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ABSTRACT 
 
 

 
PNPase IN C. ELEGANS: MUTAGENIC ANALYSIS TO COMPLEMENT KNOCKDOWN 

STUDIES  
 

By Danielle Seibert, B.S.  
 

A thesis submitted in partial fulfillment of the requirements for the degree of Master 
of Science at Virginia Commonwealth University 

 
Virginia Commonwealth University, 2017 

Major Director: Rita Shiang Associate Professor, Department of Human and 
Molecular Genetics 

 
PNPase is a gene implicated as a potential target for cancer therapy; human mutations 

also present with deafness, myopathies, and neuropathies. In this study, C. elegans 

was used to investigate the effect of knocking out PNPase in a whole animal. C. elegans 

knockdown studies have reported an extended lifespan via an increase in ROS 

production. Further noted are larger mitochondria and an increase in fzo-1 

expression. Knockout animals previously constructed using CRISPR/Cas9 were used 

for this study. We aimed to confirm these findings validating previous studies. It was 

discovered that PNPase knockout animals demonstrated a similar lifespan extension 

that was resolved with the addition of antioxidants in the media.  All subsequent 

findings contradicted those of the knockdown studies. Resequencing of knockout 

animals demonstrated no existing mutation and studies were discontinued. New 

mutants will advance future analyses and validate prior investigations.  
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CHAPTER 1: PNPase INTRODUCTION 

I. PNPT1: 

PNPT1 is a, highly conserved, nuclear encoded gene that produces a 3’-5’ 

exoribonuclease. This member of the polynucleotide phosphorylase family localizes 

to the inner membrane space of the mitochondria as well as the cytosol (Piwowarski 

et al, 2003; Chen et al, 2006; Leszczyniecka et al, 2002; Sarkar and Fisher, 2006). 

PNPT1 is found on chromosome 2p15-2p16.1 in humans, spans 60 Kb, and contains 

28 exons (Leszczyniecka et. al., 2003). hPNPase
old-35 

(human PNPase) was first 

discovered as an upregulated gene in an overlapping pathway screen intended to 

identify genes that were differentially regulated in senescent progeroid fibroblasts 

and terminally differentiated HO-1 human melanoma cells (Leszczyniecka et al., 

2002). The screen identified a total of 75 genes designated old-1 through old-75. Old-

35 was subsequently identified as showing significant homology to PNPase from 

other species, and thus labeled as human PNPase, or hPNPase
old-35 

(Leszczyniecka 

et. al., 2002). This multi-functional enzyme has been shown to have a role in 

specifically degrading c-myc mRNA (Sarkar et al., 2003; Sarkar et. al., 2005), miR-221, 

miR-222, and miR-106b (Das et. al., 2010). The exoribonuclease was also found to aid 

in regulating translocation of small RNAs into the mitochondria, such as MRP 

(mitochondrial RNA processing), 5S rRNA, and RNase P (Wang et al., 2010; Wang et 
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al., 2012). At the transcriptional level, PNPT-1 was found to have been induced by 

type I interferon (IFN-α and β). An IFN-stimulated response element (ISRE) was 

identified in the promoter of hPNPase
old-35

; mutating this site was found to eliminate 

induction of gene expression by IFN (Leszczyniecka et al., 2003). 

 

II. PNPase Structure  

PNPase is an evolutionarily conserved protein. It is found in the majority of 

organisms including bacteria, plants, and humans with the exception of fungi, 

trypanosomes and the entire domain Archaea (Sarkar and Fisher, 2006). Human 

PNPase is known to have five conserved motifs: two RNase PH (RPH) domains at the 

amino terminal separated by an α-helix, unique to PNPase, and two C-terminal RNA 

binding domains (RBD) (KH and S1) (Figure 1A) (Symmons et al 2000; Leszczyniecka 

et al 2002; Raijmakers et al 2002; Symmons et al 2002; Leszczyniecka et al 2004). 

PNPase in C. elegans is similar, in that it has the two RPH domains and the two C-

terminal RBD, but lacks the α-helix (Figure 1B). PNPase in plants contain an N-

terminal chloroplast-transit peptide (cTP) or a mitochondrial-targeting sequence 

(MTS), while other organisms contain only the N-terminal MTS. Deletion studies in 

bacteria have shown that deletion of either the RBD, KH, or S1 domains will reduce 
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the ribonuclease activity of PNPase by 19-fold (KH) or 50-fold (S1). Deletion of both 

reduces activity to 1% (Stickney et al., 2005).  

In humans, the protein PNPase is 783 amino acids long, with a weight of 86 

kDa. In its primary location, the mitochondria, the protein assembles into a 

homotrimer or a dimer of two homotrimers (Piwowarski et. al., 2003; Rainey et. al., 

2006). When attempting to determine the minimum active region, mutation analysis 

showed that both the RPH domains have equal enzymatic ribonuclease activity. It was 

found that the presence of either RPH domain is sufficient for complete enzymatic 

activity. Additionally, hPNPase maintains enzymatic activity when both RBDs have 

been deleted, thus indicating that the RPH domains may play a role in RNA binding in 

humans (Sarkar et. al., 2005).  
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A:  

  

 

B:  

  

 

Figure 1: Structure of PNPase  

The human protein (A) has 2 RNase PH (RPH) domains separated by an alpha 
helix, specific to PNPase, and followed by two RNA binding domains: KH and S1. The 
C. elegans structure of PNPase (B) contains the two RPH domains along with the two 
RNA binding domains; the intervening alpha helix is absent. (www.ncbi.nlm.nih.gov)  

  

http://www.ncbi.nlm.nih.gov/
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III. PNPase Localization  

The MTS at the amino terminus of human PNPase localizes the 

exoribonuclease to the mitochondria (Piwowarski et. al., 2003). Subfractionation 

studies further localized PNPase to the inner membrane space of the mitochondria, 

more specifically as an inner membrane bound peripheral protein (Chen et. al., 2006). 

PNPase is imported to the inner membrane space via an i-AAA protease Yme-1 

dependent mechanism (Rainey et. al., 2006). Additional studies have shown that 

hPNPase
old-35 

also localizes to the cytoplasm where it can help to degrade specific 

mRNA and miRNAs (Leszczyniecka et. al., 2002; Sarker et. al., 2003; Chen et. al., 2006; 

Das et. al., 2010).  

 

IV. Mitochondria  

The mitochondria are the location of cellular respiration. This double-

membraned organelle is the primary site for ATP synthesis that takes place via a 

series of respiratory complexes known as the electron transport chain (ETC). The 

mitochondrial genome is made up of double stranded DNA that is inherited through 

the female oocyte, and thus solely through the maternal lineage. It is approximately 

16 Kb in length and circular in nature. Unlike nuclear DNA, the mitochondrial genome 
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only contains 37 genes. Because of the size of its genome, the mitochondria are not 

able to independently produce the many proteins it needs for complete functionality. 

It must therefore rely heavily on gene products imported from the nucleus. 

Mitochondrial genes, from both strands, are transcribed in a polycistronic manner. 

This means that the large mitochondrial mRNA products contain genomic 

information that codes for many different proteins. These are subsequently spliced 

into functional tRNA, rRNA, and mRNAs (Chial et. al. 2008).  

Along with its role in energy metabolism, the mitochondria play an essential 

role in calcium signaling and cellular homeostasis. A defined level of calcium is 

necessary to maintain homeostasis within the cell. If calcium levels within the cell 

surpass that of the threshold capabilities, the mitochondrial membrane potential will 

collapse resulting in cellular apoptosis (Rizzuto et. al., 2009). Mitochondria have also 

been found to have a role in non-calcium induced apoptosis secondary to an altered 

membrane potential from other apoptotic pathways. When the membrane potential 

changes detrimentally the mitochondria release caspase activators that deactivate 

proteins that inhibit apoptosis along with cytochrome C, known to bind to Apaf-1 

(apoptotic protease activating factor – 1) (Green, 1998; Fesik and Shi, 2001). 

Furthermore, the mitochondrion acts as a calcium reservoir, with calcium being taken 

up into the matrix for storage (Brighton and Hunt, 1974; Miller, 1998). The 



9 

mitochondria are not simply static organelles, but engage in fission and fusion as a 

response to cellular conditions; the rate of this is determined by the differing 

metabolic demands and is crucial to the overall health of the cell. 

Fission is a necessary process that ensures faithful inheritance and adequate 

mitochondrial populations in daughter cells during cellular division. Drp1, a cytosolic 

dynamin family member, mediates this process by forming a spiral around the 

mitochondria, constricting, and severing through both membranes. Fission can also 

be used to sequester debris to one end of the organelle for disposal when 

mitochondria accumulate excessive damage. Subsequent division occurs and the 

mitochondria containing the damaged debris undergo autophagocytosis allowing the 

healthy organelle to continue performing its normal functions. (Youle and van der 

Bliek, 2012). 

The act of fusion can also help to mitigate cellular stress by mixing the contents 

of partially damaged mitochondria as a form of complementation.  Mammalian cells 

contain three GTPases in the outer membrane of the mitochondria. These 

transmembrane proteins, Mfn1, Mfn2, and Opa1, are all required for proper fusion 

(Martinou and Youle, 2011). As a triggered response to cellular stress, fusion can 

furthermore become enhanced under starvation conditions. Moreover, the process 

can be used to rescue mutations within the mitochondrial genome (Tondera et. al., 
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2009; Gomes et. al., 2011; Rambold et. al., 2011).  

 

X. Reactive Oxygen Species (ROS) 

 ROS such as hydrogen peroxide, the hydroxyl radical, and superoxide are 

generated under hypoxic conditions. Complex III of the ETC has the capability of 

circulating superoxides into the intermembrane space of the mitochondria; thus, a 

major source for ROS production is cellular respiration. While large increases in ROS 

can damage proteins, lipids, and DNA, smaller volumes have been shown to activate 

signaling pathways leading to proliferation and transcription (Trachootham et. al., 

2008; Droge, 2002; Thannickal and Fanburg, 2000). 

There is strong evidence to show ROS are upregulated in tumors and can lead 

to induction of signaling networks that cause tumorigenesis and metastasis 

(Weinberg and Chandel, 2009). A variety of mechanisms exists to counteract the 

effect of superoxides, namely superoxide dismutases (SODs). This family of 

dismutases is able to convert the superoxide into hydrogen peroxide, which can then 

be eliminated by a variety of other peroxidases and peroxiredoxins (Sena and 

Chandel, 2012). Recent studies have shown that a slight increase in ROS, rather than 

being harmful, will activate beneficial stress responses in animals extending their 

lifespan (Schulz et. al., 2007; Zarse et. al., 2012).  
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VI. PNPase in Mitochondria  

Multiple studies have been previously performed to determine if hPNPase
old-

35 
plays a role in mitochondrial homeostasis given its primary localization to the 

inner membrane space. Overexpression studies have indicated that hPNPase
old-35 

plays a role in ROS induction (Sarkar et. al., 2004; Sarkar and Fisher, 2006). An 

observable change in the mitochondria is found in knockdown and knockout 

experiments. Mitochondria were observed to become more filamentous and granular 

shaped in HEK293T knockdown cells. Furthermore, a decreased membrane potential 

was discovered along with a reduction in enzymatic activity of coupled respiratory 

complexes I / III, II / III, and the individual complexes IV and V. Auxiliary studies 

concluded that hPNPase
old-35 

knockdown reduces ATP levels and causes lactate 

accumulation (Chen et. al., 2006).  

Additionally, hPNPase
old-35 

plays a role in importing small RNAs into the 

mitochondria, specifically RNase P RNA, MRP RNA, and 5S RNA. RNase P is a ribozyme 

known to cleave precursor sequences from tRNA molecules. MRP RNA is involved in 

the initiation of DNA replication in the mitochondria. 5S RNA is a small ribosomal RNA 
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molecule, a subunit that, during translation, contributes to the function of the large 

ribosome as a whole. hPNPase
old-35 

recognizes these RNAs via a specific stem-loop 

motif. It is important to note, the two roles PNPase plays are not dependent on one 

another: mutations affecting small RNA import do not affect the RNA processing role 

(Wang et. al., 2010; Wang et. al., 2011). Figure 2 summarizes the multiple roles 

PNPase plays in the cell, as well as its multiple locations it can be found.  
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Figure 2: Summary of PNPase roles and subcellular localization.  

When in the cytoplasm, PNPase is involved in miR-221 and c-myc degradation, 
leading to cellular growth arrest. PNPase in the mitochondria is involved in mtRNA 
processing and small RNA import. (Sohki et. al., 2013)  
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VII. Functional Studies of PNPase 

a. Studies in Bacteria 

Bacterial PNPase is involved in a majority of the bacterial cell functions that 

are essential for growth, development, and survival. Studies in bacteria demonstrate 

PNPase has variable functionalities including, but not limited to, RNA decay and other 

posttranscriptional modifications of mRNA, which are essential for growth and 

survival (Deng et al. 2014; Regonesi et al. 2006). A gene knockout study in Yersinia 

pestis determined PNPase increases the degradation of Hfq-free structured RNA; the 

study involved both single and double (hfq / hfq-rnc) mutants. In bacteria, the RNA 

chaperone Hfq is thought to aid in guiding sRNAs (small RNAs) to their mRNA targets 

while stabilizing them from degradation by RNase E (Deng et al. 2014). Small RNAs 

are RNA molecules that are usually less than 200 bp in length and are not translated 

into proteins. PNPase and RNase E are two of the major components of RNA 

degradation and are subsequently recruited for cleavage by the Hfq chaperone. 

Knockout studies involving RNase G, RNase II, and RNase III deletions, showed similar 

results to those involving Hfq-mutations (Deng et al. 2014). The pnp gene was found 

to be upregulated in studies using double (hfq-rnc) and triple (hfq-rnc-rnb) mutants 

as compared to single hfq mutants. Additional experiments noted a decrease in sRNA 

transcripts when PNPase was upregulated.  This confirmed the idea that PNPase is 

the primary exoribonuclease responsible for sRNA degradation in an hfq free 
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environment (Deng et al. 2). Similarly, a gene knockout study in Escherichia Coli 

investigated the involvement of PNPase in RNA binding and degradation. Findings 

showed an impairment of these processes in G454D PNPase mutants (Regonesi et al. 

2006). The Glycine at position 454 was found to be essential for the structural 

integrity of the enzyme multimer and overall stability of the degradosome.  

 PNPase mediates different posttranscriptional roles in bacteria. In pathogenic 

bacteria, a large number of sRNAs modulate response to stress, adaptation, and the 

production of virulence factors (Andrade and Arraiano 546; Haddad et al. 6; Viegas et 

al. 7656). PNPase is essential in the generation of outer membrane proteins 

important for bacterial motility. One in particular, the outer membrane A gene (OMP 

A), is involved in the pathogenic initiation in bacteria aided by motility. The small 

noncoding RNAs micA and RybB are stationary phase regulators involved in the 

synthesis of outer membrane proteins. RybB is crucial in the regulation of outer 

membrane proteins B and C, while micA regulates outer membrane A protein. 

Because of the posited involvement of PNPase in the generation of the small 

noncoding RNAs micA and RybB, significant decreases in the products regulated by 

these RNAs confirms the involvement of the enzyme in the regulatory process 

(Andrade and Arraiano et al.). Decreased ompA quantities have been correlated with 

reduced micA levels, which are modulated by PNPase enzyme systems.  Furthermore, 
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ompA levels and micA RNA concentrations have been found significantly reduced in 

E. coli bacteria containing pnp mutations (Andrade and Arraiano et al.). Additionally, 

studies in Campylobacter jejuni have demonstrated a reduced bacterial motility in in 

pnp mutant species, which was later reversed by complementation with wild-type 

pnp animals (Haddad et al. 2012). 

 PNPase is further implicated in bacterial adaptability, along with survival and 

growth. Additional studies in C. jejuni have shown that bacteria require PNPase for 

adhesion and invasion of host cells, and bacterial colonization (Haddad et al. 2012). 

Similar findings were made following studies performed with E. coli, (Andrade and 

Arraiano 544; Favaro and Deho 5280-5281), and studies that utilized the Salmonella 

species (Viegas et al. 7656; Adolaib 79). Studies in Salmonella demonstrated many 

sRNAs are induced when under specific stress conditions; these include DNA damage, 

cold shock, osmotic stress, iron stress, and oxidative stress (Viegas et al. 2007). Wild-

type Salmonella species express virulence genes, for pathogenic entry, and 

concomitant increments, in CsrB and CsrC protein subunits throughout the early 

stationary phase. Meanwhile the virulence factors for host survival were expressed 

in the middle and late phases. Furthermore, PNPase was found to have a profound 

effect on the stability of MicA, CsrB, CsrC, and SraL. These sRNAs were found 

upregulated in the absence of PNPase via northern blot analysis. PNPase was also 



17 

found to be a key regulator in the decay of all 4 sRNAs studied.  These findings 

demonstrate the underlying involvement of PNPase in RNA decay and the 

posttranscriptional production of sRNAs. PNPase enzyme is necessary for the 

formation of the regulatory sRNAs, which, together with RNA-binding proteins 

carbon storage regulator A (CsrA) form a complex that enables the Salmonella species 

to produce adapt to its environment and survive. The CsrB and CsrC produced in the 

stationary phase of the bacterial growth phase are indications of the multivariate 

cellular effects of PNPase on bacteria (Viegas et al. 2007). Similarly, the adhesion and 

invasion molecules, as well as those involved in the comparative colonization of the 

host cells are bacterial adaptation and survival factors (Haddad et al.). Their elevated 

expression during stress (stationary phase) reflects PNPase involvement in the 

adaptability by redirecting the generation of sRNAs and protein regulators to enable 

the bacteria survive in otherwise adverse environments. The decreased adaptability 

and survival, as evidenced by the reduced molecules (Lux S, peb3, katA, and hsp90) in 

pnp mutant types confirm PNPase involvement in the formation of virulence factors.  

b. Knockout and Knockdown Studies  

In vivo studies have indicated that total knockout of Pnpt1 in mice is embryonic 

lethal, thus showing its importance in development. Further studies report targeted 

liver knockout results in a decrease in the activity of the respiratory chain as well as 
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causing disordered, circular, and smooth mitochondrial cristae (Wang et al., 2010). 

Additionally, PNPase knockdown in a melanoma cell line HO-1 results in filamentous 

and granular mitochondria, a decrease in membrane potential, and a decrease in the 

enzymatic activity of the respiratory complexes (Chen et al., 2006).  

c. Overexpression Studies  

Overexpression studies with hPNPase
old-35 

in HO-1 cells were performed in 

order to investigate the mechanism of growth inhibition. Two unique methods were 

used: slow and sustained overexpression via a low multiplicity adenoviral vector and 

rapid overexpression via a high multiplicity adenoviral vector. The results 

demonstrated different phenotypes for each method of overexpression. Slow and 

sustained overexpression, initiated to determine the mechanism behind inhibition of 

colony formation seen in HO-1 cells, resulted in growth inhibition and induction of a 

senescent-like phenotype, which ultimately resulted in apoptosis. Analysis of the cell 

cycle of these cells indicated that there was an initial G1/S or G2/M arrest followed 

by apoptosis (Sarkar et. al., 2003; Sarkar et. al., 2005; Van Maerken et al., 2009). 

Conversely, rapid overexpression, used to further investigate the mechanism behind 

PNPase overexpression induced growth arrest and promoted apoptosis without any 

accompanying cell-cycle changes (Sarkar et al., 2003).  
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Furthermore, slow and sustained overexpression downregulated c-myc 

mRNA and protein, a key mediator in the G1/S transition. It was shown that c-myc 

overexpression would protect against cell death caused by overexpression of 

hPNPase
old-35 

(Sarkar et. al., 2003). It is thought that hPNPase
old-35 

specifically 

recognizes c-myc mRNA via the 3’ UTR, as c-myc mRNA with no 3’UTR was resistant 

to degradation by hPNPase
old-35 

(Sarkar et. al., 2003; Sarkar et. al., 2006). As no RNA-

binding site has been identified in PNPase from any species, it is thought that 

secondary structure of the RNA may be the determining factor in RNA specificity 

(Sohki et. al., 2013). Not only is c-myc specifically degraded, but it has also been found 

that hPNPase
old-35

 overexpression also degrades certain mature miRNA species 

such as miR-221, miR-222, and miR-106b (Das et. al., 2010). miR-221 is frequently 

overexpressed in a variety of human cancers, targeting a large set (602) of genes 

involved in oncogenic pathways (Lupini et. al., 2013). miR-222 is additionally found 

to be upregulated in a variety of cancers and has been found to target MMP1 (metal 

metallic protease 1) and SOD2 (superoxide dismutase 2) (Liu et. al., 2009). Lastly, 

miR-106b has been found to target a number of tumor suppressor genes (Liu et. al., 

2014). Given the roles these miRNAs play in cancer progression, elevated 

hPNPase
old-35 

may prove to be an attractive anti-cancer target.  
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VIII. Human Diseases  

More recently, a PNPase mutation has been found in individuals with 

hereditary hearing loss (von Ameln et. al., 2012). A second mutation was identified in 

a family with myopathy, encephalopathy, and neuropathy (Vedrenne et. al., 2012). 

Both expressed hallmark characteristics of classic mitochondrial disorders. The 

findings demonstrate how important PNPase is in mitochondrial function, cellular 

senescence, and terminal differentiation throughout development. Subsequently, 

these conclusions validate the multiple functional roles PNPase plays within the cell.  

Investigation into one family (family A) revealed a PNPase mutation that 

resulted in a significant decrease of the 5S rRNA import. The affected individuals were 

also found to have a reduced amount of mature MRP-RNA in the mitochondria, but 

mtDNA levels were within normal limits. The observations, noted in family A, 

demonstrate the importance of the role of PNPase in small RNA import and, if 

disrupted, the detrimental effects it can have on an organism (Vedrenne et. al., 2012).  

Another family (family B) possessed a different PNPase mutation. Unlike the 

first, this mutation manifested itself as hereditary hearing loss. On further studies, 

affected individuals in family B were found to have a decreased amount of RNase P 

imported into the mitochondria. Within these individuals, PNPase was not able to 

properly homotrimerize and the mutation behaved as a hypomorph.  



21 

Family B displayed a less severe phenotype as compared to family A. It was 

hypothesized that the hypomorphic form of PNPase led to the decrease in small RNA 

import, which subsequently affected the tissue of the inner ear, but not the outer ear. 

It was further postulated that this was because the inner ear specifically requires a 

greater amount of energy for proper development. It was also thought that a variety 

of phenotypic variation would be found in families with differing severities of 

mutations, and thus functional deficits, of PNPase (von Ameln et. al., 2012).  

hPNPase is involved in global cellular functions including cell communication, 

chromosomal organization, and cell cycle progression among others (Sokhi et al. 

2014). HO-1 and HeLa studies have further shown the global effects of hPNPase on 

cellular homeostasis. For example, hPNPase overexpression in HeLa cells exposed to 

oxidative stress (excess hydrogen peroxide) increases cell viability and reduces RNA 

oxidation, while hPNPase knock out leads to increased oxidative stress-induced RNA 

damage and eventual cell death (Wu and Zhongwei 290). PNPase has been shown to 

bind oxidized RNA (8-oxoG oligonucleotides) thereby facilitating their 

sequestrations, aiding in its removal and conferring quality to RNA, of which mutated 

pnpt products cannot. Rare variants found in PNPT1 have shown significant RNA 

dysregulations that predispose to neurodegenerative and neurological disorders like 

hearing loss. These variants cause oxidative phosphorylation damage evidenced in 
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hearing loss. The phenotypic manifestations of this damage include severe axonal 

neuropathy, auditory neuropathy, intellectual disabilities, optic atrophy, and chronic 

respiratory and gut disturbances (Alodaib et al., 2017).  

The number of mitochondria per cell varies depending on the type of cell and 

tissue along with the specific energy needs. For example, a cardiac muscle cell would 

contain significantly more mitochondria than a lymphocyte, while mature red blood 

cells have no mitochondria. Each mitochondrion contains its own circular genome, 

which is similar in structure to that of bacteria. Mitochondrial disorders often present 

with a wide variety of clinical and phenotypic symptoms due to the variable number 

of mitochondria per cell.  

 

VIIII. C. elegans  

Caenorhabditis elegans is a free-living soil nematode that is frequently used as 

a model organism for a variety of human diseases and processes. The adult worm is 

approximately 1 mm long with 959 somatic cells, and is easily grown, on a bacterial 

lawn, in a lab environment. These animals exist mainly as hermaphrodites (XX), 

though there is a less common male adult (XO) form. Their attractiveness as a model 

organism exists in their short three-day life cycle (Figure 3) and life span (at 20oC) of 
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approximately three weeks. Furthermore, these animals are ideal candidates for 

study given their fully sequenced and conserved genome, ease of growth, small size, 

and completely mapped cell lineage. Of note, C. elegans remain transparent 

throughout their entire life cycle, enabling cell-level examination via differential 

interference contrast (DIC) microscopy (Corsi et. al. 2007). Though anatomically 

simple, C. elegans can be used to study many complex behaviors such as locomotion, 

foraging, feeding, defecation, egg laying, sensory responses, mating, social behavior, 

and learning (Rankin, 2002; de Bono, 2003).  

C. elegans are known to have neurons, gut, and muscles, along with other 

tissues that are similar in form, function, and genetics to those of human tissues. 

Because of this, these soil nematodes make an ideal organism for studying 

developmental and fundamental mechanisms that are underlying in human disease. 

This is of the utmost importance as many genetic experiments are unethical or 

otherwise impossible in higher-level organisms. Relevant disease studies include, but 

are not limited to, cancer, diabetes, neurodegeneration, muscular dystrophies, and 

aging (Lundquist et. al., 2004) 

While there are significant benefits to using C. elegans as a model organism 

there are also select drawbacks. They are not ideal for studying the effects of 

manipulation on specific tissues. This is in part because worms lack some specialized 
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tissues more commonly found in higher-level organisms, for example, a heart or liver 

(Van Raamsdonk and Hekimi, 2010). 
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Figure 3: Lifecycle of C. elegans. 

 The lifecycle, including the size and time spent in each larval stage. Generally, early 
development to adulthood takes about 3 days. Eggs mature into the first larval stage, 
L1, approximately 10 hours after being formed. If sufficient food is available, the L1 
animal will proceed into 3 further larval stages: L2, L3, and L4. After the L4 molt, the 
young adult will begin to form oocytes. If sufficient food is not present, the L1 larvae 
will proceed into a dauer stage, in which they can survive for anywhere between four 
to eight times their average life span. (www.wormatalas.org; Introduction to C. 
elegans Anatomy)  
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XIIII. PNPase in C. elegans  

This versatile model organism was used for further study of PNPase. The 

worm homolog of pnpt-1, BE0003N10.0, consists of 10 exons located on chromosome 

three. The transcript was originally identified during an RNAi profiling of 

embryogenesis. The screen aimed to identify all genes that were required for initial 

cellular division in the C. elegans embryo, thus demonstrating the importance of 

PNPase in development (Sonnichsen et. al., 2005). A deletion mutant (tm1909) was 

characterized by another group; their findings include phenotypes such as lethality 

and sterility. However, the pnpt-1 mutation present in the tm1909 line affects more 

than just the pnpt-1 gene. An upstream gene, chin-1, is also partially deleted. Thus, the 

gene responsible for the reported phenotypes cannot be differentiated, and is 

therefore unknown. C. elegans is a particularly attractive model to study gene function 

due to the ease of knocking down gene expression via RNAi.   Given previous 

embryonic lethal results in mice with total knockout, a knockdown, would allow for a 

low level of expression and potentially avoid the lethality seen in other organisms. 

Pilot studies knocking down PNPase in C. elegans identified longevity as an initially 

identified phenotype. Additional studies from this lab confirmed the lifespan 

extension and reported an increase in ROS production among knockdown animals. 

Studies further found an increase in the size of knockdown animal mitochondria 
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along with an increase in fusion protein fzo-1. These are all preliminary studies 

performed in knockdown animals and need to be confirmed (Lambert, 2015).  

 

X. Longevity Pathways  

Worms have been used in a number of aging studies, which found that genes 

or interventions that extend the worm lifespan translate to other organisms, and vice-

versa (Van Raamsdonk and Hekimi, 2010). There are a number of known pathways, 

that when disrupted, have demonstrated longevity in C. elegans (Figure 4):  

  

• Disruption of mitochondrial function (Yang and Hekimi, 2010)   

• Disruption of translation (Tacutu et. al., 2012) 

• Disruption of insulin signaling (Schaffitzel and Hertweck, 2006)   

• Caloric restriction (Schaffitzel and Hertweck, 2006)   

• Exposure to xenobiotics (Shore, 2012)   

  



28 

 

  

Figure 4: C. elegans longevity pathways.  

Blue denotes a decrease in activity while orange indicates an increase in activity of 

the pathway/process leading to longevity (Schaffitzel and Hertweck, 2006).  One of 

the best-characterized networks influencing aging is the effect on insulin signaling, 

specifically the insulin growth factor 1 (IGF-1) system/signaling. Inhibition of this 

pathway causes a constitutive dauer formation (see Figure 3), leading to lifespan 

extension in adult animals. Animals containing mutations in the IGF-1 pathway show 

increased fat storage, defective egg-laying, and high tolerance to a variety of stressors 

(Schaffitzel and Hertweck, 2006; Kenyon, 2005; Kenyon et. al., 1993; Kimura et. al., 

1997; Paradis and Ruvkun, 1998).   

  



29 

  One known mechanism for lifespan increase is ROS detoxification. The 

mitochondria are the major source of ROS in the cell, and as such, play a role in the 

length of the lifespan in C. elegans (Schaffitzel and Hertweck, 2006). Another study 

found that RNAi targeting of electron transport chain (ETC) complexes during larval 

development lead to a reduction in oxygen consumption and ATP levels. This also led 

to an observable lifespan extension (Dillin et. al., 2002; Lee et. al., 2003). Slight 

increases in ROS have similarly been found to increase lifespan (Yang and Hekimi, 

2010).  

An alternative mechanism for lifespan extension is caloric restriction. This 

mechanism, however, is not specific to C. elegans; the lifespan of yeast, flies, and 

rodents have been found to have up to a 50% extension with calorie reduction 

(Schaffitzel and Hertweck, 2006). The specific mechanisms behind this extension are 

yet to be fully understood. It is hypothesized that caloric restriction reduces the 

metabolic rate, and/or that it reduces the insulin/IGF-1 signaling (Bordone and 

Guarente, 2005; Walker et. al., 2005). 

As a worm ages, a variety of physiological changes occur. These changes 

include, but are not limited to, a decrease in pharyngeal pumping, a decrease in 

movement, cessation of reproduction, and muscle wasting (Collins et. al., 2008). 

These same changes are observed in animals with extended lifespans. It is possible 
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that the observed physiological changes associated with aging are secondary to 

mitochondrial deterioration. It is well known that mitochondria play a crucial role in 

energy metabolism, however, it is not as well known that mitochondrial function 

progressively declines as an animal ages (Navarro and Boveris, 2007; Shigenaga et. 

al., 1994). A number of C. elegans mutant lines have been created and established to 

study the effects of mitochondrial function on lifespan. Mutations in mev-1 and gas-1 

have been shown to cause hypersensitivity to oxygen and superoxides subsequently 

shortening lifespans. Other animals with mutations in clk-1, isp-1, lrs-2, and nuo-6 

have been found to extend the lifespan of the animal. This is thought to be secondary 

to a decrease in oxygen consumption, a slight increase in ROS production, and a 

generalized slower growth pattern (Ishii et. al., 1998; Kayser et. al., 2001; Wong et. 

al., 1995; Feng et. al., 2001; Lee et. al., 2003; Yang and Hekimi, 2010). 

 Given this lab’s former findings in knockdown studies performed by Laura 

Lambert, it was of interest to repeat similar studies in knockout animals with the 

hopes of confirming these findings. It was previously found that pnpt-1 knockdown 

animals demonstrated an increase in lifespan along with an increase in ROS. The 

noted increase in ROS was hypothesized to be a potential causative mechanism that 

led to the increased lifespan. Knockdown animals were further found to have an 

increase in fzo-1 transcript production that potentially gives rise to observed 
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morphological changes and an increase in the overall size of the mitochondria. The 

knockdown animals were found to have a 67% decrease in mRNA and a 58% decrease 

in pnpt-1 protein product. Given these findings, we would expect to find similar if not 

more severe results in knockout animals.  
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Chapter 2: Materials and Methods 

 

Generation of pnpt-1 mutant animals via CRISPR / Cas9 

The new CRISPR/Cas 9 targeted genome editing system was used to create 

deletions in a targeted area of pnpt-1. A 20-nucleotide guide RNA sequence was 

cloned by Laura Lambert with the help of Dr. Laura Mathies. They used the Q5 site 

directed mutagenesis kit (NEB), with a 10ul reaction of PU6::unc-119_sgRNA vector 

(addgene). Peft-3::cas9-SV40_NLS::tbb-2 3’UTR (addgene) was used as the Cas9 

vector with mCherry as a co-injection marker. A polymerase III promoter, which 

originated in a U6 locus drives transcription of the sgRNA. The sgRNA was comprised 

of a target sequence, which was designed by Laura Lambert, specific to a coding 

sequence in pnpt-1, and a scaffold sequence; both necessary for appropriate Cas9 

binding. The SV40 NLS is a nuclear localization signal that was affixed to the 3’ end of 

the Cas9 open reading frame in order to make certain the Cas9 nuclease is correctly 

directed to the nuclease. The cas9-SV40_NLS fusion protein was adjoined to an eft-3 

promoter sequence, which has shown a high level of effectiveness in germline 

expression. Non-homologous end joining (NHEJ) is the fundamental means of repair 
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for CRISPR/Cas9 guided double stranded DNA breaks (Friedland, 2013). This method 

of repair, however, may generate insertions and deletions (indels) to the affected 

sequence.  

N2 wild type animals were microinjected with the vector expressing Cas9, the 

vector expressing the designed sgRNA, and mCherry. This fluorescent red co-injection 

marker, mCherry was used as a positive control for transformation in the F1 progeny. 

Dr. Laura Mathies performed all injections into the gonad of N2 wildtype worms. 

Following initial injections, Laura Lambert picked P0 animals onto NGM + OP50 plates 

and allowed them to recover overnight. F1 progeny were isolated and observed; a 

small quantity of these animals was expected to be heterozygous for an indel. Laura 

Lambert screened F2 animals. Laura Lambert individually isolated those that 

fluoresced red onto NGM + OP50 6 cm plates. She then allowed these animals to grow, 

developing potential knockout lines. Laura Lambert subsequently harvested an 

aliquot of these worms for DNA extraction and subsequent sequencing (Figure 5).  
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Figure 5: Heritable targeted gene disruptions in C. elegans using CRISPR 

P generation: N2 animal’s gonads were microinjected with 3 vectors as part of CRISPR 
/ CAS9 site directed mutagenesis. The vectors encoded Cas9, sgRNA, and a vector 
driving expression of mCherry in body-wall muscles to label transformed F1 progeny. 
F1 progeny that fluoresced red were isolated. F2 animals that fluoresced were again 
isolated to develop animals with germline transmission. F3 progeny were picked to 
individual plates, grown, and genotyped.  
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C. elegans culture and maintenance  
 

C. elegans were grown on NGM plates seeded with 100 uL OP50 bacteria and 

maintained at 20°C. Worm plates were chunked every 3 days for strain maintenance 

and additionally, as needed, to prepare for experiments. All studies used N2 animals 

as wild type alongside CRISPR/CAS9 mutant lines 1-2, 1-6, and 1-9.  

Bleaching of adult C. elegans  

When plates of worms became contaminated with mold or bacteria, it was 

necessary to bleach the worms and transfer them to a new, clean plate. A bleach 

solution was made using 30% bleach with 0.6 N KOH and filter sterilized. On a fresh 

NGM + OP50 plate, a 20 uL aliquot of bleach solution was pipetted along the edge of 

the plate. Between 5 and 10 gravid, contaminated animals were picked and placed 

directly into the solution. The animal’s cuticles are ruptured by the bleach solution 

allowing the eggs to be freed from within. The plates are subsequently incubated at 

20°C face up, overnight. The following day, L1 larvae are transferred to a new plate.  

RNA Extraction from C. elegans  

Worms grown, on 15-20 6 cm plates, were washed off with 5 mLs M9 and 

gathered in a 15-mL conical tube. The worms were gently pelleted at 1000 rpm for 5 

minutes, and the supernatant discarded. Worms were subsequently washed 3 
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additional times, in the same manner, using 5 mLs M9 for each wash. After the last of 

the supernatant was removed 200 uL Trizol reagent was added. Worms were then 

freeze-cracked by alternating 30s in liquid nitrogen and a 1-minute thaw at 37°C; this 

was repeated approximately 7 times. The Trizol/worm mixture was transferred to a 

1.5 mL Eppendorf tube, 200uL chloroform added, and spun at 13,000 rpm, at 4°C, for 

15 minutes. The clear fraction was transferred to a new 1.5mL tube, and an equal 

volume of 70% isopropanol was added. A Qiagen RNA prep kit was used to isolate 

RNA following the manufacturer’s instructions as written. RNA that was not 

immediately used for subsequent experiments was stored at -80°C.  

Generating cDNA from C. elegans  

The following was added to a 0.7 mL tube: 1ug RNA, 100 ng oligo dT primer, 

100 ng random primer, and DEPC H20 to 12uL. The reaction was incubated at 70°C 

for 10 minutes. A master mix of 1X M-MLV RT buffer, 10mM DTT, 1mM dNTPs, 10 

units RNasein (Promega), and 200 units M- MLV RT was added. The completed 

mixture was incubated at 37°C for one hour, followed by a final incubation at 95°C for 

5 minutes. The resulting cDNA was then used for downstream applications or stored 

at -20°C.  
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PCR  

PCRs were performed with the primers as indicated in Table 1. The PCR was 

run as follows: 1.5’ 94°– [30” 94°– 30” annealing temperature – 30” 72°] x30 – 7’ 72°. 

PCRs were used for verification of primer annealing temperatures prior to use in 

qPCR reactions and to verify the presence of a mutation. PCRs were run at a total 

volume of 6.25 uL for verification purposes, and large volume 25 uL when products 

would be used for subsequent experiments such as cloning or sequencing.   

Table 1: Primer sequences and uses  
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qPCR 

qPCRs were performed at 60°
 

annealing temperature unless otherwise 

indicated. 1X SYBR Green mix (Life Technologies) was used along with the designated 

primers at a final concentration of 0.2 pmol/uL (Table 1). cDNA was diluted 1:16 in a 

20 uL single reaction. Reactions were run in triplicate on a 96 well plate. A standard 

curve was generated for each primer set; dilutions were made at 1:4, 1:8, 1:16, 1:32, 

and 1:64. Standard curves used control (L4440) cDNA. This standard curve was then 

used to generate quantities in the experimental wells and degree of knockdown / 

knockout calculated via the following equation:  

 

 

 

Lifespan Assays  

Lifespan assays were performed using N2 worms along with Cas9 knockout 

lines 1-2 and 1-9. 10 L4 worms were picked onto four 6 cm plates seeded with OP50 

allowed to mature into adults, and lay eggs. This period lasts ~24 hours at which point 

the adult worms are removed from the plates, and the newly laid eggs allowed to 
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mature into adults over the next 48 hours. 30 adults were lastly picked onto each of 

4 large plates and the assay initiated at day 0.  

Worms were transferred daily, or every other day, throughout the duration of 

the egg laying period (~2 weeks). When the egg-laying period concluded, worms 

were allowed to remain on the same plate provided sufficient food was present. 

Animals were considered deceased when no movement was elicited following a 

gentle prod with the end of a pick. Animals that expired secondary to bagging, 

exploding, or desiccation on the walls were considered censored, and therefore not 

included in the final statistical analysis. Each life span analysis was performed in 

triplicate. Survival analysis was performed using the JMP software. Survival data 

contains duration times until the occurrence of a specific event – usually failure, in 

our case death. Survival functions are calculated using the nonparametric Kaplan-

Meier method. The analysis accounts for data that needs to be censored as well as 

specialized non-normal distributions. The software generates a subsequent Wilcoxon 

score, to determine the statistical significance and test the homogeneity of the 

estimated survival function across the groups.  

 

PQ and NAC Lifespan Assays  

Paraquat (PQ) plates were prepared by adding PQ to NGM + Carbenicillin 
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plates at a final concentration of 0.05mM. N-Acetyl Cysteine (NAC) plates were 

prepared by adding NAC to NGM + Carbenicillin plates at a final concentration of 

10mM. Lifespan assays were performed using N2 worms as control with animals from 

Cas9 1-2 and 1-9 knockouts for experimental groups. L4 animals were picked onto 

four large plates of each [NGM / carb], [ NGM / PQ / carb], [NGM / NAC / carb]. 

Animals were allowed to mature into adults and lay eggs for ~24 hours. The following 

day, adults were removed leaving only eggs behind. Eggs were allowed 3 days to 

mature into adults before 120 animals from each strain were picked onto 4 large 

plates and the assay initiated at day 0. Lifespans were carried out as previously noted.  

 

ROS Assay  

Approximately 10 L4 worms from each strain were picked onto NGM / OP50 

plates and allowed 24 hours to mature and lay eggs. Adults were removed from the 

plates the next day. Eggs were allowed to mature into adults over the following 3-day 

period. Plates were washed with M9 to collect all staged worms. The animals were 

subsequently washed 3x with M9 to ensure all bacteria was removed. A 96 well plate 

was prepared per AmplexRed (Life Technologies) manufacturer’s instructions, and 

approximately 50 adult worms were aliquoted into each well. An Abs reading was 

taken at 540 nm, and an average collected. The assay gauges the amount superoxides 
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via their conversion to hydrogen peroxide. The readings from control and mutant 

animals were compared, in JMP statistical software, using a t-test.  

 

Imaging of Mitochondria  

L4 worms from each strain (N2 / Cas9 1-2 / Cas9 1-9) were picked onto NGM 

/ OP50 and allowed 24 hours to mature and lay eggs. Adults were removed from the 

plates the following day. Eggs were given 3 days to mature into adults. Plates were 

washed with M9 to gather worms. The animals were subsequently washed 3 

additional times in M9 to remove any extra bacteria. Whole worms were then fixed in 

1% paraformaldehyde and 2.5% glutaraldehyde in 0.05M sodium cacodylate buffer 

with 0.1M sucrose for 3-4 days. Animals were subsequently placed into a postfix of 

2% osmium tetroxide in 0.1M sodium cacodylate buffer and embedded in resin 

(Embed 812 embedding resin [Electron Microscopy Sciences]). Judy Williamson, of 

the microscopy core, then obtained slices for imaging with a TEM. Judy Williamson 

obtained images showing a cross-section in the pharyngeal region for further analysis 

of any morphological changes to the mitochondria in order to maintain consistency 

with studies previously performed by Laura Lambert. Fixing, resin embedding, and 

TEM microscopy was performed by the VCU Department of Anatomy and 

Neurobiology Microscopy Facility, supported, in part, with funding from the NIH-
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NINDS Center core grant (5P30NS047463). 

 

 Protein Extraction from C. elegans 

250 μl of M9 was aliquoted into an Eppendorf tube. 200 worms were picked and put 

into the M9. Animals were washed 3 times with M9 and gently spun down for 1 

minute in between washes. M9 supernatant was removed leaving worms in 25 μl of 

M9. Animals were freeze cracked by alternating 30 seconds in liquid nitrogen and 1 

minute in a 42° C water bath; this process was repeated 6 times. 25 μl of 2X sample 

buffer was added to the worm solution. Animals homogenized for 2 min in boiling 

water and put immediately at 95°C for 5 min to inhibit proteases.  

  

 Western Blot Analysis 

The samples were run on 7.5% sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis (SDS-PAGE) gel and transferred onto nitrocellulose membranes. The 

membranes were blocked with 10% nonfat milk in Tris-Buffered Saline Tween-20 

(TBST) buffer (20 mM Tris-HCl [pH 7.4], 15 mM NaCl, and 0.05% Tween-20) for 1 

hour at room temperature and then incubated in 5% milk containing rabbit anti-
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human pnpt antibodies (1: 5,000) overnight at 4°C. After incubation, membranes 

were washed three times (15 minutes each) with TBST, incubated with goat anti-

rabbit (1: 5,000) in 1% milk at room temperature, and washed three times (15 

minutes each) with TBST. The bands were detected using an enhanced 

chemiluminescence (ECL) kit (Pierce SuperSignal Pico Kit) 
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Chapter 3: Results 

Generation of PNPase mutant strains  

Given reported findings from previous studies performed in knockdown 

animals, it was decided to repeat similar studies in knockout animals. We aimed to 

confirm previous knockdown observations. The CRISPR/Cas9 system was used to 

generate targeted deletions in PNPase. Of the 14 injected worms, 9 individual strains 

fluoresced with the red co-injection marker. This indicated the injection was 

successful. These 9 individual strains were recovered and sent for sequencing. Laura 

Lambert determined that 3 strains had single base pair deletions. Two of these 

strains, 6 and 9, resulted in a predicted frameshift mutation that induced a premature 

stop codon, approximately 28 codons downstream. Strain 2, on the other hand, was 

noted to have a single base pair deletion resulting in a frameshift mutation. Two 

strains (strain 6 and 9) had identical deletions while strain 2 had a different deletion 

(Figure 6).  
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A)  
 
 
 

B) PREDICTED PROTEIN SEQUENCE FOR EXON 1 PNPT-1: 
 

MetKLSRLPIHISKRFHTKEYRLAGREQSVAVDFDGKSGIELKAGHLARFASSTVVASFGDNAVMAT
VVQRKSKQGDGSGVPLQVEYRPSASAIGRIPTNFLRRELSQSDNEILISRAIDRSIRPLLPGNSYETQII
CKPLALDENADQIMLGINAASTALQISSAAYNGPLAALRVARTARGDFHVNPTQEELREASLNLIVA
MRKHEKTVMIELDGRESSAEHLEHALDVAFRHVAKLHEAMEQLTAEPKDELASEDFSGLERLLEE
TARERIYYVITDAGHDKISRDMEIKAIFEEICAEKAFQTCEKDAIYRTYSTLVKKVLRDTTLRTGIRC
DGRRPDEFRPITIHVDMYKKLHGCSIFQRGQTQVMSTVTFDSPAAAFHPDSVAQLLGSQRKKSFML
HYEFPGFAINEFGTTRSLNRREIGHGALAEKSLKNLFPADFPYATRLACQVLESNGSSSMASVCGGS
LALFDAGVPMKNAAAGVAIGLISDEAEPETKYRVLTDILGIEDYAGDMDFKVAGTRDGFTAAQLDV
KNGGLTRRQLTESLQAARAGIDHVLQKMSVMRDRPREQFKPTVPIIQSMRIEPHKRVTLFRNNGY
NCKLIEAETGVKISAEDEAHISLLAQDKEKLQKAMDMMNDVLESNSTLDFAFGSIVQAEIVEIIERG
VYLTLPGSSRRIFMSNNHLSLNPVRHPDVLGLKIGDKMSVHWFGRDEHTGNIRLSRKTLAGAKTP
ATSQKKK 
 

C) PREDICTED EX1 PROTEIN SEQUENCE FOR PNPT-1 CAS9 6/9 MUTANTS: 
 

Met KLSRLPIHISKRFHTKEYRLAGREQSVAVDFDGKSGIELKAGHLARFASSTVVASFGDNAV Met
 ATVVQRKSKQGDGSGVPLQVEYRPSASAIGRIPTNFLRRELS [H L T] 
Met KSSSPEPLTGRLDHFYPEIP Met KLR Stop 
 

D) PREDICTED EX1 PROTEIN SEQUENCE FOR PNPT-1 CAS9 2 MUTANTS: 
 

Met KLSRLPIHISKRFHTKEYRLAGREQSVAVDFDGKSGIELKAGHLARFASSTVVASFGDNAV Met
 ATVVQRKSKQGDGSGVPLQVEYRPSASAIGRIPTNFLRRELS [Q S D] 
Met KSSSPEPLTGRLDHFYPEIP Met KLR Stop 

 
Figure 6: PNPase Deletion strains.  
Clones 6 and 9 had identical deletions, resulting in a frameshift and premature stop 
codon. Clone 2 had a different downstream deletion, also resulting in a frameshift. 
These deletions are located towards the beginning of the first exon affecting the 
entirety of the protein’s structure. A) Demonstrates the location in the gene of the 
Cas9 mutation from Laura Lambert’s sequencing studies. B) Depicts the correct 
amino acid sequence of N2 animals. C) Portrays the predicted amino acid sequence 
for Cas9 6/9 mutant animals. D) Represents the predicted amino acid sequence for 
Cas9 2 mutant animals. 
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Validation of PNPase knockout via western blot analysis  
 

Six attempts were made to verify the pnpt-1 knockout and knockdown via western 

blot analysis. No successful data was obtained. No protein bands were visualized in 

the gel. Rather, a large amount of protein was visible, at the top of the gel, in their 

original wells. Multiple attempts were made to re-extract the protein according to the 

lab’s protocol with no success. Subsequent troubleshooting methods were attempted 

with failure. An additional protocol was received from Dr. Kari Messina at William 

and Mary College; the new method was attempted without success. Further studies 

were pursued while additional western blot methods were reviewed. One method 

reviewed, but not attempted was extraction using sea salt previously described by 

Harris et. al., 2016. 

 

Characterization of Lifespan of PNPase knockout in C. elegans  

 

Previous studies found an increased lifespan of knockdown animals when 

grown on NGM / OP50. Additional experiments observed no further extension of 

lifespan when knockdown animals were grown on medium prepared with Paraquat 

(PQ), a known superoxide generator. Furthermore, studies showed an abolishment of 

this lifespan extension on plates made with NAC, a known antioxidant. Similar 
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experiments were performed to determine if the findings were validated across the 

developed knockout lines. An initial study was performed using only NGM with OP50 

bacteria to obtain a baseline lifespan across the N2 animals along with the Cas9 1-2 

and 1-9 knockout lines. It was found that the lifespan in the knockout animals 1-2 was 

minimally, but significantly, extended (Figure 7, Table 3). Furthermore, no observable 

extended lifespan was found in Cas9 1-9 knockout animal lines.  
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Trial A 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 7: PNPase knockout extends lifespan in C. elegans. 
A single study was completed in order to determine a baseline lifespan over the N2 
(control) and Cas9 1-2 and Cas9 1-9 knockout lines. Knockout animals (1-2 / 1-9) 
demonstrate an extended lifespan when compared to control animals (N2).  
 
 
Table 2: Mean lifespans and p-values for trial as seen in figure 7 
 
 
 

Trial:  Mean 
Lifespan 

p-value: 

A: N2 23.7 days  

A: Cas9 1-2 26.7 days  

A: Cas9 1-9 25.4 days 0.05 
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Trial B        Trial C    
 

 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 8: PNPase knockout extends lifespan in C. elegans. 
When analyzed separately, it was found that (B) knockout animals Cas9 1-2 
demonstrate an extended lifespan as compared to control animals (N2). It was further 
demonstrated that (C) the knockout line Cas9 1-9 animals do not share this same 
significant lifespan extension.  
 
 
 
Table 3: Mean lifespans and p-values for trials B-C as seen in figure 8 
 
 

Trial:  Mean 
Lifespan: 

p-value: 

A: N2 23.7 days  

A: Cas9 1-2 26.7 days 0.03 

B: N2 23.7 days  

B: Cas9 1-9 25.4 days 0.72 
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Confirmation of PNPase lifespan extension via an increase in ROS  
 
 

Reactive oxygen species (ROS) are derived from superoxides, which are 

generated when oxygen is reduced. This most commonly occurs in Complex III of the 

respiratory chain, which releases superoxides into the intermembrane space of the 

mitochondria. Multiple mechanisms in place have the ability to counteract the effect 

of these superoxides. The primary mechanism utilizes superoxide dismutases (SODs). 

SODs convert the superoxide into hydrogen peroxide, which can subsequently be 

eliminated by a variety of other peroxidases (Sena and Chandel, 2012). Recent studies 

demonstrate that a slight increase in ROS may activate beneficial stress responses in 

animals, causing an extension in lifespan (Schulz et. al, 2007; Zarse et al., 2012).  

 

To determine if a PNPase knockout extends lifespan via an increase in ROS, 

lifespans were performed using knockout and control animals on NGM with either 

the superoxide generator paraquat (PQ) or the antioxidant NAC.  

 

The PQ concentration used (0.05mM) was sufficient enough to extend the 

lifespan of control animals (Figures 12, 13, 14). Additionally, it was noted that the PQ 

concentration had no significant increase on lifespan in pnpt-1 knockout animals 1-2 

and 1-9. Conversely, NAC is known to reduce the amount of ROS. Knockout animals 
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showed a reduction in lifespan, sometimes surpassing that of the control animals. 

This would suggest that the lifespan extension in pnpt-1 knockout animals was 

potentially caused by an increase in superoxides buildup. 
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A:  
 

 
 
 
 
 
 
 
 
 

 
 
B.        C.  
 

 
 
 
Figure 9: N2 animals exhibit lifespan extension on PQ, but not on NAC 
(A) Survival analysis representative of N2 animals grown on NGM, PQ, and NAC. (B) 
N2 animals grown on PQ demonstrated an extended lifespan as compared to those 
grown on NGM. (C) N2 animals grown on NAC showed no significant extension from 
N2 animals grown on NGM. 
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Table 4: Mean lifespans and p-values for triplicate N2 trials A-C as seen in figure 9 
 
 

Trial: N2 Mean 
Lifespan 

p-value w/ 
NGM: 

A: NGM 23.7 days  

A: PQ 27 days 0.001 

A: NAC 23.2 days 0.98 
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A:  
 
 
 
 
 
 
 
 
 
 

 
 
B:       C.  

 
 
 
 
 
 
 
 
 
 

 
 
Figure 10: Cas9 1-2 knockout lifespans on PQ / NAC 
(A) Survival Analysis representative of Cas9 1-2 animals grown on NGM, PQ, and NAC. 
(B / C) Cas9 1-2 knockout animals grown on PQ or NAC demonstrated no significant 
lifespan extension as compared to knockout animals grown on NGM. 
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Table 5: Mean lifespans and p-values for triplicate Cas9 1-2 trials A-C as seen in figure 
10 
 
 

Trial: 1-2 Mean 
Lifespan 

p-value w/ 
NGM: 

A: NGM 26.7 days  

A: PQ 25.1 days 0.06 

A: NAC 25.2 days 0.21 
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A:  
 
 
 
 
 
 
 
 
 
 

 
B:       C.  

 
 
 
 
 
 
 
 
 

 
 
 
Figure 11: Cas9 1-9 knockout lifespans on PQ / NAC 
(A) Survival Analysis representative of Cas9 1-9 animals grown on NGM, PQ, and NAC. 
(B / C) Cas9 1-2 knockout animals grown on PQ or NAC demonstrated no significant 
lifespan extension as compared to knockout animals grown on NGM. 
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Table 6: Mean lifespans and p-values for triplicate Cas9 1-9 trials A-C as seen in figure 
11 
 
 
 

Trial: 1-9 Mean 
Lifespan 

p-value w/ 
NGM: 

A: NGM 25.4 days  

A: PQ 22.7 days 0.32 

A: NAC 22.1 days 0.26 
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Quantification of ROS in pnpt-1 knockout animals 

 

Previous knockdown studies in C. elegans reported the animals had a 

measurable and significant increase in ROS as compared to control animals. It was 

thought that the pnpt-1 knockdown increases ROS production, which leads to a 

downstream increase in lifespan. Our aim was to repeat these studies in hopes of 

confirming an increase in the level of ROS across the knockout strains. ROS 

production was measured with use of the AmplexRed assay. This assay measures the 

total amount of superoxides via their conversion to hydrogen peroxide and quantified 

them by comparing absorbency. It was found that the knockout groups both 

demonstrated a significant decrease in ROS production as compared to the control 

group. This was contrary to findings from earlier studies in knockdown animals.  
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Figure 12: PNPase knockout and ROS production.  
pnpt-1 knockout decreases ROS production when compared to control over 3 trials. 
p-value 1-2 = 0.002; p-value 1-9 = 0.02 
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PNPase knockout does not affect mitochondrial structure  
 

Prior studies, performed by Laura Lambert, in PNPase knockdown animals 

used transmission electron microscopy (TEM) to further investigate any potential 

physical changes in the mitochondria. Laura Lambert’s studies demonstrated that the 

pnpt-1 animals had significantly larger mitochondria as compared to control animals. 

These studies, however, found no observable difference in the cristae of the 

knockdown mitochondria when compared to the control. We obtained additional 

images of both control and knockout animals using TEM, with the hopes of validating 

previous data. We found no significant distinction between the mitochondrial size of 

control animals and knockout animals. Furthermore, this study’s findings were 

confirmed using a t-test (Figure 14). These findings were contrary to our hypotheses 

given previous studies.  
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Figure 13: cross section TEM image of N2 animal  
Control and knockout animals were fixed and cross-sectioned just superior to the 
Metacorpus (anterior bulb) of the pharynx. The mitochondria were examined under 
TEM.  
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A:       B.  

C.      D. 

 
 
Figure 14: pnpt-1 knockout does not affect mitochondrial size as previously reported 
in knockdown studies. 
A, B, and C) TEM images of mitochondria from control N2 (A) animals, knockout lines Cas9 1-
2 (B), and Cas9 1-9 (C) at 30000X. 6 animals from each line were imaged and 12 mitochondria 
from each animal measured; N=72 total mitochondria. Knockout animals showed no 
significant difference in the size of the mitochondria as compared to the control group; p-
value 0.2398 (N2/1-2) and p-value 0.5187 (N2/1-9). Green arrows indicate the 
mitochondria. (D) Visual representation of average mitochondrial area across the reported 
lines.  
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PNPase knockout and fzo-1 expression 
 

Mitochondrial fusion proteins mfn-1 and mfn-2 are other known targets of 

ROS in humans. Mitochondria are highly dynamic organelles with a morphology that 

is largely determined by the equilibrium between fission and fusion events (Cao et. 

al.). According to previous studies, an increase in ROS increases the downstream 

expression of these proteins, which subsequently leads to an increase in 

mitochondrial fusion.  

 

Mitofusin-1 and Mitofusin-2 are GTPases located in the outer membrane and 

essential for mitochondrial fusion. Former studies showed a decrease in membrane 

potential of mouse cells with mutations in mfn-1 (Chen et. al., 2005). Fzo-1 is the 

worm homolog of mfn-2. Studies from a former student in this lab demonstrated an 

increase in fzo-1 transcript amongst knockdown animals. Given the concerning 

findings in mitochondrial sizes between control and knockout groups, it was decided 

to repeat studies on fzo-1. Further investigation demonstrated a 2-fold over 

expression in fzo-1 Cas9 1-2 knockout animals, but no significant changes in Cas9 1-

9 knockouts (Figure 15). Following these findings, it was decided to resequence the 

knockout lines to ensure a mutation was present (Figure 16).  
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Figure 15: PNPase knockout and fzo-1 expression 
 
Level of fzo-1 expression was increased almost three-fold in knockout lines 1-2 as 
compared to control (N2) and knockout line 1-9.  
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Resequencing of PNPase knockout animals 

 Given the contradictory findings, between our studies and those previously 

performed by Laura Lambert, we decided to resequence all animal lines to ensure the 

mutations still existed. On further evaluation, it was determined that no mutation was 

present across both knockout lines. Review of Laura’s initial sequencing documents 

shows a mutation in the forward sequence; however, no mutation was present in the 

reverse compliment. All subsequent studies were postponed indefinitely.  
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A:        B:  
 
 
 
 
 
 
 
 
 
Figure 16: Resequencing of PNPase knockout animals 
 
Resequencing of the PNPase knockouts demonstrate no mutation present when 
compared to N2 sequencing studies. A) depicts the area of knockout in question for 
Cas9 1-2 while B) depicts the area of knockout in question for Cas 9 1-9. Both 
sequencing studies reported normal sequences without evidence mutation.  
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Chapter 4: Discussion 

 

This study was performed, in pnpt-1 knockout animals, in an attempt to 

determine the effect of whole animal PNPase knockout. We furthermore, aimed to 

determine the validity of previous conditional knockdown studies. Previous 

experiments in mice demonstrated whole animal knockouts were embryonic lethal. 

These studies highlighted the crucial role PNPase plays throughout early mammalian 

development (Wang et. al., 2010).  

 

 Given the contradictory and unexpected results we were observing it was 

decided to resequence the Cas 9 1-2 and Cas 9 1-9 knockout animals. Our 

resequencing study reported no evidence of a mutation across any of the knockout 

lines. On reevaluation of Laura Lambert’s initial sequencing results no mutation was 

found on the reverse compliment strand. While much headway has been made with 

CRISPR / Cas 9 in recent years, it is only predicted to have 90% efficiency. One caveat 

to the CRISPR / Cas 9 system is the potential for off-target effects. While Cas9 is ideally 

directed to its binding site by a sgRNA, with close to 100% specificity to the desired 

target, off-target effects can, and do, occur. This may give rise to unintentional 

downstream effects, which may confound conclusions of the studies.  On further 

analysis, the 21bp sgRNA sequence used for our Cas9 site directed mutagenesis was 
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predicted to bind to greater than 300 additional sites in the C. elegans genome. Thus, 

an unknown off-target mutation is the most likely explanation for our skewed results.  

However, not having a defined pnpt-1 mutation does not explain our noted decrease 

in ROS production and the lack of morphological changes to the mitochondria. 

 

Studies performed in C. elegans, by Laura Lambert, allowed for the use of a 

bacterial RNAi system to create a knockdown of pnpt-1. This RNAi system permitted 

a lower level of expression lest PNPase was also necessary for development in C. 

elegans. Throughout Laura Lambert’s previous trials, it was observed that the PNPase 

knockdown significantly extends lifespan when the knockdown was present from 

oocyte formation. It was thought this might indicate that the causative mechanism for 

lifespan extension lies in an early stage of development.   

 

Laura Lambert additionally conjectured that an increase in ROS, such as 

superoxides or the hydroxyl radical, may lead to an increase in lifespan extension. 

Laura utilized animals with known mitochondrial mutations for additional lifespan 

studies. She hypothesized that, in known nuo-6 and isp-1 mutant lines, an increase of 

superoxides can activate downstream mechanisms to slow aging at the level of gene 

expression (Lambert, 2015). Furthermore, the introduction of NAC, a known anti-

oxidant, into the medium abolishes the lifespan observed in nuo-6 and isp-1 mutants, 
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while Paraquat (PQ) a superoxide generator demonstrates no further extension. 

Laura Lambert found that the lifespan extension in PNPase knockdown animals 

modeled that of nuo-6 and isp-1 mutants, indicating potential for an OXPHOS and/or 

ROS production link (Lambert, 2015). 

 

To better determine the effects of PNPase on ROS production we performed 

lifespans, with knockout animals, on NGM, PQ, and NAC mediums. Our studies aimed 

to determine if combining the differing mediums with PNPase knockout animals 

would have an effect on the lifespan extension previously observed. We concluded 

that PQ animals showed no further lifespan extension than the knockdown animals 

although it did extend the lifespans of the control animals. Furthermore, NAC was 

found to reduce the lifespan of the knockdown animals similar to that of the control 

group. NAC was not observed to show any additional effects on the control animals.  

 

Increased ROS production is mostly believed to be detrimental and fatal to an 

organism. More recent studies, however, suggest that a slight increase in ROS may 

actually help to activate a beneficial stress response in animals. This stress response 

is subsequently the cause of the noted lifespan extension (Schulz et. al., 2007; Zarse 

et. al., 2012).  
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The lifespan extension observed, in knockdown animal studies performed by 

Laura Lambert, was thought to be driven, in part, by an increase in ROS that was 

secondary to a stress-mediated response in C. elegans. She performed subsequent 

tests to better measure the affect ROS accumulation may play on life span extension. 

The assay Laura Lambert used measured the conversion rate of superoxides to 

hydrogen peroxide.  

 

 Our studies in the predicted mutant lines reported a significant extension of 

lifespan in Cas9 1-2 animals, but no extension in the 1-9 line. As we know there was 

no confirmed mutation, however, we would expect the predicted knockout animals 

to behave similar in fashion to the N2 animals. Furthermore, KD animals 

demonstrated a 50% increase in ROS production that was thought to drive the 

observable lifespan extension. Neither knockout line 1-2 nor 1-9 demonstrated 

similar findings. Contradictory, both knockout lines exhibited a decrease in ROS 

production. This was most likely secondary to an unknown off-target mutation. 

However, given these findings it is hard to correlate lifespan extension with an 

increase in ROS. What we previously thought was a driving mechanism to the noted 

lifespan extensions may be only one of multiple factors to play a role in longevity. 

Additional sequencing of either the whole genome, or selected loci, would need to be 

performed on these animals to confirm any off-target mutations. 
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Prior C. elegans work has shown an increase in the density of the 

mitochondrial networks of animals with mitochondrial defects (Lee et. al., 2003). 

Supplementary studies, from this lab, imaged individual mitochondria of knockdown 

animals along with the mitochondrial network. Increased network size was found in 

knockdown animals as compared to the control group. Furthermore, knockdown 

animals were observed to have larger mitochondria. This could be indicative of a 

possible dysfunction of the fission and fusion rate in mitochondria. This rate is highly 

regulated as the integrity of the mitochondria, and the cell, depend on it. The rate of 

mitochondrial fusion is mediated by mfn-1 and mfn-2. The worm homolog of mfn-2, 

fzo-1, was found mitochondrial fusion (Robb et. al., 2013). Findings from this lab 

further indicated the increased level of fzo-1 as a potential mechanism for the 

previously observed changes to the mitochondrial network along with the noted 

dysmorphic mitochondria. Additional imaging and statistical analyses was performed 

using the control group (N2) and knockout lines. No observable changes were noted 

between the groups. Statistical analysis further confirmed no significant changes 

amongst the control and knockout animals. This was another point of concern as 

these findings were not to be expected.  

 

 In order to maintain homeostasis and better regulate cellular processes, 

including ROS and ATP production, the mitochondria must regularly fuse and divide 



72 

(Archer, 2013). Fusion is known to help limit the ramifications of cellular stress by 

allowing the contents of damaged mitochondria to blend with the contents of 

undamaged mitochondria (Youle, 2012). Previous studies in HO-1 melanoma cell 

lines report finding filamentous and granular mitochondria with a decreased 

membrane potential and a decrease in the enzymatic activity of the respiratory chain 

(Chen et al. 2006). Given we observed no significant change to the mitochondria 

between control and knockout animals our observed increase in fzo-1 transcript in 

the Cas9 1-2 line was intriguing. This would give rise to the idea that changes in fzo-1 

transcript levels and mitochondrial morphology was not correlated as previously 

thought. It would be beneficial to further study levels of drp-1, the mitochondrial 

fission protein, in the 1-2 line. The Cas9 1-2 animals may potentially demonstrate an 

increase in both fission and fusion proteins which would explain why no observable 

morphological changes could be found in the alleged knockout animals.  We would 

not expect a need for increased fusion rates given the otherwise healthy appearing 

state of the mitochondria in the knockout lines. However, our mitochondria 

conclusions do draw a parallel to our Cas9 1-2 fzo-1 findings. 

 

Additional studies are required to confirm the effects of pnpt-1 mutations on 

lifespan analyses. Furthermore, repeat studies will present potential for validation of 

prior knockdown experiments. Testing for similar findings across multiple other 
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known mitochondrial mutants would also be beneficial in helping to determine 

mechanisms specific to pnpt-1. Further investigation into the stress responses of C. 

elegans may help to better link PNPase knockout, increased ROS, and extended 

lifespan. It would be interesting to note whether or not alternative types of stressors 

have differing effects on pnpt-1 knockout animals and ROS production. 

 

fzo-1 upregulation in addition to the increased size of mitochondria presents 

the possibility of an underlying mechanism that helps to elude downstream cellular 

stress caused by a mutation in pnpt-1, thus extending the lifespan. This was not 

apparent in the Cas9 1-2 and Cas9 1-9 lines. However, there is a large amount of 

support to implicate disordered mitochondrial dynamics as a contributing factor to 

more complex disease such as cancer or neurodegeneration. Cancer cells have 

previously been found to show an increase in mitochondrial fragmentation (Archer, 

2013).  

 

A PNPase knockdown has yet to be found associated with a cancerous 

phenotype. However, mutations in the human gene are known to cause phenotypes 

similar to those of other mitochondrial disorders. These cover a variety of complex 

presentations that include but are not limited to hearing loss and other neuropathies. 

Familial studies, involving multiple families, demonstrated the importance of PNPase 
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when it comes to the import of small RNAs in overall mitochondrial function. Further 

investigation into the individual families would be necessary to determine whether 

or not there are other possible mechanisms. (Vedrenne et. al., 2012; Ameln et. al., 

2012). Upon further investigation, new evidence can be used to help generate and 

manage treatment plans for all of the associated disorders previously listed.  

 

In light of secondary sequencing analyses all data was considered 

inconclusive. All studies will need to be replicated for further validation. To start a 

confirmed mutant of PNPase needs to be generated. The CRISPR system remains a 

valid option for mutagenesis with modifications to the original approach. New 

primers should be designed and verified to minimalize off target effects. N2 animals 

will need to be re-injected and new mutant lines confirmed. Subsequent sequencing 

will need to be performed and verified prior to repeating all experiments previously 

described in this and Laura Lamberts theses.  
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CHAPTER 5: Appendix - Glucose intolerance in C. elegans and its effects on 
Lifespan 

 
INTRODUCTION 

 
 
 

Wolfram syndrome 1 (WS1) is an autosomal recessive disorder characterized 

by Diabetes Insipidus, Diabetes Mellitus, Optic Atrophy, and Deafness (DI, DM, OA, D) 

and is associated with other variable clinical manifestations. The causative gene for 

WS1 (WFS1) encoding the protein Wolframin can be found on chromosome 4p16.1. 

Wolframin has an important function in maintaining the homeostasis of the 

endoplasmic reticulum (ER) in pancreatic β cells (Rigoli et. al., 2012). More recently, 

another causative gene, CISD2, has been identified in patients with a type of Wolfram 

syndrome (WS2) resulting in early optic atrophy, diabetes mellitus, deafness, and 

decreased lifespan, but not diabetes insipidus. The CISD2-encoded protein ERIS 

(endoplasmic reticulum intermembrane small protein) also localizes to ER, but does 

not interact directly with wolframin (Amr, 2010).  

Diabetes mellitus is a group of autoimmune diseases characterized by defects 

in insulin secretion resulting in hyperglycemia. There are two primary types of 

diabetes. Individuals diagnosed with type 1 ‘Juvenile’ diabetes are incapable of 

producing pancreatic insulin and must rely on insulin for survival. Individuals 

diagnosed with type 2 ‘adult onset’ diabetes either produce inadequate amounts of 
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insulin or are insulin resistant. These individuals therefore, can often manage their 

symptoms with medication and an appropriate diet. Over time, diabetes can lead to 

kidney failure, blindness, neuropathy, atherosclerotic changes, and death. The 

disease is the third leading cause of death in the United States after heart disease and 

cancer (Genuth et. al, 2003).  

Caenorhabditis elegans (C. elegans) is a free-living, non-parasitic soil nematode 

that can be safely used in the laboratory and is common around the world. These 

animals are small (about 1 mm in length), transparent, feed on bacteria such as E. coli, 

and are easy to manipulate. They are cheaply housed and cultivated in large numbers 

(10,000 worms/petri dish) in the laboratory. Furthermore, the C. elegans complete 

genome has been sequenced and the developmental lineage of each cell is known. For 

these reasons, they are good model organism for study. C. elegans has five pairs of 

autosomes and one pair of sex chromosome (Horvitz et. al. 1997). It has two sexes, 

hermaphrodites and males. Sexual determination in C. elegans is similar to 

Drosophila; the ratio of sex chromosomes to autosomes determines its sex. If the 6th 

chromosome pair is XX, then C. elegans will be a hermaphrodite. A XO combination in 

the 6th chromosome pair will produce a male. Hermaphrodites can self-fertilize or 

mate with males but cannot fertilize each other. In nature, hermaphrodites are the 

most common sex. When hermaphrodites mate with males, 50% of the progeny will 

be males and 50% will be hermaphrodites. In the laboratory, self-fertilization of 



77 

hermaphrodites or crossing with males can be manipulated to produce progeny with 

desired genotypes that are especially useful for genetic study (Horvitz et. al. 1997). In 

addition, C. elegans are extremely fecund; a hermaphrodite can produce about 300 to 

350 offspring under self-fertilization and more if it mates with males. These traits 

make it easy to produce numerous genotypes and phenotypes for genetic research 

(Horvitz et. al. 1997). 

C. elegans is usually grown monoxenically in the laboratory using E. coli strain 

OP50 as a food source. E. coli OP50 is an uracil auxotroph whose growth is limited on 

NGM plates. A limited bacterial lawn is desirable because it allows for easier 

observation and better mating of the worms (Stiernage et. al. 2013).  

Our aim was to establish Caenorhabditis elegans as a model for glucose 

intolerance and toxicity –mediated life span reduction. To better understand the 

effects that glucose intolerance might have on the average lifespan C. elegans was 

used as a knockdown model for the CISD2 ortholog (wCISD2) in worms. Gene 

knockdown refers to a process by which the expression of a specific gene can be 

experimentally reduced in an organism. Double stranded RNA (dsRNA), within a cell, 

initiates a complex response mechanism which includes a downstream cascade of 

RNA interference (RNAi) events. In this sequence Dicer, a cellular enzyme, binds to 

the dsRNA and cleaves it into smaller fragments of approximately 20 nucleotides; 

these are known as small interfering RNA. (siRNA). These RNA pairs bind to a cellular 
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enzyme called RNA-induced silencing complex (RISC) that uses one strand of the 

siRNA to bind to mRNA of complementary sequence. The nuclease activity of RISC 

then degrades the mRNA, thus silencing expression of the gene. Similarly, the genetic 

machinery of cells is believed to utilize RNAi to control the expression of endogenous 

mRNA, adding a new layer of post-transcriptional regulation. RNAi can be utilized to 

knockdown target genes of interest with high specificity and relative ease (Mocellin 

et. al. 2004). As we wish to recreate conditions in C. elegans similar to that of glucose 

concentrations in diabetic patients under poor glucose control, whole-body extract of 

10–15 mmol/L was used as a baseline and all subsequent glucose calculations were 

derived from these numbers (Schlotterer et. al. 2014).  In order to induce a 

knockdown for the wCISD2 gene, worms are grown on plates with a bacterial lawn 

containing a plasmid WC-22. When inserted into the vector L4440 the WC-22 plasmid 

induces a knockdown of the wCISD2 gene. This leads to a degradation of the mRNA 

and subsequent discontinued production of the protein.  

Glucose restriction has been found to extend C. elegans life span, whereas, in 

contrast, high glucose concentrations have been previously shown to reduce life span. 

With an RNAi induced knockdown for wCISD2 a significantly shortened lifespan was 

hypothesized (Schlotterer et. al. 2013).  
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MATERIALS AND METHODS 
 

C. elegans maintenance 

Initial worm plates were maintained through a process known as ‘chunking’. 

Plates were labeled with the date of chunking along with strain of worm and type of 

bacteria seeded. C. elegans were grown on NGM plates seeded with 100ul of OP50 

bacteria and maintained at 20C. A small “chunk” was cut from an existing plate of 

animals and transferred, face down, to the new plate. All subsequent plates were 

chunked from these original plates. CF3152 animals, gifted from Dr. Malene Hansen, 

were chunked between every 3-5 days for routine maintenance. 

 

Bleaching of adult C. elegans  

When plates of worms became contaminated with mold or bacteria, it was 

necessary to bleach the worms and transfer them to a new, clean plate. A bleach 

solution was made using 30% bleach with 0.6 N KOH and filter sterilized. On a fresh 

NGM + OP50 plate, a 20 uL aliquot of bleach solution was pipetted along the edge of 

the plate. Between 5 and 10 gravid, contaminated animals were picked and placed 

directly into the solution. The animal’s cuticles were ruptured by the bleach solution 

allowing the eggs to be freed from within. Eggs were allowed to mature in incubation 

at 20°C face up, overnight. The following day, L1 larvae were transferred to a new 

plate.  
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DNA Extraction from C. elegans  

12 adult worms were picked into 20 uL of worm lysis buffer (WLB) with 

freshly added proteinase K at a concentration of 60 ng/uL. The worm solution was 

frozen at -80°C for 10-15 minutes, and then incubated at 65C for 1 hour to allow for 

lysis of the cuticle membrane. A 15-minute incubation at 95C was used to inactivate 

the proteinase K. DNA was stored at -20C. WLB consists of: 10 mM TRIS (pH 8.0), 50 

mM KCl, 2.5 mM MgCl2, 0.45% Tween 20, 0.45% NP-40, and 0.05% gelatin.  

 

RNA Extraction from C. elegans  

Worms grown on 15-20 6 cm plates were washed off with 5 mLs M9 and 

collected in a 15-mL conical tube. The worms were gently pelleted at 1000 rpm for 5 

minutes, and the supernatant discarded. Worms were subsequently washed 3 

additional times, in the same manner, using 5 mLs M9 for each wash. After the last of 

the supernatant was removed, 200 uL Trizol reagent was added. Worms were then 

freeze-cracked by alternating 30 seconds in liquid nitrogen and a 1-minute thaw at 

37C; this was repeated approximately 7 times. The Trizol/worm mixture was 

transferred to a 1.5 mL Eppendorf tube, 200 uL chloroform was added and spun at 

13,000 rpm, at 4C, for 15 minutes. The aqueous fraction was transferred to a new 1.5 

mL tube, and an equal volume of 70% isopropanol was added. A Qiagen RNA prep kit 
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was used to purify the RNA following the manufacturer’s instructions. RNA that was 

not immediately used for subsequent experiments was stored at -80C.  

 

Generating cDNA from C. elegans RNA 

The following was added to a 0.7 mL tube: 1ug of total RNA, 100 ng oligo dT 

primer, 100 ng random primers, and DEPC H20 to 12 uL. The RNA was incubated at 

70C for 10 minutes. A master mix of 1X M-MLV RT buffer, 10 mM DTT, 1 mM dNTPs, 

10 units RNasein (Promega), and 200 units M- MLV RT was added. The reaction was 

incubated at 37C for one hour, followed by a final incubation at 95C for 5 minutes. 

The resulting cDNA was then used for downstream applications or stored at -20C.  

 

RNAi  

RNAi was introduced by feeding the animals bacteria expressing dsRNA. 

dsRNA expression was induced by growing overnight bacterial cultures at 37°C in LB 

(+Ampicillin to 100 ng/uL). The overnights were diluted 1:100 in fresh LB Ampicillin 

(final concentration of 100 ng/uL) and incubated in a 37°C shaker, at 225 rpm, for 3 

hours. IPTG was added to a final concentration of 0.4 mM and returned to the 37°C 

shaker for 2 hours. Additional Ampicillin was added to a final concentration of 100 

ng/uL along with a second dose of IPTG to a final concentration of 0.4 mM. Plates were 

then seeded with 100 uL bacteria (6 cm plate) or 400 uL (10 cm plate).  
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Lifespan Preparation 

A 1M glucose solution was prepared, autoclaved and allowed to cool to room 

temperature. A Nematode Growth Medium (NGM) was prepared and autoclaved. Post 

sterilization, Carbenicillin (carb) (25 μg/ml) and an aliquot of 1M Glucose solution (40 

ml/L) were added to the media bringing the final concentration of the glucose agar to 

40 mmol/L of solution. A 10-ml pipette was used to pour 50 large glucose agar plates 

with 20 mL of media each, while a lighter was used to remove any bubbles.  

Bacterial cultures (WC-22 or L4440) in LB amp (100 µg/mL) were incubated 

in a shaker at 37°C overnight. Following overnight incubation each culture was 

diluted 1:100 in the specific LB volume needed for seeding. Supplementary amp was 

added (100 µg/mL) and the culture was incubated in the shaker for an additional 

three hours. IPTG (1M) was added to a concentration of 0.4 mM and the culture was 

incubated for a final two hours. Following the final incubation 400 ul of culture was 

seeded onto each of the 50 glucose plates (25 plates per bacterial line).  

In preparation for lifespans, WC-22 and L4440 overnight cultures were 

prepared as previously noted and seeded in aliquots (100ul) onto medium carb 

plates. To obtain enough eggs of the same initial age 10 worms (L3 or L4) were picked 

onto plates. Two plates were picked per plasmid totaling 20 worms each. After an 

overnight growth period, all adult worms were picked off the plates leaving only eggs 

(at least 120 per plasmid line) to grow. The plates were kept at 20C for 48 hours 
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while the eggs fully matured. At this point 15 adult worms were picked and placed 

onto a large glucose plate containing the WC-22 or L4440 bacterial plasmid, 8 plates 

were picked per plasmid totaling 120 worms per line. The worms were transferred 

to new glucose plates containing the same plasmid every day until they ceased to lay 

eggs. The death rates of each worm were carefully observed and noted. Animals were 

considered deceased when no movement was observed following a gentle prod with 

the end of a pick. Animals who died of extraneous circumstances, such as bagging or 

exploding, were considered ‘censored’ and not included in the statistical analyses. 

Survival analysis was performed using the JMP software. Survival data contains 

duration times until the occurrence of a specific event – usually failure, in our case 

death. Survival functions were calculated using the nonparametric Kaplan-Meier 

method. The analysis accounts for data that needs to be censored as well as 

specialized non-normal distributions. The software generates a subsequent Wilcoxon 

score, to determine the statistical significance and test the homogeneity of the 

estimated survival function across the groups.  

 

PCR  

PCRs were run as follows: 1.5’ 94 – [30” 94 – 30” annealing temperature – 

30” 72] x30 – 7’ 72. PCRs were used for verification of primer annealing 

temperatures prior to use in qPCR and qRT-PCR. Reactions were run according to lab 
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protocol. Reaction mixtures included 1.25 uL DNA, 1.25 uL 10x reaction buffer, 0.625 

dNTPs, 0.5 uL of forward and reverse primers, 0.05 uL taq polymerase, and 2.08 uL 

ddH20. PCRs were run at a total volume of 6.25 uL for verification purposes, and large 

volume 25 uL when products would be used for subsequent experiments such as 

cloning or sequencing.  

 

qPCR  

 qPCRs were performed at 60 annealing temperature unless otherwise 

indicated. 1X SYBR Green mix (Life Technologies) was used in along with the 

designated primers at a final concentration of 0.2 pmol/uL (Table 1). cDNA (100 ng) 

was diluted 1:16 in a 20 uL single reaction. Reactions were run in triplicate on a 96 

well plate. A standard curve was generated for each primer set; dilutions were made 

at 1:4, 1:8, 1:16, 1:32, and 1:64. Standard curves used control (L4440) cDNA. This 

standard curve was then used to generate quantities in the experimental wells.  qPCR 

experiments were run on both a PikoReal and ABI Real Time PCR machine. Degree of 

knockdown calculated using the following equation:         

 

 

 

Creation of wCISD mutants 
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The new CRISPR/Cas 9 targeted genome editing system was used to create 

deletions in a targeted area of wCISD. A 20-nucleotide guide RNA sequence was 

cloned, using the Q5 site directed mutagenesis kit (NEB), into a 10ul reaction of 

PU6::unc-119_sgRNA vector (addgene). Peft-3::cas9-SV40_NLS::tbb-2 3’UTR 

(addgene) was used as the Cas9 vector with mCherry as an injection marker. Dr. Laura 

Mathies performed all injections into the gonad of N2 wild type worms. Following 

injections, worms recovered overnight and were subsequently picked onto individual 

6cm NGM + OP50 plates. Progeny were scored; L1 larvae that fluoresced red were 

individually picked onto NGM + OP50 6 cm plates and allowed to grow developing 

potential knockout lines. An aliquot of these worms was taken for DNA extraction and 

subsequent sequencing.  
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RESULTS 

Glucose Intolerance Lifespan Studies 

Previous studies showed high glucose conditions in wild type (WT) nematodes 

reduced mean life span from 18.5 ±0.4 to 16.5 ±0.6 days and maximum life span from 

25.9 ±0.4 to 23.2 ±0.4 days, independent of glucose effects on cuticle or bacterial 

metabolization of glucose (Schlotterer et. al. 2013).  As the knockdown should lower 

the expression of the wCISD2 gene, in the presence of high glucose concentrations, a 

significantly reduced lifespan was expected to be observed.  

No successful lifespan analyses could be completed due to a high number of 

censors. Large numbers of animals became desiccated to the walls of the petri dish 

throughout ~17 trials over the course of 16 months. It was thought this was an 

attempt to avoid the change in osmolarity of the media secondary to the introduction 

of glucose. Initial glucose concentrations were taken from previous studies, 

(Schlotterer et. al. 2013), which had shown good outcomes. These studies, however, 

utilized N2 wild type and eat-2 mutant animals. It is therefore probable that our 

CF3152 strain, which houses an rrf-3 mutation, is more sensitive to the change in 

osmolarity.  
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Creation of wCISD mutants 

CRISPR / Cas9 injected animals were individually picked to create potential 

knockout lines. Animals from the F1 generation that fluoresced red (mCherry) were 

selected and transferred to fresh, individual, bacterially seeded plates. These animals 

were allowed to rest and reproduce for approximately 2-3 days. The F1 offspring 

observed with fluorescence indicated the transgenic marker was transmitted. 

Fluorescent F1 animals were again individually transferred onto new plates creating 

multiple distinct lines. These animals were subsequently allowed to reproduce for 2-

3 days before their F2 progeny were observed with the transgenic marker. Of the 

animals injected by Dr. Mathies, 10 F1 lines were established. Of these 10 F1 lines, 6 

contained the observed mCherry co-injection marker. From there, a total of 3 

transgenic F2 lines were selected for transfer. Animals from all 3 lines were sent off 

for sequencing, none of which reported a mutation.  

No recent confirmation of the WC-22 knockdown RNAi vector had been 

performed. Multiple qPCR trials were run between 2 separate real-time PCR 

machines (PikoReal and ABI). Primers were designed and approximately 20 qPCRs 

were run between the two. The tests showed varied CT values between machines, but 

both presented the notion that the wCISD2 gene was over expressed in the animals 

by over a thousand. This was explained by a primer design error in which the qPCR 
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primers overlapped with the knockdown construct vector sequence. This registered 

a gross overexpression. New primers were redesigned to lie outside of the 

knockdown construct and a new qPCR assay was run in triplicate on the ABI machine. 

The results demonstrated no evidence of knockdown in the RNAi animal lines. All 

previous lifespan trials and experiments were voided, as the data was considered not 

reliable.  
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Figure 20: Confirmation of WC-22 knockdown 

qRT-PCR analysis demonstrated an 8% overexpression in WC-22 expression and 
thus no knockdown was observed.  
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DISCUSSION 

Subsequent to confirming an overexpression in the supposed wCISD 

knockdown animals the project came to a gradual halt. All previous trials and 

experiments were voided; data was not meaningful.  

The CRISPR/Cas9 targeted genome editing system is used for site directed 

mutagenesis. The system uses a target sequence, which is specific to the gene of 

interest, to direct the Cas9 enzyme to the double stranded DNA (dsDNA), which 

induces subsequent cleavage. At this point, a higher likelihood of insertion or deletion 

(indel) mutation is possible secondary to non-homologous end joining DNA repair. 

This form of repair directly ligates the cleaved ends without the need for a 

homologous template. Amongst the recent advances and numerous promising 

CRISPR/Cas9 studies, however, the system is not without drawbacks. One caveat is 

that the indel may not cause a frame shift and thus fail to affect gene functionality. 

Furthermore, this system relies on a decreased efficiency of host repair mechanisms 

to spawn indels. Selection of transgenic animal lines is also not 100% efficient. The F1 

generation may contain many animals that appear transgenic, but these lines are not 

yet stable. In fact, a majority of the F1 animals will not proliferate into stable F2 lines.  
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Without identifying any wCISD mutant the project was temporarily 

terminated. A decision was made to resume studies on mitochondrial PNPase 

previously explored by former student Laura Lambert. 
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