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Abstract:

We have been working on functional genomics using C. elegans as a model

organism. We first used cell-type specific markers and preexisting mutants to investigate how
genotype-phenotype causal relationships are regulated. With the aid of transgenic methods, we
analyzed various biological processes in C. elegans. We have developed efficient methods to isolate
gene knockout strains. Thousands of strains isolated this way are used by many researchers and
have revealed many biological mechanisms. We have also developed methods to examine the
functions of genes in a comprehensive manner by integrating transgenes into chromosomes,
designing conditional knockouts, and creating balancers for lethal mutations. A combination of
these biological resources and techniques will be useful to understand the functions of genes in
C. elegans, which has many genes that are orthologous to those of higher organisms including

humans.
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1. Introduction

Medical and life science research studies involve
many disciplinary approaches, including genetics.
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Strategies using genetics are characterized by tight
causal relationships between genotypes and pheno-
types, although these are often indirect. Many of the
earlier findings of genetic studies were descriptive and
did not reveal cellular and molecular mechanisms.
Genetic studies of human diseases are also based
on the causal relationships between some genetic
variations and symptoms or disease susceptibility.
Importantly, the GWAS (genome-wide association
study) and other new technologies such as high-
throughput genome sequencing are now able to
handle an enormous number of genes and, thus, are
rapidly changing not only medical researches, but also
clinical practice (see ref. 1-3 and cancer moonshot.
Bethesda, MD: National Cancer Institute (https:/
www.cancer.gov/research/key-initiatives/moonshot-
cancer-initiative)). However, in spite of the huge
volume of information on the relationships between
genetic variations and diseases, an increased under-
standing of individual gene function and interactions
among genes would help us to understand their
influence on the outcome.

Genetics is also useful for investigating cellular
and molecular mechanisms and genetic pathways.
To fully understand the cellular and molecular
mechanisms, it is useful to know the functions of
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genes and their products in relation to phenotypes
found in experimental organisms and genetic epis-
tatic analyses. To facilitate the acquisition of such
experimental evidence, we have been using the
nematode Caenorhabditis elegans (C. elegans), a
small model organism. C. elegans has a large number
of genes that are homologous to human genes and
therefore, studies of gene function in C. elegans can
help researchers understand the functions of human
genes and their products. Moreover, C. elegans was
the first model animal to have its whole genome
sequenced.) The availability of whole-genome se-
quences for many organisms, including both exper-
imental animals and humans, has facilitated research
to elucidate the functions of disease-related genes.
Here, I describe how C. elegans can be used as a
tool for gene function analyses, mainly focusing on
gene knockout, RNA interference (double-stranded
RNA-mediated gene silencing), and transgenics, with
which many C. elegans researchers are working. We
have been isolating deletion mutants of C. elegans
and have distributed them to many laboratories
worldwide through the National BioResource Project
for the nematode (ref. 5, http:/shigen.nig.ac.jp/
c.elegans/index.jsp). By now, the cumulative number
of publications using our mutants has exceeded
2,000, and it is difficult to summarize the entire
contents of those papers by citing all the important
publications. Therefore, here I will review the
development of our functional genomics approaches
using C. elegans and explain how C. elegans can be
used for functional genomics studies by reviewing
some publications that are relevant to our own
experiences.

2. C. elegans as a model organism
for genetic analyses

To describe how genetic analyses can be used to
solve biological questions using C. elegans, a sche-
matic diagram is shown (Fig. 1). Explanations of
technical terms are described in the legend of Fig. 1
and historical examples are described in the following
text.

Half a century ago, Dr. Sydney Brenner pro-
posed the use of the nematode C. elegans as a model
organism to understand development and behavior
because of its simple structure and short life cycle,
compared with those of the various other experi-
mental model organisms. Researchers working on
C. elegans have been trying to elucidate its bio-
logical processes as a whole. The best-known
examples are cell-lineage description, morphological
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reconstitution of electron micrographs, and genome
sequencing.?:9%)

C. elegans is a small animal, only 1mm long
at the adult stage, and mainly proliferates as a
hermaphrodite. The animals can be easily cultured
on agar plates and fed with Fscherichia coli. They
can be stably stored for years in deep freezers or
liquid nitrogen. The organism has only approxi-
mately 1,000 somatic cells, including 302 neurons and
7,000 synaptic connections that form neural net-
works.®8) C. elegans worms grow from fertilized eggs
to adulthood in only 3 days at 20°C. C. elegans has
two sexes: hermaphrodite and male. Hermaphrodites
have 5 pairs of autosomes and one pair of sex
chromosomes (X), while males have only one sex
chromosome and the same number of autosomes.
Hermaphrodites have both oocytes and sperm, with
which they self-fertilize to give rise to progeny,
making it easy for researchers to obtain homozygous
animals by culturing a single hermaphrodite. Males
are found at a rate of approximately 1 in 500 self-
fertilized hermaphrodites because of the loss of one
X chromosome during the meiosis. The genome of
C. elegans, approximately 100 Mb in size, is much
smaller than the human genome of 3 Gb. Thanks
to the organism’s small body and detailed basic
descriptions with many experimental tools, research-
ers can use C. elegans as proliferative “test tubes”.

Brenner published a commemorative paper in
1973 in which he described hundreds of mutations
mapped on 6 chromosomes (linkage groups) of
C. elegans.”) These mutations served as genetic
landmarks in the following analyses by researchers.
After having obtained the genetic map, researchers
tried to isolate many mutants with abnormalities,
including cell lineage, apoptosis, behavior, and
morphogenesis etc.'?) Early efforts focused on the
forward genetics, which involved isolating mutants
with interesting phenotypes and then positionally
cloning the causative genes. In the 1980s, it took
researchers a long time to identify a gene that causes
a given phenotype. Researchers added new genes to
the genetic map, which eventually made it easier to
identify other genes and sequence the genome.

In 1992, the C. elegans Sequencing Consortium
reported its progress on chromosome III, and in 1998,
the consortium published a paper that described the
whole C. elegans genome sequence and the various
characteristics of the genome structure.'') The
genome analysis revealed that C. elegans has ap-
proximately 20,000 protein-coding genes and that
they are homologous to protein-coding genes found
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Fig. 1. A schematic diagram showing questions to be addressed by functional genomics of C. elegans. Examples of important questions
to be addressed by genetical analyses are indicated by orange boxes, whereas methods to solve the questions are indicated by blue
boxes. Representative questions are originated by multiple layered biological processes, multiple pathways for similar phenomena,
structure-function relationships of genes and their products, and effects of environments. Multiple layered biological processes mean
that organisms have multiple layered regulations of causal relationships with molecular-, cellular-, tissue- and whole body-levels. Also,
organisms have spatio-temporal regulations. Complicated mechanisms are unraveled, for example, by examining transgenic analyses
mentioned in the text. Multiple pathways for similar phenomena mean that organisms have often multiple independent causes for
seemingly similar phenotypes and these are categorized and unraveled by crossing with other strains (as epistatic analyses) and
isolation of enhancers and suppressors to identify genetic interactions. Effects of environments are important subjects because gene
regulations are essential for adaptation to the environment an organism is exposed. Explanation of blue boxes are followings. The
phrase “expression analyses by transgenic strains” indicates that transgenic strains can be generated by injecting plasmids into the
germline of the animals. The phrase “in vitro plasmid construction” means that researchers can generate varieties of plasmids with
current molecular biological methods. The phrase “reverse genetics, forward genetics and phenotyping” means that researchers can
isolate new mutants only by sequences and only by the inspection of phenotypes of interest as “reverse genetics” and “forward
genetics”, respectively. The phrase “enhancer/suppressor screening with mutagenesis or RNAi1” means that researchers screen for new
mutants (or RNAi clones) which aggravate (enhancer) or attenuate (suppressor) the phenotypes of parent mutants. The phrase
“crossing with other mutants, transgenic strains and phenotyping” means that researchers make double mutants etc. to see which
phenotype is dominant, to dissect whether two causal genetic variations are interactive with each other. The phrase “mutations
identified by whole genome sequencing” means that researchers can identify any types of mutations by analyzing the whole C. elegans
genome using the next-generation sequencers and bioinformatics. The phrase “transgenic rescue with wild-type and mutant construct”
means that researchers can microinject various plasmids to see whether the sequences can rescue the mutant phenotypes to
understand whether some genetic variants retain wild-type function or not. The phrase “dominant effects with wild-type and mutant
constructs” means that researchers can know by overexpression or ectopic expression of wild-type or mutant proteins in the wild-type
animal background whether they have dominant phenotypes or not. The phrase “effects of biological, chemical and physical insults”
means that researchers can expose worms to some biological (for example, bacterial infection), chemical (for example, toxic
substances) and physical (for example, hot temperature) and see the effects by phenotypes. The phrase “expression analyses by
transgenic strains and transcriptome, phenotyping” means that researchers can use transgenic reporters to see the potential changes of
the expression patterns under some environmental changes in addition to the information about when and where the gene products
may play roles. Also, researchers can use the worms to analyze RNA expression changes with microarray or RNA sequencing with a
next-generation sequencer to find the expression changes under some environmental changes in addition to phenotypes.
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in other organisms, including humans. In addition,
many more non-coding RNA genes were found.
During the genome sequencing process and after the
release of the whole genome, researchers often used
this information to achieve new insights into the
biological processes. Interestingly, the C. elegans
Sequencing Consortium joined the Human Genome
Project, which expedited our present understanding
of the genetic system and human diseases.'? After
a number of bioinformatics analyses, a paper was
published in 2011 that described an OrthoList of
the C. elegans genome: 7,663 protein-coding genes
(approximately 38% of C. elegans protein-coding
genes) are orthologous to human genes, which are
likely to be derived from common ancestors and have
similar functions. Worms have many more homolo-
gous genes that constitute gene families related to
human genes, which share sequence similarities but
may not have the same functions.'® Thus, in spite of
its simple structure, C. elegans has many molecular
similarities to other higher eukaryotes and is useful
for examining cellular and molecular functions in a
multicellular system. With the wealth of information
on genome structure, researchers began to focus more
effort on reverse genetics (see below).

Another important characteristic of the C.
elegans research is the sharing of strains and
databases. C. elegans researchers have been sharing
published strains through the Caenorhabditis Genet-
ics Center (CGC) for decades (http:/cbs.umn.edu/
cge/home). Researchers shared established data by
constructing ACEDB (A C. elegans DataBase).'¥)
Earlier on, researchers shared the database by
copying the data through the community. In 2000,
the successor database was established and became
available through a website as WormBase (http:/
wormbase.org). It contains almost all published
C. elegans research, so that anyone can search
the accumulated data for information of interest.
Through this standardization, researchers can avoid
unnecessary trials and easily reproduce previous
experiments to proceed to further analyses. By using
C. elegans as a model organism, researchers can
examine genotype-phenotype relationships in a re-
producible manner by referring to prior knowledge,
sharing strains among laboratories and examining a
large number of clonal animals.

3. Analyses of nerve cell development
as a beginning

I began my C. elegans research work in 1989
in the Chalfie laboratory at Columbia University.

[Vol. 93,

During my stay in the laboratory, we analyzed how
gene expression and cell specification are regulated,
focusing on touch receptor neurons. Touch receptor
neurons, which are composed of 6 cells (two ALMs,
AVM, PVM and two PLMs), had been analyzed by
forward genetics, and important developmental and
functional genes had been described.'” ™7 As an
early phase of the project, we tried to develop a whole
mount n situ hybridization method that allowed
detection of gene expression at a single-cell resolution
and was applicable to many genetic backgrounds
without crossing strains to transgenic reporter strains
such as lacZ fusion-expressing transgenic animals.
We successfully detected the specific expression of
two genes, ben-1 (benzimidazole resistant) and mec-7
(mechanosensory abnormality), both of which are
[-tubulin, a major microtubule protein that forms a
dimer with a-tubulin. Our efforts to understand gene
functions via genotype-phenotype causal relation-
ships began with an experiment on developmental
neurobiology, which was published in 1993.®) In the
course of the experiments, we used a combination
of touch receptor neuron-specific markers including
mec-7 and approximately 50 preexisting mutants
that had shown some developmental defects in
previous works. Those mutants, which were found
as developmental determinants for cells other than
touch receptor neurons, showed changes in touch
receptor neuron development at a high frequency,
which implied that many developmental and behav-
ioral processes are regulated by a complicated
combination of gene functions. The work also
indicated that only a small portion of the markers,
such as mec-7 and mec-4 genes, which are expressed
in a touch receptor neuron-specific manner, and
developmental mutants showed new biological in-
sights into the causal relationships of development
and behavior in C. elegans. The analysis revealed
that additional genes are required to regulate the
correct expression of touch receptor neuron-specific
genes. The egl-44 (egg-laying defective) and egl-46
mutants had extra mec-7-positive cells in the head,
which were transformed from FLP head sensory
neurons. The lin-/ (abnormal cell lineage) mutants
had ectopic mec-7-expressing cells in the mid-body,
which were transformed from PVD mid-body sensory
neurons. Loss-of-function mutations in lin-14 re-
sulted in the loss of PVM neurons. ced-3 (cell death
abnormality) and ced-4 mutants had extra mec-7-
expressing cells that were survivors from apoptotic
cells in the PLM cell lineage. sem-4 (sex muscle
abnormal) mutants had ectopic mec-7-expressing
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cells in the tail, presumably transformed from PHC
neurons near PLMs. Although the additional mu-
tants found in this work did not show apparent
touch-insensitive phenotypes, they were needed for
correct differentiation of touch receptor neurons.
Thus, given that many gene markers and many
mutations are used in combination, it is unsurprising
that enormous amounts of information would be
obtained.

At that time, only classical gene expression
markers were available. However, the introduction
of the green fluorescent protein (GFP), which were
originally obtained from a species of jellyfish
(Aequorea wictoria), as a neuronal visualization
reporter for C. elegans mec-7 was enthusiastically
appreciated by researchers in many fields of life
science.'?20) Since the introduction of GFP as a bio-
logical reporter, many more fluorescent proteins with
various fluorescent characteristics, including excita-
tion/emission color spectra, have been developed,?V
allowing, for example, double labeling of cells and/or
molecules of interest as the experiment requires.??

Although the labeling of cells/molecules had
been much improved by that time, the collection of
mutants defective for genes of interest was lagging far
behind because of the difficult and laborious exper-
imental procedures that the process required.??):2Y
However, the introduction of a method by Mello
et al. to generate transgenic strains of C. elegans
expedited the analysis by fluorescent protein report-
ers and functional analysis by ectopic expression of
genes of interest.””) Because C. elegans bodies are
transparent, they can be conveniently examined for
fluorescence under the microscope, and thus they are
useful for transgenic analyses.

4. Transgenic strains for functional genomics

Because transgenic strains have been readily
available after year 1991, many researchers have
worked with transgenic strains. We adapted the
original methods developed by Mello et al. for our
studies of functional analysis.

A. Integration of transgenes into chromo-
The original methods to isolate transgenic
strains yield animals harboring extrachromosomal
transgenes, usually called extrachromosomal arrays.
Extrachromosomal arrays are often lost during
development and between generations, and they
cause mosaicism, which means loss of transgenes in
subsets of somatic cells, and loss of transgenes in the
progeny. The characteristics of extrachromosomal
arrays themselves sometimes have an experimental
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advantage, e.g., for mosaic analyses, which utilize
the mosaicism of transgenes as the random and
differential presence or absence of proteins of interest,
to determine whether phenotypes are caused by a
cell-autonomous gene function. However, in many
cases involving extrachromosomal transgenic strains,
mosaic expression may result in, for example, partial
rescue of the mutants and make experimental results
unclear. To solve this problem, integration of extra-
chromosomal arrays into the chromosomes is useful.

We used UV irradiation to integrate extrachro-
mosomal transgenes into a chromosome.?®) After
irradiation of transgenic strains with a UV cross-
linker, which is used to fix DNAs and RNAs to nylon
membranes for Southern and northern blotting,
worms were allowed to produce F1 (daughter
generation) animals. F1 animals were cultured in
individual plates, and integrated strains were exam-
ined to determine whether the transgenic markers
were segregated in the F2 (granddaughter) gener-
ation and later transmitted to all the progeny by
inspection of the expression of fluorescent protein
or other markers under a dissecting microscope. We
were able to isolate strains that had stably integrated
transgenes from up to 5% of parent extrachromoso-
mal strains in this way.

B. Analyses of the effects of ectopic expres-
sion of human disease-causal genes. After we
obtained stable transgenic strains by integrating
extrachromosomal transgenes, we applied the tech-
nique to a number of analyses. Two examples are
shown here. We collaborated with Dr. T. Iwatsubo
on the ectopic expression of a-synuclein, a causal gene
of familial Parkinson’s disease and a major protein
of Lewy bodies of sporadic Parkinson’s disease.?”)

a-Synuclein is one of the best-known genes
related to Parkinson’s disease and is enriched in
synapses and nuclei, as suggested by the name.
There is no homologous gene for a-synuclein in the
C. elegans genome. We overexpressed a-synuclein
using promoters that are active in C. elegans
dopaminergic neurons.” The a-synuclein accumu-
lated in the cell bodies and neurites of dopamine
neurons. We did not find neuronal loss in these
transgenic strains. It is known that dopamine is
important for C. elegans behavior in response to the
presence or absence of food.?”) a-Synuclein transgenic
animals showed behavioral abnormalities similar to
those of dopamine neuron-deficient mutants and
were rescued by the administration of dopamine in
the culture. Thus, the overexpression of a-synuclein
in C. elegans dopamine neurons caused functional
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abnormalities within a shorter period than human
disease progress.

Additional transgenic strains were used to screen
for modulators of a-synuclein toxicity.?” Transgenic
strains expressing a-synuclein in all neurons under
the unc-51 promoter showed a weak Unc (uncoordi-
nated) phenotype. We used 1,673 RNAi (RNA
interference) clones to find the modifiers of the
phenotype by looking for severe growth or motor
defects. We found 10 genes contributing to the
phenotype. Among these were four genes related to
the endocytic pathway. The RNAi phenotypes were
confirmed by crossing the transgenic animals with
mutants. Furthermore, the accumulation of phos-
phorylated a-synuclein was observed in neuronal cell
bodies in an AP-2 (a clathrin adaptor protein)
subunit knockdown, mimicking synucleinopathy (a-
synuclein-mediated neurodegenerative disorder).

C. Screening for splicing factors. Another
application of chromosomally integrated transgenic
strains was to search for alternative splicing factors.
It is important for multicellular organisms to have
alternative splicing mechanisms to generate many
more varieties of functional proteins than the number
of genes in the genome by using distinct sets of exons
from a gene. To address this issue, we collaborated
with Dr. H. Kuroyanagi and Dr. M. Hagiwara to
screen for C. elegans alternative splicing mutants.
We chose the gene egl-15, which has mutually
exclusive exons by alternative splicing and tissue-
specific expression.?) We constructed reporters
indicating which exon was expressed by alternative
splicing, enabling us to detect changes in the splicing
pattern by color. We injected plasmids and obtained
extrachromosomal transgenic animals harboring egl-
154 fused to RFP (red fluorescent protein) and egl-
15B fused to GFP. EGL-15B protein was mainly
expressed in the hypodermis and neurons in the wild-
type background, whereas EGL-15A protein was
mainly expressed in muscle cells. We then integrated
the transgene into a chromosome. The transgenic
animals showed predominantly “red” fluorescence
because of a larger volume of muscle cells. Then,
we mutagenized the transgenic animals and searched
for “green” worms by using a fluorescence-activated
worm sorter. We obtained green mutant worms, and
among them were mutants that had lesions in a gene,
asd-1 (alternative splicing defective), a homolog of
the human FOX family splicing factors. We found
that asd-1 was partially redundant with foz-1 (a
FOX ortholog) and alternative splicing patterns were
gradually changed by the dosage of these genes.
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5. Isolation of gene knockout strains
as a tool for reverse genetics

Once mutant phenotypes have been described,
researchers can perform transgenic rescue experi-
ments to examine protein structure-function relation-
ships. With the aid of transgenic techniques, the
in vivo functions of wild-type and mutant sequences
can be compared in C. elegans by examining the
rescuing activity of the mutant phenotypes. Trans-
genes with a domain swapped with other genes,
including human homologs, may also reveal the
structure-function relationships of the molecules of
interest. Thus, using mutants, we can infer more
definitive causal relationships rather than mere
correlation.

C. elegans was the first animal model to have
its whole genome sequenced. During the process,
researchers were aware of the usefulness of the
sequence information because sequencing revealed
that many homologous genes, with which higher
vertebrates share the same ancestral genes, are
present in the C. elegans genome. Many laboratories
tried to develop methods to isolate mutants that
could be used for reverse genetics (see Fig. 1
legend).?»32) However, in the early stages of those
trials, many people recognized that it was very
laborious to isolate mutants. To overcome this
problem, we tried to develop efficient mutagenesis
and screening methods, which eventually allowed us
to obtain thousands of mutants for gene function
analyses (so-called “tm mutants” named after the
allele names of the mutants isolated in our labo-
ratory). We preferred to use deletion mutants
because deletions are easy to detect by PCR
(polymerase chain reaction) and agarose gel electro-
phoresis and are more likely to disrupt gene functions
than point mutations.

A. ben-1 as both a humble and assertive
gene. C. elegans (-tubulins are highly homologous
with each other except in the C-terminal re-
gions.?¥3Y) While working at Columbia University,
I learned of the interesting phenotypes of ben-1
mutants published by the Chalfie laboratory;*) wild-
type animals are sensitive to an anti-tubulin drug
benzimidazole and become sick, Dpy (dumpy) and
Unc (uncoordinated movement), and eventually die.
By contrast, ben-1 mutants are completely resistant
to the chemical and paradoxically healthy on the
media containing the drug. ben-1 mutants do not
show any visible phenotype on their own, presumably
because the ben-1 gene is compensated by the
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Fig. 2.

1 mm

Paradoxical phenotypes observed for wild-type and ben-I mutant animals. Animals raised on normal medium (A, B) or on

selection medium containing benzimidazole (C, D) are shown. Only wild-type animals on selection medium show strong phenotypes
(C). This phenotypic characteristic is very useful for negative selection of worms with the presence or absence of the wild-type ben-1

gene.

redundant function of other (G-tubulin(s), and the
mutants are completely healthy on the plates with or
without the chemical (Fig. 2); the wild-type BEN-1
[G-tubulin protein has dominant toxic effects on worm
viability in the presence of the chemical. Moreover,
the ben-1 gene is small in size, spanning only
approximately 3kb of the genome, and the only one
gene that produces the Ben (benzimidazole-resistant)
phenotype. We exploited the characteristics to isolate
many mutations that showed resistance by random
mutagenesis.*” C. elegans researchers often muta-
genize worms with EMS (ethylmethanesulfonate)
to isolate new mutations.'”) However, EMS muta-
genesis usually induces point mutations rather than
deletions. Because genetic analyses usually require
crossing between strains, it is more laborious to use
mutants with a point mutation to examine geno-
types. Thus, we chose a mutagenesis method with
ultraviolet-activated trimethylpsoralen, which intro-
duces crosslinks between neighboring nucleotides
and results in deletions during DNA repair.*® We
mutagenized worms under various conditions, cul-

tured worms on selection media, and isolated many
alleles. Then, we mapped the genome lesions in and
around the ben-1 gene by PCR and direct sequencing.
In this way, we determined how to mutagenize the
worms to isolate appropriate deletion mutations that
were readily detectable with PCR and agarose gel
electrophoresis. The ease of isolating ben-1 mutants
also helped our research later (see below).

B. Sensitive detection of deletion mutants by
PCR. It was also necessary to detect deletion
mutations within a large amount of wild-type DNA
because random mutations occur at a low frequency
in the gene of interest. PCR-amplified deletion
mutant DNA fragments are shorter than those of
wild-type animals. We developed a very sensitive
PCR protocol called “stringent PCR”.>* We could
preferentially amplify a small quantity of shorter
(deletion mutant) targets over abundant longer
(wild-type) targets, even if the shorter DNA is
diluted 1:10,000 with wild-type DNA. When we
detected mutant bands, we thawed frozen mutants
and confirmed the deletion in growing progeny by sib
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Fig. 3. An example of mutant isolation and phenotyping. (A) A set of nested primers for a gene (unc-18) was designed to span exons.
The deletion site of an isolated mutant allele (blue bar) is shown under the gene structure (green: exons). (B) An example of PCR
screening and agarose gel electrophoresis. Wild-type bands are shown by a black arrow, while a faint mutant band of a shorter size is
seen (a red arrow in the lane with a blue dot). Frozen stocks for candidates were thawed and cultured in individual culture dishes and
then again examined by PCR after laying eggs (C). Both the wild-type band (black arrow) and the mutant band (red arrow) are
observed in a lane, indicated that the animal was heterozygous. Hatched worms from the culture above were again singled to
individual dishes and analyzed again (D) and all the animals showing the Unc phenotype have only mutant bands (red arrow) in
contrast to control wild-type (N2) band (black arrow). Phenotype observation of wild-type (E) and unc-18 mutant (F) animals placed
at the center of the dishes and left for an hour. Only wild-type animals moved around on the bacterial lawn.

selection (Fig. 3). After isolating the mutants of
interest in this manner, researchers can easily handle
the mutants, because the genotype can be identified
using only PCR and agarose gel electrophoresis even
from a single animal, without sequencing every time.

6. Simple knockout (KO) strains often serve as
good biological materials for gene function
analyses in addition to RNAi

In many cases, scientists in the C. elegans
research community have used deletion mutants as
simple loss-of-function alleles. As had already been
shown in mouse,*” simple loss-of-function mutations
in C. elegans often resulted in some phenotypes that
were similar to those found by RNAi.

A. Control of the engulfment of apoptotic
cells by surrounding phagocytic cells. We
conducted many interesting studies by generations
and phenotyping of gene knockout strains. The
signaling mechanisms underlying the signals from
dying cells to phagocytes were examples of such
analyses. We collaborated with Dr. D. Xue and Dr.
X. Wang on the subject (Fig. 4). It is well known
that apoptotic cells are removed by engulfment by
neighboring phagocytic cells in C. elegans.*® Exten-
sive genetic analyses on this mechanism have been
conducted. We isolated many mutants of genes that
may be involved in this process. In C. elegans, as in
other organisms including humans, phosphatidylser-
ine (PS) is the key molecule of apoptotic cell removal.
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mitochondria

Dying cell

Phagocytic cell

Fig. 4. A schematic drawing of the interaction between an
apoptotic dying cell and an engulfing phagocytic cell. Illustrated
are how phosphatidylserine (PS) is localized to inner and outer
leaflets of the plasma membrane and how the PS signal is
transmitted to the phagocytic cell through PSR-1 and CED-1
pathways. The molecules are summarized from the papers
described in the text and also adapted from Wang et al. and a
review by Conradt et al.”®" Thin black arrows indicate the
directions of signal transduction. Thick black arrows show the
cellular extension of the phagocyte to engulf the dying cell. Blue
arrows indicate movement of PS between inner and outer leaflets
of plasma membrane.

PS, which is located in the inner leaflet of the plasma
membrane of healthy cells, is exposed to the cell
surface of apoptotic cells, serving as the “eat-me”
signal. The membrane receptor, ced-1 on the
phagocyte membrane is responsible for finding dying
cells and presumably detecting the eat-me signal.
When the ced-1 gene is lost, many more cell corpses,
which are dying but not yet removed, are visible than
in wild-type animals because of the delayed removal
of dead cells.?” However, even in the ced-1 mutant
background, cell corpses are removed eventually,
although the process takes longer. A reasonable
mechanism is that another pathway may transmit
the presence of PS to phagocytes. Wang et al.
showed that another membrane receptor, PSR-1,
plays a role in detecting PS.* When the psr-1 gene
is knocked out by a deletion mutation (tm469), the
presence of cell corpses in worms is prolonged (55%
longer than those of wild-type animals). The rescue
activity of the transgenic psr-1 gene is dependent on
the expression of phagocytes because expression of
PSR-1 by the ced-1 promoter, which is expressed in
phagocytes but not in the dying cells, is necessary.
The psr-1 mutation in conjunction with other
mutations of ced-1, ced-6 and ced-7 enhanced the
corpse-prolonged phenotype, but in conjunction with
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mutations of ced-2, ced-5, ced-10or ced-12 it did not.
Since the PSR-1 protein interacts with CED-5 and
CED-12, which are cytoplasmic signaling molecules,
PSR-1 is thought to be a PS receptor for apoptotic
cell engulfment.

Mechanisms of externalization of PS to the
outside of the membrane were explored. It is believed
that localization of phospholipids is dependent on
phospholipid scramblase.*!) Wang et al. showed that
a mitochondrial factor WAH-1 promotes this exter-
nalization through a scramblase, as demonstrated
by a deletion mutation of scrm-1 (SCRaMblase,
tm698).* The mechanisms of asymmetric local-
ization of PS on the dying cells were also explored.*)
We isolated deletion mutants for aminophospholipid
translocases that may promote the inward movement
of aminophospholipids such as PS. There are six
homologs of the human phospholipid translocases
(tat-1 to tat-6 (transbilayer amphipath transport-
ers)). When worm germ cells treated with RNAi
against tat-1 were labeled with annexin V, which
binds to PS, faint staining was observed at the cell
surface. RNAi against other tat genes did not produce
the same phenotype. We used a tat-1 deletion mutant
(tm1034) and a tat-3 deletion mutant (tm1275) to
reproduce the experiment. Staining these mutants
with annexin V resulted in a strong signal in the tat-1
mutant animals but never in the tat-3 mutant
animals, confirming the RNAi experiments. Thus,
the tat-1 gene underlies the restriction of PS to the
inner leaflet of the plasma membrane in C. elegans.
PS was able to induce removal of non-apoptotic cells.
When six touch receptor neurons were labeled by
GFP and examined, cells were more susceptible to
loss in the tat-1 mutant background, suggesting that
phagocytes sometimes attack cells that are not
undergoing apoptosis if PS is on the membrane
surface.

B. Longevity regulated by the FoxO path-
way. C. elegans is a popular organism for longevity
analyses because of its short life cycle: 3 days to grow
to adulthood and a total lifespan of 2 weeks. Direct
screening for long-lived mutants is difficult because
isolated mutant animals are too old to lay eggs and
screening itself takes a long time. Furthermore, many
unhealthy mutants show short-lifespans and it can be
difficult to distinguish the different mechanisms
affecting longevity. Thus, after finding the basic
important pathways for longevity, it is better to
screen for enhancers or suppressors of some preexist-
ing longevity mutants with another phenotype, such
as Daf (dauer formation-defective). Dr. P. Hu and
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colleagues tried to isolate such genes systematically;
for example, eak (enhancers of akt-1), which may be
among the daf-16 (a homolog of FoxO) pathway
genes and is involved in longevity in parallel to akt-1
(akt kinase family). After identifying an interesting
gene, eak-7, it is convenient and reliable to have
another allele of the eak-7 mutant to test whether the
phenotypes obtained by the forward genetics are
reproducible by null mutations.**) An eak-7 deletion
mutant (tm3188) enhanced the dauer arrest pheno-
type. This phenotype was suppressed by the daf-16
mutation, suggesting that the EAK-7 protein inhibits
the DAF-16 protein. eak-7 mutants live longer than
wild-type animals, as expected from the daf-16
inhibition.

C. Mechanistic insights into RINA interfer-
RNAi became a very popular experimental
technique among the C. elegans research community
after an exciting paper from the Fire and Mello
laboratories was published in 1998.*) Today, re-
searchers working in many different research fields
use the RNAi method to assess the effects of
downregulation. We collaborated with Dr. C. Mello
to explore the mechanisms of RNAi using our
mutants, because RNAi knockdown of genes needed
for RNAI is often difficult to interpret. We isolated a
number of mutants of genes for DCR-1 (Dicer
related) interactors.*®) Among the interactors, PIR-
1 (phosphatase interacting with RNA/RNP) and
DRH-3 (Dicer related helicase) were essential pro-
teins for RNAi. These proteins were shown to play
roles in processing double-stranded RNAs.

We also obtained deletion mutants for all 27
Argonaute (AGO) genes and examined the roles of
each clade in RNAi and related gene-silencing
mechanisms. Single- and multiple-AGO mutants
showed several distinct phenotypes in relation to
the corresponding genetic pathways: chromosome
segregation, fertility, and RNAi*" Several AGO
proteins interacted with amplified siRNAs and
microRNAs, suggesting that these AGO proteins
are limiting factors of both microRNA and exogenous
and endogenous RNAi pathways.

D. Some examples concerning vesicular traf-
ficking machinery. = We have been working on
vesicular trafficking. The GON-1 protein is an
ortholog of human ADAMTS9 and is necessary for
C. elegans gonadal cells to proliferate and migrate.
The gon-1 gene encodes a secretory matrix metal-
loprotease that digests the extracellular matrix and
helps gonadal migration.*® We found that gon-1
(tm3146) mutants show not only a sterile phenotype

ence.
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but also the accumulation of abnormal membrane
structures in the cytoplasm. We found that gon-1 is
necessary for proper vesicular trafficking of many
proteins, including secretory proteins, membrane
proteins, and GPI-anchored proteins.* We exam-
ined whether ADAMTS9 has a similar role in human
cells by knocking down the gene in HEK293 cells.
This was the case, and vesicular transport from the
endoplasmic reticulum to the Golgi apparatus was
severely impaired. Interestingly, the GON domain
located in the C-terminus, but not the metallopro-
tease domain, plays a major role in vesicular
trafficking. We also found that transfection of the
C. elegans GON domain cDNA into HEK293 cells
rescued the trafficking defects by knockdown of the
ADAMTS9 gene. Thus, the GON domain is impor-
tant for the secretory pathway in both C. elegans and
humans.

E. Stem cell maintenance mechanisms. To
study disease mechanisms, we chose a gene bcl-7
(mammalian BCL (B cell lymphoma) gene homolog),
which is homologous to human BCL7 gene family
members (BCL7A, BCL7B and BCL7C). BCL7B is
one of 28 genes that are deleted in Williams-Beuren
syndrome, but little is known about its role, although
clinical reports describe a high incidence of blood
malignancies.’”) We isolated a deletion mutant bel-7
(tm5268) and analyzed the phenotypes. We found
that bcl-7 is necessary for the maintenance of the
stem cell characteristics of seam cells, which are stem
cell-like cells in the C. elegans postembryonic line-
age.’!) Furthermore, the bel-7 mutants are sterile.
Interestingly, bcl-7 mutants have enlarged nuclei. We
used a human cancer cell line, Kato III, and found
that knocking down of human BCL7B results in a
similar enlargement phenotype with the appearance
of malignant morphological changes to the nuclei.
Because C. elegans has only one bcl-7, it was a
convenient model in which we explore the basic
function of the BCL-7 protein to gain insights into
the human BCL7 family.

F. Some discrepancies between phenotypes
found in deletion mutants and RNAI. We
sometimes encounter discrepancies between pheno-
types observed by RNAi and gene knockout strains.
Theoretically, it is conceivable that some RNAi
phenotypes are different from those generated by
gene knockouts. For example, the redundant function
of two homologous genes may indicate that removing
only one gene in the genome does not result in any
phenotype, but double mutants show some pheno-
types. However, RNAi downregulates transcripts
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from both genes, resulting in visible phenotypes. In
different contexts, some genes show very weak or no
phenotypes by RNAi but strong phenotypes by gene
knockout; such phenomena are described for many
genes expressed in nerve cells, especially when RNAi
is administered by feeding. To solve this problem,
researchers sometimes use transgenic RNAi with
neural promoters, which allows dsRNA to be ex-
pressed in neurons and to act cell-autonomously,’® or
overexpress the sid-1 (systemic RNA interference
defective) gene with a neuronal promoter,” which
helps the uptake of dsRNA by neuronal cells.
In these situations, gene knockdown animals often
show apparent phenotypes. It is also expected that
maternal-effect genes may show distinct phenotypes
between RNAi and gene KO. Homozygous mutants
from heterozygous parents (by self-progeny) show
weak phenotypes during the early embryonic stages
in the gene KO strains and, thus, can be maintained
as heterozygotes, whereas sometimes they show
severe lethal phenotypes by RNAi. Because feeding
parental animals with RNAi clones causes the
degradation of maternal mRNAs in the embryo, this
is the expected difference between RNAi and gene
KO strains.

Another difference between RNAi and the
mutants is that the phenotypes observed by RNAi
are sometimes variable among experiments, from
weak phenotypes to severe lethality (many examples
are described in WormBase), depending on the
researchers (differences of delivery methods of
dsRNA) and the RNAI clones (the length and regions
of inserts).

Other mechanisms may be envisaged. Gene KO
may not represent all the possible phenotypes in
which a gene is involved; when an essential gene is
involved in two or more developmental stages,
phenotypes that should appear in later stages are
more difficult to observe. In other cases, some loss-of-
function mutations may be compensated by homol-
ogous genes. The possibilities that certain phenom-
ena may use more than two pathways should also be
considered (typically, daf mutations; see below). To
examine such genetic pathways, more sophisticated
and intensive approaches are needed, reminiscent of
the complicated situations of multifactorial diseases
in humans.

We ourselves experienced some discrepancies in
phenotypes between RNAi and gene knockout
strains. For example, the vps-45 gene did not have
a visible phenotype with RNAi clones but showed
a temperature-sensitive lethal phenotype with gene
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knockout strains.”? Also, vps-33.1 and wvps-33.2
knockouts showed phenotypes different from those
previously reported by RNAi clones.”® %) The
reasons why KO or RNAi of some genes induces
different phenotypes are often difficult to explain.

7. Methods to help analyses of gene functions
in C. elegans

As exemplified above, sometimes we should use
multiple and more sophisticated techniques to reveal
gene functions. We have tried several useful tech-
niques, as shown below.

A. Single/low-copy integration of extrachro-
mosomal transgenes. The gene expression of
C. elegans transgenic strains is silenced in germ
cells. This occurs because multicopy transgenes are
recognized as repetitive sequences and inactivated.
Transgenic animals generated by microinjection of
DNA solution into the germline syncytium usually
contains multicopy repetitive extrachromosomal
DNAs that are silenced in the germline but expressed
in the somatic cells.””

As mentioned above, multicopy transgenes are
silenced in the germline. To solve this problem, a
single-copy transgene can be integrated into the
chromosome via Mos! transposon excision.”® We
have developed an easy method for integrating single-
or low-copy transgenes.” We used a ben-1 and vps-
45 double mutant strain, which shows a benzimida-
zole-resistance and temperature-sensitive lethality
phenotype as mentioned above. We added rescue
DNA plasmids with the ben-1 and vps-45 genes when
we generated transgenic strains. The extrachromoso-
mal multicopy transgenic animals became wild-type
for both the ben-1 and wvps-45 mutations, and were
sensitive to benzimidazole but viable at 20 °C. If these
transgenic strains are UV-irradiated and cultured
on selection media, a small fraction of animals have
single/low-copy transgenes in some chromosomes.
Many of the transgenic animals retain the wild-type
ben-1 gene, showing sensitivity to benzimidazole.
In addition, only animals that maintain the vps-45
rescue transgene can survive. This can occur only
when short transgenic DNAs that are devoid of the
ben-1 fragment but retain the wvps-45 fragment are
integrated into a chromosome. Thus, by culturing
transgenic animals on selection media at 20°C,
researchers can easily obtain single/low-copy trans-
genic strains by simply waiting for animals to grow
on the media.

Although this selection yields random integra-
tion again, we have now successfully integrated
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single /low-copy transgenes into defined loci using the
genome editing method.®”) We used the CRISPR/
Cas9 method to cut a chromosomal integration site
and a transgene sequence. In this way, we could
integrate single/low-copy transgenes into the loci of
interest, making it easier to generate multiple
variations of mutations and transgenes to cross with
other mutants or transgenic strains. Single-copy
integration is also useful to avoid overexpression of
toxic transgene products.ﬁl)

B. A conditional KO system. In C. elegans,
as mentioned above, lethal mutants are often difficult
to use for behavior analyses. However, conditional
knockout strains are routinely used in mice.?? We
suspect that the use of conditional knockout strains
is unpopular among C. elegans researchers because
most C. elegans transgenic strains are extrachromo-
somal and multicopy. Multicopy transgenes are not
suitable for conditional knockout; even if transgenes
are floxed (loxP sequence from bacteriophage P1 is
inserted and can be recombined between two loxP
sites by Cre recombinase from bacteriophage P1),
only some of the copies are removed by recombinases,
resulting in the failure of knockout. After succeeding
in single-copy integration, we next tried to perform
conditional knockout experiments.5)  Single-copy
integrated floxed DNA fragments could be excised
cleanly by crossing with Cre recombinase-expressing-
transgenic strains driven by spatiotemporally spe-
cific promoters, enabling a conditional knockout.
Although it was easy to remove the transgene in a
spatiotemporally specific manner, we found that
conditional experiments in C. elegans must be
performed carefully. C. elegans grows very fast: it
takes only 3 days for a fertilized egg to develop into
an adult animal, and therefore, some proteins may
not be removed in some cell types and tissues, while
the same proteins are removed almost completely in
other cell types. Accordingly, some phenotypes may
appear incomplete. Applications should be carefully
chosen with this limitation in mind.

C. A CALI system for stable proteins.
Instead of removing the genome sequence, we found
that some proteins may be better analyzed by
chromophore-assisted light inactivation (CALI). In
C. elegans, mutants of many genes can be rescued by
the wild-type transgene. We often find that GFP-
fusion genes can also rescue the phenotypes, albeit
partially. In such cases, we can replace GFP with
KillerRed and rescue mutant phenotypes. KillerRed,
a fluorescent protein-related protein, absorbs green
light and generates superoxide: when overexpressed
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it can kill the expressing cells.?”) In our hands, it
was difficult to kill cells with KillerRed. However,
inactivating fusion protein was easy and reprodu-
cible. Because the absorbance maximum is in the
wavelength range of green light and the excitation
light itself rarely affects cell function, protein
function can be safely and easily switched on and
off. For example, we expressed a KillerRed fusion
protein in mutant animals with severe phenotypes;
gon-1 mutants and bel-7 mutants.*)*!) We rescued
the gon-1 mutant with transgenic expression of a
KillerRed-GON protein. Using this strain, we inves-
tigate how the secretion process is regulated by the
GON-1 protein. Another gene, bcl-7, is a homolog
of human BCL7, and bcl-7 deletion mutants show
sterile phenotypes because of abnormal somatic and
germ cells. We rescued bcl-7 mutants completely with
transgenes of a KillerRed-BCL-7 fusion and could
inactivated the BCL-7 by illuminating the strain
with a green light. Thus, we were able to examine
when the protein is required for proper gonadal cell
development. Because proteins appeared completely
inactivated using this method, the slow turnover rate
of the preexisting proteins of targeted genes is no
longer a limitation.

D. Creation of new balancers that enable
more reliable description of mutant phenotypes.
We isolated many deletion mutants and found a
certain portion of mutants showing lethal or sterile
phenotypes (NBRP for the nematode: http:/shigen.
nig.ac.jp/c.elegans/index.jsp). Because C. elegans an-
imals grow and proliferate quickly as hermaphro-
dites, such mutants need to be balanced: otherwise,
mutant animals are diluted by the segregated wild-
type animals, which grow faster than mutants. To
maintain lethal or sterile mutations, researchers often
use balancer chromosomes, which are associated with
some phenotypes and are used as heterozygote with
mutant chromosome so that healthy heterozygous
animals grow as a large population.®®) Unfortunately,
most C. elegans balancer chromosomes are trans-
locations generated by ~-ray irradiation, which give
rise to aneuploidy. Theoretically about half of the
self-progeny die from the balancer itself. This is very
inconvenient for analyzing, for example, embryonic
lethal strains because the developmental stages at
which the mutant phenotypes of interest and the
developmental arrest by the balancer aneuploidy
occur are very close together. There are a few
crossover balancers created by ~-ray irradiation,
which have complex rearrangements within the same
chromosome and, thus, do not show any aneu-
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ploidy.®Y We used the CRISPR/Cas9 technique to
create crossover balancers.?”) We induced chromoso-
mal inversions twice in two overlapped regions in the
same chromosome, which are suitable both for stable
maintenance of covered mutant alleles and for
phenotype analyses. We have now generated such
crossover balancers to cover the whole C. elegans
genome and labeled the balancers with fluorescent
protein reporters (Dejima et al., manuscript in
preparation). We expect that with these balancers,
mutations with lethal phenotypes will be analyzed
more readily and exactly.

8. Discussion

A. Homology analyses are useful, but we
sometimes need more. Genome sequence informa-
tion is essential for medical and life science studies.
We routinely search for homologies among genes and
their products, and the findings are very useful to
understand gene functions. In light of our limited
experiences in functional genomics research, some-
times we need to know more. To reveal the disease
susceptibility genes, an enormous number of studies
are being performed, with sophisticated algorithms.
One reason that makes it very difficult to examine
the human genome is the high variation of genetic
backgrounds among individuals. Even if a gene is
related to some diseases, odds scores by statistical
analyses are often low. Model organisms shed light on
such enigmas. We found that an amino acid change
in Argonaute proteins removes their catalytic func-
tion and changes the role of the subfamily into RNA
receptors from RNase.*”) DCR-1 was found to digest
DNAs instead of dsRNA after it was cut by a caspase,
CED-3.9) There are many cases in which alternative
splicing changes not only gene expression but also
protein function: for example, the ubiquitously
expressed protein DAF-16 (a homolog of mammalian
FOXO) produces different phenotypes when different
alternatively spliced exons are removed.®”) The
function of GON-1, a homolog of human ADAMTS9
metalloprotease, made us recognize that an impor-
tant domain (GON domain) in the C-terminus,
which is not related to protease but plays a critical
role for cells to normally secrete proteins, has been
ignored because the metalloprotease domain is so
obvious.*?

An rSNP (regulatory single nucleotide poly-
morphism, which has a variation in a gene regulatory
sequence but not a protein coding sequence) of the
human gene ADAMTS9 is regarded as a susceptibil-
ity gene for type 2 diabetes, but a knockout mouse
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strain was reported as fetal lethal.%® gon-1 null
mutants show a number of severe phenotypes,
including sterility, but we also found that certain
genes, if downregulated, suppress even such severe
phenotypes (Yoshina et al., in preparation). Medical
research usually targets diseases with some symp-
toms detected after birth. In an extreme idea, some
of the strains we are using may have such mutations
in the vicinity of the same linked chromosome from
the start and may not simply be “wild-type” strains.
In the same way, humans have many combinations
of variations, and this makes problems very difficult
to solve. Interestingly, a small fraction of adult
population has severe and high-penetrant Mendelian
childhood disease mutations with no clinical mani-
festation, suggesting that they may harbor protective
genetic variants.®)

B. Integrated genetics and future direction.
We have been using a model organism to understand
gene functions (Fig. 1). What fundamental insights
can we expect to obtain in the future to solve
questions in the medical and life sciences? For
example, it is intriguing to consider whether it is
possible to simulate all the behavior of C. elegans
as an initial move toward understanding the human
mind as a connectome, perhaps as originally proposed
by Brenner.”>’™ We have the wiring diagram of
C. elegans, showing how synaptic connections are
formed among neurons.® The C. elegans research
community is analyzing the C. elegans body to reveal
everything about the worm and to try to use the
information to understand more general mechanisms
of life, including development, behavior, cell biology,
and even human diseases. However, we sometimes
find unexpected phenomena beyond the inference
from known information.

The reasons why biological analyses are so
complicated exist in the organisms themselves. Bio-
logical phenomena are based on multilayered struc-
tures: molecules, cells, tissues and whole bodies in
various time courses, which make biological analyses
complicated. In addition, a similar phenomenon may
be caused by signal transduction between distinct
molecules, distinct tissues, and even by distinct
environments. For example, with classical mutant
analyses, we know that the phenomenon of dauer
formation consists of at least four distinct path-
ways.”) This shows us that a phenomenon, or
seemingly undistinguishable multiple phenomena,
may be caused by completely independent pathways
and should be examined carefully. We also found
that a Wnt molecule may cause apparent opposite
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effects for bcl-7 mutant phenotypes, which showed a
haploinsufficient phenotype.”") This is reminiscent of
the fact that Williams-Beuren syndrome is caused
by haploinsufficiency of chromosome 7q11.23.7% It
is a common idea that gene expression is regulated
in a temporally-specific and tissue/cell-type-specific
manner, so a single line of evidence may not give a
complete picture of the physiological and patholog-
ical states of the body.

We have been using transgenic expression,
RNAi, and gene knockout strains in addition to
mutants isolated by forward genetics. Moreover,
we have shown that it is now possible to obtain
drastically gene-modified strains, such as artificial
structural changes of the chromosomes.®” To eluci-
date all the gene functions in a model organism will
require integrated genetics, which is a combination
of forward and reverse genetics, a systematic and
large set of reduction-of-function studies using RNAi
clones™) or gene knockout strains, which are or will
be available for C. elegans in the near future as they
are in yeast.”™ Moreover, we should combine gain-
of-function transgenic studies with reduction-of-
function studies. We also need to combine enhancer
screening and suppressor screening to reveal possible
gene networks or genetic pathways. Recently, for-
ward genetics with next-generation sequencing has
enabled researchers to identify C. elegans mutations
quickly and easily.™

To understand the genetic pathways involved in
all the layers of the different biological processes in
C. elegans, we need to examine genotype-phenotype
relationships for every possible phenomenon, for
every possible developmental stage and every possi-
ble environment. In addition, although the overall
structures of C. elegans and humans are very differ-
ent, the genetic pathways are partly similar and
information relating to those genetic pathways is
valuable for understanding the nature of health and
diseases in humans.
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