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Abstract

Investigating the expression of PEZO-1 protein and its involvement with the Emo oocyte
phenotype in C. elegans

By Esther H. Lee

In the nematode Caenohabiditis elegans, ovulation is usually tightly coupled to
fertilization in the spermatheca after which, like many other animals including humans,
meiosis is completed and the zygote begins embryonic development. When defective
sperm are present, fertilization in the spermatheca does not occur shortly after ovulation.
Such ovulated eggs exit meiosis and begin repeated rounds of mitotic-like replication
cycles of their DNA in the absence of cell division, a process named endomitosis (Emo).
| investigated the Emo oocyte phenotype and its relationship to the mechanosensory
protein PEZO-1 encoded by the C10C5.1 gene in C. elegans. Prior work suggested that
loss of C10C5.1 function resulted in a nonEmo phenotype, where oocytes would remain
paused in meiosis I, even after ovulation and exiting the spermatheca. The C10C5.1 gene
is the first gene of the four-gene CEOP4328 operon. | have used million mutation strains,
crosses, RT-PCR, and RNAIi methods to ensure that only the C10C5.1 gene is involved
with the Emo phenotype in C. elegans. | have also begun to develop tools that will allow
analyses of tissue-specific PEZO-1 expression in the germline and somatic tissues of C.

elegans.
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Chapter 1: Introduction
A) Caenohabiditis elegans Reproductive System

The nematode Caenorhabditus elegans is found as either a hermaphrodite or a
male [1]. Differentiation of gender is determined by X chromosome dosage with two X
chromosomes found in hermaphrodites (XX) and one X chromosome found in males
(XO) [2-4]. Most of the distinguishable reproductive differences occur during post-
embryonic development [3]. The reproductive organs of C. elegans develop from somatic
gonadal progenitor cells Z1 and Z4 , while the germ line arises from cells Z2 and Z3
postembryonically [5]. In hermaphrodites, the gonadal precursor cells develop into the
didelphic (two-armed) symmetrical gonads, while in males they develop into the
monodelphic (one-armed) gonad that is asymmetrical [6].

C. elegans hermaphrodites are capable of self-fertilization and hermaphrodites
compose the majority of the wild type population, while spontaneous males are only
~0.2% of the wild-type population [7]. Between the two sexes, their reproductive
structures differ starkly. The didelphic gonads of the hermaphrodites develop in a
symmetric manner from the Z1 and Z4 somatic precursor cells. These cells also give rise
to the distal tip cell (DTC), which acts via GLP-1 signaling to regulate the mitotic-to-
meiotic transition of the germ line in each gonad [5, 6, 8].

In hermaphrodites, each gonad arm can be divided into three general regions: the
distal tip (farthest away from the vulva) to the transition area where the gonad turns 180°,
and the proximal arm where it connects from the looped, U region to the vulva (Figure
1)[6, 9, 10]. The progenitor cells give rise to the distal tip cell that is found in the distal

section of each bi-lobed gonad and has been found to regulate the growth and



differentiation of not only the gonad, but also the germ cells, which develops
simultaneously [11]. The distal arm of the gonad contains the mitotically-dividing germ
cells [12]. The proximal region is the gonadal regions closest to the vulva (at the center of
the worm) and it encompasses the oviduct, spermatheca, and uterus (Figure 2). The U-
shaped loop in between these two sections is where the germ cells transition from mitotic
to meiotic division [9].

As germ cells progress from the distal tip towards the proximal end of each
gonadal arm, the germ cells begin to transition and differentiate into sperm or oocytes [9].
Hermaphrodites produce sperm in the L4 stage and begin to produce oocytes after
reaching the young adult stage of life and continue doing so throughout its lifespan [13,
14]. The transition from mitotic to meiotic division begins as the germ cells turn from the
distal to the proximal region of the gonad. While sperm continue through their meiotic
divisions, oocytes develop until they are arrested in diakinesis of meiosis | prophase [15].
In the proximal arm of the gonad, the oocytes continue to develop as they continue down
the arm until they are positioned in the oviduct near the spermatheca. The spermatheca is
a hollow cavity that holds the sperm and it is where ovulated oocytes are fertilized. The
entrance and exit of the spermatheca are smaller than the matured oocytes, so gonadal
sheath cells will squeeze the oocytes during ovulation and the walls of the spermatheca
dilate to accommodate the volume of the oocyte. The first ovulation will push
hermaphrodite-produced spermatids from the proximal arm into the spermatheca where
they will become activated into spermatozoa [16]. After fertilization, the embryo exits the
spermatheca and moves through the uterus until it is extruded through the vulva [3, 9, 15,

17, 18].



Males are easy to distinguish anatomically from hermaphrodites. Males are
smaller than hermaphrodites and have a fan-like tail that is used to help them inseminate
hermaphrodites [9, 19]. The gonad of the male is one-armed, however the sperm develop
in a similar fashion to that seen in hermaphrodites. In males, the spermatocytes complete
meiosis and are stored at the seminal vesicle as spermatids until they are ejaculated [3, 8,
20]. Through unknown mechanisms, the spermatids are activated and undergo
spermiogenesis once they are mixed with the seminal fluid during ejaculation [21]. After
ejaculation of male-derived sperm into the uterus of the hermaphrodite through the vulva,
spermatozoa crawl to the spermatheca where they fertilize oocytes. Male-derived sperm
are always able to outcompete hermaphrodite-derived sperm [19, 22, 23].

B) C. elegans as model organism and in vitro fertilization

C. elegans has been proven to be a great model organism for the study of the
reproductive system [1, 24]. Their bodies are transparent, permitting observations in vivo,
and gametogenesis is relatively fast; spermatocytes to differentiate into spermatids is 90
minutes [25] and oocytes are ovulated every ~20 minutes which is much shorter than
other model organisms. In addition, it is easy to create a wide variety of mutant strains
with desired defects in specific reproductive genes, including temperature-sensitive
mutants [26].

Mutants that affect spermatogenesis are easily identified because they generally
fail to lay eggs that are oval and clear with a shell, but instead they lay unfertilized
oocytes, which are circular and brown in color [15]. By mating self-sterile
hermaphrodites with wild-type males, spermatogenesis mutations can be recovered.

Currently more than 60 genes that are associated with spermatogenesis have been



identified and, generally, these mutants are categorized as spermatogenesis-defective
(spe) or fertilization-defective (fer) [24, 27, 28].

Another advantage of C. elegans is the ability to isolate sperm in large quantities
for use in biochemical assays [29, 30]. There has been extensive work with sperm in vitro
and the first successful attempt was over 35 years ago by Nelson and Ward in 1980 [16,
27, 31]. Currently the most effective spermatid activator is a serine protease mixture
Pronase, however TEA activated in vitro sperm have been successfully used to artificially
inseminate hermaphrodites [32-34].

All of these techniques have been used to investigate the role of sperm during
fertilization. spe mutants that are relevant to fertilization are those that have normal
morphology and motility but are unable to fertilize oocytes [24, 25, 27, 28]. One of the
first candidates to be investigated was the spe-9 mutant, which is unable to self-fertilize
but still produces oocytes that can be fertilized by wild-type males [27]. spe-9 mutant
sperm are motile, have a wild type like appearance in either the light or electron
microscope, and can be seen in contact with oocytes. spe-9 encodes a transmembrane
protein that has epidermal growth factor (EGF)-like repeats, which is a protein motif
found widely among animal proteins. EGF-like repeats primarily function extracellularly
in adhesive and/or ligand-receptor interactions [35]. A number of spe/fer mutants are in
the “spe class” and they include: spe-9, spe-13, spe-36, spe-38, spe-41, spe-42, spe-45,
fer-14 [24, 27].

Despite extensive development of in vitro sperm manipulation techniques, there is
still no in vitro fertilization method available for C. elegans research. This is primarily

due to the lack of a suitable oocyte donor strain.



When comparing C. elegans with humans, there are substantial differences
between ovulation in the two species. Although both species produce oocytes that remain
paused in meiosis | between diakinesis and metaphase until they are fertilized, if the C.
elegans oocyte passes unfertilized through the spermatheca, the nucleus exits meiosis,
enters mitosis, and undergoes DNA duplication without cell division. This process is
called endomitotic replication and is named the Emo phenotype. These unfertilized Emo
oocytes transit through the uterus and are inviable if they contact a sperm. Generally,
such Emo oocytes exit the vulva and are laid on the growth plate without any signs of
fertilization, such as an eggshell [14]. In contrast, human oocytes that are ovulated into
the Fallopian tube remain paused in meiosis | and are competent to be fertilized for at
least three days [36] [37].

There are also considerable differences between the cell biology of fertilization in
C. elegans as compared to mammals. Sperm of mammals must penetrate an egg
surrounded by cumulus cells and a thick acellular jelly layer named the zona pellucida
whereas the sperm of C. elegans fertilize an oocyte that lacks any kind of similar
surrounding cells or jelly [9, 38]. A mammalian sperm fuses with the oocyte at the
equatorial region of the sperm head, while C. elegans most likely interact with the oocyte
plasma membrane via their pseudopods, which effectively act as their version of flagella
[24]. When comparing the reproductive tracts of the two species, the proximal gonad,
spermatheca, and uterus of C. elegans hermaphrodites can be correlated to the ovary,
oviduct (Fallopian tube), and uterus of human females [24, 39].

The mechanisms that allow the sperm and egg to fertilize are not well understood

in humans or any other species, despite the availability of in vitro fertilization, most



likely due to the lack of suitable mutants. While C. elegans has a relatively large
collection of sperm mutants that affect fertilization, there has been no oocyte donor strain
suitable for in vitro fertilization. If in vitro fertilization could be achieved in C. elegans,
interactions between sperm and oocyte in wild type and how they are altered in spe-9
class mutants could be analyzed.

C) Discovery of the nonEmo phenotype and genetic analysis identifying C10C5.1 as the
affected gene

In 1997, McCarter et al. extended the unpublished work of S. L’Hernault and S.
Ward on the him-8(e1462) mutant strain by showing that unfertilized oocytes remained
paused in meiosis after passing through the spermatheca [17, 40, 41]. Due to the lack of
endomitotic replication, this is called the nonEmo phenotype. After this discovery,
several recombinant strains were created by crossing fer-1(b232ts)1; dpy-20(e1282)/+ IV
males to fer-1(b232ts)l; unc-24(e138) him-8(e1462)I1V hermaphrodites [42]. After two
generations, individuals with Dpy and Unc progeny were selected and 11 homozygous
fer-1(b232ts)1; unc-24(e138) dpy-20(e1282)1V recombinants were phenotypically
evaluated to see whether they were also homozygous for him-8 [42]. Sequencing by the
Washington University Genome Sequencing Center identified an individual recombinant
homozygous for unc-24(e138) him-8(e1462) which was then named SL602 [43].

Work by C. Elam and S. W. L’Hernault showed that the nonEmo mutation was
located on chromosome IV between unc-24 and him-8 (C. Elam and S. W. L’Hernault,
unpublished results). Sequencing of the SL602 strain revealed that there were individual
mutations in eight separate genes between and including unc-24 and him-8. The well-

characterized unc-24(e138) and him-8(e1462) mutations could be eliminated as causing



the nonEmo phenotype [41, 42]. There was a 18,043 bp deletion, now named ebDf2,
located from 9,356,671 bp to 9,374,714 bp that removed a sizable portion of the
CEOP4328 (located from 9,338,586 bp to 9,366,506-bp), in addition to four other point
mutations in nearby genes: C33D9.8, C28D4.5, gon-1, and F13B12.6 (Figure 3; [43].

Genetic analyses of the nonEmo region and RNA interference (RNAI)
experiments narrowed the candidates to two genes, C33D9.8 and C10C5.1. K. Pohl found
that oocytes were nonEmo after passing through the spermatheca in a fer-1-containing
strain with the C10C5.1(gk208807) opal nonsense stop mutation (from the million
mutation project; Thompson, et al. [44]. She also showed that C10C5.1(gk208807) failed
to complement ebDf2 because the trans heterozygote showed the nonEmo phenotype,
suggesting that loss of C10C5.1 function caused the nonEmo phenotype [43].

E. J. Gleason of the L’Hernault lab confirmed that C10C5.1/pezo-1 causes the
nonEmo phenotype by characterizing multiple strains from the million-mutation project
[44], each with a different missense point mutation in the C10C5.1 gene and checking the
oocytes for their nuclear phenotype. She found that the C10C5.1 point mutations P1634S,
proline to serine, and A2116T, alanine to threonine, were in strains that had a nonEmo
oocyte phenotype while the P2235L, proline to leucine, mutation-containing strain
produced oocytes that became Emo after passing through the spermatheca (E.J. Gleason,
unpublished results). It is possible that certain mutations do not cause loss of function and
this seems to be the case for the P2235L mutation.

Further research by the E. J. Gleason has recently discovered that the pezo-1 gene
in C. elegans is ubiquitously expressed in both hermaphrodites and males. Reverse

transcription polymerase chain reactions (RT-PCR) showed that hermaphrodites from the



feminized strain fem-1(hc17), the masculinized strain fem-3(g23), N2 wild-type
hermaphrodites, and him-8 males all showed expression of the pezo-1 transcript (Figure 8
and Figure 9). PCRs across the coding region were performed to analyze all of the 12
alternatively spliced mMRNA species transcribed from this gene (Figure 3). These strains
were chosen because him-8 males do not produce oocytes and express a male gonad
(Figure 1), the fem-1 and fem-3 hermaphrodites produce only oocytes or sperm,
respectively, while maintaining the same gonad structure typical to N2 wild-type control
[45]. After performing RLM-Race, which only amplifies to cDNA those mRNAs that are
5’ capped [46, 47], all exons were amplified, except for the segment that started priming
from exon 1 of the C10C5.1i and C10C5.1j splice variants. This suggests that many of
the pezo-1 transcripts are ubiquitously expressed in all gonad and germline cells types,
although we cannot yet rule out the possibility that there could be differences in the
abundance/distribution of one or more isoforms.
C) C10C5.1 and PEZO-1 mechanosensory protein

C10C5.1 is the first gene in the CEOP3428 operon, which also includes three
other protein-encoding genes: T20D3.6, vps-26 (T20D3.7), and T20D3.8 [43]. C10C5.1
encodes a mechanosensory protein that is a member of the Piezo protein family. As the
C. elegans equivalent, it is called PEZO-1 and the longest isoform has 2438 amino acids
while the shortest isoform has 1038 amino acids. Few mechanically activated channels
are known to date, and the Piezo family of proteins has homologs in many organisms
such as mice, Drosophila melanogaster, and humans [48]. Although there are two human
Piezo proteins, Piezol and Piezo2, the protein equivalent in C. elegans is called PEZO-1

and correlates with Piezol [49]. The secondary structure of Piezo proteins is moderately



conserved and differs from other channel proteins. Generally, Piezo proteins are large
transmembrane proteins varying from 2,100 to 4,700 amino acids long with 24-36
transmembrane domains throughout the protein length [48, 49].

Currently, we hypothesize that the PEZO-1 protein is a large transmembrane
protein that acts as a cation channel in response to mechanical stimuli, as it has been
associated with this response in the mice homolog proteins [49]. In humans, the two
Piezo proteins are expressed in the bladder, colon, lungs, and neurons [48]. One reason
why this protein family is of such interest is because it is a mechanosensory protein. The
underlying mechanisms of many mechanosensory pathways is still unknown [50]. The
first discovery of a mechanosensitive protein was in E. coli and Mycobacterium
tuberculosis as proteins MscL and MscS, respectively [51, 52]. Mechanosensory proteins
are a heterogeneous group that typically has low expression, and their activity can require
the presence of an extracellular matrix and/or cytoskeleton [48].

Although few mechanosensory proteins have been identified in animals, in C.
elegans, there have been several of these proteins discovered. First, the Chalfie lab
discovered a mechanosensitive channel complex composed of the MEC genes associated
with sensory neurons [53]. In addition, the transient receptor potential (TRP) protein
superfamily has seven subfamilies which all have some members that are associated with
mechanosensory functions. Specifically in C. elegans, it has been shown that TRP protein
can act as an essential pore-forming unit of a mechanosensory channel and that it is
playing a direct role in mechanosensation [54, 55].

The Piezo family of proteins has been recently established as another

mechanosensory protein that has been most extensively studied in mammals. RNAI
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knockdown of gene candidates required for the mechanosensitive currents in mouse N2A
cells led to the discovery of piezol gene [49]. In mice, Piezol and Piezo2 are expressed
in multiple tissues, including bladder, colon, and lung tissues. These proteins contain 24-
36 transmembrane segments and are not homologous to any other known ion channels
and so have been distinguished as their own family. When overexpressed in mice, the
Piezo proteins create mechanosensitive cation currents, suggesting that they act
independently of other subunits and probably create a protein pore [48, 56]. Cryo-
electron microscopy analysis has shown that mouse Piezol has a trimeric propeller-like
structure that could use its accessory regions as gates for its ion-conducting pore [57].

Mutations in the human piezol gene have been linked with dehydrated hereditary
stomatocytosis as a gain-of-function mutation, familial xerocytosis, and generalized
lymphatic dysplasia (GLD), which can be inherited in a dominant autosomal fashion [58-
60]. These studies have shown that Piezol responds in a domain-like manner signifying
that groups of Piezol are inactivated or activated together. In addition, patch-clamp
electrophysiology research has found that, when it is over-sensitized due to repeated
stimulation, Piezol has an irreversible loss of inactivation, whereas domain breakage is
associated with large or repetitive stimulation [61]. Two models of how Piezol could be
acting is by being “tethered” to an elastic element so that tension is reduced when the
pore is opened or disturbances in the lipid membrane gates the ion pore channel.
Recently, some have suggested that the structural data of Piezol could point to a
mechanism that is intermediary between the two models [62].

Interestingly, Gottlieb et al. [58] noted that the loss of inactivation with repeated

stimuli is what had been seen previously in Xenopus oocytes, suggesting this cell might



11

have a channel that is a member of the Piezo transmembrane family [63, 64]. One
hypothesized mechanism of mouse Piezo1l inactivation could be due to interactions with
the cytoskeleton [65, 66]. In C. elegans, the oocytes are continuously pushed along
through the gonad from the proximal arm to the vulva. During oocyte meiotic maturation
and ovulation, sperm cytoskeletal protein has been linked with signaling to the sheath
cells to squeeze the mature oocyte into the spermatheca [67]. Iwasaki et al showed that
defects in ovulation led to the Emo phenotype [40]. The mutation of C10C5.1 and its
association as a mechanosensory protein implies that mechanosensitive pressures that are
associated with oocyte extrusion and development should help us elucidate how these
pressures could be influencing the Emo and nonEmo oocyte phenotypes. Our hope is that
by determining the cellular location of PEZO-1 protein expression, we would understand
how this protein is required to facilitate the Emo phenotype. | hypothesize that PEZO-1
must be expressed in oocytes to facilitate the Emo phenotype.
Chapter 2: Confirming that C10C5.1 is the only gene in CEOP4328 Operon Involved in
the nonEmo Phenotype
A) Introduction

The first point mutation in C10C5.1 (gk208807) shown to cause the nonEmo
phenotype was a premature stop codon. Two other alleles (gk208807 and gk364409) that
K. Pohl characterized also had premature stop mutations at other locations in the pezo-1
transcript. Premature stop codons can trigger nonsense mediated decay that can degrade
the entire polycistronic RNA encoded by the an operon via the SMG system in C. elegans
[68]. The SMG system exists to eliminate MRNAs that encodes premature stop codons

and we worried that the polycistronic RNA that encodes C10C5.1 and its three other
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downstream genes might be degraded if there was a nonsense mutation present in
C10C5.1. If, in fact, the SMG system was degrading the entire polycistronic RNA
transcript, then the other downstream genes could be involved in the nonEmo phenotype.
Consequently, all four genes in the CEOP3428 operon had to be evaluated for a possible
role in causing the nonEmo phenotype. Previous research in the L’Hernault lab showed
that the T20D3.6(gk208766) mutant (with a RB9C mutation) had Emo oocytes after
passing through the spermatheca, so it could be ruled out. This left the vps-26(T20D3.7)
and T20D3.8 genes to be evaluated for a possible role in the nonEmo phenotype.

B) Methods

The strains SL1619 and SL1620 which have fer-1(b232) on chromosome | and a
mutation in T20D3.8(gk208783; Y41C) and T20D3.7(gk773646; L252P) respectively
were created. These specific point mutations were found in strains created as part of the
million-mutation project [44] and ordered from the Caenorhabditis Genetics Center.
Crosses between hermaphrodites that were SL1599 fer-1(b232ts)l; jclsl [jam-1::GFP +
unc-29(+) + rol-6(su1006)] unc-5(e53)IV and males that were VC40713(gk773646)1V
(for the T20D3.7 gene) or VC 30049(gk208783)IV (for the T20D3.8 gene) allowed
selecting against a GFP marker so that the desired mutation from the million-mutation
strains could be put into a fer-1 background.

Four males were placed with one hermaphrodite per mate plate and, for the F1
generation, nonUnc hermaphrodites were picked to individual plates. These F1
hermaphrodites were allowed to self-fertilize and nonGFP F2 hermaphrodites were
picked to their own plates. These nonGFP F2 hermaphrodites should be homozygous for

the point mutation on chromosome V. These nonGFP F2 were allowed to self-fertilize at
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16°C and some of their F3 eggs were shifted up to 25°C in order to see whether they were
also homozygous for fer-1, which causes formation of defective sperm and confers
temperature sensitive sterility. Thus, strains that were homozygous for the point mutation
on chromosome IV and fer-1 on chromosome | were obtained.

Hermaphrodites from these strains were grown from birth at 25°C and adults were
processed for microscopy. A 5 uL drop of 1X M9 buffer was placed on a positively
charged slide, hermaphrodites were picked to the drop, and they were fixed by adding 5
uL of 3% paraformaldehyde/0.1M K,HPO,4 (pH 7.2) for ten minutes. The slides were
washed 2-3 times with 100 uLL of PBS-Tween (0.1%). The liquid was removed using a
pulled-out Pasteur pipette and 50 pL of ice-cold methanol was added to the slide. The
slide was kept at -20°C for 5 minutes and then washed three times with PBS-Tween
(0.1%) using a Pasteur pipette. Five uL of Prolong ® Gold Antifade mounting medium
with DAPI was added to the slide and a coverslip was placed on top. The slides were left
overnight in the dark to dry and the edges of the coverslip were sealed with nail polish
the next day. After the nail polish seal dried, the slides were viewed using an Olympus
BX60 compound microscope.

C) Results and Discussion

We examined two strains that had a loss of function mutation in either T20D3.7
or T20D3.8, which are two genes downstream from C10C5.1 in the CEOP4328 operon
Like the prior investigation of the CEOP3428 downstream gene T20D3.6(gk208766) (by
Katie Pohl), | found that loss of function T20D3.7 or T20D3.8 mutants had unfertilized
oocytes that became Emo after passing through the spermatheca in all self-sterile (due to

fer-1 mutant sperm) hermaphrodites grown at 25°C (Figure 4 and Figure 5). This strongly
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indicates that C10C5.1 was the only gene in the four-gene CEOP4328 operon that, when
it had a loss of function mutation, was responsible for causing the nonEmo phenotype.
Therefore, the nonEmo phenotype initially identified in either of two C10C5.1 opal
nonsense stop mutants by Katie Pohl was not due to any secondary effect on the
downstream genes of the CEOP4328 operon. In contrast with bacterial operons, the genes
within C. elegans operons have been found to be less related to one another functionally
[69]. My results with the CEOP3428 operon are certainly consistent with this finding
about C. elegans operons.
Chapter 3: Creation of OD95 fer-1(b232ts) I; ItIs37 1V; It1s38 strain for visualization of
RNA interference (RNAI) caused oocyte phenotypes
A) Introduction

Visualizing the nonEmo phenotype requires that hermaphrodites have sperm that
are fertilization-defective so that oocytes that pass through the spermatheca are not
fertilized. This is why nonEmo mutants must be crossed into a fer-1(b232) background
because this mutant confers temperature sensitive sterility at 25° due to failure of the
spermatozoon membranous organelles (MO) to fuse with the oocyte plasma membrane
[24, 25]. Hermaphrodites must be fixed and stained (using the protocol mentioned in
Chapter 2) in order to visualize oocyte DNA through a compound microscope. This
process makes investigating the nonEmo phenotype time consuming, plus chemical
fixation can distort hermaphrodite anatomy. The creation of a strain that uses naturally
fluorescent proteins to visualize oocyte chromatin would allow viewing of live C elegans

during experiments. In addition to anatomy that is undistorted by fixation, live worms
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would also allow dynamic visualization of oocytes as they matured and aged in the
uterus.

In order to study the gonad and early embryo of C. elegans, several methods have
been developed that permit fluorescent protein expression and visualization in the
germline using ballistic bombardment, mating, and various other live imaging techniques.
OD95 unc-119(ed3) II; 1tIs37 1V; It1s38 is a line created by ballistic bombardment with
insertions ItIs37 [(pAA64) pie-1p::mCherry::his-58 + unc-119(+)] and ItIs38 [pAAL;
pie-1::GFP::PH(PLC1deltal) + unc-119(+)], respectively conferring red staining of
histones in oocyte chromatin and green staining of the oocyte plasma membrane [70]

B) Methods

Four fer-1(b232ts)l males were crossed with one hermaphrodite from the OD95
unc-119(ed3)I111; 1tIs371V; ItIs38 line. One F1 was placed on an individual plate and was
allowed to self-fertilize. From the F2 generation, hermaphrodites that were bright red and
had a nonUnc phenotype were picked to their own plates. After allowing self-
fertilization, some of the F3 eggs were shifted to 25°C to look for sterility and confirm
that those individuals were homozygous for fer-1 on chromosome 1. This strain could be
visualized in the compound microscope after methanol fixation and DAPI staining, or
live worms could be paralyzed by putting them on a positively charged slide and adding
4-8 uL of 1mM levamisole.

C) Results

0OD95 fer-1(b232ts)l; It1s371V; 1t1s38 showed bright red chromatin in the

dissecting (not shown) and compound microscopes, however the distinction between

nonEmo oocytes, Emo oocytes, and eggs were only observable in the compound
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microscope (Figure 6 and 7). In addition, the green fluorescence around the oocytes
membranes was too dim to be visualized in the dissecting scope or at low magnification
in the compound microscope.

D) Discussion

The OD95 fer-1(b232ts)l; Itls371V; 1tIs38 strain can be used to visualize the
nonEmo phenotype in oocytes of C. elegans without fixation and staining. This will be
especially useful for RNAI experiments and should confirm the already-obtained DAPI
staining results. Because pezo-1 is located on chromosome IV, where the OD95 mCherry
inserted ItIs37 transgene that marks chromatin is also located, genetic recombination is
needed to create the double mutant.

Recently, E. J. Gleason of the L’Hernault lab has successfully crossed OD95 fer-
1(b232ts)1; 1tIs371V; 1tIs3 males with SL1573 fer-1(b232ts)1; unc- 24(e138) dpy-
20(e1282)1V hermaphrodites (this strain bears the 18,043 bp deletion that removes pezo-
1). So far, we can tell that the mCherry insert is located on chromosome IV closer to unc-
24 than it is to dpy-20 because all of the Unc nonDpy recombinants do not have
mCherry-associated red fluorescence whereas 5 of the 12 Dpy nonUnc recombinants
show red chromatin fluorescence in the dissecting microscope. After shifting F3 eggs
from potential recombinants to 25°C, they were viewed in the compound microscope to
see if the pezo-1 deletion mutation recombined onto the ItIs37-bearing chromosome. E. J.
Gleason found that the pezo-1 deletion mutation was picked up by a few of the Dpy
nonUnc recombinants (unpublished results).

The creation of OD95 strains with the pezo-1 mutation +/- the temperature

sensitive fer-1 mutation will facilitate future investigations into how the PEZO-1 protein
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causes the Emo oocyte phenotype. Particularly, it has been helpful in looking at the
results of RNAI experiments, as will be shown in the next chapter.
Chapter 4: RNAI methods
A) Introduction

Some genes lack available mutations and RNAI has been developed as an
alternative approach to generating a loss of function phenotype for any gene in many
organisms, including C. elegans [71, 72]. After Fire and Mello published their results on
injecting double stranded RNA (dsRNA) into nematodes in 1998, alternative methods of
bacterial feeding, liquid feeding, and soaking were also developed, including the creation
of RNAI libraries [73]. Once the dsRNA is in the body of the worm, a large protein
complex called Dicer complex will process the dSRNA into short interfering RNAs
(siRNAs) that can now guide the RNA induced silencing complex (RISC) to cleave
MRNA targets. RNAI in C. elegans can be inherited as the progeny of the injected worms
sometimes show a knockdown phenotype [74]. In addition, systemic RNAI is has been
shown to require the transmembrane protein SID-1, which allows the spreading of RNAI
silencing to cells away from the initial source tissue of dsRNA [73, 75].

B) Use of eri-1 and rrf-3 to differentially enhance RNAI

Loss of function mutations in C. elegans genes involved in the RNAI process
produce worms that show differentially higher RNAI sensitivity in certain tissues. One of
the first such strains to be discovered was the rrf-3 mutant, which affects a RNA
dependent RNA polymerase (RARP) that regulates the accumulation of SiRNAs [74].
Several studies have confirmed that mutations in the rrf-3 gene confer enhanced RNAI

sensitivity when compared to wild type [76, 77]. Another gene, eri-1, encodes an
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exonuclease that acts as a negative regulator of RNAI. Mutations in this gene caused an
enhanced RNA interference (Eri) phenotype, and this strain also shows enhanced RNAI
sensitivity in tissues where rrf-3 has not been useful [78, 79]. In a study comparing tissue
specificity to RNAI methods [80], the rrf-3 strain was found to be more sensitive than
eri-1 in the gonad and both were more sensitive in the gonad and germline when
compared to wild type N2 strain. This differential sensitivity in the somatic gonad and
germline could possibly tell us whether pezo-1 expression prevents the nonEmo
phenotype through its specific action in only one of these two tissues.

B.1) Methods

We fed bacteria expressing double stranded RNAs to four different C. elegans
strains: rrf-3, eri-1, fer-1, and OD95 fer-1(b232ts)l; unc-119(ed3)11l; 1tIs371V; ItIs3. All
the worm strains were temperature sensitive sterile. Five different RNAI vectors were fed
to the worms, four of which came from the Ahringer RNAIi library, which has genomic
DNA inserts in the L4440 vector [81, 82]. The negative control was an L4440 vector that
did not have a recombinant insert and the positive control was the L4440 vector
containing a gon-1 insert; loss of function gon-1 mutants show a very distinctive loss of
gonad phenotype [83]. The experimental RNAI strains taken from the Ahringer library
targeted C10C5.1(exons 1-6) and C10C5.1(exons19/20-21/22). The latter was initially
recorded as gene T20D3.11 because it was thought to have been a separate protein, but
was later discovered to be part of the pezo-1 gene. The third experimental trial was
created by inserting a portion of the pezo-1 cDNA transcript (obtained by RT-PCR using

inserts EL23/24) into the L4440 vector as a 165 bp insert.
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Another RNAI feeding construct was created by using primers EL23 and EL24
(Table 2) to amplify part of pezo-1 exon 31 and cloning it into L4440. L4440 was
prepared using the Zymogen Miniprep Kit (Irvine, CA) and was then cut with EcCoRV,
which leaves blunt ends. The cut vector was gel purified and treated with shrimp alkaline
phosphatase (rSAP) using a kit from NEB (Ipswich, MA). The insert was amplified from
pezo-1 cDNA with the EL23/EL24 primers using the NEB Phusion High-Fidelity PCR
Kit (Ipswich, MA). The PCR products were gel purified and cut with the blunt end
enzyme Stul. The insert and vector were blunt-end ligated following the NEB Quick
Ligation Kit protocol. Ten puL of the ligation mixture was used to transform DHS5a cells
according to the NEB High Efficiency Transformation Protocol (Ipswich, MA). After
incubating for 1 hour at 25°C, 100 uL was plated on an LB-ampicillin selection plate and
900 uL was plated to a separate plate. The colonies were grown over night, plasmid DNA
was purified using the Zymogen Miniprep Kit (Irvine, CA) and DNA sequence reads
were determined using universal primer M13F(-21). After confirmation that the desired
construct was recovered, the plasmid was transformed into the competent HT115
bacterial strain (generous gift of John Ahn and Bill Kelly).

RNAI worm growth plates suitable for RNAI contained NGM media with 1 mM
of IPTG and 100 pg/mL ampicillin. HT115 containing the desired recombinant plasmids
were streaked onto LB agar plates with ampicillin at a concentration of 50 pg/mL and
tetracycline at 12.5 pg/mL and left overnight at 37°C. One colony was inoculated into LB
liguid medium with ampicillin, incubated overnight and spotted the next day onto the
RNAI worm growth plates. The RNAI plates were kept at room temperature for up to 2-3

days before bacteria was spotted and induced overnight. Four adult hermaphrodites were
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placed on an individual plate, which was then incubated at 25°C. Their progeny were
fixed, stained and examined under the compound microscope to look at the oocyte
nuclear phenotype.

B.3) Results and Discussion

DAPI staining showed that the nonEmo phenotype was only occasionally seen
after RNAi under the experimental conditions using pezo-1(C10C5.1) and pezo-
1(T20D3.11) but not in pezo-1(EL3/4 insert), irrespective of the worm genotype that was
evaluated (Table 1). In contrast, RNAi with the empty L4440 vector (negative control) or
gon-1 vector (positive control) were as expected, showing wild type nonEmo to Emo
transition with the empty vector (Figure 10) and full penetrance of the gon-1 phenotype
in all observed worms (Figure 11). Table 1 shows the number of nonEmo oocyte
containing gonads that were seen compared to Emo oocyte phenotype containing gonads
according to the gene being tested by RNAI. pezo-1(exons 1-6) targeted dsRNA to the
front part of the transcript while pezo-1(exons19/20-21/22) targeted dsRNA to the latter
half of the transcript. Originally, these two halves were thought to be two different genes,
but later T20D3.11 was found to be part of the same pezo-1 gene. Due to similarities in
the results between using either part of the pezo-1 gene, it seems that RNAI methods
targeting both regions of the pezo-1 gene should allow knockdown of the PEZO-1
expression. The third experimental condition that used a 165 bp pezo-1 insert into an
L4440 background vector showed no penetrance of the nonEmo phenotype indicating
that no knockdown RNAI was successful in any of the strains.

It was more common to see incomplete penetrance of the nonEmo phenotype

within one individual worm, seen as either one gonad arm having oocytes with the
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nonEmo phenotype (Figure 12, for instance) or in some unique cases with fer-1 strain
there appeared to be gonad arms with both nonEmo and Emo oocytes present closest to
the vulva (Figures 14, 16-20). Figures 15, 18, 20, and 21 show what RNAi knockdown of
the pezo-1 transcript looks like when present in both gonad arms. E. J. Gleason initially
noted that nonEmo oocytes produced by pezo-1 mutant strains still transitioned to the
Emo phenotype after being laid onto the growth plate. This process is clearly seen in
Figures 15, 17, 18, and 21, where the uterus-located oocytes closest to the vulva are
nonEmo and show distinctive fluorescent chromosomes while those laid on the growth
plate have undergone endomitotic replication. It seems that the laid oocytes furthest from
the vulva show the largest amount of DNA replication, suggesting that the transition
between the nonEmo to Emo phenotype is, in part, determined by the time an oocyte is
outside the animal. This could be due to changes in the environment of the oocyte as it
has now exited the gonadal cavity of the hermaphrodite or it could also be linked with an
interaction with the vulva muscles as they are squeezed out of the vulva.

When looking at the rrf-3 strain, there were fewer worms that showed RNAI
knockdown of the pezo-1 gene and so there were fewer gonads with nonEmo oocytes as
compared to the other three strains. This is in contrast to what has been published about
this strain, where it has been shown to have higher RNAI sensitivity in the gonad than
any other strain and greater than wild type RNA. sensitivity in the germline. | observed a
low level of response in my feeding-based RNAI experiments for all of the C. elegans
strains | examined; a 10-30% penetrance amongst RNAI replica experiments has also
been seen by other labs [77]. In conclusion, RNAI bacterial feeding experiments

confirmed that RNAI of pezo-1 protein does cause the nonEmo phenotype, confirming
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the involvement of C10C5.1 gene with the Emo phenotype. The use of strains rrf-3 and
eri-1 did not reveal whether or not knockdown of pezo-1 gene was more effective when
in the gonad or in the germline.

C) Creation of a RNAI hairpin construct to selectively target PEZO-1 production in the
germline

One unique challenge that RNAI methods face when targeting the germline is that
germ cells are more efficient at silencing genes than is the case for somatic cells.
Therefore multi-copy transgenes that will be expressed in the soma will not be expressed
in the germline. In addition, the role of the 3°UTR is very important in germline cells for
specifying particular expression patterns than is the case in somatic cells [84]. It has been
shown that embedding transgenes within genomic sequences has facilitated their stable
expression in the germline [85]. In order to overcome these challenges, vectors
containing specific promoters and 3’UTRs are used to target transgenic expression in the
germline.

In order to target short hairpin RNA (shRNA) specifically in the germline of C.
elegans, the pie-1 promoter and 3’UTR were used to drive expression throughout the
germline. The pie-1 promoter is able to drive expression in all germline cells, but pairing
the promoter with the pie-1 3’UTR drives expression in oocytes and embryos [86, 87].
By placing a pezo-1 hairpin construct between the pie-1 promoter and 3’UTR and using
this construct to create transgenes, specific targeted expression of the ShRNAI in oocytes
and embryos should occur. A shRNA-expressing transgenic construct should, in
principle, be a more stable source of ShRNA in the germline than feeding or any other

way of RNAI delivery [88].
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C.1) Methods

We designed 3 sets of primers that would amplify three different exon regions
from the pezo-1 gene that are present in all of the 12 alternatively spliced RNA species.
(Figure 3; Table 2). By placing the inserts in a forward and then reverse direction, a
hairpin mRNA transcript would form after transcription (Figure 23, left). First, RT-PCR
was used with cDNA from N2 and him-8 strains to isolate the inserts using the primers
described in Table 1. The cDNA was prepared (as above in section B), and the inserts
were cut with BamHi-HF and Spel, gel purified using a 1% gel with ethidium bromide
staining and DNA was recovered with a Zymogen DNA Gel Clean Kit (Irvine, CA). The
pie-1 promoter and 3’UTR were in vector pHF10, which was provided by H. Furuhash
and W. G. Kelly. The vector was then grown overnight in LB-ampicillin liquid medium
and prepared using the Zymogen Miniprep kit (Irvine, CA). This vector was digested
with restriction enzymes BamHi-HF and Spel and gel purified.

The inserts were originally placed in a triple ligation reaction and transformed
into SURE 2 competent cells (from Agilent Technologies; Santa Clara, CA) however
restriction digestion and sequencing showed that the inserts were not properly cloned in
the pHF10 backbone. SURE (Stop Unwanted Rearrangement Events) 2 competent cells
are more tolerant of recombinant constructs that have repeated sequences because they
are restriction minus (McrA-, McrCB-, McrF-, Mrr-, HsdR-) endonuclease (endA)
deficient, and recombination (recB recJ) deficient with a laclqZAM15 gene, on the F’
episome, that allows blue white screening. In Escherichia coli there are two types of
restriction-modification systems and one kind directs endonuclease cleavage towards

DNA targets that have specific methylation of certain sequences. McrA and McrCB are
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two methyl-cytosine restricting systems while Mrr is a methylated adenine recognition
and restriction system. HsdR is a gene that is part of the second type of restriction-
modification system, where along with hsdM and hsdS genes, a multimeric enzyme that
cleaves or methylates particular target sequences is active. With these two restriction-
modified systems mutated and unable to protect the bacteria from breaking down foreign
DNA, this cell line should have allowed the cloning of the plasmid containing the hairpin
structure better than the regular DHSa line [89] [90, 91].

Due to difficulties in confirming the hairpin inserts by DNA sequencing, a step-
by-step approach was taken by first ligating the reverse insert isolated with primers EL3
and EL4 into the vector using the enzymes BamHi-HF and Spel and then the forward
insert was ligated into the vector already containing the reverse insert by using Stul, a
blunt cutter, after isolating the forward insert through PCR using primers EL23 and
EL24. Sequencing results confirmed that both a forward and a reverse 164 bp fragments
are in the pHF10 vector, creating a 328 bp long hairpin insert (Figure 23).

C.2) Results

This vector is now ready to be injected into OD95 fer-1(b232ts) I; 1tIs37 1V; Itls3
with pPD118.20 which contains myo-3 GFP or pPD118.33 which contains myo-2 that
confers fluorescence to the body wall and pharyngeal muscle, respectively. In order to
ensure RNAI hairpin specificity one could perform the injection in a sid-1 mutant
background so that the dsSRNA is unable to spread throughout the worm body and will
stay in the germline. My repeated bacterial transformation failures indicates that, perhaps,
the SURE 2 Competent cells are not able to tolerate recombinant plasmids that contain

inserts encoding a RNAI hairpin structure.
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Chapter 5: Creation of a pie-1::sid-1::pie-13 expression clone to enhance RNAI in the
germline
A) Introduction

The sid-1 gene is a transmembrane protein that is essential for the spreading of
systemic RNA.. Calixto et al (2010) [92] showed that expressing sid-1 under the control
of a neuron-specific promoter created worms that had enhanced RNAI sensitivity for
neuronally expressed genes that had been resistant to RNAI in wild type worms. By
creating a vector with the pie-1 promoter and pie-1 3’UTR controlling expression of a
sid-1 insert, we hoped that using it to create a transgenic line would allow more effective
feeding-based RNAI for genes whose loss of function causes a spermatogenesis-defective
(spe) phenotype.
B) Methods

The TU867 vector containing the sid-1 genes was ordered from Addgene
(Cambridge, MA) and grown overnight in LB medium with ampicillin at 37°C. The next
day plasmids were prepared using Zymogen Miniprep Kit (Irvine, CA) and digested
using BamHI-HF and SnaBI. The sid-1 insert was gel purified, cleaned with the
appropriate Zymo Gel Clean Kit (Irvine, CA) and blunt-ended using the Thermo Fisher
Scientific Fast DNA End Repair Kit (Waltham, MA). In the same way that pHF10 vector
was prepared to create the RNAI hairpin, the vector was cut with Stul and rSAP was used
to phosphatase the ends of the cut vector. These recombinant plasmids were ligated,
transformed into DH5a cells, grown overnight and miniprepped using the Zymogen Kit

(Irvine, CA).
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C) Results

Sequencing and restriction digest results have been unable to confirm that the sid-
1 gene is properly inserted into the pHF10 vector. Transformation appeared to be
successful with more colonies growing on the experimental plates than the negative
control plates. However, the inserts were of varying lengths, suggesting that this is 16 kb
plasmid was unstable and subject to deletion. Several attempts to ligate and transform this
vector were unsuccessful. I am working out different methods to confirm that the sid-1
portion has been successfully inserted, and that it is in the correct orientation.
D) Discussion

The creation of a vector with the sid-1 gene between the pie-1 promoter and pie-1
3’UTR might make RNAI more consistent for studies of spermatogenesis, oogenesis, and
fertilization in C. elegans. As was shown by the Chalfie lab, having SID-1 in the plasma
membrane of neurons can facilitate RNAi of neuronally-expressed genes using a feeding
assay [93]. They hypothesized that wild-type neurons must have a low level of SID-1 or
an equivalently functioning protein that regulates spreading of dsSRNA. By analogy to the
Chalfie experiments, we hypothesized that expression of sid-1 in the germline would
improve response to RNAIi methods. If this were to work in the germline as envisioned,
it would be a significant help for future studies because it would make RNAi more
consistent and might allow the sort of large-scale screens that have been performed for
somatically-expressed genes to be applied to genes with germline functions. For instance,
by utilizing the Ahringer RNAI feeding library to feed a C. elegans line with
fluorescently tagged PGL-1 RNA binding protein, the genes that are involved with P

granules in C. elegans were discovered [94]. Another study used genome-wide studies to
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identify novel genes that are associated with longevity in C. elegans using an RNAI
sensitive strain [95]. In addition, other research has shown that expression of SID-1 in the
silkworm Bombyx mori, has greatly facilitated the uptake of dsSRNA in vitro into ovary-
derived Bmn4 cells [96]. Similarly, with the creation of a transgenic C. elegans line
expressing sid-1 in the germline, we could perform a genome-wide screen of genes in
order to identify those that participate in germline development and gametogenesis [97].
Chapter 6: Conclusions and Future Directions

By creating several strains with different properties, | was able to show that loss
of function for the C10C5.1 gene is the exclusive cause of the novel Emo phenotype |
have characterized. Genetic analysis by Reinke and Cutter (2009) showed that most C.
elegans operons are germline expressed and that genes involved in spermatogenesis are
rarely found in operons [98]. Consistent with prior observations, C10C5.1 is the only
gene within the CEOP4328 operon that is associated with the Emo phenotype, while the
other three genes within the operon have apparently unrelated functions [99]. The fact
that operons are expressed mainly in the germline suggests that this transmembrane
protein could be expressed in C. elegans oocytes. In addition, | have created vectors that
will allow RNAI methods that specifically target expression in the germline. By using the
0OD95 fer-1(b232ts)l; It1s371V; Itls3 we should be able to further investigate our
hypothesis that knockdown of pezo-1 expression in the germline is determining the
transition from nonEmo to Emo phenotype in ovulated oocytes.

The heterogeneity of RNAI results within the two gonadal arms of an individual
worm also suggests that there might be some barriers affecting spreading of RNAI

between the two arms; this unusual phenomenon was also observed for pezo-1 by K. Pohl
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[43]. In addition, RNAI penetrance was similar amongst all examined strains, including
the RNAI hypersensitive strains rrf-3 and eri-1, despite the greater rrf-3 sensitivity to
RNAI in gonads. Despite rrf-3 and eri-1 strains being more sensitive than wild type in the
germline, there does not seem to be any apparent outstanding penetrance in these two
strains in comparison with fer-1 or OD95 fer-1(b232ts) I; 1tIs37 1V; Itls3.

Prior work has shown that rrf-1 is differentially sensitive to RNAI against genes
expressed in the germline but not in the soma. More specifically rrf-1 mutants were
shown to be sensitive in some somatic tissues to RNAI, but were resistant to gfp RNAI in
the somatic gonad. RRF-1 is a one of the RdRPs that amplifies dSRNA triggers in the
exogenous SiRNA pathway that acts in the somatic tissue [100]. If there was greater or
decreased penetrance in this strain, then it would help to verify that it is either the gonad
or germline expression of PEZO-1 that causes the Emo phenotype. Similarly, creating a
strain that uses GFP-tagging of the PEZO-1 protein in an OD95 fer-1(b232ts)1; 1tIs371V;
Itls3 background should allow visualization of PEZO-1 and other aspects of the oocyte.

Following the work performed by E.J. Gleason, RT-PCR could be used to analyze
glp-1, which is a strain that has a germline deficiency. Loss of glp-1 has the same effect
on germline proliferation as eliminating the distal tip cell, which controls the transition
from mitosis to meiosis of the germline [101]. Typically, the maturing germ cells exit
mitosis and enter meiosis when they move into the proximal end of the gonad, while the
primordial germ cells near the distal tip cell remain mitotically active through adulthood
(Figure 2) [102]. glp-1 mutants produce a small population of primordial germ cells that
all immediately enter meiosis and precociously become 4-8 sperm-like cells. Therefore,

the somatic gonad is morphologically intact while there is a greatly diminished germ line
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[103]. By using the same RT-PCR tactics (described in Chapter 1) to look at whether
pezo-1 RNA transcripts are expressed in glp-1 mutant strains, we should be able to see
whether pezo-1 transcription happens in the absence of the germline.

Because the C10C5.1 transcript was expressed in strains only expressing either
oocytes or sperm, and in hermaphrodite and male gonads we can conclude that C10C5.1
is being expressed in all types of gonads but its expression in germline cells remains
uncertain. In wild-type strains, worms that are sterile at 25° will show the gradual
appearance of the Emo phenotype due to further endomitotic replication of the DNA as
the oocyte progresses closer to the vulva in a linear and timely manner. This transition
occurs after the ovulated oocyte has not been fertilized and passes through the
spermatheca. Oocytes are paused in meiosis prior to ovulation but meiosis resumes once
they are in the spermatheca and are fertilized. However, once oocytes are unfertilized for
a prolonged period of time, they start to exhibit the Emo phenotype [104]. Having an
active PEZO-1 transmembrane protein may allow the oocyte to prepare for fertilization
by mechanical activation of an as yet uncharacterized signal transduction pathway that
drives the transition from meiosis to mitosis. The fact that oocytes produced by loss of
function pezo-1 mutants can still be successfully fertilized indicates that activating this
signal transduction pathway is not essential.

Oocyte passage through the spermathecal valve and/or the vulva could potentially
interact with the mechanosensory PEZO-1 channel protein if it is a transmembrane
protein in the oocyte plasma membrane. There may be an interaction between the oocyte
and its transitioning to new environments or new pressures that signal to the nonEmo

oocyte to maintain or cause transition to the Emo phenotype. Further investigations as to
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the internal environment of the gonad would help clarify this process and how we could
maintain the signal of remaining nonEmo even after oocytes have been extracted from
the gonads. One way this could be done is to analyze the mechanisms of how the oocytes
are endocytosing yolk and to see that if extruded nonEmo oocytes are treated with
inhibitors that block those receptors or are placed in environments where they have
access to a similar type of material that they will be able to remain paused in meiosis
[105]. While my results are not conclusive, it seems probable that PEZO-1 is expressed in

the plasma membrane of the oocytes and is regulating the Emo phenotype.
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Figures and Reference

Gene Knockdown
pezo-1(EL3/4 L4440

strain| pezo-1(exonsl-6) | pezo-1(exons19/20-21/22) insert) (negative) | gon-1 (positive)
rrf-3 14/66 5/10 0/20 0/12 0/12
0D95
fer-1 15/78 5/24 0/20 0/12 0/12
fer-1 8/32 4/10 0/20 0/10 0/10
eri-1 4/42 1/8 0/20 0/10 0/8

Table 1. RNAI penetrance in tested strains. There were similar results seen when feeding
RNAI was performed with either the C10C5.1(exons1-6) and C10C5.1(exons19/20-
21/22) portion of pezo-1. Penetrance was seen in all gonads for the gon-1 phenotype
while no penetrance was seen with feeding empty L4440 or with the 165bp EL3/4 insert.

Data are expressed with # with the expected phenotype / # of gonad arms examined.

Primer Pair Exon Length (bp)
EL1/2 20 264
EL3/4 31 165

EL7/8 27-29 1644

Table 2. Regions of C10C5.1 used for RNAI hairpin constructs. Three sets of primer
pairs (left column) were designed to amplify different exon regions of C10C5.1 (middle
column) that were present in all of the alternatively spliced variants encoded by the pezo-

1 gene. The length of the amplified PCR product is also noted (right column).



Primers

EJG108

EJG109

EJG110

EJG111

EJG112

EJG113

EJG114

EJG115

EJG116

EJG117

EJG118

EJG119

EJG120

EL1

Sequence (5' - 3')

CACTGCTTGCAGCTGCCATAATCC

GAGAGAGCCCATGTCATCATAGCAGTC

GACTGCTATGATGACATGGGCTCCTC

GAAATAGGGCTCCCGATTCACCG

CGGTGAATCGGGAGCCCTATTTC

GCTAACAAAGTCAATAGTGAGTAGTAGTGG

GGAATACACATCCAAATATTTGAAGGCAAAC

GTTTGCCTTCAAATATTTGGATGTGTATTCC

GCAGCGTACATTATCTGTCCAGGATC

GATCCTGGACAGATAATGTACGCTGC

GGAATGGAATATTCATGAATACTTTGAATGCAATC

GATTGCATTCAAAGTATTCATGAATATTCCATTCC

GTGTCTCGTGTCGTGTAACTATCCG

tgcggccgcactagtectcaggggatcctcaATGCTGGGACTTCCTG

32

Insert

exon 1/2 forward
exon 9/10 reverse
exon 9/10
forward

exon 15 reverse
exon 15 forward
exon liand j
splice variants
forward

exon 19/20
reverse

exon 19/20
forward

exon 26/27
reverse

exon 26/27
forward

exon 29/30
reverse

exon 30 forward
exon 30 reverse

EL1/2 insert
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AATCGATGC forward
EL1/2 insert

EL2 taggcctgaattcAAAGAACTGAAGTGGATACAGAATCG  reverse
tgcggccgcactagtcctcaggggatcctcaATGACCTTGAATCTCG  EL3/4 insert

EL3 AACAAGGAAAATC forward
EL3/4 insert

EL4 taggcctgaattcTGGGAATGCTCTATCAATAAATCCG reverse
EL7(EJ tgcggccgcactagtcctcaggggatcctcaATGGATCCTGGACAGA EL7/8 insert

G 117) TAATGTACGCTGC forward
EL8(EJ taggcctgaattcGAATGGAATATTCATGAATACTTTGAAT EL7/8 insert

G 118) GCAATC reverse
cgaaggccttcaATGACCTTGAATCTCGAACAAGGAAAAT EL3/4 insert

EL23 C forward
EL3/4 insert

EL24  gataggcctcctaagTGGGAATGCTCTATCAATAAATCCG  reverse

Table 3. Primers used for PCR. Lower case letters are parts of the primer that facilitated

cloning and restriction digestion and are not found in C. elegans DNA sequence.
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Figure 1. Reproductive anatomy of C. elegans hermaphrodite and male is shown above.
The hermaphrodites have a bilobed gonad that includes a spermatheca where the oocytes

are fertilized by sperm and eventually extruded through the central opening called the

vulva. Modified from [24].



35

Distal

/ Sheath

® Pachytene @

e o
y®
: L ey

] l @#3#2 <";#1
4 4 ;
Spermatids |

\ I /
Oocytes in Diakinesis of Prophase I Maturing S —
Proximal “Peratozoa I
Oocyte

Proximal

>

Spermatheca Uterus

Figure 2. One of the two-arms in the hermaphrodite gonad. Germ cells progress from the
distal tip and develop into oocytes that are paused in diakinesis of prophase | before
reaching the spermatheca. In the spermatheca the sperm are waiting for a mature oocyte
to enter and, after being fertilized, the embryo will be squeezed into the uterus and then

extruded by the vulva. Taken from [15]
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SL602: Genetic region of chromosome IV containing the nonEmo mutation
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Figure 3. Genetic mapping of chromosome IV containing the nonEmo mutation in strain
SL602 unc-24(e138) him-8(e1462)1V. 18,043 bp deletion was found in the region of the
CEOP4328 operon containing vps-26, C10C5.1, C10C5.2, and C10C5.3. There were four
other point mutations in C33D9.8, C28D4.5, gon-1, and F13B12.6. Modified screenshot

from www.wormbase.org
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Figure 4. An Emo phenotype is shown by the T20D3.7(gk773646); fer-1 double mutant.
In this figure, the oocyte DNA has been visualized by DAPI staining. In the two arms of
the gonads, that extend left and right from the vulva, the oocytes show an Emo phenotype
(circled on either side), represented by one large blue bright spot, rather than seeing six
small blue dots indicating individual chromosomes that are seen when worms exhibit the

nonEmo phenotype (marked with a *; circled before the spermatheca).
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spermatheca

Figure 5. An Emo Phenotype is shown by the T20D3.8(gk208783); fer-1 double mutant.
In this figure, the oocyte DNA has been visualized by DAPI staining. In the two arms of
the gonads, that extend left and right from the vulva, the oocytes show an Emo phenotype
(circled on either side), represented by one large blue bright spot, rather than seeing six
small blue dots indicating individual chromosomes of nonEmo phenotype (marked with a

*: circled before the spermatheca).
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Figure 6. OD95 fer-1(b232ts)l; ItIs371V; Itls38. Before the spermatheca you can see the
nonEmo oocytes labeled and as they progress past the spermatheca towards the vulva, the
oocytes are fertilized and become eggs, which have a distinctive, condensed nuclei in red.

Nuclei shown by mCherry fluorescence; 20X, 25°C. n=4.
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Figure 7. OD95 fer-1(b232ts)l; ItIs371V; Itls38. In panel A, the symmetric nature of the
mirror-image bilateral gonads is evident. In panel B, the transition from distinctive red
dots that characterize the nonEmo phenotype signifying distinct chromosomes (above the
spermatheca in this panel) while the oocytes are showing the Emo phenotype after they

get close to the vulva. Nuclei shown by mCherry fluorescence; 20X, 25°C. n=4.
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Figure 8. Expression of pezo-1 RNA transcripts. (by E. J. Gleason). The left-most section
shows RLM-RACE results. Seven primer pairs were used to amplify cDNA from full-
length capped mRNA. From left to right, the amplified regions were amplified were: (A,
H, O) from exon 1/2 to exons 9/10, (B, I, P) exon 9/10 to exon 15, (C, J, Q) exon 15 to
exon 19/20, (D, K, R) exon 1 of I and J splice variants to exon 19/20, (E, L, S) exon
19/20 to exon 26/27, (F, M, T) exon 26/27 to exon 29/30, and (G, N, U) a region of exon
30. You can see that in lane D, the fourth primer pair from exonl of the pezo-1 iand j
splice variants did not work. Because it was not amplified by the RLM-RACE Kit, this
indicates that the mMRNA was either not present or that it is not a full-length and 5’
capped mRNA. Again when using the primers, the transcript was absent in both strains
which indicates that this splice variant might not be present. From lanes H-N you can see
the results of using RT-PCR to amplify those same regions in feminized fem-1(hc17)

while lanes O-U show the results from masculinized fem-3(g23).
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Figure 9. RT-PCR performed on N2 hermaphrodites and him-8 males by E. J. Gleason.
Each pair of lanes from left to right shows the same exon transcript. The left-most band is
the RT-PCR products amplified from the hermaphrodites and the right-most band of each
pair shows amplified DNA from males. All tested exon transcripts are present in both
hermaphrodites and males using the same exon regions shown in Figure 8. As for Figure
8, there is no amplification of the primers in lane D, which should amplify exon 1 of the
splice variants | and J. Lane H was the negative control for the PCR reaction using only

primer and no template DNA.
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Figure 10. RNAI bacterial feeding of empty L4440 vector (negative control). The skinny
arrow points to the vulva, while the thicker arrows indicate the spermatheca. The
nonEmo oocytes are circled before the spermatheca. All strains showed a transition from
the nonEmo to the Emo phenotype after passing through the spermatheca. Nuclei are
stained with DAPI; 20x, 25°C. n=5 for rr-3 and OD95 fer-1(b232ts)I; I1tIs371V; 1tls38

strain. n=5 for fer-1 and eri-1.
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Figure 11. RNAI bacterial feeding with gon-1 in all strains as indicated above. When
RNAI knockdown of gon-1 is present the above phenotype is shown with irregular gonad
morphology with a bloated central area in the worm. Nuclei are stained with DAPI; 20x,
25°C. n=5 for rr-3 and OD95 fer-1(b232ts)l; ItIs371V; ItIs38 strain. n=6 for rrf-3 and

0OD95 fer-1(b232ts)l; It1s371V; 1tls38 strain. n=5 for fer-1. n=4 for eri-1.
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Figure 12. Testing C10C5.1 (exons1-6) RNAI by a bacterial feeding assay in the rrf-3
strain. In four worms, there were nonEmo oocytes in the uterus (circled) with the
presence of Emo oocytes towards the vulva in the other gonad arm (squares). The inset
shows a DIC picture of laid oocytes, which appear to the left in the DAPI image. Nuclei

stained with DAPI; 20x, 25°C. n= 33.
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Figure 13. RNAI bacterial feeding with C10C5.1 (exons19/20-21/22) in the rrf-3 strain.
C10C5.1 (exons19/20-21/22) targets the 3 end of the pezo-1 RNA transcript. Oocytes
prior to ovulation show clear meiotic chromosomes (circled). All worms were found to
have Emo gonads shown by the presence of Emo phenotype oocytes (boxed). Nuclei

stained with DAPI; 20x, 25°C. n=
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Figure 14. RNAI bacterial feeding with C10C5.1 (exons 1-6) in the OD95 fer-1(b232ts)l;
It1s371V; It1s38 strain. Two worms showed nonEmo oocytes in one of the gonad arms,
shown above with one imaged live for mCherry (left) and the same worm fixed and

stained with DAPI to visualize nuclei (right); 20x, 25°C. n=39.
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Figure 15. RNAI bacterial feeding with C10C5.1 (exons1-6) in the OD95 fer-1(b232ts)l;
ItIs371V; It1s38 strain. Three worms showed nonEmo oocytes in both of the gonad arms.
Oocytes that have been most recently laid are still nonEmo (circled) while the ones
farthest from the vulva are Emo (boxed) and a transitional oocyte is also evident (in a

triangle). Nuclei stained with DAPI; 20x, 25°C. n=39
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Figure 16. RNAI bacterial feeding with C10C5.1 (exons19/20-21/22) in the OD95 fer-
1(b232ts) I; 1t1s37 1V; ItIs38 strain. Four worms showed that one gonad arm had the
nonEmo phenotype (circled) while the other arm had Emo oocytes (boxed). The panel on
the left shows mCherry visualization of chromatin and the matched panel on the right

shows DAPI staining of DNA. 20x, 25°C. n=24.
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Figure 17. RNAI bacterial feeding with C10C5.1 (exons19/20-21/22) in OD95 fer-
1(b232ts)1; 1t1s371V; 1t1s38 strain. One worm showed penetrance RNAI feeding on one
arm with extruded oocytes and staining revealed nonEmo oocytes extruded in close
proximity to the vulva (arrow). Laid, nonEmo oocytes (circled) are close to the body
while laid Emo oocytes (boxes) are farther away from the worm body, suggesting that
nonEmo oocytes will turn Emo at some point after they are laid (triangles) due to an
unknown mechanism. Above is the worm shown with mCherry (left) and with DAPI

staining (right). 20x, 25°C. n=24.



o1

fer-1;
C10C5.1(exons1-6)

spermatheca
spermatheca l

}

Figure 18. RNAI bacterial feeding with C10C5.1 (exons1-6) in the fer-1 strain. Four
worms showed complete penetrance of RNAI feeding in both gonads of the worm. Four
worms showed only one gonad affected. Here you can see that on both sides of the vulva
inside of the worm and just extruded oocytes are nonEmo (circled). The oocytes that are
laid and farthest away from the vulva are Emo (boxed). Nuclei stained with DAPI; 20x,

25°C. n=16.
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Figure 19. RNAI bacterial feeding with C10C5.1 (exons1-6) in the fer-1 strain. In
addition to showing gonad arm specific differences within the same worm, in three cases,
a mixture of both nonEmo and Emo oocytes is evident in the same gonad. NonEmo
oocytes (circled) are shown in between oocytes that have already turned Emo (in

rectangles). Nuclei stained with DAPI; 20x, 25°C. n=16.
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Figure 20. RNAI bacterial feeding with C10C5.1 (exons19/20-21/22) in the fer-1 strain.
Four worms showed one gonad that had oocytes with the nonEmo phenotype. Nuclei

stained with DAPI; 20x, 25°C. n=5
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Figure 21. RNAI bacterial feeding with C10C5.1 (exons1-6) in the eri-1 strain. Four
worms showed nonEmo oocytes in both gonads. Six worms showed nonEmo oocytes in
only one gonad arm. Above you can see RNAI penetrance in both gonad arms with
nonEmo oocytes on either side of the vulva (circled) and with a nonEmo oocyte extruded
amongst other Emo oocytes (squared). Nuclei stained with DAPI with DIC correlate;

20x, 25°C. n=21.
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Figure 22. RNA. bacterial feeding with C10C5.1 (exons19/20-21/22) in the eri-1 strain.
One worm showed to have nonEmo oocytes past the spermatheca towards the vulva

(circled) in both gonads. Nuclei stained with DAPI; 20x, 25°C. n=4.
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Figure 23. Shows the design of the RNAI hairpin plasmid using pHF10 background and

pezo-1 inserts in the forward and reverse directions.
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