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Abstract

Neuronal function is highly dependent upon dendritic and axonal processes that enable an extensive
network of connections between neurons and is essential in the process of synaptic integration and signal
transmission. The precise morphology of neurons allows the nervous system to operate functionally
because of their established connectivity. Recent studies have identified many genes that regulate dendrite
morphogenesis in genetic model systems such as Drosophila melanogaster (the fruit fly) and
Caenorhabditis elegans (the worm). For example, rbm-39, which encodes an RNA-binding motif protein,
has recently been revealed to play a role in dendrite development in worms, while the fruit fly homolog of
this gene, caper, has been shown to be important for various aspects of nervous system development and
function. The extent of the role of rbm-39 in nervous system development, however, is still unknown.
Using a strain of C. elegans that had the rbm-39 gene removed by CRISPR genome-editing technology,
we examined the role of rbm-39 in various neuron and glia subtypes. Specific neurons/glia were
quantitatively analyzed and compared between the rbm-39 mutant and the control worm. Our results
suggest that rbm-39 has surprisingly minimal impacts on nervous system development compared to the
role of its homolog in the fruit fly. Previous studies suggest that RBM-39 family proteins are involved in
alternative splicing and other mechanisms of gene regulation. To learn more about the molecular role of
the RBM-39 protein, we isolated and sequenced mMRNA from rbm-39 mutants and controls to identify
differentially expressed and differentially spliced targets. The results from the sequencing strongly
suggest that RBM-39 plays a role in the regulation of gene expression, and more specifically in the
regulation of alternative splicing. Consistent with a role in nervous system development, our results show
the rbm-39 regulates many genes with known specific functions in the nervous system and its
morphology. Additionally, RBM-39 homologs are found in humans, so a deeper understanding of this
protein in worms and flies could help further illuminate RBM-39 function in the context of human

neuronal development.



Introduction

Dendrite Morphogenesis

Nervous system function relies on its complex morphology to process information from other cells or the
environment. The dendritic and axonal processes, which create a network of connections between
neurons, impact nervous system function and development based on their branching, growth, and
maintenance (McFarlane et al., 2000). Understanding the molecular genetic mechanisms that underlie
dendrite morphogenesis will allow us to better approach dendritic defects observed in neurological
disorders such as autism, schizophrenia, and Alzheimer disease (Kulkarni et al., 2012). Molecular
mechanisms underlying dendrite formation and morphogenesis have recently been studied and many are
implicated in cell signaling within developmental processes (Gao et al., 2007). Studies have also found
molecules known to play a role in neuron survival and axon guidance have an effect in dictating the
shape, direction, and growth of dendrite branching. There are many different molecular and cell
biological mechanisms that control dendrite morphogenesis, including transcription regulators, secreted
proteins, cell surface receptors, and cell adhesion molecules. For example, the homeodomain transcription
factor protein, CUT, acts as a multi-level regulator of type-specific dendrite morphology of larval
dendritic arborization neurons (Jan et al., 2010). Scientists have recently identified specific genes that
regulate dendrite morphogenesis in model systems including D. melanogaster and C. elegans (Olesnicky
et al., 2014; Antonacci et al., 2015). A genetic screen of RNA-binding protein-encoding genes in the fruit
fly revealed that many of these genes impact neuronal morphology. More recently, a core set of RNA-
binding proteins (RBPs) that impact dendrite morphogenesis in the PVD sensory neuron were identified
in C. elegans (Antonacci et al., 2015). These two studies identified several evolutionarily conserved RBPs
that impact nervous system development across species. For example, rbm-39, which encodes an RNA-
binding motif protein, has been shown to play a role in dendrite morphogenesis in worms, while the fruit
fly homolog, caper, is essential for various aspects of nervous system development and function
(Olesnicky et al., 2014; 2017; Antonacci et al., 2015; Titus et al., 2021).

RNA-Binding Proteins

RNA-Binding Proteins (RBPs) have important function in gene expression and regulation such as mMRNA

transport, mMRNA stability, alternative splicing, mRNA localization, and translational control. There are a
few examples of mutations in RBP-encoding genes that lead to neurologic disorders, including the
mammalian Hu/embryonic lethal abnormal vision-like (ELAVL) family of RBPs. A sensory neuropathy
syndrome is caused by the production of autoantibodies against the Hu family proteins triggered by their

ectopic expression in small cell lung cancers (Dalmau et al., 1992). It is not certain, however, the exact



number of RBPs that specifically regulate dendrite morphogenesis (Zhou et al., 2014). An RNAI screen
was run in a recent study to determine the contribution of post-transcriptional gene regulation to neuronal
morphogenesis. It was found that 63 RBP-encoding genes in the Drosophila genome impact dendrite
development in larval class IV dendritic arborization neurons (Olesnicky et al., 2014). It was not clear,
however, the extent of which RBPs were conserved throughout animal species, so Antonacci et al (2015)
identified a core set of RBPs that are conserved throughout species and are important for dendrite
morphogenesis in the PVVD sensory neuron. The core set of RBP genes include CGH-1, CPB-3, DCR-1,
DDX-17, LARP-5, MBL-1, MTR-4, RSP-3, RSP-6, SET-2, SUP-26, and RBM-39. Six of these twelve
RBPs (MBL-1, RSP-3, RSP-6, SET-2, RBM-39, and DDX-17) that were found to be important for P\VD
dendritic morphogenesis are also known or predicted to be involved with alternative splicing. This
strongly suggests that a proper regulation of alternative splicing is important for the process of dendrite
development, and/or that there are important genes that have splice form-specific roles in dendrite
morphogenesis. Very little is known about the relationship between alternative splicing and neuron

development despite the evidence suggesting an important connection.

Alternative Splicing

The process of alternative splicing is an important step in eukaryotic gene expression that involves the
inclusion or exclusion of various sequences within a messenger mRNA precursor (pre-mRNA) to produce
variably spliced mRNAs. There are many alternatives that lead to variable outcomes in mMRNA isoforms,
including exon skipping, intron retention, mutually exclusive exons, and 5” or 3’ alternative splice usage
(Zheng et al., 2005). Multiple studies predict that the percent of human genes that are alternatively spliced
range from 40-60% (Croft et al., 2000; Hide et al., 2001; Kan et al., 2001). Alternative splicing plays an
important role in C. elegans development, for it is approximated that about 25% of C. elegans genes
undergo alternative splicing. The intron and exon structure of C. elegans is extremely similar when
compared to higher eukaryotes, which is a prime reason why they serve as a good model for the study of
alternative splicing (Zahler et al., 2005). An example of a gene found in C. elegans that is alternatively
spliced is a curated coding gene encoded by unc-32, that can be alternatively spliced to yield 6 different
isoforms (Oka et al., 2001). Another example of alternative splicing in C. elegans is the trans-splicing of
operons, which occurs with the cha-1 and unc-17 genes. While these two genes encode for two separate
functions, analysis of transcripts of the genes indicate they share a common promoter as well asa 5’
untranslated region. In this case, alternative splicing is used to produce two different coding transcripts

from a single promoter (Blumenthal et al., 2018)



Alternative splicing plays a large role in the nervous system by generating diversity and specificity. In
fact, a recent study of human tissues found that out of 11 different tissue samples, the cerebellum
displayed the highest degree of alternative splicing, containing about 50% more differentially expressed
alternative exons than the testis, the tissue with the next highest level of splicing (de La Grange et al.,
2010). This suggests that regulated splicing could potentially be an efficient mechanism for generating

molecular and cellular diversity in the nervous system.

In eukaryotic cells, the catalytic event of splicing is mediated by a large ribonucleoprotein, called the
spliceosome, which recognizes and binds to splice sites to help excise introns and splice together exons.
The spliceosome influences alternative splicing decisions, however, the regulation of alternative splicing,
as well as where the spliceosome chooses splice sites is poorly understood (Saltzman et al., 2011). A
recent study suggested sequence specific RBPs are heavily involved with controlling alternative splicing.
Specifically, the protein quaking (QKI), a heterogenous nuclear ribonucleoprotein (hnnRNP), was found to
bind to intronic regions of DNA resulting in exon exclusion and skipping events (Fu et al., 2014). There
are a few other studies where it is thought that RBM39 may be influencing the specific sites where the

spliceosome splices (see below; Thomas et al., 2019).

RBM39

RNA Binding Motif Protein 39, also known as Capera and hepatocellular carcinoma 1 (HCC1), is a
highly conserved RBP found in animals and is involved in metabolism and sensory neuron development
(Kang et al., 2015). Previous studies on human cell lines have also identified that it is a bifunctional RBP
involved in transcriptional coregulation and RNA splicing (Dowhan et al., 2005; Jung et al., 2002).
RBM39 is a member of U2AF-like family proteins, and is broadly expressed across tissues in humans,
primarily found in the heart, skeletal muscle, liver, and placenta. It is also expressed maternally, in which

the expression declines at a consistent rate across embryonic development (Fagerberg et al., 2014).

RBM39 contains one RS domain (arginine and serine rich), one non-canonical RRM domain (U2AF
homology motif), and two canonical RRM domains — RRM1 and RRM2 (Loerch et al., 2014). These
RRMs are essential for both RNA and protein interactions and have distinct functions. A paralog of
RBM39 is RBM23, which contains homologous RRM1 and RRM2 domains and possesses a 95%
sequence similarity. Although both proteins share similar components and functions, unlike RBM39,
RBMZ23 is not as necessary for cancer cell survival. RBM39 is upregulated in numerous amounts of
cancers, and its loss of function is lethal to cancers including acute myeloid leukemia (AML), colorectal

cancer, breast cancer and lung cancer (Xu et al., 2020).



The role of RBM39 as a splicing factor began to pick up more research interest because it relates to two
key splicing factors: U2 auxiliary factor 65 kDa subunit (U2AF65) and poly(U)-binding splicing factor 60
(PUF60). Both proteins were shown to cooperatively bind to RBM-39 with the recruitment of the U2
SnRNP to the 3’ splice site (Tari et al., 2014). Global transcriptomic studies show increasing evidence that
RBM39 regulates alternative splicing for many genes, at least in part by promoting exon inclusion and
intron exclusion. One specific study used idisulam, an anticancer drug that promotes the binding of an E3
ubiquitin ligase to RBM39, leading to the degradation of RBM39 by the proteosome. The inactivation of
RBM39 through idisulam results in aberrant pre-mRNA splicing (Han et al., 2017).

Certain studies have suggested that RBM-39 plays a different role involved in transcriptional regulation
and mitochondrial functions due to splicing defects (Song et al., 2021; Kang et al., 2015). In the Kang et.
al study, it was found that integrating nutrient signals between the nucleus and mitochondria propagated
by CAPER induces mitochondrial functions such as mitochondrial transcription and mitochondrial
respiration via coactivation of nuclear receptor ERR-a-mediated Gabpa transcription. There was also a
discovery that CAPER is a coactivator for NF-«kB that in turn regulates c-Myc to coordinate transcriptome
responses to mitochondrial stress. Although there are few experiments in C. elegans, Kang et al (2015)
began to experiment with splicing factor CAPER in the mammalian system and discovered how it is used
as a regulatory mechanism by which eukaryotic cells control homeostasis via CAPER-dependent
coordinated control of mitochondrial transcriptomic programs and their metabolisms. By knocking down
rbm-39 (published as an unnamed gene Y55F3AM.3 at the time), the worm ortholog of CAPER, they

were able to examine long-term phenotypes, such as life span, in C. elegans.

RBM-39/Caper and Neuronal Phenotypes

Recent studies have identified RBPs that are involved in dendrite morphogenesis in both C. elegans and
Drosophila, one of them being RBM-39/Caper (Olesnicky et al., 2014; Antonacci et al., 2015). Caper is
an RNA recognition motif (RRM) containing protein shown to regulate many splicing events in
Drosophila (Olesnicky et al., 2014). Adult caper mutant flies show sensory organ defects and behavioral
phenotypes. These specific phenotypes include bristle sensory organs and chordotonal neurons, both
which vary in expressivity. In the study led by Antonacci, an RNA interference (RNAI) screen was used
to examine PVD dendritic defects, in which rbm-39 was identified. Dendrite phenotypes of C. elegans
were studied, specifically the dendritic branching and the number of dendritic termini. The screen used

RNAI because no true null/deletion alleles were available at that time (Antonacci et al., 2015).



In recent research, to discover the full phenotypic effect in C. elegans, a null/deletion allele was created
through CRISPR. This rbm-39 knockout mutant was also used in our study to analyze and explore the
rbm-39 neuronal phenotypes in worm. This rbm-39 mutant is sterile with germline development defects

in gonadogenesis, proliferation, and production of functional oocytes (Judy Cheng, senior thesis 2021).

The human caper ortholog, RBM39, has not been studied extensively, and little is known about its
function in neurons. Fly caper mutants, which have been found to have some defects in both neurons and
glia, have many different nervous system phenotypes (Olesnicky et al., 2014; 2017; Antonacci et al.,
2015; Titus et al., 2021) so we decided to examine a few phenotypes in the worm. In this study we looked
for the cell presence or absence, and cellular morphology using GFP markers for various neuronal and

glial subtypes.

The C. elegans GABAergic ventral cord neurons are subdivided into 6 DD motor neurons and 13 VD
motor neurons, where the DD neurons synapse on the dorsal body wall muscles and the VD neurons
synapse on the ventral body wall muscles (Donnelly et al., 2019). These motor neurons allow the animal
to bend and steer in both ventral and dorsal directions. PVD neurons are multidendritic nociceptors that
are known for their extensive branching both anteriorly and posteriorly along the worm. PVD neurons
respond to harsh touch, requiring DEG/ENaC proteins MEC-10 and DEGT-1, and cold temperatures,
requiring the TRPA-1 channel (Aguirre-Chen etal., 2016).

In this study, we aimed to analyze the impact that rbm-39 has on nervous system development,
specifically the role it plays in both neuronal and glia phenotypes. Also, in attempt to analyze the
molecular role of theRBM-39 protein, specifically its function concerning splicing defects, we isolated

and sequenced mRNA from rbm-39 mutants.

Materials and Methods

C. elegans strains

Strains were derived from the Bristol strain N2, grown at 20°C, and constructed using standard
procedures (Brenner et al., 1974). The rbm-39(cnj4) knockout mutation was generated in the Killian Lab
(Judy Cheng Senior Thesis 2021) and was maintained as a heterozygous stock with the tmC25 balancer
chromosome, which carries both a recessive unc-5 mutation as well as a dominant Venus fluorescent
marker for the pharynx (Dejima et al., 2018). All other strains were obtained from the University of
Minnesota Caenorhabditis Genetics Center. PVD dendrites were marked by wdls52 [F49H12.4::GFP +
unc-119(+)] (Watson et al., 2008) for screening. DD and VD dendrites were marked by juls76 [unc-



25p::GFP + lin-15(+)] Il for screening, in which there is GFP expression in GABAergic motor neurons
(Kalichamy et al., 2016). CEP sheath glia were marked by vprls157 [hlh-17p::GFP] (Bowles et al.,
2021).

Genetic crosses to create strains carrying the rbm-39 mutation and fluorescent marker transgenes

We crossed him-5 males with tmC25 homozygotes and used F; cross progeny to further cross with worms
homozygous for wdls52. The male progeny with GFP/+; tmc25/+ were crossed with rbm-39/tmc25
hermaphrodites. F1 hermaphrodite progeny expressing GFP/+; rbm-39/tmc25 were picked and singled
onto individual plates. F, progeny carrying the GFP transgene as well as rbom-39/tmC25 were singled and
picked on new plates, to identify animals homozygous for the GFP transgene. Process was repeated with
several other GFP strains, including juls76 [unc-25p::GFP + lin-15(+)] Il and vprls157 [hlh-17p::GFP].

RNA extraction and RNA-Sequencing

Several 100mm plates of worms were washed off to collect a yield of 1jug of total RNA (Ly et al., 2018).
500uL of Trizol was added after worms were spun down in the microcentrifuge at 4k for 5 minutes
multiple times. Worms were frozen, thawed and spun for 14k for 10 minutes at 4°C. Supernatant was
removed and 100uL of chloroform was added. After spinning again at 12k for 10 minutes, the upper
aqueous phase was removed to a new tube and spun down again with 250puL of isopropanol and 1pL of
GlycoBlue. The supernatant was poured off, leaving a barely visible pellet, and 1 mL of 75% ethanol
(mixed with RNase-free water) was added and spun at 7.5k for 5 minutes. The ethanol wash and spin step
was repeated several times. 100uL of RNase-free water was added to dissolve the RNA, and the solution
was heated at 60°C for 10 minutes. The concentration and purity of the RNA was measured with the

nanodrop to obtain a total yield of ~0.8mg at a concentration of at least 20ng/ul for RNA-seq.

RNA was then sent for RNA-seq analysis at Novogene, in which a series of steps were performed to
sequence the RNA in the highest quality possible. Steps include RNA integrity and purity analysis, library
preparation, llumina sequencing, and data analysis. To ensure the reliability of the data, quality control

(QC) is performed during every step of the procedure (Zhou et al., 2018).

Imaging of strains/ Quantification of strains

Worms were picked at the early adult stage, mounted on slides with 2% agarose pads, and immobilized
with 500uM levamisole. Initial imaging and scoring were conducted using 40x objective on a Zeiss
Axioscope or Leica M205 FA microscope. Secondary, tertiary, and terminal dendrites were counted from
the PVVD body to the posterior on both dorsal and ventral sides of the animal. For juls76, DD and VD



neurons were counted throughout the ventral nerve cord of the adult animal. Commissures shown on the
animals were also considered. Worms were screened through a Leica SP5 spectral confocal microscope at

the UCCS facility to analyze both neural and glia subtypes.

Image Analysis
Analysis was done on Fiji Image J with .tiff images. The polygon selection tool was used to outline the

GFP shown in the vpris157 control and vpris157; rbm-39 mutant strain (NIH, 2016). Once outlined, the
measure tool was used to find the area, mean, min and max. In order to keep the area the same for each
image, the same polygon outline was re-used and the placement of the outline was adjusted for each
image. All images were measured and recorded. Unpaired t-tests assuming Gaussian distribution were
performed on the number of secondary, tertiary, and terminal branches between wdls52 mutants and

controls.

Results

Analysis of rbm-39 Mutants Reveals Subtle Neurophenotypical Differences

Although rbm-39 has previously been shown to play an important role in dendritic development
(Antonacci et al., 2014), a null allele of rbm-39 has yet to be used to examine different neuron and glia
subtypes. In this study we constructed different strains of C. elegans carrying specific transgenes labeling
various neuron and glia types and crossed them with the strain of C. elegans that had the rbm-39 gene
removed through CRISPR genome-editing technology to analyze the phenotypic changes quantitatively
and qualitatively. We specifically analyzed the dendritic morphology and the glia subtypes in the rbm-39
mutants that were created through these crosses.

The first transgene that we used is the wdls52 [F49H12.4::GFP + unc-119(+)] transgene, which carries a
GFP marker for PVD neurons in the worms. The C. elegans PVD neuron is a great model to research
dendrite morphogenesis due to its extensive yet stereotypical branching of dendrites. The bilateral PVDs
run between the epidermis and the body wall muscles and have large dendritic branches that can function
as mechanoreceptors, nociceptors, proprioceptors, and cold temperature receptors (Way and Chalfie 1989;
Tsalik and Hobert 2003; Smith et al. 2010; Albeg et al. 2011). The PVD dendritic branches consist of
primary (1°) branches that extend from the PVD cell body, and a sequence of orthogonal secondary (2°),
tertiary (3°), and terminal (4°) branches (Figure 1A). Movement-dependent calcium transients are seen in
PVD, a response that requires the subunit of the DEG/ENaC channel, MEC-10, which is needed to



maintain wild-type posture. In consequence, PVD senses specific signals to regulate C. elegans behavior,

thus combining the functions of multiple mammalian somatosensory neurons (Albeg et al., 2011).

Branches were counted dorsally and ventrally starting from the PVVD cell body and ending at the tail, for
both control animals (ctl) and the rbm-39 mutants (Figure 1B). The quantification of secondary branches
between control and mutant worms resulted in a statistical difference between the two with a p-value
between .001 and .01 with an unpaired t-test (Figure 1C). For the tertiary branches, although there was
less of a difference with a p-value between .01 and .05, but still a significant difference. The
quantification of terminal branches resulted in a p-value of less than .05, meaning there is no significant

difference between the rbm-39 mutants and control animals.
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Figure 1. Quantification of PVD Dendrite Phenotypes in rbom-39 mutants results in minimal statistical
significance (A) PVD dendritic tree morphology consists of primary (1°) branches extending from the PVD cell
body (CB) and a sequence of perpendicular secondary (2°), tertiary (3°), and quaternary (4°), or terminal, branches.
(B) Animals carrying a green fluorescent protein (GFP) marker for PVD neurons (wdIs52) in control animals (ctl)
and in animals carrying a mutation rbm-39 gene. (C) Quantification and analysis of PVD dendrite phenotype in
control animals and rbm-39 mutants. Points within each scatter column represents counts of secondary branches,
tertiary branches, and dendritic termini, respectively. Branches were counted starting from the PVD cell body to the
tail end on both dorsal and ventral sides of the animal. Column lines shown in the graphs represent the means and
the 95% confidence interval of the mean. **rbm-39 mutants are significantly different from the control animals and
have a p-value between 0.001 and 0.01. *rbm-39 mutants are significantly different from the control animals and
have a p-value between 0.01 and 0.05. NS abbreviation denotes that rbm-39 mutants are not significantly different
from the control animals and have a p-value > 0.05. All statistics are based on an unpaired t-test assuming Gaussian
distribution and that both populations have the same SD.



The next cell type that we analyzed through GFP were the ventral and dorsal class D motor neurons (DD
and VD), marked by the juls76 [unc-25p::GFP + lin-15(+)] Il transgene. VD neurons receive their
synaptic input on the dorsal side and give neuromuscular synapses (NMJ) on the ventral side, whereas
DD neurons counteract the ventral class D neurons and receive their synaptic input on the ventral side and
give NMJs on the dorsal side

(https://www.wormatlas.org/neurons/Individual%20Neurons/VDframeset.html). In C. elegans there are 6

DD neurons and 13 VD neurons from head to tail (Figure 2A). These GABAergic neurons allow for
ventral and dorsal motor function in the worm. In our experiment, the DD and VD neurons were counted
across the entire body of both control animals (ctl) and rbm-39 mutants (Figure 2B). When the juls76
control was compared to the rbm-39 mutant, the average amount of DD neurons, across 20 animals,
stayed the same at exactly 6 (Figure 2C). The average amount of VD neurons stayed about the same at
12.76 and 12.95 for the juls76 controls and rbm-39 mutants respectively. Thus, there is no significant
difference phenotypically for the two averages of DD and VD neurons between the control animals and

mutants.
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Figure 2. Quantification of DD and VD Dendrite phenotypes in rbom-39 mutants results in nearly identical
data (A) Motor Neurons of the DD and VD classes are located in the ventral nerve cord of an adult animal as shown
with a green fluorescent protein marker (GFP); top is lateral view; bottom is ventral view. Commissures that extend
across the animal to the dorsal cord are also visible. (B) Animals carrying a green fluorescent protein (GFP) marker
for DD and VD neurons (juls76) and a mutation in the rbom-39 gene. (C) The average number of DD neurons, VD

neurons, and both DD and VD neurons combined that are found in the control strain as well as the rbm-39 mutants.


https://www.wormatlas.org/neurons/Individual%20Neurons/VDframeset.html

Glia are non-neuronal cells found in C. elegans that are similar to vertebrate glia due to their
morphological, molecular and functional criteria, and have become a prevalent model in which to study
glia and their neuronal interactions (Singhvi et al., 2019). Glial cells, once thought to be filler material in
the brain, shape the function and development of the nervous system (Fung et al., 2020). The C. elegans
hermaphrodite possess 50 ectoderm-derived glia and six mesoderm-derived glial-like cells (Zhang et al.,
2021). Cell-type-promoters allow for the labeling of individual glial cell types which can aid in
discovering the glial location and function. In order to mark the glial subtype, we acquired a strain of C.
elegans expressing the transgene vpris157 [hlh-17p::GFP], which specifically uses the cell-specific
promoter hlh-17 to express GFP in the four sheath glial cells in the worm. In our study the glial subtypes
were labeled in both the vpris157 control animals (ctl) as well as the rbm-39 mutants (Figure 3C).
Quantification and analysis on the relative brightness in arbitrary units (AU) of fluorescence in these cells
was performed on the images that were taken of the animals. There is no actual unit of fluorescence since
it is a function of multiple variables including illumination intensity, magnification level, and camera
settings. When comparing relative brightness of the glia for both the control animal and the rbm-39

mutant there was no significant difference.
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Figure 3. Quantification of glial phenotypes in rbm-39 mutants results in no significant difference (A) Animals
carrying a green fluorescent marker (GFP) for glia (vpris157) in control animals and in animals carrying a mutation
rbm-39 gene. (B) Quantification and analysis of glia subtype in control animals and rbm-39 mutants. Points within
each scatter column represent arbitrary units (AU), and the mean relative brightness of the GFP-lit area is measured
for both control strain (ctl) and rbm-39 mutants. NS abbreviation denotes that rbm-39 mutants are not significantly
different from the control animals and have a p-value > 0.05. All statistics are based on an unpaired t-test assuming
Gaussian distribution and that both populations have the same SD.



Our results when comparing all the control strains to the rbm-39 mutants only show very subtle defects.
Moreover, the rbom-39 mutant worms are at least superficially morphologically normal at the organismal
level, and we did not observe any behavioral defects though no specific behavioral assays were
performed. With our results from the neurophenotypical analysis we can conclude that the rbm-39 gene
plays a minor role in neural morphology. This may suggest that rbom-39 could potentially have more of an
effect on function rather than phenotype. Alternatively, it is possible that the effects of a loss of rbm-39
on neurons and glia are masked by maternal rescue since all animals examined are homozygous for the

rbm-39 mutation but are derived from heterozygous mothers (see Discussion).

RNA Sequencing Analysis of rbm-39 mutants reveals widespread defects in differential expression and

alternative splicing

Several studies suggest that members of the RBM39 family of proteins are involved in alternative splicing
while others suggest that it is involved in transcription (Xu et al., 2020; Song et al., 2021; Mai et al.,
2016; Olesnicky et al., 2017; Antonacci et al., 2015).

To determine if both (or either) of these hypotheses for RBM-39 function are valid, we isolated and
sequenced mRNA from rbm-39 mutants and compared the results to controls. Specifically, RNA was
extracted and isolated from both N2 animals (wild-type strain) and rbm-39 mutants. The rbm-39 mutants
had to be picked from heterozygous mothers due to the fact they are sterile. The entire experiment was
done in quadruplicate. A series of steps were involved for purification (see Materials and Methods), and
RNA-Sequencing was performed so we could look for genes that are up or down regulated or

differentially spliced (Figure 4).
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Figure 4: Image depicting methods used to extract and sequence mRNA from worms. The same gene is illustrated
in this figure twice, shown after RNA-sequencing, in which it is alternatively spliced (depicted by the different
colors blue and red).




RNA-Seq was outsourced to Novogene, which returned a series of significant data sets. One interesting
data set is called RvsN DEG, which is a list of differentially expressed genes for rbom-39 mutants versus
N2 control worms. The list is in order of the most significant difference of expression levels between the
mutant and control, where the adjusted P-value (pval) is given. Several of these genes that were
annotated, after further research, were found to be heavily involved with nervous system development,
including bet-2, T24E12.5, and col-99 (Table 1). These specific genes are elaborated on in the discussion
section. A volcano plot was also created displaying differential gene expression in both mutant and
control worms (Figure 5). In total, 3,949 genes were found to be up regulated in the mutant, and 4,653
genes were shown to be down regulated in the mutant. In total, there are about 8,000 genes were shown to

be mis-expressed in the mutant compared to the control based on the RvsN DEG data.

Gene name  Data Set P-value Importance

pdk-1 3’ Splice Site 1.24E-213  Enables protein kinase activity;
regulates synaptic growth at
neuromuscular junctions

sax-3 3’ Splice Site 4.00E-%4 Regulates sensory neuron axon
guidance; involved in cell
differentiation

sax-7 3’ Splice Site 2.01E-88 Regulates dendrite extension;

involved in cell differentiation

dli-1 3’ Splice Site 3.07E-50 Regulates dendrite
morphogenesis and retrograde
axonal transport

MOIES.3 3’ Splice Site 2.77E-49 Enriched in PVD

math-3 3’ Splice Site 1.51E-11 Enriched in PVD

Y41C4A.12 3’ Splice Site 0.00328569 Enriched in GABAergic neurons

bet-2 Differential 1.23E-149  Enriched in PVD
Expression

T24E12.5 Differential 1.32E-88 Enriched in PVD and
Expression dopaminergic neurons

col-99 Differential 1.61E-28 Involved in axon guidance
Expression

Table 1: Candidate genes involved in nervous system development



In addition to the differentially expressed genes identified in the analysis, there were also multiple genes
that are spliced significantly differently between the mutant and N2 worms, including alternative 5’ splice
sites (ALSS), alternative 3’ splice sites (A3SS), mutually exclusive exons (MXE), intron inclusion (RI),
and skipped exons (SE). The total number of genes found to be significantly differentially alternatively
spliced in mutants compared to controls was 1,397 genes, 287 of them coming from A3SS, 1,056 from
SE, and 54 from A5SS. Compared to intron retention, which only 58 genes were found, alternative
splicing seems to play much more of a dominant role. Numerous mis-spliced genes, also described further
in the discussion section, have been implicated in nervous system and dendrite development in the
alternative 3’ splice site including sax-3, sax-7, and dli-1 (Table 1).

RvsN
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Figure 5. Differential gene expression shown in rbm-39 mutants VVolcano Plot depicting gene mis-regulation
from the RvsN data sheet. In terms of -log10 (padj). Green dots represent genes that are being down regulated and
pink dots represent genes being up regulated. Blue dots were not mis-regulated at all.

For the differentially expressed genes, a Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
was performed, where KEGG is used to categorize genes based on their presumed function. A few KEGG
terms that were pulled out from the RNA-Seq data include “axon regeneration” and “neuroactive ligand

receptor interaction” (NLRI), both dealing with neuronal morphogenesis. A heat map was produced



depicting the expression of genes in specific categories where the rbom-39 mutant has the genes
downregulated or upregulated relative to the control (Table 2 and 3). The axon regeneration heat map
resulted in a list of 83 genes and the NLRI heat map consisted of 29 genes. Many of these genes,
especially in the axon regeneration list, were found to have specific impacts on the nervous system and its

development, including sax-3 and slt-1.
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Table 2 and 3: KEGG Analysis Heat Map of upregulated and downregulated genes. (A) Axon regeneration. (B)
Neuroactive ligan receptor interaction. R01-04 are mutant samples, in which red for R01-04 samples denotes
upregulation in the mutant, and blue for R01-04 denotes downregulation in the mutant. The N samples are N2
controls and the trends of red and blue are opposite the mutant — if the mutant is high (red) the controls are low
(blue) and vice versa.



Discussion

Although Caper/RBM-39 is known to participate in both neuronal development and germline
development, as well as been implicated in cancers, its full phenotypic effect is still relatively unknown
(Judy Cheng senior thesis 2021, Wright, 2016; Olesnicky et al., 2017; Mercier et al., 2014; Antonacci et
al., 2015). Previous studies of the evolutionary conserved roles of RBM-39 homologs were hindered due
to the fact that there was not a knockout mutant available in C. elegans. To study the rbm-39 role in
neuronal development, we used the rbm-39 knockout mutant (cnj4) in the C. elegans model generated by

Judy Cheng.

We found, to our surprise, that rbom-39 has very little impact on nervous system development unlike the
role of its homolog in the fruit fly. After sequencing mRNA from rbm-39 mutants, however, we
discovered that RBM-39 plays a role in the regulation of gene expression as well as alternative splicing.
Our results suggest though that the loss of rbm-39 may result in both differential expression and mis-
splicing of important genes in the nervous system. Keeping in mind, however, that although these results
may be valid, the mutant is sterile and therefore every animal’s mother is heterozygous and could
contribute wildtype mRNA for rbm-39 and/or functional RBM-39 protein into the oocytes, which could
obscure some roles of rbm-39 in development. The half-life of rbm-39 mMRNA and RBM-39 protein are
unknown. This is a confounding issue in our study and is one that is very difficult to resolve. This may
also be a reason for the discrepancy for PVD dendrite phenotypes observed in rbm-39(RNAI) (Antonacci
et al., 2015) and rbm-39(cnj4) (this study). If the maternal contribution of MRNA or protein is conserved
from worms to mammals, it suggests a good chance that the homozygotes from the heterozygous mothers
would be less severely affected, especially in tissues that develop early on, such as neurons. This could
potentially be looked at in future studies, in which specific post-embryonic developing neurons are

carefully examined.

Morphology of the rbm-39 mutants

Our research consisted of the investigation of the effects of rbm-39 deletion in the neuron development by
crossing rbm-39 with animals possessing neuronal markers. With that being said, we only observed a
particular set of neurons and how they specifically affect the morphology of the worm. The
morphological features we observed consisted of dendritic shape, structure, pattern, and cell size. In our
study, the cells may have been morphologically “normal”, however, they very well could be
dysfunctional, and we would not have known. In the future, it is important that the cell type and function
are accounted for, because there are countless cell types, such as neurons and glia, that could be further

observed in studies down the line. Another important thing to account for in future studies would be to



look at neurons that develop later in the development period of the worm to observe if they are less likely
to be maternally rescued. In this case, the later developing tissue could possibly contain less RBM-39

protein or RNA leftover from the maternal contribution.

Genes that were found to be differentially expressed or mis-spliced

The RNA sequencing data point to a handful of genes that are either mis-spliced or differentially

expressed, and which have been annotated or implicated in nervous system development or function.

Three differentially expressed genes of interest in nervous system development/function are bet-2,
T24E12.5, and col-99. Both bet-2 and T24E12.5 are enriched in PVD, based on RNA-seq studies and
microarray (https://wormbase.org/species/c_elegans/gene/WBGene00010199#0-9fd-10). The col-99 gene

is expressed in neurons and located in both the neuromuscular junction and extracellular space. This
protein coding gene is specifically involved in axon guidance and is predicted to be a structural
constituent of cuticle (https://wormbase.org/species/c_elegans/gene/WBGene00000674#0-9fd-10).

The next several genes were also found in the RvsN data, and all have changes to alternative 3’ splice site
compared with controls. These genes include the pdk-1, sax-3, sax-7, dli-1, MO1E5.3, math-3 and
Y41C4A.12.

The pdk-1 gene is expressed in multiple structures including neurons and the ventral nerve cord and its
protein is found in axons and neuronal cell bodies (Paradis et al., 1999). The p-value recorded for pdk-1
from the 3 splice site data set was extraordinarily high at 1.24E-213 (Table 1). This gene specifically
enables protein kinase activity as well as regulates synaptic growth at neuromuscular junctions. In
mammals, PDK1 has shown to be involved in several biological processes including cell proliferation and
migration and plays a large role in the neurogenesis of cortical excitatory neurons (Xu et al., 2019). In a
recent study, it was shown that PDK1 is also involved in the regulation of the survival cortical

interneurons in development (Wei et al., 2020).

The sax-3 gene is expressed in various structures including neuroblasts and ventral cord neurons and is a
protein coding gene that can regulate sensory neuron axon guidance
(https://wormbase.org/species/c_elegans/gene/M\WBGene00004729#0-9fd-10). It is also involved in cell

differentiation. The p-value for sax-3 was also very high at 4.00E-94 (Table 1). In a recent study, it was

found that the sax-3 gene mediates cell interactions during axon guidance decisions (Zallen et al., 1998).
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It was shown that mutations in the sax-3 gene lead to repeated midline crossing of ventral cord axons, a

phenotype very similar to that of Robo (the fly homolog) mutants in Drosophila.

The sax-7 gene, or LLCAM (L1 Cell Adhesion Molecule), is expressed in several structures including
neurons and the somatic nerve system and is a protein coding gene that regulates the extension of
dendrites (https://wormbase.org/species/c_elegans/gene/WBGene00004732#0-9fd-10). It is also involved

in cell differentiation as well as the establishment of mitotic spindle orientation. In a recent study of
L1CAM expression, it was shown to regulate axon outgrowth and facilitate the guidance of motor
neurons (Sherry et al., 2020). It was also found to facilitate the maturation and growth of a single neuron.
Another recent study on the sax-7 gene discovered its role in the long-term neuronal maintenance and

organization (Desse et al., 2021).

The dli-1 gene is a protein coding gene that is expressed in ciliated neurons, hypodermis, and the pharynx
of C. elegans. This protein is a dynein light intermediate chain, which is predicted to link cargo to
microtubule motor proteins. It involved in the regulation of dendrite morphogenesis as well as retrograde

axonal transport (https://wormbase.org/species/c_elegans/gene/WBGene00001007#0-9fd-10). In recent

studies on the dli-1 gene, it was shown to work directly with the sax-7 gene, which regulates and instructs
PVD dendrite branching. It was shown that DLI-1 regulates the localization pattern of SAX-7 in
epidermal cells, thus controlling dendrite morphology (Zhu et al., 2017).

The MO1ES5.3 and math-3 genes are enriched in PVD based on RNA-seq studies and microarray
(https://wormbase.org/species/c_elegans/gene/M\WBGene00010806#0-9fd-10). Whereas the Y41C4A.12
gene is enriched in GABAergic neurons (produce GABA, or gamma-Aminobutyric acid), where GABA

is the chief inhibitory neurotransmitter in the mammalian nervous system
(https://wormbase.org/species/c_elegans/gene/M\WBGene00012758#0-9fd-10). This is based off tiling array

and RNA-seq studies. While there are no compelling functional studies of these genes in neuron

morphology or function, the expression patterns suggest they may be important for neuronal processes.

Other genes that were found in the KEGG analysis, specifically the axon regeneration list, were found to
have significant impacts on axon guidance defects. These two genes are sax-3 and slt-1, in which both
Robo receptor SAX-3 and slit protein SLT-1 work together to promote ventral axon guidance in C.
elegans (Hao et al., 2001). SLT-1 acts through the SAX-3 receptor, along with the ventral attractant
UNC-6 (Netrin) in which both give guidance clues for axons. When both SLT-1 and UNC-6 are removed,

all ventral guidance information for specific axons is eliminated, in turn displaying an underlying
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longitudinal guidance pathway. In this study, it was found that slt-1 has a complex expression pattern that
explains the observed phenotypes of sax-3 mutants. These results are consistent with SLT-1 functioning
as a repellent for C. elegans cells and axons that express sax-3, with necessary roles both in anterior-

posterior guidance in embryos and dorsal-ventral guidance in larvae.

Because both genes are shown to be mis-expressed, we could expect to see rbom-39 mutants to have some
sort of phenotypical similarities when it comes down to axon phenotype. The sax-3 gene, in fact, is found
to be both mis-expressed and mis-spliced and could be a vital component in future research on neuronal

function in C. elegans. All these genes shown to be differentially expressed or mis-spliced have potential

implications in nervous system function and could be studied further with future research.

Glia results and implications

When obtaining the glia results, it is important to note that originally, we were thinking about the
morphology of the glial cells rather than the relative brightness. No morphological differences were
observed (unpublished), however, so variation in brightness was analyzed. Because the imaging that was
done through the confocal microscope adjusted each image independently, it is hard to compare the
brightness between glia with the images we obtained. Due to these conditions, we had high variability so

more quantitative studies may be necessary in the future.

Future Direction with rbm-39

For future studies it would be interesting to try and use CRISPR to insert GFP immediately upstream of
the stop codon for rbm-39 so that we have a native translational fusion. This can then be followed by an
immunoprecipitation from worm lysate to purify the RBM-39 protein. Next, we could sequence the
RNAs directly associated with it, and use mass spectroscopy to identify specific RNA transcripts that are
bound to rbm-39 to directly implicate a given splicing. The expectation is that rbm-39 binds to proteins

that are involved in the spliceosome or other splicing regulators.

New information surrounding the rbm-39 gene could lead to an understanding of how splicing is
regulated more broadly in eukaryotes, given that there is a rbom-39 homolog in flies and humans. RBM39
proteins are widespread in animals and seem to be involved in splicing as well as potentially being able to
regulate how the spliceosome recognizes (or does not recognize) specific splice sites. Splicing still
regularly occurs in the mutants, however, the patterns and proportions of different splice forms are
changed. Thus, it is not clear if RBM39 plays a specific, special role in neurons and glia from any species,

such that we see the phenotypes that we do. The fact that splicing is used a lot in neurons may also simply



means that neurons are disproportionally impacted. Splicing is also shown to be regulated in germ cells,

which is another avenue that has been explored.

It is important to note that in this study, a lot of alterations at the transcription and splicing levels were
recorded, but very little in the way of phenotypic changes. Thus, it may be due to the function of the
animals that differs. Future research could include specific behavioral tests for the neuronal subtypes, for

example, analyzing the motor behavior of the worms.
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