mixed-effect models for all expressed gene
profiles, including alignment bias estimates. (B) Results of male-only mixed-effect
models for all expressed gene profiles, including alignment bias estimates. (C) Genes
with significant LxT interactions common to females and males and that are female-
specific or male-specific. (D) Enrichment analyses for genes with significant LXT
interactions in transcript abundances in females. (E) Enrichment analyses for genes with
significant LXT interactions in transcript abundances in males. (F) Enrichment analyses
for genes with significant LXT interactions in transcript abundances in both sexes. (G)

Enrichment analyses for genes with significant LXT interactions in transcript abundances
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in females only. (H) Enrichment analyses for genes with significant LXT interactions in
transcript abundances in males only. (I) Human orthologs for genes with significant LxT

interactions in transcript abundances.

Supplementary File S4.5. (A) eQTL mapping and model selection results for genes with
a statistically significant LxT ANOVA term in females and males. (B) Genes containing
eQTLs (in the gene body or within a 1,000 bp window of the eQTL) in females and

males. Intergenic: > 1,000 bp from any gene body.

Supplementary File S4.6. snoRNAs with altered gene expression following chronic
exposure to ethanol during development and their host genes. snoRNAs that occur in

clusters without intervening genes are in bold font and square brackets.

Supplementary File S4.7 Mixed model ANOVAs for sleep and activity phenotypes.

Line, Sex, and Treatment are fixed effects, Replicate (Rep) is random. "df": degrees of

freedom; "SS": Type Il Sums of Squares; "MS": Mean square.
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Appendix D

Supplementary material for Chapter 5

All files are located at :
https://clemson.box.com/s/ul80pg6zz382fzsukyxdodvepxi2ccy6

//MacPherson_dissertation/chapter05_uhg4
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Supplementary Figures
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Supplementary Figure S5.1. Crossing scheme to generate Uhg4 deletion CRISPR

mutants. Following injections of Cas9 and gRNA vectors into embryos of each DGRP

line, resulting progeny were screened for presence of a deletion around Uhg4, and if a

deletion was present, crossed to the original genetic background to generate additional

flies heterozygous for the original deletion. Backcrossing siblings heterozygous for the

same mutation resulted in homozygous flies that were sterile for all isolated deletion

mutations. Virgin female flies heterozygous for a specific deletion were then crossed to

male flies containing the CyO balancer. Resulting progeny were screened for the

presence of the CyO balancer chromosome as well as the respective mutation and crossed
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to full siblings to establish the stock. All females were crossed as virgin flies. “A” refers

to a specific Uhg4 deletion.
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Supplementary Figure S5.2. Mating phenotypes of Uhg4 deletion flies. Boxplots

displaying time, in seconds, of (A) mating latency (time until mating begins) and (B)
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mating duration (length of copulation) for each of the Uhg4 mutant lines (208-44, 208-
AF, 208-4G), the control line DGRP_208 (208wt), and a representative mutant (208-4G)
versus DGRP_208 wildtype pairings (208-4G females x 208wt males, 208wt females x
208-4G males). N = 22-24 pairings of 3-5 day old virgin flies per line. Only flies which
successfully initiated or completed mating within 30 minutes were included in analysis
for mating latency and mating duration, respectively. See Supplementary Table S5.1A. *

p<0.05
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Supplementary Figure S5.3. Non-monotonic relationship between raw and Benjamini-
Hochberg adjusted p—values. (A) raw p-values plotted against number of tests; (B) BH-
FDR thresholds on raw p-values. Raw and adjusted p-values are shown in blue and red,

respectively. “i”: rank, “m”: number of tests. See corresponding Supplementary Table

S5.2.
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Supplementary Figure S5.4 K-means clusters.
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K-means clusters derived from genes and

NTRs with differential expression in a global transcriptomic analysis using genes

significant for the Line or LinexSex terms (BH-FDR < 0.1). Uhg4 is shown in bold and

indicated with a star symbol. Magenta indicates a relatively higher degree of expression,

blue indicates a relatively lower degree of expression.

321



C3. morphogenesis; - L
cell differentiation; cot 7
transcription factor signaling =

mir8

Impt2 "

Sdr

Paps2F

& IZ

C2. disulfide oxidoreductase activity

CA1. iron ion transport;
response to external stimulus

Supplementary Figure S5.5. Additional interaction networks. Interaction networks
containing physical and genetic interactions with genes with a significant Line effect. (A)
Networks generated from an input of 20 differentially expressed genes/NTRs (BH-FDR <
0.05) including neighbors within at least 1 degree. (B) Networks generated from an input
of 180 coregulated genes (BH-FDR < 0.1) including neighbors within at least 2 degrees.
Annotation is based on enriched Gene Ontology terms. Dark green indicates the genes in
the input data set and light green indicates interaction neighbors. Names are Drosophila

gene symbols. See Supplementary Table S5.4.
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Supplementary Tables
Supplementary Table S5.1. Analyses of behavioral phenotypes. Analyses of variance
(ANOVA) and Fisher’s exact tests comparing Uhg4 deletion flies to their respective

controls.

Supplementary Table S5.2. Differentially expressed genes. (A) BH-FDR correction for
genes based on Line and (B) LinexSex model terms; (C) Normalized average read counts
values for the 180 coregulated genes and 13 NTRs; (D) FDR correction for NTRs genes

based on Line and LinexSex model terms. See corresponding Supplementary Figure S5.3.

Supplementary Table S5.3. Analysis of differential expression. For each gene (A) and
NTR (B), the FBgn number or NTR ID, raw p-values, BH-FDR adjusted p-values for the
effects of Line (L), Sex (S), and LinexSex (LxS) according to the ANOVA model Y = +

L+S+LxS+e

Supplementary Table S5.4. Enriched Gene Ontology (GO) Biological Process,
Molecular Function and REACTOME terms and their raw and BH-FDR adjusted p-
values. Groups of genes analyzed include 20 genes/NTRs with differential expression for
the Line or LinexSex terms (BH-FDR < 0.05), 20 genes/NTRs and their 1-degree
neighbors, 193 coregulated genes/NTRs (BH-FDR < 0.1) due to a significant Line or

LinexSex effect, 193 genes/NTRs and their 1-degree neighbors, genes within each
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MCODE cluster (Figure 5.4, Supplementary Figure S5.5), and genes in each k-means

cluster (Supplementary Figure S5.4).

Supplementary Table S5.5. Gene lists. Lists of gene names, symbols, and Flybase IDs

(FBID) for each network cluster and k-means cluster.
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Supplementary Files

Supplementary File S5.1. Video of a representative Uhg4 deletion (208-4G) female fly
displaying an elevated, splayed resting wing position compared to a wildtype female fly.
The Uhg4 deletion fly is walking during the first part of the video and the wildtype fly is

walking at the end of the video.

Supplementary File S5.2. Video of a representative Uhg4 deletion (208-4G) male fly

displaying an elevated, splayed resting wing position compared to a wildtype male fly.

The Uhg4 deletion fly is to the right of the wildtype fly throughout the video.
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Appendix E

Supplementary material for Chapter 6

All files are located at :
https://clemson.box.com/s/ul80pg6zz382fzsukyxdodvepxi2ccy6

/IMacPherson_dissertation/chapter06_SSRIDDs_CdLS

326


https://clemson.box.com/s/ul80pg6zz382fzsukyxdodvepxi2ccy6

Supplementary Figures
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Supplementary Figure S6.1. Gross viability observations in potential CSS/NCBRS
and CdLS fly models. Life stage shown is the final stage of the Drosophila life cycle
where live individuals were observed. “X” indicates flies did not have detectable levels of

gene knockdown, as quantified via gRT-PCR.
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Supplementary Figure S6.2. Selection of genes for k-means clustering. Elbow plots of
maximal fold change in expression plotted against rank order (blue) across all analyses for
each of 9657 genes (A) and for genes with a maximum fold change difference greater than
4 (B). See Table S7. The red and green lines were fit to roughly linear segments of the
generated distribution (blue). The orange lines are drawn from the plot elbow (determined

by the x coordinate of the intersection of the green and red lines) to the x and y axes.

A. CdLS Females CdLS Males C: SSRIDD vs CdLS

SMC1

Supplementary Figure S6.3. Overlap of differentially expressed genes in SSRIDD and
CdLS fly models. Venn diagrams displaying the number of differentially expressed genes
(FDR < 0.05), in SSRIDD and CdLS fly models, sexes separately. Pairwise gene-specific
analyses from (A) CdLS fly models and (B) SSRIDD fly models. Panel (C) shows overlap

of disease-specific analyses, pooled across disease-associated genes.
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Supplementary Figure S6.4. Altered phenotypes due to knockdown of co-regulated
genes. Bar plots displaying differences in the average values of the experimental line
versus the control line for (A) startle response, (B) percent of flies tapping, (C) total
activity, and (D) proportion of time asleep at night. All lines have Ubi156-GAL4-mediated
RNAI knockdown. Females and males are shown in purple and green, respectively. See
Table S14 for ANOVAs (A,B,D) and Fishers Exact Tests (C). N=29-32 per sex per line.
Error bars represent standard error of the difference based on error propagation (Burns and
Dobson 1981). Asterisks represent pairwise analyses of the experimental line vs the

control, sexes separately. *: p < 0.05, **: p <0.01, ***: p < 0.001.

330



Supplementary Tables
Supplementary Table S6.1. Fly reagents and primer sequences. Drosophila reagents
and primer sequences. (A) Drosophila lines used. (B) Primer sequences used for gRT-PCR.

BDSC: Bloomington Drosophila Stock Center.

Supplementary Table S6.2. Ortholog prediction scores for potential focal genes.
Human-Drosophila ortholog prediction scores generated using Drosophila RNAI
Screening Center Integrative Ortholog Prediction Tool (DIOPT). Human genes associated

with SSRIDDs and Cornelia de Lange syndrome.

Supplementary Table S6.3. Percent knockdown of focal genes. Average RNAI-

mediated gRT-PCR knockdown of focal genes.

Supplementary Table S6.4. Quantification of changes in behavior and brain
morphology from knockdown of focal genes. Quantification of changes in behavior and
brain morphology from RNAIi knockdown. Statistical analyses characterizing SSRIDD and
CdLS fly models. (A) ANOVAs for startle response. (B) Fisher's Exact Tests for tapping
behavior. (C) ANOVA:s for sleep and activity measurements. (D) ANOVAS for mushroom
body lobe lengths. (E) Levene's and Brown-Forsythe Tests for unequal variances of
mushroom body lobe length data. (F) Gross brain abnormalities. Line and Sex are fixed

effects. df: degrees of freedom, SS: Type 11l Sum of Squares, MS: Mean Squares.
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Supplementary Table S6.5. ANOVA results from differential expression analyses.
Gene name, gene symbol, FlyBase ID, normalized read counts (counts per million), and
raw and Benjamini-Hochberg FDR adjusted p-values for all genes for all model terms used
in the ANOVA analyses. (A) Full model using all knockdown lines and the control
according to the model Y = u + Line + Sex + Line x Sex + & for 15915 genes. (B-G)
Pairwise comparisons of single gene knockdown vs. the control (sexes together Y = u +
Line + Sex + Line x Sex + &; and sexes separately Y = u + Line + ¢€) on the 9657 genes
from the full model differentially expressed (FDR < 0.05) for the Line and/or Line x Sex
terms. (B) brm. (C) osa. (D) Snrl. (E) SMC1. (F) SMC3. (G) vtd. (H-1) Disease-specific
comparisons (sexes together Y = u + Line + Sex + Line x Sex + ¢; and sexes separately Y

=u + Line + ¢€). (H) SSRIDDs. (I) Cornelia de Lange syndrome (CdLS).

Supplementary Table S6.6. Overlap of differentially expressed genes across analyses.
FDR-corrected p-values less than 0.05 for the Line term of each of the 9657 genes. (A)
Pairwise analyses of each knockdown line compared to the control, sexes separately. (B)
Disease-specific analyses, sexes separately. NA indicates FDR-corrected P-values for the

effect of Line greater than 0.05.

Supplementary Table S6.7. k-means threshold. (A) Average log2 fold change values for
each differentially expressed gene for each set of samples, as well as maximum, minimum
across all samples. (B) Determination of threshold by ranking, indexing and fitting lines to

fold change plots. fc: log2 fold change; f: females, m: males.
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Supplementary Table S6.8. k-means clustering gene lists. Lists of genes within each k-

means cluster. (A) Females. (B) Males.

Supplementary Table S6.9. Gene Ontology (GO) analyses for differentially expressed

genes. “Analysis” indicates the gene set used in the analysis.

Supplementary Table S6.10. Gene Ontology (GO) analyses for k-means clusters.

“Analysis” indicates the gene set used in the analysis.

Supplementary Table S6.11. Ortholog prediction scores for differentially expressed
genes. Drosophila-human ortholog prediction scores, generated using Drosophila RNAI
Screening Center Integrative Ortholog Prediction Tool (DIOPT). Differentially expressed

fly genes for each by-sex pairwise comparison.

Supplementary Table S6.12. Ortholog prediction scores and known disease
associations for co-regulated genes. Drosophila-human ortholog prediction scores,
generated using Drosophila RNAI Screening Center Integrative Ortholog Prediction Tool
(DIOPT) and Online Mendelian Inheritance of Man (OMIM)-derived known
disease/phenotype associations and corresponding MIM numbers. Subset of 31 Drosophila

genes co-regulated with brm, osa, and/or Snr1l.
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Supplementary Table S6.13. Percent knockdown of co-regulated genes. Average

RNAIi-mediated gRT-PCR knockdown of co-regulated genes.

Supplementary Table S6.14. Quantification of changes in behavior from knockdown
of co-regulated genes. Quantification of changes in behavior from RNAIi knockdown of
co-regulated genes. (A) ANOVAs for startle response. (B) Fisher's Exact Tests for tapping
behavior. (C) ANOVAs for sleep and activity measurements. Line and Sex are fixed

effects. df: degrees of freedom, SS: Type Il Sum of Squares, MS: Mean Squares.
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Supplementary Files
Supplementary File S6.1. Video of tapping behavior in a male fly with knockdown of

vtd following a startle response.

Supplementary File S6.2. Video of control male fly following a startle response.
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Appendix F

Supplementary material for Chapter 7

All files are located at :
https://clemson.box.com/s/ul80pg6zz382fzsukyxdodvepxi2ccy6

//MacPherson_dissertation/chapter07_ARID1B_modifiers
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Supplementary Figures
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Supplementary Figure S7.1. Crossing scheme to generate Ubil56>0sa flies. The TRiP
RNAI attp40 UAS-osa construct was combined in the same genetic background as the
Ubi156-GAL4 RNA. driver. All females were crossed as virgins. Balancer stock genotypes

prior to isogenization on a CantonS-B background can be found in Table S1.
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Supplementary Figure S7.2. Crossing scheme to generate MS1096>o0sa flies. The TRiP
RNAI attp2 UAS-osa construct was combined in the same genetic background as the
MS1096-GAL4 RNAI driver. All females were crossed as virgins. Balancer stock

genotypes prior to isogenization on a CantonS-B background can be found in Table S1.
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Supplementary Figure S7.3. Correlation of line means across sexes. Line means from
male flies plotted against line means from female flies for each of the 392 DGRP lines

scored. Pearson’s correlation (r) is shown on the figure.
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Supplementary Tables
Supplementary Table S7.1. Drosophila stock reagents. Genotype details and stock
numbers for lines used and/or generated in this study. (A) non-DGRP Drosophila stocks,

(B) DGRP 2.0 and DGRP 3.0 stocks.

Supplementary Table S7.2. Quantification of percent knockdown. Quantitative real-
time PCR data showing average Ubi1l56-GAL4-mediated percent knockdown of osa.

BDRC: Bloomington Drosophila Research Center

Supplementary Table S7.3. Analysis of sleep and activity phenotypes from
knockdown of osa. Quantification and statistical analysis of changes in sleep and activity
phenotypes from Ubil56-GAL4-mediated knockdown of osa, using the attp40 UAS-osa
RNAI line. Genotype and Sex are fixed effects, Rep is a random effect. df: degrees of

freedom, SS: Type Il Sum of Squares, MS: Mean Squares.

Supplementary Table S4. Analysis of background-dependent changes in sleep and
activity phenotypes from knockdown of osa. Quantification and statistical analysis of
changes in sleep and activity phenotypes across different DGRP lines from Ubil56-
GAL4-mediated knockdown of osa, using the attp40 UAS-osa RNil line. Genotype and
Sex are fixed effects, Line and Rep are random effects. df: degrees of freedom, SS: Type

I11 Sum of Squares, MS: Mean Squares.
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Supplementary Table S5. Line means for wing vein scores from knockdown flies.
Line means representing wing vein score for DGRP X/MS1096-GAL4; DGRP 2/TRIP 2;
DGRP 3/UAS-osa females and MS1096-GAL4; DGRP 2/TRiP 2; DGRP 3/UAS-osa

males, or both sexes, for 392 DGRP lines.

Supplementary Table S6. Vein counts for control flies. Vein counts for flies without
MS1096-GAL4 driver (DGRP X/FM6, B’; DGRP 2/TRiP 2; DGRP 3/UAS-osa females
and DGRP X; DGRP 2/TRiP 2; DGRP 3/UAS-osa males). "1" and "0" indicates presence
or absence of wildtype (intact) wing vein phenotype, respectively. "category" indicates
whether line mean for the corresponding RNAI genotype was in the highest, lowest, or

middle ~10% of line means, sexes separately.

Supplementary Table S7. Analyses of variance and broad sense heritability for
MS1096>0sa x DGRP flies. Statistical analysis of wing vein scores for MS1096>0sa
flies. Sex is a fixed effect, Line is a random effect. df: degrees of freedom, SS: Type IlI

Sum of Squares, MS: Mean Squares, H? : broad sense heritability, n: average sample size.

341



	A Systems Genetics Approach to Drosophila melanogaster Models of Rare and Common Neurodevelopmental Disorders
	Recommended Citation

	tmp.1688051687.pdf.N2nI7

