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Chapter 1

Overview of Neurodegenerative Diseases and Genetic Modifiers



1.1 Neurodegenerative diseases

Neurodegenerative diseases are increasingly prevalent due to the rise in average
lifespan. This growth in incidence correlates with a high demand for treatment, which is
not readily available for most of these diseases, fueling the investigation to better
understand the mechanisms behind them. The identification of genes that enhance the
likelihood of having or directly causing neurodegeneration has led to improvements in
diagnosis; but there is no consensus on the molecular and cellular mechanisms
underlying these diseases. To further understand these mechanisms many vertebrate
models were created. However, due to the complexity of the vertebrate brain and other
limitations, such as gene manipulation and time, researchers have looked to invertebrate
model systems such as Caenorhabditis elegans (C. elegans) or Drosophila
melanogaster (Drosophila) to delineate the molecular and cellular pathways underlying

neurodegeneration.

1.2 Overview of Spinal Muscular Atrophy

Spinal Muscular Atrophy (SMA) is an autosomal recessive neurodegenerative
disease characterized by loss of alpha motor neurons and muscle atrophy that leads to
paralysis and ultimately death (Crawford and Pardo, 1996). It is the number one genetic
cause of death for children under two years of age in the United States, affects
approximately 1 in 10,000 live births and has a high carrier frequency in the Caucasian
population, roughly 1 in 40 (Pearn, 1978, Crawford and Pardo, 1996). SMA is caused by
diminished levels of the Survival of Motor Neuron (SMN) protein. SMN is ubiquitously
expressed and known to play a fundamental role in snRNP assembly (Fischer et al.,
1997, Liu et al., 1997). While the role of SMN in spliceosome assembly has been well
studied, it is still unclear how depletion of a ubiquitously expressed protein can

specifically cause motor neuron death. Insights into new pathways involving SMN have



occurred over the last several years (Hua and Zhou, 2004, Rossoll and Bassell, 2009,
Coady and Lorson, 2011, Fallini et al., 2011, Zou et al., 2011); however, despite a
plethora of studies, we still do not know what drives SMA pathogenesis. Understanding
disease mechanism could provide insight into the molecular and cellular pathway(s)
behind SMA and offer new therapeutic approaches to a disease for which no treatment

is currently effective.

Clinical Knowledge

SMA affects the lower motor neurons that are found in the spinal cord and relay
information to the muscle. Degeneration of lower motor neurons in individuals with SMA
leads to muscle weakening and atrophy throughout the body, usually starting from
muscles located closest to the trunk (i.e., shoulders, hips and back). The disease does
not impact the brain; hence, individuals maintain intellectual ability and all senses. Due
to the wide range of clinical severity in patients, SMA is divided into four categories
depending on the age of onset and disease severity (Russman, 2007).
Type |: Also known as Werdnig-Hoffman disease, this is the most severe form of the
disorder. Children are diagnosed at birth or within the first few months of life. Affected
patients have severe muscle atrophy and are unable to support their head or sit
unassisted. Severe muscle atrophy leads to difficulty in breathing and swallowing
causing complications that can lead to death by approximately two years of age (Byers
and Banker, 1961, Werdnig, 1971).
Type II: Diagnosis is made within the first year of life due to characteristic muscle
weakness. Patients with type || SMA are mostly able to sit without support, but are wheel
chair bound due to their inability to stand or walk (Dubowitz, 1964).
Type lll: Also known as Kugelberg-Welander disease or juvenile type SMA. It has much

milder characteristics with symptoms developing as late as adolescence. Patients



generally reach adulthood and can walk without assistance; although they may have
mobility trouble later on in life (Kugelberg, 1967).

Type IV: This is the newest category of SMA, known as adult onset, where symptoms
often occur after age 30. Affected patients experience mild to moderate muscle

weakness, typically in proximal muscles (Russman et al., 1992, Russman et al., 1996).

Genetics of SMA

The gene causing SMA, SMN1, was first identified in 1990, to be located on
chromosome 5q (Brzustowicz et al., 1990). Unaffected humans contain two intact copies
of genes encoding for SMN due to a duplication event: a telomeric and a centromeric
copy. The duplicated centromeric copy (survival motor neuron 2 gene (SMNZ2)), only
present in humans, is very similar to the telomeric copy; but it contains a single
nucleotide change (C>T) in exon 7. This single nucleotide change affects SMN2 pre-
mMRNA splicing and typically results in a truncated protein of diminished function and
stability (SMNA7). The protein product of SMNZ2 is full-length only 10% of the time,
whereas the rest is truncated and quickly degraded (Lefebvre et al., 1995, Coovert et al.,
1997) (Figure 1).

Figure 1
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Figure 1: SMA patients are unable to produce the required amount of full-length SMN
protein.
SMA (affected) patients contain homozygous mutations in SMN71. SMNZ2 is only

able to produce 10% full protein and the rest is quickly degraded.

SMA patients are homozygous for either a deletion or loss-of-function mutation in the
telomeric copy of the survival motor neuron 1 gene (SMN1) (Crawford and Pardo, 1996).
SMNZ2 acts as a genetic modifier of the disease with complete loss of SMN1 expression.
This is because SMNZ2 is located in a highly unstable region of chromosome 5q13 and is
often present in multiple copies. The highly variant expression of SMN2 is able to
modulate SMA severity in a copy-dependent manner. Studies show that patients with
mild symptoms of SMA (SMA Type Ill) can have as many as four or five SMN2 copies
compared to Type | patients that may only have one (Lefebvre et al., 1995, Prior et al.,

2004).

SMN protein function

The 38kDa SMN protein is found in the nucleus and cytoplasm of all cells. Its
various domains give a better understanding of the proteins function. Exon 2b encodes a
K domain that is rich in lysine (K-rich) and is responsible for GEMIN-2 binding (Young et
al., 2000). Directly following is a Tudor domain, encoded by exon 3, that is present in
proteins that have a role in RNA metabolism (Buhler et al., 1999). Both domains are
essential for SMN’s canonical role in snRNP biogenesis (Buhler et al., 1999, Zhang et
al., 2011). Exon 5 and part of exon 6 encode a proline-rich (P-rich) region that may be

important for the interaction with profilin, an actin-binding protein (Giesemann et al.,




1999). The C-terminal domain is encoded by exon 6 and contains the self-
oligomerization domain of SMN allowing it to dimerize into a functional complex with
itself (Lorson et al., 1998, Burnett et al., 2009).

SMN has been reported to bind or associate with many proteins (Paushkin et al.,
2002, Eggert et al., 2006, Simic, 2008). However, it is unclear which of these interactions
are critical in SMA pathogenesis. SMA is thought to be predominantly caused by
disruption of SMN’s canonical role in snRNP biogenesis and splicing (Lefebvre et al.,
1995, Battle et al., 2006). In this paradigm, SMN binds to Sm proteins which function in
the assembly of the snRNP complex. This complex is crucial for the recognition of splice
sites within pre-mRNAs, followed by the removal of introns. It contains SMN, GEMINS 2-
8 and the UNR-interacting protein (UNRIP) (Pellizzoni et al., 2002, Gubitz et al., 2004,
Pellizzoni, 2007). Mutations in SMN that disrupt formation of this complex formation
cause alterations in splicing (Gabanella et al., 2007, Zhang et al., 2008). It is speculated
that specific genes that are mis-spliced when SMN is depleted are crucial for motor
neuron circuitry; thus making these cells particularly susceptible to degeneration (Lotti et
al., 2012).

Recent studies have shown SMN in a complex without Sm proteins, but instead
found in granules along axons and in growth cones of various neuronal types, including
motor neurons (Pagliardini et al., 2000, Rossoll et al., 2003, Zhang et al., 2006, Akten et
al., 2011, Fallini et al., 2011). To further support a role for SMN in axon granules, SMN
was shown to either directly interact or associate with proteins that have known roles in
axon function, such as FMRP, HuD and TDP-43 (Wang et al., 2002, Piazzon et al.,
2008, Akten et al., 2011). Most SMN interacting proteins in axons are either involved in
cytoskeletal dynamics or mRNA-binding regulating transport, stability and local
translation in neurons (Giesemann et al., 1999, Rossoll et al., 2002, Oprea et al., 2008,

Fallini et al., 2011). Animal models of SMA exhibit decreased axon outgrowth and



smaller growth cones, underlining the importance of SMN’s role in motor neurons
(Rossoll et al., 2003). Data from these studies and others point to a neuron specific role
of SMN, where it is hypothesized that SMN is involved in the trafficking of RNAs for local
translation. A clear understanding of SMN’s role in axon granules and the RNAs that are
locally translated are yet to be identified. Without further knowledge it is unclear whether
SMA is a result of the loss of SMN'’s canonical role in pre-mRNA splicing, or its putative

role in axon granule formation and local mRNA translation.

PLS3 as a genetic modifier of SMA

Previously, SMN2 was the only identified genetic modifier of SMA. In 2008, a
study identified Plastin 3 (PLS3), which is found in a complex with SMN and actin, as a
gender-specific protective modifier in female SMA patients (Oprea et al., 2008). PLS3 is
broadly expressed and contains a conserved calcium-binding domain and is an actin-
bundling/stabilizing protein (Delanote et al., 2005). PLS3 is known to play a role in
cytoskeleton dynamics, which is crucial for axon growth, pathfinding and branching
(Dent and Gertler, 2003). Not much is known about the role of PLS3 outside of its
canonical function as an actin-bundling protein. This function or another role yet to be
identified could affect SMA pathogenesis in motor neurons.

Oprea and co-workers identified an increase in the PLS3 protein level in
asymptomatic individuals with a homozygous mutation of SMN1 compared to their
symptomatic siblings (Oprea et al., 2008). The same study showed that increased PLS3
levels improved axon length and growth defects observed in motor neurons of SMA mice
and in zebrafish (Oprea et al., 2008). More recently, the same group developed a PLS3
over-expression (oe) model in mice and found that presynaptic F-actin levels increased
in the PLS3 oe mice in an SMA background (Ackermann et al., 2013). The authors

conclude that PLS3 can restore defective processes in SMA mutant mice that are



dependent on actin dynamics. By contrast, data from another group suggested that
PLS3 acts through an actin-independent component to rescue SMA defects (Lyon et al.,
2014). They found that other actin cytoskeleton organizing proteins were not able to
modify SMN mutant zebrafish, suggesting a specific role for PLS3. To follow up this
theory, the same authors found that the calcium binding residues within the EF hands
were essential for PLS3 rescue in motor neurons (Lyon et al., 2014), implying an actin-
independent role. Together, these contradictory findings suggest that it is unclear
whether plastin acts as an actin bundling protein to suppress the symptoms caused by

diminished SMN, or whether plastin plays another role in the SMA paradigm.

1.3 Overview of Amyotrophic Lateral Sclerosis

Amyotrophic Lateral Sclerosis (ALS), also known as Lou Gehrig’s disease, is the
most common motor neuron disease with adult onset. It is characterized by both upper
and lower motor neuron degeneration, leading to rapid muscle wasting. Average lifespan
of patients after diagnosis is less than five years and death is usually caused by
respiratory failure (Rowland and Shneider, 2001a). ALS, in general, affects people
between 40 and 60 years of age, with a slightly higher incidence in males(Alonso et al.,
2009). It is estimated that approximately 5,000 people in the United States are
diagnosed with the disease each year. There is no effective cure for ALS. The only FDA
approved drug to treat ALS is Rilutek, however it increases lifespan of patients by only
approximately three months (Rowland and Shneider, 2001a). The mechanism of Rilutek
or riluzole is unclear. It has diverse targets including potassium channels (Grunnet et
al., 2001, Cao et al., 2002), calcium channels (Huang et al., 1997, Duprat et al., 2000)
and sodium channels (Benoit and Escande, 1991, Song et al., 1997). Similar to some
other neurodegenerative diseases, there are familial and sporadic cases of ALS. It is

estimated that 10% of ALS cases are classified as familial, for the majority of which the



genetic etiology is understood. The other 90% of cases occur randomly throughout the
population, arising from de novo mutations in genes associated with ALS or due to

unknown explanations (Rowland and Shneider, 2001b).

Genetics of ALS

The ability to obtain a more complete familial history and genetic information
through sequencing, has led the majority of ALS researchers to focus on familial cases.
The first gene identified as the cause of some familial ALS cases was discovered over
20 years ago in 1993. Researchers found that dominant mutations in the gene,
superoxide dismutase 1 (SOD1) lead to the disease phenotype (Rosen, 1993). Since
then, over a hundred SOD17 mutations have been reported and mutations in this gene
account for approximately 12% of familial cases and 1% of sporadic cases (Chio et al.,
2008). With mutations spread throughout the entire gene, it is still unclear how the
disrupted function of this protein leads to motor neuron degeneration.

Since the discovery of SOD7 over a dozen other genes in varying genetic
pathways were identified to cause ALS (Table 1). The functional understanding of these
genes in both normal and mutated form provides insight into possible mechanisms of
ALS. They include genes involved in RNA processing, protein recycling and possibly
motor neuron development and maintenance, among others (Sreedharan et al., 2008,
Johnson et al., 2010, Fecto et al., 2011, Wu et al., 2012).

Table 1: Common genes known to carry ALS-causing mutations

Percentage explained
Gene Putative protein function

Familial ALS Sporadic ALS

TARDBP 4 1 RNA metabolism



Percentage explained
Gene Putative protein function

Familial ALS Sporadic ALS

SQSTM1 1 <1 Ubiquitination; autophagy
CI90RF72 40 7 DENN protein

VCP 1 1 Proteasome; vesicle trafficking
OPTN <1 <1 Vesicle trafficking

FUS 4 1 RNA metabolism

PFN1 <1 <1 Cytoskeletal dynamics

SOD1 12 1-2 Superoxide metabolism
UBQLN2 <1 <1 Proteasome

*Table modified from Renton et al., Nature Neuroscience, 2014
Values represent the percentage of ALS by each gene in populations of European
ancestry. References for mutations identified are (Rosen, 1993, Sreedharan et al., 2008,
Kwiatkowski and Vanderburg, 2009, Johnson et al., 2010, Deng et al., 2011, Fecto et al.,
2011, Chio et al., 2012, Majounie et al., 2012, Wu et al., 2012), respectively.

It is likely that there are many unidentified genes that cause ALS. Also, there are
additional genes not listed in Table 1 that are implicated in the pathogenesis of ALS and
reported as rare causes of ALS or ALS-like syndromes (Hadano et al., 2001, Chen et al.,

2004).

hnRNPs
Some of the genes associated with ALS are important for RNA processing and a
subset of genes from this pathway that is of particular interest is the ribonucleoproteins

(RNPs). These proteins form complexes with other proteins and RNAs that make up

10



heterogeneous nuclear ribonucleoprotein (hnRNP) complexes. hnRNP complexes are
most commonly found within the nucleus and act as post-transcriptional modifiers of
newly synthesized pre-mRNAs. While they are best known for their functions in the
nucleus, studies have also implicated a cytoplasmic role (Dreyfuss et al., 2002). hnRNPs
are categorized based on their affinity and sequence-specific RNA interactions (Dreyfuss
et al.,, 1993). The most abundant of these are designated hnRNP A1 through U, all
containing one or more RNA-binding motifs and at least one other domain that either
regulates protein-protein interactions or subcellular localization (Dreyfuss et al., 1993).
Their interaction with RNAs and proteins suggests multiple roles for hnRNPs,
perturbation of which would have detrimental consequences.

Redundancy in this protein family is present, but not exclusive. A recent study
has connected a particular hnRNP, hnRNP A, to ALS and other neurodegenerative
diseases (Kim et al., 2013). In this report two families demonstrated a mutation in either
hnRNPA1 or hnRNPA2B1, causing multisystem proteinopathy (MSP), a syndrome
reflecting all aspects of protein disruption that leads to disease pathology. The same
study also found in one family the mutations also caused ALS. Identification of disease
causing mutations in these hnRNPs is not surprising. Both are known to directly interact
with TDP-43, another known ALS causing gene (Buratti et al., 2005) and their fly
homologs have been shown to suppress degeneration in an MSP model by RNAi
knockdown of hnRNP A (Ritson et al., 2010).

Identification of ALS causing mutations in hnRNPs, along with other genes such
as FUS and TARDBP, suggest the importance of RNA processing in disease
pathogenesis, a pathway that has been implicated in other neurodegenerative disorders
such as SMA. Further studies looking at the role of hnRNPs in neurodegeneration is
necessary to determine if the RNA processing pathway is a possible therapeutic target in

neurodegeneration.
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1.4 Overview of Polyglutamine toxicity diseases

Polyglutamine (PolyQ) disease is a result of expanded repeats of glutamine
within a protein (He et al., 2010). This expansion causes late-onset progressive
neurodegeneration in many identified proteins within which it resides. The most common
form of polyQ disease is Huntington’s disease, but this category of neurodegenerative
diseases also includes most of spinocerebellar ataxias (SCAs) (Lee et al., 2003, Jacobi
et al., 2012). Symptoms typically appear mid-life and progress for 10-25 years. Since the
disease is a result of an abnormal gene expansion, it is most commonly genetically
inherited with equal penetrance in males and females (Zoghbi and Orr, 2000). Unlike the
previously discussed neurodegenerative diseases that mainly affect motor neurons,
polyQ disease impacts a much broader range of neurons. For example, patients can
exhibit cognitive defects and emotional instability throughout all stages of the disease. It
is hypothesized that the cause of this wide range of defects is the formation of abnormal
mutant protein inclusions (Nalavade et al., 2013). Most therapeutic strategies target the

expanded polyglutamine protein itself with the aim to prevent the formation of inclusions.

Genetics of Polyglutamine disease

The abnormal expansion of the trinucleotide CAG (glutamine) repeat within a
gene causes polyQ diseases. Disease severity and onset is correlated to the size of the
repeats. For example, Huntington’s disease occurs when there are more than 35 CAG
repeats encoded within the huntingtin gene, and the age of onset decreases with more
repeats (Bates GP, 2002). The large amount of repeats renders the gene unstable, with
a propensity to further expand in successive generations. Aggregation of the mutant
protein could disrupt cellular function and is implicated in the etiology of

neurodegeneration in polyQ disease. These polyQ expansions are described as gain-of-
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function mutations due to protein accumulation and aberrant interactions. Normally,
misfolded wild-type proteins are degraded by the proteosome. In the case of diseased
individuals the proteosome is not able to keep up with the formation of new misfolded
proteins, leading to hallmark inclusion formation. Inclusions can then recruit other
proteins forming large complexes that can be toxic to the cell (Macdonald et al., 1993).
As the repeat expansion in a variety of proteins leads to similar neurodegeneration,
polyQ disease may stem from a common mechanism. Understanding this pathway
would not only give us insight into polyQ disease but possibly other neurodegenerative
diseases that also exhibit protein inclusions.

Taken together, studying the pathology of SMA, ALS and polyQ disease could
identify overlapping pathways that are perturbed in all three diseases. Previous studies
already implicate perturbation in RNA processing and protein degradation across
diseases. Manipulation of a single gene or genetic pathway in order to ameliorate
disease pathology has not been done, but for the first time seems promising.
Identification of this gene or genetic pathway would provide therapeutic targets that

could be beneficial for multiple diseases.

1.5 Caenorhabditis elegans as a model system

Caenorhabditis elegans (C. elegans) are microscopic hematodes that provide a
powerful model organism to understand gene function and genetic pathways. The
animal’s simple genetics along with transparent body and ease of cultivation make C.
elegans an ideal system for studying neuronal function and the molecular basis for
human disease. The ability to propagate a large quantity of animals from egg to
adulthood within several days at minimal cost, allows high throughput screening
behaviorally and genetically (Brenner, 1974). With a completely sequenced genome and

identification of every neuron, genetic analysis is much faster and easier. In particular C.
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elegans is a powerful model organism in which to study neurodegenerative disease,
such as SMA and ALS, because the genome contains orthologs of all disease-
associated genes of interest, along with conserved neurotransmitter systems (Culetto
and Sattelle, 2000). For these reasons, C. elegans have emerged as a powerful in vivo
model system to study the biological pathways disrupted in major neurodegenerative
diseases. The rest of this chapter will outline the disease models used within this

dissertation.

Modeling SMA in C. elegans

The C. elegans SMN1 ortholog (smn-1) is located on Chromosome | and is
highly conserved (Miguel-Aliaga et al., 1999). There are two established models to study
SMA with diminished levels of SMN-1 similar to those seen in human patients. In the
complete loss-of-function allele (0k355) a deletion removes the majority of the gene; and
the hypomorphic allele (cb737) contains a single point mutation in a region that is
conserved in humans (Sleigh et al., 2011). smn-1 (0k355) animals have severe
behavioral defects and rarely survive to adulthood (Briese et al., 2009). Strains are
maintained by balancing the deletion with a GFP marker that is homozygous inviable.
Most animals homozygous for the deletion survive to the last larval stage (L4) due to
maternal loading of smn-17 mRNA and SMN-1 protein. Behavioral defects include
locomotion, pharyngeal pumping and growth defects (Dimitriadi et al., 2010). Recent
unpublished data from our lab shows mislocalization of synaptic proteins at the
neuromuscular junction (NMJ) via fluorescently tagged proteins, along with NMJ
structural changes at the EM level (paper in submission). On the other hand cb137 is a
much less severe allele, more similar to Type lllb SMA. These animals look superficially
wild-type, but have growth defects, subtle locomotion defects and are sensitive to

pharmacological assays that disrupt the NMJ (Sleigh et al., 2011). Most defects in both
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alleles implicate the importance for functional smn-1 at the NMJ, similar to the
importance of SMN17 in human patients. Therefore, C. elegans smn-1 mutant animals
provide a beneficial model to study the pathogenesis of SMA along with biological

pathways pertinent to the disease.

Modeling ALS in C. elegans

There are various published models for ALS in C. elegans. For the purpose of
this study we focus on one model in particular established by the Horwich lab in 2009. In
this model, pan-neuronal expression of either human WT SOD1 or mutant G85R SOD1
protein, resulted in a range of behavioral defects (Wang et al., 2009a). For example, the
mutant animals displayed locomotion defects, sensitivity to pharmacological assays and
show protein aggregation. Looking more closely at the NMJ, fluorescent labeling of
synaptic proteins showed mislocalization of proteins and EM data revealed abnormal
processes in the nerve cord. These animals still contain the endogenous SOD71 gene
and a multi-copy integration of either WT SOD1 or mutant G85R SOD1, designating it as
an over-expression model. However, its use is beneficial since it displays neuronal and
behavioral defects similar to other models that are also observed in current SMA

models.

Modeling polyQ disease in C. elegans

Polyglutamine toxicity in C. elegans is demonstrated as both age and polyQ tract
length dependent, recapitulating critical aspects of human polyQ repeat disorders
(Brignull et al., 2007). Conversely, expression polyQ tracts in different cells shows
varying threshold requirements for toxicity. In this thesis a neuronal polyQ model

obtained from the Morimoto lab was utilized (Brignull et al., 2006). Animals expressed
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varying lengths of polyQ repeats under the control of a pan-neuronal promoter. Similar to
previous disease models discussed, behavior analysis and imaging of the fluorescently
tagged repeats was carried out. Animals with expanded repeats, particularly 67, show
locomotion and pharyngeal pumping defects compared to animals with only 19 repeats
(Brignull et al., 2006). Also, aggregation positively correlated with the behavioral results
from these animals. This C. elegans model provides a unique tool for investigating the
basis of neuron-specific toxicity associated with polyQ proteins. By employing the
behavioral NMJ defects demonstrated in this model along with the other disease models,

one could test for potential cross disease genetic modifiers.

1.6 Overview of thesis

The work described in this thesis demonstates genetic modifiers in the context of
several neurodegenerative diseases. The second chapter examines a previously
identified SMA genetic modifier, PLS3 and its role across SMA, ALS, and polyQ
diseases. It is known that PLS3 can ameliorate SMA symptoms in patients and model
systems of SMA, but it has not been studied in the context of ALS or polyQ disease. We
addressed this context and also identified a novel genetic modifier of SMA and ALS,
sym-2. The genetic and biochemical methods used in this chapter implicate a new
complex that contains SMN, PLS3 and HNRNP F/H.

The third chapter of this thesis identifies several other genetic modifiers for both
smn-1 mutant animals and PLS3 oe animals. Using the model system C. elegans we
screened through candidate genes and identified new modifiers that may give insight
into alternative pathways involved in SMA pathogenesis. Further investigation of these
genes will be necessary to better understand if they modify model organisms across

species.
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The final discussion chapter summarizes the results and presents a possible
mechanism by which PLS3 ameliorates SMA pathogenesis. It also emphasizes the
importance of C. elegans as a model organism in identifying new genetic modifiers in a
high throughput method. The data presented in this thesis provide a new cross disease
modifier, PLS3 in C. elegans disease models of SMA, ALS and polyQ disease. It also
identifies novel genetic modifiers of SMA and ALS that may play a role in the mechanism

of PLS3 suppression in SMA.
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Introduction

Neurodegenerative diseases are becoming increasingly prevalent due to
increased longevity, and these diseases have no cure. In many cases genes that cause
disease have been identified, but little is known about the mechanisms underlying their
pathology. Several neurodegenerative diseases affect motor neurons with varying
degrees of specificity, including Spinal Muscular Atrophy (SMA), Amyotrophic Lateral
Sclerosis (ALS), and some polyglutamine expansion diseases (polyQ) (i.e., Huntington’s,
Spinocerebellar Ataxia (SCA) 2 and SCA6). Most therapy development aims to correct
the expression of the mutated gene in these diseases. In the case of SMA, either the
use of histone deacetylase (HDAC) inhibitors to modify chromatin structure or
proteosome inhibitors to decrease degradation leads to increased protein levels of SMN
(Miller and Cleveland, 2005, Narver et al., 2008, Kwon et al., 2011). In ALS and
Huntington’s, both regarded as gain-of-function diseases, gene silencing through RNAI
and antisense technologies is utilized as therapeutic targets (Miller et al., 2005, Lu and
Yang, 2012). Alternatively, instead of targeting specific genes, recent studies suggest
that common mechanisms/pathways, such as RNA metabolism and axon outgrowth and
maintenance, may be disrupted in multiple diseases (Lin et al., 1998, Ackermann et al.,
2013, Bertini and Houlden, 2014). Correction of these disrupted pathways through
genetic modification could act as therapeutic targets across multiple diseases.
Therefore, it is possible that common genetic modifiers exist for these diseases.

Genes that cause or modify multiple neurodegenerative diseases have been
identified. Mutation of the vesicle-trafficking protein VAPB (vesicle-associated membrane
protein-associated protein B) can lead to late-onset SMA and/or ALS (Nishimura et al.,
2004). Expanded repeats in Ataxin-2 causes the polyQ disease SCA2 and increases the
risk of ALS (Farg et al., 2013, Tazen et al., 2013). Mutations in either heterogeneous

ribonucleoprotein A1 or A2B1 (hnRNP A1 or hnRNP A2B1) can cause either ALS or
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multisystem proteinopathy syndrome (MSP), another degenerative disorder (Kim et al.,
2013). These data suggest common links across diseases that can be genetically
manipulated to alter disease onset and severity. Genetic modifiers have been reported
for SMA, ALS and PolyQ diseases (Oprea et al., 2008, Gusella and MacDonald, 2009,
Riboldi et al., 2011); but it remains unclear if any of these genes have an impact in other
diseases. This study focuses on Plastin 3 (PLS3); increased PLS3 ameliorates
symptoms in Type Ill SMA patients and PLS3 is found in a complex with SMN (Oprea et
al., 2008). SMA is caused by homozygous loss of function mutations in Survival Motor
Neuron 1 (SMN1) that leads to decreased Survival Motor Neuron (SMN) protein levels
(Lefebvre et al., 1995). The mechanism through which increased levels of PLS3, an
actin bundling protein, help patients with decreased levels of SMN, a protein essential
for small nuclear ribonucleic particle (snRNP) assembly, is unknown. If PLS3 and SMN
act in a protein complex or pathway that is disrupted in multiple diseases, PLS3 might be
a potential genetic modifier of these other diseases (Ackermann et al.,, 2013).
Determining if PLS3 is a cross disease modifier and identifying other genes within this
genetic pathway could lead to the identification of a mechanism of action.

In this study we demonstrate that PLS3 is a genetic modifier in the model system
Caenorhabditis elegans when the SMN1 ortholog, Cesmn-1 levels are diminished. We
further demonstrate that PLS3 is a genetic modifier across several disease models using
previously established ALS (Wang et al., 2009a) and polyQ (Brignull et al., 2006) C.
elegans models. Using candidate proteins that independently pull-down with DmSMN
(SMN ortholog) and Dmfimbrin (PLS3 ortholog), allowed us to identify the C. elegans
ortholog of hnRNP F/H, sym-2, as a genetic modifier across SMA and ALS disease
models in C. elegans. The genetic analysis suggests that sym-2 acts in the same

pathway as PLS3 and Cesmn-1. Combined with the biochemical and molecular analyses
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in vertebrate models done in this study, the results presented here suggest that hnRNP

F/H and PLS3 are likely in a complex with SMN that is pertinent to SMA pathology.

Methods

Caenorhabditis elegans strains

Strains listed in Table 1 were maintained at 20°C under standard conditions (Brenner,
1974). Experiments using Cesmn-1(0k355), were performed using the first generation
progeny of animals heterozygous for the hT2 balancer to preserve a common maternal
genetic background. RNAi studies were undertaken in a sensitized background
containing the transgene, uls72 that expresses the SID-1 double stranded RNA channel
in neurons (Calixto et al., 2010). All integrated transgenes were backcrossed to wild type
at least three times before final strain construction. The transgenic strains rtSi27 and
rtSi28 were generated by Mos-mediated single-copy insertion (Frokjaer-Jensen et al.,
2008). The dpy-30 promoter was subcloned into pPD49.26 from the C.elegans
expression vector pS235, containing the dpy-30 promoter via Sphl and Nhel sites.
Human PLS3 CDS (ATG to TAA) was amplified from pcDNA3.1_PLS3.V5-His6 TOPO
vector using primers 5-GAACGCTAGCATGGATGAGATGGCTACCAC and 5'-
CAGGGGAATGAAGAGAGTGTAACCCGGGGTTC and subcloned behind the dpy-30
promoter creating dpy-30p::PLS3. Either the promoter alone or the promoter with the
PLS3 coding sequence was cloned into a modified pCFJ66 via Sphl and Nhel or Sphl
and Xmal sites, respectively. The final constructs pHA0606 dpy-30p::unc-54UTR, unc-
119(+) and pHAO607 dpy-30p::PLS3::unc-54UTR, unc-119(+) were injected at 50 ng/ul
with the standard MosSCI cocktail and injected into EG4322 (unc-119(ed3)Ill;cxTi10816
1V) animals. Single-copy insertion events were identified based on rescue of unc-719 in
non-fluorescent animals and confirmed by PCR genotyping. Transgenic strains for

neuronal and muscle specific rescue were generated by cloning the unc-119 or myo-3
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promoter using Sphl and Nhel sites into pHA0606 and pHAO0607, in place of the dpy-30
promoter. Both single-copy and multi-copy transgenes were generated by injection of 50
ng/ul of targeting plasmid into EG4322 (unc-119(ed3)Ill;cxTi10816 V) animals. Multi-
copy insertion events were identified based on the rescue of unc-7119 in the presence of
fluorescent animals. The Ceplst-1 over-expression animals were created by amplifying
plst-1 from the yk1465f08 clone using primers 5'-
GGTACCGGTTTAATTACCCAAGTTTG and 5-
GAGCTCCAGAAAAACCGAAAAAATCC. The cDNA was placed behind the dpy-30p in
pPD49.26 using Kpnl and Sacl restriction sites. Either promoter alone or promoter with
plst-1 coding sequence was injected in Cesmn-1(cb131);ChR2 animals at 30 ng/ul along

with the co-injection marker elt-2p::GFP.

C. elegans assays

Retinal Feeding

Retinal feeding was done as previously described (Liu et al., 2009) with some
modifications. Briefly, transgenic animals were cultivated in the dark at 20°C on NGM
plates with OP50 bacteria with or without all-trans retinal (Sigma), approximately 18
hours before experiments. Plates containing all-trans retinal were prepared by spreading
100wl of OP50 culture mixed with 1.6ul of 100mM all-trans retinal stock (dissolved in
ethanol) onto 2.5cm plates containing 5ml of NGM. Animals were illuminated with a
mercury bulb and a Zeiss bandpass filter set was used to excite channelrhodopsin at
450-490 nm for 20 seconds before analyzing swimming behavior.

Swimming analysis

For the swimming assay, young adult animals were picked singly into wells of a
PDMS chip containing 2ul of PBS. Animals were given 5 minutes to settle and assayed

at a room temperature, which was maintained between 22°C and 24°C. 10-second
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videos were taken with an AxioCam R3.0 camera at 12 frames/second, on a Zeiss
Discovery V20 at 12.5 x 11 magnification. Individual animal movies were analyzed using
the NABAS software, which was modified for image formats yielding body bends per
minute (Krajacic et al., 2012). Average body bends per minute (+ SEM) were combined
from at least three independent trials (n =2 30 animals in total).

Pharyngeal pumping analysis

The pharyngeal pumping assay was performed in the last larval stage or young
adults as previously described (Dimitriadi et al., 2010). A pharyngeal grinder movement
in any axis was scored as a pumping event. Average pumping rates (x SEM) were
combined from at least three independent trials (n = 25 animals in total).

RNAI by feeding

For the RNAi-mediated knockdown, second generation (F2) animals reared on
either control vector pL4440 or sym-2 (ZK1067.6) dsRNA feeding vector in HT115
bacteria were assayed. The sym-2 RNAI clone contains genomic DNA, corresponding to
the last 3 exons and the 3'UTR of the gene, amplified by primers 5-
CTCGATCTATTCCATCAAAATCG and 5-TGAGAGGATTGCCTTATGATTGT inserted
into the pL4440 vector (Kamath et al., 2003a). The clones were verified by sequencing.
Aldicarb

Aldicarb sensitivity was conducted as described (Mahoney et al., 2006 Nature
Protocols) with some modifications. Aldicarb (Sigma Aldrich) was added to NGM at a
final concentration of 1 mM. The day of the assay 30ul of OP50 bacteria was seeded in
the center of the plates. The plates were allowed to dry without lids for at least 20
minutes. Approximately 15 young adult animals were transferred with a platinum wire
onto an aldicarb assay plate. The animals were examined every hour and scored as
paralyzed if they did not pump or move after being prodded with a platinum wire. The

experimenter was blinded to the genotypes of the tested animals. Average fractional of
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paralyzed animals (£ SEM) was obtained combining at least 3 independent trials (n = 30
animals in total).

Protein extraction

Whole adult mouse brains of Gad2-EGFP mice were prepared by
homogenization, using a Polytron homogenizer in ~20mL of cold 1X RIPA buffer and
then incubated on ice for 30 minutes. Supernatant was collected after a 20-minute
centrifuge step at 13,500 RPM, in 4°C and stored at -80°C. The protein concentrations
were determined using the BSA Protein Assay kit (Bradford), according to the
manufacturer’s protocol.

Co-immunoprecipitation (Co-IP)

750 ug of lysate was incubated with 2ug of antibody for 1 h on a rotator at 4°C.
During incubation protein G beads were washed 5 times in PBS and final bead
suspension was added to lysate mixture and incubated for 3 hours on a rotator at 4°C.
The bead mixture was centrifuged down and washed three times, removing all
supernatant. The beads were then boiled in 2x SDS loading dye at 95°C for 5 minutes to
elute the proteins. Eluted proteins were run on an SDS-polyacrylamide gel for Western
blotting.

Western analysis

Equal amounts of protein preparations or Co-IP were run and separated on a
10% SDS-polyacrylamide gel electrophoresis and transferred to a PVDF membrane.
Membranes were blocked with 5% milk in Tris-buffered saline containing 0.1% Tween 20
(TBST) overnight at 4°C. They were then probed with the appropriate antibody for 1 hour
at RT. Antibodies were used at the following dilutions: mouse anti-SMN antibody (BD
Transduction Laboratories, diluted 1:2,500), mouse anti-PLS3 antibody (Santa Cruz,

diluted 1:1,000), rabbit anti-hnRNP-H antibody (One World Lab, diluted 1:10,000), and
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rabbit anti-hnRNP F antibody (Abcam, diluted 1:2,500). After washing with TBST,
membranes were incubated with HRP-conjugated secondary antibodies (anti-mouse or -
rabbit immunoglobulin-horseradish peroxidase, both at 1:2,500 dilution) at RT for 30
minutes, and the blots were developed using ECL and visualized on autoradiography
films. The presence of protein was determined based on the size of the band compared
to a ladder

Mouse Motor Neuron Differentiation

Mouse wild-type hb9::GFP ES colonies were differentiated into motor neurons
using an embryoid body method as described previously (Wichterle et al., 2002). Briefly,
after 2 days, EBs were treated with retinoic acid (RAc; 100nM, Sigma-Aldrich) and a
hedgehog agonist (100nM, Curis Inc.). On day 3, EBs were treated with RAc (100nM)
and the hedgehog agonist (1 uM) and incubated for 96h. Papain (Worthington
Biochemical) and DNase | were used to dissociate EBs. Motor neurons were then
dissociated, plated into poly-ornithine coated 96-well plates (PerkinElmer) at a density of
20,000 cells per well and cultured in DMEM-F12 medium (Invitrogen) containing 2% FBS
(Invitrogen), B-27 supplement (Invitrogen), 20ng/ml GDNF and BDNF, CNTF (R&D
Systems), insulin, progesterone, BSA, selenite and apotransferrin (Sigma-Aldrich).

Immunocytochemistry

Day 13 motor neuron cultures were fixed using 8% PFA for 15 minutes, followed
by permeabilization and blocking using 0.25% Triton X-100 and 10% normal goat serum
in PBS for 30 minutes. Detection of endogenous proteins was performed using the
following antibodies: mouse anti-SMN antibody (BD Transduction Laboratories, diluted
1:200), rabbit anti-SMN antibody (Santa Cruz, diluted 1:200), mouse anti-PLS3 antibody
(Santa Cruz, diluted 1:500), rabbit anti-hnRNP H antibody (One World Lab, diluted

1:1,000), and rabbit anti-hnRNP F antibody (Abcam, diluted 1:500). Secondary
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antibodies for detection included AlexaFluor 546 (Gt anti-Rb, 1:300, or Gt anti-Ms,
1:300) and AlexaFluor 647 (Gt anti-Rb, 1:300).

Colocalization analysis

Images were taken using the Opera model QEHS from Perkin Elmer with laser
excitation at 405, 488, 561 and 635 nM and a 40x water immersion lens. Confocal
stacks were taken using a Nipkow spinning disk at 1um slice intervals. Images were then
stacked together and analyzed for colocalization of antibody staining using Perkin
Elmer's Columbus program. Columbus has a graphical user interface using Acapella

(http://www.perkinelmer.com/pages/020/cellularimaging/products/columbus.xhtml).

Results

Slow recovery after exhaustion of Cesmn-1(If) animals

The C. elegans genome contains a single ortholog of SMN1, smn-1, referred to
here as Cesmn-1 for clarity. Severe loss of function in Cesmn-1(0k355) animals causes
neuromuscular junction defects (Briese et al., 2009, Dimitriadi et al., 2010). The maijority
of the studies in C. elegans have used the 0k355 allele. A less severe allele, Cesmn-
1(cb131), was recently reported with a mutation that encodes an amino acid substitution
of aspartic acid to aparagine that mimics an aspartic acid to a valine mutation found in a
Type Il SMA patient (Sun et al., 2005, Sleigh et al., 2010). To determine if the Cesmn-
1(cb131) animals have defects reminiscent of Cesmn-1(0k355) animals, we assessed
locomotion in liquid using an automated scoring program (Krajacic et al., 2012). No
locomotion defects during swimming were observed in Cesmn-1(cb131) adults after 5
minutes (assessed as body bends per minute, Figure 1A, p=0.746). However, it is known

that these animals are egg laying defective and have decreased sensitivity to the
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acetylcholinesterase inhibitor, pyridostigmine bromide; both behaviors controlled by the
NMJ (Sleigh et al., 2011). Thus, we hypothesized that prolonged activation of cholinergic
motor neurons using channelrhodopsin (ChR2) might reveal latent defects (Nagel et al.,
2005).

To test this hypothesis, we assayed Cesmn-1(cb131) animals with ChR2
expressed in cholinergic neurons for swimming defects after ChR2 activation by blue
light stimulus. ChR2 fused to mCherry is expressed in cholinergic neurons using the
promoter of the unc-17 gene (Liu et al., 2009). Upon blue light stimulation in the
presence of all-trans retinal, the animals displayed a rigid curling behavior similar to what
has been previously described upon activation of ChR2 in the cholinergic neurons (Liu et
al., 2009). Neither mutant nor control ChR2 animals showed any difference in
locomotion before blue light exposure, but both showed a decrease in locomotion
immediately following 20 seconds of blue light exposure. However, the Cesmn-
1(cb131);ChR2 animals displayed an even further reduction in locomotion by 42%,
immediately after blue light exposure compared to the control ChR2 animals (Figure 1A,
p=0.001). To assess if the introduction of ChR2 into the Cesmn-1(cb131) mutant animals
depressed neuronal function permanently, recovery was evaluated over a course of
time. Locomotion of Cesmn-1(cb131);ChR2 animals recovered to control levels
approximately 20 minutes after blue light stimulation (Figure 1A, p=0.869). We conclude
that Cesmn-1(cb131) animals exhibit locomotive defects immediately following
stimulation and slower recovery after exhaustion of cholinergic neurons.

To confirm that this defect was due to diminished levels of SMN, we assessed
rescue of the defect with the introduction of a single extra copy of Cesmn-1 (Dimitriadi et
al., 2014, under review). A single extra copy of the C. elegans smn-1 gene is able to
significantly increase locomotion rates in the Cesmn-1(cb131);ChR2 animals post blue-

light exposure (Figure 1B, p=0.043); thus verifying that the behavioral defect observed is
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due to the diminished levels of SMN in the Cesmn-1(cb131) animals. Using this assay
and other identified behavioral defects in the Cesmn-1 mutant animals, we are able to
assess genetic modifiers of SMA in C. elegans

Increased plastin suppresses Cesmn-1 defects and acts in neurons

PLS3 is a protective modifier only in patients with Type Ill SMA (Oprea et al.,
2008, Hao et al., 2012). Type lll SMA patients have functional SMN present, but not in
sufficient amounts to completely ameliorate defects. This could be due to the fact that
some SMN-1 must be present for PLS3 to have a beneficial effect (Hao et al., 2012). We
therefore used the less severe Cesmn-1(cb131) animals to determine if PLS3 is able to
rescue two neuromuscular defects, locomotion after exhaustion and aldicarb (an
acteylcholinesterase inhibitor) sensitivity. Using the exhaustion paradigm, we tested
whether the over-expression of PLS3 in all tissues was able to restore locomotion to wild
type levels in Cesmn-1(cb131) animals. Multiple copies of PLS3 driven by a ubiquitous
promoter (dpy-30) increased locomotion by 38% when swimming in a wild type
background (Figure 2A, p=0.003); whereas single copy insertion of the same transgene
has no effect in the wild type background (data not shown). Using the single copy PLS3
transgene, we created a triple mutant with the Cesmn-1(cb131);ChR2 animals. Cesmn-
1(cb131);PLS30e;ChR2 animals have increased locomotion rates, compared to control
Cesmn-1(cb131);ChR2 animals (Figure 2B, p=0.002). Cesmn-1(ch131) animals also
show resistance to aldicarb, an acetylcholinesterase inhibitor (response measured as
fraction of paralyzed animals over time). Double mutant Cesmn-1(cb131);PLS30e
showed a wild type paralysis curve and rescued the synaptic defects of Cesmn-1(cb131)
(Supplementary Figure 1, p=0.009). Together, these results indicate the PLS3 oe is able
to rescue neuromuscular defects of Cesmn-1(cb131) in two separate paradigms.

To determine if plastin is a cross species modifier, we examined whether the C.

elegans ortholog of PLS3, plst-1 is also able to rescue Cesmn-1(cb131) defects. For
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this, animals carrying an extrachromosomal array containing the ubiquitously expressed
promoter, dpy-30 driving plst-1 were assayed. Introduction of the transgene ameliorated
the locomotion defect of the Cesmn-1(cb131);ChR2 animals (Figure 2B, p=0.006).
Overall, using the exhaustion defects of Cesmn-1 mutant animals we showed that
plastin is a conserved cross species modifier.

To determine where PLS3 functions to suppress the locomotion defect of
Cesmn-1(cb131) animals, tissue specific promoters were used driving expression in
either neurons or muscle. Expression of PLS3 in the neurons (unc-119p) only, but not in
muscle (myo-3p,) increased locomotion in Cesmn-1(cb131);ChR2 animals (Figure 2C,
p=0.05 p=0.237, respectively). These results are consistent with a recent study in
vertebrates (Ackermann et al., 2013), which corroborates PLS3 oe is sufficient in
neurons, arguing a neuron specific role for PLS3 in the suppression of defects in SMN
depleted animals.

To demonstrate that the PLS3 oe model suppresses multiple Cesmn-1
neuromuscular defects, we assessed pharyngeal pumping rates of Cesmn-1(o0k355)
animals. C. elegans feed on bacteria using a subset of muscles and neurons in the
pharynx when food is present. This behavior is commonly used to assess the
neuromuscular function of an animal. Wild type animals pump roughly 250 times per
minute in the presence of food. The pumping rates of PLS3 oe animals were reduced by
11% compared to wild type (Figure 2D, p=0.002). It is already established that Cesmn-
1(0k355) animals have a significant reduction in pharyngeal pumping rates (Briese et al.,
2009, Dimitriadi et al., 2010). We can therefore test this second Cesmn-1 mutant allele
using the pharyngeal pumping behavior to assess if PLS3 oe is able to rescue. Our data
shows that the single copy insertion of the dpy-30p::PLS3 transgene is able to
significantly increase pharyngeal pumping rates by 50% in the Cesmn-1(0k355) animals,

but not restore it back to wild type levels (Figure 2D, p=0.011). Taken together with the
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Cesmn-1(cb131);ChR2 locomotion data, this further supports that PLS3 oe is able to

rescue defects in multiple CeSMN-1 mutants.

Plastin suppresses defects in C. elegans ALS and polyqglutamine toxicity models

PLS3 is suggested to be a genetic modifier of other neurodegenerative diseases,
besides SMA (Ackermann et al., 2013). To test this hypothesis we assayed locomotion
and pharyngeal pumping in previously established C. elegans models of ALS and polyQ
disease (Brignull et al., 2006, Wang et al., 2009a). In the ALS model, human cDNA for
wild type SOD1 or mutant SODGS85R is expressed at multiple copies using a pan-
neuronal C. elegans promoter (snb-1). The polyQ toxicity model uses the rgef-1 pan-
neuronal promoter to express YFP containing either 19, or 67 glutamine repeats, serving
as control and disease/toxic models respectively. Both ALS and polyQ models have
decreased locomotion and pharyngeal pumping rates at the young adult stage (Figure 3;
p=6x10"", p=1.1x10% p=6.6x10"°, p=3.7x10"°, respectively). To determine if PLS3
suppresses the defects of the disease models, both disease/toxic mutants and their
respective controls were crossed into the single copy PLS3 oe animals.

Over-expression of PLS3 in the G85R mutant background increased locomotion
in liquid by 61% compared to the control animals (Figure 3A, p=3x710° ). Unexpectedly,
SOD wild type animals with PLS3 showed a decrease in locomotion by 50% compared
to SOD wild type animals without PLS3 (Figure 3A, p=1.7x10"). Results of pharyngeal
pumping are similar to locomotion in that the PLS3 over expression animals had
increased pumping rates by 35%, back to control levels in the G85R mutant animals,
compared to G85R alone (Figure 3B, p=4.1x10°). These data allowed us to conclude
that PLS3 is able to suppress the behavioral defects assessed in the C. elegans ALS

model.
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We next tested rescue of these two behaviors in the polyQ model described
previously. We observed no significant change in locomotion between the polyQ67 with
or without PLS3 (Figure 3C, p=0.135). However, PLS3 is able to increase pharyngeal
pumping rates in the polyQ67 animals by 13% compared to polyQ67 animals without
PLS3 (Figure 3D, p=5.2x107). Together these results indicate that PLS3 modifies
behavioral defects across C. elegans neurodegenerative disease models.

As a control to ensure that the effects of PLS3 oe on behavior are disease-
specific, we assessed the locomotion of unc-25 mutant animals in the presence of PLS3
oe. The unc-25 gene encodes for the C. elegans ortholog of mammalian GAD1 and is
required for y-aminobutyric acid (GABA) synthesis. Among other behavioral defects,
these animals have decreased locomotion (Jin et al., 1999). We recapitulated the 65%
decrease in locomotion in liquid and see no change in locomotion rates in the presence
of PLS3 (Supplementary Figure 2, p=5x10?°, p=0.576, respectively). Thus, PLS3 is not
able to rescue locomotive defects in GABA mutants and suggesting that the rescue is

specific to the disease models tested.

Identification of sym-2 as a genetic modifier of PLS3o0e and Cesmn-1 mutants

PLS3 and SMN co-immunoprecipitate in a complex together with actin in
HEK293 cells and murine spinal cord (Oprea et al., 2008), but the identities of any other
proteins in this complex are unknown. ldentifying candidate proteins in this complex
would lead to a better understanding of how PLS3 ameliorates symptoms in SMA
patients. Having validated C. elegans SMA models through rescue by PLS3 oe, we
looked to identify more Cesmn-1 genetic modifiers by a targeted screen. Proteomic pull-
down analysis done in S2 cells with Drosophila melanogaster (Dm) SMN and the
ortholog of PLS3, fimbrin, provided a list of candidates that pulled down with both

proteins of interest independently (Sen et al., 2013). Prioritizing these candidate proteins
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by frequency of pull-down, orthology to both H. sapiens and C. elegans and availability
of C. elegans loss-of-function(/f) alleles, we tested 11 candidate modifier genes. Each of
these If alleles was first screened using the PLS3 oe mutant in a wild type background to
assess suppression of increased locomotion. Genes whose loss suppressed PLS3 oe
increased locomotion were sequentially crossed into Cesmn-1 mutants and these
animals were assayed for locomotion and pharyngeal pumping assays.

One gene of particular interest that came out of the screen was sym-2, the
ortholog to hnRNP F/H, a heterogeneous nuclear ribonucleoprotein involved in
processing pre-mRNAs. sym-2(If) mutants suppressed the increased locomotion of
PLS3 oe animals (Figure 4A, p=0.007). Further analysis in Cesmn-1(cb131) mutant
animals showed that sym-2(If) also suppressed the locomotion after exhaustion defect
(Figure 4B, p=0.006). Pharyngeal pumping analysis of the double mutant with Cesmn-
1(0k355) did not show complete rescue, but showed a subset of the population rescued,
suggesting only a subtle effect on the more severe Cesmn-1 mutant allele. Taken
together, these data suggest that sym-2 is a genetic modifier of both PLS3 oe, Cesmn-
1(cb131) mutant animals and to a lesser extent Cesmn-1(0k355) animals. The
discrepancy between Cesmn-1 alleles suggests that in order for sym-2 to act as a
genetic modifier, some SMN-1 is necessary. The identification of sym-2 as a genetic
modifier in these behavioral paradigms, suggesets a genetic interaction with SMN and

PLS3 and therefore SYM-2 is likely to act through the same mechanism as PLS3.

sym-2 acts as a genetic modifier in the C. elegans ALS model

Previously we observed that PLS3 modifies behavior across C. elegans disease
models, suggesting perturbation of a common genetic pathway. To determine whether
sym-2 is able to also modify behavioral defects in these disease models, we assessed

locomotion in the ALS and polyQ mutant animals. Results show that sym-2 knockdown
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by RNA interference (RNAI) significantly ameliorated G85R locomotion (Figure 4C,
p=3.7x10®), suggesting that sym-2 is a cross disease modifier. However, knockdown of
sym-2 by RNAI in the polyQ disease model does not affect the locomotion of the polyQ
mutant animals (data not shown). Combined, these results suggest that while sym-2
knockdown is able to modify the SMN and ALS mutant animals, it may be specific to
those two disease models. However, the penetrance of RNAI by feeding is variable and
incomplete in some cases, which could account for the lack of effect on the polyQ
animals (Kamath et al., 2003b, Simmer et al., 2003).

PLS3, hnRNP F & hnRNP H colocalize with SMN in vertebrate neurons

To determine if both PLS3 and hnRNP F & H are found in the same complex as
SMN in vertebrate neuronal tissue, Co-IP was performed with the proteins of interest.
Initially, we confirmed that all proteins are present in mouse brain lysate independently
of each other. Subsequently, we used immunoprecipitation of endogenous SMN protein
to isolate any complexes containing SMN and blotted for SMN, PLS3, hnRNP F and
hnRNP H. Western blots show that all 4 proteins of interest coimmunoprecipitate with
SMN (Figure 5A). To rule out any background effect, all 4 proteins of interest were
blotted for, in a control IP that did not contain any antibody. No bands were present in
these blots (data not shown), arguing SMN does associate with PLS3, hnRNP F and
hnRNP H, although we cannot conclude whether all these proteins are found in the
same complex.

Further analysis was performed in mouse primary motor neuron cultures to
assess for colocalization of SMN with the proteins of interest. Studies show that SMN is
found in granules along neuronal processes (Pagliardini et al., 2000). New evidence also
supports the presence of several hnRNPs to be located in granules in the neuronal
processes as well (Rossoll et al., 2002, Liu et al., 2008b). However, both hnRNP F and

H have only been previously discussed in the context of their nuclear role in splicing
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(Wang et al., 2012, Gupta et al., 2013). Labeling of endogenous proteins in the mouse
primary motor neuron cultures, shows the presence of SMN, PLS3, hnRNP F and
hnRNP H in a punctate pattern along neuronal processes at day 13 neuronal cultures
(Figure 5B). Automated analysis using Columbus from Perkin Elmer also shows
colocalization of SMN with all 3 proteins of interest in the neurites (Figure 5B). This
shows for the first time that hnRNP F and H are found in neuronal processes of motor
neurons and that they colocalize with SMN. Collectively, these data suggest an
interaction between SMN, PLS3 and hnRNP F/H that could be important in disease

pathology or the mechanism behind PLS3 suppression of SMA.

Discussion

Here we report for the first time that PLS3, a gene not previously implicated in
ALS or polyQ pathogenesis is a cross disease modifier. We also identify sym-2 as a new
genetic modifier of our PLS3 oe model and the C. elegans models of SMA and ALS. The
majority of the work presented here is done in previously defined C. elegans models of
SMA, ALS and polyQ disease. All of these models have neuromuscular defects that can
be assessed by locomotion or pharyngeal pumping. PLS3 is able to ameliorate these
defects, but it is still unclear why. Previously identified proteomic interactions of SMN
and fimbrin (the Drosophila ortholog of PLS3), independently in S2 cells (Sen et al.,
2013) allowed us to compile a list of possible genes that PLS3 could be acting through to
modify SMA. These genes implicate several pathways, including splicing and axonal
transport. Through genetic analysis, sym-2, the ortholog to hnRNP F & H1,2,3 was found
to modify Cesmn-1 and PLS3 oe mutant animals. We also observed sym-2 as a modifier
of the ALS mutant animals, but not PolyQ. Finally, SMN pulled down with PLS3, hnRNP
F and hnRNP H in mouse brain tissue and colocalized with these proteins in primary

motor neurons of wild type mice. The results here suggest that PLS3 may ameliorate
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SMA defects through a novel complex containing hnRNP F and/or H, that acts in the
processes of motor neurons. These data reveal a possible complex containing SMN and

PLS3 that could give us insight into the mechanism behind PLS3 suppression of SMA.

Plastin is a cross species and cross disease modifier of C. elegans SMA, ALS &

Polyglutamine models

Consistent with vertebrate data (Ackermann et al., 2013), our data showed that
PLS3 expression is sufficient in neurons to rescue the behavioral defects of Cesmn-1
mutant animals. Over expression of the C. elegans ortholog to PLS3, pl/st-1, also shows
rescue of the locomotion defect proving plastin to be a cross species modifier. These
data suggest the high conservation of both Cesmn-1 and plst-1, validating the nematode
C. elegans model to study these genes. The neuron specific rescue of the PLS3 model
similar to previous studies in vertebrate models (Oprea et al., 2008, Hao et al., 2012,
Ackermann et al.,, 2013) also validates this system as a way to screen for genetic
modifiers of disease. It is known that genes causing ALS and Polyglutamine disease
affect motor neurons, similarly to SMA. The idea that a common mechanism is disrupted
across these diseases to cause neuromuscular defects has been widely speculated. For
the first time we show that manipulation of a single gene, PLS3 can ameliorate the
neuromuscular defects of seen in three disease models. Overall, our results suggest that
the mechanism through which PLS3 is acting could be a common mechanism that is
disrupted across neurodegenerative diseases. These data also validate the model used
for further analysis of genetic modifiers of SMA.

hnRNPs are a cross disease modifier of C. elegans SMA and ALS models

The only identified human genetic modifiers of SMA are SMN2 and PLS3
(Lefebvre et al., 1995, Prior et al., 2004, Oprea et al., 2008). The model system C.

elegans provides an efficient tool to screen for behavioral modifiers of SMN mutant
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animals. Identification of new genetic modifiers paves the way to further analysis in
vertebrate models and these genes can possibly be used as therapeutic targets of SMA.
In this study we have identified the ortholog of hnRNP F & H1,2,3, sym-2, as a genetic
modifier in the C. elegans models for SMA and ALS. Loss of sym-2 is able to increase
locomotion in both models while also suppressing the PLS3 oe increased locomotion.
These data demonstrate a genetic interaction between Cesmn-1, PLS3 and sym-2 and
suggest a similar interaction is occurring in vertebrates. Other hnRNPs are implicated in
neurodegenerative diseases, hnRNPA1 & A2B1 loss-of-function mutations are found in
both ALS and MSP patients (Kim et al., 2013). Our data show an opposite effect of
hnRNP perturbation in disease, reinforcing the fact that these proteins can be extremely
different from one another. Little is known about the function of RNPs outside their role
in transcription and RNA and protein binding. The possibility that one class of RNPs
binds a different subset of RNAs and proteins compared to another is highly likely, and
thus could explain the difference in effects when you alter their expression levels. We
suggest that hnRNP F/H perturbation may confer protection against SMN-1 depletion,

but further studies are necessary to address this conclusively.

SMN, PLS3 and hnRNPs could be acting in a complex together in motor neuron

processes

With the C. elegans behavioral data implicating the genetic interaction between
SMN, PLS3 and hnRNPs we turned to a vertebrate system to determine if they are
acting in the same complex together in higher organisms. Here, we report using
biochemical analysis that in mouse brain SMN pulls-down with PLS3, hnRNP F and
hnRNP H, independently. This analysis is done using endogenous proteins to ensure
that manipulation of protein expression is not the cause of interaction. To support these

findings, we also assessed colocalization of proteins of interest in mouse primary motor
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neuron cultures. Consistent with pull-down data we see colocalization of SMN with
PLS3, hnRNP F and hnRNP H. Interestingly, the colocalization is found in motor neuron
processes, implicating an axon granule interaction between SMN and PLS3. The
localization of SMN in processes is consistent with previous studies identifying SMN
within axon granules (Rossoll et al., 2002). However, it has not been previously shown
that these granules also contain PLS3 and hnRNP F/H. Our results suggest a non-
nuclear role for these proteins possibly in the same complex, which has not been

previously established.

How do these proteins act together to modify disease?

It is still unknown how PLS3 is able to ameliorate symptoms in SMA patients
without altering SMN levels. One possible model is that SMN is found in axon granules
and is part of an RNA/protein complex that also contains PLS3 and various hnRNP’s.
SMN loss impairs axonal trafficking of the RNP granules that synthesize proteins
essential for axon growth and maintenance, including F-actin, CPG15 and
synaptophysin (Taylor et al., 2009, Akten et al., 2011, Ackermann et al., 2013).
Furthermore loss of SMN could cause decreased local translation through mis-splicing of
local RNAs at the growth cones of motor neurons, critical for neuron survival. Over-
expression of PLS3 may be able to stabilize these granules via actin in order to increase
transport and local translation of essential proteins. hnRNPs may compete for binding in
these complexes and with the loss of the particular subset hnRNP F & H, recruitment of
other hnRNP’s such as A1 & A2B1 may be upregulated. This upregulation along with
increased stabilization of the granules through PLS3 increases transport of these
granules and increases local translation of RNAs; two essential processes in axon
growth and maintenance. Additional studies are needed to further understand the

interaction between SMN, PLS3 and hnRNP F/H in the context of SMA. Also,
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understanding the interaction between PLS3 and hnRNPs in axon granules could lead to
novel therapeutic interventions for related neurodegenerative disorders that also have

motor neuron and axon outgrowth defects.
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Figures:

Table 1: Strains used in this study

Strain name

EG5425

HA2163

LM99

HA1981

SP2230

HA2686

HA2687

HA2682

HA2683

HA2684

HA2685

HA2627

HA2629

HA2628

HA2626

HA2688

HA2689

AM82

AM81

CB156

LC108

Genotype

0x/s364

smn-1(cb131);0xIs364

smn-1(0k355)I/hT2(1;111)

+hT2(1; 1)

sym-2(mn617)ll

sym-2(mn617)Il;0xIs364X
smn-1(cb131)l;sym-2(mn617)ll;0xIs364X
smn-1(cb131)l;myo-3p::PLS3::unc-54UTR, unc-119(+);0xIs364X
smn-1(cb131);myo-3p::unc-54UTR;0xIs364X

smn-1(cb131)I ;unc119p::PLS3::unc-54UTR, unc-119(+);0xIs364X
smn-1(cb131)I ;unc119p::unc-54UTR;0xIs364X
+/hT2(1;1);dpy-30p::PLS3::unc-54UTR, unc-119(+)(1V)
+/hT2(1;111);dpy-30p::unc-54UTR(IV)
smn-1(0k355)/hT2(I;1l);dpy-30p::unc-54UTR(IV)
smn-1(0k355)/hT2(I;11l),dpy-30p::PLS3::unc-54UTR, unc-119(+)(IV)
sym-2(mn617)Il; dpy-30p::PLS3::unc-54UTR

sym-2(mn617)Il; dpy-30p::unc-54UTR
rmEx95[pF25B3.3::Q19::CFP]

rmEx164 [pF25B3.3p::Q67::CFP]

unc-25(e156)ll1.

uls69[pCFJ90(myo-2p::mCherry) +unc 119p::sid-1]
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SOD1-WT

SOD1-G85R

HA2690

HA2691

HA2692

HA2693

HA2694

HA2695

HA2696

HA2697

Psnb1::human SOD1-YFP

Psnb1::humanSOD1-G85R-YFP

Psnb1::human SOD1-YFP;dpy-30p::PLS3::unc-54UTR, unc-119(+)(1V)
Psnb1::human SOD1-YFP; dpy-30p::unc-54UTR(IV)
Psnb1::humanSOD1-G85R-YFP;dpy-30p::PLS3::unc-54UTR, unc-
119(+)(1V)

Psnb1::humanSOD1-G85R-YFP; dpy-30p::unc-54UTR(IV)
rmEx95[pF25B3.3::Q19::CFP]; dpy-30p::PLS3::unc-54UTR, unc-
119(+)(1V)

rmEx95[pF25B3.3::Q19::CFPJ; dpy-30p::unc-54UTR(IV)

rmEx164 [pF25B3.3p::Q67::CFP]; dpy-30p::PLS3::unc-54UTR, unc-
119(+)(1V)

rmEx164 [pF25B3.3p::Q67::CFP]; dpy-30p::unc-54UTR(IV)
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Figure 1: Cesmn-1(cb131) mutant animals have decreased locomotion after

stimulation and slower recovery, that is rescued with Cesmn-1 insertion.
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Identification of a novel behavioral defect in Cesmn-1(cb131) partial loss-of-function
mutants using channelrhodopsin that is specific to Cesmn-1 loss. A) Cesmn-1(cb131)
partial loss-of-function animals expressing channelrhodopsin (ChR2) in cholinergic
neurons, show a locomotion defect and longer recovery period after a 20 second blue
light stimulation in the presence of retinol compared to non- Cesmn-1 mutant animals.
As a control, animals not exposed to retinol showed no changes in locomotion after blue
light stimulation for 20 seconds (data not shown) B) Post blue light exposure a single
copy insertion of Cesmn-1 driven by it's promoter is able to rescue the locomotion
defects of Cesmn-1(cb131);ChR2 animals. Data are presented as the average body
bends per minute over time (x SEM). Data represent 3 independent ftrials, n>30.

*p<0.05, **p<0.01
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Figure 2: Increased plastin suppresses Cesmn-1 defects and acts in neurons.
Locomotion in liquid and pharyngeal pumping behaviors were assessed using with the
Cesmn-1(cb131) partial loss-of-function mutant or the Cesmn-1(0k355) complete loss-
of-function mutant in the presence of plastin over-expression to assess for rescue of the
behavioral defects found in Cesmn-1 mutants. A) A multi-copy integration of PLS3,
ubiquitously expressed in wild type background causes increased locomotion in liquid.
B) Ubiquitous expression of PLS3 at a single copy rescues the locomotion defect after
blue light stimulation in the Cesmn-1(cb131);,ChR2 animals. Multi-copy expression of
the C. elegans ortholog plst-1, ubiquitously expressed is also able to rescue the

locomotion defect. C) Only neuronal expression of PLS3 at a multi copy levels is able to
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rescue the locomotion defect in Cesmn-1(cb131);ChR2 mutants. Multi copy muscle and
single copy neuronal or muscle, are not sufficient for rescue. D) Assessment of
pharyngeal pumping in Cesmn-1(0k355) animals with ubiquitous somatic expression of
human PLS3 improved pumping rates compared to Cesmn-1(0k355);PLS3 animals
versus [no cDNA] transgenic control animals. SEM is shown; Mann-Whitney U-test:

*p<0.05, **p<0.01.
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Figure 3: PLS3 suppresses the locomotion and pharyngeal pumping defects in C.
elegans ALS and polyQ toxicity models.

The ALS and polyQ toxicity models in C. elegans used have decreased locomotion in
liquid and decreased pharyngeal pumping rates at the young adult stage. PLS3 was
crossed into these mutants and their respective controls to assess for rescue in either
locomotion or pharyngeal pumping. A) Ubiquitous somatic expression of human PLS3
improved locomotion in SODG85R;PLS3 double mutant animals versus no PLS3 cDNA
controls and decreased locomotion in SODWT control animals, assessed as body bends
per minute in liquid. B) Ubiquitous PLS3 expression increased pharyngeal pumping rates
in SODG85R;PLS3 double mutant animals compared to SODG85R mutants alone. C)

PLS3 oe does not increase locomotion in the polyQ toxicity model with 67 repeats but
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increases locomotion in the control polyQ animals with 19 repeats. D) The polyQ toxicity
model with 67 repeats has increased pharyngeal pumping rates in double mutants with
PLS3 compared to animals with 67 polyQ repeats and no PLS3 cDNA. SEM is shown;

Mann-Whitney U-test: *p<0.05, **p<0.01.
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Figure 4: Cesym-2 is a genetic modifier of PLS3 oe, Cesmn-1 mutants and
SODGB85R mutants when assessed by locomotion.
A) Loss of Cesym-2 suppressed the increased locomotion of PLS3 oe animals in a wild
type background, assessed as body bends per minute in liquid. Both wild type and
double mutant PLS3oe;sym-2 had significantly less locomotion compared to the PLS3
oe single mutant. B) Cesmn-1(cb131);ChR2 animals have increased locomotion when

Cesym-2 levels are decreased using a loss-of-function allele in Cesmn-1;sym-2;ChR2
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triple mutants compared to controls with normal levels of Cesym-2. C) Ubiquitous RNAI
knockdown of Cesym-2 in the sid-71(neuronal sensitive) background, increased
locomotion of SODG85R mutant animals compared to SODG85R mutants without

decreased Cesym-2. SEM shown, data represent 3 independent trials, n>30, **p<0.01.
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IP: SMN

IB: SMN PLS3 hnRNPF hnRNPH (-) kDa

%

Summary of colocalization

% of SMN spots containing PLS3 40.90 +/-1
% of SMN spots containing hnRNP F 54.40 +/-3
% of SMN spots containing hnRNP H 31.13 +/-2

Figure 5: PLS3, hnRNP F &hnRNP H pull-down and colocalize with SMN in
vertebrate neurons.

A) Western blot analysis showed that immunoprecipitation with monoclonal SMN
antibody to mouse whole brain extract also co-immunoprecipates SMN (lane 1), PLS3
(lane 2), hnRNP F (lane 3) and hnRNP H (lane 4) in mouse brain lysate. As a control,

immunoprecipitation  without any antibody does not show any band. B)
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Immunocytochemistry of wild type mouse primary motor neuron cultures at day 13 are
labelled with Hb9 (motor neuron label), SMN, PLS3, hnRNP F and hnRNPH. Images
represent an example of antibody staining and show labeling in the motor neuron
processes along with antibody staining. Arrowheads point to punctate spots of protein
along the motor neuron processes. Quantitative analysis using Columbus software
identifies the amount of colocalization of each protein with SMN compared to the total

amount of SMN spots in motor neuron processes by percentage +/-SD.
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Supplementary Figure 1: PLS3 suppressed the resistance to the cholinesterase
inhibitor aldicarb in Cesmn-1(cb131);PLS3 double mutants.

Aldicarb induced paralysis of animals treated with 1mM of aldicarb on NGM plates
seeded with 30ul of bacteria. Cesmn-1(cb131) mutant animals show a resistance to
paralysis over time in the presence of aldicarb, an acetylcholinesterase inhibitor when
compared to wild-type control animals. PLS3 oe suppressed the resistance to paralysis
in double mutant Cesmn-1(cb131);PLS3 animals compared to double mutants with

Cesmn-1(cb131) and no PLS3 cDNA . Statistics were done using a log-rank test with an

over 3 independent trials.
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Supplementary Figure 2: PLS3 does not rescue the locomotion defects in GABA
unc-25 mutants.

unc-25 (GABA synthesis mutants) have decreased locomotion in liquid compared to wild
type control animals (Jin et al., 1999). Ubiquitous over-expression of PLS3 is not able to
rescue the locomotion defects in unc-25 mutant animals assessed in the double mutants
unc-25;PLS3 oe and unc-25;no PLS3 cDNA experimental and control animals,
respectively. Locomotion is assessed as body bends per minutes in liquid, n>30 over

three independent trials. SEM is shown; Mann-Whitney U-test: **p<0.01
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Introduction

Spinal muscular atrophy (SMA) is an autosomal recessive disorder caused by
the degeneration of alpha motor neurons. SMA is the leading genetic cause of death in
children under the age of two and has no cure (Crawford and Pardo, 1996). Disease
severity varies and can be correlated to the presence of genetic modifiers. Irrespective
of severity, all SMA patients have a homozygous deletion or mutation in the Survival of
Motor Neuron (SMN1) gene, and retain at least one copy of the almost identical SMN2
gene. SMN2 varies in a single C>T nucleotide change in exon 7 that perturbs pre-
mRNA splicing and results in a truncated protein of diminished function (SMNA7)
(Monani et al., 1999). SMN2 produces low levels of full-length SMN protein and while it
cannot compensate for the loss of SMN7 in SMA, it does act as a genetic modifier of
SMA in a copy-dependent manner (Feldkotter et al.,, 2002, Mailman et al., 2002).
Currently, there is one other known genetic modifier in patients, plastin 3 (PLS3) an actin
bundling protein. PLS3 was identified as a protective modifier in a small humber of
female SMA patients and was seen to pull-down in a complex with SMN and actin
(Oprea et al., 2008).

SMN is ubiquitously expressed and was identified to play a role in numerous
protein complexes. Perhaps its most common function is in the Gemin complex, where
SMN is required for biogenesis of small ribonucleoprotein (snRNP) particles essential for
pre-mRNA splicing (Pellizzoni et al., 2002). SMN is also found in RNP granules along
axons, which is thought to have involvement in mRNA transport and local translation
(Akten et al., 2011, Fallini et al., 2011). Additionally, SMN is required in stress granule
formation (Hua and Zhou, 2004, Zou et al.,, 2011) and recent studies showed it is
required for the maintenance of embryonic stem cells and neuronal differentiation in
mice (Chang et al., 2014). The molecular defect responsible for motor neuron

degeneration in SMA is still unknown. It is clear that SMN is involved in various cellular
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processes; therefore, identifying the role in which SMN is pertinent for SMA
pathogenesis is essential in understanding the disease.

One method to identify essential pathways disrupted in SMA pathogenesis is to
screen for genetic modifiers and identify their role in pathogenesis or define their
interaction with SMN. As previously mentioned, one known genetic modifier of SMA is
PLS3 and these two proteins are found in a complex together with actin. In this study
we use the nematode, Caenorhabditis elegans (C. elegans) to screen candidate
modifiers that affect both PLS3 and SMN mutated animals in functional analyses. The
behavioral data collected, suggests a genetic interaction of SMN and PLS3 with several
genes involved in RNA processing and transport. Further analysis assessed if any of
the genetic modifiers also directly bound to PLS3 or SMN in a yeast two-hybrid system.
Combined, these results uncovered a number of new smn-1(If) genetic modifiers in C.
elegans including a single dead box helicase (DDX5) that has a weak direct interaction
with both PLS3 and SMN. Utilizing behavioral analyses in a high throughput organism,
allowed the identification of new genes that can then be selectively screened in SMA

vertebrate models.

Materials and Methods

Strains

C. elegans were grown on nematode growth media (NGM) agar plates seeded
with OP50 bacteria and maintained at 20C as previously described (Brenner, 1974). For
experiments involving balanced strains, all animals were first generation progeny of
animals heterozygous for the hT2 or nT1 balancer to maintain a common genetic
background. Loss-of-function genetic modifiers were obtained from the Caenorhabditis

Genetic Center and the C. elegans Knockout Consortium. The following strains were

73



used: N2, SP2230 sym-2(mn617)ll, VC659 hrp-1(0k963) IVInT1(qls51) IV;V, WM53 alg-
2(0k304)Il, HR1184 +/szT1[lon-2(e678)] I; nmy-1(sb115) dpy-8(e130)/szT1 X., VC1784
hsp-1(gk1230)IV, VC1191 pab-1(ok1656) I/hT2[bli-4(e937) let-2(q782) qls48](I;1ll),
VC1260 F58E10.3&aip-1(0k277) VInT1[qls51] (IV;V), VC1635 psf-1(gk1206) IIl/hT2[bli-
4(e937) let-2(q782) qls48](I;lll), VC1310 cey-1(ok1805) Il, VC1057 tbb-4(ok1461) X,

HS143 msi-1(0s1) lll, EG5425 (oxIs364)X, HA2163 (smn-1(cb131);0xIs364) X.

Retinal Feeding

Retinal feeding was done as previously described (Liu et al., 2009) with some
modifications. Briefly, transgenic animals were cultivated in the dark at 20C on NGM
plates with OP50 bacteria with or without all-trans retinal (Sigma), approximately 18
hours before experiments. Plates containing all-trans retinal were prepared by
spreading 100ul of OP50 culture mixed with 1.6ul of 100mM all-trans retinal stock
(dissolved in ethanol) onto 2.5cm plates containing 5ml of NGM. Animals were
illuminated with a mercury bulb and a Zeiss bandpass filter set was used to excite
channelrhodopsin at 450-490 nm for 20 seconds before analyzing swimming behavior.

Swimming analysis

For the swimming assay, young adult animals were picked singly into wells of a
PDMS chip containing 2ul of PBS. Animals were given 5 minutes to settle and assayed
at a room temperature that was maintained between 22C and 24C. 10-second videos
were taken with an AxioCam R3.0 camera at 12 frames/second, on a Zeiss Discovery
V20 at 12.5 x 11 magnification. Individual animal movies were analyzed using the
NABAS software, which was modified for image formats yielding body bends per minute
(Krajacic et al., 2012). Average body bends per minute (+ SEM) were combined from at
least three independent trials (n = 30 animals in total).

Yeast two-hybrid screen
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The AH109 yeast strain was used to assess interactions of human cDNAs that
were cloned into pDBLeu and pEXP-AD502 binding domain and activation domain
vectors, respectively. Human PLS3 CDS (ATG to TAA), was provided from the Wirth lab
and amplified from pcDNA3.1_PLS3.V5-His6 TOPO vector. Human SMN cDNA was
provided by the Rubin lab and amplified from pEF-DEST51 vector. All other cDNAs
were purchased from Thermo Scientific. Clones and primers used for amplification are

listed in the table below.

Protein Clone/Seq ID Primers used for amplification
Name
SMN 20996 5’- CCCGGGtgcgatgagcagcggeggeagtgg

5’- CCATGGattaagnaatgtgagcac

PLS3 005032.6 5’- CCCGGGtgatgagatggctaccactcag
5’- CCATGGttacactctcttcattccectg

DDX5 3528578 5’- GTCGACttattgggaatatcctg
5’- ACTAGTttattgggaatatcctg

DDX17 3345982 5’- GTCGACccactgcccggtttgagegtag
5’- ACTAGTtcatttacgtgaaggaggaggagggggag

DDX20 4651697 5’- GTCGACcgcggcggcatttgaagce
5’- ACTAGTtcactggttactatgcatc

EIF2C2 3356425 5’- GTCGACctggattttaaaagtattgaag
5’- ACTAGTtcaagcaaagtacatggtgcgc

HNRNP F 4104978 5’- GTCGACcatgctgggccctgagggagg
5-ACTAGTctagtcatagccacccatgc

NONO 5108266 5’-GTCGACccagagtaataaaacttttaacttgg
5-ACTAGTttagtatcggcgacg

PABPC1 3940309 5’-GTCGACcaaccccagtgcccccag
5-GCGGCCGCttaaacagttggaacaccgg

SFPQ 5262885 5’-GTCGACctctcgggatcggttccgg
5-ACTAGTctaaaatcggggttttttgtttgggcece
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The SMN and PLS3 baits were used to screen the prey using triple drop out
plates (—His/~Leu/-Trp) according to the manufacturers instructions (Invitrogen

ProQuest system).

Results
The identification of genetic modifiers of PLS3 oe mutant animals

Studies have confirmed PLS3 as a genetic modifier of SMA models from
zebrafish to mice (Oprea et al., 2008, Ackermann et al., 2013, Lyon et al., 2014). ltis
known that SMN and PLS3 co-immunoprecipitate in a complex together with actin, but
the other proteins in the complex are unknown. ldentification of these proteins may give
insight into possible mechanisms through which PLS3 suppresses SMA defects.
Previous proteomic data collected from Drosophila S2 cells, discovered proteins that
associate with DmSMN and Dmfimbrin (PLS3 ortholog), independently (Sen et al.,
2013). Drawing on this data a list of candidate genetic modifiers was compiled based on
the following requirements: the frequency in which the proteins interacted with one
another, presence of both H. sapiens and C. elegans orthologs, and whether a loss-of-
function (If) C. elegans allele was available to assess behavior. From these criteria, a
list of 11 candidate genes was created to test genetic modifiers of PLS3 and Cesmn-1
mutant animals in a behavioral screen (Table 1).

As described earlier, a C. elegans model where PLS3 is over expressed (oe) with
multiple copies in a wild type background, increases locomotion in liquid by 38%
(Chapter 2 and Figure 1, p = 0.003). Potential interactions between PLS3 and candidate
genetic modifiers were examined by constructing double mutant strains. If a gene is
required for PLS3 function in locomotion, loss of this gene should suppress the
increased locomotion phenotype. However, if a gene were not involved in the PLS3

function in locomotion, loss of it would be inconsequential in this neuromuscular
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phenotype. First, double mutant animals were constructed with PLS3 (oe) and loss of
function alleles for genes listed in Table 1. Loss of hrp-1, nmy-1, hsp-1, msi-1, cey-1 and
tbb-4 did not suppress the increased locomotion of PLS3 animals (data not shown). In
contrast, loss of alg-2, ddx-17, pab-1, psf-1 and sym-2 did suppress the increased
locomotion of PLS3 animals (Figure 1; p=0.007, p=0.008, p=0.039, p=0.005 and
p=0.007, respectively). These results indicate a possible genetic interaction between
PLS3 and the identified five genes that affected locomotion. Next, further analysis was
carried out to determine if they were also genetic modifiers in Cesmn-1 mutant animals.
The identification of genetic modifiers in Cesmn-1 mutant animals

After the discovery of PLS3 genetic modifiers, those genes were sequentially
assessed for behavioral modification in Cesmn-1 mutant animals. It is already
established that Cesmn-1(cb131);ChR2 animals have decreased locomotion in liquid
after stimulation of cholinergic neurons by ChR2 compared to controls (Chapter 2 and
Figure 2). Thus, we utilized this quantitative neuromuscular phenotype to screen for
genetic modifiers. Double mutants were constructed with Cesmn-1(cb131);ChR2 and
loss of function alleles for alg-2, ddx-17, pab-1, psf-1, and sym-2. In the case of sym-
2(If) and psf-1(If), double mutants suppressed the Cesmn-1(cb131);ChR2 decreased
locomotion (Figure 2, p=0.006, p=0.009, respectively). In contrast, ddx-17(If) enhanced
the Cesmn-1(cb131);ChR2 defect, while alg-2(If) and pab-1(If) had no affect (Figure 2,
p=0.02). It should be noted that double mutants with pab-1(If) and Cesmn-1 were
assayed as trans-heterozygotes, due to their close proximity on the genome. Together,
these results identify three genetic modifiers of Cesmn-1(cb131);ChR2 mutant animals
that were proven to function behaviorally with PLS3 mutant animals.
Do genetic modifiers directly interact with PLS3 or SMN?

To test for an in vivo protein-protein interaction between SMN or PLS3 and the

genetic modifiers identified, the yeast two-hybrid system was employed. For this

7



analysis, human cDNA clones were used (see methods for the list of clones screened).
Fusion constructs were generated containing the full-length cDNA sequences of smn-1
or PLS3 fused to the GAL4 DNA-binding domain or modifier sequences fused to the
activation domain. The competent yeast strain AH109 was transformed with binding and
activation domain constructs. Upon interaction of proteins, active GAL4 transcription
factors are formed, driving transcription of several reporter genes (Ade, His, Leu).
Induction of these reporter genes should result in colony growth on selective media
lacking the three amino acids (Figure 3). Positive and negative controls were included
on each selective plate and screening was carried out in triplicate. SMN is known to
bind itself and was therefore used as a positive control (Lorson et al., 1998, Burnett et
al., 2009). We found a robust, consistent interaction with SMN and SMN as bait and
prey, indicating a relatively high reliability of our screening process (Figure 3). However,
DDX20 (Gemin 3) a known binding partner of SMN was also applied and did not show
any interaction, suggesting a higher false negative rate and that some potential
interactions could be missed in our screen (Figure 3) (Charroux et al.,, 1999). Co-
transformation of DDX5-AD with SMN-BD and PLS3-BD showed induction of all three-
reporter genes by this assay (Figure 3). However, growth was limited compared to
positive controls, suggesting a weak interaction between proteins. No other genetic
modifier screened showed a consistent interaction with either SMN or PLS3. Results
from the screen suggest that DDX5 could interact in a complex with SMN, PLS3 and
actin, but further analysis is necessary. Proteins that failed to induce transcription could
still be part of a functional complex with SMN and PLS3, but require intermediate binding

partners.

Conclusions
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Here we identify several novel genetic modifiers of PLS3 and Cesmn-1 mutant
animals that are involved in mRNA processing. The work presented is based on
previously defined C. elegans models of PLS3 oe and SMA where over-expression of
PLS3 or decreased function of the C. elegans SMN ortholog, Cesmn-1, results in
neuromuscular function defects (Chapter 2). We found that loss of alg-2, sym-2, psf-1,
ddx-17 and pab-1 suppressed the behavioral phenotype of PLS3 animals, suggesting
that these genes are required for increased locomotion in PLS3 animals. Additionally,
genetic interactions with Cesmn-1 mutants were identified with sym-2, psf-1 and ddx-17.
Further biochemical analysis using a yeast two-hybrid screen identified the C. elegans
ortholog of ddx-17, DDX5 to directly bind to SMN and PLS3 in vivo. Taken together
these results suggest DDX5 as a putative component of the SMN, PLS3 and actin
complex. This novel interaction between the three proteins has potential pertinence to
SMA pathogenesis.
psf-1 acts as a genetic suppressors of Cesmn-1 mutants, through PLS3

Identification of genetic suppressors of SMA is important in finding new
therapeutic targets. Using invertebrate model systems to quickly screen for suppressors
is a valuable tool that could give insight into disease mechanism and lead to more
specific screens in vertebrate model systems in the future. In this study we identify two
genes that suppress the Cesmn-1 mutant defects and also suppress PLS3 mutant
defects, sym-2 (previously discussed in Chapter 2) and psf-1. The human orthologs of
psf-1 are NONO and SFPQ, binding partners that are known to have involvement in
several nuclear processes. They are DNA and RNA binding proteins that are implicated
in pre-mRNA splicing and spliceosome formation (Rosonina et al., 2005). These
proteins are also shown to interact with SMN (Fuller et al., 2010). While our yeast two-
hybrid screen did not show a direct interaction of either of these proteins with SMN or

PLS3, intermediate-binding partners could be required. One could hypothesize that

79



these four proteins form a nuclear complex critical for splicing and that disruption of this
complex due to SMN loss perturbs splicing function. However, further behavioral and
biochemical analyses are necessary to understand the role of all four proteins in this
paradigm.
DDX5 binds SMN and PLS3 and the invertebrate ortholog acts through PLS3 to
enhance Cesmn-1 defects

The ddx-17 gene is orthologous to the human genes DDX5 and DDX17. These
genes encode DEAD box proteins that are involved in pre-mRNA splicing and alteration
of RNA secondary structure (Lorsch, 2002). The two proteins are 90% identical at the
core and differ only in N- and C- termini (Lamm et al., 1996). They work synergistically
and are known to associate with hnRNPs (Hegele et al., 2012), including orthologs to
sym-2, another identified genetic modifier in this screen. Loss of ddx-17 exacerbated
the Cesmn-1 mutant defects, acting as an enhancer to SMN diminished protein levels.
Interestingly, of the genetic modifiers identified, DDX5 was the only protein to show a
direct interaction with SMN and PLS3. It is not surprising to see an interaction with SMN,
given the role of DEAD box helicases in splicing; however the observation that DDX5
also interacts with PLS3 is unexpected. Together, the genetic and biochemistry
analyses suggest that SMN, PLS3 and DDX5 form a complex together. Combining the
genetic data discussed here and the literature, we found that hnRNPs, in particular
H1,2,3, are also implicated to associate with all these proteins. SMN, DDX5 and hNRNP
H play a critical role in pre-mRNA splicing (Lorsch, 2002, Pellizzoni et al., 2002, Gupta et
al., 2013). Several studies identify PLS3 as a component of large protein complexes
involved in RNA processing/metabolism (Ho et al., 2002, Blagoev et al., 2003). These
along with our data suggest that PLS3 may also be functioning in splicing and that

disruption of this large complex could contribute to the pathogenesis of SMA.
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Summary

The genetic and biochemical studies presented here demonstrate that
invertebrate model organisms such as C. elegans provide a fast and effective tool for
identifying genetic pathways pertinent to SMN mutants. Previous studies suggest that
the role of SMN in splicing is the primary perturbation causing SMA pathogenesis. For
example, analysis of SMN target genes identified Stasimon as a protein required for
motor circuit function. When Stasimon expression was restored, defects of Drosophila
and Danio rerio (zebrafish) SMN mutants at the neuromuscular junction were corrected
(Lotti et al., 2012). Additionally, SMN from SMA patients showed a decreased ability to
interact with Gemin3, a functional complex that is critical in splicing (Charroux et al.,
1999). These studies along with others show that SMN function in splicing is critical in
SMA pathology. Identifying genetic modifiers that target SMN splicing complexes could

lead towards identification of novel therapeutic interventions for SMA.
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Figures

C.elegans D.melanogastar H.sapiens

gene gene protein
sym-2 glo hnRNP F/H
hrp-1 Hrb98DE hnRNP A
alg-2 AGO2 EIF2C2
nmy-1 zip MYH10
hsp-1 Hsc70-4 HSPAS
pab-1 pAbp PABPC1
ddx-17 Rm62 DDX5/17
msi-1 sqd MSI2

psf-1 nonA NONO/SFPQ
cey-1 yps YBX1

tbb-4 betaTub56D TUBB4B

Description/Function

heterogeneous nuclear
ribonucleoprotein
heterogeneous nuclear

ribonucleoprotein
Argonaute 2, part of RISC

myosin heavy chain
heat-shock protein

poly(A) binding protein
ATP-dependent RNA helicase

RNA-binding protein

splicing factor, proline- and
glutamine-rich

Y-box protein

tubulin beta-2C chain

Table 1: Candidate genetic modifiers screened in C. elegans behavioral assays.

A list of candidate genetic modifiers of PLS3 and Cesmn-1, compiled from

proteomic data in S2 cells (Sen et al., 2013).

C. elegans, Drosophila and H. sapiens

orthologs are listed, along with a brief description of their function.
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Figure 1: Genetic modifiers of the PLS3 oe increased locomotion in liquid.

A multi-copy integration of PLS3 ubiquitously expressed in wild type background
increased locomotion in liquid (measured as average body bends per minute) compared
to wild type animals (first two bars). All loss-of-function alleles of candidate modifiers
were crossed into PLS3 oe animals and double mutants were assessed for a change in
the increased locomotion of PLS3 oe on its own. This genetic screening identified alg-2,
ddx-17, pab-1, psf-1 and sym-2 deficient animals to suppress the increased locomotion
of PLS3 oe animals. Locomotion assessment of candidate gene single mutant loss-of-
function animals showed no significant changes. Data shown is from three independent
trials with SEM shown. All samples were compared to the PLS3 oe animals using a

student t-test; *p<0.05, **p<0.01.
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Figure 2: Genetic modifiers of the Cesmn-1(cb131) locomotion in liquid defect.
From the candidate genes that suppressed PLS3 oe increased locomotion rates,
loss of function alleles for sym-2, psf-1 and ddx-17 were the only mutants that altered
locomotion in liquid of the Cesmn-1(cb131);ChR2 mutant animals. Triple mutants were
assessed and Cesmn-1(cb131);sym-2;,ChR2 and Cesmn-1(cb131),psf-1,ChR2
suppressed the locomotion defect of Cesmn-1(cb131);ChR2 animals. The triple mutant
Cesmn-1(cb131);ddx-17,ChR2 enhanced the Cesmn-1(cb131);ChR2 defect. Data
shown is from three independent trials with SEM shown. All samples are compared to

Cesmn-1(cb131);ChR2 mutants for significance using a student t-test; *p<0.05,**p<0.01.
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Figure 3: DDXS5 binds directly to SMN and PLS3 in a yeast two-hybrid system.
Yeast AH109 cells were co-transformed with the expression plasmids for fusion
proteins of both BD (bait) and AD (prey) and selected on a double dropout (SD/-Trp/-
Leu) medium plate. Each colony was streaked on selection media plates of double
dropout and triple dropout (SD/-Trp/-Leu/-His) and incubated for 4 days at 30°C. Images
shown are of growth on triple dropout plates. SMN showed a strong interaction with
itself, while DDX5 showed some growth when transformed with both SMN and PLS3 as
the bait. An empty prey showed no interaction with either SMN or PLS3 as a negative
control. DDX20 or Gemin 3 also did not show any direct interaction with SMN or PLS3
in these experiments. Experiments were done in triplicate; a single colony patch is

shown as a representative of the experiments.

85



References

Ackermann B, Krober S, Torres-Benito L, Borgmann A, Peters M, Barkooie SMH, Tejero
R, Jakubik M, Schreml J, Milbradt J, Wunderlich TF, Riessland M, Tabares L,
Wirth B (Plastin 3 ameliorates spinal muscular atrophy via delayed axon pruning
and improves neuromuscular junction functionality. Hum Mol Genet 22:1328-
1347.2013).

Akten B, Kye MJ, Hao LT, Wertz MH, Singh S, Nie DY, Huang J, Merianda TT, Twiss JL,
Beattie CE, Steen JAJ, Sahin M (Interaction of survival of motor neuron (SMN)
and HuD proteins with mRNA cpg15 rescues motor neuron axonal deficits. P Natl
Acad Sci USA 108:10337-10342.2011).

Blagoev B, Kratchmarova I, Ong SE, Nielsen M, Foster LJ, Mann M (A proteomics
strategy to elucidate functional protein-protein interactions applied to EGF
signaling. Nat Biotechnol 21:315-318.2003).

Brenner S (Genetics of Caenorhabditis-Elegans. Genetics 77:71-94.1974).

Burnett BG, Munoz E, Tandon A, Kwon DY, Sumner CJ, Fischbeck KH (Regulation of
SMN Protein Stability. Mol Cell Biol 29:1107-1115.2009).

Chang WF, Xu J, Chang CC, Yang SH, Li HY, Hsieh-Li HM, Tsai MH, Wu SC, Cheng
WT, Liu JL, Sung LY (SMN is required for the maintenance of embryonic stem
cells and neuronal differentiation in mice. Brain Struct Funct.2014).

Charroux B, Pellizzoni L, Perkinson RA, Shevchenko A, Mann M, Dreyfuss G (Gemin3:
A novel DEAD box protein that interacts with SMN, the spinal muscular atrophy
gene product, and is a component of gems. J Cell Biol 147:1181-1194.1999).

Crawford TO, Pardo CA (The neurobiology of childhood spinal muscular atrophy.

Neurobiol Dis 3:97-110.1996).

86



Fallini C, Zhang HL, Su YH, Silani V, Singer RH, Rossoll W, Bassell GJ (The Survival of
Motor Neuron (SMN) Protein Interacts with the mRNA-Binding Protein HuD and
Regulates Localization of Poly(A) mRNA in Primary Motor Neuron Axons.
Journal of Neuroscience 31:3914-3925.2011).

Feldkotter M, Schwarzer V, Wirth R, Wienker TF, Wirth B (Quantitative analyses of
SMN1 and SMN2 based on real-time lightCycler PCR: fast and highly reliable
carrier testing and prediction of severity of spinal muscular atrophy. Am J Hum
Genet 70:358-368.2002).

Fuller HR, Man NT, Lam le T, Thanh le T, Keough RA, Asperger A, Gonda TJ, Morris
GE (The SMN interactome includes Myb-binding protein 1a. J Proteome Res
9:556-563.2010).

Gupta SK, Kosti |, Plaut G, Pivko A, Tkacz ID, Cohen-Chalamish S, Biswas DK, Wachtel
C, Ben-Asher HW, Carmi S, Glaser F, Mandel-Gutfreund Y, Michaeli S (The
hnRNP F/H homologue of Trypanosoma brucei is differentially expressed in the
two life cycle stages of the parasite and regulates splicing and mRNA stability.
Nucleic Acids Research 41:6577-6594.2013).

Hegele A, Kamburov A, Grossmann A, Sourlis C, Wowro S, Weimann M, Will CL, Pena
V, Luhrmann R, Stelzl U (Dynamic protein-protein interaction wiring of the human
spliceosome. Mol Cell 45:567-580.2012).

Ho Y, Gruhler A, Heilbut A, Bader GD, Moore L, Adams SL, Millar A, Taylor P, Bennett
K, Boutilier K, Yang L, Wolting C, Donaldson |, Schandorff S, Shewnarane J, Vo
M, Taggart J, Goudreault M, Muskat B, Alfarano C, Dewar D, Lin Z, Michalickova
K, Willems AR, Sassi H, Nielsen PA, Rasmussen KJ, Andersen JR, Johansen
LE, Hansen LH, Jespersen H, Podtelejnikov A, Nielsen E, Crawford J, Poulsen
V, Sorensen BD, Matthiesen J, Hendrickson RC, Gleeson F, Pawson T, Moran

MF, Durocher D, Mann M, Hogue CW, Figeys D, Tyers M (Systematic

87



identification of protein complexes in Saccharomyces cerevisiae by mass
spectrometry. Nature 415:180-183.2002).

Hua Y, Zhou J (Rpp20 interacts with SMN and is re-distributed into SMN granules in
response to stress. Biochem Biophys Res Commun 314:268-276.2004).

Krajacic P, Shen XN, Purohit PK, Arratia P, Lamitina T (Biomechanical Profiling of
Caenorhabditis elegans Motility. Genetics 191:1015-U1613.2012).

Lamm GM, Nicol SM, Fuller-Pace FV, Lamond Al (p72: a human nuclear DEAD box
protein highly related to p68. Nucleic Acids Res 24:3739-3747.1996).

Liu Q, Hollopeter G, Jorgensen EM (Graded synaptic transmission at the Caenorhabditis
elegans neuromuscular junction. P Natl Acad Sci USA 106:10823-10828.2009).

Lorsch JR (RNA chaperones exist and DEAD box proteins get a life. Cell 109:797-
800.2002).

Lorson CL, Strasswimmer J, Yao JM, Baleja JD, Hahnen E, Wirth B, Le T, Burghes
AHM, Androphy EJ (SMN oligomerization defect correlates with spinal muscular
atrophy severity. Nature Genetics 19:63-66.1998).

Lotti F, Imlach WL, Saieva L, Beck ES, Hao le T, Li DK, Jiao W, Mentis GZ, Beattie CE,
McCabe BD, Pellizzoni L (An SMN-dependent U12 splicing event essential for
motor circuit function. Cell 151:440-454.2012).

Lyon AN, Pineda RH, Hao LT, Kudryashova E, Kudryashov DS, Beattie CE (Calcium
binding is essential for plastin 3 function in Smn-deficient motoneurons. Hum Mol
Genet 23:1990-2004.2014).

Mailman MD, Heinz JW, Papp AC, Snyder PJ, Sedra MS, Wirth B, Burghes AH, Prior
TW (Molecular analysis of spinal muscular atrophy and modification of the
phenotype by SMN2. Genet Med 4:20-26.2002).

Monani UR, Lorson CL, Parsons DW, Prior TW, Androphy EJ, Burghes AH, McPherson

JD (A single nucleotide difference that alters splicing patterns distinguishes the

88



SMA gene SMN1 from the copy gene SMN2. Hum Mol Genet 8:1177-
1183.1999).

Oprea GE, Krober S, McWhorter ML, Rossoll W, Muller S, Krawczak M, Bassell GJ,
Beattie CE, Wirth B (Plastin 3 is a protective modifier of autosomal recessive
spinal muscular atrophy. Science 320:524-527.2008).

Pellizzoni L, Yong J, Dreyfuss G (Essential role for the SMN complex in the specificity of
snRNP assembly. Science 298:1775-1779.2002).

Rosonina E, Ip JY, Calarco JA, Bakowski MA, Emili A, McCracken S, Tucker P, Ingles
CJ, Blencowe BJ (Role for PSF in mediating transcriptional activator-dependent
stimulation of pre-mRNA processing in vivo. Mol Cell Biol 25:6734-6746.2005).

Sen A, Dimlich DN, Guruharsha KG, Kankel MW, Hori K, Yokokura T, Brachat S,
Richardson D, Loureiro J, Sivasankaran R, Curtis D, Davidow LS, Rubin LL, Hart
AC, Van Vactor D, Artavanis-Tsakonas S (Genetic circuitry of Survival motor
neuron, the gene underlying spinal muscular atrophy. P Natl Acad Sci USA
110:E2371-E2380.2013).

Zou T, Yang X, Pan D, Huang J, Sahin M, Zhou J (SMN deficiency reduces cellular
ability to form stress granules, sensitizing cells to stress. Cell Mol Neurobiol

31:541-550.2011).

89



90

Chapter 4

Summary, Discussion & Conclusions



Deficiency of SMN causes detrimental effects at the neuromuscular junction that
lead to the motor neuron disease Spinal Muscular Atrophy (SMA). A promising avenue
for understanding how depleted levels of SMN lead to motor neuron specific
degeneration is the identification of genetic modifiers. Genetic modifiers of SMA and
other neurodegenerative diseases could lead to a better understanding of targeted
pathways that are disrupted in these diseases and to possible therapeutic targets. One
of the goals of this thesis was to characterize a previously identified genetic modifier in
SMA patients, PLS3 and determine if it is a cross disease modifier. Using PLS3 as a
model for genetic modifiers of disease in C. elegans, we also identified new genetic
modifiers that alter the Cesmn-1 mutant phenotypes and tested them in ALS and polyQ

toxicity models. The results obtained led us to the conclusions discussed below.

Genetic modifiers of disease

The actin bundling protein PLS3 is found to be upregulated in individuals that are
asymptomatic for SMA even though they carry homozygous mutations in the SMN-1
gene. PLS3 over-expression (oe) restored axon outgrowth and suppressed behavioral
defects in SMA zebrafish and mouse models (Oprea et al., 2008, Ackermann et al.,
2013). PLS3 was also found in a protein complex along with SMN and actin, suggesting
a genetic interaction between the proteins. While a previous study suggests that the role
PLS3 plays in actin bundling is crucial for suppression of SMN defects, another study
identifies the calcium-binding domain of PLS3 to be essential for suppression
(Ackermann et al., 2013, Lyon et al., 2014). The discrepancy in the role of PLS3 in SMN
mutants of these studies show that more needs to be understood about the mechanism
of PLS3 suppression in SMA. These studies also highlight the importance of PLS3 in
axon outgrowth and neuronal function in general, suggesting that PLS3 could be acting

in a pathway that when manipulated would be beneficial across neurodegenerative
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diseases. While these experiments suggest PLS3 as a future therapeutic target for SMA,
they also underline the beneficial effects of identifying common modifiers across
diseases.

Chapter two discussed evidence of common genes perturbed across the
neurodegenerative diseases SMA, ALS and certain polyQ diseases, highlighting the
importance of identification of genetic modifiers (Nishimura et al., 2004, Oprea et al.,
2008, Farg et al., 2013, Kim et al., 2013, Tazen et al., 2013). However, perturbation of
these genes (VAPB, Ataxin-2 and hnRNPA) is detrimental and causes disease. There
has yet to be identified a single gene manipulation that is beneficial in multiple diseases,
which is why understanding the role PLS3 plays in SMA and if it is a genetic modifier of

other diseases is crucial in understanding disease pathology.

Common pathways are perturbed in neurodegenerative diseases

The data presented in Chapter two has confirmed that PLS3 is a genetic modifier
in Cesmn-1 mutants and that its expression in neurons is sufficient for rescue. An
improvement of behavioral defects in ALS and polyQ models was also seen. This
improvement across disease models could be due to a common pathway that is
perturbed in multiple diseases. Protein misfolding and aggregation occur in most
neurodegenerative diseases (Macdonald et al.,, 1993, Cudkowicz and Brown, 1997,
Bates GP, 2002, Wang et al., 2009b). Because of this it is widely accepted that protein
quality control plays a crucial role in neuronal function and survival. Studies have shown
that manipulation of these pathways is able to alter pathogenesis of neurodegenerative
diseases (Cummings et al., 2001, Bonini, 2002). Specifically, the ubiquitin-proteosome
pathway (UPP) may contribute to neurodegenerative disease progression in various
ways including: recruitment or sequestration to protein aggregates, overloading of the

pathway by misfolded protein, or in some cases having the opposite effect where
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proteins are degraded too quickly (Hasselgren et al., 2002, Bricceno et al., 2012). The
cross disease effects of the proteosome pathway highlight the importance of identifying
new pathways that are misregulated across diseases. ldentification of new pathways
would lead to a better understanding of disease mechanism along with possible new
therapeutic targets for those diseases.

The identification of hnRNP F/H as a genetic modifier of SMA and ALS models
through PLS3, implicates another pathway that could be perturbed across
neurodegenerative diseases. It is known that SMN loss impairs axonal trafficking of the
RNP granules that synthesize proteins essential for axon growth and maintenance,
including F-actin, CPG15 and synaptophysin (Taylor et al., 2009, Akten et al., 2011,
Ackermann et al., 2013). Furthermore loss of SMN could cause decreased local
translation through mis-regulation of RNA at the growth cones of motor neurons. Actin
also plays an essential role in axon growth and development. The actin cytoskeleton of
growth cones allows for the process of elongation and studies show that decreased
levels of actin perturb neuron outgrowth (Rossoll et al., 2002). Since PLS3 is an actin-
bundling protein and localizes to axons, PLS3 may play a crucial role in neuronal
processes (Ackermann et al., 2013). While the role of hnRNPs is still being studied
outside of the nucleus, studies have identified several hnRNPs to be localized in
granules along the axon and identified as crucial in axon development (Rossoll et al.,
2002, Liu et al., 2008a). hnRNP R was identified to modulate actin content in growth
cones and when perturbed caused a decrease in actin localization. This suggests that
functional hnRNP R is required for localization of actin in growth cones (Rossoll et al.,
2002). With the building evidence that both PLS3 and hnRNPs play a role in axons that
is pertinent to SMA, the question remains if these proteins and this pathway are also
important in other neurodegenerative diseases. Reduced axon growth and disruption of

axonal transport is observed in other motorneuron disorders (Yonekawa et al., 1998,
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Hadano et al., 2001, Yang et al., 2001). The identification of PLS3 and hnRNP F/H as
modifiers of the C.elegans ALS model, suggests that their role in axons may be a
pertinent to pathogenesis in ALS as well.

While our data suggests a common role for SMN, PLS3, hnRNP F & hnRNP H in
motor neuron axons, we cannot exclude the possibility that all four proteins could also
play a role in other places, such as the nucleus. SMN and hNRNPs play a critical role in
pre-mRNA splicing (Pellizzoni et al., 2002, Gupta et al., 2013). Several studies have also
identified PLS3 as a component of complexes involved in RNA processing and
metabolism (Ho et al., 2002, Blagoev et al., 2003). The genetic screening in Chapter
three also identified the protein DDX5 as a genetic modifier in C. elegans smn-1
mutants. Using a yeast two-hybrid system DDX5 was also found to bind to both SMN
and PLS3. DDXS5 is a dead box protein that is a putative RNA helicase. It is known to
play various cellular roles that involve translation initiation, splicing and spliceosome
assembly (Lorsch, 2002). Perturbation of splicing would affect many genes and is one of
the most common therapeutic targets for SMA. A decrease in proteins that are required
for splicing such as SMN and DDX5 could lead to alterations in splicing of essential
genes that are required for motor neuron survival and thus lead to motor neuron
disease. While the splicing pathway is known to be perturbed in SMA, the connection to
other neurodegenerative diseases is not as clear. However, specific RNA processing
proteins such as FUS and TDP43, when mutated cause ALS and motor neuron disease
(Gitcho et al., 2008, Liscic et al., 2008, Vance et al., 2009). The connection between
RNA processing proteins and disease suggests a pathway that is perturbed across
disease. However, future work connecting these proteins and identifying which of the
pathways discussed is pertinent to disease pathogenesis could provide additional

therapeutic targets to neurodegenerative diseases such as SMA and ALS.
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Possible model for how PLS3 ameliorates SMA defects

A possible model for how PLS3 is able to ameliorate SMA defects is reflected in
the vertebrate co-localization data described in Chapter two. This data showed that
SMN co-localized in motor neuron processes with PLS3, hnRNP F and hnRNP H in a
punctate manner. The punctate pattern of co-localization along with previous studies
that identify the independent proteins in granules along axons, suggests a specific
complex where all 4 proteins interact. This complex would presumably contain other
proteins along with mRNAs that are being transported down the processes for local
translation (figure 1). Loss of SMN would disrupt the formation of this complex leading
to less mMRNA transport and less local translation at growth cones during critical time
periods such as motor neuron development or maintenance. The increased expression
of PLS3 may either stabilize these complexes or recruit more of them to the processes,
therefore increasing the amount of mMRNA transport and local translation, restoring axon
outgrowth. While it is also shown that actin is found in a comlex with SMN and PLS3
(Oprea et al., 2008), it is unclear if actin mRNA is one of the crucial mMRNAs being
misregulated with loss of SMN and if less local translation of actin leads to weaker or

more unstable processes.
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Figure 1: Possible model for how PLS3 ameliorates SMA defects in motor neuron
processes.

SMN, PLS3, hnRNPs and other proteins along with mRNAs are found in a complex
along motor neuron processes. This complex could be crucial for transport and local
translation of mMRNAs at critical time periods such as axon outgrowth and maintenance.
Disruption of this complex formation would lead to less local translation of mRNAs

crucial to motor neuron survival.

Current and future studies

Identification of genetic modifiers can be limited in vertebrate models of disease
due to time and genetics. Therefore, it can be advantageous to screen for new modifiers
using invertebrate systems such as C. elegans. This model organism provides an
efficient way to identify genes and pathways pertinent to disease pathogenesis. We
have identified sym-2, psf-1 and ddx-17 to modify Cesmn-1 mutant phenotypes and
sym-2 to modify an ALS model in C. elegans. This data provides enough evidence to
possibly test if these genes are modifiers in other model organisms and other disease
models. The results could further elucidate a genetic pathway that is pertinent across
neurodegenerative diseases.

Ongoing studies plan to validate the interaction between SMN, PLS3 and hnRNP
F/H further, in vertebrate models. A more extensive co-IP could show that all the
proteins of interest are found in a complex together in vertebrate neuronal tissue. We
can do this with sequential IPs, first with SMN and then with PLS3, followed by
immunoblotting for hnRNP F and hnRNP H. This data would show all 4 proteins of
interest in a complex together for the first time and would suggest a new role for SMN
possibly significant to SMA. Continuing co-localization studies in mouse primary motor

neurons and triple staining for SMN, PLS3 and hnRNP F or H would allow us to identify
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if all of the proteins co-localize on the processes and would complement the
immunoprecipitation data planned. Further analysis in mouse primary motor neuron
cultures will allow us to determine if loss of SMN alters hnRNP F/H levels via western
blot analysis. It is known that diminished levels of SMN decrease hnRNP R levels in
axons, but it is unclear if we will see an opposite effect on a different family of hnRNPs
(Rossoll et al., 2002).

Finally, as discussed in Chapter 3, is there an unidentified genetic interaction
between SMN, PLS3, DDX5 and hnRNP H? Combined genetic analysis in this thesis
and protein interaction studies done previously suggest that all these proteins could be
components of a large complex involved in RNA processing (Ho et al., 2002, Lorsch,
2002, Pellizzoni et al., 2002, Gupta et al., 2013). Future genetic epistasis studies in C.
elegans looking at combination of mutants in the locomotion paradigm would allow us to
better determine if all of the genes act in the same pathway or if they act in different
pathways. For example, additive behavioral defects would suggest genes acting in
parallel pathways, whereas non-additivity of phenotypes might suggest genes acting in
the same pathway. This genetic testing along with co-immunoprecipitation to determine
if all four proteins are found in a complex together in vertebrate neuronal tissue would

further characterize their interactions and determine if they are in a complex together.

Implications

There is currently no treatment for SMA and treatments for other
neurodegenerative diseases remains limited. Most treatments currently target symptoms
of the diseases and are not able to get at the mechanistic cause underlying the disease
itself. Understanding common pathways that are perturbed across these diseases, as a
strategy for disease therapy requires an understanding of shared genetic modifiers.

Work in this thesis identified PLS3 and hnRNP F/H as genetic modifiers across disease.
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Targeting either of these proteins improved the behavioral phenotypes in C. elegans
models, pointing to their role in neurodegeneration. This data provides incentive for

future work identifying if these proteins modify across disease in vertebrate models.
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Conserved Genes Act as Modifiers of Invertebrate SMN Loss of Function Defects
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Introduction

Decreased Survival of Motor Neuron (SMN) protein function
underlies most Spinal Muscular Atrophy (SMA) cases [1]. The
SMN protein is ubiquitously expressed [2,3], yet SMA pathology
is remarkably specific. Patients lose spinal o-motorneurons and
experience muscular dysfunction with atrophy. Mild cases result in
slowly progressing muscular weakness, while severe cases dramat-
ically perturb proximal neuromuscular function resulting in
childhood death [4]. There is no effective treatment for SMA
and at least 1 in 40 people in the US population are carriers of
SMN loss of function disease alleles [5-7].

The SMN protein is a component of the well-characterized
Gemin complex, which assembles splicing machinery in eukary-
otes [8-10]. SMN also associates with B-actin mRNA during
anterograde transport in neuronal processes suggesting a role for
SMN in mRNA transport, sub-cellular localization and/or local
translation [11-15]. In addition, SMN is found in post-synaptic
densities and Z-discs of muscles along with other RNA processing
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proteins [11-19]. Roles for SMN in small nucleolar RNA
(snoRNA) and microRNA (miRNA) pathways have also been
suggested [20-22]. The relative contributions of SMN in these
various compartments and the relative importance of SMN
function in neurons and muscles for SMA pathology have been
difficult to determine. Various tissue requirements for SMN
function have been observed in different SMA model systems
[23-27]. The diverse subcellular SMN localization and varied
cellular requirements for SMIN function suggest that this protein
may act in multiple cellular compartments including the
neuromuscular junction (NM]J) [28].

To determine in an unbiased fashion which cellular and
molecular pathways are particularly relevant to SMA pathology,
researchers have turned recently to genetic approaches in
vertebrates and invertebrates. The identification of SMN loss of
function modifier genes can reveal important biochemical
pathways for SMA pathology. Studies in patients have already
identified two genes that act as modifiers of SMA: SMN2 and
Plastin 3 (PLS3).
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Author Summary

Spinal Muscular Atrophy (SMA) is a common, untreatable,
and often fatal neuromuscular disease predominately
caused by reduced Survival Motor Neuron (SMN) protein
function. Here, we use invertebrate models to identify and
validate conserved genes that play a critical role in SMN
loss of function neuromuscular defects. Decreased SMN
function causes growth defects in the nematode Caenor-
habditis elegans and in the fruit fly Drosophila melanoga-
ster—as well as behavioral or synaptic connectivity defects
between neurons and muscles, respectively. We found that
a genetic modifier of SMA in patients, plastin, also affects
SMN function in these invertebrate models. We undertook
a genome-wide RNAi screen to identify genes whose
perturbation alters the growth defects of C. elegans lacking
SMN. These genes were validated in neuromuscular assays
in nematode and fly models of SMA. Additionally, we
used the C. elegans model to test SMN modifier genes
previously identified in the Drosophila SMA model.
Combined, these cross-species approaches identified
fifteen genes that are important in both species when
SMN function is decreased. Related mammalian proteins
and the pathways in which they act (including endocytosis
and RNA transport/translational control) are likely impor-
tant players in SMA.

Two genes encode human SMN protein: SMN7 and SMN2.
The SMNI gene encodes only full-length SMN protein while the
SMNZ2 gene encodes two different transcripts; 10% of SMN2
transcripts encode a full-length SMN protein identical to the
SMNI gene product. However, due to a change in the splice
consensus sequence, 90% of SMNZ2 transcripts contain a stop
codon at the beginning of exon 7 and, therefore, encode a
truncated protein (called SMNdeltaEx7 or A7SMN) of diminished
function and stability [1,29-31]. Humans have various numbers of
SMN? genes; patients with more copies of SMN2 generally have
later onset/less severe symptoms than patients with fewer copies of
SMN2. Decreased severity and delayed onset is usually attributed
to increased full-length SMN levels from SMNZ i vivo [17,32-36].

PLS3 may modulate the severity of SMA. In several families,
daughters who lack SMNI and over-express PLS3 were remarkably
unaffected [37]. PLS3 encodes a conserved calcium-binding, actin-
bundling/stabilizing protein that is broadly expressed in various
tissues including blood, muscles and neurons [38-40]. Loss of the
yeast PLS3 ortholog, Sacbp, results in defective endocytosis [41,42].
Altering PLS3 levels modified SMN loss of function defects in
zebrafish motorneurons consistent with results in human families
and PLS3 co-precipitated with SMN from neuronal tissues [37].
However, increased PLS3 (due to profilin knockdown) did not
decrease the defects in an SMA mouse model and it remains unclear
how PLS3 might modify SMN neuromuscular defects [43].

Modifier genes identified in patient populations are clearly
pertinent to SMA pathology. However, studies in humans are
limited by kindred sizes and other considerations. As SMN
orthologs are found in C. elegans and Drosophila melanogaster, it may
be more efficient to identify SMA modifier genes in these powerful
mvertebrate models. SMN loss of function models have already
been defined in C. elegans and Drosophila [18,25,44,45]. Loss of
Drosophila Smn (DmSmn) causes larval lethality and NM]J defects;
DmSmn function is required in neurons and muscles in flies [26].
Loss of C. elegans SMN-1 (Cesmn-1) also causes neuromuscular
function deficits followed by larval lethality [44]. Expression of
Cesmn-1 in neurons dramatically restores neuromuscular function,
whereas expression in muscles has little effect [44]. Given SMN

@ PLoS Genetics | www.plosgenetics.org

Invertebrate Modifiers of SMN

conservation across species, genes that act as SMN loss of function
modifiers in invertebrates could be important in SMA pathology
in humans (e.g. PLS3) [37].

In a recent study, twenty-seven P-element transposon insertion
lines were identified in Drosophila that modified SMN loss of function
defects, and a role for the TGIF-beta pathway in SMN loss of
function pathology was delineated [26]. However, it remains unclear
for several P-element lines which Drosophila gene near the transposon
insertion site is responsible for modulating SMIN phenotypic defects.
The Drosophila P-element lines carried an inducible GAL4-UAS that
could drive either over-expression or antisense RNAi expression of
neighboring genes depending on transposon insertion site. Addi-
tionally, insertion of the P-element itself might perturb gene function.
Eliminating ambiguity regarding modifier gene identity would
increase the utility of the Drosophila study.

To explore the genetic circuitry affecting SMN activity in C.
elegans, the Cesmn-1(lf) growth defect phenotype was used as a
metric in a rapid large-scale genetic screen. Growth may be
affected by a variety of changes, such as body length and longevity.
Subsequently, modifier genes were tested using a C. elegans
behavioral assay, the pharyngeal pumping, which is likely more
pertinent to SMN loss of function neuromuscular defects. In
addition, to identify conserved invertebrate SMN modifier genes,
we utilized previously described Drosophila assays to assess genetic
interaction of DmSmn with Drosophila orthologs of C. elegans modifier
genes. In the study by Chang and co-workers, the DmSmn lethal
phenotype correlated with NM]J defects for virtually all DmSmn
modifier genes, suggesting that lethality and neuromuscular
bouton number are effective measures of genetic interaction with
the Drosophila SMIN ortholog [26].

Here, we define conserved genetic modifiers of SMN loss of
function using C. elegans and Drosophila. We find that PLS3
orthologs act as SMN modifier genes in both invertebrate species.
A genome-wide RNAI screen in C. elegans identified four new SMN
modifier genes, including ncbp-2 and flp-4, which also modify SMN
loss of function defects in Drosophila. Candidate SMN modifier
genes identified in a previous Drosophila screen were tested in C.
elegans yielding twelve cross-species modifier genes. Examination of
the literature for these genes suggested specific cellular pathways
that are critical genetic modifiers of SMN function: endocytosis
and RNA processing. These pathways may also be pertinent to
SMN loss of function defects in patients with SMA.

Results

The previously described Cesmn-1(0k355) deletion allele causes a
complete loss of Cesmn-I function and is referred to herein as
Cesmn-1(lf) [44]. Cesmn-1(lf) is recessive; heterozygous animals are
overtly normal. To facilitate identification of heterozygous versus
homozygous animals, we utilized the balanced strain A7T2(bli-
4(e937) let-?(q782) qls48/myo-2p::GFP])/ Cesmn-1(lf) (abbreviated +/
Cesmn-1(lf) [44,46]. Heterozygous +/Cesmn-1(lf) animals express
pharyngeal GFP, homozygous Cesmn-1(lf) progeny do not express
GIP, and progeny homozygous for the 272 balancer die as GFP-
expressing embryos.

Although complete loss of SMN function causes lethality, C.
elegans that are homozygous mutant for Cesmn-1(lf) can survive for
several days due to partial maternal rescue. It has been suggested
that +/Cesmn-1 (If) hermaphrodites load sufficient Cesmn-1 maternal
protein and/or perhaps mRNA into oocytes to support develop-
ment through embryogenesis and early larval stages [44].
Accordingly, homozygous Cesmn-1(lf) larvae initially resemble wild
type animals. Eventually maternally-loaded Cesmn-1 product is lost;
Cesmn-1(lf) animals grow more slowly than +/Cesmn-1(lf) siblings,
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are shorter, sterile, and most Cesmn-1(lf) animals die before reaching
adulthood (Figure 1A). Combined, these defects decrease the
average size of the Cesmn-1(lf) population versus control animals;
decreased average population size will be referred to herein as a
growth defect. This growth defect was harnessed in an automated
assay to identify Cesmn-1(lf) modifier genes in a genome-wide screen.

C. elegans growth assay

To validate growth as an assay for SMN modifier gene
identification, we first demonstrated that RNAi knockdown of
Cesmn-1 or the invertebrate ortholog of Plastin 3 (PLS3) altered
Cesmn-1(1f) growth. The C. elegans gene plst-1 (PLaSTin (actin bundling
protein) homolog-1) encodes a predicted protein similar to PLS3.

To knockdown gene function, C. elegans were reared on bacteria
producing double stranded RNA corresponding to the gene of
interest, a strategy known as ‘feeding RNA1’ [47]. Feeding RNAI
decreases gene transcripts in most C. elegans tissues although
knockdown in neurons is generally less effective than knockdown
in muscles, germline, and other tissues [48-50]. Here, animals
were reared for two generations on solid media and RNAI feeding
bacteria corresponding to Cesmn-1 or plst-1, allowing knockdown of
maternal and zygotic transcripts (Figure 1B). Bacteria containing
the empty RNAI feeding vector were used as a negative control
(empiy(RNA).

An automated system was used to simultaneously measure
growth and determine genotype for the progeny of +/Cesmn-1(lf)
animals (Figure 1C). The COPAS BioSorter (Union Biometrica,
Holliston, MA) measures C. elegans length as ‘time-of-flight’, which
is the time required for the animal to pass through the
fluorescence-detection chamber [51]. Cesmn-1(lf) homozygous
animals do not express GIP while +/Cesmn-1(lf) heterozygous
animals express GFP and are longer than Cesmn-I homozygous
animals of the same late larval or adult stage. Animals smaller than
the L2 larval stage were excluded from this analysis to avoid
bacterial debris. The percentage of large adult animals was
determined for each genotype and RNAI treatment.

RNAIi knockdown of Cesmn-1 decreased the percentage of large
animals in both Cesmn-1(lf) homozygous and +/Cesmn-1(1f)

B Candidate
gene RNAI

Cesmn-1(If) C

Invertebrate Modifiers of SMN

heterozygous populations (Table 1, Rows 1 & 2). Initially, it
seems counter-intuitive that the defects of Cesmn-1(lf) animals are
exacerbated by Cesmn-1(RNAi). However, in this scenario,
transcripts in both the somatic tissues and germline of +/Cesmn-
I1(lf) heterozygous animals are targeted and, consequently,
maternally-loaded Cesmn-1 transcript and protein are depleted in
homozygous Cesmn-1(lf) progeny, abrogating partially the observed
maternal rescue. The ability of Cesmn-1(RNAiy) to exacerbate
Cesmn-1(1f) defects suggests that the effects of modifier genes can be
assessed using RINAi feeding.

Knockdown of the C. elegans PLS3 ortholog, plst-1, increased the
average length of the +/Cesmn-1(lf) population, but did not
significantly alter the average length of Cesmn-1(lf) animals
(Table 1, Rows 1 & 3). Genetic interaction with plst-1 was further
confirmed by using the plst-1 (tm4255) mutant allele (Table 2). The
average length of +/Cesmn-1(lf);plsi-1(tm4255) adult animals was
significantly increased in relation to +/Cesmn-1(lf) animals. In
contrast, the average length of homozygous Cesmn-1(lf);plst-
1(tm4255) was not altered, recapitulating the results of plst-
1(RNAi). Increased average adult length is an overall growth
metric thzat may encompass a variety of changes; decreased plst-1
function, by RNAi or mutant allele, could increase length, cause
sterility, and/or increase longevity in +/Cesmn-1(lf) control
animals. It appears that loss of Cesmn-I function suppresses the
effects of decreased plst-1 function (i.e. increased length was not
observed in Cesmn-1(lf);plst-1(tm4255) homozygous mutant ani-
mals). The genetic and functional relationship between SMN and
PLS3 bears further examination; as plst-1 and Cesmn-1 have
opposing effects on the growth assay and since Cesmn-I(lf);plst-
1(tm4255) animals resemble Cesmn-1(lf) single mutants, Cesmn-1
may act downstream of plst-1 in this growth assay [52].

Growth modifier genes identified in C. elegans
genome-wide screen

To identify additional genes that modify SMN loss of function
defects, a large-scale genome-wide screen for enhancers and
suppressors of the Cesmn-1(lf) growth defect was undertaken. The
growth assay was adapted to a higher-throughput 96-well, liquid

+/Cesmn-1(If)

+ [GFP]

GFP

2 generations
(on plates)

Compare growth of
Cesmn-1(If) & +/Cesmn-1(If)

Figure 1. Survival and average length of Cesmn-71(I/f) animals is decreased. Homozygous loss of Cesmn-1(If) results in slower growth and
most animals die during larval stages. Animals that reach the adult stage are short-lived and sterile. A) Image of age-matched heterozygous
hT2(lethal)[myo-2p::GFP]/Cesmn-1(If) (+/Cesmn-1(If), described in text) and homozygous Cesmn-1(If) individuals (below). Scale bar indicates 150
microns. B) To test the impact of candidate modifier genes on growth rates and size, a C. elegans growth assay was established. +/Cesmn-1(If) animals
were collected as unhatched eggs, reared for 5 days/2 generations on standard C. elegans plates upon RNAi bacterial strains, as illustrated in the flow
chart. Bacterial cultures expressed dsRNA corresponding to the gene of interest for RNAi knockdown; bacterial cultures containing vector with no
insert were used as a control (‘empty’). C) Using an automated system, the length and fluorescence of animals was determined [51]; the smallest
larvae in each culture were indistinguishable from debris and were excluded from the analysis as illustrated in the graph. Genotypes were
discriminated by GFP fluorescence and length was determined as ‘time-of-flight’ through the laser chamber; each dot in the graph represents an
individual animal. The disparate growth/survival rates of Cesmn-1(If) and +/Cesmn-1(If) animals alters the percentage of ‘large’ animals in these mixed
stage cultures. As illustrated graphically, +/Cesmn-1(If) and Cesmn-1(If) animals can be sorted into blue and red boxes, respectively; animals
designated as ‘large’ fall into shaded boxes. The fraction of large animals was calculated (# animals in shaded box/# animals in both shaded and
unshaded box for each genotype) and is reported as % large with standard error of the mean (S.E.M.); significance was determined by Mann-Whitney
U two-tailed test with p=0.05. At least three independent cultures of more than 200 animals were scored for each targeted gene.
doi:10.1371/journal.pgen.1001172.g001
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Table 1. Conserved genes modify Cesmn-1(If) defects in the
growth assay.

Ce gene Dm gene Cesmn-1(If) +/Cesmn-1(If)
% large = SEM % large + SEM

none none 18*2 46*1

Cesmn-1 Smn 6+4* 31+1%

plst-1 Fimbrin 15+3 55+3*

uso-1 p115 7+4* 44+1

nhr-85 Eip75B 8+5* 44+1

egl-15 Breathless 9+ 5% 45+1

atf-6 Atf6 11£7* 40=*4

ape-1 CG18375 11+9* 50*2

kenl-2 SK 12+1* 42+1

nekl-3 Nek2 13£3* 43%2

atn-1 Actinin 23+4* 43+1

cash-1 CG33172 26+5 64+11%

dlc-1 cut up 15+8 66+3*

C. elegans modifier genes are listed in column 1 and orthologous Drosophila
genes are listed in column 2. Only genes that significantly altered the
percentage of large Cesmn-1(If) homozygous animals (column 3) or +/Cesmn-
1(If) heterozygous animals (column 4) are presented. Animals were reared for
two generations on bacterial RNAi strains targeting the C. elegans gene prior to
growth analysis as described in Figure 1. The percentage of large animals was
determined for each genotype after RNAi knockdown of the indicated C.
elegans gene and is reported with standard error of the mean (S.E.M.). Large
animals include adults, L4 and L3 stage larvae. This assay does not distinguish
between slow growth, changes in relative length, and altered viability. Three to
six independent determinations were undertaken for each genotype/RNAi
culture and the percentage of large animals in each trial was averaged.
Significant changes from empty(RNAi) for each RNAi/genotype using the two-
tailed Mann-Whitney U test (p<<0.05) are indicated with an asterisk. See Table
S1 for results for all genes tested and Materials and Methods for details.
doi:10.1371/journal.pgen.1001172.t001

culture format and a previously described genome-wide C. elegans
RNAI feeding library was used for gene knockdown (Figure 2A)
[53]. Progeny of +/Cesmn-1(lf) animals were reared for two weeks
(more than 2 generations) on RNAi feeding bacterial strains before
assessment of growth using the COPAS Biosorter [51]. To identify
RNAI clones that specifically altered the growth of Cesmn-1(1f)

Table 2. C. elegans orthologs of PLS3, GRK, and FMRFamide
modify Cesmn-1(If) growth defects.

Ce genotype Ce gene Cesmn-1(If) +/Cesmn-1(If))
RNA target % large = SEM % large = SEM
none 272 44=*2

plst-1(tm4255) none 39+5 67+2*

grk-2(rt97) none 10*+1* 41+1

flp-4(yn35) none 20=*2 51+2

The growth defects of +/Cesmn-1(If) and Cesmn-1(If) animals were examined in
the presence of grk-2(rt97), fip-4(yn35) and plst-1(tm4255) loss of function alleles;
alleles for each modifer gene are listed in column 1. The percentage of large
animals was determined for Cesmn-1(If) homozygous animals (column 3) or
+/Cesmn-1(If) heterozygous animals (column 4). At least three independent
determinations were undertaken for each genotype. Significance versus control
genotypes (+/Cesmn-1(If) and Cesmn-1(If)) was determined using Chi-square
analysis (p<<0.05 indicated with an asterisk). S.E.M. is also reported.
doi:10.1371/journal.pgen.1001172.t002
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animals, a growth ratio of large to small animals was determined
for each clone for Cesmn-1(lf) and for +/Cesmn-1(lf) genotypes. If
the RNAI clone growth ratio was more than 2 standard deviations
away from the mean for Cesmn-1(lf) animals and within 0.7
standard deviations of the mean for +/Cesmn-1(lf) animals in at
least 40% of independent trials, then the corresponding gene was
designated as an Cesmn-1(lf) modifier (Figure 2B). In the primary
high-throughput screen, no suppressors were found, but four genes
were identified as enhancers (Figure 2B). RNAi knockdown of
these genes exacerbated homozygous Cesmn-1(lf) growth defects
and did not significantly alter the growth of heterozygous +/ Cesmn-
1(lf) animals: ncbp-2, T02G5.3, grk-2, and flp-4. nchp-2 encodes the
C. elegans Cap Binding Protein 20 (CBP20 or Cbp20) ortholog
[64]. T02G5.3 encodes a predicted protein of unknown function
with no vertebrate orthologs based on BLAST analysis. grk-2
encodes one of two G-protein coupled receptor kinases. flp-4
encodes an FMRFamide family neuropeptide protein. The low
number of modifiers identified in this screen versus the previous
Drosophila screen may reflect the stringent criterion utilized here or
the inefficiency of RNAi by feeding in neurons.

To determine if decreased adult body length accounts for the
enhanced Cesmn-1(lf) growth defect upon knockdown of nchp-2,
T02G5.3, grk-2 and flp-4, the average body length of Cesmn-1(lf)
young animals was determined (Text S1 and Table S4, top panel).
Only ncbp-2(RNAi) significantly reduced the average body length of
Cesmn-1(lf) animals suggesting that the enhanced growth defect
caused by nchbp-2(RNAi) could be attributed to the Cesmn-1(1f)
shorter body size. The other three enhancer genes may alter
survival or growth as adult animals.

SMA is a neuromuscular disease and, therefore, our objective was
the identification of modifier genes that impact SMIN neuromuscular
function. We then examined the impact of Cesmn-1 growth modifier
genes on Cesmn-1 loss of function neuromuscular defects using RNA1
and, when available, loss of function alleles of modifier genes.

RNAi knockdown of ncbp-2, grk-2, and T02G5.3 modified
Cesmn-1(If) neuromuscular defects

A recent study from the Sattelle laboratory demonstrated that loss
of Cesmn-1 function causes progressive defects in C. elegans
neuromuscular function in pharyngeal pumping [44]. C. elegans
feeds on bacteria and other microorganisms using a small, discrete
subset of neurons and muscles contained in the pharynx (Figure 3A)
[55]. Pharyngeal cell specification, neuronal development, and
myoblast fusion is completed within hours of hatching [56,57]. The
pharynx pumps continuously and symmetrically at over 250 beats
per minute in wild type animals when food is present and larval
pumping is interrupted only by molting under standard culture
conditions. We confirmed a previous report [44] that in early larval
stages, the pumping rates of Cesmn-1(lf) animals are indistinguish-
able from control animals, but at later larval stages Cesmn-1(lf)
pumping rates drop (Figure 3B). Cesmn-1(lf) animals have progressive
defects in pharyngeal pumping, which occur earlier than reported
locomotion defects. At day 2, 62% of Cesmn-1(lf) animals are moving
spontaneously, but pumping rates have dropped dramatically
(Figure 3B). Restoration of Cesmn-1 function in neurons almost
completely restores pumping rates suggesting that Cesmn-1 1is
required in neurons for this behavior [44].

The efficacy of RNAI by feeding in this neuromuscular assay
was assessed for Cesmn-1 and plst-1 using Cesmn-1(lf) and +/ Cesmn-
1(lf) animals. Animals were allowed to hatch on RNAi feeding
plates and pumping rates were determined after three days. Either
plst-1(RNAv) or  Cesmn-1(RNAi) decreased Cesmn-1(lf) pumping
rates, but not +/Cesmn-1(lf) pumping rates (Figure 3C). In
addition, plst-1(lf) significantly decreased the pumping rates of
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Cesmn-1(lf) animals, validating the genetic interaction of plst-1 with
Cesmn-1 in the neuromuscular pharyngeal pumping assay
(Figure 3D). This exacerbation of Cesmn-1 loss of function defects
by plst-1 manipulation is consistent with results in other organisms
[37]. The ability of Cesmn-1(RNAy) and plst-1(RNA7) to alter
pumping of homozygous mutant Cesmn-I(lf) animals suggests that
candidate modifier genes can be assessed using RNAi knockdown
in this neuromuscular assay.

The four modifier genes from the C. elegans growth screen were
tested for function as Cesmn-1 neuromuscular modifier genes using the
pharyngeal pumping assay. Results are summarized in Figure 4A.
nchp-2(RNAi) and T02G5.3(RNAi) enhanced and suppressed the
pharyngeal pumping defects of Cesmn-1(Jf) animals, respectively; flp-
4(RNAi1) and gik-2(RNA:) had no significant effect compared to
controls. We suggest that nchp-2 and T02G5.3 are likely modifiers of
Cesmn-1(lf) neuromuscular defects based on RNAI results.

Loss of grk-2 enhances Cesmn-1(If) growth and
neuromuscular defects

RNAIi knockdown of C. elegans genes by feeding is robust in
virtually all cell types but can often be inefficient and can result in
only partial loss of gene function, especially in the nervous system
[58,59]. To address the specificity of the genetic modifiers, the
RNAI results were confirmed by using mutant alleles when
possible; alleles of nchp-2 and T02G5.3 were not available.

A grk-2 loss of function allele has been previously described, grk-
2(1t97) [60]. Loss of grk-2 significantly enhanced the growth defects
of Cesmn-1(lfj animals (Table 2). Additionally, the pumping rates of
grk-2(lf) animals derived from AT2 parents were not significantly
lower than those of control animals, but the average pumping rates
of Cesmn-1(lf) grk-2(lf) double mutant animals were significantly
lower than the pumping rates of either single mutant (Figure 4B).
This suggests that grk-2 loss enhances both Cesmn-1(lf) growth and
pharyngeal pumping defects. A grk-2 gain of function allele is not
available and transgenes are unstable in +/Cesmn-1(lf) animals
(unpublished results and [44]).

@ PLoS Genetics | www.plosgenetics.org

To test the genetic interaction of flp-4 with Cesmn-1, we
identified a flp-4 loss of function allele, flp-4(yn35), using PCR
based screening techniques [61-65]. The flp-4(yn35) deletion
removes all sequences encoding FLP-4 FMRJFamide neuropep-
tides and likely causes a complete loss of flp-4 function ([66] and C.
Li, i preparation). Although flp-4(yn35) reduced the percentage of
Cesmn-1(1f) large animals in the growth assay, the difference was
not statistical significant different (Table 2). Similar results were
obtained using the pharyngeal pumping assay. The pumping rates
of flp-4(lf) animals were slightly lower, but not significantly
different than control animals. Loss of flp-4 function decreased
pumping rates of Cesmn-1(lf) animals in five independent trials, but
the difference was not statistically significant (p = 0.236, Figure 4B).
Either flp-4 is not a bona fide modifier or flp-4(RNAi) may act off-
target decreasing the function of more than one of the 32 other C.
elegans FMRFamide genes [67].

Drosophila orthologs of plst-1, ncbp-2 and flp-4 modify
SMN neuromuscular defects

SMN modifier genes that are conserved across species would be
of considerable interest. Three of the candidate genes identified in
the C. elegans screen encode conserved proteins with clear orthologs
in other species: grik-2, flp-4, and ncbp-2. To determine if their
orthologs modify SMN loss of function defects, we turned to the
fruit fly Drosophila. Decreased function in the Drosophila SMIN
ortholog Smn (DmSmn) results in growth defects, early pupal
arrest, and NM]J synaptic defects [26]. We utilized pre-existing
Drosophila loss of function alleles and previously described Drosophila
assays to assess genetic interaction of DmSmn with Drosophila
orthologs of C. elegans modifier genes [18,25,26].

First, we determined if Fimbrin (Fim), the Drosophila ortholog of
PLS3, modifies DmSmn loss of function defects in growth and
NM]J assays. It has been shown that RNAi knockdown of DmSmn
(DmSmn RNAI) results in 44% lethality in early pupal stages with
56% lethality at late pupal stages [26]. Loss of Fim alone does not
cause larval or pupal lethality (data not shown). Three Fim loss of
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function alleles were crossed into the DmSmn(RNA1) background
and each accelerated death compared to DmSmn(RNAI) control
animals (Figure 5A).

In Drosophila, loss of SMIN function results in a dose-dependant
decrease in process arborization at the NM]J and diminished numbers
of synaptic specializations, termed synaptic boutons [26]. Boutons are
visualized as coincident pre-synaptic synaptotagmin and post-
synaptic Discs large protein immunoreactivity. The number of
synaptic boutons found between Drosophila neurons and muscles
provides a simple and readily quantifiable assessment of phenotypic
severity. We determined if the Drosophila PLS3 ortholog Fim might
also modify the NM]J defects of DmSmn. RNAi knockdown of
DmSmn using the ubiquitous tubulin promoter (TubGAL4;SmnR-
NAI) modestly decreased synaptic innervation in Drosophila larvae
(reported as bouton numbers per muscle area, Figure 5B). Loss of
Drosophila Fim function in Fim™?!'™* animals also modestly decreased
bouton density. We found that effects of Fim®®'"* and DmSmn
knockdown were synergistic; bouton numbers were significantly

@ PLoS Genetics | www.plosgenetics.org

decreased suggesting that loss of Fim function exacerbated DmSmn
loss of function defects, being consistent with studies in vertebrate
models of SMA [37]. These results suggest that PLS3 is a cross-
species modifier of SMN function.

Next, Drosophila orthologs of candidate SMIN modifier genes
from C. elegans were examined. Cbp20 and Fmrf were selected as
Drosophila orthologs of nchp-2 and flp-4, respectively, based on
similarity and Drosophila loss of function alleles were obtained.
(There are 32 genes in C. elegans encoding 32 FMRFamide-related
neuropeptides, in contrast, three FMRFamide genes exist in
Drosophila. 'There may be less redundancy in FMRFamide gene
function in Drosophila [68,69,70]).

Heterozygous loss of DmSmn function in +/Smn”**° or
+/Smn™""% animals had no significant effect on bouton number
as expected, Smn’?**°/Smn™"'%  animals had dramatically
decreased bouton numbers (Figure 6). Loss of one copy of
Cbc20 or Fmrf modestly decreased synaptic bouton number
compared to control animals. However, simultaneous loss of one
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copy of DmSmn and one copy of either modifier gene resulted in
further synaptic bouton loss (Figure 6). The genetic interaction in
trans-heterozygous animals is consistent with a strong genetic
interaction between Smn and the two modifier genes. We were
unable to obtain classical alleles of the grk-2 Drosophila ortholog. We
conclude that Cbp20 and FMRFamide are conserved invertebrate
enhancers of Smn loss of function defects and that this genetic
Interaction is conserved across species.

Testing Drosophila modifier genes in C. elegans assays

A previous Drosophila screen identified twenty-seven P-element
insertion lines that altered Drosophila SMN (DmSmn) loss of function
defects [26]. Cross-species validation of these genes might also help
elucidate conserved pathways that are critical in SMN loss of
function pathology. However, several genes flanked the P-element
insertion site for many of these modifier lines and the precise DmSmn
modifier gene could not be unambiguously identified. Therefore, 40
candidate modifier genes were reported [26]. We identified the
likely C. elegans orthologs for 32 of these 40 genes using reciprocal
BLAST similarity searching (Table S1). The ability of these genes to
modify Cesmn-1(lf) growth defects was assessed by feeding Cesmn-1(lf)
and +/Cesmn-1(lf) animals bacteria expressing the corresponding
dsRINA; RNA feeding clones were constructed for B0452.13, dhs-22
and ugt-49 [53]. Twelve genes crossed species and modified Cesmn-
1(lf) defects in one or both C. elegans assays.

Orthologs of ten Drosophila genes modified Cesmn-1(If)
growth defects

Knockdown of seven C. elegans genes (uso-1, nhr-85, egl-15, aif-6,
ape-1, kenl-2 and nekl-3) orthologous to DmSmn modifier genes
specifically enhanced Cesmn-1(lf) growth defects, but did not

@ PLoS Genetics | www.plosgenetics.org

significantly alter the percentage of large heterozygous +/Cesmn-
1(lf) animals. Knockdown of the C. elegans ortholog ain-1 significantly
suppressed the growth defects of Cesmn-1(lf) animals without altering
the percentage of large +/Cesmn-1(lf) siblings. Finally, C. elegans
orthologs of two Drosophila genes were identified, whose genetic
interaction with Cesmn-1 resembled the interaction of plst-1 with
Cesmn-1: cash-1 and dlc-1. RNAi knockdown of these two genes
increased the percentage of large animals in the +/Cesmn-1(lf)
population without altering the Cesmn-1(lf) population. Growth
assay results for these ten genes are found in Table 1 (Rows 4
through 13), results for all orthologs tested can be found in Table S1,
and a discussion of modifier gene function is presented in Text S2.

For bona fide cross-species modifier genes, the impact of modifier
genes on SMN loss of function defects should be conserved across
species (z.e. enhancer genes should enhance in both species). For six
cross-species genes, the impact of modifier gene loss on DmSmn
and Cesmn-1 loss of function defects was conserved as expected.
Specifically, the enhancement of Cesmn-1(lf) defects by RNAi
knockdown of nhr-85, egl-15, and kenl-2 was consistent with the
effects of the corresponding Drosophila modifier genes on DmSmn
[26]; the corresponding Drosophila insertion lines (d09801, {02864,
and d03336) enhanced DmSmn defects and the transposon
insertion in these lines are predicted to decrease function. The
results for Drosophila orthologs of C. elegans uso-1 and nekl-3 were
also consistent across species. The exacerbation of Cesmn-1(lf)
growth defects observed after uso-1(RNAv) or nekl-3(RNAi) knock-
down was consistent with the suppression of DmSmn defects
observed after over-expression of the cognate Drosophila genes.
There was also good concordance for the effect of actinin
orthologs across invertebrate species. The d00712 Drosophila
insertion line likely drives over-expression of the Drosophila gene
Actinin (Actn) and enhances DmSmn defects [26,71,72], while
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doi:10.1371/journal.pgen.1001172.g005

suppression of Cesmn-1(lf) growth defects by RNAi knockdown of pharyngeal pumping assay. We found that RNAi knockdown daf-4

C. elegans atn-1 was observed here. enhanced Cesmn-1(lf) pharyngeal pumping defects, while knock-
For four genes, it is unclear if the results for Drosophila orthologs down of kncl-2 or nhr-25 suppressed Cesmn-1(lf) pumping defects
are concordant across species: atf-0, ape-1, dlc-1 and cash-1. For atf- (Table 3, rows 3 through 5).
6 and ape-1, the corresponding Drosophila transposons (d05057 and daf-4 encodes one of the C. elegans TGF-beta receptor subunits
d05779) are inserted into the 1% intron of one of the two orthologous to Drosophila Wit (Witless). In C. elegans, daf~4 and
transcripts predicted for the orthologous Drosophila genes; accord- TGF-beta/Dpp pathway function is required for cell specification
ingly, these transposons may perturb gene function or may drive at numerous stages and for transit through the stress-resistant,
over-expression of the predicted 2! shorter transcript. For the long-lived dauer stage [73]. RNAi knockdown of daf~4 exacerbated
genes with complex genetic interactions with Cesmn-1 (i.e. dle-1 and Cesmn-1(If) pumping defects, consistent with the effect of TGF-beta
cash-1), the function of Drosophila orthologs ctp and CKA are likely pathway manipulation in Drosophila [26].
decreased by Drosophila insertion lines f02345 and {04448, which RNAi knockdown of two C. elegans genes diminished Cesmn-1(lf)
suppressed and enhanced DmSmn defects, respectively [26]. pumping defects: kenl-2 and nhr-25. kenl-2 encodes a likely C. elegans
Overall, six of ten genes that modified DmSmn growth defects SK channel subunit and 74-25 is one of the two C. elegans proteins
are clearly concordant with the C. elegans growth data, suggesting most similar to Drosophila Usp (Ultraspiracle). No clear ortholog of
conserved roles as SMN loss of function modifiers. Usp is found in the C. elegans genome. The corresponding

) . Drosophila d00712 transposon insertion line likely drives over-
Orthologs of three Drosophila genes modified Cesmn-1(If) expression of Usp resulting in enhancement of DmSmn defects [26].

neuromuscular defects This is consistent with C. elegans results. By contrast, the impact of
C. elegans orthologs of DmSmn modifier genes identified in the SK/kenl-2 loss in growth versus pumping assays is discordant. The
previous Drosophila screen [26] were also rescreened using the d03336 transposon insertion is located in the SK gene, likely

@ PLoS Genetics | www.plosgenetics.org 8 October 2010 | Volume 6 | Issue 10 | 1001172



Invertebrate Modifiers of SMN

wild type]

+/Smn73Ae

+/Smnfotiog

SUNER S U] w——

+/Cbp20202787

Cbp?OBDZTBT,{SmnT?:AO

Cbp20<02787/Smn01109

+'{FmerG01 300

wild type

+/FmrKG01300: 4+/Smn73A0

+/FmrfKG01300: 4/Smnf01109

+/Smn734¢

o

+/Smnf01109 +ijp20602787

Smn73Ae/Smnfo1109

+/Fmrfkco1300

Cbp20302787/8mn73A0

+/Fmrf KG01300- 4/Smn73A0

T T T T T 1

40 60 80 100 120 140
bouton numbers/muscle area

Cbp20202787/Smnf01109

+/Fmrf KG01300: 4./Smnf01109
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perturbs SK function, and enhances DmSmn growth and Drosophila
NM]J defects [26]. This is consistent with kenl-2(RNAi) enhance-
ment of C. elegans growth defects described above. The suppression
of Cesmn-1(lf) pumping defects observed here after kenl-2
knockdown may reflect differences in the requirement for kenl-2
function in neuromuscular tissue and/or the relative inefficiency of
RNAIi knockdown in neurons.

Modifier gene interactions implicate specific pathways
critical in neurodegenerative disease

To address the specificity of the invertebrate SMIN modifier
genes, the impact of their RNAi knockdown was examined on an
unrelated pharyngeal pumping defective strain. Loss of egl-50
(ad805), which perturbs Gqo function in C. elegans, decreases their
pharyngeal pumping rates [74]. RNAi knockdown did not
significantly alter ¢g/-50 pharyngeal pumping rates for any modifier
gene (Table S3), suggesting that these genes are likely specific
modifiers of SMN loss of function defects.

Combined the results described here define eleven conserved
genes that modify invertebrate SMN ortholog function in at least
one assay in both C. elegans and Drosophila (summarized in Table 4).

@ PLoS Genetics | www.plosgenetics.org

A subset of these cross-species modifier genes interact, directly or
indirectly, with previously described neurological or neuromuscular
disease proteins suggesting common neurodegenerative pathways
may be at work (z.e. ATF6 with VAPB/ALS8 or GPRK2 and
SMNI1 with FMRP) [75-77]. To determine if specific cellular
mechanisms could be implicated in SMN loss of function pathology,
the published literature and public databases were examined for
physical and/or functional interactions between cross-species SMN
modifier genes, SMIN and neuromuscular disease genes. A protein/
genetic interaction map was assembled and is presented in Figure 7
with references. We note that genes implicated in endocytosis and
mRNA translational regulation unexpectedly predominate in this
interaction map. These two cellular pathways may be pertinent to
SMN loss of function pathology.

Discussion

Enormous effort over the last few decades has resulted in the
successful identification of numerous neurodegenerative disease
genes and the proteins they encode. However, in many cases there
remains considerable controversy as to why perturbation of these
genes results in neurodegeneration [78-81]. SMN plays a well-
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Table 3. RNAi knockdown of candidate genes alters Cesmn-1(If) neuromuscular defects in the pharyngeal pumping assay.

Cesmn-1(If) +/Cesmn-1(If) Cesmn-1(If) Cesmn-1(If)
% change vs. control RNAi empty(RNA) candidate(RNAI)
Ce gene Dm gene Pumps/min
Cesmn-1 Smn 56+£19* 101£2 53*+9 27*6
plst-1 Fim 86+21* 1061 53*9 43*8
daf-4 Wit 71%£27* 93*2 38%7 26*6
kenl-2 SK 147 £50* 901 42=*7 48*8
nhr-25 Usp 155+£45% 91%5 48+8 6711

doi:10.1371/journal.pgen.1001172.t003

described and ubiquitous role in the Gemin complex and snRNP
assembly [8-10], yet SMA specifically affects neuromuscular
function, motorneuron survival, and leads to muscle atrophy.
Given this neuromuscular specificity, it seems likely that loss of
SMN function impacts cellular pathways outside of the Gemin
complex. In addition, given the complexity of cellular signaling
pathways, genetic pathways that are not directly involved in SMN
activity may impact SMN loss of function pathology. To identify
SMN modifier pathways, we have used a genetic approach.
Unbiased genetic screens are powerful tools as they utilize
functional criteria for the identification of genes critical for cellular
function. In the case of SMN loss of function, genetic screens can
reveal conserved genes and pathways that are important for
neuromuscular dysfunction and pathology independent of initial
assumptions about the roles of SMN in neurons and muscles. The
identification of hitherto unsuspected molecular pathways that
modulate SMN neuropathology, directly or indirectly, is expected
to widen the range of targets for SMA therapy development.
Conserved genes that modify SMN loss of function defects in
disparate species likely represent pathways that are important for
SMN loss of function defects or pathology. C. elegans and Drosophila
models have been used here to identify SMN loss of function
modifier genes that ‘cross species’. It is difficult to estimate how
many modifiers of SMN loss of function were missed in the
genome-wide C. elegans RNAi1 screen. ‘Growth’ encompasses a
variety of factors; slow progression through the larvae stages,
reduced growth in the adult stage, longevity, body size, different
culture format (liquid versus plates), or a combination of these.
Additionally, identification of genetic modifiers for a null allele can
be more challenging as compared to identification of genetic
modifiers for partial loss of function alleles [82]. No genetic screen
can identify all modifier genes pertinent to a pathway and
important players can be missed (e.¢. miRNAs). Despite this, there
1s excellent concordance of modifier gene action in C. elegans and
Drosophila. In most cases, genes that enhanced SMN loss of
function defects in Drosophila also enhanced SMN loss of function
defects in C. elegans and vice versa. This concordance suggests that
the genetic relationships between SMN and these modifier genes
are conserved across species. Orthologous genes are likely also
mmportant in SMN loss of function pathology in vertebrate species,
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C. elegans orthologs of DmSmn modifier genes whose RNAi knockdown altered Cesmn-1(If) pharyngeal pumping defects are listed in column 1 and column 2,
respectively. The percent (%) change in pumping rates on empty vector RNAi versus candidate gene RNAi was determined independently in four separate experiments
and is reported with S.E.M. for both Cesmn-1(If) homozygous mutant and +/Cesmn-1(If) heterozygous control animals (columns 3 and 4). As pumping rates for each
genotype/treatment varied day-to-day (due to food thickness, etc.), % change versus empty vector RNAi controls is reported and was used to determine significance.
The overall pharyngeal pumping rates in columns 5 and 6 were calculated by pooling all Cesmn-1(If) animals reared with the RNAi bacteria indicated (n>40 animals).
Animals were allowed to hatch on bacterial cultures carrying empty RNAi vector (empty) or RNAi constructs targeting C. elegans genes; pumping rates were determined
after 3 days at the early adult or late L4 larval stage as illustrated in Figure 2. Significance (indicated with an asterisk) was determined by a two-sample t-test/Mann-
Whitney U test according to sample-specific parameters (p=0.05). Two additional genes that modified growth CG33172/cash-1 and CG18375/ape-1 (Table S2), reached
significance here in pair-wise comparisons with controls. However, their knockdown enhanced Cesmn-1(If) pumping defects in some trials and suppressed in other trials
resulting in no significant change in overall pumping rates. See Table S2 for results for all genes tested and Materials and Methods for details.

as suggested by other invertebrate modifier screens that have
identified conserved human disease-related genes and/or func-
tional pathways [83-88].

Thus far, there are only two published human SMA modifier
genes: Plastin 3 (PLS3) and SMN2. The role of SMNZ2 is clear as it
provides a modicum of functional SMN protein. However, the
role of PLS3 in SMA is controversial and it is unclear how PLS3
levels might modulate severity in SMA patients [37,43]. We find
that invertebrate PLS3 orthologs act as modifiers in C. elegans and
Drosophila models. This cross-species interaction of PLS3 and SMN
both increases confidence in the invertebrate models and suggests
that plastin-associated pathways are important for SMN function
at a fundamental level in multiple contexts.

In the bioinformatic analysis presented in Figure 7, we
independently identified two cellular pathways that connect multiple
modifier genes with SMN: endocytosis and RNA processing/
translational control pathways. Regarding the former, it is of note
that the yeast ortholog of PLS3, Sac6p, is a key player in endocytosis
and Sacbp levels are critical when expanded polyglutamine
neurodegenerative disease proteins are expressed in this system
[42,89-91]. We suggest that 1) these two cellular mechanisms may
be of particular importance in SMA pathology and 2) that
unexpected and intimate connections exist between these two
pathways. A pair of recently published studies found that the
microRNA regulatory RISC complex and endocytosis are physically
and functionally coupled in non-neuronal cells [92,93]. Interestingly,
the RISC complex also contains Gemin complex proteins; the
function of the Gemin and RISC complexes may be related, directly
or indirectly [20]. We speculate that in normal animals, physically
coupling the seemingly disparate pathways of endocytosis and local
translational regulation may help coordinate synaptic activity and
receptor signaling with protein translation during both synaptic
development and neuron maintenance [94]. Defects in endocytosis
have been suggested previously to play a pivotal role in
neurodegenerative diseases in numerous scenarios. In such diseases,
including SMA, perturbation of endocytosis may result in RNA
translational control defects, or vice versa [92,93]. A recent study has
demonstrated impaired synaptic vesicle release at the NM]Js in severe
SMA mice consistent with defects in synaptic vesicle endocytosis/
recycling and/or defects in active zone organization [94]. Further
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Table 4. Summary: Invertebrate modifiers of SMN loss of
function.

Change/
Ce Dm Hs Change/ Affect
gene gene gene Affect Ce Dm
plst-1 Fim Plastin 3 (PLS3) RNAi/Cmpx Gr, Lof/Enh
Enh Pump
daf-4 Wit TGF receptor (BMPRII) RNAi/Enh Pump  Lof/Enh
kenl-2  SK SK channel (KCNN3) RNAi/Enh Gr, Lof/Enh
Sup Pump#
nhr-25  Usp NHR LRH-1 (NR5A2) RNAi/Sup Pump OE/Enh
uso-1 p115 Vesicle docking (USO1) RNAi/Enh Gr OE/Sup
nhr-85  Eip75B NHR RevErb (NR1D2) RNAi/Enh Gr Lof/Enh
atf-6 Atf6 Atf6 trans. factor (ATF6) RNAi/Enh Gr ?/Sup
egl-15  Btl FGF receptor (FGFR3) RNAi/Enh Gr Lof/Enh
ape-1 CG18375 p53 inhibition (PPP1R13) RNAi/Enh Gr ?/Enh
nekl-3  Nek2 NIMA family kinase (NEK7) ~ RNAi/Enh Gr OE/Sup
atn-1 Actinin  a-actinin (ACTN) RNAi/Sup Gr OE/Enh
cash-1 CG33172 Striatin (STRN) RNAi/Cmpx Gr  Lof/Enh
dlc-1 cut up Dynein light chain (DYNLL2) ~ RNAi/Cmpx Gr  Lof/Sup
ncbp-2  CBC20 Cap binding (CBP20) RNAi/Enh Gr &  Lof/Enh
Pump
grk-2 Gprk GRK kinase (ADRBK1) RNAi/Enh Gr & nd.
Pump
flp-4 FMRF Neuropeptide (NPFF) RNAI/Enh Gr Lof/Enh
T02G5.3 none none RNAi/Enh Gr, n.d.
Sup Pump

The summary table is divided into three sections corresponding to potential
Cesmn-1(If) modifier genes originally identified in humans, Drosophila, or C.
elegans (1 in Hs, 40 in Dm, and 4 in Ce, respectively). Species and gene names
are listed in the first three columns. The change in gene expression due to
Drosophila GAL4-driven transposon insertion lines or C. elegans RNAi
knockdown is listed in columns 4 and 5; effect on Drosophila gene function is
predicted based solely on transposon insertion sites in some cases. (RNAi: RNAi
knockdown; Lof: loss of function; decreased function or antisense; OE: over-
expression; ?: unclear; Enh: enhanced SMN loss of function defects; Sup:
suppressed SMN loss of function defects, Cmpx: complex genetic interaction;
not determined, n.d.). Column 4 includes the C. elegans assay revealing modifier
activity (Gr: growth; Pump: pharyngeal pumping.) RNAi knockdown was
sufficient to modify pumping rates for T02G5.3 and ncbp-2; mutant alleles of
grk-2 exacerbated Cesmn-1(If) pumping defects. flp-4 loss decreased Cesmn-1(If)
pumping rates in 4 out of 5 trials, but did not reach significance overall.
Discordance between Drosophila and C. elegans results is indicated with #.
doi:10.1371/journal.pgen.1001172.t004

studies are warranted to ascertain the interdependence of endocy-
tosis with translational control pathways and to explore the relevance
of these pathways in neurodegenerative disease.

Materials and Methods

Genetic analysis

Cesmn-1(lf) homozygous strains cannot be maintained due to
infertility; AT2(lethal) [myo-2p::GFP]/ Cesmn-1(lf) (hT2[bli-4(e937) let-
2(q782)qIs48] (L11l)) animals are fertile and were maintained using
standard techniques [95]. The lack of homologous pairing for the
rearranged chromosomes LGI and LGIII in 472 animals likely
results in increased maternal/zygotic expression of Cesmn-1 and
other balanced genes [96]. As expected, we found that the progeny
of hT2 animals were relatively resistant to Cesmn-1(RNAi)
compared to wild type control strains in our assays (data not
shown). Consequently, to keep the genetic background invariant,
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all animals were tested herein were the progeny of 212 (lethal) [myo-
2p::GFP] parents. The use of RNAI sensitive C. elegans mutant
strains was avoided as their behavior is not normal in many assays
(Hart, unpublished observations) and because SMN complex/Sm
proteins have been implicated in miRNA pathways [20,97,98].
We note that RNAi knockdown is not always effective. To control
for genetic background effects, animals tested in these studies were
either heterozygous for #72 balancer chromosome or progeny of
kT2 parents unless otherwise noted.

plst-1(tm4255) animals were obtained from the Japanese
National Bioresource Project and were backcrossed four times
before further study. The tm4255 allele is a 368 base pair deletion
that removes one of the calponin-like, actin-binding homology
(CH) domains; plst-1(tm4255) is likely a partial loss of function
allele. To test the genetic interaction of plst-1 with Cesmn-1, the
backcrossed plst-1(tm4255) allele was used to create a double
mutant with Cesmn-1(If). The flp-4(yn35) deletion allele was isolated
by PCR-based screening of EMS-mutagenized animals. The yn35
allele is a 928 base pair deletion that removes exon 3 of flp-4 gene
along with 5" sequences (flanking sequences, ttctgaaaaacttttaataa
and agctcgecgagecegagtctt) [66]. The grk-2(1t97) loss of function
allele was previously characterized [60].

Drosophila stocks were maintained on standard cornmeal/yeast/
molasses/agar medium at 25°C. The mutations of Smn’**® and
Smn™ 1% have been described previously [25]. Cbp20°°2"%7 is a
Piggy-Bac insertion mutation from the Exelixis collection. The
insertion location is 5" upstream and adjacent to the start codon of
the Cbp20 transcript. Fmy/~9"*" and Fim alleles are loss of
function alleles (Flybase). The line d03334 may have an unlinked
lethal mutation on another chromosome. Fim®?''* and
SmnRNAi; Fim*?'"* have Tubulin:Gal4 in the background; this
Gal4 transgene does not alter Smn defects (data not shown).

Bioinformatics

C. elegans orthologs of Drosophila and human genes were
identified by BLAST searching at NCBI. When a clear ortholog
was not identified by reciprocal BLAST analysis, the most similar
C. elegans genes were generally tested. plst-1 corresponds to exons of
predicted adjacent genes Y104H12BR.1 and Y104H12BL.1 based
on similarity searching. 702G5.3 corresponds to exons of 702G5.3,
T02G5.2, and T02G5.1 based on high-throughput c¢DNA
sequencing and gene prediction programs [99]. New gene
predictions have been reported to Wormbase. To assemble the
interaction map in Figure 7, literature pertaining to each modifier
gene was examined at NCBI, AceView, C. elegans and yeast on-line
databases (Wormbase and SGD) to identify functional or direct
interactions between modifier genes and neurodegenerative
disease genes.

Construction of RNAI feeding clones for B0432.13, dhs-22
and ugt-49

The 14440 vector [47] was used to clone PCR products
corresponding to B0432.13, dhs-22 and ugt-49 genes. Plasmids were
transformed into the bacterial strain HT'115(DE3) [47,49]. Primers
used for cloning were: B0432.13 forward 5'-acaagctctcgacatcgcetg-
3’, reverse 5'- ttaatcgccgeateetcttg -3'; dhs-22 forward 5'-tatgetgtg-
cagaagcgaag-3’, reverse 5'-ctgctigatteetggtgtatte-3'; ugl-49 forward
5'-acgtggatgtagctgaatgg-3’, reverse 5'- acgtgaagaacagcaacgaac-3'.

C. elegans growth studies
For analysis of modifier genes, animals were reared for two

generations/5 days on plates spread with bacterial RNAIi strains
from the Ahringer or Vidal RNAI libraries [53]. RNAi clones
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A

— Direct physical
=== Pull-down

17

— Functional/Genetic
—— Yeast 2-hybrid

Profilin

Interaction & Genes Type Ref. Interaction & Genes Type Ref

1. PLS3/SMN FP 37] 23. CBG20/DcpS F [107]

2. PLS3/EndoA F [90] 24. DcpS/SMN F [108]

3. EndoA/Ataxin2 DP [90,108,110] 25. Af6/VAPB D.F [75]

4. EndoA/ES2 Y [111] 26. Atfe/Htt F [112,113]
5. ES2/p115 Y 111] 27. GPRK/FMRP D.F 76]

6. ES2/a-actinin Y 111] 28. Ataxin1/RORa PF 110,114] |
7. CINB5/EndoA D.P.F 115,116] 29. RORa/RevErb P.F 117,118]
8. Ataxin2/ a-actinin Y [110] 30. PLS3/Htt F [119]

9. EndoA/Alix D.PF [120] 31. a-actinin/GPRK F [90]

10. PLS3/Ataxin2 P.F [90,110] 32. a-actinin/SK D.PF [121]

11. CIN85 _ Alix DF [122,123] 33. a-actinin/SMN D [18]

12. Ataxin2/CIN85 D.PF [109] 34. CAV1/GPRK D,PF [124]

13. Ataxin2/PABP D,P.F 125-130] 35. APP/CAV1 D.F 131]

14. PABP/CBC20 P 132) 36. Profilin/Dynamin D.F 133-135] |
15. Ataxin1/Ataxin2 P.F 110,136] 37. Dynamin/DLC D.F 137,138]
16. Alix/a-actinin D.F [139] 38. CAV1/Striatin D,P [140]

17. FMRP/PABP P [141,142] 39. Striatin/Phoecin D [143]

18. Htt/Profilin D.F [144] 40. Phoecin/EPS15 DY [145]

19. HtVEndoA D.F [146,147] 41. EPS15/Parkin D.F [148]

20. SMN/FMRP D,P [77] 42. Dynamin/EPS15 F [149,150]
21. SMN/Profilin DP [151-153] 43. Phocein/Dynamin D [145]

22. FMRP/Profilin F [154,155] 44, EndoA/Dynamin DF [145]

Figure 7. Interaction map of SMN modifier genes. A) Numerous published physical and/or functional interactions were found in the literature
that connect many invertebrate SMN modifier genes. The names of vertebrate genes are used in the figure, but interactions are drawn from literature
in any animal species. Each type of interaction is represented by different colors of connecting lines and references are provided in the table in part B.
Not all interactions are indicated including interactions of FGF, TGF-beta and neuropeptide signaling pathways with endocytosis/cytoskeletal
pathways, dynein interactions with APP [101] and possible connection between VAPB, the ALS8 locus, and SK channels through riluzole [102-106].
The interaction analysis here is not exhaustive and additional interactions may exist. B) The type of interaction is indicated in the table [107-155]: P
pull-down, Y yeast 2-hybrid, F functional/genetic, D direct physical interaction. Genes shaded in blue are cross-species invertebrate modifiers; genes
shaded in yellow are mammalian genes whose perturbation can cause neurodegeneration; genes outlined in grey are SMA modifiers in drug studies
or in patients. Genes pertinent to endocytosis include CIN85, EndoA, Alix, PLS3, CAV1, GPRK, Ataxin2, Profilin, EPS15, Phocein, Dynamin, and Striatin;
genes pertinent to RNA processing include PABP, CBC20, DcpS, SMN, and FMRP. Combined, our results and published studies support a model in
which endocytosis and RNA translational control pathways are physically and functionally coupled [92,93]. In normal animals, coupling of these
seemingly disparate pathways may help coordinate synaptic activity and protein synthesis in the neuromuscular system.
doi:10.1371/journal.pgen.1001172.g007

corresponding to modifier genes in Table 4 were sequenced to genotype [51]. Three to six independent determinations were
confirm accuracy. The Alh-4(RNAi) clone in the feeding library was undertaken for each genotype/RINAI culture. Significant changes
incorrect. A Cesmn-1(0k355);hih-4(tm604) double mutant strain was from empty(RNAi) were calculated for each RNAi/genotype using
generated. hlh-4(tm604) did not affect the pharyngeal pumping the two-tailed Mann-Whitney U test.

rates of Cesmn-(lf) (data not shown) and Alhi-4 was excluded from

further analysis. Length and GFP fluorescence was determined C. elegans pharyngeal pumping

using the COPAS Biosorter (Union Biometrica, Holliston, MA) The average pharyngeal pumping rates of animals were
and the percentage of large animals was determined for each determined after 3 days (at 25, 25 and 20°C) post-hatching on

@ PLoS Genetics | www.plosgenetics.org 12 October 2010 | Volume 6 | Issue 10 | e1001172



empty vector (empty(RNAi)) or candidate gene RINAi bacterial
feeding strains. Animals were videotaped while feeding for
10 seconds with an AxioCam ICcl camera on a Zeiss Stemi
SVI1 at 20 to 66x magnification. Movies were slowed before
counting pumping rates. Pharyngeal grinder movements in any
axis were scored as a pumping event. Average pumping rates (*
standard error of the mean, S.E.M) for each genotype/treatment
were calculated independently in two to four separate experi-
ments. The percent change in pumping rate on empty vector versus
candidate gene RNAi was determined for each trial for both
Cesmn-1(lf) homozygous and +/Cesmn-1(lf) heterozygous animals
and used to calculate the mean, S.E.M, and significance.

C. elegans genome-wide RNAi screen

hT2(bli-4(937) let-(q782) qls48[myo-2p::GFP]) (LIII) animals
were reared in liquid cultures in a 96-well plate format on RNAi1
feeding strains [53]. At least two independent cultures corre-
sponding to each C. elegans RNAI feeding clone were established.
Concentrated dsRNA expressing bacteria was added to cultures as
necessary to prevent starvation. Cultures were maintained for 8
days at 25°C to generate sufficient animals for analysis. Length
and fluorescence were determined using the COPAS BioSorter
(Union Biometrica, Holliston, MA). Data was exported to Excel
(Microsoft Corp.) for analysis. Thirty-one clones were identified
that modified the average length of Cesmn-1(lf) animals relative to
+/Cesmn-1(lf) siblings in both trials. Four of these genes altered
Cesmn-1(1f) size relative to +/Cesmn-1(lf) siblings in at least 40% of
subsequent trials and these were selected as candidate modifier
genes for neuromuscular analysis as described in the text.

Drosophila pupal lethality

Three males and three virgin females were placed on fresh food
at 25°C on day 1. Eggs were collected for next 2 days (Set 1), and
the parents transferred to fresh food. Eggs were collected for
another 2 days (Set 2), and the parents discarded. The F1 animals
were scored after 15 days,- on the 16™ day for the first set, and the
19th day for the second set, from day 1. White pupae were scored
as early stage death and black pupae were scored as late stage
death. Control crosses of tubGAL4:FL26B(Smn RNAi) out-
crossed to the wild type strain were used as a control for every
experimental set. Significance was determined by Chi-square
analysis.

Drosophila NMJ analysis

Primary antibodies were used at the following dilutions:
monoclonal anti-DLG (1:500) (Developmental Studies Hybridoma
Bank), polyclonal anti-Synaptotagmin (1:1000) (a gift from Hugo
Bellen). FITC- (1:40) and Cy5- (1:40) conjugated anti-rabbit and
anti-mouse secondary antibodies were purchased from Jackson
Immunoresearch Laboratories. Anti-Disc large used at 1:100
(Hybridoma) and anti-HRP used at 1:1000 (Cappell). 3™ instar
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Summary

Background: The conserved DOS-motif proteins OSM-7 and
OSM-11 function as coligands with canonical DSL (Delta,
Serrate, and LAG-2) ligands to activate C. elegans Notch
receptors during development. We report here that Notch
ligands, coligands, and the receptors LIN-12 and GLP-1 regu-
late two C. elegans behaviors: chemosensory avoidance of
octanol and quiescence during molting lethargus.

Results: C. elegans lacking osm-7 or osm-11 are defective in
their response to octanol. We find that OSM-11 is secreted
from hypodermal seam cells into the pseudocoelomic body
cavity and acts non-cell autonomously as a diffusible factor.
OSM-11 acts with the DSL ligand LAG-2 to activate LIN-12
and GLP-1 Notch receptors in the neurons of adult animals,
thereby regulating octanol avoidance response. In adult
animals, overexpression of osm-11 and consequent Notch
receptor activation induces anachronistic sleep-like quies-
cence. Perturbation of Notch signaling alters basal activity in
adults as well as arousal thresholds and quiescence during
molting lethargus. Genetic epistasis studies reveal that Notch
signaling regulates quiescence via previously identified
circuits and genetic pathways including the egl-4 cGMP-
dependent kinase.

Conclusions: Our findings indicate that the conserved Notch
pathway modulates behavior in adult C. elegans in response
to environmental stress. Additionally, Notch signaling regu-
lates sleep-like quiescence in C. elegans, suggesting that
Notch may regulate sleep in other species.

8These authors contributed equally to this work
*Correspondence: anne_hart@brown.edu

Introduction

Notch signaling is a highly conserved signaling pathway with
well-characterized roles in development and cell fate specifi-
cation. In the canonical Notch pathway, transmembrane Notch
receptors are activated by binding to transmembrane ligands
containing a highly conserved DSL (Delta, Serrate, and
LAG-2) domain. Activated Notch receptors are cleaved by
the gamma secretase/presenilin complex and the intracellular
(IC) domain of the receptor translocates to the nucleus. Notch
IC then acts in conjunction with a transcription factor called
Suppressor of Hairless in Drosophila or LAG-1 in C. elegans,
and transcription of target genes is activated [1]. The two
C. elegans Notch receptors, LIN-12 and GLP-1, play well-char-
acterized roles during C. elegans development. For example,
LIN-12 plays critical roles at multiple steps of vulval cell fate
specification and differentiation [2], whereas GLP-1 signaling
negatively regulates mitotic exit and meiotic entry in the germ-
line [3].

The C. elegans proteins encoded by osm-7, osm-11, dos-1,
dos-2, and dos-3 are predicted to encode secreted or trans-
membrane proteins containing an EGF repeat conforming to
the DOS-motif consensus (Delta and OSM-11) [4]. DOS motifs
are also found in canonical DSL ligands of other metazoans [4].
In C. elegans, OSM-11 acts with DSL ligands in vulval cell fate
specification to help activate LIN-12 Notch [4]. Because
C. elegans DSL-domain ligands lack the DOS motif, they may
function as bipartite ligands with DOS-motif proteins to acti-
vate C. elegans Notch receptors. DOS-motif proteins also
play poorly understood nondevelopmental roles. Loss of
OSM-11 or OSM-7 causes defects in osmotic avoidance
behavior, decreases defecation rates, increases internal os-
molyte levels, increases sensitivity to anoxia [5], and alters
expression of specific innate immunity proteins [6-8].

Several lines of evidence suggest that Notch signaling plays
a nondevelopmental role in adult nervous systems across
species. Notch receptors are expressed in the adult nervous
systems of mammals [9], Drosophila [10], and C. elegans [11,
12] (this study). Altering Notch signaling changes neuronal
activity [13, 14], and this affects various processes in-
cluding spatial learning, memory, long-term potentiation, and
neuromuscular junction synaptic plasticity [10, 15-18]. In
C. elegans, LIN-12 Notch receptor function is required in the
RIG interneurons of adult C. elegans to regulate the rate at
which animals spontaneously initiate backward locomotion
(i.e., reversals) during forward locomotion [11].

Here we describe roles for the Notch pathway in two
C. elegans behaviors. First, Notch ligands function in adult
animals to activate GLP-1 and LIN-12 Notch receptors ex-
pressed in neurons to modulate chemosensory avoidance of
the odorant 1-octanol. Second, Notch ligands and receptors
regulate quiescence during C. elegans molting lethargus,
a sleep-like behavior. Decreased Notch signaling reduces
arousal thresholds during the L4-to-adult molt, and ectopic
expression of OSM-11 in adult animals is sufficient to induce
anachronistic quiescence, which is dependent on the EGL-4
cGMP-dependent kinase (PKG) and on the LIN-3/LET-23
EGF pathway. Combined, these and other results presented
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herein reveal hitherto unsuspected roles for Notch signaling
regulating C. elegans behavior.

Results

The Notch Coligand OSM-11 and Related DOS-Motif
Proteins Are Required for Normal Octanol Response
Wild-type C. elegans avoid the noxious chemical odorant
1-octanol by rapidly initiating backward locomotion [19, 20].
We found that osm-11(rt142) complete loss-of-function (null)
animals were defective in octanol response (Figure 1A).
Another DOS gene was required for octanol response; osm-
7(tm2256) null animals were as defective in octanol response
as animals lacking osm-11. By contrast, dos-1(0k2398) null
and dos-2(tm4515) loss-of-function animals were only
modestly defective (Figure 1A). We confirmed these results
by RNA interference (RNAi) knockdown (see Figure S1A avail-
able online). Octanol response defects were not further exac-
erbated in osm-7;0sm-11 double mutants (data not shown).
Combined, these results suggest that osm-11 and osm-7
Notch coligand genes play essential and nonredundant roles
in chemosensory avoidance of octanol; we focused here on
the role of osm-11.

We found that osm-11 acts in adult animals to modulate
behavior. No morphological defects were observed in the
octanol-sensing chemosensory amphid neurons in osm-
11(null) animals (data not shown), consistent with a nondeve-
lopmental role. To confirm that osm-11 function in adult
animals was sufficient to regulate octanol response, we
manipulated osm-11 levels in adult animals. First, wild-type
animals were reared on E. coli expressing double-stranded
RNA corresponding to osm-11 [osm-11(RNAIi)]; these animals
were severely defective in octanol response. However, when
moved as adults to standard, non-RNAi E. coli, octanol
response was fully restored (“Recovered from RNAI,” Fig-
ure 1B). In a reciprocal experiment, wild-type animals were
transferred to plates containing E. coli expressing osm-
11(RNAI) as L4 larvae; as adults, these animals were defective
in octanol response (Figure 1B). Finally, an inducible heat-
shock promoter was utilized to express osm-17 cDNA
(hsp::osm-11) after cell fate specification was complete.
Induction of osm-11 expression fully restored normal octanol
response within hours (Figure 1B). Combined, these results
indicate that the neural circuitry required for response to octa-
nol is intact in animals lacking osm-11 and that osm-11 func-
tion is required only in adult animals for response to octanol.

Previous work has shown that osm-711 animals have
increased internal glycerol levels reminiscent of animals adap-
ted to high external osmolarity [7]. To determine whether
osm-11 regulation of octanol response is dependent on
glycerol accumulation, we examined the octanol response in
osm-11 animals lacking the glycerol biosynthesis genes
gpdh-1 and gpdh-2. The loss of both gpdh-1 and gpdh-2 did
not suppress the octanol response defect of osm-11 animals
(Figure S1B), suggesting that this behavioral defect may be
independent of glycerol accumulation.

osm-11 Acts Non-Cell Autonomously to Regulate Octanol
Avoidance in Adults

osm-11 is expressed in the hypodermal seam cells and sper-
mathecae of adult animals but is not expressed in neurons
[4]. The seam cells lie along the lateral sides of the body con-
tacting both the cuticle and the body cavity (pseudocoelom);
they help secrete cuticle at each molt, but their roles in adult
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Figure 1. C. elegans DOS-Motif Proteins Are Required for Response
to Octanol

(A) Octanol responses of animals carrying the likely null alleles osm-
11(rt142), osm-7(tm2256), dos-1(0k2398), and partial loss-of-function allele
dos-2(tm4515). *p < 0.0005 versus wild-type (WT).

(B) osm-11 function is not required during development for octanol
response in adults. $p < 10~* versus control (RNAi); *p > 0.05 versus WT;
#p > 0.05 versus osm-11(null);osm-11(OE) no heat shock (HS).

(C) OSM-11 protein accumulates in coelomocytes. osm-11p::gfp reporter
constructs do not drive GFP expression in coelomocytes [4]. Top left: repre-
sentative image of OSM-11 accumulation in a coelomocyte using «OSM-11
antiserum [4]. Bottom left: osmotic stress likely results in diminished
OSM-11 secretion by seam cells into pseudocoelom. Top and bottom right:
GFP expression (unc-122p::gfp) in coelomocytes [53]. Scale bar represents
6 um.

Time to respond to octanol in (A) and (B) is reported as mean time to
initiate backward locomotion (s) + standard error of the mean (SEM). See
Supplemental Experimental Procedures for details.
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animals remain unexplored. Expression of osm-11 cDNA in
seam cells and hypodermal tissues [21] restored octanol
response in osm-11(null) animals (wrt-6p::osm-11, Fig-
ure S1C). In tissue culture studies, OSM-11 is a secreted
protein. Furthermore, in vivo OSM-11 can diffuse within the
body cavity to activate Notch signaling at distant sites in devel-
opmental contexts [4]. We detected OSM-11 immunoreactivity
in coelomocytes (Figure 1C), which are endocytic cells that
clear secreted proteins from the pseudocoelom. Coelomocyte
clearance of secreted proteins requires the function of the
cup-4 and cup-5 genes. Loss of cup-4 function dramatically
decreases coelomocyte endocytosis, whereas loss of cup-5
function results in aberrant accumulation of internalized
proteins in enlarged endocytic vacuoles [22, 23]. Based on
the OSM-11 immunoreactivity, the OSM-11 protein did not
accumulate in the coelomocytes of cup-4 animals but accu-
mulated to excessive levels in cup-5 animals. However,
OSM-11 immunoreactivity in seam cells was unchanged
(data not shown). Because the osm-11 promoter does not
drive expression in coelomocytes [4], OSM-11 is likely
secreted into the pseudocoelom, diffuses, and accumulates
in coelomocytes.

Prolonged exposure to high external osmolarity, loss of
osm-11, or loss of osm-7 results in increased levels of the
osmolyte glycerol and behavioral changes [5]. We found that
when C. elegans were reared on standard plates containing
51 mM NacCl, all coelomocytes contained OSM-11 immunore-
activity (Figure 1C), but rearing C. elegans on 400 mM NaCl
plates decreased or eliminated OSM-11 immunoreactivity,
whereas immunoreactivity in the seam cells was not altered
(data not shown). This suggests that osmotic stress may
diminish OSM-11 secretion by the seam cells into the body
cavity. OSM-11 likely modulates octanol response, and
perhaps physiological changes, in a non-cell-autonomous
manner. Additional rescue experiments support this

che-2p:: lin-12(null);
che-2p::

(RNAJ)

regulate octanol response. glp-1(RNAi) in che-
2-expressing ciliated sensory neurons impairs
octanol response in lin-12(null) animals. *p < 1072
versus WT; #p < 1072 versus che-2p::gip- 1(RNA)).
(E) lag-2 function is required in adult animals for
octanol response. *p <1077,

Time to respond to octanol is reported as mean
time to initiate backward locomotion (s) = SEM.
0 See Supplemental Experimental Procedures for

l15°c  25°C details.
lag-2(tslf)

Time to respond (s)

conclusion (Figure S1C). Taken together, these results suggest
that OSM-11 is a secreted, diffusible protein released into the
body cavity that modulates octanol response in a non-cell-
autonomous manner.

Notch Receptors Are Required for Octanol Avoidance
Because OSM-11 is required for octanol response, the canon-
ical Notch signaling pathway might play a hitherto unsus-
pected role in C. elegans chemosensory behavior. Therefore,
we examined the role of the C. elegans Notch receptors LIN-
12 and GLP-1 in octanol avoidance using animals harboring
the lin-12(n941) null allele or any of three glp-1 temperature-
sensitive, partial loss-of-function (tslf) alleles. lin-12(null)
animals responded robustly to octanol. Two strains of animals
carrying glp-1(tslf) alleles that were shifted to the restrictive
temperature as adults had normal responses, and animals
carrying the third allele had only slightly impaired response
(Figure 2A). lin-12 and glp-1 are tightly linked (<22 kb apart),
and loss of both Notch receptors results in embryonic lethality
[24]. Therefore, a combination of transgene-based RNAi and/
or mutant alleles was used to simultaneously decrease activity
of both C. elegans Notch receptors.

Induction of either glp-71 or lin-12 RNAi knockdown using
a heat-shock promoter in otherwise normal adult animals
[hsp::glp-1(RNAi) and hsp::lin-12(RNAi), respectively] alone
did not alter octanol response (Figure 2B), consistent with
the relatively normal response of lin-12 and glp-1 loss-of-func-
tion animals. However, RNAi knockdown of glp-1 in lin-12(null)
animals dramatically impaired octanol response after heat-
shock induction. Similarly, RNAi knockdown of lin-12 in gip-
1(tslf) animals impaired octanol response when animals were
shifted to the restrictive temperature (Figure 2C; data not
shown). Additionally, transgenic animals in which lin-12 and
glp-1 could be simultaneously knocked down in adults
[hsp::glp-1(RNAI); hsp::lin-12(RNAi)] were defective in octanol
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response several hours after heat-shock induction (Figure 2B).
These results suggest that both LIN-12 and GLP-1 Notch
receptors play a role in adult animals in modulating response
to octanol but that the two receptors function redundantly.

Notch Receptors Act in Nonoverlapping Subsets

of Neurons

Where might Notch receptors function to regulate octanol
response? LIN-12 is required for proper development of the
somatic gonad, and GLP-1 is required for germ cell prolifera-
tion, but laser ablation of the gonad did not result in octanol
response defects (Figure S1D). We considered whether
C. elegans Notch receptors might function in the nervous
system to regulate behavior. lin-12p::gfp is expressed in RIG
interneurons, and gir-1p::lin-12(RNAi) knockdown of /in-12 in
glr-1-expressing interneurons (which include RIG) is sufficient
to replicate lin-12 loss-of-function defects in reversal rates
during locomotion [11]. gir-1p:lin-12(RNAi) in glp-1(tslf)
animals at the permissive temperature (15°C) did not perturb
octanol avoidance. However, gir-1p::lin-12(RNAi) significantly
impaired octanol response in glp-1(tsif) animals raised at the
restrictive temperature (25°C), consistent with lin-12 acting in
glr-1-expressing neurons (Figure 2C) [25, 26]. To further
narrow down the site of lin-12 action, we used the flp-18
promoter to drive lin-12(RNAi) in AVA, RIM, AlY, and RIG
interneurons along with M2 and M3 pharyngeal neurons.
Whereas the control flp-18p::gfp transgene had no effect in
glp-1(tsif) animals, the flp-18p::lin-12(RNAi) transgene per-
turbed octanol response in glp-1(tslf) animals raised at the
restrictive temperature (25°C). Combined, these results indi-
cate that lin-12 is likely required for octanol response in AVA,
RIM, and/or RIG interneurons, which express both gir-1 and
flp-18 (Figure 2C).

Redundant function of the two Notch receptor genes could
be explained by their expression in the same cells or by action
in different parts of the response circuit. Our results suggest
that the GLP-1 Notch receptor is required in a different set of
neurons from LIN-12 for octanol response. We generated
a glp-1p::gfp reporter construct that was expressed in many
neurons, including the ciliated ASH, AWB, and ADL sensory
neurons that detect octanol (Figure S2A). To determine the
site of glp-1 function, we knocked down gip-71 by RNAi using
the osm-10 promoter (for ASH, ASI, PHA, and PHB), the
gpa-11 promoter (for ASH and ADL [27]), and the che-2
promoter (for all ciliated sensory neurons including ASH,
ADL, and AWB [28]). None of these promoters drive expression
in AVA, RIM, or RIG interneurons where lin-12 likely acts (see
Figure S6). RNAi knockdown of glp-1 in osm-10- and gpa-11-
expressing neurons only modestly affected octanol response
in lin-12(null) animals (Figure S2B). However, RNAi knockdown
in the larger set of che-2-expressing neurons dramatically
impaired octanol response in lin-12(null) animals (Figure 2D).
These results suggest that gip-7 normally acts in che-2-ex-
pressing ciliated neurons to modulate octanol response and
that lin-12 is primarily required in AVA, RIM, and/or RIG inter-
neurons. The redundant function of Notch receptors is likely
due to properties of the neural circuit and not due to coexpres-
sion of the two genes in the same neurons.

Notch Ligands act via Notch Receptors to Regulate
Octanol Avoidance

If LIN-12 and GLP-1 Notch receptors are activated by OSM-11
to regulate octanol response, then increasing Notch signaling
should ameliorate osm-11 loss-of-function defects. We

utilized two Notch gain-of-function alleles: lin-12(n137n460),
a cold-sensitive gain-of-function (csgf) allele, and glp-
1(ar202), a temperature-sensitive gain-of-function (tsgf) allele,
to test this hypothesis. The gain-of-function alleles had little or
no effect on octanol response in otherwise normal animals
regardless of temperature (Figure S2C). Both of the receptor
gain-of-function alleles partially suppressed the octanol
response defect of osm-11(null) animals at the restrictive
temperature (Figure S2C), suggesting that OSM-11 acts via
the Notch receptors.

Canonical DSL-domain Notch ligands, such as LAG-2, acti-
vate Notch receptors in concert with DOS-motif proteins in
developmental contexts [4]. The cellular expression pattern
of alag-2p::gfp reporter [29] suggested that /lag-2 is expressed
in many neurons of adult C. elegans, including the AVA
command interneurons that regulate locomotion and help
initiate reversals in response to aversive stimuli (Figure S2D).
We found that octanol response requires lag-2 function.
lag-2(q420tslf) animals were defective in their response to
octanol at the restrictive temperature but responded normally
when reared at the permissive temperature (Figure 2E). Taken
together, these results suggest that the DSL-domain ligand
LAG-2 and the DOS-motif coligand OSM-11 both contribute
to activation of neuronal Notch receptors in adult animals to
modulate octanol response.

Identification of Neuronal Notch Targets

Direct transcriptional targets of the Notch pathway that are
expressed in neurons would be excellent candidates for
downstream targets of Notch signaling in octanol avoidance
pathways, but few functional targets of Notch receptors
beyond helix-loop-helix transcription factors have been identi-
fied. A previous study identified a list of 163 likely Notch target
genes with four or more LAG-1 consensus binding sites in
upstream or intronic regulatory sequences [30]. Of these,
only 22 were likely or definitely expressed in neurons based
on known expression patterns or predicted protein function.
Two of these genes, egl-4 and Ist-1, acted downstream of
Notch receptors based on genetic criteria.

egl-4 encodes a cGMP-dependent kinase (PKG) that is
expressed in many head neurons and has been previously
implicated in several C. elegans behaviors [31-34]. egl-
4(n479) loss-of-function animals respond normally to octanol
(data not shown). However, the gain-of-function egl-4(ad450)
allele partially suppressed the octanol response defect of
osm-11(null) animals in double-mutant animals (Figure S2E).
This result is consistent with egl-4 acting, directly or indirectly,
as one of several downstream targets of Notch receptor
activation.

Ist-1 is a direct transcriptional target of lin-12 Notch
signaling in vulval cell fate specification and encodes a protein
lacking vertebrate orthologs [30]. Ist-1p::gfp is expressed in
many C. elegans head neurons, including the octanol-sensing
AWB neurons [35]. Animals lacking Ist-1 were as defective in
their octanol response as osm-11(null) animals (Figure S2E).
Because the lin-12(csgf) allele suppressed the octanol
response defect of Ist-1(null) animals, we conclude that lin-
12 likely acts via additional target genes to regulate octanol
response.

OSM-11 Overexpression Induces Quiescence in Adults via
Notch Receptors

Adult C. elegans overexpressing osm-11 [osm-11(OE)]
via the hsp::osm-11 transgene exhibited uncharacteristic
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Figure 3. OSM-11 Overexpression Induces Quiescence

in Adults

In all panels, osm-11 was expressed under the heat-
shock promoter (hsp::osm-11).

(A) OSM-11 overexpression (OE) induces spontaneous,
transient, and anachronistic quiescence in adult animals.
*p < 107° versus wild-type (WT).

(B) osm-11(OE)-induced adult quiescence requires
Notch receptor function. glp-1(tsif) or lin-12(null)
suppresses osm-11(OE)-induced quiescence. *p < 0.05
versus WT; #p < 0.05 versus osm-11(OE).

(C) OSM-11 overexpression-induced quiescence is sup-
pressed by egl-4 (If). *p < 0.0001 versus WT; #p < 0.05
versus osm-11(OE).

(D) Loss of LET-23 EGF receptor function [let-23(If)]
suppresses osm-11(0OE)-induced quiescence. *p < 0.001
versus WT; #p < 0.05 versus osm-11(OE).

(E) Simultaneous loss of osm-7 and osm-11 suppresses
LIN-3 EGF overexpression [lin-3(OE)]-induced adult

% quiescent

& 100 quiescence. *p < 0.01 versus WT; #p < 0.05 versus

lin-3(OE).
(F) deg-3-induced neurodegeneration suppresses os-

m-11(OE)-induced quiescence. *p < 0.05. Because the
locomotion of deg-3(u662) animals is severely uncoordi-
nated, pharyngeal pumping was used to assess quies-
cence.

(G) Defective axon outgrowth in ceh-17-expressing
neurons suppresses osm-11(OE)-induced quiescence.

% quiescent

ceh-17(null) affects processes of ALA and a subset of
other neurons. *p < 0.05 versus WT; #p < 0.001 versus
osm-11(0OE).

Quiescence behavior is reported as percent of quiescent
adult animals after OSM-11 overexpression = SEM. See

75 100

Supplemental Experimental Procedures for details.

during quiescent bouts, but they responded
normally between quiescent bouts. During
ectopic quiescence, osm-11(OE) animals
failed in 47% = 9% of trials to respond to
body touch. By contrast, only 10% =+ 0% of
heat-shocked wild-type or 8% = 4% of non-
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bouts of spontaneous and transient quiescence after heat-
shock induction, during which locomotion and pharyngeal
pumping ceased for several minutes regardless of the pres-
ence of food (Figure 3A). Control animals did not display
noticeable changes in behavior after a 1 hr recovery from
heat shock. Between quiescent bouts, osm-11(OE) animals
moved with coordinated sinusoidal locomotion and had
normal pharyngeal pumping rates.

The quiescence of osm-11(OE) animals was similar to the
sleep-like quiescence observed in C. elegans during larval
molting lethargus [36, 37] in four ways. First, the quiescent
state was transient. Second, animals entered and exited the
quiescent state spontaneously. Third, quiescent osm-11(OE)
animals could be “woken” by prodding with a metal wire.
This perturbation elicited short bursts of coordinated sinu-
soidal locomotion. Fourth, osm-171(OE) animals exhibited
increased arousal thresholds to mechanosensory stimulation

% quiescent

heat-shocked osm-11(0OE) animals failed to
respond [n = 30, p < 0.01 for osm-11(OE) heat
shock versus WT or no heat shock]. Similar
results were observed using dilute octanol as
a stimulus (data not shown). The diminished
sensory responses during quiescence
suggest that overexpression of OSM-11 might
anachronistically activate the quiescence
observed during C. elegans molting lethargus.

We did not observe inappropriate quiescence in transgenic
adult animals overexpressing Notch receptors. To confirm that
osm-11 overexpression induced inappropriate quiescence by
activating Notch receptors, we examined osm-11(OE) quies-
cence in animals lacking Notch receptor function. We found
that either loss of the lin-12 Notch receptor or diminished func-
tion of the glp-1 Notch receptor suppressed osm-11(OE)-
induced locomotion and pumping quiescence (Figure 3B).
These results suggest that increasing osm-11 levels inappro-
priately activates Notch signaling, resulting in behavioral
quiescence.

75 100

OSM-11-Induced Quiescence Requires Previously Defined
Quiescence Pathways

Does osm-11 overexpression induce quiescence through
signaling pathways previously implicated in C. elegans molting
lethargus quiescence? C. elegans quiescence requires the
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function of EGL-4 PKG [36, 37]. We found that loss of egl-4
suppressed osm-11(0OE)-induced quiescence (Figure 3C);
this is consistent with OSM-11 overexpression leading to inap-
propriately increased egl-4 activity with consequent quies-
cence in adult animals.

Endogenous C. elegans molting quiescence also requires
LIN-3 EGF and LET-23 EGF receptor function [37]. LET-23
receptor function is required in the ALA neuron. Loss of
let-23, the ALA neuron, or ALA processes is sufficient to
decrease quiescence induced by LIN-3 EGF ligand overexpres-
sion [37]. Loss of the LET-23 EGF receptor suppressed osm-
11(OE)-induced locomotion and pumping quiescence in adult
animals (Figure 3D), suggesting that EGF receptor signaling is
required for Notch-induced quiescence. We also examined
the relationship between osm-11 and lin-3. Overexpression of
lin-3 [lin-3(OE)] in transgenic adult animals using the heat-shock
promoter (hsp::lin-3) causes anachronistic quiescence [37]
reminiscent of quiescence induced in osm-11(OE) animals.
We found that loss of osm-117 was not sufficient to suppress
lin-30E-induced quiescence, but simultaneous loss of both
osm-11 and osm-7 dramatically suppressed lin-30E-induced
quiescence (Figure 3E). Thus, osm-7 and osm-11 may play
redundant roles in lin-3(OE)-induced anachronistic quiescence.

The role of the ALA neuron in osm-11 overexpression quies-
cence was examined using two strategies. First, the ALA
neuron (among others) was genetically ablated in deg-
3(u662) animals [38]. Inappropriate osm-17-induced quies-
cence was suppressed in deg-3(u662);0sm-11(OE) animals
(Figure 3F). Second, ALA (and SIA) processes were perturbed
in the ceh-17(np1) background [39], which also suppressed
osm-11(OE)-induced quiescence (Figure 3G). Combined,
these results suggest that Notch-induced quiescence in adult
C. elegans requires the ALA neuron and EGF signaling that
normally regulate quiescence during molting lethargus.

Notch Signaling Alters Quiescence during Molting
Lethargus

To determine whether altering Notch signaling affects quies-
cence during L4-to-adult (L4/A) molting lethargus, we devel-
oped a simple microfluidics-based approach to assess quies-
cence in multiple animals simultaneously during L4/A
lethargus (Figure S3). Total quiescence was determined
for L4/A lethargus by loading mid-L4-stage larvae into micro-
fluidic chambers and recording activity into adulthood (Fig-
ure 4A). Both lin-12(null) and glp-1(tslf) animals had increased
total quiescence versus control animals (Figure 4B). Also,
Notch receptor gain-of-function alleles resulted in increased
total quiescence [glp-1(ar202tsgf) and lin-12(n137n460csgf)
animals, Figure 4C]. Similar results were observed in animals
overexpressing LIN-12 (lin-12p::lin-12, Figure S4A). Increasing
GLP-1 receptor activity in ciliated sensory neurons was suffi-
cient to increase total quiescence in wild-type animals [che-
2p::glp-1(IC), Figure 4D], and expression of GLP-1(IC) in cili-
ated neurons partially restored quiescence in glp-1(tslf)
animals (Figure 4D).

Next, we examined the impact of Notch ligands. Decreasing
lag-2 function increased total quiescence [lag-2(q420tslf), Fig-
ure 4E]. Similarly, loss of either osm-7 or osm-11 increased
total quiescence (Figure 4E). However, simultaneous loss of
function of both osm-7 and osm-11 resulted in decreased total
quiescence (Figure 4E), which was unexpected given the
increased quiescence of single-mutant animals. Combined,
these results suggest that Notch receptors and ligands
regulate L4/A quiescence in a complex fashion.

Notch Signaling Impacts the Duration of L4/A Lethargus
The decreased total quiescence of osm-7(null);osm-11(null)
animals could be caused by a shorter L4/A lethargus. There-
fore, the impact of Notch signaling on the duration of lethargus
was determined. The L4/A lethargus was significantly shorter
for osm-7(null);osm-11(null) animals (Table S1A). The de-
creased lethargus period of osm-7(null);osm-11(null) animals
suggested that they were defective in lethargus entry or
maintenance. There was no difference in the time at which
osm-7(null);osm-11(null) animals entered lethargus (Fig-
ure S4D). However, osm-7(null);osm-11(null) animals exited
lethargus early (Figure 4F; Figure S4E), suggesting that prema-
ture exit from L4/A lethargus causes decreased total
quiescence.

To reconcile the complex effects of Notch pathway manipu-
lation on L4/A quiescence, we delineated the impact of Notch
signaling on two other components of quiescence: basal loco-
motion activity (hereafter referred as basal activity) and
arousal threshold.

Notch Signaling Regulates Basal Activity and Arousal
Thresholds

One factor that could influence quiescence maintenance is
basal activity, which was assessed as body bends per minute
[40]. Animals lacking both osm-7 and osm-11 had twice as
many body bends per minute compared to control animals
either at the adult stage or between L4/A quiescent bouts
(Table S1B). The dramatically increased basal activity likely
contributes to the decreased total quiescence of osm-7;
osm-11 animals.

During quiescence, animals have high arousal thresholds
because they respond slowly or less robustly to sensory
stimulation [36]. To assess arousal threshold, we used the me-
chanosensory body touch assay [41]. Wild-type adult animals
responded to light touch in 100% of trials, but quiescent L4/A
animals responded in roughly 50% of trials (Table 1), reflecting
an increased arousal threshold. Decreasing Notch signaling
lowered arousal thresholds during L4/A quiescence; quiescent
lin-12(null) or glp-1(tsif) animals responded more frequently
than control quiescent animals (Table 1). Conversely,
increasing Notch receptor function increased arousal thresh-
olds; glp-1(tsgf), lin-12(csgf), che-2p::gip-1(IC), and lin-
12(OE) animals had increased arousal thresholds compared
to their respective controls (Table 1). Also, decreasing lag-2
function or loss of osm-7 and/or osm-11 decreased arousal
thresholds. Overall, Notch signaling correlated with arousal
thresholds during L4/A quiescence (Table 1; Table S1C). Low
arousal thresholds may reflect poor-quality quiescence. We
speculate that poor-quality quiescence leads to compensa-
tory increases in quiescence, as observed in both total L4/A
quiescence and duration of lethargus (Figure 4; Table S1A).
Overall, our results indicate that the Notch signaling pathway
regulates basal activity, duration of lethargus, arousal thresh-
olds, and quiescence in C. elegans.

Discussion

Like sleep, quiescence is a complex behavior dependent on
multiple processes including arousal threshold and cessation
of activity. We propose a model (Figure 5) wherein Notch
signaling levels directly correlate with arousal levels during
the L4/A molt. Increased arousal thresholds resulted in either
inappropriate or increased quiescence. The consequences
of decreased Notch activity are more complicated. Increased
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Figure 4. Notch Signaling Regulates L4-to-Adult Molting Quiescence

(A) Representative fractional quiescence graph. Animals exhibit L4/A molting lethargus quiescence for a few hours before adulthood.

(B) Loss of LIN-12 receptor or decreased GLP-1 receptor function increases total L4/A quiescence. *p < 0.02 versus control (mgls49).

(C) Increased LIN-12 or GLP-1 function increases total L4/A molting quiescence. *p < 107 versus wild type (WT).

(D) Increasing GLP-1 receptor activity in ciliated sensory neurons increases total L4/A quiescence in wild-type animals [che-2p::glp-1(IC)]. Expression of
che-2p::glp-1(IC) transgene restores total quiescence in glp-1(tsif) animals to normal levels. *p < 0.003 versus che-2p::gfp; #p < 0.02 versus glp-

1(tslf);che-2p::gfp.

(E) Notch ligands and coligands regulate total L4/A quiescence. *p < 0.002 versus control (mgls49).
(F) Representative fractional quiescence graph of osm-7(null);osm-11(null) for comparison with (A).
Total L4/A quiescence in (B)-(E) is calculated as area under the curve = SEM. See Supplemental Experimental Procedures for details.

basal activity and/or decreased arousal thresholds resulted in
homeostatic compensation in which animals increased quies-
cence to compensate for poor-quality quiescence. Further
decreases in Notch signaling left osm-7(null);osm-11(null)
animals unable to maintain quiescence as a result of dramati-
cally increased basal activity and decreased arousal thresh-
olds. The results presented here are consistent with Notch
signaling playing a major, albeit complex, role in the regulation
of behavioral quiescence. Notch pathway regulation of L4/A
quiescence is specific, because the Notch signaling pathway

genes have no impact on satiety quiescence (Y.-j. You and
L. Avery, personal communication).

The presence of sleep-like states in Drosophila and
C. elegans permits the dissection of conserved pertinent path-
ways [42]. In Drosophila, CREB has been implicated in sleep
homeostasis [43] and a novel GPIl-anchored protein (with
a possible homolog in C. elegans) encoded by sleepless regu-
lates sleep via an interaction with the Shaker K* channel [44].
cAMP and EGFR signaling have been implicated in sleep regu-
lation in both Drosophila and C. elegans [36, 37, 43, 45].
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Table 1. Notch Activity Regulates Arousal during L4/A Molting
Quiescence

% Failed to Respond n
Wild-type 50 £ 2 221
osm-11(null) 29 + 52 71
osm-7(null) 25 + 5% 71
osm-7(null);osm-11(null) 44 = 42 76
lag-2(tslf), 25°C 31 =1° 35
glp-1(tslf), 25°C 27 + 3° 49
glp-1(tsgf), 25°C 70 + 52 31
lin-12(nuli) 40 =12 51
lin-12(csgf), 15°C 65 + 12 37
lin-12p::gfp 45+ 2 40
lin-12p::lin-12 62 + 3° 43
che-2p::gfp 46 = 2 31
che-2p::gip-1(IC) 61 = 39 35

Notch activity regulates arousal thresholds during L4/A molting quiescence.
% of animals failing to respond to body touch with a hair during quiescent
bouts is reported. Notch activity correlates with arousal thresholds. High
Notch activity results in animals with high arousal thresholds, and vice
versa.

2p < 1072 by analysis of variance.

P b < 0.002 versus wild type.

°p < 0.003 for lin-12p::lin-12 versus lin-12p::gfp in pha-1 rescue.

9p < 0.008 for che-2p::glp-1(IC) compared to transgenic control animals
expressing che-2p::gfp in wild type background. See supplemental
methods for Table 1 for details. osm-11(OE)-induced quiescence in adult
animals also results in increased arousal thresholds. (See text.)

Interestingly, the mammalian OSM-11 ortholog DLK1 is ex-
pressed in the ventral tegmental area, substantia nigra pars
compacta, and Raphe nuclei of adult rat and human brains
[46], regions of the brain that have been implicated in sleep-
wake cycle regulation [47].

Previous studies identified two signaling pathways that
regulate quiescence in C. elegans: EGF and PKG [36, 37].
egl-4 PKG functions downstream of EGF signaling, because
loss of egl-4 prevents inappropriate quiescence caused by
lin-3 EGF overexpression [37]. We found that loss of egl-4
PKG function also prevents OSM-11-induced anachronistic
quiescence, suggesting that egl-4 also acts downstream of
Notch signaling. However, loss of osm-7 and osm-11 sup-
pressed LIN-3 EGF-induced quiescence, suggesting that there
may be crosstalk and/or feedback regulation between the
Notch and EGF signaling pathways.

Multiple lines of evidence suggest that OSM-11 is expressed
in hypodermal seam cells [4] but is secreted and acts non-cell
autonomously. OSM-11 likely acts on sensory neurons in the
head, including those that coexpress GLP-1 and EGL-4 PKG,
and on the RIG interneurons that express LIN-12. However,
other neurons are also likely involved. The ALA neuron is
required for quiescence [37]; interestingly, ALA is one of three
C. elegans neurons with processes directly underlying seam
cells. OSM-11 secreted from the seam cells may act directly
on the ALA neuron. Or, because Notch receptor expression
has not been observed in ALA, the ALA neuron may regulate
OSM-11 secretion from seam cells. There are two other
classes of neurons with processes underneath the seam cells:
CAN and PVD. The function of the CAN neurons remains
unclear, although they associate with the excretory canal cell
that regulates C. elegans osmotic balance [48]. The PVD
neurons are involved in mechanical touch response [49], which
might occur during osmotic swelling and/or shrinking. A func-
tional interaction of PVD and/or CAN with the seam cells would
be consistent with a role for OSM-11 in osmotic stress [7].

Our results support an ethological model in which OSM-11
and Notch signaling modulate neuronal function, behavior,
and adaptation to environmental stress. Adaptation to high
external osmolarity or loss of DOS coligands osm-7 or
osm-11 causes both physiological and behavioral changes in
C. elegans. Increased external osmolarity decreases OSM-11
levels in the pseudocoelom, consistent with osmotic regula-
tion of OSM-11 secretion from the seam cells. Either osmotic
adaptation or loss of DOS coligands causes physiological
adaptation to high environmental osmolarity via an unknown
pathway that induces gpdh-1 expression and consequent
glycerol osmolyte synthesis [50]. Additionally, either osmotic
adaptation or DOS gene loss causes behavioral changes
including decreased response to high osmolarity and octanol.
These behavioral changes are dependent on Notch receptor
signaling in the neurons of adult animals and are not depen-
dent on gpdh-1 upregulation. It is tempting to speculate that
these physiological and behavioral changes are adaptive and
are coordinated by global regulation of Notch receptor
signaling. Humoral OSM-11 may play a key role in regulating
Notch signaling in various tissues to coordinate physiological
and behavioral adaptation to osmotic stress. Because Notch
receptor signaling has been recently been implicated in regu-
lation of C. elegans heterochronic genes [51, 52], humoral
OSM-11 acting on Notch receptors may also play a pivotal
role in the temporal regulation of physiological and behavioral
events at the larval molt, including quiescence.
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Objectives

Cross-species conservation of sleep-like behaviors predicts the presence of conserved molecular
mechanisms underlying sleep. However, limited experimental evidence of conservation exists. Here, this
prediction is tested directly.

Measurements and results

During lethargus, Caenorhabditis elegans spontaneously sleep in short bouts that are interspersed with
bouts of spontaneous locomotion. We identified twenty six genes required for Drosophila melanogaster
sleep. Twenty orthologous C. elegans genes were selected based on similarity. Their impact on C.
elegans sleep and arousal during the last larval lethargus was assessed. The twenty most similar genes
altered both the quantity of sleep and arousal thresholds. In eighteen cases, the direction of change was
concordant with Drosophila studies published previously. Additionally, we delineated a conserved
genetic pathway by which dopamine regulates sleep and arousal. In C. elegans neurons, G-alpha S,
adenylyl cyclase, and PKA act downstream of D1 dopamine receptors to regulate these behaviors.
Finally, a quantitative analysis of genes examined herein revealed that C. elegans arousal thresholds
were directly correlated with amount of sleep during lethargus. But, bout duration varies little and was
not correlated with arousal thresholds.

Conclusions

The comprehensive analysis presented here suggests that conserved genes and pathways are required
for sleep in invertebrates and, likely, across the entire animal kingdom. The genetic pathway delineated
in this study implicates G-alpha S and previously known genes downstream of dopamine signaling in
sleep. Quantitative analysis of various components of quiescence suggests that interdependent or

identical cellular and molecular mechanisms are likely to regulate both arousal and sleep entry.



Introduction

Sleep is observed in all animal species, but the genetic underpinnings of mammalian sleep
remain largely unknown.' However, the recent identification of several genes and DNA polymorphisms
affecting human sleep strongly suggests that this behavior is genetically regulated.”* Sleep in model
organisms, including zebrafish, fruit flies, and nematodes, has been defined based on behavioral
changes shared with human sleep. These changes include sleep-specific posture, spontaneous cessation
of movement/feeding, increased arousal thresholds, rapid reversibility, and homeostatic response to
sleep deprivation.*® While genetic studies have identified many genes required for sleep in these

> 711 ganerally the cross-species relevance of these genes has not been examined. Given the

species,
shared characteristics of sleep and the conservation of this behavior across animal kingdom, it seemed
likely that the genes and pathways required for sleep are conserved. Studies in mice, fruit flies and
nematodes have established a role for the epidermal growth factor (EGF) signaling pathway, protein
kinase G (PKG), cyclic AMP (cAMP)/ protein kinase A (PKA)/ cAMP response element binding (CREB),
dopamine, neuropeptides, and the Notch signaling pathway in sleep in two or more of these model

61226 Hare, we more comprehensively address the conservation of genes required for sleep

systems.
using two invertebrate model organisms.

Caenorhabditis elegans (C. elegans) sleep is called quiescence® while Drosophila melanogaster
sleep is called rest.”” In Drosophila, rest is temporally coordinated with the solar light-dark cycle via
circadian proteins such as Period, whose abundance oscillates rhythmically on a 24-hour cycle.?® Under
standard culture conditions, C. elegans quiescence occurs during a period called lethargus and is
temporally coordinated with molting of the larval cuticle, which occurs at the end of each larval stage.®

Interestingly, the C. elegans Period ortholog, lin-42, regulates both cuticle molting and quiescence.?

While the roles of circadian genes in sleep regulation does vary between these invertebrate species, the



role of other genes required for entry, maintenance, and exit from sleep may be more directly
conserved. However, little experimental evidence exists to support this hypothesis.

In order to test this putative conservation, we focused on two well-known invertebrate model
systems, Drosophila and C. elegans. Published Drosophila literature was reviewed to shortlist genes
required for rest. The impact of orthologous C. elegans genes on quiescence and arousal was assessed.
We found that C. elegans orthologs of Drosophila genes required for rest also altered both the amount
of C. elegans quiescence and arousal during quiescence. Correlation analysis for the C. elegans genes
tested herein revealed a simple and direct correlation between arousal thresholds and quiescence bout
entry. Finally, the comprehensive analysis presented here allowed us to delineate a conserved genetic

pathway acting downstream of the DOP-1 D1 receptors that regulates C. elegans quiescence.
Materials and Methods

C. elegans strains: Strains and alleles examined are listed in Supplemental Table S1. Animals were
reared on standard NGM media seeded with OP50 E. coli at 25°C and assayed at 24°C. Animals from the
RNAI sensitized strain, HA2518, were transferred to RNAi feeding plates as L4 larvae and their progeny
were assayed for quiescence and arousal defects. In some cases, the impact of RNAi was not seen until
the F2 generation. To control for potential off-target impact of the RNAi knockdown, RNAi clones for
non-overlapping regions of the gene of interest were tested. The only potential inso-1(RNAi) off-target
gene is csn-1, encoding a component of a COP9 signalosome complex. RNAi studies used NGM plates
with 1mM ampicillin and 1mM isopropyl B-D-1-thiogalactopyranoside (IPTG).*°

Plasmids and transgenic strains: Transgenic animals were generated by microinjection of plasmids using
standard methods.*' Co-injection markers were transcriptional fusions pGH#8* rab-3p::mCherry
(25ng/ul) or pPD48.33* myo-2::gfp (5ng/ul). Primers are listed in Supplemental Table S2. Results for at
least two independent transgenic lines were determined and combined for each transgenic genotype

reported.



dop-1p::gfp pHA#651, 4.3kb of sequence upstream the dop-1 start codon was PCR amplified and cloned

into the pPD49.26>* Xmal site. GFP was cloned behind the dop-1 promoter using Kpnl and EcoRl sites.

dop-1p::kin-2(RNAi) pHA#652, 2.5 kb of kin-2 genomic sequence containing exons was PCR amplified

and cloned in reverse orientation behind the dop-1 promoter of pHA#581, using Kpnl and Sacl sites.

dop-1p::crh-1 pHA#653, the crh-1 cDNA sequence of 945 bp was PCR amplified and cloned behind the

dop-1 promoter of pHA#581, using Nhel and Kpnl sites.

Total quiescence: RNAI feeding clones described below:

crh-1(RNAi) feeding clone pHA#665 469 bp of the crh-1 cDNA sequence was cloned into pL4440* vector

using Nhel and Ncol sites.

egl-4(RNAi) feeding clone pHA#666 2.1 kbp of the eg/-4 genomic sequence containing exons was PCR-

amplified and cloned into pL4440 vector using the Sphl site.

cul-3(RNAI) feeding clones pHA#657 and pHA#661 each contain a non-overlapping, PCR-amplified cul-3

cDNA sequence cloned into Xmal site of pL4440.

Igc-38(RNAI) feeding clones pHA#654 and pHA#664 contain a non-overlapping PCR-amplified Igc-38

genomic and cDNA sequence, respectively cloned into Nhel and Sacl sites of pL4440.

cya-1(RNAi) feeding clones pHA#662 and pHA#663 contain a non-overlapping, PCR-amplified cya-1

cDNA sequence cloned into Nhel and Xmal sites of pL4440 vector.

inso-1(RNAi) feeding clones pHA#659 and pHA#660 each contain a non-overlapping, PCR-amplified inso-

1 cDNA sequence cloned into the Spel site of pL4440 vector.



jnk-1(RNAI) feeding clone pHA#667 1.8 kbp of the jnk-1 genomic sequence containing exons was PCR-

amplified and cloned into pL4440 vector using Nhel and Sacl sites.

Arousal threshold: RNAi feeding clones described below. The impact on quiescence of these clones was

virtually identical to the impact of clones above that altered quiescence (Fig. 2A).

inso-1(RNAi) feeding clone pHA#656, 624 bp of inso-1 genomic sequence containing exons was PCR-

amplified and cloned into pL4440 vector using the Spel site.

cul-3(RNAI) feeding clone pHA#657 (described above).

cya-1(RNAi) feeding clone pHA#655, 1.47 kbp of cya-1 genomic sequence containing exons was PCR-

amplified and cloned into pL4440 vector using Nhel and Xmal sites.

Igc-38(RNAJ) feeding clone pHA#654 (described above).

crh-1(RNAI) feeding clone pHA#665 (described above).

jnk-1(RNAI) feeding clone pHA#667 (described above).

Quiescence and arousal threshold assays: Quiescence during the L4-to-adult molting lethargus was
determined using the previously published microfluidic chamber-based assays. *° Image subtraction was
performed using the previously published Matlab analysis program.*® A single pixel change above
camera noise was the metric for movement detection (lack of quiescence). Cameras used for image
acquisition were AxioCam ICc1 (Zeiss) (pixel size: 4.65um x 4.65 um), AxioCam MRc Rev3 (Zeiss) (pixel
size: 6.45um x 6,45 ym) and Stingray F201c (Allied Vision Technologies) (pixel size: 4.4um x 4.4 um).
Unless indicated otherwise, early-L4 stage larvae were loaded into 1Immx4mm microfluidic chambers 4-
6 hrs prior to lethargus and the activity was monitored for 12hrs. HA2518 animals were loaded in the

microfluidic chambers as black-dot/late-L4 stage larvae, just as lethargus began and activity was



recorded for 8hrs. Images were acquired at 10 seconds interval. Unlike the previous analysis presented
in Singh et al, in the present study quiescence onset time was defined as a time point after which the
fractional quiescence remains >0.1 for at least 20 minutes. The quiescence exit time was defined as the
time point after which the fractional quiescence had remained <0.1 for at least 20 minutes. The total
guiescence was calculated by counting the number of images where no pixel change was detected
(compared to the previous image, above camera noise) between quiescence onset and exit time points.
Each image subtraction that did not detect motion represents 10 seconds of quiescence. Quiescence
onset time was subtracted from quiescence exit time to determine the duration of lethargus quiescence
and was reported in hours. The number of quiescent bouts that were 10s or longer was determined and
total number of bouts occurring between the quiescence onset and exit time was reported. Bout
frequency was calculated by dividing total number of bouts by lethargus duration for each animal. The
duration of all the quiescent bouts occurring between the quiescence onset and exit time was measured
and the average bout duration was calculated and reported in seconds. We calculated bout durations
for each animal and then averaged the results of all animals in a genotype/treatment. Other bout
metrics were calculated similarly. goa-1(If) and gsa-1(gf) animals had profoundly decreased total
quiescence. As a result, the fractional quiescence cutoff of >0.1 for 20 minutes was never exceeded.
Therefore, these animals have total quiescence=0 mins, bout number =0, and lethargus duration=0 hrs
(see Supplemental Table S3). Since lethargus duration for goa-1(If) and gsa-1(gf) animals was equal to
zero, bout number and bout duration for these genotypes could not be determined and were excluded
from the correlation analysis presented in Fig. 4. Quiescence and arousal thresholds of pde-4(ok1439)
animals were presented as pde-4(ce268) animals exhibited normal quiescence (total quiescence of pde-
4(ce268) = 5916 mins, p value = 0.27). pde-4(ce268) changes a single amino acid while pde-4(ok1439)
deletes 1100 bp and likely results in a complete loss of function. For genotypes with most and least total

quiescence, bout duration was re-examined at one frame per second interval. In this re-analysis bout



duration >1 second was measured and total quiescence determined. This analysis is described in
Supplemental file S4.

For arousal threshold determination, response to body touch®® was used; exceptions noted
below. A hair was placed on the agar plate evenly seeded with OP50 bacteria and flexed to contact the
animal behind the pharynx; locomotion within one second was scored as a response and percentage of
animals failing to respond is reported. Arousal thresholds of HA2518 RNAi sensitized animals and cnb-
1(If) animals were performed using 1-octanol diluted to 60% concentration with ethanol. Average
response time to 60% octanol of quiescent animals reared on experimental and control RNAi strains is
reported in seconds. During quiescence, animals responded to touch or dilute 1-octanol by initiating
backward locomotion. For touch, any immediate locomotion was scored as response. For dilute octanol,
time to initiate locomotion was recorded. Octanol assays stopped at 20 seconds. For all genotypes, at
least half of the trials were done by an observer blinded as to the genotypes/treatment. Control
genotypes were always run in parallel (also blinded). Non-quiescent animals in lethargus were used as
controls to determine the basal response to mechanical or chemosensory stimuli. Any immobile, non-
feeding animal was considered quiescent for arousal threshold determination. For gsa-1 and goa-1, rare
quiescent animals identified during the appropriate developmental stage were scored for arousal.
Arousal threshold results are presented for at least 3 independent trials with N>6 per trial for each
genotype tested. Following exceptions should be noted: goa-1: N=1 and kin-2: N=5 animals (due to
scarcity of quiescent animals).

Statistics: Genes examined here are C. elegans orthologs of Drosophila genes that alter the quantity of
Drosophila rest. Genes that impact circadian behavior or genes that only alter homeostasis were not
included in the analysis. Orthologs were identified and similarity was assessed based on E values from
BLAST at NCBI.>’ The Expect (E) values for all the C. elegans genes compared to Drosophila genes are

listed in Supplemental Table S5. The least similar was RCN-1 (E=3e-27). At least 8 or 20 animals were



tested for each quiescence or arousal threhold determination, respectively. For each of the twenty
genes examined, independent sets of wild type or control animals were tested in parallel and these
were used to determine significance by student’s t test (Supplemental Table S3 and figure legends).
Because multiple comparisons were made, we calculated the false discovery rate (FDR).**>° The FDR g-
value was set at the standard 0.05 to ascribe significance (Supplemental Table S5). A similar statistical

analysis was performed for arousal thresholds (Supplemental Table S5).

Results

Lethargus quiescence requires the function of conserved genes

The Drosophila rest and C. elegans quiescence share behavioral characteristics of sleep including
cessation of movement, altered arousal and homeostatic regulation.*® *° The presence of these
common hallmarks suggests that conserved processes regulate sleep in these invertebrate species. For

clarity herein, we will refer to sleep in Drosophila as rest and sleep in C. elegans as quiescence.

To determine if orthologs of Drosophila genes required for rest also play a conserved role in C.
elegans quiescence, we first identified genes that altered the quantity of Drosophila rest. Genes involved
in circadian regulation or solely in homeostasis were excluded from this analysis. C. elegans orthologs of
Drosophila genes were identified based on protein sequence similarity using BLAST (Supplemental Table
S5) and the closest C. elegans ortholog was examined in this study. No unambiguous orthologs could be
found for six Drosophila genes: Hyperkinetic,"* Fragile X mental retardation,** homer,* Relish,**
sleepless,” and Regulator of cyclin A.*® Publicly available deletion, missense, or nonsense alleles were
obtained for the remaining C. elegans genes, whenever possible (Fig. 1, Supplementary Table S1). If no
alleles were available, then RNA interference (RNAi) by feeding was employed to test the impact of
genes on C. elegans quiescence (see Fig. 2). C. elegans L4-to-adult lethargus quiescence was assessed

using a microfluidic chamber-based assay. Total time spent in quiescence in minutes, which will be



referred to as total quiescence, was reported (Fig. 1, see Methods and *°). All genes tested altered C.
elegans quiescence. For eighteen genes, the change in C. elegans total quiescence was as would be
predicted from D. melanogaster literature. When disruption of Drosophila gene function increased rest,
disruption of the C. elegans ortholog increased total quiescence, - and vice versa. Exceptions were the
C. elegans ortholog of Drosophila basket and cyclin A (described below). Results are summarized in
Supplemental Table S3, S6, presented graphically in Figures 1 and 2, and detailed in the following

paragraphs.

Shaker and the calcineurin pathway (shk-1, tax-6, cnb-1, rcn-1): Drosophila Shaker encodes a voltage-
gated potassium channel, which regulates membrane repolarization and synaptic signaling.*” Disruption
of Drosophila Shaker function reduces rest.*® Consistent with this, decreased total quiescence was
observed in animals carrying a deletion allele of the C. elegans Shaker ortholog, shk-1 (Fig. 1A). The
calcineurin signaling pathway has also been implicated in Drosophila rest.***° Calcineurin is a Ca
2*/calmodulin dependent protein phosphatase complex containing both a catalytic subunit and a
regulatory subunit. Disruption of either catalytic subunit, Pp2B-14D or CanA-14F, or either regulatory
subunit, CanB or CanB2, results in reduced Drosophila rest. Additionally, loss of the calcineurin regulator
sarah reduces Drosophila rest.* In C. elegans, the catalytic and regulatory subunits of calcineurin are
encoded by tax-6 and cnb-1, respectively °>?; the calcineurin regulator sarah is encoded by ren-1.7% We
found that loss of rcn-1, cnb-1, or tax-6 function decreased C. elegans quiescence. Combined, these

results suggest that Shaker potassium channels and calcineurin play conserved roles in sleep across

species (Fig. 1A).

Neurotransmitter systems (dop-1, dat-1, ser-4, unc-25, unc-49, Igc-38, tbh-1, tdc-1): In Drosophila, loss
54,55

of dopamine signaling increases rest; therefore dopamine is said to have a wake-promoting effect.

For example, increasing synaptic dopamine by disrupting the dopamine transporter fumin significantly

10



decreases Drosophila rest.*> Conversely, loss of the D1 dopamine receptor DopR increases Drosophila
rest.”® The C. elegans orthologs of fumin and DopR genes are dat-1 and dop-1, respectively.”® >’

Consistent with the Drosophila results, dat-1 loss of function decreased total quiescence, and as

expected, the dop-1 loss of function increased total quiescence (Fig. 1B).

In Drosophila, loss of serotonin signaling decreases rest; serotonin is said to have a sleep-
promoting effect.”® Loss of the Drosophila serotonin receptor 5-HT1A decreases rest.”® In C. elegans, ser-
4 encodes the protein most similar to Drosophila 5-HT1A. Consistent with Drosophila results, ser-4 loss

of function decreased total quiescence in C. elegans (Fig. 1B).

GABA signaling also impacts Drosophila rest. Overexpression of the only Drosophila GABA,
receptor, Resistant to dieldrin (Rdl), in LNvs (large ventral lateral neurons) results in increased rest.”* In
addition, inhibiting GABAergic neurons via ectopic Shaw channel expression decreases Drosophila rest.*°
To test the impact of GABA signaling on C. elegans quiescence, the role of GABA receptor function in
guiescence was determined. Similarity searching suggested that in C. elegans both unc-49 and Igc-38 are
orthologs of Drosophila Rdl.®* Neither unc-49(If) nor Igc-38(RNAI) alone impacted quiescence (total
quiescence = 6013 mins, p value = 0.66 or total quiescence = 665 mins, p value = 0.26, respectively and
Fig. 2D) possibly due to redundant function of the unc-49 and Igc-38. Since no alleles were available for
Igc-38, the gene was knocked down using two non-overlapping RNAI clones in unc-49(If) animals and
quiescence determined. unc-49(If) animals reared on Igc-38(RNAi) feeding clones had significantly
decreased total quiescence compared to those reared on empty vector control (Fig. 2C). Complete loss
of GABA biosynthesis does not cause lethality in C. elegans. Therefore, we tested animals completely
lacking the function of unc-25, which encodes glutamic acid decarboxylase.®” These animals have
decreased total quiescence, which is consistent with the impact of GABA loss on Drosophila rest (Fig.

1C).
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Octopamine, a biogenic amine, also regulates Drosophila sleep.®® Loss of octopamine
biosynthesis pathway genes, tyrosine decarboxylase (Tdc) and tyramine beta hydroxylase (T68H),
increases rest.®® tdc-1 and tbh-1 are the C. elegans orthologs of Drosophila Tdc and T6H genes.®*
Consistent with the Drosophila sleep defects observed in Tdc and TBH flies, tdc-1(If) and tbh-1(If) C.

elegans had increased total quiescence (Fig. 1C).

cAMP signaling (acy-1, pde-4, kin-2, crh-1): The duration of Drosophila sleep is inversely proportional to
cAMP signaling, PKA activity, and CREB activity.®> The Drosophila rutabaga and dunce genes encode
adenylyl cyclase and phosphodiesterase, respectively, and they antagonistically regulate cAMP levels.
Loss of rutabaga increases rest, while loss of dunce decreases rest.® C. elegans cAMP levels are
regulated by two orthologous genes: acy-1 and pde-4.°® Complete loss of acy-1 causes lethality.
Therefore, a previously described acy-1 gain of function allele was tested.®’ Either acy-1 gain of function
or pde-4 loss of function likely increases cAMP levels.®® We found that acy-1(gf) or pde-4(If) animals

exhibited decreased total quiescence, consistent with results in Drosophila (Fig. 1D).

Two conserved downstream components of cAMP signaling pathway are protein kinase A (PKA)
and cAMP response element binding protein (CREB).* In Drosophila, over-expression of PKA pan-

neuronally or with a heat shock promoter decreases rest.®> ”°

Conversely, blocking Drosophila CREB
activity increases rest.” C. elegans kin-2 encodes the regulatory subunit of PKA and kin-2 loss of function
increases PKA catalytic activity.®” As predicted from the Drosophila study,® kin-2 loss of function
decreased C. elegans total quiescence (Fig. 1D). crh-1 encodes the C. elegans CREB ortholog.”* crh-1(If)
animals had increased total quiescence, which is consistent with CREB function in Drosophila rest (Fig.

1D). Combined, these results suggest that the cAMP signaling cascade plays a conserved role in

Drosophila and C. elegans sleep.
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Other signaling (goa-1, jnk-1): The Drosophila G, protein is encoded by the G,a47a gene and has been
implicated in rest. Pan-neuronal expression of G, increases rest, while RNAi knockdown of G, decreases
rest.”? In C. elegans, G, is encoded by goa-1.”® Complete loss of goa-1 function decreased C. elegans

guiescence supporting a conserved role for G, protein in invertebrate sleep (Fig. 1E).

The Drosophila gene basket encodes a C-Jun N-terminal kinase that is required for rest.”* RNAi
knockdown of basket decreases rest.”* In C. elegans, the closest ortholog of Drosophila basket is
encoded by jnk-1.” C. elegans jnk-1 loss of function caused increased total quiescence (Fig. 1E). This
gene is one of only two C. elegans orthologs that had discordant results between species, which is

discussed below.

BTB, cullin, and other signaling (inso-1, cul-3, cya-1): RNAi knockdown of either Drosophila insomniac or
Cullin-3 decreases rest. Consistent with this result, insomniac loss of function alleles also decreases
rest.” In C. elegans, cul-3 is the predicted ortholog of Cullin-3.” The C. elegans gene most similar to
insomniac is C52B11.2, which we here name inso-1. These C. elegans genes have not been previously
characterized. A cul-3 mutant allele is not available. A previously uncharacterized inso-1(gk344) deletion
allele exists, which removes the predicted first exon of inso-1, but this mutation did not alter quiescence
(total quiescence = 503 mins, p value = 0.09). However, examination of inso-1 cDNA clones suggested
that translation in inso-1(gk344) animals might initiate at methionine (22) in exon 2 and might not
dramatically alter gene function. Therefore, we employed RNAi knockdown to test the impact of these
two genes on C. elegans quiescence. Expression of double stranded RNA channels in neurons increases
C. elegans sensitivity to RNAi by feeding.”® We confirmed that egl-4(RNAi) in this sensitized background
resulted in decreased total quiescence (total quiescence = 4216 mins, p value = 0.047), which is
consistent with previous work using eg/-4(lf) mutant animals.® The impact of cul-3, the C. elegans

ortholog of Cullin-3, on quiescence was tested using two independent RNAiI clones. Knockdown of cul-3

13



by RNAI decreased total quiescence (Fig. 2A). Two independent inso-1 RNAI clones were tested. One
decreased quiescence compared to the control RNAi animals (Fig. 2A).”® While decreased quiescence is
consistent with the impact of the Drosophila insomniac on rest, potential off-target effects of inso-1

RNAi cannot be ruled out. See methods.

Neuronal depletion of Drosophila CycA, which encodes cyclin A, decreases rest.* The C. elegans
ortholog of cyclin A is cya-1.”° As no deletion alleles were available for cya-1, RNAi knockdown in the
sensitized background was employed to test impact on quiescence. RNAi knockdown of cya-1 using two
independent clones increased C. elegans total quiescence compared to animals raised on control
bacteria containing the empty vector (Fig. 2A). C-Jun N-terminal kinase and cyclin A are the only two

genes for which the change in sleep was inconsistent between the two species.

In summary, all twenty C. elegans genes tested here impacted quiescence. For eighteen genes,
the impact on quiescence was consistent with predictions based on the Drosophila literature. Taken

together, these results suggest deep conservation of genes required for invertebrate sleep.

Conserved genes also regulate arousal during C. elegans quiescence

Altered arousal is an essential component of sleep. C. elegans and Drosophila also exhibit

4,5,77
d.*>""

increased arousal thresholds during sleep as their responsiveness to sensory stimuli is reduce n

Drosophila, disruption of fumin, G,a47A or basket gene function perturbs arousal thresholds during

rest.lz’ 72

To independently assess the impact of these genes on arousal during C. elegans quiescence,
we examined response using chemosensory and/or mechanosensory stimuli.'®>® Failure to respond to
touch with a hair during quiescence is presented for all C. elegans alleles and is reported as % failed to

respond to touch (Fig. 3). Response to 1-octanol during quiescence is reported for RNAi studies (Fig. 2B,

2C, and 2E) as the requisite genetic background and/or bacterial strain causes hypersensitivity to
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mechanosensory stimuli. Response to 1-octanol during quiescence is reported for cnb-1(If) animals (Fig.
2F) as these animals exhibited defective response to mechanosensory stimuli. In RNAi studies, non-
guiescent animals responded to dilute 1-octanol as quickly as control animals with one exception. Non-
guiescent inso-1(RNAi) animals were defective in their response to dilute 1-octanol (8+1 sec) compared
to non-quiescent wild type animals (4+0.1 sec), complicating analysis. Quiescent wild type animals
increased their response time by 167+11% but inso-1(RNAi) animals only increased their response time

by 63+13% suggesting that inso-1 loss decreases arousal thresholds during quiescence (Fig. 2C).

All twenty genes that impacted C. elegans quiescence also altered arousal thresholds (Fig. 2B,
2C, 2E, 2F and 3, Supplemental Table S3, S6). We found decreased arousal thresholds in dat-1 and goa-1
loss of function animals, which is consistent with the decreased arousal thresholds of Drosophila fumin

and G,047A animals.*>"?

The only other comparison possible across species was for C-Jun N-terminal
kinase orthologs. C. elegans jnk-1 loss of function decreased arousal thresholds, while Drosophila basket
RNAI is reported to have no impact on arousal during rest.”* For the seventeen other orthologous genes,

additional studies in Drosophila will be required to test if their function in arousal across species is

conserved.

Assessing correlations between arousal and quiescence

Arousal thresholds likely reflect depth and/or quality of sleep. We considered the possibility that
arousal might correlate with other metrics of C. elegans sleep, which include total time spent in
quiescence, lethargus duration and/or quiescence bout characteristics (number and duration). Total
quiescence, lethargus duration, and bout number are intrinsically correlated based on the methods used
to detect and calculate C. elegans quiescence. Therefore, we only considered possible correlations of
arousal with bout duration and bout number. The impact of C. elegans genes tested above on these

parameters is reported in Supplemental Table S3. For Igc-38(RNAI), cul-3(RNAI), inso-1(RNAi), cya-
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1(RNAI), and cnb-1(If) animals, arousal thresholds were determined by chemosensory response (see Fig.
2B, 2C, 2E & 2F), which complicated comparison to the other fifteen genes, whose arousal thresholds
were determined by mechanosensory response. Therefore, we excluded these five genes from the

correlation analysis described below.

We noted that genotypes with increased arousal thresholds usually had both increased total
quiescence, and vice versa (Supplemental Table S3). Total quiescence is a function of quiescent bout
duration and bout number. One possibility is that arousal threshold changes might impact bout
duration. We tested this by looking for correlation between these two parameters and found that bout
duration did not directly correlate with arousal thresholds (Fig. 4A). This is not surprising because there
is remarkably little variation in bout duration across genotype. Another possibility was that arousal
threshold changes might impact bout number, as altered arousal might influence entry into quiescence.
We found that bout number directly correlated with arousal thresholds (Fig. 4B). In summary, we
conclude that mechanisms governing bout duration are likely independent from the mechanisms
regulating arousal thresholds. Increased bout number reflects increased propensity to enter a quiescent
state. Together, these results make it likely that common genetic pathways likely regulate arousal

thresholds and quiescence bout entry.

Genetic pathway for dopamine regulation of C. elegans lethargus quiescence

Combined with the previously published Drosophila and murine studies, our cross-species

comparison of genes required for sleep (Fig. 1B) confirms that decreased dopamine signaling increases

12,13,80
d

sleep (Fig. 1B an ). Past studies have determined the site of action of D1 receptor as well as the

81, 82

neuronal circuitry of dopamine signaling in Drosophila sleep. However, little is known about the

signaling cascade acting downstream of the D1 receptor in sleep. We undertook genetic and phenotypic
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rescue experiments to assemble a signaling pathway downstream of dopamine regulating quiescence in

C. elegans.

In humans, D1 dopamine receptors couple with various Go. proteins, including G, and G,.** Loss
of the DOP-1 D1 receptor increased quiescence (Fig. 1B, dop-1(If)). The C. elegans G, ortholog goa-1 is
unlikely to act downstream of the DOP-1 D1 receptor as loss of goa-1 decreased total quiescence (Fig.
1E, goa-1(If)). Therefore, the role of C. elegans G, ortholog GSA-1 was assessed. Loss of gsa-1 function
causes lethality; therefore, a previously characterized gsa-1(gf) gain of function allele was tested.® gsa-
1 gain of function decreased total quiescence (Fig. 5A, gsa-1(gf)), which was consistent with increased
signaling downstream of the DOP-1 D1 receptor. If gsa-1 functions downstream of dop-1, then gsa-1(gf)
should suppress the increased quiescence of dop-1(If) animals. We found that gsa-1(gf);dop-1(If) double
mutant animals had decreased total quiescence compared to dop-1(If) animals (Fig. 5A). Combined,
these results suggest that gsa-1 functions downstream of dopamine and D1 dopamine receptors in C.

elegans quiescence.

The C. elegans adenylyl cyclase acy-1 is known to act downstream of gsa-1 in synaptic signaling
and locomotion.®” Similar to the gsa-1(gf) impact on quiescence, acy-1(gf) decreased total quiescence
(Fig. 1D, acy-1(gf)). If acy-1 functions downstream of dop-1 and gsa-1, then acy-1 gain of function should
suppress the increased quiescence of dop-1(If) animals. Indeed, acy-1(gf); dop-1(If) double mutant
animals have decreased quiescence compared to the dop-1(If) animals (Fig. 5A). Together, these results
suggest that both gsa-1 and acy-1 function downstream of or in parallel to dop-1 D1 receptor in

quiescence.

Next, we determined if the components of the cAMP signaling pathway, adenylyl cyclase, PKA,
and CREB, function in the DOP-1 D1 receptor expressing neurons. The impact of adenylyl cyclase activity

in DOP-1 D1 receptor expressing neurons was assessed first. Overexpression of adenylyl cyclase in DOP-

17



1 D1 receptor expressing neurons of wild type animals was sufficient to decrease quiescence (Fig. 5B).
Additionally, over-expressing adenylyl cyclase in the D1 dopamine receptor expressing neurons of dop-
1(If) animals suppressed their quiescence defects (Fig. 5B). Increased PKA activity in kin-2(If) animals
resulted in decreased total quiescence (Fig. 1D, kin-2(If)), which was concordant with the impact of acy-
1(gf) on quiescence (Fig. 1D, acy-1(gf)). To determine if increased PKA activity in DOP-1 D1 receptor
expressing neurons was sufficient to regulate quiescence, we knocked down kin-2 in these neurons. As
predicted, RNAi knockdown of kin-2 in DOP-1 D1 receptor expressing neurons partially recapitulated the
quiescence defects of kin-2(If) animals (Fig. 5C). Additionally, RNAi knockdown of kin-2 in DOP-1 D1
receptor expressing neurons of dop-1(If) animals suppressed their quiescence defects (Fig. 5C). These
results suggest that manipulating adenylyl cyclase and PKA activity in these neurons was sufficient to

regulate quiescence.

We found that global loss of CREB function in crh-1(If) animals increased quiescence (Fig.1D, crh-
1(If)). We confirmed this by RNAi knockdown of crh-1 (Supplemental Table S3). However, it is not clear if
CRH-1 CREB functions in C. elegans DOP-1 D1 neurons. Simultaneous over-expression of two crh-1 splice
isoforms in DOP-1 D1 expressing neurons did not rescue the quiescence defects of dop-1(If) animals
(total quiescence of dop-1(If);dop-1p::crh-1(cDNA)= 8217 mins, p value = 0.88). This might be due to
insufficient phosphorylation of CRH-1 in dop-1(If) animals.*®® Expression of these two crh-1 splice
isoforms did not ameliorate the total quiescence defects of crh-1(lf) animals (total quiescence of crh-
1(If);dop-1p::crh-1(cDNA)= 8517 mins, p value = 0.79). As described in other systems, CRH-1 may
function downstream of other receptors or signaling cascade that may increase or decrease

1.8 Combined, these results suggest that cAMP/adenylyl cyclase, and PKA function

quiescence.
downstream of or parallel to dopamine and the D1 dopamine receptor in C. elegans neurons to regulate

quiescence.
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Discussion

Sleep has many shared characteristics and is ubiquitous across the animal kingdom suggesting
that the genes and pathways required for this behavior are conserved. However, experimental evidence
to support this hypothesis is limited. Previous work has independently identified roles in sleep for
protein kinase G (PKG), neuropeptides, EGF and Notch signaling in both flies and nematodes.® ** *> 1719
2233 70 test molecular conservation of sleep more broadly, we took advantage of two well-defined
invertebrate model systems.”> A Drosophila literature survey allowed us to shortlist twenty-six genes
required for rest. C. elegans orthologs of twenty of these genes were systematically tested for roles in
quiescence and arousal. Disruption of nearly all of the orthologous C. elegans genes increased or
decreased quiescence as would be predicted from Drosophila studies. We found few exceptions to this,
which are discussed below. Although only one allele was tested for most genes in the cross-species

comparison, the results presented here demonstrate that conserved genes play critical roles in sleep in

two well-defined invertebrate species.

Diminished response to sensory stimuli is an essential feature of sleep. Twenty genes altered C.
elegans total quiescence, allowing a comprehensive analysis of their impact on arousal. In every
genotype, arousal thresholds during quiescence were significantly different from wild type C. elegans. As

few Drosophila studies report changes in arousal during rest, %% 748

we can only speculate regarding
cross species roles for these genes in arousal. For genes encoding the dopamine transporter or G, the
impact on arousal thresholds was clearly conserved between these two species. It seems likely that

many of the other genes described here will play a conserved role in arousal in Drosophila and other

animals.

Only two of the genes tested here, jnk-1 and cya-1, had a discordant impact on C. elegans and

Drosophila sleep. RNAi knockdown of Drosophila basket, which encodes C-Jun N-terminal kinase, results
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in decreased rest with no change in arousal thresholds.” This is not concordant with either RNAI
knockdown or loss of function of the C. elegans basket ortholog jnk-1; both manipulations increased
total C. elegans quiescence and decreased arousal thresholds ("* and this study). Also, RNAi knockdown
of Drosophila cycA, which encodes cyclin A, decreases rest, but knockdown of C. elegans cya-1 increased
quiescence (*® and this study). It is unclear why these two genes had discordant effects on sleep in flies
and nematodes. Possibly, their downstream targets differ in these species or these genes regulate
different aspects of sleep in C. elegans and Drosophila. Previous work established that PKG and EGF play
concordant roles in invertebrate sleep,® " '® but the Notch pathway impacts different aspects of C.

15,19

elegans and Drosophila sleep. We conclude that most genes play conserved roles in sleep across

species, but a subset of genes play species-specific roles.

Given the large number of genes characterized here, we were able to examine for the first time
possible correlations between quiescence metrics, such as bout number, bout duration, arousal
thresholds, and others. Examination of C. elegans quiescence suggested that genotypes with increased
total quiescence also had an increased number of quiescent bouts and had an increased lethargus
duration, - and vice versa ( Supplementary Table S3). There was little change in bout duration or
frequency despite the large number of genotypes tested. In other words, increased quiescence generally
occurs when mutant animals have more quiescent bouts and spend more time in lethargus. Therefore,
common genetic mechanisms likely impact arousal thresholds and bout entry. However, bout duration
may be independently regulated from arousal thresholds and may require other genes that will be

identified in future studies.

We did discover a simple and relatively direct correlation between arousal thresholds and total
time spent in quiescence for fifteen genes. In other words, most of the genetic perturbations that

decreased total quiescence also resulted in lowered arousal thresholds. And, genetic perturbations that
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increased quiescence were almost always associated with higher arousal thresholds. Based on these
observations, we considered two possibilities. Low arousal thresholds might result in an inability either
to establish or to maintain quiescence during a bout. Counter intuitively, genotypes with aberrantly high
arousal thresholds did not have increased bout duration, but they did have increased number of
quiescent bouts late in lethargus and had increased lethargus duration. High arousal thresholds may
indicate an inappropriate propensity to establish the quiescent state, resulting in more quiescent bouts.
Low arousal thresholds may reflect an inability to enter the quiescent state. Alternatively, genes altering
arousal thresholds may regulate lethargus duration. However, it is unclear if quiescence changes are the
cause or the result of altered arousal thresholds. Also, it is unclear if quiescence and arousals are
independently regulated by these fifteen genes. This may be clarified in future studies that directly

examine molecular and cellular mechanisms underlying arousal and sleep.

Dopamine plays a conserved role in sleep in flies and mice.'**>* Here, we extend this role to C
elegans. However, the signaling pathways downstream of dopamine and dopamine receptors relevant
to sleep were largely unknown. To establish a coherent model of dopamine signaling in sleep, we
assembled a genetic pathway based on phenotype and confirmed action in a subset of C. elegans
neurons using a combination of genetic epistasis and rescue experiments. Double mutant analysis
suggested that G; and adenylyl cyclase function in the dopamine signaling pathway, downstream of the
DOP-1 D1 receptors. Additionally, activation of PKA or overexpression of adenylyl cyclase (ACY), only in
neurons expressing DOP-1 D1 receptors- was sufficient to rescue the dop-1 quiescence defects (Fig. 5)
suggesting that ACY and PKA act in parallel or downstream of D1 receptors. DOP-1 D1 receptors are
widely expressed in the C. elegans nervous system;® further studies will be needed to determine
precisely which dop-1 expressing neurons are critical for sleep. It is likely that dopamine signaling via G,

adenylyl cyclase, PKA, and perhaps CREB are required for sleep in all animals.
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Results presented here confirm that the genetic underpinnings of sleep are broadly conserved in
invertebrates. Some vertebrate orthologs of genes required for invertebrate sleep have been implicated
previously in sleep.” * However, the connections between these genes and signaling pathways in
vertebrate sleep remain mysterious. Invertebrate model systems can be used to rapidly identify and

delineate these conserved pathways.

Figure legends

Fig. 1. Lethargus quiescence requires the function of conserved genes. L4-to-adult lethargus quiescence
was determined. Total quiescence was reported in minutes. Error bars represent standard error of the
mean (s.e.m.). Numbers inside or above the bar indicate sample size. For each gene examined,
independent sets of wild type control animals were tested in parallel and these were used to determine
significance by student’s t test. p value < 0.05* <0.01** and< 0.001*** versus wild type. Results were
grouped by pathway/function and controls were pooled for concise presentation. Control is dop-1
promoter driving gfp (dop-1p::gfp). (A) Loss of calcineurin signaling components (rcn-1, cnb-1, tax-6) or
Shaker potassium channel (shk-1) function decreased total quiescence. (B) Loss of dopamine transporter
(dat-1) or serotonin receptor (ser-4) function decreased total quiescence. Loss of D1 dopamine receptor
(dop-1) function increased total quiescence. (C) Loss of GABA synthesis (unc-25) decreased total
quiescence. Loss of genes required for octopamine biosynthesis increased total quiescence: tyrosine
decarboxylase (tdc-1) and dopamine beta hydroxylase (tbh-1). (D) Adenylyl cyclase (acy-1) gain of
function or loss of phosphodiesterase (pde-4) decreased total quiescence. Loss of CREB (crh-1) function
increased total quiescence. Loss of protein kinase A regulatory subunit (kin-2) function decreased total
quiescence. (E) Loss of G, (goa-1) decreased total quiescence. Loss of C-Jun N-terminal kinase (jnk-1)

function increased total quiescence.
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Fig. 2. Lethargus quiescence and altered arousal during sleep requires the function of conserved
genes. For RNAi feeding experiments, HA2158 animals expressing the SID-1 double stranded RNA
channel in neurons were used.”® Total quiescence during L4-to-adult lethargus reported in minutes.
Arousal thresholds were determined by measuring the time to respond to 60% dilute 1-octanol.
Response time is reported in seconds. Error bars represent standard error of the mean (s.e.m.). Grey
and black bars represent independent clones in 2A and 2D. Numbers inside the bar indicate sample size.
For each gene examined, independent sets of control animals were tested in parallel and these were
used to determine significance by student’s t test. p value < 0.05* <0.01** and< 0.001*** versus
control(RNAI), unc-49(If), or wild type. Results were grouped and controls were pooled for concise
presentation. (A) RNAi knockdown using two independent clones of insomniac (inso-1) and cullin-3 (cul-
3) decreased total quiescence with one exception. See Methods for possible off-target gene for inso-
1(RNAI). RNAi knockdown of cyclin A (cya-1) increased total quiescence. (B) RNAi knockdown of egl-4
and cul-3 in sensitized HA2158 animals lowered arousal thresholds during quiescence compared to their
respective controls. RNAi knockdown of cya-1 increased arousal thresholds. (C) Non-quiescent inso-
1(RNAI) animals were mildly 1-octanol sensing defective. Quiescent wild type animals’ response time to
dilute 1-octanol increased by 167+11%. However, inso-1(RNAi) animals increased their response time by
63+13% suggesting that these animals maintain inappropriately low arousal thresholds during
quiescence. (D) RNAi knockdown of the Igc-38 GABA A receptor decreased quiescence in animals lacking
the unc-49 GABA A receptor. (E) RNAi knockdown of the Igc-38 in unc-49(If) animals also decreased
arousal thresholds. (F) Non-quiescent cnb-1(lf) animals were defective in their response to
mechanosensory stimuli, but responded normally to dilute 1-octanol. Therefore, dilute 1-octanol

response was used to demonstrate heightened arousal thresholds during quiescence.

Fig. 3. Conserved genes regulate arousal. Arousal thresholds were determined by counting the number
of quiescent animals responding to body touch. Percent of animals failing to respond to body touch is
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reported in all the figure panels. Error bars represent standard error of the mean (s.e.m.).. Non-
guiescent animals rarely failed to respond to body touch with a failure rate of 0-10% for all genotypes.
Due to their profound quiescence defects, very few quiescent goa-1(lf) (n=2) and kin-2(If) (n=5) animals
were found, even when >100 animals were sampled. For each gene examined, independent sets of wild
type control animals were tested in parallel and these were used to determine significance by student’s
t test. p value < 0.05* <0.01** and <0.001*** versus wild type. Results were grouped by
pathway/function and controls were pooled for concise presentation. (A) Loss of either C. elegans
calcineurin signaling genes (rcn-1 and tax-6) or loss of C. elegans Shaker (shk-1) decreased arousal
thresholds. (B) Loss of dopamine transporter (dat-1) or serotonin receptor (ser-4) function decreased
arousal thresholds. Loss of D1 dopamine receptor (dop-1) function increased arousal thresholds. (C) Loss
of GABA synthesis gene (unc-25) decreased arousal thresholds. Loss of octopamine biosynthesis genes
tyrosine decarboxylase (tdc-1) and dopamine beta hydroxylase (tbh-1) increased arousal thresholds. (D)
Loss of phosphodiesterase (pde-4) or protein kinase A regulatory subunit (kin-2) function decreased
arousal thresholds. Gain of adenylyl cyclase (acy-1) function decreased arousal thresholds. Loss of CREB
increased arousal thresholds (crh-1(If)=63+0.6 versus parallel wild type control=51+0.4, p value=0.005).

(E) Loss of G, (goa-1) or C-Jun N-terminal kinase (jnk-1) function decreased arousal thresholds.

Fig. 4. Assessing correlations between arousal and quiescence. Quiescence bout number and bout
duration during lethargus were examined versus arousal thresholds for genotypes tested in Figures 1
and 3. Wild type is represented as an empty circle. Genes implicated in the dopamine signaling pathway
are represented as green and orange rhombi, which represent decreased and increased quiescence,
respectively. (A) No correlation was observed between quiescent bout duration and arousal thresholds
(r=-0.051, p value=0.580). (B) A direct correlation was detected between quiescent bout numbers and

arousal thresholds. Correlation coefficient r=0.887, p value=1e-08. See methods for statistical details.

24



Fig. 5. Genetic pathway for dopamine regulation of C. elegans lethargus quiescence. Genetic epistasis
and rescue experiments delineate a dopamine signaling pathway functioning in the regulation of C.
elegans quiescence. Total quiescence was reported in minutes. Error bars represent standard error of
the mean (s.e.m.). Numbers inside or above the bar indicate sample size. Results were grouped and
controls were pooled for concise presentation. Control is dop-1 promoter driving gfp (dop-1p::gfp). (A)
Gain of Gs (gsa-1) function or dop-1;gsa-1 double mutant animals had decreased total quiescence. dop-
1;acy-1 double mutant animals had decreased total quiescence. (B) Expression of acy-1 cDNA in DOP-1
D1 receptor expressing neurons decreased total quiescence in wild type animals. Expression of acy-1
cDNA in DOP-1 D1 receptor expressing neurons of dop-1(If) animals suppressed the quiescence defect.
(C) RNAi knockdown of kin-2 in DOP-1 D1 receptor expressing neurons decreased total quiescence in
wild type animals. In dop-1(If) animals, RNAi knockdown of kin-2 in DOP-1 D1 receptor expressing
neurons suppressed the quiescence defect. *p value< 0.05 **p value< 0.01 ***p value<0.005 versus
wild type in A; versus transgenic control for each genotype in B and C. (D) A model for dopamine
signaling mediated regulation of quiescence. Dopamine binding to D1 dopamine receptor DOP-1
activates downstream signaling via Gs (gsa-1). This results in the activation of adenylyl cyclase (acy-1)
that produces cAMP. cAMP activates protein kinase A (PKA) to promote wakefulness. Consistently,
knockdown of the PKA regulatory subunit (kin-2) in D1 receptor expressing neurons decreased
guiescence. It is possible that phosphodiesterase 4 (pde-4 in C. elegans) regulates cAMP levels in this

pathway.
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BLAST, basic local alighment search tool

25



BTB, BR-C, ttk and bab

cAMP, cyclic AMP

cnb-1, calcineurin B

CREB, cyclic AMP response element binding
crh-1, CREB homolog

cul-3, cullin

cya-1, cyclin A

dat-1, dopamine transporter

DNA, deoxyribonucleic acid

dop-1, dopamine receptor

EGF, epidermal growth factor

egl-4, egg laying defective

FDR, false discovery rate

GABA, gamma-aminobutyric acid

gf, gain of function

GFP, green fluorescent protein

goa-1, G protein, O, alpha subunit

gsa-1, G protein, subunit alpha or G-alpha S
inso-1, insomniac-1

IPTG, isopropyl B-D-1-thiogalactopyranoside
jnk-1, Jun N-terminal kinase

kin-2, protein kinase

L4, larvae stage 4

If, loss of function

lgc-38, ligand gated ion channel
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myo-2, myosin heavy chain structural genes
NGM, nematode growth medium

pde-4, phosphodiesterase

PKA, protein kinase A

PKG, protein kinase G or cGMP dependent kinase
rab-3, RAB family

ren-1, regulator of calcineurin

RNA, ribonucleic acid

RNAI, RNA interference

ser-4, serotonin/octopamine receptor family
shk-1, shaker family of potassium channels
tax-6, abnormal chemotaxis

tbh-1, tyramine beta hydroxylase

tdc-1, tyrosine decarboxylase

unc-25, uncoordinated

unc-49, uncoordinated
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