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ABSTRACT
The nicotinamidase PNC-1 is responsible for converting nicotinamide (NAM) to nicotinic acid
(NA) in the NAD+ salvage pathway, which ultimately recycles NA back into NAD+. NAD+ levels are
essential for the control of multiple cellular processes, so the mutation of pnc-1(pk9605) can indirectly
affect these processes by regulating NAD+ levels in the cell.
Sirtuins are a group of NAD+ consumers that use NAD+ and produce NAM as a byproduct. In
mammals, sirtuins are known to be involved in fat metabolism, in particular with fat mobilization, so I
hypothesized that the NAD+ salvage pathway may be involved in the regulation of fat metabolism via
sirtuins. I hypothesized that a mutation in pnc-1(pk9605) would cause the down-regulation of sirtuins,
resulting in increased fat storage. I fixed and stained worms and quantified their fat storage. I found that
pnc-1(pk9605) mutant worms stored more fat than wild type, but sirtuin mutant worms did not
phenocopy the pnc-1(pk9605) fat storage and conversely stored consistently less fat than wild type. I
concluded that sirtuins function to assist in fat storage in C. elegans, and that the increased fat stores in
pnc-1(pk9605) worms are mediated by some other mechanism. Through a starvation assay I was able to
demonstrate that there is no decrease in fat mobilization in pnc-1(pk9605) worms. Therefore, I
concluded that the excess fat stored in pnc-1(pk9605) worms was due to an increase in fat storage.
PNC-1 has an isoform that is predicted to be secreted and to primarily exist outside of the cell.
Therefore, I hypothesized that the nicotinamidase PNC-1 functions extracellularly. In order to test this
hypothesis, I injected PNC-1 protein into a pnc-1(pk9605) mutant worm’s extracellular environment and
tested its ability to rescue specific developmental defects that are present in all pnc-1(pk9605) mutant
worms. The results were not statistically different from the percentages of defects normally expected in
pnc-1(pk9605) mutants. However, I was unable to demonstrate that PNC-1 definitely does not function
outside of the cell, so the results of this experiment were inconclusive.
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Overview
My thesis research is comprised of two separate projects in Caenorhabditis elegans.
The enzyme PNC-1 is responsible for the conversion of nicotinamide (NAM) to nicotinic
acid (NA), which is an essential step in the NAD+ salvage pathway. Therefore, a mutation of this
enzyme results in a predicted depletion of NAD+ as well as an excess of NAM.

Figure 1: A simplified version of the invertebrate NAD+ salvage pathway. NAD+ is converted to nicotinamide (NAM) which is
converted to nicotinic acid (NA) by PNC-1. Three additional steps are required to convert NA back into NAD+.

The first aspect of my research focuses on fat metabolism using Caenorhabditis elegans
as a model system. Sirtuins, enzymes that use NAD+ as a substrate, have been shown to play a
role in fat metabolism in mammals. Sirtuins are regulated by the NAD+ salvage pathway
(Vrablik, Huang et al. 2009). A mutation of pnc-1(pk9605) causes a buildup of NAM and a
deficiency in NAD+ biosynthesis, thereby down-regulating sirtuin activity.
I hypothesize that the NAD+ salvage pathway regulates fat metabolism via sirtuins.
While the NAD+ salvage pathway itself is well studied for various cellular processes such as
energy and stress regulation, the idea of the pathway playing a role in fat metabolism is novel.
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Figure 2: NAD+ salvage pathway with my addition of sirtuins which are inhibited by NAM. Therefore, the activity of PNC-1
regulates NAM concentration, which in turn affects sirtuins’ ability to mobilize fat.

Because there is an analogous NAD+ salvage pathway in vertebrates, if a link is
discovered between NAD+ salvage and fat metabolism, this might apply to vertebrates as well.
It is my hope that this research will shed light on the issues of obesity and fat mobilization in
humans.
PNC-1 has two isoforms: A and B. The PNC-1A isoform is secreted from the cell, where it
can perform its function in the extracellular environment. PNC-1B remains inside the cell and
therefore does not function extracellularly under normal circumstances. This has been
determined through experiments that were able to visualize the PNC-1 isoforms in their
respective locations (Vrablik, Huang et al. 2009). Other experiments also demonstrated the
ability of PNC-1A to function at a distance, which provides further evidence of secretion
(Vrablik, Huang et al. 2009).
My goal for the second aspect of my research will be to directly test the ability of the
PNC-1 nicotinamidase to function extracellularly. In my project, I will be introducing the PNC-1B
isoform only outside of the cell in a worm and testing its ability to function properly.
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When the PNC-1 enzyme is mutated, three specific developmental phenotypes result.
The worms have an egg-laying defect, a uv-1 cell necrosis defect, and a gonad timing delay
defect. By injecting PNC-1 protein into a pnc-1(pk9605) mutant worm with no PNC-1 activity to
begin with, I will be able to test its functionality by determining its ability to rescue these
mutant phenotypes.
The idea of an injected protein being able to function properly inside an organism is
fascinating. Injecting proteins straight into organisms in order to rescue developmental
problems is novel. I hope to demonstrate this as a viable method for regulating development,
while confirming the idea that a nicotinamidase may function extracellularly.
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Introduction
Animal development is a complex process that requires the integration of many
different pathways. These pathways are essential to an organism’s growth and development
from the time of fertilization through adulthood, and are of interest to developmental
biologists in order to understand the maintenance of proper developmental progression
throughout the lifespan. By determining the molecular process behind each subsequent
developmental change, researchers can come to appreciate the mechanisms through which
development is regulated. This leads them to begin to understand the causes of improper
development and the genetic programming that controls development, as well as the result of
these changes and their effect on the developing organism.

Caenorhabditis elegans as a Model System
Caenorhabditis elegans, a transparent nemotode worm, is widely used as a model
organism for development. Model organisms are integral to the work of biologists because they
allow for the completion of experimental procedures that would be viewed as inhumane,
inconvenient or even impossible in higher-level organisms. Through conclusions drawn by
studying model organisms, scientists are able to draw parallels and gain insight into the bodily
processes of organisms for which experimentation is impractical. C. elegans is an excellent
choice for developmental study because it has many qualities that allow for convenient
observation and data collection.
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The skin layers of C. elegans are transparent, which enables viewers to observe the
development and movement of cells and organs in a live worm. Because the cell fate
specification of the worms is invariant, the worms serve as a convenient model for studying
development. The lifespan of the worm is short, from egg to reproductively mature adult in
around 35 hours, (Hall 2009) enabling the observation of many subsequent generations over a
short period of time. The entire C. elegans genome sequence was completed in 1998 (1998),
making genomic study of the organism convenient. The worms can be maintained and
cultivated in large numbers at a low cost on Petri dishes filled with agar to which a thin layer of
Escherichia coli is added. E. coli is actually the name of a broad, varied group of bacteria
containing many different strains (CDC E. coli 2010). The strain of E. coli on which the worms
develop is harmless to humans, and serves as a nutritionally-rich source of food for the worms.
Worms are abundantly available and inexpensive, which allows for low-cost experimentation
and easy access to multiple strains.
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Figure 3: Caenorhabditis elegans life cycle from wormatlas (Hall 2009)

C. elegans contains both males and hermaphrodites, allowing for the production of
cross-progeny through mating as well as the ability to obtain an entire group of organisms with
identical genetic information through the “selfing” of hermaphrodites. Also, most importantly,
many pathways in the worms are homologous or analogous to those in vertebrates, allowing
for experimental data obtained from worm research to be applied to humans.
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Figure 4: Caenorhabditis elegans hermaphrodite from wormatlas (Hall 2009)

The NAD+ salvage pathway
One particular analogous pathway between C. elegans and humans is the nicotinamide
adenine dinucleotide (NAD+) salvage pathway. NAD+ is well known for its role as an electron
transporter in cellular metabolism, and it is also a co-substrate for NAD+ consuming enzymes.
These enzymes are responsible for regulating longevity, stress response, and other biological
processes. Therefore, NAD+ levels are essential to the control of cellular processes, and are
regulated by the salvage pathway. NAD+ is depleted in this pathway by various NAD+
consuming enzymes, which yield nicotinamide (NAM) as the byproduct. In invertebrates such as
C. elegans, NAM is converted back to NAD+ through a series of four steps, while in humans and
other vertebrates this is completed in two steps. The enzyme used in the first step of the
invertebrate pathway is PNC-1, which converts NAM to nicotinic acid (NA). However, the
7

substitution of PNC-1 with the enzyme used in the first step of the vertebrate pathway, NAMPT,
results in a properly functioning pathway in C. elegans (Vrablik, Huang et al. 2009). Therefore it
follows that any research performed on the NAD+ salvage pathway and PNC-1 in invertebrates
can be applied to the NAD+ salvage pathway and NAMPT in vertebrates, including in particular,
humans.

Figure 5: NAD+ salvage pathway as conserved in both invertebrates and vertebrates (Vrablik, Huang et al. 2009)

Of particular interest is the enzyme PNC-1, which converts NAM to NA in invertebrates
and is analogous to NAMPT in vertebrates. Mutation of its gene in C. elegans results in very
specific and reproducible phenotypes. When the mutant pnc-1(pk9605) hermaphrodites reach
developmental maturity, there is a delayed response in gonad development, with the uterus
developing more slowly and remaining closed off from the vulva during stages where it would
normally be “open” in wild-type organisms. Although the vulva and uterus eventually do
develop and interact properly in pnc-1(pk9605) mutants, this appearance of a uterine lumen is
delayed as compared to wild-type worms.
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Figure 6: Gonad delay phenotype in a Caenorhabditis elegans pnc-1(pk9605) mutant: These pictures show C. elegans worms
th
at the 4 larval (L4) stage zoomed in to show a close-up of the animals’ gonad. The picture labeled A is an example of a wild
type worm where the developed vulva has opened into a properly developed overlying uterus. The picture labeled C shows a
pnc-1(pk9605) mutant worm during the same stage of development where the vulva has fully developed but the uterine
lumen has not yet opened. This uterine gonad delay is characteristic of pnc-1(pk9605) mutant worms (Huang and HannaRose 2006).

In addition, cell necrosis of four uterine cells is apparent in mutant hermaphrodites.
When cells necrose, they undergo enormous swelling and die. The four uv-1 cells that necrose
in pnc-1(pk9605) mutants are involved in uterine-vulva interaction. In wild-type C. elegans,
these cells do not necrose and are properly functioning throughout the remainder of the
lifespan.

Figure 7: UV-1 cell necrosis in a Caenorhabditis elegans pnc-1(pk9605) mutant: In the above L4 pnc-1(pk9605) mutant, the
UV-1 cells have swollen immensely and will eventually die (Huang and Hanna-Rose 2006).
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A third visible phenotype in pnc-1(pk9605) mutant hermaphrodites is the inability to
properly lay eggs. A wild-type C. elegans hermaphrodite will lay 250-300 eggs in its lifetime.
However, mutant worms do not lay eggs properly, resulting in an overabundance of eggs in the
uterus which eventually hatch inside the worm. A worm that has progeny hatching inside of it
does not survive and appears as a “bag” of worms. These “bags” are easily identified with a low
power microscope and serve as a convenient indicator of pnc-1(pk9605) mutation in a strain of
worms.

Figure 8: Egg-laying defect phenotype in a Caenorhabditis elegans pnc-1(pk9605) mutant-In the above adult pnc-1(pk9605)
mutant, the larvae are visible squirming inside the carcass of the mother.
Photo courtesy of Stephanie E. Lange

Analysis of pnc-1(pk9605) Mutants
Independence of Phenotypes
Through previous experimentation it has been shown that these three phenotypes are
separable; that is that they do not necessarily occur together or as a function of each other
(Vrablik, Huang et al. 2009). Through pharmacological experiments involving supplementation
with NAM to wild-type worms, which mimics the resulting build-up of NAM presumed to occur
10

with decreased pnc-1(pk9605) functionality, it was determined that hermaphrodites exhibited
both the cell necrosis and egg-laying defects but not the gonad delay defect. On the contrary,
by supplementing pnc-1(pk9605) mutant worms with NA, thereby restoring the mutant’s
depleted stores of both NA and presumably NAD+, the gonad delay phenotype can be
dramatically rescued while the egg-laying and cell necrosis phenotypes are still present.
Therefore, the uv-1 cell necrosis and egg-laying defects are caused by the increase in NAM
concentration, while the gonad delay phenotype is caused by a depletion of NA/NAD+ as a
result of the pnc-1(pk9605) enzyme defect. Through expression of pnc-1(pk9605)’s functionally
similar enzyme in humans, NAMPT, both the uv-1 cell necrosis and gonad delay phenotypes
were rescued, indicating the similar functional capabilities of these two nicotinamidase
enzymes(Vrablik, Huang et al. 2009).
Isoform Differentiation
PNC-1 has two isoforms, PNC-1A and PNC-1B. Upon examining the genomic locus, it was
observed that PNC-1B lacks a segment of code that is present in PNC-1A (Worm Base).

Figure 9: Genetic locus figure of PNC-1 isoforms A and B. Isoform B is lacking a segment of code that translates 20 amino
acids. This results in isoform B having 20 less amino acids than isoform A.
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The missing segment, which results in the PNC-1B isoform containing 20 less amino
acids than the PNC-1B isoform, codes for a secretion signal. Therefore, it was hypothesized that
PNC-1A would differ from PNC-1B in that it would be able to be secreted from the cells and
travel throughout the organism’s body.
In order to test this hypothesis, experiments comparing the secretion of the two
isoforms were performed. In one experiment, pnc-1a(pk9605):GFP and pnc-1b(pk9605):GFP
worm transgenic strains were created with the muscle promoter myo-3 in order to view the
PNC-1 protein isoform locations when the transgene was expressed in the muscle. While the
pnc-1a(pk9605) strain showed no brightly visible GFP in the muscle cells but instead showed
dull GFP spread throughout the organisms’ body cavities, the pnc-1b(pk9605) strain showed
bright GFP markings localized to the muscles cells of the worms. This result serves as evidence
that PNC-1A protein, once made inside the cell, can be secreted from the cell while the PNC-1B
protein is unable to leave the cell and is therefore unable to travel throughout the organism
(Vrablik, Huang et al. 2009).

12

Aims
Specific Aim 1: Fat Accumulation Experiment
Background and Hypothesis
Recently, the issue of obesity has come into the national spotlight as the percentage of
obese Americans continues to climb, at 26.5% in 2009 according to a recent Gallup poll. (2008).
As more people are becoming concerned about the health issues related to obesity, there is an
increasing interest in understanding the factors and mechanisms that help to control or
determine obesity.
The public is turning to science for answers, and more research efforts are being
focused on the issues of fat metabolism and storage. Caenorhabditis elegans is emerging as the
perfect model organism to compliment mammalian research in pursuing the answers to
questions regarding the biology of obesity. The pathways that regulate energy metabolism
(glycolysis, gluconeogenesis, etc) in worms are conserved in humans, and many of the fatregulatory molecules have analogous roles. In addition, genetic analysis is crucial to
understanding the interactions of various genes in the pathways that regulate metabolism.
Because the entire C. elegans genome has been sequenced, and genetic manipulation can be
done conveniently and across multiple strains at a time, the worms can provide researchers
with genetic insight that is not readily available in other model organisms such as mice. (Jones
and Ashrafi 2009).
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The NAD+ salvage pathway has been linked to developmental organogenesis regulation
and other essential processes in C. elegans. Recently, sirtuins, enzymes that play an important
role in NAD+ metabolism, have been linked to the control of aging and longevity in mammals.
Since the idea of living longer is both intriguing and appealing, sirtuin research has increased
dramatically in recent years, and the roles and functions of these molecules has been
continually deciphered. One particular mammalian sirtuin, Sirt1, has been identified for its role
in the mediation of metabolic responses and nutritional availability (Imai 2009). Since Sirt1 is
the mammalian ortholog of the C. elegans sir-2.1, research on worm sirtuins is applicable to
humans.
Sirtuins are important to the NAD+ salvage pathway model because they mediate a
reaction that uses NAD+ as one of the substrates. The reaction results in NAM as one of the
byproducts (Sauve 2010). A build-up of NAM or a lack of NAD+, as would occur with a mutation
in pnc-1(pk9605), would cause a decrease in sirtuin activity. In the case of a lack of NAD+, there
is a decline in sirtuin activity because there is no NAD+ substrate for the reaction to proceed. A
large increase in the concentration of NAM results in inhibition of sirtuin activity via a negative
feedback mechanism. The existence of evidence showing that Sirt1 plays a role in metabolism
and nutritional availability suggests that the NAD+ salvage pathway may mediate fat
metabolism through the regulation of sirtuins. If the pathway’s link to fat accumulation is
determined, it may be possible to learn how to regulate fat production and storage, which
would be of interest to an increasingly obese human population.
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There are seven different sirtuins found in humans, but only four different sirtuins
present in worms. SIR-2.1 is a member of class I and is orthologous to the human sirtuin Sirt1. It
is an NAD-dependent deacetylase that functions in the euchromatin. SIR-2.2 and SIR-2.3 are
mono-ADP-ribosyl transferases that function in the mitochondria. Their human ortholog is Sirt4.
SIR-2.4 is orthologous to the human Sirt6, and functions as a mono-ADP-ribosyl transferase in
the nucleolus (Michan and Sinclair 2007).
Previous experimentation in mammals has demonstrated the role of sirtuins in fat
metabolism. Previously, mammalian sirtuins (particular Sirt1) have been shown to play a role in
mobilizing fat (Lomb, Laurent et al. 2010). Sirt1 decreases adipogenesis, or the creation of fatty
molecules, and increases fatty acid mobilization from storage (Imai 2009). Assuming that
sirtuins function in the same way in worms, we can expect that pnc-1(pk9605) mutants (that
would therefore have inhibited sirtuin activity) would mobilize less fat and may increase
adipogenesis. Therefore, pnc-1(pk9605) mutants would have a greater amount of fat stores
than wild type due to decreased fat mobilization and/or adipogenesis. I hypothesize that the
pnc-1(pk9605) mutant C. elegans strain, pk9605, will store more fat than the wild-type strain,
N2, and that this fat difference will be mediated by the down-regulation of sirtuins in the pnc1(pk9605) mutant.
Protocols
Fat Accumulation Assay
Oil-Red-O was chosen as the fat staining agent over Nile Red, Sudan Black, and other
common fat stains because it is the most efficient and effective method of assessing major fat
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stores in Caenorhabditis elegans (O'Rourke, Soukas et al. 2009). The fat staining protocol was
performed as recommended, which was identical to the protocol used by Soukas et al. except
for the omission of the freeze/thaw steps (Soukas, Kane et al. 2009). A brief summary of the
protocol is as follows.
200-300 worms were synchronized using an egg prep procedure and washed from
plates as 1st day young adults using 1 x PBS pH 7.4. After washing the worms 3x with PBS and
allowing them to settle by gravity, 120 μl of PBS and an equal volume of 2x MRWB buffer (160
mM KCl, 40 mM NaCl, 14 mM Na2EGTA, 1 mM spermidine-HCl, 0.4 mM spermine, 30 mM NaPIPES pH 7.4, and 0.2% B-mercaptoethanol) was added and the worms were rocked gently for
an hour. Worms were then re-suspended in 60% isopropanol and left for 15 minutes at room
temperature.
Oil-Red-O was prepared in a stock solution of 0.5g/100mL isopropanol. On the day of
use, the stock solution was freshly diluted to 60% with water, rocked for an hour and filtered
with a 0.45μm filter. 1 ml of this solution was added to the worms following removal of the 60%
isopropanol solution, and the worm/Oil-Red-O solution was rocked overnight.
The following day, dye was removed and 200 μl of 1x PBS 0.01% Triton X-100 was
added. Worms were then mounted on slides and viewed under the dissecting microscope.
Pictures were taken of the worms, and the dye was quantified using Komodo. Komodo is a code
editor program that was used to develop a Python computer program to quantify the amount
of stain present in pictures of the worms. The Python program assigned a fat quantification

16

number and standard deviation to each group of pictures. A Python t-test program was also
used to calculate p-values to determine the significance of the data.
Egg Prep Protocol
Worms were synchronized according to the following egg prep protocol. Using M9,
worms were washed off of 6 well-grown plates containing an abundance of egg-filled
hermaphrodites into a 15 ml centrifuge tube. Worms were then spun at approximately 2000
rpm for 5 minutes, and the supernatant was removed. Worms were washed and centrifuged an
additional 3 times. Following the third spin, supernatant was removed and 120 μl of 3M NaOH
and 240 μl of bleach were added. The solution was gently rocked and allowed to sit on the
bench for at least 90 seconds but no more than 2 minutes. Following this time period, M9 was
added to the 15 ml mark on the tube and the tube was centrifuged for 5 minutes. The worms
were washed an additional time and then the tube was filled to the 8 ml line and gently rocked
overnight to allow the eggs to hatch. The following day, the 8 ml in the tube was aliquoted onto
several plates, and all surviving worms were at the first larval (L1) stage of development.
RNAi Interference
I targeted the genes sir-2.2 and sir-2.3 for RNAi by feeding using vectors for expressing
double stranded RNAi in E. coli. pop-1 and GFP RNAi were used as controls. I transferred fourth
larval (L4) stage worms to NGM plates containing 0.2% lactose, 50 µg/mL ampicillin and 12
µg/mL tetracycline and the appropriate E. coli culture. I picked the progeny in the fourth larval
(L4) stage and stained them for fat with Oil-Red-O at the first day adult stage of development.
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Wildtype and pnc-1(pk9605) mutant fat accumulation assay
In order to test my hypothesis that mutant pnc-1(pk9605) Caenorhabditis elegans
worms store more fat than wild-type worms, I stained the synchronized worms of each strain
with Oil-Red-O at a young adult stage, one day after the animals were in the L4 stage of
development. The following day I took pictures of the worms with a white background, so that
the amount and intensity of the stain could be compared for each specimen. At this point, the
difference in staining in the worms was visible with the naked eye.

Figure 10: Pictures of stained worms. Left N2 worm stained for fat with Oil-Red-O; Right pnc-1(pk9605) mutant worm stained
for fat with Oil-Red-O

Using a Python computer program developed in Komodo Edit by Stephanie E. Lange, I
was able to quantify the amount of stain present in each worm and obtain an average amount
of stain for each of the strains. The Python program is designed to break up a picture into pixels
and assign a value to each picture based on its color. Black is given a score of zero and white is
given a high value, and any shades in between are given a value on the scale from zero to the
value of white. The program establishes a cutoff, averages all of the pixel values below that
cutoff, counts the number of pixels below the cutoff, and multiples those two numbers
18

together to obtain a quantification of the “darkness” of each worm. This “darkness” is a
measure of the amount of stain present in the worm, which is indicative of the fat stored in the
worm. The pictures are taken with a white or nearly white background with the idea that the
background pixels will be assigned a number that is above the cutoff and will therefore not be
included in the calculations.
Regardless, I made sure to use the same light settings on the microscope and exposure
settings on the camera in order to make the background as identical as possible in all of the
pictures. The fat quantification number could also change depending on the size of the worm.
For this reason, I took pictures of each worm individually and made sure that the worms were
at the same stage in development and appeared to be as close to the same size as possible. I
disregarded any pictures of worms that looked slightly smaller or larger than the rest of the
worms that were assayed. I also tried to get as large of a sample size as possible for each strain
in order to minimize the effects of slight differences that may affect the results.
Once the fat quantification number for each worm was determined, the Python
program calculates an average and standard deviation for each strain. I used the Python t-test
program to calculate a p-value in order to determine whether there was a significant difference
between the amount of stain, and therefore the amount of fat stored in the wild-type as
compared to the pnc-1(pk9605) mutant strain. The experiment was performed twice in order to
prove that the results were reproducible. The results of the experiment are shown in Table 1
and Figure 11.
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Table 1: Oil-Red-O Stain Comparison for N2 and pnc-1(pk9605) Mutant Strains

N2 and pnc-1(pk9605) Fat Accumulation
2000
1800

Experiment 1:pnc-1(pk9605)

1600
1400

*

Experiment 1: N2

1200
1000

Experiment 2: pnc-1(pk9605)

800
600

Experiment 2: N2

400
200
0
Figure 11: Oil-Red-O Stain Comparison for N2 and pnc-1(pk9605) mutant Strains. The difference in fat stored between the
pnc-1(pk9605) mutant and wild type was statistically significant.

The results of the Oil-Red-O stain experiment showed that, as predicted, the pnc1(pk9605) mutant stored more fat than wild type (N2). The results for each experiment were
significant and reproducible as indicated by the extremely low p-values. The N for the second
experiment was much smaller than the first, because the worms in the second experiment were
slightly smaller young adults than had been previously stained. Many of the pictures were
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unusable because the worms were too small. The pictures that were chosen were as close to
the proper size as possible, but in some cases they were still slightly smaller. This may partially
attribute to the slight reduction in fat quantification number observed in Experiment 2.
Regardless, the results of both of the experiments show a 40% difference between pnc1(pk9605) and N2. The reproducibility of the experiment proves that pnc-1(pk9605) affects fat
storage/mobilization in C. elegans.
In order to determine whether the increased fat storage in the pnc-1(pk9605) mutant
worms was actually due to sirtuin down-regulation and not another mechanism, I needed to
determine whether worms with inhibited sirtuin function also showed an increase in fat storage
as compared to wild-type worms.
Sirtuin mutant RNAi fat accumulation assay
Many genetic strains of the sirtuin mutant combinations that I wanted to test were not
readily available in the lab, so I had to make use of a molecular technique known as RNA
interference (RNAi). RNAi can be used to silence the expression of target genes in C. elegans.
This is useful to me in order to mimic sirtuin mutants that are not available in genetic form.
I placed 2-3 L4 worms on each RNAi plate, and allowed them to self-fertilize until their
progeny had reached the L4 stage. I picked 250-300 L4 stage worms onto a new plate, and
performed the Oil-Red-O staining protocol 24 hours later on the first day adult stage worms.
When using RNAi, controls are needed to ensure that the protocol is working properly
and that the results obtained are a result of genetic changes and not the RNAi itself. To test
this, I completed the protocol with pop-1 RNAi. POP-1 is a transcription factor that is important
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in early embryo development (Worm Base). Worms grown on pop-1 RNAi will lay eggs that fail
to hatch. This made for a convenient positive control for my experiment. If the eggs laid on the
pop-1 RNAi were dead, I could conclude that my RNAi protocol was viable and that, as long as
each individual RNAi stock was functioning properly, the results could not be contributed to a
false negative. The results that I was seeing were actually due to the parameters that I was
testing, and not to a faulty RNAi procedure.
None of the eggs laid in my pop-1 RNAi assay hatched, indicating that my RNAi
procedure was working properly. I also needed to perform a negative control assay in order to
make sure that the results that I was seeing were actually due to sirtuin down-regulation and
not to the RNAi itself.
To test this, I performed green fluorescent protein (GFP) RNAi. GFP is a protein that is
used to visualize specific cells in a living organism under fluorescent light. The strains of worms
that I was using did not contain any GFP markers, so repressing GFP in these strains should have
absolutely no effect on an organisms’ ability to store fat. Therefore, if a decrease in fat storage
is seen in the pnc-1(pk9605) and N2 worms after GFP RNAi, it is possible that the any significant
results observed can be attributed to the worm’s reaction to RNAi and not due to sirtuin downregulation. However, if the results of this assay are similar to the original results for pk9605 and
N2, I could conclude that my results were a result of a lack of sirtuin activity as I had intended.
The results of the assay are shown in Table 2 and Figure 12. The controls used for this
experiment are the GFP RNAi controls for N2 and pnc-1(pk9605). The graph has been
normalized to the wild-type with GFP RNAi control to demonstrate fat storage as a percentage
of the control.
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Table 2: Oil-Red-O Stain Comparison for RNAi Sirtuin Mutants

1.4

Normalized Sirtuin Mutant RNAi Assay
N2 with GFP RNAi
1.16

1.2

1.13
pnc-1(pk9605) with GFP RNAi

1
1

N2 with sir-2.2, 2.3 RNAi

0.8

N2 with sir-2.2 RNAi

0.74

0.70

0.63
0.6

0.58

0.56

pnc-1(pk9605) with sir-2.2 RNAi

sir-2.1,2.2,2.4 with sir-2.3 RNAi

0.46
0.4

sir-2.1,2.3,2.4 with sir-2.2 RNAi
0.2

N2 with sir-2.3 RNAi

pnc-1(pk9605) with sir-2.3 RNAi

0
Figure 12: Normalized Oil-Red-O Stain Comparison for RNAi Sirtuin Mutants.

The results of the experiment show that all of the strains tested were statistically
different from wild type. The N2 strain with sir-2.2 RNAi, sir-2.3 RNAi, and sir-2.2, 2.3 RNAi, the
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pnc-1(pk9605) strain with sir-2.2 and sir-2.3 RNAi, and sir-2.1,2.2,2.4 strain with sir-2.3 RNAi
were all significantly lower than N2 with GFP RNAi and pnc-1(pk9605) with GFP RNAi. The sir2.1,2.3,2.4 with sir-2.2 RNAi strain was significantly higher than N2 with GFP, but not
significantly different from pnc-1(pk9605) with GFP. The sirtuin mutants fat storage averaged
from about 55-75% of the control, with the exception of the triple mutant strain with sir-2.3
RNAi which averaged 113% of the control. The pnc-1(pk9605) mutant strain with GFP RNAi
stored 116% of the fat of the N2 with GFP RNAi control.
In general, the results showed a decrease in fat storage in the sirtuin pnc-1(pk9605)
mutants, which directly contradicted my hypothesis that sirtuin mutants would mimic the -1
mutant’s fat storage phenotype. Since the results were not consistent, and since RNAi is not
always a 100% reliable technique, I decided to repeat the experiment with the sirtuin mutant
strains available in the lab.
Sirtuin mutant fat accumulation assay
I repeated the fat accumulation assay protocol for each of the sirtuin mutants that were
available in the lab: a strain with a mutation in the NAD-dependent deacetylase sir-2.1, a strain
with a mutation in the ADP-ribosyl transferase sir-2.3, a double mutant with mutations in sir-2.1
and the ADP-ribosyl transferase sir-2.4, and a triple mutant with mutations in sir-2.1, sir-2.3 and
sir-2.4. I also assessed a pnc-1 overexpression strain in order to determine its effects on fat
accumulation. To determine significance, a t-test was performed between each of these strains
and the fat quantification scores for the combined set of wild-type worms. The results are
shown in Table 3 and Figure 13.
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Table 3: Oil-Red-O Stain Comparison for Sirtuin Mutants

1.6

Normalized Sirtuin Mutant Assay
1.41

1.4

1.2
N2

1
1

pnc-1(pk9605)
0.79

0.8

0.81

0.86

0.81

pnc-1 overexpression
sir-2.3
sir-2.1
sir-2.1, 2.4

0.6

sir-2.1,2.3,2.4
0.4

0.2

0.12

0
Figure 13: Normalized Oil-Red-O Stain Comparison for Sirtuin Mutant Strains.

The results show that all of the sirtuin mutants tested stored slightly less fat than the
wild-type worms, and these results were all statistically significant as demonstrated by the pvalues. The pnc-1 overexpression strain also stored significantly less fat than N2. The low fat
storage of the overexpression strain is expected, since the mutant strain stored significantly
more fat than N2.
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The genetic sirtuin mutant strains stored consistently less fat than the wild-type control,
and averaged approximately 80% of N2, except for the sir-2.1, 2.4 mutant strain which only 12%
of N2. In this assay, the pnc-1(pk9605) mutant was 141% of N2. In addition to the results from
the RNAi experiments, these results contradicted my hypothesis that sirtuin mutants would
store more fat than wild-type worms.
Excess Fat Storage vs Fat Mobilization Decline in pnc-1(pk9605) Mutants: Starvation Assay
Although I had determined that pnc-1(pk9605) mutants store more fat than wild-type
worms, I still did not know whether this observed fat increase was due to the worms actually
taking up and storing more fat, or whether it was due to a decreased rate of fat mobilization in
these worms. I performed a starvation assay in order to determine if the rate of fat mobilization
was different between the two strains.
I synchronized N2 and pnc-1(pk9605) mutant worms via egg prep and then took them
off of food for 24 hours at the L4 stage. I stained the starved worms at day 1 of adulthood. The
worms that had been starved were expected to have less fat stored after the 24 hour period
than the control N2 and pnc-1(pk9605) mutant worms that had never been starved. If the
starved pnc-1(pk9605) mutant worms had an elevated fat level relative to the pnc-1(pk9605)
mutant control as compared to starved wild-type worms relative to the wild-type control, I
could conclude that the worms were deficient in fat mobilization and were not actually storing
more fat than their wild-type counterparts. However, if the decrease in fat storage was similar
to the decrease observed in wild type, I could propose that pnc-1(pk9605) mutants actually
store more fat than N2 worms.
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The results of the experiment are shown below.
Table 4: Oil-Red-O Stain Comparison for Starved Worms

Fat Quantification for Starvation Assay
1400
1200
N2

1000

pnc-1(pk9605)

800

N2 starved for 24 hours

600

pnc-1(pk9605) starved for 24
hours

400
200
0
Figure 14: Oil-Red-O Stain Comparison for Starved Worms

The table and figure above show that both the pnc-1(pk9605) mutant and wild-type
worms stored significantly less fat after they had been starved for a 24 hour period. The fat
quantification numbers were extremely low, but this can be partly attributed to the fact that
the starved worms were unhealthy and were therefore unable to grow to their full adult size.
The worms were smaller in size than the first day adult worms typically seen in the pictures,
which accounts for some of the decrease in fat storage measured by the Python program.
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Below is an example of a pnc-1(pk9605) mutant and a wild-type worm that has been starved for
24 hours.

Figure 15: Pictures of starved worms Left: pnc-1(pk9605) mutant worm starved for 24 hours; Right: N2 worm starved for 24
hours

Although smaller than usual, because the starved pnc-1(pk9605) mutant worms were
similar in size to the starved wild-type worms, the fat storage data for the two strains can be
compared. The p-value for the significance between the two starved strains is extremely low,
indicating that the starved pnc-1(pk9605) mutant strain had more fat stored than the starved
wild-type strain. However, because the pnc-1(pk9605) mutant stored more fat under control
conditions, this difference is not indicative of the worms’ ability to mobilize fat. In order to
compare the fat mobilization of the two strains, I calculated fat storage as a percentage of the
control for each strain. The starved pnc-1(pk9605) mutant worms stored 7.5% the fat that the
control stored, while the starved wild-type strain stored 4.4% of the fat stored by the wild-type
control. The percentages were similar for each strain, so I concluded that the pnc-1(pk9605)
mutant worms do not have a decreased ability to mobilize fat.
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Discussion
Through the fat accumulation experiments, I have determined that pnc-1(pk9605)
mutants store significantly more fat than wild-type worms. In an attempt to explain this finding,
I hypothesized that decreased activity of sirtuins downstream of the pnc-1(pk9605) mutation
was responsible for the pnc-1(pk9605) mutant’s fat-storing phenotype.
I performed RNAi with various sirtuin mutants and assayed them for fat storage. In
general, the sirtuin mutants stored less fat than wild type, except for the increased fat storing
observed in one of the quadruple sirtuin mutant strains achieved with the sir-2.1, sir-2.3, sir-2.4
and sir-2.2 RNAi. This data point does not make any logical sense, considering that I also
assayed the same quadruple sirtuin mutant strain, created with a sir-2.1, sir-2.2, sir-2.4 strain
with sir-2.3 RNAi. The inconsistency suggests the possibility that the sir-2.3 RNAi did not work,
however, the sir-2.3 RNAi did decrease the fat storage of the wild-type and pnc-1(pk9605)
mutant worms significantly. This, in addition to the low fat-storing phenotypes of the RNAi
sirtuin mutants and the genetic sirtuin mutant strains, makes me suspicious about the accuracy
of the data obtained for the strain in question. The protocol would have to be repeated for this
strain in order to determine its validity, but with the evidence that I have I cannot take this
strain’s data into consideration for my conclusion.
The genetic sirtuin mutants assayed for fat storage also stored less fat than wild type.
These results were extremely consistent with each strain storing approximately 80% as much
fat as wild type, except for the sir-2.1 and sir-2.4 strain which stored an extremely low amount
of fat. At first look, it appears that sir-2.3 may be required to induce a fat storage phenotype
when combined with sir-2.1 and sir-2.4, since the sir-2.1, sir-2.3 and sir-2.4 mutant stored
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significantly more fat than the sir-2.1 and sir-2.4 mutant. However, the sir-2.3 mutant stored
approximately the same amount of fat as those two mutant strains, and the sir-2.1 mutant
strain stored equally as much fat. Because all of the other sirtuin combinations were so close
relative to each other, I can conclude the fat quantification number for the sir-2.1 and sir-2.4
mutant is probably incorrect.
I have noticed that one or two times when I performed the staining protocol on the pnc1(pk9605) mutant worms, the stain simply did not stain very brightly. The worms were only
faintly red, which I knew was not typical, and I needed to repeat the protocol over again. I
hypothesize that this is what occurred when I assayed the sir-2.1 and sir-2.4 strain, but I did not
realize that it was incorrect because I had no previous data on the strain with which to compare
it. If I had more time, I would repeat this assay, but given my time constraints I think that it is
best to disregard that data and assume that there is no need to include it when I draw a
conclusion.
Based on the sirtuin mutant analyses, I can conclude that, contrary to my hypothesis, a
loss of sirtuin mutant activity causes a decrease in fat storage in the worms. I reject my
hypothesis that sirtuins aide in fat mobilization in worms, and conclude that sirtuin activity may
be essential for regulating fat storage in C. elegans. I base this conclusion on the fact that
sirtuin mutant worms stored consistently lower fat than wild type, and these results were
statistically significant.
Future work on this project should include repeating the assays that were not consistent
with the rest of the results in order to determine whether something happened during the
assay to cause faulty results, or whether there is truly something different about those strains
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that should be determined. Repetition of all of the assays may be a good idea, since I only had
time to repeat them once, and the stain and the worms can be finicky at times. In order to
determine if the individual RNAis are working, Western blots should be performed to analyze
the amount of protein present at various stages. It would also be interesting to do some
pharmacological procedures using NA and NAM in order to see if the fat-storing phenotype of
the pnc-1(pk9605) mutant worms can be re-created with NAM or rescued with NA.
I determined that pnc-1(pk9605) mutant worms stored more fat than wild-type worms
at the young adult stage. However, this excess fat could be made possible in two different
ways: the worms could be taking up and storing additional fat compared to wild type, or the
worms could have a decreased ability to mobilize fat compared to wild type. To differentiate
between these two possibilities, I performed a starvation assay to force the worms to have to
mobilize fat. I was able to determine that wild-type and pnc-1(pk9605) mutant worms that had
been starved for 24 hours showed nearly identical percentages of fat remaining. This indicated
that the pnc-1(pk9605) mutants do not seem to have a disability in mobilizing fat. Therefore, I
conclude that the difference in fat storage seen between pnc-1(pk9605) mutant and wild-type
worms is most likely due to the pnc-1(pk9605) mutant worms storing more fat than their wildtype counterparts.
Knowing this information, my results from the sirtuin mutant assay become more clear.
I had originally hypothesized that down-regulation of sirtuins in pnc-1(pk9605) mutants would
result in larger fat stores, and I had based this prediction on evidence that sirtuins (Sirt1) may
be linked to fat mobilization in mammals. However, if the excess fat stored in the pnc1(pk9605) mutants is due to an increased uptake of fat, and not to a decreased ability to
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mobilize fat, the involvement of sirtuins in this phenotype is not as logical. Further research will
be required in order to determine the mechanism and reason that pnc-1(pk9605) mutants
actively store more fat than wild type.

Specific Aim 2: PNC-1B Injection Experiment
Background and Hypothesis
I predict that injecting PNC-1B protein into pnc-1(pk9605) mutant worms will result in
rescued phenotypes if the protein is made available outside of the cell, assuming that the only
difference between PNC-1A and PNC-1B is their secretion capabilities. To test this prediction,
PNC-1B protein was injected directly into the body cavity of pnc-1(pk9605) mutant worms, and
the worms were scored for egg-laying defects and UV-1 cell necrosis.
Methods
PNC-1B protein was isolated, purified using a six histidine-tag purification method,
aliquoted into 1mL tubes, and stored at -20°C.
The purification of the PNC-1B protein was performed by Stephanie E. Lange. Protein
was purified using a His-tag and run through a nickel column. Imidizole was used to elute the
protein. The resulting solution had a concentration of 1mg PNC-1B protein/mL solution.
Prior to aliquotting, the 1mg/mL solution was diluted 1000:1 with buffer, resulting in a
concentration of approximately 1mg/µL solution. This stock solution was then aliquotted prior
to freezing into .25mL solutions in order to prevent protein damage from freeze/thaw cycles.
Both the stock solution and the individual aliquots were stored in the -20°C freezer.
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On the day of injection, an aliquot of protein was removed and thawed. Second larval
stage (L2) pnc-1(pk9605) mutant worms were selected for injection and stuck to an injection
pad so as to become immobile. Oil was applied to the pad in order to keep the worms from
dehydrating during the injection process. Capillary tubes were pulled into two injection
needles, of which the tips were carefully broken so as to allow only a small amount of liquid to
escape when pressure is exerted through the needle. Worms were injected into the body cavity
so that the liquid was seen to visibly flow throughout the cavity. Following injection, the worms
were carefully lifted from the oil and transferred to a fresh plate with bacteria. The worms that
survived were allowed to grow until L4 stage, where they were removed from the plate and
placed on a slide for viewing with a compound microscope with Nomarski optics to determine
whether UV-1 cells had survived or necrosed, or allowed to grow to adulthood to determine
whether or not they were able to lay eggs properly. In the case of the UV-1 cell assay, a pnc1(pk9605) mutant strain with integrated inis179:gfp was used in order to make it easier to
visualize the UV-1 cells. This particular strain of worm has green fluorescent protein (GFP)
specifically localized to the UV-1 cells that makes them glow green under blue light. If the UV-1
cells were not bright green, it was determined that they had necrosed.
Results
The results of the injection experiment did not support the hypothesis. None of the
worms displayed rescued phenotypes for either the egg-laying defective or the UV-1 cell
necrotic phenotypes.
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Table 5: Results of PNC-1B injection egg-laying assay-21 worms were injected and assayed for egg-laying. 15 of the injected
pnc-1(pk9605) mutant worms bagged while 6 worms laid eggs normally. The percentages for the injection experiment, the
expected rescue value (Vrablik, Huang et al. 2009) and the typical mutant pnc-1(pk9605) strain are displayed as well.

As Table 5 shows, in the egg-laying assay, a total of 21 pnc-1(pk9605) mutant worms
that were injected with PNC-1B protein lived. Of these 21, only 6 worms showed a normal C.
elegans egg-laying phenotype, and 15 worms showed the typical mutant phenotype of bagging.
This was clearly not a significant enough percentage of the worms to prove that the phenotype
was rescued robustly, but it was also difficult to conclude whether there was any partial
phenotypic rescue due to the incomplete penetrance of the pnc-1(pk9605) mutant egg-laying
phenotype. Egg-laying is normal in approximately ¼ of pnc-1(pk9605) mutant worms, and
previous experimentation using transgenes to rescue egg-laying show an incomplete rescue for
egg-laying of 70-80% (Vrablik, Huang et al. 2009). In order to be able to detect even the
slightest increase in rescue, we decided to continue the procedure using a different phenotype:
uv-1 cell necrosis.
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UV-1 cell necrosis was selected due to the strong penetrance and potential for rescue of
this phenotype. In a typical strain of pnc-1(pk9605) mutant worms, about 4% of the worms will
have proper UV-1 cell development, and previous transgenic work has been shown to rescue to
93-96% (Vrablik, Huang et al. 2009). These numbers should make it easier to determine
whether there is any partial rescue occurring with the experiment. The results of the UV-1 cell
necrosis assay are shown in the table below.
Table 6: Results of PNC-1B injection UV-1 cell necrosis assay-46 worms were injected and assayed for UV-1 cell necrosis. 43 of
the injected pnc-1(pk9605) mutant worms had UV-1 cell necrosis while 3 worms had UV-1 cells that developed normally.

As shown in Table 6, 46 worms lived through injection with PNC-1B protein and were
able to be assayed for UV-1 cell necrosis. Of these 46 worms, only 3 did not display UV-1 cell
necrosis, which was defined as all four UV-1 cells dying, while 43 showed the typical pnc1(pk9605) mutant phenotype of necrosis. This means that approximately 7% of the injected
worms had a normal UV-1 cell development, which is not a significant increase from the 4%
that is expected for pnc-1(pk9605) mutant populations. This result combined with the result of
the egg-laying assay does not allow me to prove my hypothesis that injection of PNC-1B protein
outside of the cell would rescue the mutant phenotypes characteristic of pnc-1(pk9605) mutant
C. elegans worms. The results clearly indicate that there is no difference between the
proportion of worms that display the mutant egg-laying and UV-1 cell developmental
phenotypes in the PNC-1B injected populations and the proportion of worms that display the
mutant phenotypes in the general pnc-1(pk9605) mutant population.
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Discussion
Although the results of the assays did not support my hypothesis, some possible reasons
that the results were not what I expected should be addressed before I can be assured that my
hypothesis was incorrect. Namely, these other factors include reasons why the injection could
not have worked, causing the results that I obtained to be rendered meaningless.
The first obvious question is whether the protein had actually been delivered outside of
the cells as I had hoped. When the worms were injected, the protein solution was injected
directly into the body cavity so that it would definitely be present outside of any cells. As I
injected the worms, the liquid was visible flowing through the cavity due to their transparent
cuticles. This ensured me that the fluid had been injected into the body cavity and not into the
gonad or another compartment. Through countless attempts at injection, I was able to
differentiate between the worms that had been properly injected and those that had not been,
enabling me to dismiss improper injection as a possibility for the failure of the phonotypic
rescue.
Another possibility for the lack of rescue could be due to the worms being injected at an
improper time in development. The idea of injecting worms at the second larval (L2) stage was
to inject them as young as physically possible in order to ensure that the protein was around
long enough prior to the start of gonadal development, which occurs late in the third larval (L3)
stage. However, after the worms were not showing rescue, I considered the possibility that this
was too early to inject the worms, which may create potential problems such as if the protein
was being degraded or losing its activity while inside the body cavity. In order to ensure that the
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injection time was not premature, I decided to inject a few worms at a late L3 stage close to
when the beginning of gonad development occurred. All five worms that I injected at a L3 stage
showed UV-1 cell necrosis, which led me to reject injection timing as a possible explanation for
the experiment to fail, since I would expect that at least one of these worms would have shown
rescue if the injection occurred at the proper time.
I also considered whether the injection concentration of 1 mg protein/µL of solution
was sufficient to rescue the phenotypes. However, a solution of active protein at this
concentration should be concentrated enough to rescue the developmental defects and is
therefore an unlikely reason that phenotypic rescue did not occur. I do not expect that much
protein would be required to induce proper gonadal development, so with proper injection
technique I can conclude that the protein concentration did not cause the results to vary from
my prediction.
Another possibility to consider is whether the protein that I had injected still had
enough activity to function properly. If a large enough proportion of the protein had lost its
activity, it’s possible that there would not be enough activity to rescue the phenotypes. In order
to test its activity, Stephanie Lange performed a nictinamidase activity assay, from which she
was able to conclude that the protein which I had injected was still active. The specific activity
was 1600 nmol NH3/min*mg of protein, which was a high enough activity to eliminate the
possibility that protein activity had affected my results.
According to the results obtained from my experiment, I cannot support my hypothesis
that injecting PNC-1B protein into the body cavity of a C. elegans worm will result in phenotypic
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rescue of developmental defects. This result was contrary to what I expected, since PNC-1
protein functions outside of the cell and has been shown to robustly rescue the characteristic
phenotypes of pnc-1(pk9605) mutants. However, I recognize that this is a relatively novel
procedure and that protein injection is not typically performed. Due to the fact that I got a
negative result, I am unable to draw a conclusion from this experiment since I cannot possibly
rule out all possible variables that would cause the results that I obtained.
In summary, the NAD+ salvage pathway affects fat metabolism. When the enzyme PNC1 is mutated, C. elegans worms store more fat than wild-type worms. This increase in fat is due
to increased fat storage, not a decrease in fat mobilization. Sirtuins are important in regulating
fat storage. When sirtuins are mutated, worms store less fat than wild-type. It could not be
conclusively demonstrated that the enzyme PNC-1 functions extracellularly in this experiment.
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