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ABSTRACT

Due to the phenotypic heterogeneity of human neurodevelopmental disorders, it is often
difficult to pin point a diagnosis based on behavior alone. Though these disorders have a high
degree of comorbidity, there is variance in clinical presentations that can additionally confound
diagnosis. Copy number variations (CNV) in the genome have been thought to be the
unidentified component that affects such clinical variation. This study examines one rare (<1%)
CNV implicated in Autism Spectrum Disorder (ASD), the 16p11.2 recurrent microdeletion. I
investigated the individual genes encompassed within this deletion and determined their
contributions to the overall phenotypes of motor function, lipogenesis, and embryonic cell line
proliferation. Caenorhabditis elegans nematode worm is used as a model for its quick
reproductive cycle, high-throughput genetic manipulability, and conservation of neural networks.
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CHAPTER 1
INTRODUCTION
Phenotypic Heterogeneity of Neurodevelopmental Disorders
The method in which autism spectrum disorder (ASD) is currently clinically diagnosed
represents a need for a paradigm change. Broadly, ASD and other neurodevelopmental disorders,
such as schizophrenia (SZ), attention deficit hyperactivity disorder (ADHD), and epilepsy share
many of the same behavioral symptoms. This group of conditions shares a common trait of early
onset in childhood. Some of these developmental deficits include motor, social, or intellectual
impairments.
But yet, even within the same neurodevelopmental diagnosis category as outlined within
the Diagnostic and Statistical Manual of Mental Disorders, 5th Edition (DSM-5)1, there exists a
spectrum of variations and comorbidities. An extreme case of ASD may clinically present as
schizophrenia, while a less severe case may present as intellectual disability (ID). Or perhaps, a
patient may have ASD comorbid with ID or epilepsy. How must a physician know for sure
which symptoms belong to which disorder? A closer look at some of the DSM-5 definitions
reveals the overlap of symptoms between disorders. (Table 1).
In reality, no patient exclusively presents all criteria. How do compounded symptoms of
epilepsy, severe motor impairments, and macrocephaly/microcephaly confound diagnoses?
When coupled with clinical features of ASD, the diagnosis is referred to as “syndromic autism.”2
The phenotypic heterogeneity of neurodevelopmental disorders, like syndromic autism, makes it
difficult to create precise symptom categories for each disorder.
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Disorder

Criteria A

Criteria B

Criteria C

Specification of Severity

ASD

Abnormal social
approach; failure to
initiate or respond to
social interactions

Restricted, repetitive
patterns of behavior,
interests or activities

Onset of Criteria A and
B during developmental
period

Severity is based on social
communication impairments and
restricted, repetitive behaviors

SZ

Delusions,
hallucinations,
grossly disorganized
behavior

Since onset, level of
functioning in various
areas of life are severely
negatively affected

Continuous signs of
disturbance persist for at
least 6 months and no
attributed to drug abuse

Quantitative assessment of the
symptoms of psychosis, including
delusions and hallucinations

ID

Deficits in
intellectual functions
such as problem
solving, or planning

Deficits in adaptive
functioning that result in
failure to meet
sociocultural standards

Onset of Criteria A and
B during developmental
period

Measured by intelligence tests

ADHD

Inattention to details;
has difficulty
sustaining attention
in tasks

Hyperactivity and
impulsivity: fidgets or
squirms often. Often “on
the go.”

n/a

Determination if symptoms are in
excess and intensity of functional
impairment

Table 1. Similarities and Variances Amongst Criteria of Neurodevelopmental Disorders. As defined in the DSM-5,
defining characteristics of various neurodevelopmental disorders all included social or intellectual deficits. While
presented separately here, often these show comorbidity in patients. Additionally, the severity of such disorders could be
affected by other compounded symptoms like macrocephaly, microcephaly, motor defects, and epilepsy.

However, the age of genomics has called for a paradigm shift in how diagnoses of such
disorders are categorized. The era of next-generation, high-throughput deep sequencing has
changed the pace at which physicians and scientists study such etiologies. The ability to rapidly
sequence large amounts of DNA rapidly, cost effectively, and at a greater sequence read depth
has led to the discovery of thousands of genetic variants. Computational biology allows for the
filtering of vast amount of genomic information. Being able to filter through inheritance models,
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types of mutations, presence/absence in control populations, and allelic frequency can help
narrow down biomarkers corresponding to each neurodevelopmental disorders3.
The paradigm of diagnosing neurodevelopmental disorders is shifting from a behavioral
assessment to a genome wide screen of variants. The identification of biomarkers allows larger
cohorts of children with similar variants, which helps identify their shared clinical features.
Additionally, the discovery of these causative variants opens the door for molecular treatments
that could prevent certain neurodevelopmental disorders2.

Effects of Copy Number Variation
Through new developments of chromosomal microarray technologies, hot spots in
genome have been identified as conferring significant risk for neurodevelopmental disorders.
Some of these hot spots are copy number variances. The identification of copy number variances
(CNVs) as potential risk factors have lead scientists to form a rare variant – common disease
(RVCD) model of neurodevelopmental disorders4. Rare CNVs are stretches of DNA longer than
1Kb that may contain structural variations such as duplications, deletions, and inversions in
regions that contain hundreds of genes, disease loci and other functional elements5. Though
CNVs are rare (<1%) in the population, they account for a significant amount of cases for ID,
ASD, SZ epilepsy, and ADHD6.
Although CNVs have been identified as holding major pathogenic roles, the transition of
these identifiers to clinical practice has been slow. There is still no clear molecular mechanism
elucidated on how these CNVs interact with each other and with the rest of the genome.
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Recurrent 16p11.2 Microdeletion
The 16p11.2 locus has been identified as a major hot spot for neurodevelopmental
pathogenicity. Both ~600Kb proximal deletions and duplications have been identified and
associated with a range of neurodevelopmental disorders. The deletion is associated with ASD,
ID, obesity, and macrocephaly, whereas the duplication is associated with ASD, SZ, and
microcephaly3. The analysis presented in this paper will
focus on the 16p11.2 microdeletion, which represents
one of the most common rare CNVs associated with
autism to date.
Those with the 16p11.2 deletion may not notice
any symptoms, have slight symptoms, or may suffer life
altering deficits. Usually it is common for those with the
deletion to have developmental delay and intellectual
disability. Many also have similar presentations to that
of ASD. Other symptoms include impaired
communication and socialization. Additionally, some
people with this deletion have epilepsy. Physical
abnormalities associated with the disorder include are
low-set ears and partial syndactyly.
The 16p11.2 deletion is inherited in an
autosomal dominant pattern, however; it is most often
seen as a de novo mutation. Since the CNV is not 100%
penetrant, it is hard to predict how rare the deletion is in
Figure 1. Individual genes encompassed within
the deletion. There are over 25 protein-encoding
genes deleted in the recurrent microdeletion.
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the population. Based on GWAS studies, it has been postulated to be 3 in 10,000 people.
There are 29 annotated genes within this region, including transcription factors,
chromatin modifiers and genes involved in insulin signaling3(Fig. 1). However, individual gene
contributions to the overall 16p11.2 deletion phenotype have yet to be elucidated. Understanding
specific gene contributions and potential gene interactions will help develop potentially more
targeted gene therapies.

Untangling Phenotypes from Individual Genes
In order to understand how each individual gene contributes to the overall phenotype of
the deletion, each gene will be studied in a C. elegans model. For the purpose of this paper, the
focus will be on only 7 orthologous genes within this region (Table 2). The first goal is to
determine if and how each individual gene (single hit) affects neuromuscular function and
proliferation within the mitotic region of the C. elegans germline. The second goal is to screen
for potential gene interactions by knocking down two genes at a time. This model is meant to
emulate the theory behind Dr. Santhosh Girirajan’s “Two-Hit” Model. The “Two Hit” model for
neurodevelopmental disorders shows that individuals with a second CNV, in addition to the
16p12.1 deletion, will manifest more severe developmental delay.
Though the nematode nervous system is simple, it controls a variety of behaviors,
including locomotion7. Thrashing, or swimming, has been established as a behavior assay
measuring the affect of mutations on movement. Case studies show that probands with the
16p11.2-12.1 deletion suffer delayed motor development and problems with fine motor skills
later on in development8. Thrashing assays have been used measure neuromotor defects of C.
elegans models of Alzheimer’s Disease9, Huntington’s Disease10, spinal muscular atrophy,11 and
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Parkinson’s Disease12. In order to produce high throughput screens, ImageJ wrMTrck plugin
was used to quantify the number of body bends in a minute. The body angles through which the
worm passes are calculated; the constitution of a bend is when angle of bend and percent pixel
area change is above a standard threshold (See Methods).
The second assay performed was staining of C. elegans for lipid content. The purpose of
staining the animals with Oil-Red O was to rule out an increase in body area from fat content
(Fig. 4). C. elegans nematodes specifically store fat in the intestinal and skin-like epidermal
cells. Key metabolic pathways and their regulators are heavily evolutionarily conserved13. OilRed O is the best stain to use for staining fat content on C. elegans animals, contrary to Nile Red
and BODIPY-labeled fatty acids. These stains were originally accepted to dye fat content, until
Nile Red was shown to increase in intensity as fasting time increased. Additionally, BODIPYlabeled fatty acids are not C. elegans major fat storage compartments. BODIPY has been shown
to stain lysosome related organelles, not fat storage like Oil-Red O. Oil-Red O has been
validated to be the most effective way to stain triglyceride mass in C. elegans14.
The final assay described here is the nuclei staining of C. elegans mitotic region in the
germline. Briefly, germ cells are in the mitotic phase located at the distal tip of the germline.
This region contains germline stem cells as well. As these mitotic cells leave the mitotic region
and travel proximally towards the gonads, they enter the meiotic cell cycle15. The goal in staining
for mitotic cells is to understand if an increase in proliferation of 16p11.2 deletion orthologous
genes gives rise to an increase/decrease in body area (Fig. 4). This phenotype is comparable to a
clinical presentation of macrocephaly or microcephaly, respectively.
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Human Gene

C. elegans ortholog

C. elegans Ortholog Description

MAPK3

mpk-1

ALDOA

aldo-2

ASPDH-1

K09A9.6

DOC2A

rbf-1

KCTD13

sdz-35

CORO1A

cor-1

TAOK2

kin-18

Mitogen-activated protein kinase,
functions in worm vulval cell fate
specification, cell migration/guidance,
defense against bacterial infection
Fructose-bisphosphate aldolase, active
in the elongation of the worm embryo
Expressed in body wall musculature,
vulval muscle, ventral nerve cord, and
the head and tail neuron.
Sole C. elegans rabphilin homolog;
required for normal basal rates of
locomotion
Ortholog of human potassium channel
tetramerization domain, tumor
necrosis factor, alpha-induced protein
1
Actin filament binding protein
homolog coronin, aids in cytoskeleton
organization.
Involved in feeding behavior,
regulation of embryonic development,
reproduction, nematode larval
development and locomotion

Table 2. Selected orthologous genes within 16p11.2 deletion. For a complete list of phenotypes resulting from
these genes, see Table 4.

C. elegans as a model for neurodevelopmental disorders
A C. elegans model of neurodevelopmental disorders provides a middle ground between
the complexity of vertebrate models, such as mice, and the extreme simplicity of yeast. The first
advantage of using a nematode model in the field of neuroscience is that is has a well-described
neuronal lineage that provides a strong foundation for studying neuronal mechanisms. Secondly,
the ability to genetically manipulate and identify genes for neuronal knockdown is made easy
through RNAi. Third, a nematode is completely transparent, allowing for facile monitoring of
neuronal or cellular components16. The hermaphrodite C. elegans has 302 neurons divided in 118
neuronal classes and 56 glial cells, altogether comprising 37% of all the somatic cells in the

8

worm. Neuronal classes include 39 classes of predicted sensory neurons, 27 of motor neurons,
and the remainder as interneurons17. Considering its simplicity, C. elegans use all of the classical
neurotransmitters such as acetylcholine, dopamine, serotonin, GABA and glutamate16.
While we cannot ignore that nematodes do not emulate human behavior in its entirety,
this animal model is still attractive in studying the genetics of neuronal phenomena. It is easy to
genetically manipulate, feasible of doing a large-scale analysis, and has a quick reproductive
cycle. Among all models, C. elegans is the most cost effective and still offers the benefit of a
multicellular organism.
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CHAPTER 2
MATERIALS AND METHODS
Worm Strains
The Caenorhabditis Genetics Center provided the TU3311 Caenorhabditis elegans strain,
[unc-119p::YFP + unc-119p::sid-1], referred to as uIs60. The uIs60 genotype is hypersensitive to
neuronal RNAi by feeding. It contains detectable YFP in neurons. All worms under RNAi
feeding were maintained under 15-20 degrees18. All stocks were grown on Nematode Growth
Medium (NGM) agar19 seeded with wild type OP50 bacteria and RNAi knockdowns were grown
on RNAi plates20. Pre-cloned C. elegans genomic fragments in an L4440 plasmid into HT115
(DE3), an RNase III-deficient E. coli strain, were used from the Ahringer library to induce RNA
interference21. The following Ahringer RNAi clones were used to target homologous genomic
sequences of the 16p11.2 deletion in worms: III-2I07; X-7M01; III-3G21; III-3F13; II-9J09; III3O13; III-5D01; and II-3E05. RNAi feeding assays for both single hits and double hits, through
double feeding, were carried out as described22. Constructs were validated by sequencing.

Egg Synchronization
The ages of worms were normalized for all assays by synchronizing the hatching of eggs.
The bleaching technique was used for egg synchronization as previously described23. Adult
worms (mixed stages) were collected off NGM plates with 3 ml of M9 buffer and centrifuged at
1000 x g for 1 minute. The supernatant was discarded and the pellet was treated with 400μl of
100% bleach and 150μl of 3M NaOH. The solution was inverted 6 times and then incubated for
3 minutes. The mixture was diluted with 10 ml of M9 buffer. The tube was inverted and the
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mixture was centrifuged at 4000 x g for 1 minute. The eggs were washed 3 times with 10 ml of
M9 buffer. Eggs were rocked overnight and incubated at 20°C.

Thrashing Assay
C. elegans eggs were synchronized and grown up on RNAi clone-expressing HT115
bacteria. At the L4 stage, between 20-30 worms movements were recorded on a Photometrics®
CoolSNAP EZ camera for 10 seconds after adding 1 ml of M9 buffer. Thrashing activity was
quantified by the ImageJ plugin “wrMTrck.” Movements of all worms were thresholded to 70%
area change and the bendThreshold was held constant at 2.0. MinSize, maxSize, maxVelocity,
and minTrackLength parameters were also held constant at 1000 pixel2 , 20000 pixels2, 50
pixels/frame , and 10 frames, respectively.

Germline Proliferation Assay
Animals were synchronized and grown up on RNAi clone-expressing HT115 bacteria. At
the L4 stage, worms were transferred into a 2 μl LB drop on a glass etched ring slide. The worms
were treated with a large drop of Carnoy’s fixative. Slide was allowed to dry for 1 minute. About
3-5μl of Slowfade Antifade 4,6-diamidoino-2-phenylindole (DAPI) was added to the center of
the etched ring. Between 5-10 animals were imaged by confocal fluorescent microscopy on a
ZEISS LSM 800 with Airyscan. Imaging was focused on the germline, specifically the distal tip
region. ImageJ was used to quantify the width of the gonad.
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Oil-Red O Staining Assay
Oil Red O staining was performed in reference to O’Rourke et. al.14 Per genotype, 2-3
plates of synchronized L4 animals were collected with 1 x PBS. Worms were washed three times
with 1x PBS pH 7.4 and allowed to settle by gravity. In order to permeabilize the cuticle, 120μl
of PBS and 120 μl of 2X MRWB containing 2% paraformaldehyde was added to the pellet (2x
MRWB buffer: 160 mM KCl, 40 mM NaCl, 14 mM Na2EGTA, 1 mM spermidine-HCl, 0.4 mM
spermine, 30 mM Na-PIPES pH 7.4, 0.2% ß-mercaptoethanol). The mixture was gently rocked
and incubated at room temperature for 1 hour. Animals equilibrated with 60% isopropanol for 15
minutes. After allowing the worms to settle, isopropanol was removed and worms were
incubated overnight at room temperature in 1 mL of 60% Oil-Red O stain while rocking. Dye
was removed, and 200 μl of 1x PBS .01% Triton X-100 was added. Animals were mounted on
agarose slides and imaged on an Olympus DP73 color digital microscope camera, outfitted with
brightfield and widefield optics.

Oil-Red O ImageJ Analysis
Processing of images and thresholding was performed using ImageJ. The intensity of the
Oil-Red O stain was measured by calculating Mean Gray Intensity values. Normalized 8-bit
images were thresholded, using a constant threshold, so that only the highest 20% of the Oil Red
O signals were recorded. Therefore, the background stain from inhomogeneous structures was
eliminated and only the darkest stain corresponding to the intestinal tract was measured. Mean
Gray Intensity, Minimum Gray Intensity, and Median Gray Intensity values were calculated
through the Set Measurements tool in ImageJ. These values were compared for each genotype to
the EV control using an unpaired t test.
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Expression Profiling
Gene expression of 7 C. elegans genes, homologous to genes encoded within the human
16p11.2 deletion, were confirmed through qRT-PCR. Primer design, validation, qRT-PCR
conditions and data analysis were performed as previously described. Normalization was
performed using 2 reference-genes; tba-1 (tubulin alpha chain) and cdc-42 (cell division control
protein 42).
Human Gene
mpk-1 FWD

Sequence
CGAGGAAGTTCATGGGCAAC

mpk-1 REV

AGATTCACATAACGGGGAGCA

aldo-2 FWD

GTCACCCCAGGAAAGGGAAT

aldo-2 REV

CATGGATCCGGTGGACTCATC

K09A9.6 FWD

AAATCCGGCGTTCCGACG

K09A9.6 REV

AGAACCGGATTGACGCCAG

cdc-42 FWD

TGCCGACAGTCTTCGACAAT

cdc-42 REV

GCTCGCCACCGATCATTACT

tba-1 FWD

ACACTCCACTGATCTCTGCTG

tba-1 REV

GACAGAGAGAGCCTCATGGTAAG

kin-18 FWD

CCGTTTTTCATGGCCCCAG

kin-18 REV

TAGCCGTGGTTTTCATTTCCA

rbf-1 FWD

CTGGACCACAGCCAATGACA

rbf-1 REV

ATGAGCATGAGTATGCCGGG

sdz-35 FWD

CGGGTTTTTCAAAACACTGCTG

sdz-35 REV

AGAAGCAGTAGGTCCATGACG

cor-1 FWD

AACCAAAGGTCCAGGTAGCC

cor-1 REV

CACGTGCCCTACGTCAGA

Table 3. Selected orthologous gene primers. Used IDT primer design and BLAST to design primers and check
targets.
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CHAPTER 3
RESULTS

Single Hits Thrashing Assay
In order to understand the contribution of a single deletion on neuromuscular phenotypes
when it is not coupled with another deletion hit, a thrashing, or swimming assay was carried out
on animals containing a single 16p11.2 deletion gene. As previously described, the thrashing
assay is a more demanding muscular assay compared to normal location on the agar plate
(crawling). Animals with empty vector (EV) averaged at around 43.2 body bends per minute
(BBPM). The negative control, adsl-1, was around 41.4 body bends per minute. Genotypes mpk1, K0A9.6, rbf-1, sdz-35, and cor-1 were all statistically insignificant to the empty vector control.
Genotypes aldo-2 and kin-18 were statistically thrashing faster than the empty vector control
(Fig. 2). Aldo-2 and kin-18 knockdowns were thrashing 25% and 30% faster than the empty
vector control, respectively. The maximum body bends per minute recorded for aldo-2 and kin18 were 72 BBPM for both.

Figure 2. The 16p11.2 deletion
single hits of orthologous C.
elegans genes effects on
neuromotor behavior. For each
genotype, 15-20 animals were
allowed to thrash on a standard
NGM plate with 1 mL of M9
buffer. Videos were recorded for 10
sec for each animal and analyzed
through ImageJ wrMTrck plugin.
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Double Hits Thrashing Assay
As previously discussed, it has been shown that rare CNVs may be correlated to a more
severe neurodevelopmental presentation when two or more are present in a given individual.
This Two-Hit Theory for predicting neurodevelopmental variations was tested in a C. elegans
thrashing assay. Phenotypes may indicate how gene knockdown combinations contribute to the
overall 16p11.2 deletion clinical presentation.
In order to deliver a double knockdown of two genes, animals were double fed. In order
to account for a potential diluted knockdown dosage, the negative control was fed with ½ mpk-1
plasmid-containing E. coli and ½ empty vector containing E. coli.
The mpk-1 control for double hits of thrashing was bending 62.6 BBPM. All gene
combinations were statistically insignificant compared to EV + mpk-1 control except the mpk-1 +
kin-18 and mpk-1 + pisy-1. These two-hit gene knockdowns showed to be 51.2 and 50.1 BBPM,
respectively. Mpk-1 + kin-18 and mpk-1 + pisy-1 were thrashing 18.5% and 20% slower than the
mpk-1 + EV control (Fig. 3A).
The K0A9.6 control for the double hits thrashed 71.3 BBPM. All gene combinations were
statistically insignificant other than K0A9.6 + pisy-1 and K0A9.6 + kin-18. K0A9.6 + pisy-1
thrashed 54.7 BBPM while K0A9.6 + kin-18 thrashed 41.7 BBPM. The K0A9.6 + pisy-1
knockdowns were thrashing 24.2% less than the K0A9.6 controls. The K0A9.6 + kin-18
knockdown animals were thrashing ~30% less than that of controls (Fig. 3B).
The aldo-2 control for the double hits thrashed on average 80.45 BBPM. Several gene
combinations stood out in hindering the ability of animals to thrash. The two most significant
gene combinations that hindered the ability of C. elegans individuals were aldo-2 + mpk-1 and
aldo-2 +kin-18. Aldo-2 + mpk-1 knockdowns thrashed 59.7 BBPM on average and 25.7% less
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than controls, while the aldo-2 + kin-18 knockdowns thrashed 49.3 BBPM on average and
31.07% less than that of the controls. Other gene combinations that were slightly statistically
significant were aldo-2 + sdz-35 and aldo-2 + rbf-1. Aldo-2 + sdz-35 thrashed on average 68.6
BBPM, 11.85% less than that of controls. Aldo-2 + rbf-1 thrashed on average 69.41 BBPM, 11%
less than that of controls. All other gene combinations were statistically insignificant (Fig. 3C).
The cor-1 double hit control animals thrashed on average 62.5 BBPM. Interestingly
enough, for cor-1 double hit mutants, there were no gene combinations that showed a behavior
that decreased average BBPM. Three double hit gene combinations showed statistically
significant faster thrashing behavior. Cor-1 + aldo-2, cor-1 + K0A9.6, and cor-1 + sdz-35
showed to statistically increase the thrashing behavior by 23.1%, 29.2%, and 23%, respectively.
All other gene combinations were statistically insignificant (Fig. 3D).
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Figure 3. The Effect of Selected Double Hits of 16p11.2 Deletion Genes on Thrashing Neuromuscular Behavior.
A. Animals were double fed mpk-1 expressing HT115 bacteria in each combination. B. Animals were double fed
K0A9.6 expressing HT115 bacteria in each combination. C. Animals were double fed aldo-2 expressing HT115 bacteria
in each combination. D. Animals were double fed cor-1 expressing HT115 bacteria in each combination. For each
genotype, 15-20 L4 animals were assayed for thrashing in a minute. Body bending analysis was completed via ImageJ
wrMTrck plugin in order to disregard bias in manual counting.
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Oil-Red O Intensities
The goal of staining for fat content on the animals was not to search for 16p11.2 deletion
genes that could contribute to obesity. It has been shown previously that SH2B1 is a human gene
already implicated in fat metabolism, and its mutant could potentially contribute to a congenital
comorbidity of neurodevelopmental disease and obesity.
The goal of staining for fat content was to rule out the increase in body area in certain
genotypes being due to increased fat content. If a knockdown has an increased body area, but
insignificant body fat, it has the potential to have increased cellular germline proliferation.
Increased proliferation in the C. elegans germline may be representative of increased head sizes
seen in neurodevelopmental disorder presentations.
Oil-Red O has been widely accepted as the most effective method to stain triglyceride
mass in C. elegans. Nile Red and BODIPY-labeled fatty acids are other lipid stains that were
widely accepted to dye fat content, until Nile Red was shown to increase in intensity as fasting
time increased. Additionally, BODIPY-labeled fatty acids were shown to fail at staining C.
elegans major fat storage compartments. It was shown to stain lysosome related organelles, not
fat storage along the intestinal tract like Oil- Red O.
Three measurements were taken per animal: Mean Gray Intensity Value, Median Gray
Intensity Value, and Minimum Gray Intensity Value. Mean Gray Intensity Value was calculated
through ImageJ by converting an RGB image to an 8-bit grayscale image. On a scale of 0 to 255,
0 indicative of black and 255 indicative of white, each pixel in the worm was given a
corresponding gray value.
In order to accurately measure intensity corresponding to the region of fat content on the
worm, the intestinal tract, the gray values of all pixels within the worm were thresholded to 20%.

18

This ImageJ threshold has been previously published as a standard for measuring fat on the
worm in an anatomically correct location. In this way, background coloration is excluded from
analysis. The Mean Gray Intensity Value (Fig. 5) was calculated by taking the mean of the top
20% darkest area pixels. Additionally, to compare how different the darkest regions are between
each single hit, the Minimum Gray Intensity Value was calculated (Fig 6). Two positive controls
sbp-1 (sterol regulatory binding protein 1) and nhr-49 (nuclear hormone receptor 49) were used
to represent a low and high fat phenotype, respectively. Sbp-1 dramatically reduces the fat
content and biogenesis of intestinal lipid droplets. Targets include acyl-CoA carboxylase and
fatty acid synthase. Nhr-49 has been shown to down-regulate mitochondrial beta-oxidation genes
and causes high fat accumulation.
All 7 homologous genes were tested for potential increase in body fat, however only data
for mpk-1 knockdowns are shown. Consistently across more than 15 mpk-1 animals, the mean
gray intensity showed no change compared to the EV control. However, the body area (Fig. 4)
was significantly increased in every
life stage (L1 through adult). The
empty vector control, on average
had a gray pixel intensity of 101.469
while the mpk-1 knockdowns had a
mean gray pixel intensity of 87.08
(Fig. 5).

Figure 4. Body areas of all RNAi-treated
single hits. An increase in mpk-1 compared
to wildtype is observed. 8-bit images
analyzed with ImageJ. Credit: Ayush
Thomas
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Figure 5. mpk-1 knockdowns show no change in amount of fat, but increased body area. Controls
for Oil-Red O staining were nhr-49 (nuclear hormone receptor) and sbp-1 (sterol regulatory binding
protein 1). Approximately 20-30 animals were analyzed per genotype. Mpk-1 knockdowns consistently
had an insignificant amount of fat within the intestinal region compared to EV control.

Additionally, to compare the intensity of the darkest stained pixels between EV and mpk1 knockdowns, the Minimum Gray Intensity Value (corresponding to a low intensity value –
closer to black at a score of zero) was calculated through the ImageJ 20% thresholding method.
The minimum (darkest) intensity value across 15 mpk-1 knockdown animals was consistently
higher (not significantly) than that of controls (Fig. 6). Figure 7 shows a visual comparison of
mpk-1 knockdown animals with negative and positive controls.
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Figure 6. The darkest regions on mpk-1 knockdowns are lighter than those of controls.
Though not significant, there was still a lower minimum intensity for mpk-1 animals compared to
controls. The average minimum intensity values across 20-30 animals for EV controls was 60.5
compared to that of mpk-1 knockdowns, which was 88.

Figure 7. No significant
difference in fat content
between mpk-1 knockdown
and EV controls. A. mpk-1
knockdowns B. EV controls C.
nhr-49 positive controls showing
high fat content
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Germline Proliferation in mpk-1 knockdowns
When the body area of mpk-1 RNAi knockdown worms are measured, the body area is
always significantly increased when compared to controls (Fig. 4). In order to assess the
causation of an increased body size, and Oil Red O staining assay was done in order to rule out
the effects of increase lipid content. As mentioned above, there was consistently no difference in
the lipid content of mpk-1 knockdowns.
The next step was to test if an increase in proliferation in the mitotic region of the gonad

Figure 8. DAPI stained nuclei in distal tip of gonad. A gonad arm extrusion procedure was
not used in order to preserve the integrity of the gonad; however, the gonad can be easily spotted
by identifying the region of highly ordered cells in the mitotic region.
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could be the cause. There is a visible increase in the width of the gonad just by looking at the
stained nuclei that make up the gonad arm. The mitotic region of the gonad arm can easily be
spotted by identifying a region of highly ordered cells that stem from a common point, which is
the distal tip cell (DTC).
The number of cells present in the gonad were counted from the DTC to a length of
100μm. There was both a significant increase in cellular proliferation (Fig. 9A) and width of
gonad (Fig. 9B) in mpk-1 knockdowns versus controls. It should be noted that an increase in
proliferation of the C. elegans germline would not affect the length of the worm; the gonad arm
bends back toward the midline in order for the mitotic cells to be fertilized. Only an increase in
the width of the gonad arm would increase the size of the worm.

Figure 9. An increase in proliferation gives rise to an overall larger animal. Significant increase in body area
of mpk-1 knockdowns compared to EV not shown. A. Results from a DAPI positive cell count within the first
100μm of the DTC show both a significant increase in the number of cells and B. a significant increase in the
width of the gonad.
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CHAPTER 4
DISCUSSION
In order to understand the individual gene contributions to the human 16p11.2 recurrent
microdeletion, RNAi was used to knockdown orthologous genes in C. elegans. Understanding
these individual gene contributions impacts how physicians and scientists could potentially
identify, diagnose, and treat patients. Recapitulating a standard phenotype of hyperactivity,
motor dysfunction, or macrocephaly could help pin-point which genes could be targeted for gene
therapy in human patients.
The thrashing locomotion assay was used to screen for a potential phenotype of motor
dysfunction. In summary, the RNAi treatment of single hits resulted in aldo-2 and kin-18 having
an increased number of body bends per minute (Fig. 2). Not surprisingly, both aldo-2 and kin-18
are both involved in elongation of the embryo and locomotion, respectively (Table 2). However,
it may at first seem unintuitive that a knockdown of these genes would cause an increase in body
area. I hypothesize that there may be an overcompensation in another gene when each of these
are knocked out individually. It’s possible that these two genes overcompensate for each other.
When aldo-2 and kin-18 are both knocked down in the same animal, there is a significant
decrease in the number of body bends per minute (Fig. 10). This significant decrease is the
second highest decrease seen in all of the knockdowns.
Additionally, two other gene combinations in the thrashing double hits see a significant
decrease when in combination with aldo-2. Both aldo-2 + sdz-35 and aldo-2 + mpk-1 show a
significant decrease in the number of body bends were minute. Aldo-2, when knocked down
alone, sees an increase in body bends per minute, perhaps due to another gene overcompensating
for its absence. However, when coupled with other genes, a significant decrease in the number of
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body bends per minute is seen. This phenotype is indicative of neuromotor defects, recapitulating
a canonical 16p11.2 recurrent microdeletion presentation.

Figure 10. Summary of RNAi Treated Double Hits for Thrashing Assay. Each gene combination is compared to its
respective control. Green is an increase in the number of body bends per minute while red shows a decrease in the
number of body bends per minute. *aldo-2 + mpk-1 knockdowns here are compared to the aldo-2 control.
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One result that was not expected was the double-hit results with cor-1. Cor-1 is crucially
involved in the cytoskeleton movement and cell locomotion. Thrashing single hit results show no
difference from the control. However, when combined with K09A9.6, sdz-35, and aldo-2, a
significant increase in the number of body bends is seen. It is unclear if these genes are
interacting in a way that is causing an increase in body bends per minute. However, based on
unpublished data in our lab, cor-1 knockdowns have been shown to be significantly smaller in
size (length) than controls (Fig. 4). It is possible that the smaller length of worm is confounding
the ImageJ ability to accurately track its bendThreshold. One may hypothesize that a shorter
length of worm would require less energy to bend at the same angle of which a very large worm
would bend. A smaller size may “rescue” the lack of cor-1 gene.
Another recurring phenotype associated with the human 16p11.2 deletion is the increase
in head size, otherwise known as macrocephaly. This C. elegans model has elucidated 1 gene
that may give rise to this phenotype: mpk-1. In order to first screen for which orthologous gene
could potentially contribute to this phenotype, the body areas of every single-hit gene was
measured (Fig. 4). Of those genes, mpk-1 was significantly larger in body size (pixel2) than
controls. The next step was to screen for a potential increase in fat content on the animals.
Additionally, obesity is correlated with the 16p11.2 deletion, so it would be logical if one of the
genes were involved in a higher fat phenotype.
After quantification of the Oil Red-O staining with ImageJ, there was no significant
increase in body fat for mpk-1 knockdowns. This was surprising, since mpk-1 knockdown
animals were consistently larger than controls.
Staining for increased germline proliferation could point to why there is an increase in
body area. After staining and quantifying the number of DAPI positive cells in the mitotic region
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of the gonad, a significant increase was seen in mpk-1 knockdowns. This resulted is validated by
other peer reviewed publications15. Mpk-1 has been shown to function in promoting the
proliferative fate and membrane organization.
In this study, mpk-1 was identified as a player in determination the overall body size due
to increased cellular proliferation. Additionally, several gene combinations and single hits were
identified as players in a neuromotor dysfunction phenotype. Elucidating the individual
contributions of these genes towards the overall 16p11.2 deletion phenotype helps physicians
change the diagnosis paradigm, from that of a behavior evaluation process to that of a genomic
analysis.
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Human Gene

Table 4. Gross phenotypes arising from RNAi treatment of selected 16p11.2 deletion orthologs
Worm
RNAi
Phenotype
Sequence ID
Worm Gene
clone
Detected
Thrash ORO

MAPK3

F43C1.2

mpk-1

III-2I07

ASPDH-1

K09A9.6

K09A9.6

X-7M01

ALDOA

F01F1.12

aldo-2

III-3G21

DOC2A

F37A4.7

rbf-1

III-3F13

CDIPT

Y46G5A.5

pisy-1

II-9J09

TAOK2

T17E9.1

kin-18

III-3O13

CORO1A

R01H10.3

cor-1

III-5D01

KCTD13

ZC239.12

sdz-35

II-3E05

MAPK3 + ASPDH-1

*

mpk-1 + K09A9.6

*

✓

faster

MAPK3 +ALDOA

*

mpk-1 + aldo-2

*

✓

slower

MAPK3 + DOC2A

*

mpk-1 + rbf-1

*

MAPK3 + CDIPT

*

mpk-1 + pisy-1

*

✓

slower

MAPK3 + TAOK2

*

mpk-1 + kin-18

*

✓

slower

MAPK3 + CORO1A

*

mpk-1 + cor-1

*

MAPK3 + KCTD13

*

mpk-1 + sdz-35

*

ASPDH-1 + ALDOA

*

K09A9.6 + aldo-2

*

ASPDH-1 + DOC2A

*

K09A9.6 + rbf-1

*

ASPDH-1 + CDIPT

*

K09A9.6 + pisy-1

*

✓

slower

ASPDH-1 + TAOK2

*

K09A9.6 + kin-18

*

✓

slower

ASPDH-1 +CORO1A

*

K09A9.6 + cor-1

*

✓

faster

ASPDH-1 + KCTD13

*

K09A9.6 + sdz-35

*

ALDOA + DOC2A

*

aldo-2 + rbf-1

*

✓

slower

ALDOA + CDIPT

*

aldo-2 + pisy-1

*

ALDOA + TAOK2

*

aldo-2 + kin-18

*

ALDOA + CORO1A

*

aldo-2 + cor-1

*

✓

faster

ALDOA + KCTD13

*

aldo-2 + sdz-35

*

✓

slower

DOC2A + CDIPT

*

rbf-1 + pisy-1

*

DOC2A + TAOK2

*

rbf-1 + kin-18

*

DOC2A + CORO1A

*

rbf-1 + cor-1

*

DOC2A + KCTD13

*

rbf-1 + sdz-35

*

CDIPT + TAOK2

*

pisy-1 + kin-18

*

CDIPT + CORO1A

*

pisy-1 + cor-1

*

CDIPT + KCTD13

*

pisy-1 + sdz-35

*

TAOK2 + CORO1A

*

kin-18 + cor-1

*

TAOK2 + KCDTD13

*

kin-18 + sdz-35

*

CORO1A + KCDT13

*

cor-1 + sdz-35

✓

faster

*

Proliferation
increased

lighter
✓

faster

✓

faster
lighter
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