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ABSTRACT

The nurf-1 gene in Caenorhabditis elegans is a Nucleosome Remodeling
Factor (NURF) subunit that has crucial roles in chromatin remodeling and
transcription regulation. nurf-1 null mutations cause severe defects in germline cells
and lead to embryonic lethality. However, a previous study from our lab showed that
nurf-1 with a single missense mutation that changes the glutamate on position 1954 to
a lysine [E1954K] was involved in rescuing embryonic lethality induced by a mutation
of the topoisomerase Il enzyme [top-2(it7)]. Here, top-2(it7) is a temperature-sensitive
allele, which contains a single missense mutation [R828C] that causes severe defects
in chromosomal segregation during spermatogenesis. In fact, nurf-1[E1954K] was
found to suppress the top-2-induced embryonic lethality only in conjunction with
another mutation in a gene called mep-1, which encodes a zinc-finger protein that is a
part of chromatin remodeling complex. Bhandari et. al., 2020 found that the
suppressing mutation mep-1(udel4) is a single missense mutation [G57D]. In order to
begin to elucidate the mechanism of this co-suppression, | started this study by
characterizing two nurf-1 mutants, which includes a deletion allele (n4293) and
through the recreation of the single missense mutation [E1952K] (1954 to 1952
change is due to a different nurf-1 isoform). The suppressor mutation was recreated in
a wild-type background using the CRISPR-Cas9 genome editing technique [nurf-
1(ude34)]. The percent embryonic viability in each genotype was determined through

an embryonic viability assay. In addition, the gonads in both hermaphrodites and
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males in each genotype were observed using whole-mount DAPI staining. We
confirmed the severe defects and sterility of the homozygous nurf-1 deletion in
hermaphrodites. However, no germ line defects were observed in the nurf-1(ude34)
[E1952K] hermaphrodites or males. Also, the suppressor allele nurf-1(ude34)
[E1952K] showed no significant difference in the percent embryonic viability
compared to the wild-type control group. These results indicate that this single
missense mutation of nurf-1(ude34) [E1952K] does not have meiotic phenotype when
in isolation. The mechanism of co-suppression of nurf-1 and mep-1 on the top-2-
induced embryonic lethality might be direct or indirect. A combination of the induced
single missense mutation of both nurf-1 and mep-1 will be analyzed in future studies.
Moreover, further structure-function analyses will help elucidate details of the roles of
both nurf-1 and mep-1 during meiosis as well as their co-suppression mechanism at a

molecular level.
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Chapter 1

INTRODUCTION

1.1 What is NURF-1 in C. elegans?

1.1.1 Meiosis

Meiosis is the cell division process in forming gametes in eukaryotic cells.
During meiosis, the genetic materials are divided into four haploid gametes (Hillers,
2015). Different from mitosis, in which the cell undergoes only one round of division,
meiosis includes two stages of cell division, namely Meiosis | and Meiosis Il. During
Meiosis I, homologous pairs are separated, and the chromosome number is reduced by
half (Hillers, 2015). This reduction of chromosome number does not happen during
mitosis. The process of Meiosis Il is similar to the process of mitosis: from anaphase
I1, sister chromatids are separated and pulled to each end of the cell to form two new
daughter cells. The daughter cells in meiosis are haploid, while the daughter cells in
mitosis are diploid. In addition, meiosis only happens in germ cells, while mitosis
mainly happens in somatic cells (Libretexts, 2022).

Crossing over is another unique and critical event happens in Meiosis 1. During
crossing over, genetic materials are exchanged between two non-sister chromatids of
the paired homologous chromosomes. This event prevents forming two genetically
identical daughter cells (Hillers, 2015). Together with independent assortment,

crossing over ensures the genetic diversity amongst the gametes (Libretexts, 2022).



Germ cells start the process of Meiosis | by entering Prophase I. During
prophase, synapsis of homologous chromosomes takes place as well as the process of
crossing over. This happens during the subphase of prophase I, which is called
pachytene. Before pachytene, the cell must undergo two subphases, leptotene and
zygotene, to be prepared for synapsis. The chromosomes start to condense during
leptotene, and their telomeres are attached to the nuclear membrane. Next, synapsis
starts during zygotene: a synaptonemal complex is formed between homologous
chromosomes. However, this process is not completed until the pachytene stage.
During pachytene, exchange of genetic material via crossing over happens between
two non-sister chromatids. After pachytene, the cell goes through two other subphases,
diplotene and diakinesis: synapsis ends in diplotene as the synaptonemal complex
disappears, meanwhile, the homologous pairs are still attached at chiasmata. During
diakinesis, the chromosomes are observed to be the most condensed and the cell is
getting prepared to enter metaphase | (BioNinja, 2022). The chromosomes are lined up
at the metaphase plate during metaphase I. After metaphase I, the cell enters anaphase
I, when the aligned chromosome pairs are pulled toward each end of the cell. The final
stage in Meiosis | is telophase I, when the chromosomes reach the opposite pole and
the cytoplasm divides to form two haploid daughter cells (Libretexts, 2022). The
formed daughter cells will enter Meiosis 1l for the second round of cell division.
Meiosis Il is analogous to the process of mitosis, it can be divided into subphases of
prophase 11, metaphase 11, anaphase 11, telophase I1, and cytokinesis. Just as during

mitosis, the chromosomes condense during prophase 11; sister chromatids are lined up



at the metaphase plate during metaphase I1; sister chromatids are pulled toward each
end of the cell during anaphase Il. During telophase Il and cytokinesis, the
chromosomes arrive at each end of the cell and decondense, the nuclear envelopes
reform, and the cell is divided into two haploid daughter cells. The main differences
between Meiosis Il and Mitosis are: only one set of chromosomes are lined up and
separated during Meiosis I, while there are two sets of homologous chromosomes
during mitosis. Also, two haploid daughter cells are formed at the end of Meiosis 11,
while at the end of mitosis, two diploid daughter cells are formed (Libretexts, 2022).
Over the past two decades, C. elegans has become a major model organism for
the study of meiotic mechanism (Hillers, 2015). In C. elegans, the sperms and oocytes
are produced in spermatogenesis and oogenesis, which both take place through the
process of meiosis. During spermatogenesis, the primary spermatocyte cells give rise
to four spermatids cells after Meiosis 11; while during oogenesis, the primary oocytes

give rise to one ootid and three polar bodies (Libretexts, 2022).

1.1.2 Role of type Il DNA Topoisomerases in meiosis

Eukaryotic type Il DNA Topoisomerases are highly conserved in both structure and
function (Holm et al. 1985; Drake et al. 1989; Ramos et al. 2011). In lower eukaryotes
and invertebrates, only a single type of type Il topoisomerase, topoisomerase Il (Topo
I1), is encoded; while vertebrate species encode two closely related isoforms,
topoisomerase Ila and topoisomerase 11 (Deweese & Osheroff, 2009). In C. elegans,

topoisomerase Il exists as a large ATP-dependent, homodimeric enzyme. Each



protomer subunit of type Il DNA Topoisomerases creates a transient break on one
DNA strand, translocates a second unbroken strand through the break, and then rejoins
the break (Nitiss, 2009). All topoisomerases contain active site tyrosyl residues in
order to catalyze DNA cleavage and ligation (Deweese & Osheroff, 2009). The active
site tyrosine works as a nucleophile that attacks the nucleic acid backbone phosphate.
This nucleophilic attack results in cutting the DNA strand by forming a
phosphotyrosyl bond that links the enzyme to the newly generated 5'-terminus of the
DNA chain (Figure. 1). Unlike type I topoisomerases, which only cut a single DNA
strand, type Il DNA Topoisomerases cleave both DNA strands. Also, ATP is needed
as the energy source for type Il DNA Topoisomerases to complete the catalytic
activity (Hamiche et al., 1999).

C. elegans type 11 DNA topoisomerase (Topo Il) is encoded by the gene top-2
located on chromosome I1. Topo I1 is an ATP-dependent enzyme that alleviates DNA
tangles and supercoils during transcription by cutting both DNA strands
simultaneously (Nitiss, 2009). The role of Topo Il in meiosis is critical and highly
conserved among organisms like mammals, yeast, Drosophila, and C. elegans (Rose
and Baillie 1980; Hartsuiker et al. 1998; Li et al. 2013; Hughes and Hawley 2014;
Mengoli et al. 2014; Jaramillo-Lambert et al. 2016). A specific mutation of the C.
elegans top-2 gene, top-2(it7ts), causes disruption in homologous chromosome
segregation during Meiosis | and embryonic lethality (Jaramillo-Lambert et al. 2016).
top-2(it7) is a temperature-sensitive allele, which contains a missense mutation

(arginine to cysteine amino acid change), within the catalytic domain of TOP-2. This



arginine is highly conserved among organisms and is located within the “tower
domain” of the enzyme, which indicates it possibly has a critical role in DNA binding.
When cultured at 24°C since the L4 stage, the hermaphrodites are not capable in
producing viable progeny compared to when cultured at 15 °C. Disruption of
chromosome segregation during spermatogenesis due to high temperature results in
anucleate sperm and embryonic lethality after fertilization (Jaramillo-Lambert et al.

2016).
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Figure 1. Double-stranded DNA cleavage and ligation catalyzed by topoisomerase IlI.

During cleavage, the active site tyrosine from each subunit covalently links to the 5’ terminal
phosphate group on the opposite strands four bases apart. Ligation is the reverse of the process and
does not change the chemical structure of the DNA strands. Diagram retrieved from Deweese &
Osheroff, 2009.
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1.1.3 Why do we study nurf-1?

In 2020, 11 lines of missense mutations were discovered to be able to rescue
the top-2(it7)-induced embryonic lethality. Among the mutations, mep-1(udel4)
[G57D] and nurf-1 (ude23) [E1954K] were found to co-suppress top-2(it7) embryonic
lethality (Bhandari et al., 2020). According to the data presented in their research,
RNAI knockdown of the single candidate genes mep-1(udel4) [G57D] and another
candidate nurf-1(ude23)[E1954K] were unable to rescue the embryonic lethality of
top-2(it7) (1.0% and 1.7% embryonic viability respectively). Though neither of the two
suppressors is considered suppressing top-2(it7ts) embryonic lethality individually, the
combined RNAI knockdown of both suppressor genes had 9.2% viable progeny and is
considered to co-suppress the top-2(it7)-induce embryonic lethality (Bhandari et al.,
2020). Since both mep-1 and nurf-1 are involved in chromatin remodeling, it is
assumed that their gene products might work interactively in intervening the
disruption of chromosome segregation during Meiosis I. Yet, the mechanism in this
co-suppression remains unknown. Also, whether the missense mutation in either
suppressor gene (nurf-1 or mep-1) alone will cause a phenotype in oogenesis or
spermatogenesis (or both) also remains unknown. My research focuses on examining
the role of nurf-1 in regulating chromosome segregating during meiosis | and
observing the possible effect that nurf-1(ude23) [E1954K] has on oogenesis or
spermatogenesis.

Nucleosome Remodeling Factor (NURF) protein in Caenorhabditis elegans,

NURF-1, is encoded by the nurf-1 gene (F26H11.2) on chromosome II. NURF-1



protein has 17 different isoforms (Fig.2a). The longest nurf-1 coding sequence is 6751
bp, and the shortest coding sequence is 435 bp (Andersen et al., 2006). The C. elegans
NURF-1 protein is highly conserved among eukaryotes and has well-studied
orthologs, such as the D. melanogaster NURF301 subunit and the Homo Sapien
Nucleosome Remodeling Factor subunit BPTF (Barak et al., 2003). NURF-1 is
predicted to be part of NURF complex, which belongs to the ISWI family of
chromatin remodeling complexes (Andersen et al., 2006). NURF complexes play a
critical role in regulating transcription, establishing boundary elements, and promoting
higher order of chromatin structure (Alkhatib & Landry, 2011). The detailed
mechanism of NURF-1 in transcription regulation and chromosome remodeling
remains unknown, however, it is indicated that NURF-1 might be involved in enabling
of RNA polymerase 1l cis-regulatory region sequence-specific DNA binding activity
(Andersen et al., 2006) and modifying the methylated histone binding activity
(Wysocka et al., 2006).

The C. elegans gene nurf-1was first curated in 2004. Two most common
mutant alleles used in research labs are n42934 with a 724 bp deletion at the splice
donor region of exon 1 and it removes all of exon 1 (Fig.2b), and n4295 with 1077 bp
deletion at the 3° end of F26H11.3 (Andersen et al., 2006). In my research, the
heterozygous strain MT13664 (Table S1) was used to characterize the n42934 allele.
Previous study of the deletion in n42934 found that the deletion leads to homozygous
sterility through suppression of normal protein production, specifically affecting the

nurf-1 isoform a (Andersen et al., 2006).
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Figure 2. The nurf-1 locus on chromosome 11.

(A) 17 isoforms of nurf-1 gene (F26H11.2); all isoforms are predicted to produce proteins with
different functions. Diagram retrieved from wormbase.org. (B) Genomic structures of the isoform
studied in this research, nurf-1 a. Mutant allele n42934 is presented as a 724 bp deletion at the
splice donor region of exon 1 and it removes all of exon 1. Diagram retrieved from Andersen et al.,
2016.



1.1.4 Possible role of NURF-1 in meiosis

The exact role of C. elegans NURF-1 in meiosis remains unknown. However,
Nucleosome Remodeling Factor (NURF) protein is highly conserved both structurally
and functionally in eukaryotes. Learning about the NURF-1 orthologs may lead the
way for our future research on C. elegans NURF-1.

Two of the most studied NURF-1 orthologs are Drosophila NURF301 and
human BPTF (Figure 3). NURF301 is one ATP-dependent subunit of the Drosophila
NURF chromatin remodeling complex, which belongs to the ISWI family (imitation
SWI; SWI stands for SWItch, component of the eukaryotic chromatin remodeling
complex, SWI/SNF, or SWltch/Sucrose Non-Fermentable) (Alkhatib & Landry,
2011). NURF complex catalyzes the bidirectional “sliding” of neighboring
nucleosomes through interacting with sequence transcription factors and acetylated
histone octamers (Hamiche et al., 1999; Fig 4). The human NURF chromatin
remodeling complexes also include the ATP-dependent NURF-1 ortholog, BPTF,
which has similar functions in redistribution of the nucleosome arrays on chromatin
and facilitating access to DNA during replication, transcription, and repair (Lazzaro et
al., 2003).

In C. elegans, the NURF-1protein encoded by nurf-1 isoform a contains
possible DNA-binding domains, an HMGY/I domain (Reeves and Beckerbauer,
2001), a DDT domain (Doerks et al., 2001) and a PHD finger (Schindler et al., 1993;
Aasland et al., 1995). Its structure is believed to be most similar to the N terminus of

NURF301 (Andersen et al., 2006). Studies using the nurf-1 a deletion allele (n42934)



showed that the mutants suppressed the synMuv phenotype and caused sterility
(Andersen et al., 2006). It suggests that nurf-1a might be involved in co-acting with
isw-1, which encodes an ATP-dependent chromatin remodeling protein, to promote
the synMuv phenotype (Andersen et al., 2006). The ATP-dependent chromatin
remodeling protein encoded by isw-1, ISW-1 (imitation SWI), is an ortholog of
Drosophila ISWI, component in the Drosophila NURF complex along with NURF301,
the C. elegans NURF-1 homolog, NURF38, and NURF55 (Alkhatib & Landry, 2011,
Figure 3 left). The human SNF2L subunit is another ortholog of the C. elegans ISW-1,
which forms the human NURF complex through interaction with BPTF, the human
NURF-1 ortholog, and RBAP46/48 (Alkhatib & Landry, 2011; Figure 3 right).
Nevertheless, whether C. elegans nurf-1 has other roles during meiosis is unknown.
Also, more research needs to be conducted to study what and how other genes may

interact with nurf-1 in regulating the chromatin remodeling pathway.

NURF301

ISWI NURFSS

D. melanogaster H. sapiens

Figure 3. Structural components of NURF complex in D. melanogaster (Drosophila) and in
H. sapiens (Human). Drosophila NURF complex contains the C. elegans NURF-1 ortholog
NURF301 and ISWI subunits, co-acting NURF38 and NURF55 subunits. Human NURF complex
contains the C. elegans NURF-1 ortholog BPTF, and co-acting subunits, SNF2L and RBAP46/48.
Retrieved from Alkhatib & Landry, 2011.

10



Nucleosome Array

ATP ADP + Pi

NURF (swi subfamily) Sliding
<>
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Figure 4. Possible mechanism of NURF complex in nucleosome regulation. NURF complex
depends on ATP to cause a “sliding” effect between two neighboring nucleosomes and then expose
the DNA region for replication, transcription, and repair. Retrieved from Hamiche et al., 1999.

1.2 C. elegans as model organisms

C. elegans are a type of nematode that are commonly used in the research labs
as model organisms. They are transparent worms with an approximate average length
of 1mm for adults and 0.25mm for the newly hatched larvae (Corsi et al., 2015). Most
of the worms are maintained at the temperature of 20°C. Their average life span is
about 25 days under 20°C (Huang, 2004). C. elegans exist mainly as hermaphrodites
which are able to produce both sperm and oocytes and to self-fertilize. A much lower
ratio of C. elegans exist in wild type as males (< 0.2%) (Yin & Haag, 2019)

C. elegans became popular in research labs as model organisms for a few
reasons. Firstly, C. elegans grow in large numbers in only a few days. One generation
of worms are typically maintained in an approximate 3-day cycle, from L4 stage
larvae until the next generation of L4 larvae. This allows quick notice of any effects
from genetic changes in only a few days. Secondly, C. elegans are anatomically

simple, and their transparent appearance allows easy observation of the fate of
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individual cells using simple microscopy or staining techniques such as DAPI staining
(Corsi et al., 2015). C. elegans only have 5 pairs of autosomes and 2 sex chromosomes
in hermaphrodites or 1 sex chromosome in males. C. elegans hermaphrodites have two
X chromosomes and C. elegans males only one X chromosome. This characteristic
makes it easy to manipulate the sex when setting a genetic cross. Male worms could
be produced from nondisjunction of the X chromosomes, which can be induced by a
simple heat shock. In addition, it is much easier to map out all the genes in C. elegans
genome than in humans. Eventually, the research on C. elegans may benefit studies
involving human disease because C. elegans share many similarities at the molecular

level with humans (Corsi et al., 2015).
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1.3 Research Goal

As mentioned in the research from Bhandari et al 2020, mep-1 and nurf-1 are
found to interact genetically as co-suppressors of the top-2(it7)-induced lethality. To
study the possible mechanism behind this co-suppression, my research focuses on
understanding the role of nurf-1 in meiosis in the absence of the top-2(it7)-mutation.
In this study, two different types of mutations are used and compared, deletion
(n42934) and single missense mutation nurf-1(ude34) [E1952K]. The n42934 deletion
was 725bp and removes the whole exon 1, it was also previously shown to cause
sterility in homozygous mutant worms (Andersen et al., 2006), while the effect caused
by the E1952K missense mutation was unknown.

In this study, the mutants were characterized based on the observable
phenotypes of different genotypes. This characterization was done in two methods in
my study: measurement of the fertility of each genotype by performing an embryonic
viability assay and calculating the viable progeny; observation and comparing the
phenotypes on the gonads in adult hermaphrodites and males in each genotype by
DAPI staining and imaging. In addition, the suppressor gene nurf-1[E1952K] was
recreated using CRISPR/Cas9 genome editing. Since n42934 contains a deletion that
removes the whole exon 1 on nurf-1, my hypothesis was this deletion would have
observable phenotypes including defects in germline cells and incapability in
producing viable progeny. For the CRISPR-induced single missense mutation nurf-
1(ude34) [E1952K], | hypothesize that it would also cause a phenotype in germline

cell defects, as well as incapability in producing viable progeny or could only produce
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much less amount of viable progeny. The Embryonic Viability Assay (EVA) was
scored on not only the mutant homozygous hermaphrodites from n42934 and from
nurf-1(ude34) [E1952K], but also on the hermaphrodites from the control groups: the
heterozygous that only carry one n4293 deletion allele (n42934/mnC1) as well as N2
wildtype. The results confirmed the sterility in the homozygous n42934. However, my
hypothesis about the CRISPR-induced single missense mutation nurf-1(ude34)
[E1952K] was not supported by its result from the embryonic viability assay. The
count of progeny from the homozygous ude34 did not show significant difference
from the N2 strain (WT group) or the control group. This indicates that the single
missense mutation of Glutamate to Lysine at position 1952 does not have any impact
on the fertility in C. elegans hermaphrodites. This conclusion is also supported by the
results from whole-mount DAPI staining of hermaphrodites and males in both
genotypes. The DAPI images of the homozygous n42934 hermaphrodites showed
significant defects in embryogenesis, which might explain its sterility phenotype. In
contrast, The DAPI images of the homozygous ude34 hermaphrodites did not show
any observable defects in the germline cells nor embryos. Referring to the study of the
suppressors to the top-2-induced embryonic lethality, the single missense mutation
nurf-1(ude23) [E1954K] was discovered as a co-suppressor to another single missense
mutation mep-1 (udel4) [G57D]. Together, they could rescue the top-2-induced
embryonic lethality by 9.2% (Bhandari et al., 2020). A possible co-suppression
mechanism might exist from the interaction between nurf-1 and mep-1. Hence, further

study will be necessary in combining these two single missense mutations, as well as
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characterization of the combination and how could they interact with top-2 to suppress

the embryonic lethality.
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Chapter 2

MATERIALS AND METHODS

2.1 Strains
C. elegans strains are listed in Table S1 and all cultured under standard

conditions (Brenner, 1973).

2.2 Embryonic Viability Assay

The animals used in the embryonic viability assay include the genotypes of N2,
nurf-1(n42934)/mnC1, nurf-1(n42934), and the CRISPR-induced line nurf-1(ude34)
[E1952K]. Individual L4 hermaphrodite larvae were placed on a single 35 mm MY OB
plate spotted with 50 uL of OP50 E.coli bacteria culture. Each hermaphrodite was left
to mature and to lay embryos at 20°C for a 24 hr period. Adult worms were then
transferred to fresh plates every 24 hours until no additional embryos were produced.
The number of laid embryos and hatched larvae were counted. Calculations for
percent hatching were done as the number of hatched larvae divided by the total

number of embryos laid.

2.3 Whole-mount DAPI Staining
Individual L4 hermaphrodite larvae were picked and incubated at 20°C for 24
hours. The animals were then prepared for whole-mount worm fixation using

methanol. 20 animals were picked into 5 ml of M9 minimal medium (M9) on a regular
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glass slide. All M9 was wicked away with a Kimwipe, then 15 ml of 100% room
temperature methanol was added to the animals on the slide. 12 ml of DAPI solution
(2 mg/ml in water) was added immediately on the fixed animals once the methanol
evaporated (in about 30 seconds). A coverslip was added right away onto the animals
in DAPI and then sealed with clear nail polish. Each slide was incubated in darkness
for at least 30 mins prior to imaging.

Collection of images was obtained using a Zeiss AXIO Observer microscope
(Carl Zeiss, Inc., Gottingen, Germany) under 40X magnification. Images were stitched
and processed using Fiji Is Just ImageJ (Fiji) (Schindelin et al. 2012). Brightness and

contrast were adjusted for better visualization.

2.4 CRISPR/Cas9-Mediated Genome Editing and Screening

CRISPR/Cas9-Mediated Genome Editing was performed to create the nurf-
1(ude34) [E1952K] mutation in N2 strain via the clone-free method (Paix et al. 2015)
and the use of dpy-10 as a co-CRISPR marker (Arribere et al. 2014). First, an injection
mix of Cas9 protein (25 mg), dpy-10 crRNA (3.2 mg, Dharmacon, GE Life Sciences,
Pittsburgh, PA), dpy-10(cn64) repair oligonucleotide (0.2 mg), universal tracrRNA (20
mg, Dharmacon), an allele-specific crRNA (8 mg) and a gene-/allele-specific repair
oligonucleotide (3.8 mg) was made, centrifuged for 6 mins under maximum speed,
and then incubated at 37°C for 15 mins. To recreate the point mutation that changes
Glu 1952 to Lys, a crRNA targeting the sequence

GAGCTGTGAGGAATGTATTGAGG was used, along with a repair template
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(TGGGTTTGGAGCACTGGAGCTGTGAGGAATGTATTAAAGAGCAGGAGAG
AGTCAAGGATCAGCCGGCGTTGTA) with sequence to edit codon 1952 (bold),
and a Msel recognition site (underlined) for genotyping.

Before the injection, N2 L4 hermaphrodite larvae were picked and incubated at
20°C for 24 hours. Next, the prepared mix was injected into the gonad of each N2
worm. After injection, the individual worm was rehydrated in M9 and then placed on a
single 35 mm MYOB plate seeded with OP50. The animals (P0) were then incubated
at 20°C and allowed to produce progeny until the screening step (Kim & Colaiacovo,
2019).

For the screening step, every rolling F1 progeny was identified and picked onto
a fresh plate. The phenotype of rollers indicates an active Cas9 and dpy-10 sgRNA
was present in the germ line of the injected PO. F1 rollers are dpy-10/+ and potentially
nurf-1/+. Once F1 rollers laid about 25-50 embryos, the PO worm was lysed for
genotyping. The lysates were then used as template in running a PCR, a digest, and
then imaging on an agarose gel. According to the result after gel imaging, only plates
containing heterozygotes or homozygotes were kept and maintained for further
analysis. Later, F2 L4 non-dpy/non-roller hermaphrodites were transferred to fresh
plates and allowed to lay F3 embryos. The F2 worms were made into single worm
lysates and the plates genotyped in the same way as the F1 generation. The genotype
of potential homozygous F2 animals was verified via sequencing of the PCR product.

See Figure 5 for details.
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CASPR/Cas9 Genome Editing in C. elegans

Microinject Cas9/ crRNA/ repair oligonucleotides

P, M

¢ Screen for rolling F1 progeny

1 Roller

Clone non-Rol \\> Single worm lysate, PCR, digest, and
visualize on gel
F2 5
Single worm lysate, whole plate lysate, PCR,
digest, and visualize on gel

F3 M Sequence and maintain

Figure 5. CRISPR/Cas9 Genome Editing in C. elegans. Injection was done with an injection
mix of Cas9 protein, dpy-10 crRNA, dpy-10(cn64) repair oligonucleotide, universal tracrRNA,
nurf-1-specific crRNA and nurf-1-specific repair oligonucleotide. Rollers were picked and allowed
to produce embryos in F1 generation before proceeded to make into single worm lysates. Single
worm lysates of F1 rollers then went through PCR, enzymatic digest, and finally visualized on
agarose gel. In the F2 generation, heterozygous or homozygous non-rollers were picked, lysed, and
processed using the same procedure. Finally, selected F3 worms were sequenced to confirm the
induced point mutation. F3 plates were maintained under standard conditions.
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2.5 Creation of the nurf-1; him-8 line

Males spontaneously arise in populations of hermaphrodites through
chromosome nondisjunction (Anderson & Phillips, 2010). Heat shocking worms is
one method of inducting chromosome nondisjunction. 5-10 L4 hermaphrodites were
picked and incubated for 4-6 hours at 30°C. After the heat shock, 2-5% of males could
be obtained in the F1 generation. In this study, the homozygous ude34 males used in
the whole-mount DAPI staining were obtained as F1 progeny after 6 hours heat shock
of the nurf-1(ude34) [E1952K] plates.

Another method for increasing males in a population is the introduction of a
genetic mutation that increases the rate of X chromosome nondisjunction. For this
method, him-8(e1489) allele, which produces ~30% males, is genetically crossed with
the strain of interest for a higher ratio of males. To create the nurf-1(n4293A4); him-
8(e1489) line, first, him-8(e1489) 1V males was crossed with unc-4(e120)/mnC1 [dpy-
10(e128) unc-52(e444) umnls32] 1l hermaphrodites. The male F1 progeny with GFP
fluorescence [MnC1-GFP /+; him-8(e1489)/+] were picked and then crossed with the
nurf-1(n42934)/mnC1 [dpy-10(e128) unc-52(e444)] Il hermaphrodites. The WT
hermaphrodite progeny [nurf-1(n42934)/mnC1-GFP; him-8(e1489)/+ or nurf-
1(n42934)/ mnC1-GFP; +/+] with GFP fluorescence in F2 were picked and allowed
self-cross to produce embryos. In the F3 generation, individual WT hermaphrodite
progeny with GFP fluorescence were picked to single plate and allowed self-cross.

The plates containing male F4 progeny were selected and maintained [nurf-
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1(n42934)/ mnC1-GFP; him-8(e1489)/him-8(e1489)]. See Figure 6a for details. The
nurf-1(ude34) [E1952K]; him-8(e1489) line was also created by crossing with the
homozygous him-8(e1489) males. First, unc-4(e120)/mnC1 [dpy-10(e128) unc-
52(e444) umnls32] Il hermaphrodites were crossed with him-8(e1489) 1V males to
obtain males in F1 progeny with GFP fluorescence [MnC1-GFP /+; him-8(e1489)/+].
Then the GFP males from F1 were crossed with the homozygous CRISPR-induced
nurf-1(ude34) [E1952K] hermaphrodites. Hermaphrodites with GPF in F2 [nurf-
1(ude34)[E1952K]/mnC1-GFP; him-8(e1489)/+ or nurf-1(ude34)[E1952K]/mnC1-
GFP; +/+] were picked and allowed self-cross. In F3, non-GFP hermaphrodites were
picked to obtain the homozygous genotype of nurf-1(ude34)[E1952K]/nurf-
1(ude34)[E1952K]. These non-GFP hermaphrodites were cultured in 60 single worm
plates and allowed self-cross. In F4, plates with male progeny [E1952K]/nurf-
1(ude34) [E1952K]; him-8(e1489)/him-8(e1489) were maintained. (Figure 6b.) To
confirm that the single missense mutation E1952K was still present, a whole plate
lysis was performed on F4 progeny, then PCR amplification and enzymatic digest
from Msel. The final result was visualized via gel electrophoresis, and the existence of

the single missense mutation E1952K was confirmed (Figure. 6c).
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(a)

Figure 6. Genetic cross procedure to obtain males using him-8(e1489) line.

(a) Creation of nurf-1 (n42934); him-8(e1489) line that produce male progeny. In F2 progeny,
mnC1/mnC1::GFP has the phenotype of being paralyzed. Hence the only genotype that carrying
the GFP phenotype without looking paralyzed was n42934/mnC1::GFP. F3 hermaphrodite with
GFP were cultured in 40 single worm plates and allowed self-cross. Only plates with male progeny

[indicating presence of homozygous him-8(e1489)] were maintained. (to be continued...)
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Figure 6. cont. (b) Creation of nurf-1 (ude34)[E1952K]; him-8(e1489) line that produce male
progeny.
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Figure 6. cont. (c) To confirm the
remaining of the single missense mutation
E1952K, whole plate lysis was performed
on the F4 progeny, followed by PCR
amplification and Msel enzymatic digest.
The result of digestion was finally
visualized through gel electrophoresis.
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Table S1. Strains used in this study.

Strain Name Genotype

20°C

N2 wild-type Bristol isolate

MT13664 nurf-1(n42934)/mnC1 [dpy-10(e128) unc-52(e444)] II; lin-
15B&Iin-15A(n765) II.

CB1489 him-8(e1489) IV

CGC43 unc-4(e120)/mnC1 [dpy-10(e128) unc-52(e444) umnis32] 1l

AJL67 CRISPR-induced nurf-1(ude34)[E1952K]/nurf-
1(ude34)[E1952K]

Male-producing lines obtained from genetic cross:

AJL68 nurf-1(n42934)/mnC1 [dpy-10(e128) unc-52(e444)] II; lin-
15B&Iin-15A(n765); him-8(e1489)/him-8(e1489)

AJL71 nurf-1(ude34)[E1952K]/nurf-1(ude34)[E1952K] him-

8(e1489)/him-8(e1489)
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Chapter 3

RESULTS

3.1 Successful recreation of the nurf-1[E1952K] suppressor allele using
CRISPR/Cas9 genome editing

nurf-1(ude23) [E1954K] was discovered as one of the suppressor alleles of the
top-2(it7)-induced embryonic lethality (Bhandari et al., 2020). Multiple isoforms exist
for the nurf-1 gene, the recreation of nurf-1 suppressor allele was designed to contain a
single point mutation on E1952K instead. The original amino acid Glutamate (GAG)
on position 1952 was replaced with a Lysine (AAA). CRISPR/Cas9 genome editing
was performed on N2 adult worms to induce the desired single point mutation. To test
whether the injection was successful, F1 progeny with a rolling phenotype (rollers)
were searched and screened. 36 F1 rollers were found from three out of 10 PO worms,
and were labeled as #1, #5, and #9. The F1 rollers were lysed as single worms to
expose their genetic material, then went through polymerase chain reaction (PCR) to
amplify the target DNA region, and Msel enzymatic digest to recognize and cut at the
designed site of mutation. Next, the digested DNA fragments were visualized on an
agarose gel via gel electrophoresis. As shown in Figure 7(a), four rollers showed signs
of being completely or partially digested (roller 1.2; 9.6; 9.24; and 5.2). The length of
the DNA fragment to be amplified was 607 base pair (bp), and the digested fragments
were expected to be 471 bp and 136 bp. The F2 progeny of these four rollers were

then screened through the same procedures to identify worms homozygous for the
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edit. Analysis of digested F2 whole plate lysates from the mentioned four F1 rollers
showed that some of the F2 progeny were homozygous WT, some were heterozygous
for the genome edit, and some were potentially homozygous for the edit [Figure 7(b)].
Four of the F2 non-roller worms (numbered as 5.2.6; 9.6.1; 9.6.2; and 9.24.2) were
considered as homozygous for the desired point mutation Figure 7(c). Later, a whole
plate lysis and same screening procedures were performed on F3 progeny from these
four F2 worms to confirm their homozygosity (see Figure 7d). All four non-roller

worms exhibited possible homozygosity.

Roller 1.1 i 4 Roller 9.1-9.25 Roller 5.1-5.7
: |

non-digested

[ X

Lt ad -------Q---—---- [ P [ e——

S . .'.“-““..—......_."

o - o~ -
digested
9.6 9.24 5.2

Fooeew - .

100bp "o . 100bp
526 961 962 9242

(b) (c) (d)

Figure 7. Gel images of the Msel enzymatic digest results on F1, F2, and F3 worms after
CRISPR/Cas9 genome editing on N2 worms. Non-digested bands and digested bands are shown
with arrows. (a) Analysis of 36 F1 rollers. Lanes with complete or partial digestion are circled. (b)
Analysis of F2 progeny from the circled F1 rollers (whole plate lysates). F2 progeny from roller
9.6 exhibits possible homozygosity, while progeny from roller 9.24 and roller 5.2 exhibit possible
heterozygosity. (c) Analysis of non-roller F2 progeny from the circled F1 rollers (single worm
lysates). The circled four worms exhibit possible homozygosity. (d) Analysis of F3 progeny from
the circled F2 worms (whole plate lysates). All exhibit possible homozygosity.



To further confirm the success in inducing the single point mutation [E1952K]
via CRISPR/Cas9 genome editing, the F3 progeny from the four non-roller worms
(5.2.6; 9.6.1; 9.6.2; and 9.24.2) were sent out for a genetic sequencing. The results
confirmed the successful CRISPR/Cas9-mediated recreation of the point mutation

from Glutamate (GAG) to Lysine (AAA) at amino acid position 1952 (Figure 8).

* * * * * * * * * *
25>CACTCTGGGCGGAGATACTTATGATTATGTCAAGGAACAGAAGgtaagatttcqaaaaaagtgatttteccagtgagacctgaaatttttccaqCCARCE>124

1> NG ST TATGATTATGTCAAGGAACAGAAGGTAAGATTTCGAAAAAAGTGATTT TCCCAGTGAGACCTGAAATTTTTCCAGCCAACG>100

* * * * * * * * * *
125>GAATCAATCGCCACCAACGTTTCTCGTCGTCGCCGAACTTCTGCGAATCTCTCAAAATCTGAAGATGATCGGGACAAGCCGGAAAGCCAATCCACGGCTC>224
101>GAATCAATCGCCACCAACGTTTCTCGTCGTCGCCGAACTTCTGCGAATCTCTCAAAATCTGAAGATGATCGGGACAAGCCGGAAAGCCAATCCACGGCTC>200

* * * * * * * * * *

225>CAARGTCAARAGAGCGTCGTACTTCGGAGCCGCCAGCGTCCCACGTGGCGTTCCACACTCCAGGATCCGCGACACCACACGACATAAACCTATCCATTGA>324
201>CAAAGTCAAAAGAGCGTCGTACTTCGGAGCCGCCAGCGTCCCACGTGGCGTTCCACACTCCAGGATCCGCGACACCACACGACATAAACCTATCCATTGA>300

* * * * * * * * * *
325>GCATTGCACCTGTCAGAAGATTTTCGACGCGTCGAAGCTGTATATTCAGTGCGAGCTGTGCGCTCGTTGGTACCATGGCGACTGTGTTGGAGTCGCCGAG>424
301>GCATTGCACCTGTCAGAAGATTTTCGACGCGTCGAAGCTGTATATTCAGTGCGAGCTGTGCGCTCGTTGGTACCATGGCGACTGTGTTGGAGTCGCCGAG>400

* * * * * * * * * *
425>CABRACTATTTTGGCTTTGGAGCACTGGAGCTGTGAGGAATGTATTAAAGAGCAGGAGAGAGTCAAGGATCAGCCCGCCTTCTACTGTGTCTGTCAGAAGC>524
401>CAAACTATTTTGGGTTTGGAGCACTGGAGCTGTGAGGAATGTATTAAAGAGCAGGAGAGAGTCAAGGATCAGCCGGCGTTGTACTGTGTCTGTCAGAAGC>500

* * * * * * * *

52 5>—gtquttttqttqqcataqaaataaqaqaataattcaqqtaaatttq&m 607
501>CATATGATGATACAAAGTGAGTTTTGTTGGCATAGAAATAAGAGAATAATTCAGGTAAATTTGCAGAT) >583

Figure 8. DNA sequencing results to confirm the success in CRISPR/Cas9 genome editing. This
figure depicts the comparison between the desired sequence (the top line) and the CRISPR/Cas9-
edited sequence (the bottom line). The bottom line was derived from the undigested DNA
fragment of the F3 progeny from worm 9.6.1. The sequences colored in blue highlight the forward
and reverse primers used for PCR amplification; the sequence colored in green highlights the
crRNA for E1952K; the sequence colored in pink highlights the Msel restriction site [TATAA]; the
AAA colored in blue next to the pink TT shows the site of desired point mutation E1952K; letter Ns
are undetermined nucleotides in the sequencing read.
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3.2 nurf-1 [E1952K] allele does not cause embryonic lethality

To determine if nurf-1 mutations have meiotic defects, | performed embryonic
viability assays (EVA) as shown in Figure 9. For all the measured genotypes, only
hermaphrodites were scored. Hermaphrodites of N2 and nurf-7(n42934)/mnC1 were
used as control groups. The average percent viability in N2 was scored as 99.6%,
while in nurf-1(n42934)/mnC1 was 99.1%. There was no significant difference
between these two genotypes. The CRISPR/Cas9-mediated recreation of suppressor
allele, homozygous nurf-1(ude34) [E1952K], showed wildtype phenotype capable of
producing viable progeny with an average percent embryonic viability of 99.3%. This
result represented no significant difference compared to N2. However, the
homozygous mutants with a 724 bp deletion, nurf-7(n42934), was sterile with 0%
viable progeny produced and no embryos laid. nurf-1(ude34) [E1952K]
hermaphrodites were able to produce viable progeny (99.3%) just as N2 (99.6%) and
the heterozygous genotype, nurf-7(n42934)/mnC1 (99.1%). This suggests that the

single point mutation E1952K in nurf-1 does not cause embryonic lethality.
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Figure 9. Average percent embryonic viability in N2 and nurf-1 mutant hermaphrodites at
20°C. From left to right: N2: WT control line; SD=0.3.

nurf-1(n42934)/mnC1: heterozygous control line; genotype with one mutant allele carrying a
724bp deletion; non-sterile; SD=0.8; p=0.135.

nurf-1(ude34) [E1952K]: homozygous CRISPR-recreated line; non-sterile; SD=0.1; p=0.09.
nurf-1(n42934): homozygous genotype with a 724 bp deletion on both alleles; sterile; SD=0;
p=2.92E-24 (significant to N2 line); p=6.93E-14 (significant to heterozygous control line nurf-
1(n42934)/mnC1)

Error bars on top of the columns indicate standard deviation of at least three independent
experiments. The progeny of at least 30 hermaphrodites were scored for each genotype.

SD: standard deviation.

n: total number of hermaphrodites scored.

p: statistical significance, two-tailed distribution, heteroscedastic.

ns: not significantly different; p >0.05

**x*: significantly different; p <0.0001.
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3.3 Characterization of the nurf-1(ude34) [E1952K] allele

To characterize the effects of nurf-1 mutations on meiosis, whole mount DAPI
staining was performed on both hermaphrodites and males of nurf-1(n42934)/mnC1,
nurf-1(n42934), and the CRIPSR/Cas9-mediated recreation of the suppressor nurf-1
[E1952K] mutation [nurf-1(ude34)]. The heterozygous genotype, nurf-
1(n42934)/mnC1, was used as a control line for comparing to the homozygous nurf-
1(n42934) mutant with a 724bp deletion. DAPI (4°,6-diamidino-2-phenylindole) binds
to dsDNA at AT regions and exhibits a strong blue-fluorescence under microscopy
(Kapuscinski, 1995). It is commonly used in studies on fixed C. elegans to visualize
the germline nuclei and characterize germline phenotypes.

As depicted in Figure 11 (a), WT C. elegans hermaphrodites contain two U-
shaped gonads, that extend from the dorsal side to the ventral side where the oocytes,
the sperm, and the eggs are located near the vulva. WT males contain only one gonad
that extends from the ventral side to the dorsal posterior side where the sperm are
located. The results from DAPI staining of each genotype depicted the WT phenotype
of the heterozygous group (control) as well as the CRISPR-induced mutants with the
single point mutation E1952K. No germline defects were observed in either
hermaphrodites or males in the CRISPR-recreated line (Figure 10). However, in nurf-
1(n42934), defects were observed in the proximal gonad where embryos are formed in
28/30 hermaphrodites observed. Nevertheless, no significant defect in sperms or
oocytes was detected. This indicates that the EVA confirmed phenotype of sterility

does not come from the process of meiosis. The sterility phenotype may come from
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defects in fertilization or defects in embryogenesis. The ratios of germline defects in

each genotype were scored and compared in Figure 11 (b).

nurf-1(n42934)/nurf-1(n42934); him-8/him-8 G nurf-1(n42934)/nurf-1(n42934) ¢

nurf-1(n42934)/mnc1 ¢

nurf-1(ude34)[E1952K]/nurf-1(ude34)[E1952K] G nurf-1(ude34)[E1952K]/nurf-1(ude34)[E1952K] ¢

A

Figure 10. Characterization of C. elegans nurf-1 mutations. Whole-mount DAPI staining images.
Top: homozygous nurf-1(n42934) males and hermaphrodites. No germline defect was observed in
males. In hermaphrodites, no defect observed in sperms or oocytes. However, a significant portion
of the worms showed defected embryos in the region near the vulva. This indicates a possible
defect in fertilization or embryogenesis. Middle: heterozygous nurf-1(n42934)/mnC1 control
males and hermaphrodites. Meiosis proceeds normally in these germlines. Bottom: homozygous
nurf-1(ude34)[E1952K] males and hermaphrodites. No defect in sperms, oocytes, or embryos
observed. More than 30 worms in each genotype were fixed and stained 24 hours after the L4
stage. Scale bar=100 um.
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Figure 11. Reproductive systems in C. e(Bdans and score of germline defects in adult worms

of each genotype in this study. Homozygous nurf-1(n42934) hermaphrodites showed
significant defects in embryogenesis. (b) Cartoon drawing of C. elegans gonads of WT

hermaphrodites and males. Adapted from wormbook.org. (c) Percent of germline defects in adult
worms of each genotype. Heterozygous nurf-1(n42934)/mnC1 males and hermaphrodites were
used as the control group for comparison. For each genotype, 30 adult worms were counted. 28/30

of the homozygous nurf-1(n42934) hermaphrodites showed defects. For homozygous nurf-

1(n42934) males, 0/30 showed defects in the germline. For the CRISPR-created homozygous nurf-

1(ude34) [E1952K] males and hermaphrodites, 0/30 showed observable germline defect.
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Chapter 4

DISCUSSION

4.1 The Co-suppression mechanism of the top-2-induced embryonic lethality from
nurf-1 and mep-1 remains unknown

Previous discovery and characterization of the temperature-sensitive mutant
strain top-2(it7ts), anucleate sperm were found in the germline cells leading to
embryonic lethality after fertilization (Jaramillo-Lambert et al. 2016). Using the
whole genome sequencing (WGS) method to identify the mutation, a single missense
mutation at R828C in top-2(it7ts) was found in the catalytic “tower” domain, which is
believed to be involved in DNA binding (Jaramillo-Lambert et al. 2016). However,
how this single missense mutation affects TOP-2 enzymatic activity at the molecular
level remains unknown. In addition, how this possible defect in TOP-2 function
interferes with germ-line proliferation in both males and hermaphrodites, especially
during late stages of meiotic prophase, also remains unknown (Jaramillo-Lambert et
al. 2016). To identify meiosis-specific genes/pathways that interact with top-2 we
performed a genetic suppressor screen. So far, 11 suppressors were found to be
capable in rescuing the top-2-induced embryonic lethality, which include nurf-
1(ude23)[E1954K] and mep-1(udel4)[G57D] as co-suppressors (Bhandari et al.,
2020). However, none of the mechanisms of suppression have been identified yet.

In this study, | characterized the nurf-1 gene and its role as a suppressor of top-

2(it7)-induced embryonic lethality. The nurf-1 gene encodes a nucleosome-remodeling
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factor subunit, which includes a variety of protein domains and regions, such as zinc-
fingers, DDT domains, and bromodomains (AlphaFold, 2022). The DDT domain
(DNA-binding homeobox-containing proteins and the Different Transcription and
chromatin remodeling factors) is a domain of about 60 amino acids. It is characterized
by a number of conserved aromatic and charged amino acids and is predicted to
consist of three o helices. The DDT domain is believed to have a function in DNA-
binding (Doerks et al., 2001). As seen in Figure 12 (a), the wildtype nurf-1 gene
encodes the amino acid Glutamic acid at position 1952, which is within a predicted
short DDT domain (1948-2014) in between two zinc fingers (1899-1950; 1959-2010).
Using CRISPR-Cas9 genome editing, we induced a single missense mutation from
this Glutamic acid (1952), which carries a negative charge, to a positively charged
Lysine. This change in charge might affect the interaction between the nurf-1-encoded
protein and other proteins. However, considering the EVA results and results from
DAPI staining, no significant defect in the germline cells was observed in either
homozygous hermaphrodites or males, we do not think the single missense mutation
has any large impact on meiosis in the absence of the top-2(it7) mutation. Also, in the
earlier mentioned study of the suppressors that could rescue top-2-induced embryonic
lethality, the RNAI knockdown of nurf-1 alone did not rescue embryonic lethality
(1.7% progeny) (Bhandari et al., 2020). This suggests that the knockdown of nurf-1
alone does not suppress the top-2(it7) phenotype. Yet whether the single missense
mutation E1952K on nurf-1 can affect the top-2(it7) lethality remains unknown. To

elucidate if it has any effects on the top-2-induced embryonic lethality, CRISPR/Cas9
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can be used to induce this single missense mutation nurf-1 [E1952K] on the top-2(it7)
line and a following progeny count via embryonic viability assay.

Among the 11 top-2-lethality suppressors discovered in Bhandari’s study, mep-
1 was discovered as the co-suppressor of nurf-1. The knockdown of mep-1 alone
through RNAI was not considered effective in rescuing the top-2-induced embryonic
lethality since the percent rescued was only 1.0%. However, when it combined with
the knockdown of nurf-1, the top-2-induced embryonic lethality was rescued to a
significant percent of 9.2% (Bhandari et al., 2020). This suggests that a potential co-
suppressing mechanism may exist. This co-suppressor mep-1 mutation is identified as
a single missense mutation changing the non-charged Glycine (57) to a negatively
charged Aspartic acid (Bhandari et al., 2020). In C. elegans, mep-1 encodes a nuclear
zinc finger protein (alternative name: MOG interacting and ectopic P-granules
protein), which is a part of a chromatin remodeling complex involved in cell fate
determination (Unhavaithaya et al. 2002). Interestingly, as depicted in Figure 12(b),
the mep-1 suppressing mutation (G57D) was predicted to happen in a disordered
region (0-244), which has not been found to carry any function in the wildtype protein.
Whether this single missense mutation can provide some insight to function of the
MEP-1 disordered region remains unknown. Also, a series of questions can be asked
regarding the co-suppression of nurf-1 and mep-1: how does mep-1 interact with nurf-
1? Do they act directly or indirectly? Do they interact with top-2? If so, how do they
act together? Do they act with the TOP-2 protein in rescuing the top-2(it7ts)-induced

chromosome-segregation defects? Or do they act together with other proteins to
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compensate the missing function from the defected TOP-2 protein? To answer these

questions, further analyses will be necessary to elucidate their possible roles in this co-

suppression of the top-2-induced embryonic lethality.

Nucleosome-remodeling factor subunit NURF301-like MOG interacting and ectopic P-granules protein 1
AF-Q6BER5-F1 | Model 1 | Instance 1555 | A | GLU 1952 AF-Q21502-F1 | Model 1 | Instance 1_555 | A | GLY 57
Confidence score: 78.83 ( Medium ) Confidence score: 37.25 ( Very low)

(a) (b)

Figure 12. Models of predicative protein structures of the nurf-1 encoded protein and the
mep-1 encoded protein.

(@) nurf-1 encoded protein, which is a subunit in the NURF301-like nucleosome-remodeling factor.

The CRISPR-induced single missense mutation E1952K is confidently (pLDDT >70) considered
to be located on an o helix on a DDT domain (light blue helix marked in light pink and pointed out
by a magenta-colored arrow). (b) mep-1 encoded protein, which is a MOG interacting and ectopic
P-granules protein, aka zinc finger protein. The CRISPR-induced single missense mutation G57D
is predicted (pLDDT<50) to happen on a disordered region (colored orange; pointed out by a
magenta-colored arrow). Both models retrieved and adapted from alphafold. Deep blue color
indicates a very high model confidence (pLDDT>90); light blue color indicates a high model
confidence (90>pLDDT>70); yellow indicates a low model confidence (90>pLDDT>70); orange
indicates a very low model confidence (pLDDT<50). pLDDT, per-residue confidence score.
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4.2 Further Direction

To further characterize the roles of nurf-1 and mep-1 and how they function to
suppress the phenotypes of top-2(it7), four new genotypes should be created using
CRISPR/Cas9 genome editing: one is the line that contains both single missense
mutations of nurf-1[E1952K] and mep-1[G57D] should be created; and one line that
contains all three single missense mutations of nurf-1[E1952K], mep-1[G57D], and
top-2(it7); two lines that each contains nurf-1[E1952K] and top-2(it7ts) or mep-
1[G57D], and top-2(it7). The phenotype of each mutant will be observed through
whole-mount DAPI stain to reveal any change on the germline cells from the
mutations. For the later three lines carrying the combined top-2(it7) mutation, the
germline cells depicted via whole-mount DAPI stain should be compared to the
germline cells from top-2(it7). Additionally, the effects of the double and triple
mutants on embryonic viability and fertility/meiosis will be tested in both

hermaphrodites and males.

Moreover, structure-function analyses will be conducted to elucidate the protein
functions of NURF-1 and MEP-1 as well as the possible mechanism in them acting
together as the co-suppressors to the top-2-induced embryonic lethality.
Immunofluorescence staining can be performed on both WT protein and the mutant
protein to analyze the chromosomal association in each genotype during meiosis. The
visualization of WT protein localization can provide information on when and where

each protein acts. When compared to the mutant proteins, the changes in the
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localization can provide some insight in the possible roles of each protein and how

possibly they interact with each other.
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Chapter 5

CONCLUSION

In summary, nurf-1 gene was characterized in this study via analyzing its
mutant genotype with 725bp deletion (n42934) as well as its CRISPR-induced
genotype with a single missense mutation (ude34)[E1952K]. Though the deletion was
confirmed to have an effect in germline cell proliferation in causing sterility in
hermaphrodites, no evidence showed that the single missense mutation has caused any
defects in either the hermaphrodite or the male germline cells. This result matched the
data from the earlier study that the single missense mutation nurf-1(ude34[E1952K])
alone does not rescue the top-2-induced embryonic lethality [ 1.7% (Bhandari et al.,
2020)]. However, when RNAI knockdown of nurf-1 and mep-1 was induced at the
same time, the progeny rescued percent has significantly raised to 9.2% (Bhandari et
al., 2020). This indicates a possible co-suppression mechanism exist from the
interaction between nurf-1 and mep-1. Further characterization is necessary in the
genotype carrying the combination of the two single missense mutations. In addition,
structure-function analyses will be needed to elucidate the roles of both nurf-1 and

mep-1 in spermatogenesis/oogenesis as well as their possible interactions with top-2.
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