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ABSTRACT

Prader-Willi Syndrome (PWS) is a genetic disease that results in abnormal hormone levels,
developmental delay, intellectual disability, hypogonadism, and excessive appetite. The
disease is caused by a de novo genetic deletion in chromosome 15. While many of the deleted
genes have been identified, there is little known about their molecular function. There is
evidence that a cluster of non-coding RNA genes in the deleted region known as the
SNORD116 genes may be the most critical genes deleted in Prader-Willi Syndrome. It is
unknown what the SNORD116 genes do at the molecular level, but recent evidence suggests
they regulate the expression of other genes involved in the neuroendocrine system.
Specifically, the SNORD116 gene is implicated in regulation of NHLH2, a transcription factor
gene which plays a key role in development, hormonal regulation, and body weight. In this
study we identify phylogenetically conserved regions of SNORD116 and predict interactions
with its potential downstream RNA targets. We show that mouse Snord116 post-
transcriptionally increases Nhih2 RNA levels dependent on its 3'UTR and protects it from
degradation within 45 minutes of its transcription. Additionally, a single nucleotide variant
within NhlIh2 at the predicted Snord116 interaction site may disrupt Snord116’s protective
effect. This is the first observation of a molecular mechanism for Snord116, identifying its role
in RNA stability, and leads us closer to understanding Prader-Willi Syndrome and finding a
possible treatment. However, Snord116 in vitro knockdown or paternally inherited in vivo
deletion fail to detect differential expression of NhIh2, likely due to missing the key timepoint of
Snord116 regulatory effects on Nhlh2 RNA soon after its transcriptional stimulation, and
dependent on leptin signals. Furthermore, the hypothalamic mRNA expression profile of PWS
mouse models fed a nutraceutical dietary supplement of conjugated linoleic acid reveals
minimal overall changes, while the effect of diet may be stronger than genotype and potentially

changes gene expression of metabolic molecular pathways.
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GENERAL AUDIENCE ABSTRACT

Prader-Willi Syndrome is a genetic disease that results in abnormal hormone levels,
slow development, intellectual disability, gonad deficiency, and excessive appetite. The
disease is caused by a genetic deletion in chromosome 15 that is almost always a
spontaneous mutation not inherited from the parents. While many of the deleted genes have
been identified, there is little known about what their molecular function is. There is evidence
that a cluster of genes in the deleted region known as the SNORD116 genes may be the most
critical genes deleted in Prader-Willi Syndrome. It is unknown what the SNORD116 genes do
at the molecular level, but recent evidence suggests that it regulates other genes involved in
the hormone system. Specifically, the SNORD116 gene is implicated to regulate the levels of
NHLH2, a gene which plays a key role in development, hormonal regulation, and body weight.
In this study we identify key regions of SNORD116 and predict interactions with its potential
downstream targets. We show that SNORD116 increases NHLH2 levels and slows its
degradation at the RNA transcript level. This is the first observation of a molecular mechanism
for SNORD116 and leads us closer to understanding Prader-Willi Syndrome and finding a
possible treatment. However, other mouse models of Snord116 deletion fail to find differences
in Nhlh2. This is likely due to missing a brief key timepoint and hormonal signal when Nhlh2 is
most subject to Snord116’s effects. Furthermore, PWS mouse models fed a supplement
intended for weight loss leads to mild overall gene expression changes in the hypothalamus, a
brain region that regulates many hormonal signals including appetite and energy balance. The
effect of diet may be stronger than genotype in this brain region, with diet potentially changing

the activity of metabolic molecular pathways.
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Chapter 1. Introduction

Prader-Willi Syndrome (PWS) is a genetic disease characterized by slow development,
hypotonia, hormone deficiency, intellectual disability, hypogonadism, and hyperphagia that
often leads to obesity if not managed by a caregiver. The incidence of PWS is estimated
between 1/10,000 — 1/30,000, and the genetic causation is a loss of function in the paternal
chromosome 15q11 — q13.1® While the region of chromosome 15q (Chrl5q) has been
identified as critical for PWS, the causative deletions are variable.

Some PWS causative deletions encompass a large stretch of 5-6 Mb.%¢ However, some
microdeletions in PWS patients have identified a minimal causative deletion in PWS of about
70kb which contains multiple non-coding RNA (ncRNA) genes.®!° This 70kb microdeletion
region includes the IPW gene, and the SNORD116 gene cluster of about 30 highly
homologous paralogs of SNORD116.4 The SNORD116 gene cluster is the most well
described of the 2 microdeletion genes, and most strongly implicated in the causation of PWS.
SNORD116 is a small nucleolar RNA (snoRNA) with C/D box motifs (SNORD). SNORDs are
usually ncRNAs that target pre-ribosomal RNA (rRNA) for 2’0 methylation, which is involved in
the downstream processing and splicing of pre-rRNA to become functional rRNA.15-25
SNORDs show high sequence complementarity to their targeted rRNA, and due to this, many
SNORDs have predicted rRNA targets with high confidence. However, SNORD116 shows no
sequence complementarity to rRNA and has no predicted targets. This leaves SNORD116 with
an unknown molecular mechanism and further questions about the etiology of PWS.

PWS is a neurodevelopmental disorder, as there are many implications for
hypothalamic dysregulation in PWS.26-3 The hypothalamus is a critical brain region for the
endocrine system as it regulates the pituitary gland and is involved in the autonomic nervous
system and metabolic processes. SNORD116 is also highly expressed in the hypothalamus.
Recent observations suggest SNORD116 may regulate the neuroendocrine related gene
NHLH2.3233 This molecular link is an enticing hypothesis, as there is much crossover between
NHLH2 knockout mice, PWS symptoms, and PWS mouse models, which display
hypogonadism, obesity, and developmental delay.®? However, multiple studies were unable to
find a link between SNORD116 and NHLH2 in RNA expression datasets.?”3435 The absence
of consistent findings leads the PWS research community to question the hypothesis that

1



SNORD116 regulates NHLH2. Clarity on this subject will direct future PWS research, and the
current study seeks to definitively determine if SNORD116 regulates NHLH2.

The current study uses in silico analysis including RNA interaction prediction, in vitro
studies using mouse neuronal cell culture with Nhlh2 reporter constructs, and in vivo studies to
observe RNA expression of PWS mouse model hypothalamus under various feeding
conditions. These approaches were used to predict a potential Snord116-Nhlh2 RNA
interaction, to test if this predicted interaction mediates Snord116-dependent changes on
Nhlh2 RNA, and to test if Snord116-dependent changes on Nhlh2 RNA are observable in PWS
mouse models. Some work shown here argues for a molecular relationship between Snord116
and NhIh2 while others are inconclusive. Chapter 2 is a literature review of PWS, SNORD116,
and NHLH2. Chapter 3 is in silico work describing a phylogenetic analysis of the SNORD116
cluster. Chapter 4 shows that mouse Snord116 post transcriptionally stabilizes NhlIh2 mRNA
dependent on its 3'UTR. Chapter 5 shows a lack of changes in Nhlh2 RNA levels with an in
vitro knockdown or an in vivo deletion of Snord116. Chapter 6 describes mMRNA sequencing

results from the PWS mouse model hypothalamus under a dietary supplement intervention.
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Chapter 2. Literature Review

2.1 Clinical features of Prader-Willi Syndrome

Prader-Willi Syndrome (PWS) is a genetic disease characterized by developmental
delay, infantile hypotonia, hormone deficiency, intellectual disability, hypogonadism, and
hyperphagia that often leads to obesity. The incidence of PWS is estimated between 1/10,000
— 1/30,000 live births.'~" The phenotypes are multiphasic, with some phenotypes present
throughout the patients’ lifetime, and others that are only present for a certain phase of
development. PWS clinical symptoms are traditionally divided into two phases: failure to thrive
with slow development at infancy, and phase 2 being hyperphagia and the development of
obesity from childhood into adulthood. However, a more detailed clinical timeline has been
established:

0 Prenatal - reduced fetal activity, small for gestational age, decreased birth
weight, increased head/abdomen circumference ratio, polyhydramnios (excess
amniotic fluid in the amniotic sac).8-1°

[0 Birth - hypotonia, failure to thrive, weak suckling, growth hormone deficiency,
hypogonadism/hypogenitalism, and cryptorchidism in males (undescended
testicles).t411
9 months — normal development 1°
2 years — body weight increase without changes in appetite or intake, some
behavioral abnormalities 1012

[ 4.5 years — hyperphagia with some satiety, intellectual disability, behavioral and
emotional abnormalities continue to emerge 410-12

0 8 years — hyperphagia without satiety 19

0 Adulthood — some satiety for few individuals 1°

Additional phenotypes include sleep disturbances, characteristic facial features,
respiratory distress, short stature, small hands and feet, hypopigmentation, and abnormal
hormone levels. Secondary symptoms arise from obesity including type 2 diabetes and related
comorbidities. Cognitive and behavioral observations include aggression, impulsivity, cognitive

rigidity, repetitive and compulsive behavior, skin picking, emotional outbursts, stubbornness,
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and food related behavior including food seeking, stealing, hoarding, etc. Some patients show
overlap with Autism-Spectrum Disorder (ASD), as well as bipolar disorder or other psychiatric
illness. 1471113

Complications of hyperphagia and obesity lead to the major morbidities and mortality of
PWS patients, with early intervention of the food environment and dietary pattern helping to
alleviate associated morbidities.**1®> The leading cause of death for PWS patients is respiratory
failure (31%) followed by cardiac disease/failure (16%) and gastrointestinal problems (10%).%°
Cases of respiratory failure are not correlated with obesity.!* Quartile estimates for mortality
rate by age is the following: 25% mortality at 20 years old, 50% mortality at 29 years old, 75%
mortality at 42 years old, and 99% mortality at 60 years old.® Possible hyperphagia related
deaths including accidents, aspiration, choking, and gastrointestinal perforation make up about
50% of all childhood deaths and about 1/3 of all reported deaths.’® These possibly
hyperphagia associated deaths disproportionately effect young males.®

The biological system that is most implicated in PWS is the endocrine system. The
endocrine system generally consists of the hypothalamus and pituitary gland in the brain as
central regulators, and various peripheral organs that receive and send hormonal signals
through the bloodstream. Disruption of central endocrine regulation via the hypothalamus and
pituitary gland is linked to the etiology of PWS. Endocrine related features of PWS include low
levels of growth hormone (GH) and developmental delay in nearly all cases of PWS. Growth
hormone supplementation is a standard treatment for PWS patients and is currently the only
FDA approved treatment.

Hypogonadism is observed in nearly all cases of PWS and can be both pituitary and
gonadal in origin.1.1116-18

The thyroid system is either normal or mildly altered in PWS, with hypothyroidism
debated to be present in 10-30% of cases and mostly central in nature, but observations are
highly variable and inconclusive. It is possible that hypothyroidism is more prevalent in PWS
newborns and children than adults, and growth hormone treatment at a young age may
interact with the thyroid system.11.17-23

The status of the adrenal system is also debated, but adrenal insufficiency seems to be
observed in about 10% of cases. Adrenal insufficiency may also be dependent on

developmental phase and interactions with growth hormone treatment.%.11.17.18,24,25



Abnormal sleep patterns including central sleep apnea, obstructive sleep apnea,
hypersomnia, and narcolepsy are observed with evidence of hypothalamic origin, including
abnormal levels of the neuropeptide orexin (hypocretin).t.11.17.18,26-29

Oxytocin hypothalamus neurons are decreased in number, and lymphoblasts show low
oxytocin receptor mRNA levels.3%3! However, children show an increase in plasma oxytocin
levels.®? Of note, there is recent evidence that intranasal oxytocin and its functional analog
may be a potential therapy for treating hyperphagia. While many studies show positive effects,
there are variable results with some studies reporting no therapeutic effect, but overall,
oxytocin treatment shows promise.33-3°

Morphological abnormality of the PWS pituitary gland has also been observed using
MRI, mostly showing a decrease in pituitary size compared to controls.*®*3 A recent study
shows that about 30% of PWS patients have autoimmune antibodies reactive to the pituitary
gland at a higher rate than control (5-6%).4* Additionally, post-mortem PWS hypothalamus
tissue shows an overall transcriptomic sign of inflammation.#®* The significance of these
potential immune reactive contexts requires further investigation.

The hypothalamic system mediating energy homeostasis and feeding behavior is not
completely characterized in PWS, although peripheral hormones have been investigated to a
greater extent. Ghrelin, the appetite inducing peptide hormone secreted by the stomach, is
elevated in PWS patients throughout their lifetime. Hyperghrelinemia is observed from infancy
during poor feeding behavior, to childhood before the onset of hyperphagia, and adulthood
during hyperphagia.l*”4¢ However, ghrelin receptor antagonists have no effect on PWS adult
hyperphagia.'1"4” These studies show that it is unlikely that ghrelin levels are the main cause
of the hyperphagic switch in PWS development, although abnormal neonatal ghrelin levels in
mice may disrupt normal development of the hypothalamic feeding circuit.*® Opposite to
ghrelin, the appetite suppressing hormone Peptide YY (PYY) secreted from the intestines
increases after feeding in a normal pattern in PWS children and adults.*>° Leptin, the appetite
suppressing peptide hormone released from adipocytes in response to food intake, also
appears to show a normal pattern in PWS patients.>-53 Although the studies listed above imply
normal hormonal signaling, there is less known about receptor expression at the target sites of

these hormones in PWS. PWS lymphocytes show no difference in leptin receptor mRNA, and



PWS hypothalamus shows no difference in ghrelin receptor mRNA or PYY receptor
MRNA 5254

In summary, Prader-Willi Syndrome is a genetic developmental disorder with evidence
of neuroendocrine dysfunction. The genetic cause of the disorder is well characterized, but not
fully understood. Further investigation to bridge the gaps in knowledge hold promise for finding
a therapeutic solution for PWS.

2.2 Genetics of Prader-Willi Syndrome

The genetic cause of PWS is a loss of function in the paternal chromosome 15q11 —
gl3. This genomic region only expresses genes from the paternal chromosome through
epigenetic imprinting mechanisms in which the maternal genes are silenced, primarily through
methylation. The large majority of PWS cases occur from de novo genetic events, in which the
parents do not carry or pass the PWS genotypes. The loss of function in this genomic region is
mostly caused by a de novo paternal genetic deletion (60-75% of cases) but can also be
caused by uniparental disomy (UPD) of the maternal chromosome 15 (20-35%), or imprinting
defects (1-5%).17

These three main subtypes of PWS are also associated with slightly varying
phenotypes, but there is limited data on patients with imprinting defects. All subtypes share the
hallmark phenotypes of hypotonia, hypogonadism, and hyperphagia. However, UPD patients
exhibit higher risk of psychiatric illness, higher verbal 1Q, and less maladaptive behavior.
Patients with paternal deletion genotypes show an increase in PWS facial features,
hypopigmentation, and higher visuospatial 1Q.%1355

Maternal UPD of chromosome 15 (mUPD15) is due to errors in meiosis and has been
associated with older age mothers.*#” Both copies of chromosome 15 (Chrl5) are inherited
from the mother and there are no copies from the father. There are 3 subtypes of mUPD15
categorized based on the degree of loss of heterozygosity.” Higher loss of heterozygosity in
chromosome 15 leads to an increased risk of recessive disorder alleles and can lead to further
deleterious genetic conditions. About 30% of mUPD15 patients show heterodisomy, 58% have

partial heterodisomy, and 12% have total homodisomy.’



Imprinting defects leading to PWS are often caused by epimutations of chromosome 15
that lead to the silencing of the paternal alleles, as if they were the maternal chromosome.
These may arise from errors in the imprinting process during spermatogenesis of the fathers,
or embryogenesis. Imprinting defects can also be caused by deletions in the imprinting center
(IC), a ~40kb genomic region within chromosome 15g11-13 that regulates the 2.5Mb
differentially imprinted region of 15911-13. Loss of function in the PWS-IC can lead to
epigenetic silencing of the paternal alleles. There are rare cases where an imprinting center
microdeletion is inherited from asymptomatic parents. Due to the nature of the imprinting
process, the mutation in the IC can remain “silent” until the appropriate inheritance pattern
occurs for symptoms to arise. The paternal grandmother can pass a PWS-IC deletion to an
asymptomatic father who has a 50/50 chance of passing their PWS-IC mutation to an
offspring, and thus a 50/50 chance of a having a child with PWS,411.56-62

The most common cause of PWS, a de novo deletion in the paternal chromosome 15q,
also has varying subtypes. There are two common large deletions including a 5-6Mb large
deletion type 1 (LD1) and a ~4.5Mb large deletion type 2 (LD2) (Figure 1). Behavioral and
psychological phenotypes are generally more severe for the larger LD1 when compared to
LD2.65563 Furthermore, if only the region unique to LD1 is lost, this can lead to a separate
genomic syndrome of incomplete penetrance, characterized by neuropsychiatric and
behavioral symptoms.®* Of PWS patients with paternal chromosome 15 deletion, about 36-
39% have LD1 and 55-56% have LD2. The remaining 6-8% of paternal deletion cases have
atypical deletions that are either larger or smaller than LD1 and LD2.7%% This chromosomal
region is prone to structural deletions due to the presence of segmental duplications, also
known as low-copy repeats, at the common breakpoints. Segmental duplications are copies of
>1kb stretches of DNA that are highly homologous that often mediate chromosomal
rearrangements such as deletions, duplications, and inversions through non-allelic
homologous recombination.®6-%° Large, highly homologous, repetitive chromosomal regions
such as the PWS deletion region and pericentromeric regions are often difficult to sequence,
map, and assemble, and also commonly show structural variation.®”-’¢ The distal PWS
deletion region at Chr15q13.3, which is also sometimes deleted in large PWS deletions, was
recently mapped with high structural resolution and shows structural variation within and

between human genetic background.*66.67



Of note, if loss of function occurs in the same common 15q11-gq13 chromosome region
on the maternal chromosome, it leads to a separate disease known as Angelman’s
syndrome.'#! This is due to loss of the paternally silenced gene UBE3A and patrtially silenced
gene ATP10A that are downstream of the paternally expressed genes (Figure 1). The
Angelman’s syndrome imprinting center (AS-IC) is about 35kb upstream of the PWS-IC.
Angelman’s syndrome is characterized by microcephaly, seizures, developmental delay,

intellectual disability, and behavioral issues.!%:6162
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Figure 1. Prader-Willi Syndrome genomic locus on Chromosome 15. Protein coding
genes are shown as rectangles, non-coding RNA genes are ovals, paternally expressed
genes are blue, maternally expressed genes are red. The PWS minimal deletion region is
highlighted in yellow with references below it depicting individual PWS microdeletion cases.
Not to scale.

Observations of PWS patients presenting with atypical microdeletions have narrowed
down the minimal critical deletion region of PWS to a 70kb stretch containing the SNORD116
gene cluster and the IPW gene (Figure 1).77-76 While this 70kb region of chromosome 15q has
been identified as critical for PWS, the cases with microdeletions encompassing this region

show some phenotypic variance (Table 1). All cases show hypotonia, hyperphagia,
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developmental delay, obesity, and distinctive facial features, while a few cases show variability

in hypogonadism, intellectual disability, short stature, sleep disturbances, and behavioral

problems. In general, it seems that smaller sized deletions lead to less severe phenotypes. Of

note, the case with the smallest deletion does not present hypogonadism, intellectual disability,

or short stature. While the 2" smallest deletion does not present failure to thrive, intellectual

disability, short stature, or behavioral issues.”76

Table 1 Sahoo  de Smith  Duker Bicth Hassan Fontana Tan
daDIC
ct al. et al. et al. etal. and Butler etal. et al.
Deletion size (kbp) 175 187 236 118 210 80 71
South .
- . . African- . . . .
Ethnicity Caucasian Asian Ameri Caucasian  Caucasian  Caucasian  Caucasian
Indian merican
Gender Male Male Male Female Female Male Male
Birth weight (g) 3218 2800 3020 2780 3334 2710 3140
Birth length (cm) 54.5 N/A 53 48 54.6 49 51
Age at examination (years) 4.8 19.5 11 23 26 18 17
Clinical features
Hypotonia + + + + + + +
Infantile feeding problems/FTT + + + + - - -
Tube feeding + - + + - - -
Start of excess weight gain Between
(months) 18 24 6 18 30 4870 36
Hyperphagia + + + + - - -
Overweight/Obesity + + + + + + +
Distinctive facial features - N/A + + —- - -
Hypogonadism + + + + N/A + -
Developmental delay + + + + + + +
Mental retardation + + + + N/A - -
Behavioral problems + + + + + - +
Skin picking + + - + + - +
Sleep disturbances/ apnea - N/A + + N/A - -
Short stature - + + + + - -
Small hands/feet for height + + - N/A + - -
Eye abnormalities - N/A + N/A N/A + -

FTT: failure to thrive; N/A: not available; +: present PWS characteristic; —: absent PWS characteristic.

Modified from Tan et al. 2020, used with permission from MDPI
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2.3 SNORD116 and related non-coding RNASs

While the minimal deletion region leading to PWS (PWS-MDR) has been identified, it is
still unknown how loss of this PWS-MDR leads to PWS. There are many RNA products
observed from this genomic locus with diverse functions (Figure 2). All RNA products from this
region seemingly originate from or correlate with transcription of the SNURF-SNRPN gene,
and transcription carries through the PWS-MDR past the SNORD115 cluster and antisense to
the UBE3A gene (Figure 1). While multiple transcription start sites may exist, this long
noncoding RNA (IncRNA) transcript that carries through the PWS-MDR has gone by many
names, but the current official gene name is Small Nucleolar RNA Host Gene 14 (SNHG14).
Observed RNAs derived from SNHG14 include IncRNAs that are transcribed from the exons
along the locus, and undergo much alternative splicing.””-82 Hosted within the introns of these
IncRNA transcripts are small-nucleolar RNAs (snoRNAs) that are processed from introns and
are protected from degradation through snoRNA-protein interactions.83-8> These snoRNAs
may also be further digested and processed to form smaller RNAs.8687 At the very 3’ end of
this locus, there is another ncRNA gene, IPW, that may be the 3’ component of the IncRNAs.
Additionally, IncRNAs capped on the 5’ and 3’ end by snoRNAs have also been observed.8:8°
Generally, all RNA products from this genomic locus are highly expressed in neurons and

often have widespread tissue expression unless otherwise noted.*°
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Figure 2 A. PWS minimal deletion genomic locus
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Figure 2. The PWS minimal deletion region and the non-coding RNA products observed from the locus. A.
Genomic region with exons and genes labelled. B. RNA products observed from the genomic locus and their
observed molecular characteristics. Original studies of the observed findings are discussed and cited in the main
text.

The most identifiable and well characterized genes from this genomic locus are from the
SNORD116 gene cluster (previously known as HBII-85 in human and MBII-85 in mouse). This
is a cluster of highly homologous, tandemly repeated non-coding RNA (ncRNA) genes of the
small nucleolar RNA (snoRNA) classification. SnoRNAs are ncRNAs that are expressed in all
eukaryotic cells, and they range from 50-150 nucleotides long. They primarily target and
modify pre-ribosomal RNA (rRNA) or the spliceosome-associated small nuclear RNA (snRNA)
through RNA sequence complementarity.8391-9 SnoRNAs usually localize to the nucleolus or
cajal bodies.%-°8 There are two main classes of snoRNAs, categorized based on nucleotide
motif conservation. These two classes are the C/D box snoRNAs, which 2’0O-methylate target
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RNAs, and the H/ACA box snoRNAs which pseudo-uridylate target RNAs.83,91-96,99,100
Specifically, the PWS deletion locus snoRNAs contain C/D box nucleotide motifs, categorizing
them into the class known as Small Nucleolar RNA with C/D box motifs (SNORD) (Figure 3).
An individual SNORD from this gene cluster is known as SNORD116, and specific transcript
IDs are labelled as SNORD116-1, SNORD116-2, etc. There is a total of 30 identified
SNORD116 copies in the human genome, although it is questionable how many of these are
truly expressed and/or functional or how much variance in copy number there is between
individuals.®2101.102 Classically, SNORDs target other RNAs for modification through nucleotide
complementarity in their anti-sense region just 5’ of the D/D’ box motifs (Figure 3). However,
for SNORD116 there are no predicted sequence complementarities to known RNAs, leaving

SNORD116’s molecular function a mystery.

Figure 3. SNORD structure
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Figure 3. SNORD molecular structure. A. Mature monomeric SNORD structure with
labelled components including C/C’ boxes, D/D’ boxes, antisense region, target RNA,
methylated nucleotide, and key structural proteins that make up the snoRNP (grey ovals).
B. One possible dimeric structure of SNORD. Informed by 94190

There have been observations of other SNORDs that have “non-canonical’
mechanisms, because they do not target rRNAs or sSnRNAs.One well observed example of this
is the SNORD115 family of RNAs, which are located just downstream of the SNORD116
cluster. The SNORD115 RNAs have been shown to have high sequence complementarity to

the serotonin 2C receptor (HTR2C) pre-mRNA, and can regulate alternative splicing and RNA
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editing of this gene.®103-111 Additionally, mouse Snord115 has been observed in non-
canonical snoRNA-protein complexes (snoRNPs).1%* This includes a lack of RNA-protein
interaction with the methyltransferase Fibrillarin that is needed for canonical SNORD function.
However, there are variable observations of these non-canonical mechanisms that question
their biological relevance and replicability.87:110.112.113 This effect on HTR2C expression
potentially explains some of the hyperphagic phenotypes observed in PWS that have deletions
of SNORD115, as HTR2C has been implicated in feeding behavior.1'411> However, the
SNORD115 cluster has been ruled out as a minimal causative deletion of PWS.11¢ Regardless,
SNORD115 is an example of a non-canonical SNORD. In addition to the non-canonical
functions of alternative splicing or RNA editing, it has also been observed that SNORDs can
serve as precursors to miIRNA and piRNA, although this has not been implicated for
SNORD116.117-121

As mentioned previously, snoRNAs rely on RNA-protein interactions to form a snoRNP
which is further processed to mature into a functional SNORD (Figure 3). As snoRNAs are
often hosted within introns, the snoRNP protects the snoRNA from degradation, and the
intronic RNA is degraded by exonuclease activity. This feature explains the expression of
IncRNAs with snoRNA 5’ and 3’ ends observed from the PWS minimal deletion region. These
“sno-INcRNAS” are expressed when there are two SNORD units close together within a single
intron (Figure 2). Both copies of SNORD116 are protected from exonuclease degradation, and
the transcribed RNA linking the two SNORDSs together are protected as well.888° These sno-
IncRNAs localize to their site of transcription, and associate with and sequester FOX protein
family splicing factors, thus affect splicing patterns.®® However the sno-IncRNAs associated
with the PWS genomic locus are not observed in mice, showing species specific expression.8

The hosting of SNORD116 and the sno-IncRNAs within the introns of their IncRNA host
gene synchronizes the expression of the host RNA and the snoRNAs. The intron derived
SNORD116 is not expressed without the transcription of the host gene. Additionally, mouse
Snord116 is dependent on the splicing of its ncRNA host gene (116HG) for proper expression
and function.'?? The splicing of mouse 116HG may require the neuronal splicing factor Rbfox3,
also known as NeuN, for proper splicing and downstream expression of Snord116.%2? This
splicing limits mouse Snord116 expression to neuronal tissue, although nonspliced 116HG and

NcRNAs from this locus are widely expressed in various cell types. Interestingly, the closely
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related human RBFOX2 splicing factor was found to associate with the sno-IncRNAs found in
a variety of human cell types.88 However, the Rbfox3/NeuN dependent splicing of 116HG was
found in mouse, which doesn’t appear to express mouse homologs of the sno-IncRNAs.& This
potential dependency on RBFOX3/NeuN for human 116HG splicing and downstream
SNORD116 expression has not yet been demonstrated.

The spliced 116HG RNA has been observed to localize to its site of transcription, while
the chromatin is decondensed of the active paternal allele in rat, mouse, and human
neurons.’®8  Chromatin decondensation and 116HG RNA levels are developmentally
regulated in maturing neurons, and correlated with nucleolus size in mouse and human.123.124
Fluorescent in situ hybridization (FISH) has shown 116HG localizes to its site of transcription,
while processed Snord116 transcripts diffuse throughout the nucleus and co-localize with pre-
rRNA signal in primary rat hypothalamus cells.?? In mouse neurons, spliced 116HG associates
with Rbbp5 protein, which is involved in transcription activation through histone-3 lysine-4
(H3K4) methylation.”® Mouse 116HG RNA also binds to genomic regions including its site of
transcription, as well as other regions genome wide such as Mtor and Ccdc12. The RNA FISH
signal of mouse spliced 116HG also shows circadian dependence, with higher spatial signal at
Zeitgeber time +6 compared to Zeitgeber time +16.78

In addition to the spliced 116HG, a similar RNA has been observed. This RNA species
is 5’ capped with SNORD109A followed by the spliced 116HG exons, and 3’polyadenylated
(SPA-IncRNA) (Figure 2).”” This RNA species has been observed in human embryonic stem
cells (hESCs) to sequester multiple RNA binding proteins including RBFOX2, HNRNPM, and
TDP43.77 Interestingly, the mouse genomic locus lacks a SNORD109A homolog and this SPA
IncRNA is not observed in mouse embryonic stem cells (MESCs), although another SPA
IncRNA originating upstream with a 5’ cap of the Snord107 homolog has been observed in
mouse neurons but not mESCs, indicating that this class of RNA species is conserved.’’

The very 3’ end of the 116HG or SPA-IncRNA contains another ncRNA gene, IPW
(Figure 2). This polyadenylated ncRNA is primarily expressed in brain, but widely expressed in
other tissues.'?>-127 IPW has been implicated to regulate an imprinted locus on Chromosome
14, the DLK1 — DIO3 region, in human induced pluripotent stem cells (iPSCs). IPW mediates
this regulation through binding interactions with the G9A methyltransferase, and downstream
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repressive effects of the maternally expressed genes in the Chrl4 imprinted region through
histone-3 lysine-9 trimethylation (H3K9me3).128

It is important to be aware of the many RNA products observed at the genomic PWS-
MDR, as genomic deletion models are often used in mouse and human studies. Some studies
implicate their studied RNA of interest in downstream molecular effects through different
knockout models. However, some claims may overreach when attributing a specific RNA
species to data observed in genomic deletion models. Nevertheless, consistency of findings
between PWS deletion models and non-disease state models certainly shows high biological
relevance. The molecular mechanisms listed for the above ncRNAs have been curated to
minimize conclusions that originate from large genomic locus deletions and knockouts.
Additionally, genomic deletions may alter unidentified chromatin-scale cis-acting or trans-
acting elements, further confounding findings in genomic deletion models.

Interestingly, expression of SNORD116 from the silenced maternal allele can be
restored by knockout of zinc-finger protein ZNF274 or modification of the ZNF274 DNA binding
sites located within a subset of SNORD116 copies.'?%130 ZNF274 binding enables a repressive
H3K9 methyltransferase that silences the maternal alleles at the PWS-MDR independently of
the PWS-IC,129.130

To re-focus on SNORD116, there are few studies with hints to its molecular mechanism.
As mentioned previously, RNA FISH shows rat neuron Snord116 RNA colocalizes with pre-
rRNA to the nucleolus, canonical localizations for snoRNAs.8? However, there is a lack of
predicted target RNAs for SNORD116. The overexpression of functional mouse Snord116
(highly homologous to at least one copy of human SNORD116) in HEK293T kidney cells
changed the RNA expression level of many genes, but none were predicted to interact with
Snord116 through sequence complementarity.''? Additionally, there was no evidence of
alternative splicing, potentially mirroring Snord115’s non-canonical functions. However, due to
the overall upregulation in other genes’ expression levels, it was proposed that Snord116 may
increase RNA stability or transcription.''? Although Snord116 may be dependent on
Rbfox3/NeuN splicing factors in mouse for proper expression, the overexpression construct
used was optimized at the splicing sites for efficient expression and there is evidence for
functional Snord116 expressed in the study.!*?122 Qutside of this Snord116 overexpression

study there is a lack of molecular studies that directly investigate Snord116 while minimizing
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confounds of the PWS-MDR. Many studies have been conducted in the context of genomic
deletion models that delete the whole SNORD116 gene cluster. One reason for this approach
is the availability of a PWS model mouse that harbors a deletion in the SNORD116 gene

cluster and IPW, a region nearly homologous to the PWS-MDR in humans.

2.4 Prader-Willi Syndrome mouse models

Mouse models for PWS have proven valuable to further elucidate PWS etiology and
potential treatments. However, as with all models, they are not perfect. The human Chrl5
PWS region is syntenic to a region on mouse Chr7. The PWS large deletion locus is mostly
conserved between mouse and human with a few differences including potential chromosome
structural variation or the absence of a few gene homologs including PWRN1, NPAP1
SNORD108, SNORD109A, and SNORD109B (Figure 1). As mentioned previously, the lack of
a SNORD109A homolog in mouse likely leads to no expression of a mouse homolog of the
SPA-IncRNA expressed in the human locus (Figure 2).”” The sno-IncRNAs from the human
locus are also not observed in mouse® and the mouse homolog for IPW shows relatively weak
conservation to the human sequence. Lastly, the mouse Snord116 sequences show very high
homogeneity within mouse, while the human SNORD116 sequences show more heterogeneity
within human (Figure 4). Between mouse and human SNORD116 copies, the sequences are

relatively homologous.
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Figure 4
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Various mouse models have been generated to investigate PWS and the genomic
locus: PWS-IC, AS-IC, and Snurf-Snrpn mutations; a large deletion encompassing the Snurf
gene to the Ube3a gene; a large deletion syntenic for human PWS LD1; deletion of Ndn;
deletion of Magel2; deletion of Ipw and the Snord115 cluster; and deletion of Ipw and the
Snord116 cluster.’®! The focus of the current study and review is on the mouse models with
deletions encompassing Ipw and the Snord116 cluster (Snord116del mice). Two mouse
models generated independently involve a deletion in the region encompassing the Snord116
cluster and IPW.31132 These mouse models share some phenotypes with human PWS, the
most prominent phenotype being postnatal developmental delay.

Table 2 shows major findings from this mouse model of PWS. To summarize, nearly all
findings include developmental delay, low body weight, and low circulating/liver insulin-like
growth factor 1 (IGF1), a biomarker for growth hormone activity. The mouse models also fail to
develop hypogonadism, obesity, and often show low body fat percentage, distinct contrasts
from PWS patients. Energy expenditure is generally increased, while some studies find either
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increased fatty acid oxidation or carbohydrate oxidation dependent on the situation. The
presence of hyperphagia is a debated topic, with some studies finding no change, while others
claim increased food intake relative to body weight. Circadian systems are disrupted at the
behavioral, neurocircuit, epigenetic, and molecular level. Peripheral hormones such as ghrelin
show some variation between studies, but mice are also resistant to ghrelin receptor inhibitors,
like PWS patients.

Many hypothalamic neuropeptides and related genes show varying results between
studies, this includes neuropeptide Y (Npy), Agouti-related peptide (Agrp), Pro-
opiomelanocortin (Pomc), hypocretin/orexin (Hcrt), Pro-Melanin concentrating hormone
(Pmch), growth hormone releasing hormone (Ghrh), Prohormone convertase 1 (Pcskl), and
Nescient helix-loop-helix 2 (NhIh2). Generally, Npy, Agrp, and Pomc show increased mRNA
expression between multiple studies. Although these neuropeptides have many functions, they
generally work on opposite sides of the appetite homeostasis system, with Npy and Agrp
stimulating appetite, and Pomc suppressing appetite. Selective Snord116 deletion only in Npy-
expressing neurons also recapitulates most phenotypes of the whole-body deletion mouse
models. Additionally, thermal regulation of PWS mouse models may be disrupted and thermo-
neutral habitations at 30°C may normalize some phenotypes.

Generally, it seems that PWS mouse models are stuck in the early phase of PWS
associated with developmental delay. They do not transition to a distinct hyperphagia and
develop obesity like PWS patients do. However, there is some evidence that knockdown of
Snord116 after mouse maturity may have effects on hyperphagia and obesity that are more
indicative of human PWS. This outcome adds to the hypothesis that PWS mouse models fail to
transition to the later stages of PWS, and that Snord116 deletion may possibly recapitulate

obesity and hyperphagia if given the right developmental context.
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Table 2. Major findings from Snord116 deletion mice

Snord116 cluster
deletion models

Congenital deletion
(Paternal inheritance)

Congenital deletion
(Paternal inheritance)

Congenital deletion
(Paternal inheritance)

Congenital deletion
(Paternal inheritance)

Congenital deletion
(Paternal inheritance)

Congenital deletion
(Paternal and Maternal
inheritance)

Congenital deletion
(Paternal inheritance)

1. Congenital deletion
(Paternal inheritance)

2. Conditional congenital

deletion (NPY neurons,
paternal inheritance)

1. Congenital deletion
(Paternal inheritance)
2. Congenital deletion
(Paternal and Maternal

Phenotypes

Postnatal developmental delay
Postnatal lethality (15%) in C57BL/6J mice

Postnatal developmental delay

Low body weight and body fat percentage with normal and
high-fat diet

Deficiencies in motor learning

Anxiety-like behavior

Increased food intake relative to body weight

Increased circulating ghrelin

Decreased hepatic Igf1 mRNA (low growth hormone
function)

Normal fertility with delayed sexual maturation in females
Increased carbohydrate oxidation in dark hours

Increased oxygen consumption

Better maintenance of core body temperature during cold
exposure

No changes in neonatal hypothalamus RNA via microarray

Increased fatty acid oxidation in light hours

No altered food intake

Increased energy expenditure

Altered circadian gene expression (Mtor, Cry1, Per2, Clock)
Some increased food intake

No anorexic effects of ghrelin receptor inhibitors

Task-dependent alterations to locomotion

Anxiety-like behavior

Normal Sociability

Normal social recognition memory,

Normal spatial working memory,

Normal fear-associated behaviors

Defects in prohormone processing of proinsulin, pro-GH—
releasing hormone, and proghrelin

Reduction in prohormone processing gene pathway (Pcskl
and Nhlh2)

Increased Agrp and Npy mRNA (hypothalamus)
Increased food intake relative to body weight

No difference in fatty acid or carbohydrate oxidation
Decreased serum IGF1 and liver Igfl

Reduced skeletal growth, bone size, bone mass, bone
density

Increased Npy and Pomc mRNA (arcuate nucleus
hypothalamus)

Better performance in the working-for-food behavioral task
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inheritance)

Congenital deletion (Paternal
inheritance)

1. Congenital deletion
(Paternal and Maternal
inheritance)

2. Conditional congenital
deletion (NPY neurons,
paternal and maternal
inheritance)

1. Congenital deletion
(Paternal and Maternal
inheritance)

2. Conditional congenital
deletion (NPY neurons,
paternal and maternal
inheritance)

Congenital deletion
(Paternal and Maternal
inheritance)

With

Mid-hypothalamus deletion
rescue at 6 weeks
Conditional deletion (whole-
body knockdown at 8 weeks)

1. Congenital deletion
(Paternal inheritance)

2. Conditional deletion
(mediobasal hypothalamus
deletion at 10-12 weeks old)

Congenital deletion (Paternal
inheritance)

Congenital deletion (Paternal
inheritance)

With

Ubiquitous expression of

Alterations in REM sleep EEG theta wave signal
Reduction in gray matter volume of theta-wave-relevant
brain areas

Higher peripheral body temperature

Developmental delay

Low body weight and body fat percentage

Respiratory exchange ratio dependent on age
Increased food intake relative to body weight

Increased energy expenditure relative to body weight
Resistant to high-fat diet induced obesity

Conditional deletion
Increased Npy and Pomc mRNA levels (conditional NPY
neuron knockout)

Non-conditional deletion

Normal ghrelin level

Decreased serum IGF1

Increased neuropeptide mMRNA levels: Pomc, Npy, Hcrt,
Pmch, Ghrh

30 °C habitation vs 22 °C

Normalizes food intake relative to body weight
Normalizes energy expenditure relative to body weight
Normalizes Npy and Pomc mRNA levels

Further reduction of body weight and weight gain (rescued
by 30 °C habitation)

¢ Increased energy expenditure
¢ Increased carbohydrate oxidation

Reduced feeding
Increased fat mass

Congenital deletion

Normal food intake

No change in Nhlh2, Pcsk1, Pomc, Lepr, Npy, Agrp, mRNA
(hypothalamus)

Conditional deletion

Increased food intake

Obesity in some mice

Increased Socs3 mMRNA in obese mice (hypothalamus)
Disrupted circadian pattern of chromosome methylation

WT background
Brain specific splicing of 116HG dependent on
Rbfox3/NeuN

Co-localization of transgenic 116HG / Snord116 with
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Snord116 transgene on Chr7
(47Mb from endogenous
Snord116)

1. Congenital deletion
(Paternal inheritance)

2. Congenital deletion
(Paternal inheritance)

With

Ghrelin gene deletion

3. Congenital deletion
(Paternal inheritance)

With

Ghrelin receptor gene deletion
Congenital deletion (Paternal
inheritance)

Congenital deletion (Paternal
inheritance)

endogenous equivalents

Paternal deletion background

No expression of transgenic 116HG / Snord116 on paternal
deletion background

Ghrelin receptor agonist rescues neonatal mortality
Increased plasma Acylated ghrelin

Decreased plasma IGF1

No major effects of ghrelin gene deletions

Deficits in novel object recognition, location memory, and
tone cue fear conditioning

Normal exploratory and motor abilities

Altered neuronal firing dynamics in the lateral hypothalamus
associated with sleep homeostasis

High proportion of neurons non-responsive to food intake
(lateral hypothalamus)

Impaired orexin (hypocretin) neuron system (lateral
hypothalamus) mediating sleep homeostasis, REM sleep,
and thermoregulatory responses
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2.5 Impaired prohormone processing in Prader-Willi Syndrome

In late 2016, Burnett et al. showed that peptide hormone processing was dysregulated
in PWS mouse models and neurons differentiated from iPSCs of PWS patients (PWS iPSC-
neurons). Many peptide hormones and neuropeptides are post-translationally cleaved and
processed to form smaller peptides that are often the functional peptide, or have more
potency, or vary in function. With impaired prohormone processing, key peptides in the
endocrine system are disrupted and endocrine signaling is impaired. Specifically, proinsulin,
pro-GH-releasing hormone, and proghrelin showed defects in prohormone processing in
Snord116del mice.®® In conjunction with these findings, prohormone convertase 1 (PC1), a
key enzyme involved in prohormone processing, was expressed at lower levels in PWS mice
and PWS iPSC-neurons compared to controls. The reduced levels of PC1, encoded by the
gene PCSK1, was proposed to be a major causative factor in the etiology of PWS, as many
symptoms of PWS are shared by patients with defects in PC1. Additionally, NHLH2, a
transcriptional activator of the PCSK1 gene, was also downregulated in PWS mouse models
and PWS iPSC-neurons.'3¢ Therefore, it is possible that dysregulation of NHLH2 upstream of
PCSK1 lowers the expression of PCSK1 protein and leads to impaired prohormone processing
and PWS symptoms. Additionally, Nhlh2 - mice show many phenotypic similarities to PWS
patients and PWS mouse models including hypogonadism and obesity. A comparison of these
phenotypes is shown in Table 3. The theory of impaired prohormone processing in PWS is an
enticing explanation, however, it is unknown how loss of the SNORD116 gene cluster in mice
and PWS iPSC-neurons leads to lower levels of NHLH2 and PCSK1.

While reduction in NHLH2 and PCSK1 explains many clinical features of PWS, it does
not have comprehensive support. PC1 deficient patients display impaired POMC processing
resulting in pale skin and adrenal insufficiency, neonatal malabsorptive diarrhea, diabetes
insipidus, and rarely show GH deficiency, all symptoms that deviate from PWS patients.4°
Additionally, studies have failed to find lower expression of PCSK1/NHLH2 in mRNA
sequencing studies of both PWS patient post-mortem hypothalamus and PWS mouse model

hypothalamus.45144
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Table 3. Phenotype comparison of PWS patients and mouse models

PWS NhIh2 KO | Snordiiedel | Adultonset

Symptom/Endocrine Snordll6del
: mouse mouse
Abnormality mouse

Infantile poor weight

, Yes Yes -
gain
Developmental delay Yes Yes -
GH Deficiency No Yes -
Excessive weight gain Adult-onset
: No -
0.5 years — 6 years obesity
144
Obesity Adult-onset No ves g;ﬁﬁge fat
Hyperphagia No Debated Yes'#/No'43
Hypogonadism Yes No No
Delayed Sexual Yes Yes i

Maturation

Furthermore, a study in late 2020 found that loss of MAGEL2, a gene deleted in large
deletions of PWS, disrupts neuropeptide processing through aberrant regulation of processing
enzymes such as PC1.1%0 Neuropeptide secretory vesicles are reduced as well as active forms
of neuropeptides. Loss of MAGEL?2 results in aberrant endosomal trafficking and secretory
granule regulation, instead leading to increased lysosomal degradation of key proteins such as
PC1 and reduced mature neuropeptides. While this finding harmonizes with the theory of
aberrant pro-hormone processing in PWS, it fails to explain dysregulation of PC1 in models

with Snord116 microdeletions.
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2.6 The proposed role of NHLH2 in Prader-Willi Syndrome

NHLH2 is a basic helix-loop-helix (bHLH) transcription factor involved in neural
development, energy homeostasis, and gonadal development.1-158 Nhlh2 7 mice show
developmental delay, hypogonadism, and adult-onset obesity preceded by reduced voluntary
activity and energy expenditure.’>> Loss of Nhlh2 impairs development of gonadotropin
releasing hormone (GnRH) neurons, peripheral innervation and vascularization of adipose
tissue, and development of precerebellar neurons.>1:15315% High Nhlh2 expression is also
associated with poor prognosis in neuroblastoma.160-163

Nhlh2 is co-expressed in kisspeptin/neurokinin B/dynorphin (KBDy) neurons, thyrotropin
releasing hormone (TRH) neurons, and POMC neurons of the mouse hypothalamus.64165
KBDy neurons are hypothalamic neurons controlling GnRH neurons’ pulsed release of GnRH,
which regulates release of downstream gonadotropins such as luteinizing hormone (LH) and
follicle-stimulating hormone (FSH) that are needed for proper gonadal development at the
testes and ovaries.1® Little is known about the role of Nhlh2 in KBDy neurons, although there
is growing work in this field showing that a large percentage of KBDy neurons co-express
Nhlh2 in the rodent hypothalamus (e.g. *%* and unpublished work).

Co-expression of Nhlh2 is present in TRH neurons of the hypothalamus which are
upstream regulators of thyroid stimulating hormone (TSH) and the thyroid system.'®’ Loss of
Nhlh2 leads to lower expression of TRH mRNA and peptide in mouse hypothalamus, although
prohormone processing does not seem to be affected.'®® Implications for low TRH levels
includes hypothyroidism.

Hypothalamic POMC neurons are major appetite suppressors, although there are many
POMC-derived peptides involved in diverse functions. Loss of function in the human POMC
gene results in red hair, low cortisol levels, and hyperphagic early-onset obesity.'%8 Loss of
NhIh2 impairs the prohormone processing of the POMC peptide. Loss of Nhlh2 in mouse
hypothalamus leads to reduction in PC1 and PC2 which results in impaired POMC peptide
processing. This results in low levels of the primary appetite suppressing peptide of interest,
alpha melanocyte stimulating hormone (aMSH).*%> Low levels of aMSH, an agonist for
melanocortin 4 receptor (MC4R) in the hypothalamus, impairs the energy homeostasis

system.'®® Mutations in MC4R are one of the most common causes of monogenic obesity, as
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stimulation of MC4R is associated with appetite suppression.®® Of note, the AgRP
neuropeptide inhibits MC4R and causes an increase in appetite.1%® Additionally, mice with
Nhlh2 deletions specific to only GnRH neurons show less POMC neurons in some
hypothalamic subnuclei and visceral obesity.’®> POMC neurons can also increase TRH
activity, as TRH neurons have MC4R receptors.'’®

Nhlh2 is a transcription factor that activates transcription of the genes Mc4r, Pcskl,
Pcsk2, Maoa, Ndn, and Ascl1.151.163.165171-174 Figyre 5 summarizes the Nhlh2 molecular
regulatory network. As described previously, MC4R is critical for the regulation of appetite
suppression and energy homeostasis. Pcskl and Pcsk2 products, (PC1 and PC2), are critical
for a broad spectrum of peptide processing, and particularly for POMC signaling in Nhlh2
positive POMC neurons.%® The Maoa gene encodes monoamine oxidase A (MAO-A), which is
associated with psychiatric symptoms such as depression and aggression. In the brain, MAO-
A is known to degrade monoamine neurotransmitters such as serotonin, dopamine, and
norepinephrine. Many antidepressant drugs act as inhibitors of MAO-A. NhIh2 activates
transcription of Maoa, which influences anxiety-like behavior, PTSD-like behavior, and
exploratory behavior in mice.172173

The Ndn gene, encoding the Necdin protein, is coincidentally located at the PWS large
deletion region on Chrl5g. Necdin is a melanoma antigen (MAGE) family protein, which is part
of the protein endosomal recycling / ubiquitination / degradation pathway that promotes
recycling. Necdin plays a role in GnRH neuron development, leptin receptor cell surface
abundance, and axonal outgrowth.>%.175-177

The Ascll gene encodes a basic helix-loop-helix (bHLH) transcription factor and is
involved in neurogenesis, neuronal commitment, and differentiation.163178-180 Ascl1 and
downstream targets are needed for proper hypothalamic and ventral telencephalon
development and differentiation.'8%181 There is some evidence that NHLH2 may promote
transcription of ASCL1 in a neuroblastoma context.160.163 Additionally, ASCL1 may induce
expression of NHLH2 in embryonic neuronal development and embryonic carcinoma.'0.181
This relationship suggests there may be a feedback loop with NHLH2 and ASCL1 in
neuroblastoma. However, approaches examining targets of ASCL1 fail to show NHLH2 or its
potential upstream regulators.'”® More research is needed in this field.
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Figure 5. Molecular regulatory network of Nhlh2. Positive regulatory components are indicated with
arrows or green shapes. Inhibitory components are indicated with red T shapes. Original findings are dis-
cussed and cited in the main text.

Related to Ascll, Nhlh2 expression is induced by the neurogenin bHLH transcription

factor genes Ngn2 and Ngn3, transcription factors involved in neuronal differentiation and
development.172181 However as with Ascll, this regulation may depend on developmental
context, as there are conflicting results.'®? The post-translational acetylation status of Nhlh2
protein is likely energy dependent, with de-acetylation and activation of Nhlh2 occurring during
low energy states and fasted conditions via the NAD*-dependent de-acetylase Sirt1.173:183
Additionally, the tumor suppressor gene p53 may upregulate NHLH2 in a lung cancer cell

line.184

28



One of the most well-established upstream regulators of Nhlh2 is the leptin system. The
adipocyte cytokine leptin is released by adipose tissue in response to feeding and activates
leptin receptors (LepR) in many cell types and tissues including hypothalamic neurons. Like
many cytokine receptors, intracellular signal transduction through LepR is mediated by janus
kinase (JAK) and signal transducer and activator of transcription (STAT) pathways.'8%18 |n
hypothalamic neurons, leptin stimulates LepR and activates Stat3, a transcription factor that
binds to the promoter of Nhlh2, promoting transcription.'®618” | epR is present on POMC
neurons and TRH neurons of the hypothalamus, which co-express Nhlh2 and increase their
activity with leptin stimulation.168170

At the transcript level, NHLH2 mRNA is stabilized by the Heterogeneous nuclear
ribonucleoprotein U (HNRNP-U) an RNA binding protein, in HEK293 cells.'®® Additionally, a
human SNV in the 3’ untranslated region (3’'UTR) of NhlIh2 mRNA destabilizes the mRNA and
results in decreased expression.®® These observations of post-transcriptional regulation of
Nhlh2 may provide examples of the possible role Snord116 may play in Nhlh2 regulation. Due
to the snoRNA background and classification of Snord116, it is expected that its molecular
mechanism involves targeting and binding other RNAs through sequence complementarity to
carry out further function, whether that is RNA modification such as methylation,
destabilization, stabilization, splicing mechanisms, or other outcomes.

There is evidence presented by Burnett et al. that suggests Snord116 may regulate
Nhlh2. However, subsequent studies have failed to find a change in Nhlh2 or Pcskl
expression in PWS models. This key intersection in PWS research requires further
investigation. Does Snord116 truly regulate Nhih2 at the molecular level, and if so, how? We
hypothesize that Snord116 regulates Nhlh2 at the transcript level and stabilizes its RNA. The
answer to these questions may guide PWS research field for years to come, as it may answer
the compelling theory of impaired prohormone processing in PWS etiology. The current study
may partially explain the molecular etiology of PWS and serve as a model for the molecular

function of Snord116, and perhaps the PWS microdeletion genomic locus.
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Problem statement and Specific Aims

Loss of the SNORD116 gene cluster causes Prader-Willi Syndrome. However, the
molecular function of SNORD116 is unknown, and its poorly understood why loss of this gene
cluster causes PWS. Some recent evidence suggests that SNORD116 may regulate the
neuroendocrine transcription factor NHLH2, explaining many PWS phenotypes. This study
investigates if Snord116 regulates Nhlh2, and the potential molecular mechanisms that may
mediate this.

Our overall objective is to identify the relationship between Snord116 and Nhlh2. Our
central hypothesis is that products from the Snord116 gene cluster regulate NhIh2 at the RNA
transcript.

Aim 1: Characterize the molecular relationship between Snord116 and Nhlh2.
Using in vitro experiments, the effect of Snord116 expression on Nhlh2 expression will be
observed in the context of variable 3'UTRs and RNA stability to clarify the molecular
relationship between Snord116 and Nhlh2.

Aim 2: Characterize Snord116™*P- mouse hypothalamus gene expression under
various feeding conditions. The in vivo effect of mouse paternal allele deletion of the
Snord116 gene cluster on mouse hypothalamus RNA expression will be observed in the
context of feeding conditions that mediate Nhlh2 signaling and a dietary supplement that

supports weight loss and reduction of body fat.
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3.1 Abstract

Abstract: The SNORD116 small nucleolar RNA locus (SNORD116@) is contained
within the long noncoding RNA host gene SNHG14 on human chromosome 15q11-q13. The
SNORD116 locus is a cluster of 28 or more small nucleolar (sno) RNAs; C/D box (SNORDs).
Individual RNAs within the cluster are tandem, highly similar sequences, referred to as
SNORD116-1, SNORD116-2, etc., with the entire set referred to as SNORD116@. There are
also related SNORD116 loci on other chromosomes, and these additional loci are conserved
among primates. Inherited chromosomal 15g11-q13 deletions, encompassing the
SNORD116@ locus, are causative for the paternally-inherited/maternally-imprinted genetic
condition, Prader-Willi syndrome (PWS). Using in silico tools, along with molecular-based and
sequenced-based confirmation, phylogenetic analysis of the SNORD116@ locus was
performed. The consensus sequence for the SNORD116@ snoRNAs from various species
was determined both for all the SNORD116 snoRNAs, as well as those grouped using
sequence and location according to a human grouping convention. The implications of these
findings are put in perspective for studying SNORD116 in patients with inherited Prader—Willi

syndrome, as well as model organisms.

3.2 Introduction

While we have known about the RNA molecule for over 100 years [1], RNA was
originally thought to take just three major forms: transfer RNA, ribosomal RNA and the
messenger RNA that codes for protein [2]. As our genomes were further dissected and more
sophisticated technologies for sequencing and quantifying small RNAs were developed, both
long and small families of non-coding RNA were discovered. In fact, mMRNA makes up only 1—
2% of the total expressed RNA, with the rest of the transcribed RNA remaining untranslated
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[3-5]. One of these families of non-transcribed RNAs is the small nucleolar RNA family, or
SnoRNAs. This family of short, 60-170-nt RNAs includes two major groups, the C/D box
snoRNAs and H/ACA snoRNAs, as well as subfamilies of each, which are so named by the
motifs they contain (C/D or H/ACA boxes) [6]. These motifs specify RNA secondary structure,
and interaction with both other RNAs and RNA-binding proteins [6]

The fact that humans and many other animals transcribe these snoRNA only leads to
more questions, as many of the targets for these snoRNAs are not known; and in many cases,
it is not clear what the very function of each is [6]. In this short communication, which focuses
on the C/D box snoRNA group SNORD116@, the question of whether conservation of
sequence between species can be used to identify regions that are key for the regulatory and
functional properties of a snoRNA group such as SNORD116@ will be investigated. The
human SNORD116@ locus (previously known as HBII-85) encodes up to 30 snoRNAs that
belong to the C/D box family of snoRNAs [7]. In several publications, the human SNORD116@
locus snoRNAs have been grouped by location on the chromosome into three groups, with
Group | consisting of SNORD116-1-SNORD116-9, Group Il of SNORD116-10-SNORD116-23
and Group 11l of SNORD116-24-SNORD116-27 [8]. Later studies included SNORD116-28 and
SNORD116-29 snoRNAs in the human locus within Group 11l [9]. No known RNA targets have
been identified for SNORD116@, although the related and adjacent SNORD115@ locus RNAs
share an 18-nucleotide sequence complementarity to the serotonin receptor 2C pre-mRNA
and appear to mediate differential splicing by promoting the inclusion of an alternative exon
when SNORD115 is present [10]. Both SNORD116@ and SNORD115@ are deleted in the
genetically-inherited syndrome Prader—Willi syndrome (PWS; Online Mendelian Inheritance in
Man (OMIM) #176270), https://www.omim.org/ [7]. However, the smallest known deletions that
still cause clinical PWS contain or overlap with SNORD116 [11], suggesting that deletion of the
SNORD116@ locus plays a direct causative role in PWS.

PWS results from a 15q11-g13 deletion in an imprinted region that is normally active
only from the paternal allele. Thus, deletion of the paternally-inherited allele causes PWS,
while deletion of a maternally-inherited allele has no known effect, as the maternally-inherited
allele is not expressed [11]. Individuals with PWS display developmental delay and
hypogonadism, accompanied by intellectual disabilities [12]. With an occurrence rate of one in
15,000-25,000 individuals, PWS is considered to be the leading cause of life-threatening
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childhood, genetically-inherited obesity [12]. The central 485-kb PWS region contains the
SNURF-SNRPN region, which is most frequently deleted in PWS [13]. This region contains at
least 148 expressed exons, including SNORD116@ and SNORD115@ loci. Fine analysis of
the deleted regions of many clinically-diagnosed patients revealed one family with Angelman
syndrome (due to maternal deletion on 15q), whose deletion extended to SNORD115@, but
who did not show PWS phenotypes [14]. Three separate patients have been diagnosed with
PWS caused by different, overlapping microdeletions in 15q, which all encompass the
SNORD116@ locus. However, these patients do not show some of the facial and hand
features typical of PWS, but do show macrocephaly and tall stature, phenotypes not in typical
PWS presentation. A single patient with a 118-kb microdeletion, which only includes IPW,
SNORD109A and SNORD116@, plus a small amount of intergenic region on either side of
that cluster, has all of the clinical features of PWS [15]. Importantly, paternally-deleted
Snord116P'™* mice re-capitulate many, although not all, of the clinical phenotypes seen in
human PWS; namely, they fail to develop obesity [16,17].

Using pluripotent stem cell-induced neurons from the microdeletion patients, along with
the Snord116P'™ mouse model, Burnett and colleagues were able to show that the
NhIh2/NHLH2 gene is significantly downregulated in PWS [18]. Mice with a deletion of Nhlh2
show adult-onset obesity [19], suggesting that the obese phenotype of PWS patients may
involve SNORD116-mediated regulation of NHLH2. Considering the human clinical cases and
the mouse Snord116P’™* knockout model together, a strong case can be made that deletion of
SNORD116@ is the most plausible mechanism for the development of the main clinical
phenotypes of PWS. Thus, it is imperative that we start to understand what the SNORD116
snoRNAs do and to identify any RNA or protein targets that interact with them. In addition,
large deletions within the PWS locus, such as those encompassing the MAGEL, SNORD115@
and NDN loci, complicate the genotype-phenotype relationship as these losses likely extend
the phenotypic landscape of the condition, compared to patients with the smaller or
microdeletion patients.

In this study, SNORD116@ sequences from humans and other species were compared
phylogenetically, at the level of nucleotide sequence to identify conserved regions. The regions
of the SNORD116 snoRNA with the greatest potential for target-specific interactions are

discussed, as well as how function may vary between primate and rodent species.
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3.3 Results and Discussion

A number of papers and reviews have compared the mouse Snord116@ sequences
and genomic locus on murine chromosome 7, to the human SNORD116@ locus on human
chromosome 15 (for a recent review, see [7]). While the overall structure and gene
organization is similar between these two species and mouse deletion models of Snord116
replicate many, but not all of the phenotypes of PWS [16,17], there are differences between
the copy numbers for the human and mouse SNORD116@ locus (Table 1). In addition, there
are differences in the variability of the sequences between mice and humans. Using the
Ensembl browser [20], there are 70 paralogs within the murine Snord116 family, and these are
organized into two clusters, separated by approximately 50 kb (Table 1), not to be confused
with the Snord115 cluster, which is separated further still. The total size of the Snord116
cluster on mouse chromosome 7 is 179,261 base pairs. In addition, of the 17 annotated
Snord116 snoRNAs, most are nearly identical in sequence. Compare this to the 30 human
SNORD116 annotated snoRNAs; while close in sequence, they are not nearly identical like
mice. Rather, human SNORD116 snoRNAs can be divided by sequence into three paralogous
groups [8,9]. In considering the structure of the human and mouse locus and comparing this to
other species (Table 1), it appears that the murine locus had a duplication event at some point
after divergence between Rodentia (mouse and rat) and Lagomorpha (rabbit). The Snord116
locus is similarly large in rat, although fewer Snord116 snoRNAs have been discovered in rat,
compared to mice. Additionally, no orthologues of the SNORD116 gene were found outside of
the class Mammalia [16]
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Table 1. SNORD116 snoRNA clusters in different species.

Number of Transcripts

Synteny with . Number of
Common Na.me Chromosome Human Cluster Size (bp) Strand (with Perfectlly Annotated
Genus species Homologous C/C’ and .
Chromosome 15 ; Transcripts
D/D’ Boxes)
Human 15 - 56,781 Forward 30 (24) 30
Homo sapiens
Chimpanzee 15 es 66,103 Forward 28 (22) 0
Pan troglodytes y T
Rhesus macaque . .
Macaca mulatta 7 yes 61,342 Forward 29 (26) 29
Rabbit
Oryctolagus 17 yes 72,915 Reverse 29 (22) 0
cuniculus
Rat 1 es 163,162 @ Reverse 26 (15) 26
Rattus norvegicus y ! ve
Mouse ) 45,634 (Cluster 1) i
Mus musculus 7 yes 133,627 (Cluster 2)~  Reverse 71(64) 17

* Missing one ~6.5 kb contig within the cluster; @ missing six contigs, totaling ~50 kb within the region; " missing
one ~50 kb contig between clusters.

In addition to the SNORD116 clusters found on chromosomes syngeneic to human
chromosome 15 (Table 1), primates have paralogs on other chromosomes (Table 2). These
paralogs are singly located paralogs to SNORD116, identified by BLAST analysis, but not
found within the human chromosome 15 cluster (or syngeneic primate clusters). Most of these
only possess partial C/C’ and D/D’ motifs, showing slight variance in nucleotides within a given
motif. The importance of these other SNORD116 paralogs is not currently known, and due to
the lack of complete C/C’ and D/D’ box motifs, it is questionable whether these genes are
expressed and processed to form a mature snoRNA-protein complex (snoRNP), as the C/D
motifs are required to escape degradation [21]. They were not included in further consensus

analyses.

Table 2. Non-cluster paralogs to SNORD116.

Presence of

Human Chromosome Location in Homologous C/C’ and

Chimpanzee Chromosome  Rhesus Macaque Chromosome

Numll:vwerliicce)ssmn Humans D/D’ Boxes to " [;yl;terly)ﬂug;l:)at]lsun! , [synterly)lé?l;a]t;on!]—:omologous
umber, SNORD116 omologous oxes? oxes?
1(ENST00000365628.1) Intronic No 3 (no)/intergenic/yes 1 (yes)/intronic/no
9(ENST00000517176.1) Intronic No 9 (yes)/intronic/no 15 (yes)/intronic/no
13(ENST00000391251.1) Intergenic No N/A (scaffold) 17 (yes)/intergenic/no

(yes)/intergenic/no
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In order to begin to understand the relatedness and relationships between both
paralogs and orthologs within the SNORD116 locus, a consensus sequence for each species
SNORD116 cluster was generated (Figure 1). To do this, the sequences of each of the
SNORD116 transcripts within the species cluster were compared. A consensus sequence was
generated by using a threshold frequency for single nucleotide inclusion in the consensus of
90% of the SNORD116 snoRNAs. Nucleotides that did not meet the 90% threshold were
indicated using IUPAC ambiguity codes. As shown, the location and sequence of the C/C’ and
D/D’ boxes are conserved across species, with the exception of the C’ box in rat and the D box
in rat and rabbit (Figure 1), which calls into question whether the transcripts that lack a
complete C/C’ or D/D’ box are processed and expressed. In doing this comparison, 53 out of
98 (54%) nucleotides are conserved cross-species (when allowing non-perfect matches to
ambiguous nucleotides; i.e., T is acceptable homology under a W site). Forty-nine out 98
(50%) nucleotides are conserved when using strict homology that only allows perfect matches;
i.e., T is not an acceptable homology under a W site. The highest homology appears to include
the region from 5’ of the D’ box through the C’ box, confirming our hypothesis that this analysis
would yield homologous domains outside of the C/C’ and D/D’ domains.

When comparing consensus sequences for groups, it is important to note the difference
in grouping method for rat Snord116 sequences. Because it differs from the primate and rabbit
grouping method, it may not show the best fit with the rest of the Group | consensus
sequences. For this reason, to explore which groups showed the most homology to the human
groups, consensus sequences of various groups and animals were compared to the human
consensus sequences of Groups I, Il and Il (Table 3). In fact, rat's Group | appears to fit
slightly better with human’s Group II, but only when using non-strict homology. Additionally, the
mouse 116@ consensus sequence does not appear to cluster strongly within a human group
consensus. Depending on either non-strict or strict homology rules, the mouse 116@
consensus sequence shows greater homology with either human Group Il or Group I,
respectively. This effect may be due in part to the higher number of ambiguous nucleotides
found in human Group Il (16) vs. Group | (8), combined with the lack of any ambiguous
nucleotides in the mouse 116@ consensus sequence. This analysis is therefore inconclusive
in the grouping of mouse Snord116 sequences into either human Group | or II, but indicates an

exclusion from human Group Il

49



A. 10 20 30 40 B
I [P | [ Y P ) 10 20 30 40
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Figure 1. Comparison of genomic sequences of the SNORD116 locus from model organisms used
for most biological research. Sequences from human (Homo sapiens), chimpanzee (Pan troglodytes),
rhesus (Macaca mulatta), rabbit (Oryctolagus cuniculus), rat (Rattus norvegicus) and mouse (Mus musculus)
were analyzed and the composite sequence shown. Nucleotides AGCT shown are present in 90% or
greater of the transcripts at that position, while IUPAC codes are used for positions with one or more
variable nucleotides. (A) Alignment of SNORD116@ consensus sequences displaying sites of non-strict
homology. A dot (.) indicates non-strict homology with the human sequence for the given nucleotide
position. (B) Alignment showing all nucleotides of consensus sequences used in (A). Sequences used for
the analysis were obtained from Ensembl builds. The build and the number of SNORD116 sequences
analyzed are shown after the common name of the organism: human (n = 30, GRCh38.p10), chimp
(n =28, CHIMP2.1.4), rhesus (n = 29, Mmul_8.0.1), rabbit (n = 29, OryCun_2.0), rat (n = 26, Rnor_6.0)
and mouse (n = 17, GRCm38.p5). The C and C’ boxes are highlighted in yellow, while the D and D’
boxes are highlighted in blue. Nucleotides that do not meet the 90% frequency threshold are indicated
using IUPAC ambiguity codes. Grey-shading indicates regions of insertion/deletion in some sites
of the group. Frequency for qualifying as in/del site is 10% or greater. A dot (.) indicates non-strict
homology with the human sequence for the given nucleotide position. A tilde (~) indicates a gap in
consensus sequence compared to the aligned consensus sequence. An asterisk (*) indicates perfect
homology with the human sequence for all nucleotides in the site above.
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Table 3. Homology comparison of consensus sequences for SNORD116 groupings between human
and rat, rabbit and mouse. The number of homologous nucleotide sites is displayed.

Non-Strict Homology Strict Homology

Human Human Human Human Human Human
GroupI96  GroupIlI92 Grouplll96  GroupI96 Group I192  Group II1 96
Nucleotides Nucleotides Nucleotides Nucleotides Nucleotides Nucleotides

Rat 116@ 64(66.7%)  65(70.7%)  52(542%)  59(615%)  57(620%) 30 (31.3%)
Rat Group 1 76(79.2%)  79(85.9%)  65(67.7%)  69(71.9%) 66 (71.7%) 48 (50.0%)
Rat Group II 64 (66.7%) 60 (65.2%)  53(55.2%) 59 (61.5%)  55(59.8%) 40 (41.7%)
Rabbit 116@ 73(76.0%) 69 (75.0%)  58(60.4%) 68 (70.8%) 60 (652%) 45 (46.9%)

Rabbit Group 1 86 (89.6%)  78(84.8%)  64(66.7%) 78 (81.3%) 64 (69.6%) 47 (49.0%)
Rabbit Group Il 57(59.4%) 59 (64.1%) 48 (50.0%) 54 (56.3%) 53(57.6%) 41 (42.7%)
Mouse 116@ 81(84.4%)  81(88.0%) 64 (667%) 75 (78.1%) 66 (71.7%) 47 (49.0%)

Patterns of homology observed in Table 3 informed alignments of between-species
group consensus sequences in Figure 2. Due to different methods for defining and clustering
rat groups, both rat Group | and Group Il consensus sequences were excluded from group
alignments in Figure 2. Rabbit Group | was included in the Group | between-species
consensus sequence alignment due to the same grouping method used in primates and
human, as well as the consistent fit with the human Group | consensus sequence as shown in
Table 3. Rabbit Group Il was excluded from the Group Il alignment due to a lack of strong
preferential fit to human Group 1.
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Figure 2. Consensus sequences for respective SNORD116@ transcript clusters (groups). Threshold
frequency for single nucleotide inclusion in the consensus is 90%. Nucleotides that do not meet
or exceed the 90% frequency threshold are indicated using I[UPAC ambiguity codes. In/del sites
are highlighted in light gray. Frequency for qualifying as in/del site is 10% or greater. C/C” boxes
highlighted in yellow. D/D’ boxes highlighted in light blue. A dot (.) indicates non-strict homology
with human sequence for the given nucleotide position. A tilde (~) indicates a gap in consensus
sequence compared to other consensus sequences. An asterisk (*) indicates perfect homology with the
human sequence for all nucleotides in the site above. (A) Group I consensus analysis; (B) Group II
consensus analysis; (C) Group 3 consensus analysis; (D) Mouse-human consensus analysis. For this
analysis, nucleotides using IAPUC codes are pink.
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The use of phylogenetic sequence analysis on SNORD116 family members allows for
an expansion of the homologous regions from just the C/C’ and D/D’ boxes to sequences
outside of those regions, especially within the 5’ sequences of the transcripts and the region
spanning D’ and C’. This finding was conserved using the human groupings for groups I, 1l and
Il (Figure 2A—-C). Based on the proposed structure of a C/D box snoRNA, it is the region 5’ of
the D/D’ box that may interact with target RNA and/or RNA binding proteins [7]. This predicted
functional region is consistent with the expected variability in SNORD116 transcripts, as this is
the antisense region that hybridizes to putative RNA targets for modification. Such variation
observed would allow a wide range of putative targets if structural function is not compromised.

The direct comparison between mouse and human 116@ consensus sequences shows
homology in the C/C’ and D/D’ boxes, as well as the 5 and 3’ ends that form the stem
structure in a functional SNORD. Additionally, nearly all the sequence is homologous in the
non-strict sense, yet due to the high variation in human sequences, the antisense region 5’ of
the D’ box shows a low strict homology indicated by the asterisks (*) in Figure 2D. Mouse
116@ is certainly very homologous when compared to human 116@, as mouse possesses no
ambiguous nucleotides in the consensus sequence, whereas human possesses 37 ambiguous
sites. As Groups Il and lll are largely responsible for this variance, this finding could partially
explain why the expression of Groups Il and 1l is relatively low [9]. For the region 5’ of the D’
box (nucleotides 32—-42), there is highly strict homology, and contrastingly, the region 5’ of the
D box (75-89) shows very low strict homology. This could be interpreted in multiple ways.
Implications include that the region near the D’ box could play a large structural role, perhaps
contributing to the stability of the individual SnoRNAs or that this region may be important for
the shared phenotypes seen in Snord116 deletion mice and PWS patients.

It is important to note that the consensus sequences are created from a multiple
sequence alignment. The specific alignment used will influence the resulting consensus
sequences. Although we are confident that our alignments are good fits, alternative alignment
methods may lead to different results. Slight variation is possible in highly variant regions,
where alignments do not fit as smoothly, and the parameters used for allowing gaps is one
aspect that can influence this. With different alignment methods, the majority of our results
would be consistent, but the details could change, such as the sites that use IUPAC ambiguity

codes in the 116@ consensus alignments. Our finding that this region is highly variant would
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still hold true. The results from the grouped alignments are less prone to variance, as their
alignments have better fits. We have included alignments of individual SNORD116 sequences
used in the Supplementary Data.

Finally, it is important to further note the proposed mechanisms for the expression of the
SNORD116@ locus in the context of this analysis. The classical SNORD mechanism is a
release from introns following an RNA splicing event in which the escape from degradation,
processing and maturation of the SNORD is carried out by key RNA binding proteins to form a
functional snoRNP complex. This mechanism is likely to be conserved, as it is necessary for
expression, yet some SNORDs have shown differential dependence on RNA binding proteins
[22]. Additionally, further proposed mechanisms of SNORD116@ include the product of
processed RNAs derived from snoRNA degradation that may or may not regulate downstream
targets [23]. Jorjani and colleagues showed that an overwhelming majority of RNA seq reads
from SNORD116 Group | were processed sequence reads (<40 nt) rather than long form
sequences across multiple cell types. Reads from other groups were comparatively less
processed [6]. Although there is a lack of evidence indicating the use of the micro-RNA
machinery, it remains a possibility that these small SNORD-derived RNAs are functional [24].
Furthermore, there is a possibility that the SNORD116 locus may express long non-coding
RNAs (IncRNAs) with snoRNA ends as “caps” [25,26]. These rely on the snoRNP processing
mechanism to escape degradation, but the functional unit does not rely on the SNORD116
sequence itself as the canonical SNORD mechanism does. Rather, the region outside the
SNORD carries out the proposed function of binding splicing factors and affecting alternative
splicing. This possibility would weaken the relevance of the current analysis. Though there are
many proposed mechanisms regarding SNORD116, these may not be mutually exclusive, but
rather provide many layers of functionality. Importantly, experiments have been performed
using various cell types, and there are likely to be unique tissue-specific patterns. Future

studies will need to address these caveats.

3.4 Conclusions

Phylogenetic analysis of the SNORD116 cluster on human chromosome 15g has
identified nucleotides that are conserved cross-species. It is hoped that this type of analysis for
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SNORD116@, as well as other snoRNAs could help to identify functional domains, as well as
regions that are susceptible to genetically-inherited phenotypes. In particular, the region from
5 of the D’ box through the C’ box is highly homologous between species. Perhaps
comparison between well-characterized SNORDs and orphan SNORDs may provide insight
into the mechanisms of other orphan SNORDs and help to target regions for future bench
research. Additionally, prior studies have lacked specificity in sensing members of SNORD116
transcripts; often using methods that are sensitive to all the transcripts or a representative
transcript. The degree of nucleotide variation between and within mouse and human
sequences may inform new methods for detecting and analyzing the expression of individual
transcripts for this complex locus.

It is hoped that these studies will lead to a better understanding of the genetic imprinting
condition, PWS. While the single PWS patient who carries the smallest known microdeletion
encompassing all of the SNORD116@, IPW and SNORD109A locus is informative of the
minimal causative genotype, additional studies on SNORD109A and IPW are warranted.
Furthermore, some additional small processed RNA species, which appear to be derived from
the SNORD116@ locus, have been detected, but contain only partial sequences, as compared
to the full SNORD116@ sequences [23]. Little is known about the biological relevance of
these, but they do warrant further investigation.

One of the reasons for undertaking this work was to attempt to use phylogenetic
comparisons to determine where there may be functional and non-functional domains, as well
as whether the SNORD116™P mouse model could be justified as a functional model of the
human SNORD1116@ deletion. We believe our results suggest that the SNORD116™MP-
mouse can be used as a simplified version of a human Group | or Group Il SNORD116
deletion, with the caveat that the overlapping phenotypes of PWS with the SNORD116™*/P-
mouse may be due to the loss of SNORD116 Groups | and Il, and that the other RNAs, namely
Group lll, may account for the non-overlapping phenotypes. This hypothesis remains to be
proven. It remains to be determined to which human SNORD116 groups the mouse Snord116
correlates functionally rather than by sequence homology. As we move from this phylogenetic
analysis of SNORD116@ to future studies, characterization of the differential expression and

gene regulatory targets of SNORD116@ across various species and tissue types, especially
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those tissues—namely brain, pancreas and muscle—that are affected in PWS patients will
hopefully provide possible drug and genetic targets for basic scientists to direct therapies.

Supplementary Materials: The following are available online at www.mdpi.com/2073-
4425/8/12/358/s1. Supplemental Figures S1-S6, as well as supplemental Tables S1 and S2.
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3.5 Methods

Data Acquisition

Sequences were obtained from Ensembl Release 90, using genome assemblies
GRCh38.p10 (human), CHIMP2.1.4 (chimpanzee), Mmul 8.0.1 (rhesus macaque),
OryCun_2.0 (rabbit), Rnor_6.0 (rat) and GRCm38.p5 (mouse). The tracks used for analysis
were: genes (Ensembl) (every species except human and mouse), GENCODE 27 (human
tracks) and GENCODE M15 (mouse tracks).  The GENCODE  project
(https://lwww.gencodegenes.org/) provides reference sequence information for both human
and mouse genomes, and merges both Havana manual gene annotation and the Ensembl

automated gene annotation. The numbers indicate the version used in this study.

Sequence Analysis
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Sequences were aligned using Clustal Omega multiple sequence alignment
(https://www.ebi. ac.uk/Tools/msa/clustalo, EMBL-EBI, Wellcome Genome Campus, Hinxton,
Cambridgeshire, CB10 1SD, UK/), MAFFT, multiple alignment program for amino acid or
nucleotide sequences, Version 7 (https://mafft.cbrc.jp/alignment/server/, Computation Biology
Research Consortium, Tokyo, Japan), and BioEdit biological sequence alignment editor,
Version 7.2.6.1 (http://www.mbio.ncsu.edu/bioedit/ bioedit.html, Ibis Therapeutics, Carlsbad,
CA, USA). Consensus sequences were created in BioEdit using a threshold frequency of
inclusion in the consensus of 90%. Sites that did not meet the threshold were notated using
IUPAC ambiguity codes. Sequences are displayed as DNA rather than RNA, indicating T's in

place of U’s for all analyses.

Sequence Subgrouping

Human SNORD116@ followed a previous grouping method [8,9] consisting of Groups I,
Il and Ill. Additionally, Group | within chimp, rhesus and rabbit was defined as transcripts with
95% homology to the 1st SNORD116 transcript downstream of the SNURF/SNRPN site.
Group | transcripts in human are found tandem along the genome in the direction of
transcription. For the purpose of the analyses, this is how transcripts were ‘numbered’ for
species that are not annotated with numbered SNORD116 names (i.e., rhesus, chimp and
rabbit SNORD116-1s were classified as the closest SNORD116 downstream of the
SNURF/SNRPN transcription site). The tandem SNORD transcripts that follow were classified
as 116-2, 116-3, and so on. This resembles the naming scheme of human SNORD116
individual transcripts.

Mouse and rat Snord116@ members do not follow this naming scheme. For example,
Snord116s 116-1, 116-2 and 116-3 are not found tandem to each other or closest to the
Snurf/Snrpn locus. Rat Snord116s were instead classified into Group | by using a template
Snord116 transcript that resulted in the largest group of transcripts with 95% homology
(Snord116.3). Mice Snord116s were not grouped, as all 70 potential Snord116 sequences
show 95% homology or more.

For primates, Groups Il and Il were informed by previous groupings of human
SNORD116 [8,9]. Sequences within a species were grouped according to clusters of high

homology that show tandem appearance in the SNORD116@ locus, with Group | including
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genes closest to Group Il transcripts on the genome. In rabbit and rat, further groupings
beyond Group | showed much less homology. The remaining ungrouped sequences outside of
Group | were grouped using a homology threshold of 80%, excluding any sequence with a
lower homology. This left 2 sequences ungrouped in both rat and rabbit.

Group I: human (116-1-116-9); chimp (1-4, 6-8); macaque (1-9); rabbit (1-19); rat
(116.3, 116.7, 116.8, 116.15, 116.16, 116.19, 116.23, 116.24, 116.25, 116.31, 116.35).

Group II: human (116-10-116-24); chimp (9—-22); macaque (10-24); rabbit (20-27); rat
(116.6, 116.20, 116.10, 116.21, 116.29, 116.12, 116.11, 116.27, 116.1, 116.34, 116.13,
116.28, 116.33).

Group IlI: human (116-25-116-30); chimp (23—-28); macaque (25-29).

Ungrouped: chimp (5); rabbit (28, 29); rat (116.9, 116.17); mouse (116@).

Seqguence Accession Codes

Ensembl SNORD116 transcript sequences used are provided with Ensembl accession
codes and are displayed in order of shortest distance from the SNURF/SNRPN locus within
the respective species (Supplemental Tables S1 and S2). In species without individually-
annotated and numbered SNORD116 transcripts (e.g., macaque, chimp, rabbit), predicted
gene names are omitted, and instead, the sequences are numbered starting from the one that
is the shortest distance from the SNURF/SNRPN locus. All sequences are listed in order of the
chromosome, starting with the sequence closest to the SNURF/SNRPN locus. Sequence
alignments used for each species can be found in Supplemental Figures S1-S6.
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4.1 Abstract

The smallest genomic region causing Prader-Willi Syndrome (PWS) deletes the non-coding
RNA SNORD116 cluster; however, the function of SNORD116 remains a mystery. Previous
work in the field revealed the tantalizing possibility that expression of NHLH2, a gene
previously implicated in both obesity and hypogonadism, was downregulated in PWS patients
and differentiated stem cells. In silico RNA:RNA modeling identified several potential
interaction domains between SNORD116 and NHLH2 mRNA. One of these interaction
domains was highly conserved in most vertebrate NHLH2 mRNAs examined. A construct
containing the Nhlh2 mRNA, including its 3'-UTR, linked to a c-myc tag was transfected into a
hypothalamic neuron cell line in the presence and absence of exogenously-expressed
Snord116. Nhlh2 mRNA expression was upregulated in the presence of Snord116 dependent
on the length and type of 3'UTR used on the construct. Furthermore, use of actinomycin D to
stop new transcription in N29/2 cells demonstrated that the upregulation occurred through
increased stability of the NhIh2 mRNA in the 45 minutes immediately following transcription. In

silico modeling also revealed that a single nucleotide variant (SNV) in the NHLH2 mRNA could
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reduce the predicted interaction strength of the NHLH2:SNORD116 diad. Indeed, use of an
Nhlh2 mRNA construct containing this SNV significantly reduces the ability of Snord116 to
increase Nhlh2 mRNA levels. For the first time, these data identify a motif and mechanism for
SNORD116-mediated regulation of NHLH2, clarifying the mechanism by which deletion of the
SNORD2116 snoRNAs locus leads to PWS phenotypes.

4.2 Introduction

Prader-Willi Syndrome (PWS) is a devastating human genetic condition, affecting up to
1 in 10,000 live births. Affected infants present with hypotonia, as well as weak suckling and
failure to thrive (1). Adolescents are hypogonadal and males show cryptorchidism, with
hypogonadotropic hypogonadism at puberty (1). Hyperphagia typically begins around age 2
years (1), and results in morbid obesity in adulthood unless drastic calorie limitation is initiated.

PWS is most often due to a de novo paternal deletion of the chromosome 15g11-q13
region (at least 60% of cases) (1). The paternally-inherited 15q deletion minimally contains the
SNORD116 locus, (a group of 30 small nucleolar RNAs “snoRNAs”), and the IPW gene (2).
The SNORD116 snoRNAs are “orphan” snoRNAs meaning that they have no predicted RNA
targets.

A significant gap in knowledge exists in our understanding of how deletion of this region
of 15q leads to the complex phenotypes of PWS. A hint about this came in late 2016 when
Burnett and colleagues showed two mRNAs--NHLH2 and PCSK1 were downregulated in
human PWS induced pluripotent stem cell (iPSC)-derived neurons, and in the Snord116™*-
mouse—a model animal for PWS (3). As noted in their paper, targeted deletion of Nhlh2
(N2KO) in mice results in phenotypes that overlap that of human PWS, and the Snord116™*/-
mouse (3).

N2KO mice show an initial delay in total body weight until about 7 weeks of age in
males, and then a later onset obesity, significant in both sexes by around 13 weeks of age (4).
Total body fat in the females becomes significantly higher than age-matched wild-type females
in the 13-19 week ages, while in males, body fat levels are significantly higher in animals older
than 20 weeks old (4). Both of these phenotypes are similar in developmental stages to PWS
patients. Likewise, N2KO mice demonstrate male cryptorchidism, with hypogonadotropic
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hypogonadism in males and females at puberty (5, 6). Low physical activity levels are
characteristic of both N2KO mice (4) and PWS patients—the latter showing low infantile
movement (1) as well as overall physical activity levels and response to exercise (7). Both
N2KO mice (KJ/hour, in preparation) and PWS patients (Kcal/day) (8) demonstrate low energy
expenditure levels, contributing to overall lower metabolism levels for both the model organism
and the human counterparts.

Nhlh2 is a neuronal basic helix-loop-helix transcription factor that controls genes within
the leptin-melanocortin pathway (9), including prohormone convertase 1/3 (PCSK1/3) (10),
melanocortin-4-receptor (MC4R) (11), and even a locus within the imprinted region of
chromosome 15q, necdin (NDN) (12). Reduced expression of NHLH2 in PWS patients could
explain both the obesity and hypogonadal phenotypes of these patients. However, a
significant gap in knowledge exists about how deletion of the paternal 15q region would lead to
lower NHLH2 levels.

Our expertise in NHLH2 regulation and function, combined with the findings by Burnett
and colleagues led us to ask if SNORD116 might regulate NHLHZ2 levels at a molecular level.
We specifically focused on SNORD116 due to the finding that the Snord116™* mouse as well
as IPSC derived neurons from patients with a minimal deletion that included SNORD116
showed the lower NHLH2/NhIh2 protein and mRNA expression levels (3). In this paper, using
in silico tools and a mouse hypothalamic neuron cell line, we demonstrate the mechanism by
which Snord116 controls levels of Nhlh2. Together, these results effectively change
SNORD116 from an orphan snoRNA, to one with a verified target, identify a SNORD116
interaction motif that can be used to search for more targets, and provide a molecular genetic

mechanism for how deletion of the 15g11-g13 region in humans leads to PWS.

4.3 Results

In silico determination of an NHLH2: SNORD116-3 interaction motif

As the SNORD116 locus codes for orphan snoRNAs, meaning that there were no
known interaction targets for any of its 30 snoRNAs, in silico tools were used to determine if
any region of the NHLH2 mRNA showed strong interactions with any of the 30 SNORD116
snRNAs. Both the mouse and human NHLH2 genes contain three exons, with only a small
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coding region at the beginning of exon 3, and a long 3’ untranslated region (UTR) (Figure 1A).
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Figure 1. Strongest predicted RNA:RNA interaction between SNORD116 and NHLH2 is found within highly conserved regions. A., Nucle-
otide alignment for human and mouse NHLH2 mRNA sequences with predicted SNORD116 interaction sites. Predicted interaction sites are dis-
played in small antisense arrows above or below the given sequence. Light gray regions in the aligned sequences show identity agreement, black
regions show disagreements, and horizontal lines show gaps in alignment. One region with high phylogenetic agreement and predicted
SNORD116 interaction sites found in both human and mouse are labelled. B., Phylogenetic alignment of NHLH2 3'UTR predicted interaction site
among vertebrates. Nucleotide numbers above the alignment are based on human NHLH2, NM_005599. NCBI reference sequence numbers
used for the analysis are shown. * indicates perfect non-ambiguous homology with the human sequence for all nucleotides in the site above. C.,
Phylogenetic Alignment of consensus SNORD116. Underlines indicate C/D’ box motifs. Boxed region indicates predicted interaction site with
NHLH2, which includes the canonical snoRNA antisense region. * indicates perfect non-ambiguous homology with the human sequence for all nu-
cleotides in the site above. Human n = 30, chimp n = 28, rhesus n = 29, rabbit n = 29, rat n = 26, and mouse n = 17,

Within the 3'-UTR, several regions of high homology exist between mouse and human NHLH2.
An in silico RNA:RNA interaction analysis using all of the Human SNORD116 snoRNAs, and
the human NHLH2 mRNA sequence indicated that at least one of the 30 SNORD116
transcripts had the potential to form a highly stable RNA:RNA interaction. As shown in Figure
1A, the location of the putative interaction region is within a larger region showing 100%
conservation between mouse and human NHLH2 (as indicated by the gray shading). In silico
RNA:RNA analysis identified other SNORD116:NHLH2 dyads with lower interaction energies
(shown as arrow heads, Figure 1A), but these interactions were not pursued further, as they
did not interact with homologous regions in the mouse and human NHLH2 mRNA, were not
located in the snoRNA antisense region, and had much lower interaction energies compared to
that for SNORD116-3: NHLH2. The putative SNORD116-3: NHLH2 interaction motif is highly
conserved in vertebrates (Figure 1B-C). For NHLH2, this region is 100% conserved in the
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vertebrates shown (Figure 1B), and in 70/77 vertebrates tested phylogenetically (data not
shown). SNORD116 consensus sequences for all paralogs within a cluster show high
phylogenetic conservation in the predicted interaction region (Figure 1C). Critically, the
SNORD116-3 predicted interaction is in the canonical antisense region just 5’ of the D’ box,
conserved in all species shown (Figure 1C). Of note, the SNORD116-3 interaction motif on the
NHLH2 3'UTR is found in 2 of 2 of the human NHLH2 splice variants, and 2 of 2 of the murine
splice variants that are registered in the RefSeq database (Supplemental Figure 1).

Numerous single nucleotide variants (SNV) exist within the NHLH2 and SNORD116-3
genomic loci, although none have been characterized as having clinical significance. However,
an analysis of the effect of each naturally-occurring SNVs on the NHLH2 3'UTR in the region
of this motif revealed five of these that disrupted the energy of interaction, as predicted using in
silico RNA:RNA interaction analyses. Each of these disrupting SNVs were found towards the 3’
end of the motif (Figure 2A) and reduce the predicted strength of interaction from -13.4
kcal/mol for the wildtype, to -9.4 for both rs1218168750 and rs1051613841 (Figure 2B). As
shown in Figure 2C, compared to 2D, rs1051613841 was predicted to disrupt the stem area of
the NHLH2:SNORD116-3 dyad. The predicted mouse secondary structure for the wildtype
(Figure 2E) and mutagenized form (Figure 2F) are also shown.
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Figure 2. Single nucleotide variants have the potential to reduce the predicted NHLH2: SNORD116 motif interaction energy. A., RNA
alignment of the predicted SNORD116 interaction region for mouse and human NHLH2 with five human SNVs displayed. B., Reference SNV

data provided from NCBI SNP database, including accession number, and major allele frequency (MAF).

The predicted effect on the

SNORD116-3 interaction energy (kcal/mol) with NHLH2 is shown. C., INTA-RNA predicted structure of the wild-type NHLH2: SNORD116-3 in-
teraction. D., INTA-RNA predicted structure of the NHLH2:SNORD116-3 interaction containing NHLH2 SNV rs1051613841 E., INTA-RNA pre-
dicted structure of the wild-type mouse Nhlh2:Snord116 interaction used in the current study. F., INTA-RNA predicted structure of the mutag-
enized mouse sequence U2449C. SNV site of interest is labelled in bold, underlined, and/or with arrows .
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The intact NHLH2:SNORD116-3 interaction motif mediates high Nhlh2 expression levels.

N29/2 hypothalamic cells have been previously used to measure Nhlh2 expression at
the transcriptional and posttranscriptional levels (13, 14). A set of constructs, using a myc-tag
motif to differentiate endogenous Nhlh2 from the transfected Nhlh2 with different 3’ tails were
used to measure Nhlh2 response to Snord116 in hypothalamic cells. These constructs all
contained the myc-tagged Nhlh2 (mouse) coding region linked to either high-expression SV-40
3'UTR, a partial Nhih2 3° UTR (13), a full-length NhIh2 3’-UTR, or a full-length Nhlh2 3’-UTR
containing the rs1051613841 SNV (Figure 3A). Each were transfected into N29/2
hypothalamic neurons (15) which express low levels of Snord116, and Nhlh2 during regular
growth phase. Addition of a mouse Snord116 consensus expression plasmid (which is most
phylogenetically homologous to group 1 SNORD116 snoRNAs (16)) to cells expressing the
full-length NhIh2-myc mRNA construct led to a ~15-fold increase of Nhih2-myc mRNA levels
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Figure 3: Post-transcriptional Regulation of Nhih2 by Snord116 is reduced by a SNV in the predicted interaction region within the Nhih2 3'UTR.
A., Reporter plasmids expressing mouse Nhih2 mRNA. Mouse Nhih2 mRNA (NM_178777) with annotated exons, coding sequence (CDS), and predicted
Snord116 interaction sites. Four different expression vectors for tagged Nhlh2 mRNA with varying 3'UTRs are shown to scale in comparison to Nhih2
mRNA. The mouse vector was engineered to contain a T>C SNV within the predicted interaction region which is shown by the white bar on that vector. B.,
Relative expression of tagged Nhih2 RNA with different 3’'UTRs during Snord116 overexpression in N29/2 cells. Nhlh2 SNV at predicted Snord116 interac-
tion site decreases Snord116-induced fold change. For the +Snord116 condition, one-way ANOVA F(3,29) = 30.992, p<0.001 with Bonferroni correction
shows the only 3’'UTR types to not be significantly different to each other are SV40 and SNV. All other comparisons are significantly different (p<0.05); N=
6 for partial 3'UTR conditions; N= 9 for SV40, Full, and SNV conditions. Error bars indicate +SD. **p<0.01, ***p<0.001. Statistical analysis performed on re-
spective ddCT values from which Relative Quantification (RQ) values are derived. C., Representative Western blot shows higher protein translation of the
+Snord116 conditions and the SV40 3'UTR construct. Both blots are from the same samples but the bottom blot is with anti-myc tag antibody alone to allow
for longer signal development. Note the western blot is normalized across 3'UTR type, unlike Figure 3B. D. Optical density of representative Western blot.
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(Figure 3B). The construct containing the engineered SNV in the consensus motif, led to a
smaller, yet still significant increase of ~6-fold in Nhlh2-myc mRNA levels, while the partial tail
without the predicted interaction site showed no increase in response to Snordl116
overexpression. Interestingly, the construct with the SV-40 3’'UTR showed a similar increase of
~5-fold, although the strongest predicted Snord116 interaction site for this tail was a relatively
weak (-5.54 kcal/mol) in the 3’UTR. Figure 3C shows that the different 3’UTR constructs lead
to different steady-state NhIh2 protein levels, consistent with the mRNA levels. Like the protein
levels, SV40 3’'UTR shows greater baseline RNA expression when normalized across 3'UTR
(Supplemental Figure 2). Snord116 overexpression ranged from about 100 — 1000-fold
higher (Supplemental Figure 3). Of note, all constructs were under the control of the CMV
promoter and had the identical Nhlh2-myc coding region through the Nhlh2 stop codon. Thus,
differences in expression level could only be attributed to differences in the 3’-UTR of the
constructs, and the presence/absence of the putative motif. These data suggest that
Snord116 controls expression of NhIh2, post-transcriptionally, through the 3'UTR motif

identified by in silico binding analysis.

Snord116 snoRNA stabilizes NhIh2 mRNA

While post-transcriptional regulation of mRNA can be due to changes in mRNA
translation efficiency, the 3’-UTR of an mRNA often directs regulation due to changes in mRNA
stability. To test whether Snord116 levels altered mRNA stability of Nhih2, the same constructs
as above and the N29/2 cell line was used in an actinomycin D assay. Actinomycin D (also
known as dactinomycin) is an antibiotic and chemotherapeutic that inhibits DNA-dependent
RNA synthesis through DNA intercalation and inhibition of RNA polymerase I, I, and 1lI(17,
18). As transcription of new mRNA is blocked when actinomycin D is added to a cell culture,
the level of mMRNA at times following addition of the chemical can be used to determine mRNA
stability. As shown in Figure 4, Snord116 shows general overall stabilization of the SV40,
Full, and SNV tails, throughout the 3-hour time course. This is consistent with Snord116’s
effect on steady-state levels (Figure 3B). The stabilization effect size is greater for the Full and
SNV tails than SV40 (Figure 4E). Additionally, this difference in stabilization effect size seems
to be mediated by an early rapid decay of the Full/SNV tails without Snord116. About 50% of
the RNA from the SNV/Full tails are degraded by 45 minutes, while both the partial/SV40 tails’
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levels remain higher (p<0.05) and degrade to about 50% between 90 — 180 minutes (Figure
4A-4D). This indicates a relative baseline instability for the Full/SNV tails. This high initial
decay rate within the first 45 minutes also slows down by the 90min and 180min intervals for
Full/SNV tails (Supplemental Figure 4). Interestingly, with the addition of Snord116, this
initially high rate of decay is blunted, indicating that Snord116 has a protective effect against
RNA decay within the first 45 minutes for the Full/SNV tails (Figure 4G). Critically, the
Snord116 protective effect at 45 minutes trends to being less effective for the SNV tail when
compared to the full tail but does not reach a significance difference between the two (p=0.10).

Of note, Snord116 RNA does not decay over time (Supplemental Figure 5).
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4.4 Discussion

Snord116 has been previously implicated in changes of gene expression, with proposed

molecular mechanisms including alternative splicing and RNA-stability (3, 19-21). The current
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study is the first to demonstrate that RNA stability indeed is a molecular mechanism for
Snord116-dependent changes in gene expression. As this study was done using cell lines and
molecular constructs, there are minimal confounds from the PWS locus and the Snord116 host
gene (116HG). Rather, these results can be directly attributed to a Snord116 snoRNA and its
target gene.

The current study is the first to show evidence for an interaction of Snord116 RNA with
a predicted target. Although RNA interaction prediction for targets of SNORD116 have been
performed previously, there was no experimental validation of these interactions(19, 22). Using
the snoTARGET software (22), previous predictions failed to include NHLH2 as a potential
target. Furthermore, the predicted strength of interaction with NHLH2 is relatively low
compared to other predicted target RNAs. The current study suggests that while interaction
prediction is a useful tool, as implicated by the predicted effect of the SNV on the
3'UTR:Snord116 interaction, other factors, such as protein or other interactions should be
considered.

Using both the data in this paper, and previous work, we predict that high NHLH2 levels
may be present in cells expressing SNORD116 and/or treated with leptin. Snord116
expression from wild type mouse hypothalamus increases with refeeding after overnight
fasting (3). As both leptin and Snord116 levels increase during a refeeding period, these two
paths appear to converge synergistically on Nhlh2 upregulation: transcriptional upregulation of
Nhlh2 through leptin signaling (14), and post-transcriptional upregulation of Nhlh2 through
Snord116. While some previous studies have not detected changes in the levels of
hypothalamic NHLH2 mRNA in PWS patient post-mortem tissue or PWS model mice (19-21),
our data suggest that changes in Nhlih2 levels may occur with a short temporal window that the
other studies failed to capture. Conversely, another study has demonstrated that growing
lymphoblastoid cells derived from PWS patients show a -1.5 fold expression of NHLH2 mRNA
compared to normal lymphoblastoid cells (23). It may be questioned if the current study is
relevant to the biological levels of the genes in question. In our approximation, when compared
to mouse hypothalamus tissue by RT-QPCR, the current study’s Snord116 levels are greatly
under-expressed, and Nhlh2 levels range from equal expression to slight under-expression

(data not shown). Part of the rationale for using the N29/2 cell line is that Snord116 levels are
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low, replicating a PWS-like condition, and allowing specific overexpression of exogenous
Snord116.

The current study shows that high expression of Snord116 leads to higher stability of
Nhlh2 mRNA and subsequently, higher levels of translated protein. At steady-state levels, the
SNV 3’UTR seems to disrupt Snord116-dependent upregulation when compared to the full
wildtype 3'UTR, implying that the predicted interaction site is playing a role in Snord116
interaction (Figure 3B). However, this disruption from the SNV is not seen in the RNA decay
experiment (Figure 4). The Snord116 protective effect at 45 minutes only trends to being less
effective for the SNV tail when compared to the full tail (p=0.10). This may be due to some
differences between steady-state and RNA decay experiments. The steady-state experiment
may be sensitive to the accrual of RNA over a 24-hour period post-transfection and any RNA
stability differences may lead to a cumulative effect. The RNA decay experiment is sensitive to
a smaller timeframe, and highlights that the initial 45 minutes may be critical for stabilization
effects between the Full and SNV 3'UTRs. Therefore, small differences in stability that do not
show statistical significance at 45 minutes may be amplified when these small differences
accumulate over time and show differences at steady-state levels. Additionally, it is possible
that a more disruptive SNV may show stronger effects than the one used in the current study.
Furthermore, the steady-state experiment did not include a media refresh prior to cell lysis,
while the RNA decay experiment refreshed the media with the addition of Actinomycin D at the
0-minute timepoint, which could add a serum or media factor that affects expression levels.

While the current study implies Snord116 stabilizes target RNAs, it is possible that
results from steady state experiments are influenced by differences in transcription (Figure
3B). However, the consistent pattern of effect size between steady-state and RNA decay
studies implies that RNA stability is playing a major role. Future work will have to examine
possible effects on transcription.

The use of the Snord116 expression construct minimizes confounds associated with the
PWS genomic locus, as there are many species of ncRNAs and host genes expressed from
the locus (24-26). Use of the N29/2 neuronal cell line, which has endogenously low levels of
Snord116 lends confidence that the results shown are due to an overexpression of Snord116
rather than changes in the many host genes and ncRNAs found at the PWS genomic locus

that are often associated with a genomic deletion. It is worth noting that the construct used
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contains Snord116 within its natural intron, as this is necessary for proper snoRNA maturation
and processing (20). The natural genomic processing of the Snord116 host gene (116HG)
results in a much longer ncRNA with many exons that are not within the construct used (24,
27). There is no way to completely exclude a requirement for the endogenous host gene or
other genes within the PWS locus which are present in N29/2 cells. Expression levels of
116HG were not tested in the present study, while Snord116 snoRNA levels were tested by
RT-QPCR to validate overexpression (Supplemental Figures 3 and 5).

Use of the SNV-containing construct appears to confirm that the interaction motif is
within the predicted regions on both Nhih2 and Snord116. Based on this, a model was created
that predicts the secondary structure and interaction between NHLH2 and SNORD116-3
(Figure 5). As shown in the prediction, interaction with SNORD116-3 occurs within a stem-
loop structure on the NHLH2 3’'UTR. In examining the structure, the stem-loop may be either
stabilized or disrupted by SNORD116-3 interactions, which likely depends on RNA-binding
protein interactions within that region. Of interest, hnRNP-U has previously been shown to
stabilize NHLH2 mRNA, although the position of that interaction is not known (28). Thus, while
the most well-established mechanism of non-methylating SNORDs is through pre-mRNA
splicing (20), enhancement of mRNA stability by SNORDs remain a tantalizing mechanism. It
remains to be seen whether the mRNA stability observed in the current study is through the
canonical SNORD mechanism of 2’-O methylation or non-canonical mechanisms.

In examining the NHLH2 RNA sequence around the putative SNORD116 interaction
motif using RegRNA 2.0 (29), there are no overlaps of known motifs within the putative
SNORD116 interaction motif. However, a poly(A) signal is about 100bp downstream of the
predicted interaction site for both mouse and human. The mouse transcript has a splice variant
that ends at this poly(A) signal (XM_006501112), while the one used in the current study is the
splice variant with the longest 3’UTR (NM_178777) (Figure 1D). Snord116 may be mediating
it's RNA stability effect through poly(A) signal pathways, as the partial 3UTR RNA used in the
current study does not contain a strong poly(A) signal, while the SV40 3’'UTR does.
Additionally, in mouse Nhlh2, but not human, there is a 60-72nt (depending on strain)
trinucleotide repeat region of GAA about 20nt upstream of the predicted Snord116 interaction
region. This region is predicted to be an exon splicing enhancer, although there is little

evidence of any splice variants using this exon splice site. Furthermore, just five base pairs
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upstream from the interaction site is a putative microRNA interaction site, predicted using
TargetScanHuman (30). Both the SNORD116 and miR-9-5p sites lie within the predicted stem-
loop structure on the NHLH2 mRNA 3'UTR (Figure 5). MiR-9-5p is a neuronally-expressed
microRNA whose dysregulation has been implicated in several neurodegenerative diseases
(31). Interestingly, interaction with miR-9-5p has been shown to decrease target mRNA
stability (32, 33). Experiments to examine if
SNORD116 disrupts the NHLH2 stem-loop
structure are out of the scope of this study,
but would allow one to determine if miR-9-
5p directly binds to and increases the
stability of NHLH2 mRNA. In either

SNORD116-3 scenario, the possible interaction with miR-
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9-5p or other secondary factors, including
proteins may explain why the SNV had a
weaker effect overall on NhIh2 stability
levels than we had predicted using in silico
tools, and suggest that a second region
mediating additional mMRNA stability control
for NHLH2 may occur outside of the

Figure 5: Predicted model of SNORD116:NHLH2 interaction. The ViennaRNA

package software was used to predict the folding structure for NHLH2 3'UTR, and 1 . 1 1
then the interaction with SNORD116. The miR-9-5p interaction site was identified predICted NHLHZSNORDllG Interaction

using TargetScan. Both interactions were added to the overall structure for viewing . . . . .
of their relative positions on the NHLH2 3'UTR only, not to indicate whether one or motif. The entire region shown in Flgure 5

both simultaneously interaction with the stem-loop structure. * indicates the site of

the NHLH2 SNV used in the current study has high homology in vertebrates (data not
shown). Phylogenetic conservation of small motifs in untranslated regions suggest a functional
conservation (34, 35) that can be used to predict and test functional interactions, as was done
herein. This longer region within the NHLH2 3’'UTR can be used to identify other possible
SNORD116-3 targets that may also contain this motif in their 3'-UTR. Likewise, as all of the
SNORD116 snoRNAs within group 1 are highly conserved but still have some nucleotide-
based substitutions between them (16), we can use this information to determine if all group 1
snoRNAs can interact with similar targets or whether each has a specific set of targets with
highly conserved/high energy interaction. Indeed, as shown by our work, a single SNV on the

target MRNA can reduce the ability of overexpressed Snord116 RNA to stabilize the target
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MRNA. It is possible that the reverse is true as well—with SNVs within the SNORD116 locus
possibly leading to PWS-like phenotypes.

While we do not find an exact match to the NHLH2:SNORD116 motif in the PCSK1
MRNA or other RNA-seq identified RNAs to date (3), it is possible that a similar motif, and
different SNORD116 cluster snoRNAs contribute to these downregulations in PWS models. It
is also possible that downregulation of PCSK1 and other mRNAs in neuronally-induced PWS
stem cells simply results from the loss of direct, leptin-induced transcriptional regulation by
NHLH2, as we have previously shown for Pcskl (10). Additionally, there is a convincing
mechanism for PCSK1 downregulation through MAGEL2 loss in PWS patients with a large
deletion of the genomic locus (36). However, these findings do not explain the low levels of
PCSK1 mRNA and protein found in a PWS microdeletion model of neuronally differentiated
iPSCs containing a genomic deletion of only SNORD109A, SNORD116 cluster, and IPW (3).
Additionally, PWS mouse models with intact Magel2 and loss of the paternal Snord116 cluster
have lower levels of Pcskl mRNA and protein in islet cells and stomach (3, 36). These data
suggest that loss of Snord116 may lead to downregulation of Nhlh2-dependent Pcskl in
addition to the MAGEL2 mechanism. This may add to the ongoing explanation of why PWS
patients with large genomic deletions show stronger phenotypes.

NHLH2 is a basic-helix-loop-helix transcription factor, with multiple known and putative
targets (9-11, 37-39). Many of these targets (i.e. PCSK1, MC4R) are involved in neuronal
control of body weight, and may provide an explanation for some of the phenotypes of PWS.
SNORD116-mediated post-transcriptional regulation of NHLH2 could result in hundreds of
downstream regulatory changes. For PWS patients, these data now suggest why PWS
patients, and the Nhlh2 knockout mouse share many of the same phenotypes (3, 9), and may
open further analyses into therapeutic interventions that can increase levels of NHLH2 or one

of its transcriptional targets, even in individuals with impaired SNORD116.

4.5 Methods

Nucleotide Alignments

Nucleotide alignment and annotation performed using Geneious Prime 2020.1.2

(https://www.geneious.com, Biomatters, New Zealand). The “Geneious alignment” algorithm

74


http://www.geneious.com/

on default settings was used for pairwise nucleotide alignment of human and mouse
sequences with annotations. Phylogenetic nucleotide alignment of SNORD116 was based on

original alignments from Kocher and Good (16).

RNA-RNA Interaction Prediction
IntaRNA (40-43) was used to predict the interaction structures between SNORD116 and

its targets. Specifically, the entire mRNA sequence of NHLH2 (Gene ID: 4808) was input for
analysis.. IntaRNA is an algorithm that computes an interaction structure with minimum free
energy from two input sequences using dynamic programming routine. The prediction
considers only the energy contribution of the interaction structures, while the potential
secondary structures both RNA strands are not considered. All secondary structures of single
stranded RNA are predicted by ViennaRNA 2.0 (44).

Generation of Constructs

The NhIh2-myc tagged construct with SV40 p(A) tail was a generous gift from Dr.
Thomas Braun, Max Planck Institute, Bad Nauheim, Germany. This construct contained in the
pCS2-MT backbone was used to generate the Nhlh2-myc tag with a partial 3’UTR used in a
previous study (13). The partial 3'UTR construct was then used for generating the full 3UTR
and the full 3UTR containing the rs1051613841 SNV. Specifically, a separate vector
containing the 1145bp of extra 3’UTR cDNA was cloned using PCR amplification with Pstl
sites on the 5" and 3’ ends of the PCR product, and subsequently cloned into a Pstl site at the
end of the partial 3'UTR. This vector containing the full 3UTR was then used to create the
SNV construct by site-directed mutagenesis using the Phusion Site-Directed Mutagenesis Kit
(ThermoFisher # F541), and mutagenesis primers (Supplementary Table 1). The myc-tags on
these constructs allow for QPCR analysis of tagged RNA separate from endogenous RNA and
allow for primary antibody detection for Western blotting.

The mouse Snordl116 expression vector was a generous gift from Dr. Stefan Stamm,
University of Kentucky, Lexington, USA (20). This construct was used to generate a negative
control vector for Snord116 expression by excising the Snord116 insert using Mssl digestion
(2722bp), and ligation of the blunt ended fragment of interest (5035bp). This left a backbone
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nearly identical to the pCDNAS/FRT/TO vector, but missing 102bp of the multiple cloning site
in between the CMV promoter and bGH p(A) terminator.
All constructs were sequenced and subjected to restriction enzyme digests followed by

agarose gel electrophoresis for validation of cloning procedures.

Cell Culture and Transfections

The mouse hypothalamus neuron cell line, N29/2 (15), was maintained in T25 flasks in
DMEM (4.5g/L glucose, with 110mg/L sodium pyruvate) (ThermoFisher # 11995065) and 10%
fetal bovine serum (GE Healthcare #SH30396.03HI) with penicillin (50 units/mL) /streptomycin
(50ug/mL) (Thermo # 15070063) at 4-6% CO2 and 37°C. Cells were detached from flasks
using trypsin-EDTA (ThermoFisher # 25300054) and 6-well plates were seeded with 2 x 104 -
10° cells per well. Transfections were done 2-4 days post seeding using Opti-MEM® media
(ThermoFisher # 31985070) and Lipofectamine® 3000 (ThermoFisher #L3000008) according
to manufacturer’s instructions at 60-90% cell confluence. All transfections were performed
between 3pm and 6pm. 200ng of each plasmid DNA was transfected for Leptin receptor,
Stat3, +/-Snord116, Nhih2-myctag for a total of 800ng DNA per well of a 6-well plate. Leptin
receptor and Stat3 expression vectors were included to ensure the expression of these key
regulatory components of Nhlh2 and for consistency with previous studies of Nhlh2 (10, 11, 13,
14).

RNA Purification
24 hours post transfection, cell culture media was removed, and cells were lysed with
1mL of TRIzol® Reagent (ThermoFisher #15596018) directly in 6-well culture plates. TRIzol

samples were frozen at -20°C in microfuge tubes until purified (1-14 days) using the

TRIzol+Purelink RNA minikit (ThermoFisher #12183025) following manufacturer’s instructions
for the TRIzol® Plus Total Transcriptome Isolation protocol. Purified RNA was then DNAse
treated using TURBO DNA-free™ Kit (ThermoFisher #AM1907) according to manufacturer’s

instructions, diluted to 60ng/JL in nuclease-free water, and stored at -80°C.

Reverse-Transcriptase Quantitative PCR
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For RT-QPCR, Power SYBR® Green RNA-to-CT™ 1-Step Kit (ThermoFisher
#4389986) was used according to manufacturer’s instructions. 10uL reactions were performed
using 150nM final primer concentration. Primers were assessed for efficiency using a dilution
series and fell within 90%-110% efficiency. 90ng RNA was used per 10uL reaction. Two
technical replicates were performed. Control reactions for each sample (No reverse-
transcriptase and no-template controls) were used for quality control. 384-well plates were run
on the ViiA 7 Real-Time PCR System (ThermoFisher) according to RT-QPCR mix instructions
and thermocycling conditions were not modified from suggested protocol (1-step
annealing/extension at 60°C). Quality control measures including melt-curve analysis,
technical replicate analysis, etc. were analyzed by thermocycler software and by operator; any
major errors were excluded from analysis when appropriate, and/or new samples and plates
were run when appropriate. Candidate reference genes for ddCT analysis were analyzed for
appropriate reference controls. Mouse beta-actin was used as reference gene control for
steady-state experiments. Potential reference genes were evaluated for the Actinomycin D
experiments, but none were satisfactory and thus no reference gene was used for RNA decay
experiments. The CT values used reflect molarity of the target RNA, as total RNA remained
the same for each reaction (90ng). Relative change in molarity over the RNA decay time
course is thereby relative to the average decay of total RNA (e.g. If a target gene’s relative
guantification stays at 1.0 throughout the 180 minutes of Actinomycin D treatment, it decays at

the same rate as the total RNA average decay rate).

Western Blot

Constructs were transfected into N29/2 cells, and 24 hours following transfection, cells
were washed, lysed in RIPA buffer, scraped from the tissue culture plates, and processed for
Western analysis using standard methods. Equal amounts of protein (7 [Ig/lane), as
determined using Bradford Reagent (AMRESCO #E530-1L) were separated on a 12% SDS
polyacrylamide gel and transferred to PVDF membrane. Western blotting was performed using
rabbit anti-myctag polyclonal primary antibody (Proteintech #16286-1-AP) with goat anti-rabbit
horseradish peroxidase-linked antibody as a secondary antibody. Chemiluminescent signal
was detected using the SuperSignal™ West Femto Maximum Sensitivity Substrate
(ThermoFisher #34095).
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RNA stability assay

24 hours post-transfection, cell culture media was refreshed with 5 [Jg/ ml Actinomycin
D (Sigma #SBR00013-1ML) for 45, 90, and 180 minutes before lysis with Trizol directly in 6-
well plates. The O-minute timepoints were refreshed with media containing no Actinomycin D
for 50 minutes before lysis. Plates with Actinomycin D were concealed from light during the
duration of Actinomycin D incubation. The full time-course experiment was replicated 3

independent times with 3 separate vials of frozen N29/2 cells.

Statistical Analysis

All RT-QPCR data were analyzed using Microsoft Excel 16 for Microsoft 365, IBM
SPSS Statistics 26 for Windows, and GraphPad Prism 9.0.0. N=6 for partial 3’'UTR conditions;
N= 9 for SV40, Full, and Full SNV conditions. Error bars indicate +SD. The 29T method of
relative quantification was used. Statistical significance tests performed on respective ddCT

values from which Relative Quantification values are derived. Significance is expressed at
*p<0.05, **p<0.01, ***p<0.001, NSp>0.05.

For steady-state experiments, a two-way ANOVA with Bonferroni correction was used
for relative expression of tagged RNA normalized within 3'UTR type. CT and dCT values used
are provided in Supplemental File 1.

For RNA decay analysis, CT values were normalized to the average CT of the 0-minute
time point within a transfection, within 3’'UTR condition, and within Snord116 condition
[CT(0.minute.average)-CT(individual.value)]. 0-minute-normalized CT values (0dCT) were then
pooled across transfection trial and assessed for normality. For Figure 4A-D, 2-Way ANOVAs
with Sidak's multiple comparisons test within timepoints were run on each 3'UTR excluding the
0-min timepoints. 29T are displayed in Figure 4A-D. For figure 4E, +Snord116 CTs were
normalized to average -Snord116 CTs within transfection trial, 3’'UTR, and timepoints. [CT(-
Snord116.average(TransfectionTrial’x’. Timepoint'y’.3’'UTR’Z’))-
CT(individual.value(TransfectionTrial'’x’. Timepoint'y’.3'UTR’z’))] These -Snord116 normalized
CT values were analyzed using 2-Way ANOVA with Sidak's multiple comparisons test
excluding 0-minute timepoints. 2(snordil6.normalized.CTs) gre graphed. For decay rate, 0-minute-

normalized CT values were used to calculate CT differences between one timepoint and the
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next successive timepoint and adjusted for 45-minute intervals. Individual CT values were
normalized to the average CT value of the previous timepoint within a condition. These values
were used to perform 2-Way ANOVAs with Sidak's multiple comparisons test within 3'UTR,
shown in Figure 4G and within 3'UTR/Snord116 for Supplemental Figure 1. Normalized CT
values were adjusted to percentage values for graphs [(1-(2(decay.rate.normalized.CT))y*100] . CT

values used are provided in Supplemental File 2.
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Supplemental Figure 1: All Splice Variants of NHLH2 contain predicted SNORD116 interaction site. Splice variants for human and mouse
NHLH2/NhIh2. NCBI sequence accession numbers given within the third exon of the cartoon for the splice variant. The coding region is indicated by
the light grey box, CDS (cDNA sequence). The SNORD116 predicted interaction site is shown by the grey line on all splice variants.
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Supplemental Table 1. Primers used in the study.

Nhlh2 primer, forward
Nhlh2 primer, reverse

Mouse b-Actin, forward

Mouse b-Actin, reverse

Nhlh2, myc-tag, forward

Nhlh2, myc-tag, reverse

Mouse Snord116, forward

Mouse Snord116, reverse

SNV Mutagenesis 5-CAGGGTTTTTTTGCGTCTCTGTTGCTT-3'
SNV Mutagenesis 5-AAAAAGACTAAAATCTTTGGATAGCAGATGTGG-3'

QPCR 5-GGAATCCTGTGGCATCCAT-3'

QPCR 5'-GGAGGAGCAATGATCTTGATCT-3'

QPCR 5-ATGGAGAGCTTGGGCGACCTCA-3’

QPCR 5- TTGGTCCGGACTCAGCATCATCGAAT-3'

QPCR 5. TGGATCTATGATGATTCCCAG-3'

QPCR 5- TGGACCTCAGTTCCGATGAG-3'
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Chapter 5. Snord116 knockdown and paternal knockout models have no
effect on Nhlh2 or Pcsk1l RNA levels

5.1 Abstract

In PWS mouse models, loss of the Snord116 gene cluster may decrease RNA and
protein expression of the Nhlh2 and Pcskl genes. However, some studies find no difference in
these genes of interest. Some of the inconsistency may lie in age of the mice, feeding
conditions, methods used, etc. The current study shows that general dissection of PWS mouse
model hypothalamus shows no difference in these genes of interest within sex or fed state.
Additionally, Snord116 knockdown in the Neuro2A mouse neuroblastoma cell line has no
effect on Nhlh2 or Pcskl mRNA levels. These data are summarized in the context of recent

studies showing various findings.

5.2 Introduction

Recent studies of PWS mouse models have shown that deletion of the gene Snord116
may lower the levels of Nhih2 and Pcskl RNA and protein.! However, subsequent studies
using RNAseq in specific mouse hypothalamic nuclei have found no difference for either of
these genes.? Additionally, NhIh2 mRNA may be post-transcriptionally stabilized by Snord116
(Chapter 4, Kocher et al. 2021 under review). Because of the varying results from different
studies, we chose to examine Prader-Willi Syndrome (PWS) model mice to potentially resolve
a debated topic in the field. Do PWS mice models have low NhIh2 or Pcsk1l gene expression?
This topic is critical to the field of PWS research, as dysregulated Nhlh2 and Pcskl may
explain the disease state of PWS. Differing contexts between the various studies surrounding
the mouse model may explain the difference in findings. For example, age of mice, fed state of

mice, temperature of home cage, subsection of hypothalamus, cell types, etc. may show
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different findings.1* Here, we attempt to replicate the setting in which the original finding of

differential NhlIh2 was first found.?!

Snord116 knockdown in Neuro2A cells
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Figure 1. Snord116 in Neuro2A cells has no effect on Nhih2
or Pcsk1 RNA. A. Summary of 9 independent experiments. B.
Nhih2 RNA levels. Experiment 6 did not pass quality control
measures. C. Pcsk1 RNA levels. 2 out of 9 experiments showed
an increase. D. Snord116 RNA levels. Experimental replicate 2's
sample size was only N=2 after quality control. N=2-6 per condi-
tion (x9 experiments). Error bars show SD.

Additionally, to further model PWS, we
examined the neuroblastoma cell line Neuro2A
(N2A) under Snord116 knockdown conditions.
N2A cells have high levels of endogenous
Snord116 and express endogenous Nhlh2 and
Pcskl RNA, making them a good in vitro model to
examine the effects of Snord116 knockdown on
the two genes of interest. Anti-sense
oligonucleotides (ASOs) designed to target
snoRNAs for degradation by RNAse H
mechanisms were transfected in N2A cells. ASOs
with specific molecular modifications and design
are used to target nucleolar RNAs such as
snoRNAs because the more commonly used small
interfering RNA (siRNA) does not function in the
nucleus, as siRNAs make use of the endogenous
RNA-induced silencing complex (RISC) that

carries out its function in the cytoplasm.>-2

5.3 Results

Snord116 knockdown in a mouse
neuroblastoma cell line has no effect on Nhlh2
or Pcskl RNA levels.

Transfection of N2A cells with ASOs led to
successful knockdown of Snord116 RNA as
measured by reverse-transcriptase quantitative

polymerase chain reaction (RT-QPCR).
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Knockdown levels ranged from 5% to 40% of the levels of control conditions (Figure 1A, 1D).
However, Nhlh2 and Pcskl RNA levels showed no change in response to Snordl1l16
knockdown (Figure 1A-C).

PWS mouse model hypothalamus shows no effect on Nhlh2 or Pcskl RNA levels.

As measured by RT-QPCR, whole hypothalamic brain tissue shows no difference
between genotype for Nhlh2 or Pcskl RNA levels (Figure 2). Specifically, Male ad-lib fed mice
(Figure 2A), Male 5-hour refed mice (Figure 2B), Female ad-lib fed diestrus mice (Figure 2C),
and Female 5-hour refed diestrus mice (Figure 2D) showed no difference in the genes of
interest, although Snord116 knockout is observed.
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Figure 2. PWS Mouse model hypothalamus shows no difference between Nhlh2 or Pcsk1l RNA. A. Male ad-
lib fed. B. Male 5-hour refed mice. C. Female ad-libitum fed. D. Female 5-hour refed mice. Sample size is
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indicated under X-axis labels. PWS indicates paternal Snord116 deletion mice. WT indicates wildtype mice. Error
bars indicate SD.

5.4 Discussion

The current study does not support the role of mouse Snord116 in regulating Nhlh2 or
Pcskl. However, there are many caveats to consider when examining the results and

synthesizing it with previous findings in the field.

Snord116 knockdown in a mouse neuroblastoma cell line

For the N2A cell line experiments, there are a few contrasting points with Chapter 4
(Kocher et al. 2021, under review). A comparison of key differences between these two studies
is displayed in Table 1. One of the major differences between the two studies is the cell line
used. The current study used Neuro2A cells, a neuroblastoma cell line that can differentiate
into neurons.®1° Neuroblasts are neural progenitor cells that may have relevance to PWS, as
nervous system development may be impaired and PWS can be detected prenatally.'-*4 This
differs from the study in Chapter 4, that used N29/2 cells, a mouse hypothalamic neuron cell
line.*> Although both cell lines are immortalized, the two cell lines are at two ends of the
spectrum of neuronal differentiation. However, as with many cell lines, it may be argued that
an immortalized neuron cell line does not represent the biological system well, as mature
differentiated neurons do not typically divide and neurogenesis is limited to specialized areas
of the brain such as the olfactory system, the subventricular zone of the lateral ventricles, and
the hippocampus. However, there is evidence that neurogenesis also takes place in the adult
mouse hypothalamus with implicated roles in the energy balance system.'617 Additionally,
Nhlh2 may play a role in the developing nervous system in the ventral telencephalon and the
hypothalamus as well as neuroblastoma itself and the energy balance system and
gonadotropic system in the mature brain.'8-30 Therefore both of these cell lines may be useful
models for examining NhIh2 but it is possible the molecular relationships between Snord116
and Nhlh2 are divergent. Additionally, some snoRNAs and SNORDs have been implicated in
carcinogenesis, although there is no evidence Snord116 plays a role in cancer.3-33 |t is worth

noting that many studies characterizing the molecular role of NhIh2 and its regulation have
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been performed in N29/2 cells.?#343¢ However, because N29/2 has such low levels of
Snord116, the current knockdown approach was more appropriate in the N2A cell line. Further
study and consideration may be needed to evaluate the appropriateness for these two cell

lines in studies involving Nhih2 and Snord116.

TABLE 1 Chapter 4 Chapter 5
Snord116 overexpression Snord116 knockdown
N29/2 - mouse hypothalamic Neuro2A — mouse
Cell type neuron cell line neuroblastoma cell line
Low Snord116, Nhih2, Pcskl Higher Snord116, Nhlh2, Pcsk1
Snord116 Snord116 expression plasmid with Knockdown ASO - may have non-
. . .. specific effects on host gene or other
manipulation minimal host genes

ncRNAs from the genomic locus

Snord116 levels 100 — 1000-fold higher than control 2.5 — 20-fold lower than control

Dependent variable = Exogenous NhIh2 reporter RNA Endogenous Nhlh2 RNA

Co-transfection Leptin receptor and Stat3 none

Media 4.5g/mL glucose 1g/mL glucose

Another key difference between the studies from Chapter 4 and the current study of
Chapter 5 is the method of Snord116 RNA manipulation. In N29/2 cells, overexpression was
achieved by transfection of a plasmid expressing Snord116 with minimal host genes involving
the PWS genomic locus. This approach may be a more precise approach compared to the
current study’s Snord116 knockdown using ASOs. Because of the nature of the genomic
locus, detection of Snord116 by RT-QPCR is not able to differentiate between the mature
Snord116 snoRNP/snoRNA and the many ncRNAs and host genes involved at the PWS
genomic locus. Because of this problem, the knockdown experiments cannot be completely
confident that only Snord116 is knocked down, or what the ratio of non-specific effects may be.
One approach to examine this specificity is to perform a Northern blot to detect the many
species of ncRNAs and host-genes and possible changes that come with the ASO knockdown.
The current knockdown study is comparatively less precise than the Chapter 4 study in its
Snord116 manipulation specificity. Additionally, ASOs may trigger toxicity phenotypes although
chemical modifications on ASOs are designed to overcome this and use of a control ASO is

critical in accounting for this. These various differences between overexpression and
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knockdown methodology may contribute to inconsistency in findings between studies and the
knockdown approach appears to have more negative points when compared to the
overexpression approach.

Related to the Snord116 manipulation method, the knockdown effect size (2.5 — 20-fold
lower than control) was much weaker than the overexpression approach (100 — 1000-fold
higher than control). This may also contribute to inconsistency between findings. Genomic
deletion of the highly expressed Snord116 cluster results in a much larger effect size than
even 100 — 1000-fold and thus the knockdown approach may be a relatively weak effect size in
the grand system.

Additionally, although both Chapter 4 and Chapter 5 studies examined Nhlh2 RNA level
as the dependent variable, the overexpression approach used co-transfected exogenous
reporter constructs which allowed observation of key differences dependent on Nhih2 3'UTR.
The current study’s knockdown approach measured the endogenous levels of Nhlh2 at the
coding sequence, which does not allow observations of splice variant specific effects that may
be possible as the results from Chapter 4 would imply. Examining Nhlh2 splice variants may
be achieved using splice-variant specific primers for RT-QPCR. Additionally, with immortalized
cell lines the transcripts of some RNAs may drift and the biologically relevant form of the
transcript may be lost. Therefore, it is possible that endogenous Nhlh2 RNA transcripts may be
differently transcribed and use of an exogenous reporter RNA may lend more confidence that
the RNA in guestion is truly the one expressed, although there are caveats that come with
transfection of an exogenous reporter that must be considered.

Previous studies examining NhIh2 including Chapter 4 co-transfected Leptin receptor
(LepR) and Stat3 expression vectors, two genes that are key regulatory components of
Nhlh2.34-36 The current knockdown study did not replicate this, and these may be important
regulatory components that are not present. Although Stat3 RNA is expressed in N2A cells,
LepR RNA may be at a very low level or not expressed (data not shown). This uncertainty or
variability in expression of these genes could be reduced with co-transfection of their
expression constructs. It is possible that the regulatory effect Snord116 has on NhIh2 is
dependent on these components. Although the logistics and possibility of co-transfecting large
5 — 8kb plasmids with 20nt ASOs may be questioned, it is likely to be possible.
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The last major difference between Chapter 4 and Chapter 5 studies is the culture
media. The current study used 1g/mL glucose Dulbecco’s modified eagle medium (DMEM)
while the overexpression study used 4.5g/mL glucose DMEM. The 1g/mL glucose DMEM is
often referred to as “low glucose” media although 1g/mL is a “normal” glucose level in vivo
while the 4.5g/mL glucose DMEM is commonly referred to as “high glucose” and is above
diabetic levels in vivo.3” The 4.5g/mL glucose seems to be closer to the more commonly used
glucose levels in many in vitro experiments, including previous studies of NhIh2, although

glucose concentration is not always reported.3>36

PWS mouse model hypothalamus

For the Snord116del mouse model experiments, main differences between key studies
are summarized in Table 2. These key studies all observed hypothalamus RNA samples from
the same PWS mouse model of whole-body paternal deletion of Snord116. These studies also
detected Nhlh2 mRNA with targeted RT-QPCR methods or global RNA approaches via
microarray or RNAseq. These key studies include the original finding of differential Nhlh2
expression in Snord116 paternal deletion mouse hypothalamus, RNAseq studies examining
hypothalamic nuclei that failed to find differences in Nhlh2, and a microarray study that found
little overall differences between mouse genotypes.t?38 All studies included analysis of whole
hypothalamus RNA, while one study also performed RNAseq on hypothalamic nuclei including
the paraventricular nucleus (PVN), arcuate nucleus (ARC), ventromedial nucleus of the
hypothalamus (VMH), and the dorsomedial nucleus of the hypothalamus (DMH).?

Each study had a large variation in age of mice observed, from 5 day old or 13 day old
in the microarray study, 8-12 weeks old in the current study, 16-19 weeks old in the RNAseq
study, non-specified “adult” mice, and 7 — 11 month old mice. This presents a major problem in
comparing these studies, as developmental timepoint is a major influence on gene expression.
The study comparing 5 day old mice to 13 day old mice touches upon major differential gene
expression between these conditions. The developmental timeline is important to consider in
PWS studies, as PWS patients show multiphasic developmental symptoms.!

The time of tissue collection can be a major factor in gene expression studies, with
some PWS mouse models showing aberrant patterns of circadian related genes and circadian-

dependent neurological activity and behavior.3*#? This is in agreement with reports of PWS
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patients that have sleep related symptoms.*! These findings imply that time of day should be

TABLE 2 | Ding et al. 2010 % Burnett et al. Polex-Wolf et al. Current Study
20161 20182
RNAseq: 4 nuclei, RT-QPCR whole
Microarray whole RT-QPCR whole PVN, ARC, VMH, hypothalamus
hypothalamus hypothalamus DMH
fresh
Whole brain stored fresh RT-QPCR: whole homogenization
Method in RNAlater homogenization in hypothalamus in guanidinum
overnight and then guanidinum thiocyanate
dissected thiocyanate reagent Whole brain fresh- reagent
frozen, cryosection
Lysed in guanidinum Same day RNA dissection, lysed in Stored at -20°C
thiocyanate reagent purification guanidinum before RNA
thiocyanate reagent purification
5 days RNAseq: 16-19 weeks
Mouse Age “Adult” 8-12 weeks
13 days QPCR: 7-11 months
16-hour overnight .
6-hour fasted (5 day fasted 24-hour fasted Ad-lib fed
old mice only) -hour faste ,
Fed state . 16-hour overnight
16-hour overnight .
, Ad-lib fed fasted +5-hour
Ad-lib fed fasted +5-hour
refeed
refeed
Time of Fasted — 9am
tissue 3pm —4pm None described 12pm - 2pm
collection 5-hour refed — 2pm
Sex Male and Female Male Male Male and Female
N=1-5 mice per
pooled RNA sample N
Sample (median 4) N = 11-15 per RNAseq: N=4-6 N=5-14 (median
size condtion SN 8.5)
N=2-4 pooled RNA QPCR: N=3-6
samples
Nhlh2 — yes, refed
Difference and fasted No (NhIh2, Pcskl,
between No Pomc, Npy,Lepr, No
genotypes? Pcskl — no, p=0.09 Agrp)

for fasted

considered when collecting samples. There is some slight variation in sample collection time
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between the studies examined, although some differences are unavoidable due to what was
prioritized for some studies. Unfortunately, the RNAseq study of Polex-Wolf et al. did not report
time of sample collection.? Additionally, the Burnett et al. study contained both fasted and
refed animals, and due to the logistical nature of this experiment it was prioritized to keep the
total overnight fasting times consistent between these cohorts, so a comparison between
fasted and refed states here may possibly contain some circadian effects (personal
communication). However, genotype differences within fed state still showed differences for
Nhlh2 in both fed states and times of day.! Because the current study of Chapter 5 attempted
to replicate this study, which found differences in Nhlh2 between PWS and WT mice, we chose
to replicate the 5-hour refeed and include an ad-lib fed condition rather than a fasted condition.
These conditions may be more relevant for observing changes with Nhlh2 RNA as its levels
are low during fasted states and increases upon feeding and potentially peaks in expression
levels around 2-hours of leptin stimulation and/or refeeding.3¢43 This design also allows the
current study to minimize any circadian effects by collecting samples at the same time of day.
Of note, the Burnett et al. study reports that WT Snord116 increases with refeeding, however
this may in part be a circadian effect, as expression of the Snord116 host-gene transcriptional
unit is affected by time of day, showing increased signal during light hours.>4° However, these
potential effects due to fed state and circadian timing seem to be irrelevant for Nhlh2
expression differences between PWS and WT mice, as changes in Nhlh2 were observed in
both conditions.! In summary, the current study should partially replicate the circadian
conditions of Burnett et al. that found Nhlh2 differences in PWS mouse models.

The fed state of mice also shows variation between studies. There is a combination of
ad-libitum fed, fasted, and 5-hour refed across the studies. Fed state is worth noting due to the
interest in hyperphagia, obesity, energy expenditure, hypothalamic energy signaling, hormonal
changes, etc. surrounding PWS and the mouse model. Aberrant patterns of POMC-NPY
feeding balance signals are observed in genetic obesity, diet induced obesity, and in Snord116
bi-allelic deletion mouse models. Additionally bi-allelic deletion of Snord116 in only the NPY
neurons recapitulates nearly all of the same phenotypes as whole body congenital
deletions.3444-46 Additionally, Nhlh2 responds to fed state, as it shows low expression during
fasting and increases with refeeding and leptin stimulation, potentially peaking at 2-hours

postprandial time.®643 Therefore, it may be more likely to observe differences in Snord116-
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dependent Nhlh2 RNA levels during periods of Nhlh2 increase, where effect sizes are
potentially larger. Additionally, because NhIh2 responds to leptin signals, the temporal pattern
of this transcription factor may be an important component that is regulated by Snord116. The
current study replicated a fed condition that observed differences in Nhlh2 in Burnett et al.

In summary, the current study replicated favorable conditions in which NhIh2 differences
were observed between PWS paternal deletion mice and WT mice. However, there are
differences in age (e.g. “adult mice”, and 8-12 week old mice) which cannot be overlooked.
Additionally, there are implicit details that may be divergent between studies, such as the
precise area dissected of the hypothalamus. It is possible the current study did not include the
exact same portion of hypothalamus as Burnett et al.; however, RNA-seq studies examining
specific hypothalamic nuclei did not find differences either, suggesting it may not be an issue
of brain subregion. Additionally, all these studies used brain tissue without cell sorting to
examine specific cell types such as neurons, and neuron sub-populations. Nhlh2 and
Snord116 are mainly neuronally expressed genes so there may be some reduction of
observable effect size when brain tissue with all cell types is used. Furthermore, Nhih2 may
only be expressed in a relatively small subpopulation of hypothalamic neurons, such as a high
proportion of Kissl neurons or only about a third of rostral arcuate POMC neurons.?®47 This
cell-type specificity may be important and could be missed when brain tissue RNA is used.
High diversity of neuron cell types in the brain and its subregions make single-cell RNA
sequencing techniques an attractive approach for future directions, as well as RNA in situ
hybridization techniques that may identify cell types and subregions with co-expression of our
genes of interest. Approaches with the spatial resolution to detect RNA transcripts within
cellular compartments may also reveal co-localization effects.

As mentioned, the data in Chapter 4 shows that Snord116 stabilizes Nhlh2 mRNA,
protecting it from RNA degradation at the 45-minute timepoint. This suggests that the timing of
Nhlh2 transcriptional activity should be examined with higher precision in PWS mouse models.
A potential improvement on the current study may be to leptin stimulate the mice and take
hypothalamus samples at the key 45-minute post-leptin timepoint, as well as other timepoints if
possible. It is also possible the data from the current study was subject to less than perfect
dissection methods, RNA purification methods, or RT-QPCR methods that limited any potential
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findings. However, the high variability observed between studies of PWS mouse models is not

uncommon, as discussed in the literature review in Chapter 2.

In conclusion, both knockdown of Snord116 in Neuro2A cells and paternal deletion of
Snord116 in mice failed to recapitulate findings that Nhih2 RNA levels are reduced with loss of
Snord116. Nuances to these studies and context of other findings suggest there are
improvements that could be made in the current study’s approach regarding consideration of

Nhlh2 RNA splice variants, leptin signaling, and cell type specificity.

5.5 Methods

Mouse care and tissue collection

All animal protocols were approved by local Institutional Animal Care and Use
Committee at Virginia Polytechnic Institute and State University. All mice were on a C57BL/6J
background with Snord116 paternal deletion mice (B6[Cg]-Snord116tm1.1Uta/J Stock No:
008149 | 1-loxp (KO), Snordll6del) obtained from Jackson Laboratories. Genotyping was
performed as reported.*® Mice were housed at room temperature at about 22°C with 12-hour
light/dark cycles at 7am and 7pm and ad-libitum access to food (4.5% crude fat) and water.
Mice were weaned at 3 weeks old and housed with littermates of the same sex. For tissue
dissection, mice were euthanized between 8 and 12 weeks old by CO2 asphyxiation and
decapitated between 12pm and 2pm. Brains were then dissected using a brain block and
surgical tools, and whole hypothalamus tissue was lysed in TRIzol using a rotor stator
homogenizer. TRIzol samples were stored at -20°C until RNA purification (1 week — 1 year).
Fresh/autoclaved rotor stator homogenizers were used between samples.

For ad-lib fed conditions, mice were euthanized in home cages or separated from
littermates if needed before euthanization.

For 5-hour refeed conditions, between 5pm — 6pm mice were separated from home
cages and singly housed in cages without food or bedding (to prevent mice from eating
bedding). The following day, food was reintroduced at 9am until mice were euthanized at 2pm
and tissue was collected. The weight of food and mice were measured before food deprivation,

before food reintroduction, and at euthanization.
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Female mice estrous cycles were checked between 8am — 1lam using PBS washes
and observed under a microscope. Animals observed to be in diestrus were then euthanized
for tissue collection at 1pm for ad-lib fed conditions. For 5-hour refeed conditions, female mice
observed to be in diestrus were selected for overnight fasting and then refed for 5 hours and

euthanized for tissue collection the following day.

Cell Culture and Transfections

The mouse neuroblastoma cell line, Neuro2A, was maintained in T25 flasks in DMEM
(1g/L glucose) and 10% fetal bovine serum (GE Healthcare #SH30396.03HI) with penicillin (50
units/mL) /streptomycin (50mg/mL) (Thermo # 15070063) at 4-6% CO2 and 37°C. Cells were
detached from flasks using trypsin-EDTA (ThermoFisher # 25300054) and 6-well plates were
seeded with 2 x 10% - 10° cells per well. Transfections were done 2-4 days post seeding using
Opti-MEM® media (ThermoFisher # 31985070) and Lipofectamine® 3000 (ThermoFisher
#L.3000008) according to manufacturer’s instructions at 60-90% cell confluence.

Anti-sense oligos (ASO) were 20nt 5nt-10nt-5nt RNA/DNA/RNA with phosphorothioate
backbone and methylated RNA.>® Snord116-targetting ASOs and control ASOs targeting
nothing were transfected to a final concentration of 100nM, as optimized for Snord116
knockdown.

RNA Purification
For cell culture, 24 hours post transfection, cell culture media was removed, and cells
were lysed with 1mL of TRIzol® Reagent (ThermoFisher #15596018) directly in 6-well culture

plates. For mouse hypothalamus, tissue was lysed in TRIzol using a rotor stator homogenizer.
TRIzol samples were frozen at -20°C in microfuge tubes until purified (1-14 days for cell culture
/ 1 week to 1 year for mouse hypothalamus). Thawed TRIzol samples were purified using the
TRIzol+Purelink RNA minikit (ThermoFisher #12183025) following manufacturer’s instructions
for the TRIzol® Plus Total Transcriptome Isolation protocol. Purified RNA was then DNAse
treated using TURBO DNA-free™ Kit (ThermoFisher #AM1907) according to manufacturer’s
instructions, diluted to 60ng/uL in nuclease-free water, and stored at -80°C.
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Reverse-Transcriptase Quantitative PCR
For RT-QPCR, Power SYBR® Green RNA-to-CT™ 1-Step Kit (ThermoFisher

#4389986) was used according to manufacturer’s instructions. 10uL reactions were performed

using 150nM final primer concentration. Primers were assessed for efficiency using a dilution
series and fell within 90%-110% efficiency. 90ng RNA was used per 10uL reaction. Two to
three technical replicates were performed. Control reactions for each sample (No reverse-
transcriptase and no-template controls) were used for quality control. 384-well plates were run
on the ViiA 7 Real-Time PCR System (ThermoFisher) according to RT-QPCR mix instructions
and thermocycling conditions were not modified from suggested protocol (1-step
annealing/extension at 60°C). Quality control measures including melt-curve analysis,
technical replicate analysis, etc. were analyzed by thermocycler software and by operator; any
major errors were excluded from analysis when appropriate, and/or new samples and plates
were run when appropriate. Candidate reference genes for ddCT analysis were analyzed for
appropriate reference controls. Mouse beta-actin was used as reference gene control for all

experiments.

Statistical Analysis
All RT-QPCR data were analyzed using Microsoft Excel 16 for Microsoft 365, IBM
SPSS Statistics 26 for Windows, and GraphPad Prism 9.0.0. Number of samples in statistical

tests are described in respective figures. Error bars indicate +SD. The 29T method of relative
guantification was used. Statistical significance tests performed on respective ddCT values
from which Relative Quantification values are derived. Significance is expressed at *p<0.05,
**p<0.01, **p<0.001.

A two-way ANOVA with Bonferroni correction was used for relative expression of RNA

normalized to WT or control conditions.
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Oligo
Mouse b-actin, forward
Mouse b-actin, reverse
Nhlh2 primer, forward
NhlIh2 primer, reverse
Pcskl primer, forward
Pcskl primer, reverse
Snord116 primer, forward
Snord116 primer, reverse
Snord116 antisense oligo
Snordll16-scramble

antisense oligo

0IMR7958 WT primer

0IMR7959 Common primer

0IMR7960 KO primer

Function

QPCR
QPCR
QPCR
QPCR
QPCR
QPCR
QPCR
QPCR

In vitro Knockdown
In vitro

Knockdown control

Mouse genotyping

Mouse genotyping

Mouse genotyping
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Sequence

5' GGAATCCTGTGGCATCCAT

5' GGAGGAGCAATGATCTTGATCT
5' CCGAGCTCCGCAAACTACTA
5' ATGGCCAAGCGCAGAATCTC
5' CATGAAGCAGCCTCGTGTGTA
5' TTGCCATTCAGGCTCTTTTGTG
5' TGGATCTATGATGATTCCCAG
5' TGGACCTCAGTTCCGATGAG
5' CUUUUCCAAGGAATGUUUGA

5" AGAGATTCGTCTTATGUAUC

5 AATCCCCAACCTACTTCAAACAGTC

5 TGGATCTCTCCTTGCTTGTTTTCTC

5 TTTACGGTACATGACAGCACTCAAG



Chapter 6. Gene Expression Profile of Hypothalamus from Snord116™*/-

Mice with Dietary Nutraceutical Supplementation

6.1 Abstract

The Prader-Willi syndrome mouse model with paternally inherited deletion of the
Snord116 gene shares many phenotypes with the Nhlh2 knockout mouse. Homozygous
deletion of Nhlh2 in mice recapitulates many phenotypes of Prader-Willi Syndrome, including
obesity, hypogonadism, and developmental delay. A known intervention in NhIh2 knockout
mouse involving dietary supplementation of conjugated linoleic acid reduces obesity and
increases voluntary physical activity in these mice. Because of potential reduction in obesity,
the same dietary intervention was tested in Snord116 paternal deletion mice to test the
applicability for translation in to human Prader-Willi Syndrome patients. This chapter focuses
on hypothalamus mRNA sequencing results from this study in which we find mild differences
between genotypes and diets. These results are discussed in the context of other gene
expression studies for PWS mouse model hypothalamus which show variation between

studies.

6.2 Introduction

Prader-Willi Syndrome (PWS) patients currently have only one treatment approved by
the Food and Drug Administration (FDA), which is growth hormone (GH) supplementation.
Currently, there are a handful of experimental therapies in clinical trials to test the reduction of
hyperphagia and obesity in PWS, as there is still an unmet need for treating these symptoms
in PWS patients.! One dietary supplement that may hold promise is conjugated linoleic acid
(CLA). Dietary supplementation of CLA in WT mice prevents body weight gain and fat
accumulation.>” Furthermore, dietary CLA supplementation also shows benefits for Nhlh2
knockout mice, a model that shares many phenotypes of PWS patients including obesity,

hypogonadism, and developmental delay.>"'? This mouse model has a reduction in obesity,
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reduction in body fat, increase in voluntary physical activity, and an increase in skeletal muscle
mass with dietary supplementation of CLA.?™

CLAs are polyunsaturated fatty acids that are structural and geometric isomers of
linoleic acid, fatty acids with 18 carbon atoms and 2 double bonds (18:2) both in the cis
configuration. Conjugated linoleic acids are isomers of linoleic acids where the 2 double bonds
are “conjugated”, meaning they don’t have a methylene group separating them.'2%2 The most
common CLAs have double bonds in the cis-9, trans-11 structure (CLA-9,11) or trans-10, cis-
12 structure (CLA-10,12). The CLA-9,11 isomer is naturally found in ruminant animal food
products and is also known as rumenic acid.'?!? Because of the double bond in the trans
configuration, CLA is technically a trans fatty acid, however, the associations with trans-fat
consumption and negative health outcomes is largely between industrially produced trans-fat
consumption, while ruminant-derived trans fats lack these negative health associations.®® In
humans, CLA has shown efficacy against cancer, obesity, and atherosclerosis and is currently
“generally recognized as safe” (GRAS) by the FDA.'3 CLA products are commonly marketed
as dietary supplements for weight loss in humans.

While CLA has been tested extensively in many mouse models, there is no study
examining the effects of CLA in PWS mouse models. The positive benefits seen in Nhih2
knockout mice with CLA dietary supplementation are expected to translate to the PWS mouse
model and hopefully PWS patients. Furthermore, the mechanisms behind CLA’s effects have
been characterized in skeletal muscle, adipose tissue, and other organ systems, but there is
little data on potential hypothalamic effects.'® Understanding this gap in knowledge is valuable,
as hypothalamic defects in PWS patients and mouse models are considered the main cause of
symptoms.?41> Nhlh2 knockout mice phenotypes are also largely attributed to hypothalamic
disturbances, yet the effectiveness of CLA supplementation has not been investigated in the
hypothalamus of this mouse model.?-5910

The present study focuses on the hypothalamic mMRNA expression of mice with
paternally inherited deletions of the Snord116 gene cluster (Snord116™*/7-), a mouse model for
PWS. Wildtype (WT) and Snord116™*P mice were fed high-fat diets with or without
supplementation of CLA (0.33% w/w) from 6-10 weeks old to 25-29 weeks old at brain tissue
collection.
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6.3 Results

MRNA sequencing of whole hypothalamus shows strongest differences across diet

Whole hypothalamus RNA underwent poly(A) selection, high throughput massively
parallel RNA sequencing, alignment to a mouse reference genome, and quantified to gene and
RNA annotations. Differential expression analysis was made across genotypes and diets using
the DESeq2 plugin for Geneious Prime.6

6 comparisons were made between conditions. 3 comparisons were across genotype
(PWS/WT) for all diets, within control diet, and within CLA diet. 3 comparisons were across diet
(CLA/control) for all genotypes, within WT, and within PWS. Figure 1 shows a summary of the
comparisons made. The effect sizes for all comparisons are relatively weak, with only 6 out of
524 total differentially expressed genes (DEGs) above an absolute Log2 fold change of 0.5

and 4 out 6 of these genes being related to the genomic deletion at the Snord116 cluster.

Figure 1 Differentially Expressed Genes (DEGs)

i H CLA diet / Max Absolute
Control diet CLA diet G 392 DEGs Log2 Ratio = 0.345
N=9 N=10 286/392 upreg.
WT.CLA/ Max Absolute
WT WT.control 63 DEGs Log2 Ratio = 0.376
N=10 37/63 upreg.
PWS.CLA/ Max Absolute
PWS PWS.control 15 DEGs Log2 Ratio = 0.383
N=9 2/15 upreg.
Figure 1. Summary of differentially expressed genes found in
each comparison. Conditions are organized in a 2x2 matrix of
PWS all diets pws'm"trln" PWS.CLAS diets in the top row and genotypes in the left column. Number of
/WT all diets WT.contro WT.CLA samples per condition are indicated at matrix junction. Number of
29 DEGs 18 DEGs 4 DEGs differentially expressed genes (DEGs) are displayed between
34 each comparison group indicated by arrows going through each
18/29 upreg. 17/18 upreg. upreg. condition compared. Max absolute Log? ratio (fold change) found
for all DEGs within a comparison. False discovery rate (FDR)
Max Absolute Max Absolute Max Absolute <0.10. DEGs include quantification by gene annotation and RNA
Log2 Ratio = 1.367 Log2 Ratio = 1.197 Log2 Ratio = 1.35 annotation without redundancy.

5 out of 6 of the comparisons have a majority of DEGs upregulated when compared to
the control condition (WT or control diet). Generally, the PWS control diet condition had the
least amount of variance between samples, as displayed by the principal component analysis
(PCA) plot of Figure 2.
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Figure 2. Principal Component Analysis (PCA) plot of all samples. PC1 on the X-axis represents a group of genes that explains 44.53%
of the variance across samples. PC2 on the Y-axis represents a group of genes that explains 13.6% of the variance across samples. The
closer individual samples are to each other, the less variance there is between them in these two dimensions. Strong evidence for differences
between experimental conditions would be displayed by high spatial separation between conditions (high variance across conditions), and
low spatial distance within a condition (low variance within a condition).

RT-QPCR validation of select DEGs

A select number of DEGs were chosen to validate by reverse transcriptase quantitative
polymerase chain reaction (RT-QPCR). The DEGs listed in Table 1 were selected for RT-
QPCR targets based on high absolute effect size between conditions, high expression levels,
highest confidence in differential expression, reproducibility between multiple algorithms, and

biological role.

TABLE 1.
Gene Comparison Fold change Gene name
Erflea WT / PWS 1.23 (both diets) glutamate receptor, ionotropic, AMPA4
(both diets + CLA diet) 1.27 (CLA diet) subunit
Gabrg? WT/ PWS 116 gamma-aminob.utyric acid (GABA) A
(both diets) receptor, subunit gamma 2
Control / CLA diets
Chmplb (both genotypes + WT 1.27 (both genotypes) charged multivesicular body protein 1B
1.29 (WT only)
only)
Control / CLA diets
0.89 (both genotypes) . .
Retreg2
g f)t;:}t: genotypes + PWS 0.85 (PWS only) reticulophagy regulator family member 2
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Of the 7 comparisons among 4 DEGs tested via RT-QPCR, only 2 out of 7 replicated

significant differences found by Rna-seq (Figure 3).
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6.4 Discussion

Overall, the RNA-seq study found relatively little difference in RNA expression across all
conditions examined. The largest effect size for DEGs was only about 2-fold and it was from
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IPW, a gene related to the Snord116 cluster that is partially deleted in the PWS mouse model
used. The next highest effect size ranged from 1.36 — 1.56-fold from Ndn, another gene that is
related to PWS that is often deleted in PWS type 1 large deletions. Interestingly Ndn was
upregulated in PWS mouse models for all diet conditions but has not yet been verified by RT-
QPCR. The weak effect size for all DEGs in the current RNA-seq study also leads to difficulty
in validation of DEGs, as RT-QPCR is limited by the sample size in the current study and their
natural variability.

The RNA expression of PWS mouse models has been explored before, as discussed in
Chapter 5. One study using microarray of neonatal mice hypothalamus also failed to find major
differences between WT mice and Snord116™+P- mice.l” However, this study had pooled
samples and a low N between comparisons group, although it could detect strong changes
between developmental timepoints. Another microarray study of RNA expression, this time in
Snord116™/P- mice, shows increases in many neuropeptide genes including Pomc, Npy, Hcrt,
Pmch, and Ghrh.’® Magnitude of increases range from 2.2-fold increase in GhRH mRNA to
1.13-fold increase in Pmch mRNA, as validated by in situ hybridization (ISH).'® Additionally,
another study in Snord116™/P- mice shows increased Pomc and Npy mRNA via ISH,'°® and
another study in Snord116™*P- mice finds increased Agrp and Npy mRNA with RT-QPCR only
during 5-hour refeeding conditions.?°

For RNA-seq studies, there are two studies done in Snord116™P- mice. One study
examined whole hypothalamus poly(A) RNA, finding nearly 9000 DEGs with an absolute fold
change greater than 2.2 These DEGs include Nhlh2 (down), Pcskl (down), Gria4 (down,
opposite of current study), Gabrg2 (down, opposite of current study), Retreg2 (down, not a
DEG across genotype in current study).?! There are nearly 50,000 annotated genes in the
mouse genome and not all are poly(A) encoding genes, meaning about 18% are differentially
expressed in the study described which had a sample size of 3 mice per genotype taken at the
beginning of the light period at Zeitgeber time 0.

The other RNA-seq study in Snord116™P- mouse hypothalamus examined
hypothalamic nuclei including the paraventricular nucleus (PVN), arcuate nucleus (ARC),
ventromedial hypothalamus (VMH), and dorsomedial hypothalamus (DMH).?? Unlike previous
studies, this study fails to find differences in expression of Pomc, Npy, Lepr, or Agrp in the

arcuate nucleus that mediates appetite regulation.?? Even after adult deletion of Snord116 in
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the mediobasal hypothalamus which led to obesity in some mice, obese mice show no
difference in these key genes or Nhlh2 and Pcsk1.2?2 The only DEG reported in the obese mice
is suppressor of cytokine signalling 3 (Socs3), which increases in obese mice.?? This gene is a
negative regulator of leptin signaling which may mediate central leptin resistance.?® Mice with
increased Socs3 in POMC neurons show increased body weight and adiposity.?* These
summary of these gene expression studies shows that there is high variability across all
studies investigating PWS mouse model hypothalamus, with some reporting almost no
differences and some reporting a high number of DEGs. The central melanocortin system of
POMC-NPY/AGRP genes is also variable between studies.

Possible explanations for no major differences observed in the current study could be
due to testing the whole hypothalamus rather than hypothalamic nuclei or specific cell types.
However, a study that isolates hypothalamic nuclei also reports no major differences in
appetite homeostasis genes of interest, suggesting that nuclei isolation may lead to similar
outcomes.?? As of yet, there are no single cell genomics studies in PWS mouse hypothalamus.
The single-cell sequencing (scSeq) approach may be an interesting path forward, as the
diversity of function and molecular signature is high in brain tissue and hypothalamus, and use
of scSeq has helped spatially and functionally map discrete regions.?® It is possible that
changes in gene expression are truly mild in magnitude and below the detection limits of the
current study. As discussed in Chapter 5, the developmental timepoint, circadian timepoint,
and fed state may influence outcomes in this study. Furthermore, changes in gene expression
could be of greater magnitude in other brain regions, such as the pituitary, or other
hypothalamic neuron efferent targets such as the hindbrain.

The only DEG between genotypes validated in the current study is Gabrg2, gamma-
aminobutyric acid (GABA) A receptor, subunit gamma 2. This is a ligand-gated ion channel
receptor subunit for the inhibitory neurotransmitter GABA. The mature GABA receptor contains
5 subunits, with about 20 different possible subunits from 8 different isoform classes. The
gamma subunit isoform has 3 total genes and contains a benzodiazepine binding site.
Mutations in this gene have been linked to epilepsy and anxiety-like behavior in mice.?6-28 In
the PVN of the hypothalamus, Gabrg2 has been implicated in diurnal rhythmicity in metabolism
and diet-induced obesity through upstream regulation by the circadian gene Bmall1.?° Loss of

Gabrg2 in the PVN leads to obesity and loss of diurnal rhythm of energy expenditure and food
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intake.?® Additionally, Gabrg2 is diurnally regulated in the suprachiasmatic nucleus (SCN) of
hamster and mice.*® The current study shows that PWS mice have an increase in Gabrg2
expression across all diets. There is little known about how upregulation of this gene may
affect this behavior, although it may suggest a normal diurnal rhythm of metabolism. Data
collected from the main study may want to examine the diurnal activity of PWS mouse models,
with the additional consideration that PWS mouse models show disrupted circadian-related
behavior.?1:31-33

Regarding the CLA diet, this is the first RNA-seq study examining the hypothalamus in
mice with a CLA supplemented diet to the author’s knowledge. CLA diet mice generally show
higher variability in RNA-seq results than control diet mice (Figure 2). Additionally, Figure 2
shows that samples grouped by diet have the most segregation of clusters between any
comparisons, which is also displayed by the highest number of DEGs out of all comparisons
(Figure 1). This suggests that diet is a stronger factor for differential gene expression than
genotype. This further suggests that PWS mouse models show little difference in overall
hypothalamic RNA expression. However, while diet may be important for differential gene
expression, the magnitude of differences is still very weak at maximum absolute Log2 fold
change of 0.345, or 1.27-fold. It is questionable how many of these DEGs can be validated by
RT-QPCR due to limitations of low effect size. Gene ontology analysis for this set of 392 genes
is shown in Table 2 analyzed using MouseMine by mouse genomics informatics.3* Many of the
enriched pathways are implicated in metabolic processes. Furthermore, the effects of CLA diet
have been explored at the molecular level in muscle, adipose tissue, liver, and other organ
systems outside the brain. Indications are that some mechanisms for reduction of weight and
fat mass are likely due to increased fatty acid oxidation and browning of white adipose tissue
likely independent of the nervous system, and therefore it is possible that the CLA diet has little
direct impact on hypothalamic gene expression.'® However, diet can influence hypothalamus
molecular signatures, with studies showing increased inflammation influenced by diet, and
intracerebroventricular administration of CLA may decrease appetite in mice through reduction
of NPY and AgRP signalling.3>2” The only DEG confirmed via RT-QPCR with CLA diet is
charged multivesicular body protein 1b (Chmplb), a gene involved in the endosomal sorting
complexes required for transport (ESCRT) that may be involved in the multi vesicular body

(MVB), a specialized endosome.34° Chmplb has been implicated to support lipid-droplet to
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peroxisome fatty acid trafficking.* This gene is increased with CLA diet, which supports the
idea that CLA promotes increased fatty acid oxidation, as Chmp1b is implicated to support this
as well, among many other functions. In the context of the brain, peroxisome breakdown of
fatty acids is essential for the building blocks of the myelin sheath that coats axons.*? This
pathway is an interesting target, and further investigation on this dataset may investigate the
intersection of fatty acid oxidation and myelin pathways.

Table 2. Gene ontology for differentially expressed genes across diets including all genotypes.

Biological Process - Gene ontology enrichment Adjusted p-value (Holm-Bonferroni)
cellular metabolic process 3.94E-05
phosphate-containing compound metabolic process 0.00036
phosphorus metabolic process 0.000535
organophosphate metabolic process 0.002057
organonitrogen compound metabolic process 0.002665
primary metabolic process 0.004663
generation of precursor metabolites and energy 0.011009
cellular protein metabolic process 0.012829
rRNA processing 0.025972
rRNA metabolic process 0.046374

In terms of methodology, there are improvements that could be made. First, the mRNA-
seq library prep used in the current study retains “stranded” info, allowing mapping to the
forward or negative strand of the mouse reference sequence. However, the quantification
methods used here are unable to use the stranded directionality info and instead treat the
mapped reads as if strandedness is unknown. Therefore, a more effective quantification
method can be used to quantify the stranded reads more accurately to annotations with
directionality. The human reference genome Gencode release 19 has an estimated 19% of
overlapping genes transcribed from opposite strands.*® The percentage of ambiguous reads in
human blood-derived cells is about 6% with non-stranded RNA-seq and drops to about 3%
with stranded RNA-seq.*® While using stranded info more effectively would be an improvement
on the current method, it likely does not account for the majority of why such weak differences

are seen between conditions. Additionally, it cannot be ruled out that sample collection and

113




preparation could potentially be flawed, and improvements in sample collection may increase
accuracy and confidence in findings.

There are many algorithms for use in RNA-seq for all stages of the pipeline. In terms of
guantification algorithms and differential expression analysis, it has been suggested that the
one used in the current study, DESeq2, may perform better when there are a high number of
differentially expressed genes.***> Both RNA-seq studies described in comparison to the
current one used different algorithms. The study on whole hypothalamus finding about 9000
DEGs also used DESeq2 for quantification, but different read assembly methods. The study
examining hypothalamic nuclei used different highly cited methods for both read assembly and
guantification of DEGs. The diversity of algorithms and methodology is a persistent problem (or
blessing) for bioinformatics in which standardization throughout the field is still changing
rapidly, and while awareness of limitations and uses of certain approaches is essential, it is
unavoidable that studies will diverge in approaches. There are reviews evaluating the
reproducibility between RNA-seq algorithms and validation through RT-QPCR, and for the
most part, most approaches are adequately consistent between each other and can be
validated.44-51

Future work with this dataset may want to integrate other variables besides diet and
genotype. For example, the main study recorded many measures such as body weight, body
fat, glucose tolerance test, anxiety-like behavior, etc. which are not detailed in the current
work. Integration of this data, as well as genetic background (e.g., litter, parents, siblings, etc.)
may guide further findings in this dataset but are outside the scope of the current report. Other
DEGs found in the current report also need to be validated by RT-QPCR (e.qg., Ipw, Ndn).

6.5 Methods

Mouse care and tissue collection

All animal protocols were approved by local Institutional Animal Care and Use
Committee at Virginia Polytechnic Institute and State University. All mice were on a C57BL/6J
background with Snord116 paternal deletion mice (B6[Cg]-Snord116tm1.1Uta/J Stock No:
008149 | 1-loxp (KO), Snordl16del) obtained from Jackson Laboratories. Genotyping was

performed as reported.>? Mice were housed at room temperature at about 22°C with 12-hour
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light/dark cycles at 7am and 7pm and ad-libitum access to food (20% fat w/w) and water. Mice
were weaned at 3 weeks old and housed with littermates of the same sex. Mice were singly
housed at 6 — 10 weeks old until the endpoint of the study. Standard measurements such as
body weight, body fat percentage, etc. were taken throughout the study and assays including
treadmill running, glucose tolerance test, etc. were performed before and after 12 weeks of
dietary condition. For tissue dissection, mice were euthanized between 25 and 29 weeks old
by CO2 asphyxiation and decapitated between 12pm and 2pm. Brains were then dissected
using a brain block and surgical tools, and whole hypothalamus tissue was lysed in TRIzol
using a rotor stator homogenizer. TRIzol samples were stored at -20°C until RNA purification
(2 weeks — 5 months). Fresh/autoclaved rotor stator homogenizers were used between

samples.

RNA Purification
Fresh hypothalamus tissue was lysed in TRIzol using a rotor stator homogenizer. TRIzol

samples were frozen at -20°C in microfuge tubes until purified (2 weeks to 5 months). Thawed
TRIzol samples were purified using the TRIzol+Purelink RNA minikit (ThermoFisher
#12183025) following manufacturer’s instructions for the TRIzol® Plus Total Transcriptome
Isolation protocol. Purified RNA was then DNAse treated using TURBO DNA-free™ Kit
(ThermoFisher #AM1907) according to manufacturer’s instructions, diluted to 60ng/uL in

nuclease-free water, and stored at -80°C.

RNA sequencing

RNA sequencing and library preparation was performed by Virginia Tech’s Genomics
Sequencing Center facility at the Fralin Life Sciences Institute. Total RNA with RIN = 8.0, was
converted into a strand-specific library using lllumina’s TruSeq Stranded mRNA HT Sample
Prep Kit (lllumina, RS-122-2103), for subsequent cluster generation and sequencing on
lllumina’s NextSeq. The library was enriched by 14 cycles of PCR, validated using Agilent
TapeStation and quantitated by gPCR. Individually indexed cDNA libraries were pooled and
sequenced on NextSeq 75 SR.

The lllumina NextSeq Control Software v2.1.0.32 with Real Time Analysis RTA

v2.4.11.0 was used to provide the management and execution of the NextSeq 500 and to
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generate BCL files. The BCL files were converted to FASTQ files, adapters trimmed and
demultiplexed using bcl2fastg Conversion Software v2.20.

FastQ files were aligned to mouse genome GRCm38.p6 using the Geneious RNA
assembler 2020.1.2 from Geneious Prime with map quality 30 (99.9% confidence). Alignments
were quantified to gene and RNA annotations and comparisons across experimental
conditions were performed using the DESeq?2 plugin in Geneious Prime.'6:5354 False discovery

rate (FDR) was calculated using the Benjamini-Hochberg procedure.

Reverse-Transcriptase Quantitative PCR
For RT-QPCR, Power SYBR® Green RNA-to-CT™ 1-Step Kit (ThermoFisher

#4389986) was used according to manufacturer’s instructions. 10uL reactions were performed

using 150nM final primer concentration. Primers were assessed for efficiency using a dilution
series and fell within 90%-110% efficiency. 90ng RNA was used per 10uL reaction. Two to
three technical replicates were performed. Control reactions for each sample (No reverse-
transcriptase and no-template controls) were used for quality control. 384-well plates were run
on the ViiA 7 Real-Time PCR System (ThermoFisher) according to RT-QPCR mix instructions
and thermocycling conditions were not modified from suggested protocol (1-step
annealing/extension at 60°C). Quality control measures including melt-curve analysis,
technical replicate analysis, etc. were analyzed by thermocycler software and by operator; any
major errors were excluded from analysis when appropriate, and/or new samples and plates
were run when appropriate. Candidate reference genes for ddCT analysis were analyzed for
appropriate reference controls. Mouse beta-actin was used as reference gene control for all

experiments.

Statistical Analysis
All RT-QPCR data were analyzed using Microsoft Excel 16 for Microsoft 365, IBM
SPSS Statistics 26 for Windows, and GraphPad Prism 9.0.0. Number of samples in statistical

tests are described in respective figures. Error bars indicate +SD. The 29T method of relative
guantification was used. Statistical significance tests performed on respective ddCT values
from which Relative Quantification values are derived. Significance is expressed at *p<0.05,
**p<0.01, ***p<0.001, NSp>0.05.
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A two-way ANOVA with Bonferroni correction was used for relative expression of RNA
normalized to WT or control conditions (Figure 3A, B). Unpaired t-test was used for select

pairwise comparisons (Figure 3D,E,F).
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Chapter 7. Conclusions

The current study sought to better understand the molecular relationship between the
non-coding RNA SNORD116 and the neuroendocrine transcription factor NHLH2 with
implications of Prader-Willi Syndrome etiology.

The hypothesis that Snord116 positively regulates Nhlh2 RNA dependent on the 3'UTR
is supported by work in Chapter 4. The related hypothesis that deletion of the Snord116 gene
cluster in mouse leads to low NhIh2 RNA levels in the hypothalamus is not supported by work
in Chapter 5 and 6. The disagreement between these two main results may be explained by
many factors, including splice variant specificity, cell type specificity, and leptin signaling.

Prior to Chapter 3 it was unclear how much variation there was between mouse and
human in their Snord116 gene sequences, and this potential variation in sequence could
explain the phenotypic variation between the mouse model and human PWS. This study found
that there is phylogenetic conservation shared from human through chimp, rabbit, rat, and
mouse in key motif regions of the SNORD116 RNA sequence including the C/C’ boxes, the D’
box, and critically, the antisense region upstream of the D’ box. This implies that these well
characterized snoRNA motifs are likely functionally conserved from mouse to human,
indicating that the many copies of SNORD116 may be targeting RNAs through sequence
complementarity as predicted. It further established that mouse Snord116 homologs are highly
homologous to each other, and they are most homologous to human SNORD116-1 through
SNORD116-9.

Chapter 4 examined a question of debate in the research community. Does SNORD116
regulate NHLH2 at the molecular level? The work of Chapter 4 shows that mouse Snord116
stabilizes NhIh2 mRNA reporters dependent on its 3’UTR. Nhlh2 mRNA is subject to rapid
decay within 45 minutes of transcription and Snord116 protects against this initial rapid decay.
Additionally, a SNV in mouse Nhlh2 at the predicted site of sequence complementarity
between human SNORD116 and NHLH2 was able to weaken the positive effect mouse
Snord116 has on Nhlh2 levels. This suggests that Snord116 may be mediating its effect at the
predicted site of interaction, however this direct interaction is not proven. There are many

possible reasons for this regulatory effect including competition with destabilizing elements,
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recruiting stabilizing factors to NhIh2 RNA, methylation of NhIh2 RNA, poly(A) signal
dependent factors, etc. Future studies may investigate co-immunoprecipitations of Nhlh2 and
Snord116 to examine possible direct binding and protein complexes. Additionally, signaling
factors such as leptin, glucose, serum, or media refreshment in vitro may affect Snord116’s
stabilizing effect on Nhlh2 and may be of interest for future studies. Furthermore, the study
with Nhlh2 can serve as a model for Snord116 function and downstream targets. It is unknown
whether Snord116 may have stabilizing effects for some RNA targets and destabilizing effects
for others. The current study also needs to be translated to human genes using SNORD116-3
and human NHLH2 which have stronger predicted interactions than the mouse sequences
used in the current study. The sequence motif found on the human NHLH2 predicted
interaction site may be useful for future searches of possible SNORD116 targets. Additionally,
the predicted interaction region on NHLH2 is within a highly conserved sequence, showing
nearly 100% conservation through 70 vertebrates. It is unclear why this region is so highly
conserved, as motif searches in this region yielded no obvious results. The targeted SNV
mutation within this region may have disrupted a functional motif that works in synchrony with
Snord116, and this disruption reduced the positive regulatory effect of Snord116, not through
disruption of Snord116’s sequence complementarity and ability to bind NhIh2, but through
disruption of a co-factor that works in tandem with Snord116 regulation. There are still many
guestions to answer from this study with future work, however the priority is likely to replicate
the work in human constructs and expand the list of candidate target RNAs for SNORD116.
Chapter 5 addressed the lack of reproducibility in Snord116™*P- models between
studies. Low NhIh2 levels were reported in Snord116™P- mice, and this finding was not
replicated in future independent studies. Chapter 5's study sought to reconcile these
differences conclusively. Our work shows that these PWS mouse models had no changes in
their hypothalamus for RNA levels of the genes of interest, Nhlh2 and Pcskl. It is unclear why
there is disagreement between studies, but many factors of variation seen between studies are
the age of mice, the time of day, the fed state, and the precision and method of sample
collection. Additionally, transient knockdown of Snord116 in a mouse neuroblastoma cell line
did not change NhIh2 or Pcskl RNA levels. This study had many differences in approach when
compared to the study of Chapter 4 that found an increase in Nhih2 levels with Snord116,

which may partially explain the inconsistent findings. However, another explanation for the lack
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of findings in the studies of Chapter 5 may be due to the importance of the temporal pattern of
Nhlh2, which decays rapidly after transcription without the protective effect of Snord116, as
shown in Chapter 4. A future approach may be to stimulate NhIh2 transcription in vivo with
leptin injection and collect samples shortly afterward in WT mice and PWS model mice.
Snord116 knockdowns in vitro may also consider using leptin stimulation for initiating Nhih2
transcription and collecting samples shortly after around the 45-minute mark.

Chapter 6 expanded on work with the PWS mouse model Snord116™*P-. Conjugated
linoleic acid (CLA) is a dietary supplement currently on the market for reducing body weight
and obesity in humans, and CLA is effective in a mouse model that shares many phenotypes
of PWS, the Nhlh2 homozygous deletion mouse (N2KO mouse). The primary outcomes of this
study were not described here, but a secondary goal was to characterize the RNA expression
profile of mouse hypothalamus under a CLA supplemented diet for both WT and Snord116™m+/p-
mice. Previously, the RNA expression profile of mouse hypothalamus during a CLA-
supplemented diet had not been described for WT mice or PWS mouse models. The current
study used mRNA-seq to show that there are little drastic changes between mouse genotypes
or between diets. The effect size of differentially expressed genes was relatively mild for all
comparisons made, but it appears that the type of diet has a larger effect on differential gene
expression than genotype. CLA diet may be changing the expression of many genes involved
in metabolic processes. Future directions for the genotype differences include validation of
differentially expressed genes, use of single-cell sequencing approaches, and in situ
hybridizations to identify co-localized genes of interest and cell types and quantify changes
between genotypes. Future directions for the CLA diet hypothalamus include integrating
additional data from the primary study into the RNA-seq analysis, such as body weight, body

composition, glucose tolerance test, and other measures.
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