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Abstract 
 

The degradation of RNA is a ubiquitous process prevalent in all cells; employed 

to maintain nucleotide turnover, maturation, and quality control of RNA. A recent breast 

cancer clinical trial demonstrated that the degradation of ribosomal RNA (rRNA) in 

tumour biopsies, referred to as RNA disruption, could serve as a potential biomarker for 

patients receiving chemotherapy treatment. Given that most, if not all, chemotherapy 

treatments are associated with toxic side effects, the ability to differentiate early in 

treatment between patients whose tumours respond to chemotherapy versus patients 

whose tumours do not would be a very useful tool to prevent needless toxicity in non-

responding patients. Further research, in vitro, demonstrated that this phenomenon was 

reproducible using a number of different chemotherapy agents in a variety of cancer cell 

lines. While studies have indicated measuring RNA disruption can be a useful tool in 

clinical diagnosis, the mechanism(s) of RNA disruption in response to chemotherapy 

treatment are not well understood. The aim of this study was to investigate the role of 

Nonfunctional RNA Decay (NRD), RNase L, autophagy, and apoptosis in chemotherapy-

induced RNA disruption. 

Treatment of A280 ovarian carcinoma cells with a proteasome inhibitor did not 

reduce chemotherapy-induced RNA disruption, suggesting that NRD does not play a role. 

However, treating A2780 cells with the synthetic dsRNA Poly I:C and a small molecule 

RNase L activator (RLA), induced an rRNA disruption pattern comparable to that of 

docetaxel (DXL). Furthermore, A2780 cells transfected with the RNase L inhibitor 

ABCE1 reduced rRNA disruption in response to DXL or RLA treatment, demonstrating a 

potential link between RNase L and RNA disruption. Immunoblot experiments revealed 
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that DXL and RLA induced elevated levels of protein associated with the activation of 

autophagy (LC3-II) at 12, 24, and 48 hours after treatment. DXL and RLA also induces 

increased levels of proteolytic products associated with apoptosis (PARP) at 12 and 24 

hours post-treatment. DXL and RLA-induced RNA disruption was strongest at 48 hours, 

suggesting that that DXL and RLA-induced RNA disruption are not concurrent with 

autophagy and apoptosis. The results of the study provide greater insight into the 

mechanisms associated with chemotherapy-dependent RNA disruption, which could be 

helpful in the future in improving the accuracy of the RNA disruption assay as a 

chemotherapy response biomarker. 
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1.0 INTRODUCTION 
 
 
1.1 Ovarian Cancer 
 
 
1.1.1 Background and Etiology 
 
 Cancer is a significant public health problem worldwide and is the leading cause 

of death in Canada, responsible for 30% of all deaths. Almost half of all Canadians are 

estimated to develop cancer in their lifetime. In 2012, there were 246,596 deaths from 

cancer in Canada. An estimated 206,200 new cases and 80,000 deaths from cancer 

occurred in Canada in 2017 (1). The incidence of ovarian cancer rates is highest in the 

Western world and it is the eighth most common cancer affecting women, resulting in 

more than 140,000 deaths per year worldwide (2). Despite advances in ovarian cancer 

management and therapy, it remains the most lethal malignancy of all gynecological 

cancers. Stage of disease is the most important prognostic factor in patients with ovarian 

cancer. 70-90% of patients can be cured with conventional therapies when ovarian cancer 

in detected in stage 1. Unfortunately, ovarian cancer often remains undetected until 

advanced disease stages due to lack of symptoms and early warning signs (3). Only about 

25% of ovarian cancers are detected in stage 1, making ovarian cancer the “silent killer” 

(4). Additionally, the most regularly reported symptoms of abdominal swelling/pain, 

frequent urination, changes in bowel movements, and gastrointestinal distress are 

indicators of other more common pathologies, often leading to misdiagnosis (5). Unlike 

other cancers, there is no anatomical barrier in the peritoneal cavity to prevent 

widespread metastases from the primary tumour site to neighbouring organs such as the 

bladder and bowel (6). 
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 The ovary contains an outer cortex and an inner medulla housing the major 

lymphatic and blood vessels. The ovary is surrounded by a single epithelial layer of flat-

to-cuboidal cells called the Ovarian Surface Epithelium (OSE) (7). Ovarian cancer is an 

umbrella term that comprises a highly heterogeneous collection of cancers; however, 

approximately 90% of all human ovarian cancers arise in the OSE (8). Epithelial ovarian 

cancers are divided into five main histotypes, depending upon their tissue of origin; high-

grade serous (fallopian tube) (70%), endometrioid (endometrium) (10%), clear cell 

(vagina) (10%), mucinous (endocervix) (3%), and low-grade serous  (tubal origin) (<5%) 

(9, 10). Several hypotheses have been proposed to describe the underlying processes 

which increase the risk of malignant transformation of the epithelium: 1) The incessant 

ovulation hypothesis states that ovulation damages the OSE and subsequent repair 

increases the chance of mutations in the cells (11). This hypothesis is supported by 

findings that the risk of epithelial ovarian cancer is decreased with decreased number of 

ovulation cycles. This includes increased number of pregnancies, increased duration of 

breast feeding, and oral contraceptive use (12). 2) The gonadotropin hypothesis proposes 

that excessive gonadotropin exposure increases estrogenic stimulation of the OSE, 

resulting in increased cell divisions and mutation susceptibility (13). By lowering 

gonadotropin levels, pregnancy and oral contraceptive use provides protection against 

epithelial ovarian cancer. 3) The hormonal stimulation hypothesis describes how excess 

androgen stimulation of OSE promotes tumour growth (14). Supportive of this 

hypothesis, women with epithelia-lined inclusion cysts have an increased risk of 

developing cancer due to presence of high circulating androgens (15). On the other hand, 

oral contraceptive pills contain significant levels of progestins and have a protective 



3	
	

effect on development of epithelial ovarian cancer (16). 4) The inflammation hypothesis 

proposes that ovulation-induced damage of the OSE causes inflammation and as a result 

genetic damage and increased mutations. Many risk factors for epithelial ovarian cancer 

are linked to local pelvic inflammation, including talc and asbestos exposure, 

endometriosis, and pelvic inflammatory disease (17).  

 

1.1.2 Management and Therapy 
	
 The advancement of surgical techniques and chemotherapy treatments over the 

past several decades has resulted in improved ovarian cancer management and therapy 

(18). Prior to 1993, the chemotherapy of choice for ovarian cancer was cisplastin or 

carboplatin in combination with an alkylating agent such as cyclophosphamide (19). 

Since then, cytoreductive surgery to remove the bulk of the tumour and a chemotherapy 

regimen employing a combination of a platinating agent and a taxane has become the 

standard of care (20). In North America, treatment for ovarian cancer most commonly 

consists of debulking surgery followed by adjuvant chemotherapy (21). Following 

surgery, a residual tumour size of less than 2 cm is associated with a 40-45 month 

survival, whereas a residual tumour size of greater than 2 cm is associated with a 12-16 

month survival. Overall survival is improved in patients treated with subsequent 

chemotherapy (22). The most common available platinating agents are cisplatin and 

carboplatin, with carboplatin being more favourable due its considerably lower 

ototoxicity, neurotoxicity, and nephrotoxicity (23). The most common taxanes used are 

paclitaxel and docetaxel. Initially, paclitaxel has been primarily used to treat ovarian 

cancer, however clinical investigations have suggested that combinations of docetaxel 
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and carboplatin may produce higher response rates and cause less neuropathy than 

paclitaxel. Docetaxel is associated with greater hematological toxicity; however, it can be 

relatively easily monitored and managed in comparison to the neurotoxicity induced by 

paclitaxel (24-26). In some instances, primary debulking surgery followed by adjuvant 

chemotherapy is not suitable for patients with advanced stage ovarian cancer. In these 

cases, neoadjuvant chemotherapy followed by interval debulking surgery may be 

considered a sufficient treatment plan (27). Additionally, in cases of recurrent disease or 

where surgery is not feasible, patients may be put on a standard taxane treatment regimen 

to help achieve long-term survival (28). 

 

1.2 Taxanes  
 
 Taxanes have a profound impact on a wide variety of malignancies, making them 

one of the most frequently used chemotherapy agents in cancer treatment. In the 1960s 

paclitaxel was first discovered as part of a National Cancer Institute screening study to 

identify natural compounds with antineoplastic properties (29). In 1971 paclitaxel was 

established  as a constituent of bark extract from the Pacific yew tree, Taxus brevifolia, 

and was found to contain cytotoxic activity against many tumours  (30, 31). Due to the 

scarce supply of the Pacific yew tree bark and its low water solubility, clinical 

development of paclitaxel was slowed until the 1980s. In 1986 another taxane with higher 

water solubility was semi-synthetically prepared from the needles of the European yew 

tree, Taxus baccata (32). This became known as docetaxel. Currently, paclitaxel and 

docetaxel are used for treatment of a wide range of cancers, including non-small-cell lung 
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cancer, gastric cancer, thyroid cancer, prostate cancer, breast cancer, and ovarian cancer 

(29). 

 

1.2.1 Mechanism of Action 
	
 Taxanes are cytotoxic drugs known as microtubule inhibitors that interfere with 

microtubule depolymerization, causing cell cycle arrest at mitosis, followed by cell death 

via apoptosis (33). Microtubules are filamentous protein polymers that are essential in all 

eukaryotic cells. They are cytoskeletal components composed of α and β-tubulin 

heterodimers and have significant roles in key cellular functions such as cell shape, 

transport of vesicles, cell signaling, cell polarity, and mitosis (34). Both paclitaxel and 

docetaxel occupy the same binding site in β-tubulin. Once bound, taxanes promote 

stabilization of the microtubules by preventing their depolymerization, resulting in 

subsequent suppression of dismantling of the spindle and chromosome separation. This 

leads to cell cycle arrest at mitosis. When the intracellular drug concentrations decrease, 

cells can re-enter the cell cycle.  However, cells often undergo mitotic catastrophe and 

develop multiple, abnormal and lobulated nuclei. This disruption ultimately causes the 

cells to die (33, 35).  

 Taxanes also have the ability to induce cell death pathways such as apoptosis. 

Research has shown that apoptosis is activated as a result of taxane treatment through 

modulation of the “guardian of microtubule integrity” Bcl-2 (B-cell lymphoma 2) (36). 

Chemotherapy treatment induces a change in the Mitogen-Activated Protein Kinase 

(MAPK) pathway, resulting in dephosphorylation of the pro-apoptotic protein BAD and 

phosphorylation of Bcl-2 at serine residues. This leads to the subsequent activation of 
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apoptosis (18, 36). The proteolysis of specific protein such as caspase 3, 8, 9 and PARP 

(Poly-ADP ribose Polymerase) can be used as markers of apoptosis activation. Studies in 

lung, prostate, breast, and ovarian cancer cell lines have identified the cleavage of 

caspase 3, 8, 9 and PARP in association with the activation of apoptosis by taxanes in 

these cells (37-40). Conversely, research has demonstrated that docetaxel has the ability 

to concomitantly induce caspase-dependent and -independent death pathways in prostate 

cancer cells (41). Additionally, docetaxel has been reported to induce non-apoptotic cell 

death in tumour cells depending on cell type, dose, and tumour microenvironment (41, 

42). These findings suggest that taxanes may activate multiple cell death pathways and 

that docetaxel may have intracellular effects distinct from paclitaxel. 

 Taxanes can also induce the release of inflammatory cytokines. Tumour-necrosis 

factor-α (TNF- α) is a pleiotropic cytokine produced by many cells in the body, such as 

macrophages, and acts through two transmembrane receptors: TNF receptor 1 (TNFR1) 

and TNF receptor 2 (TNFR2). It is a membrane-integrated cytokine (mTNF- α) and can 

be released from cells in a soluble form (sTNF- α). TNF- α is a powerful pro-

inflammatory agent and regulates a number of key cellular functions depending upon 

which TNF- α receptors are present, including cell proliferation, survival, and apoptosis 

(43). In 1992, a study reported that paclitaxel induces the expression of TNF- α in 

macrophages (44). Recently, a study investigating paclitaxel and docetaxel-treated breast 

and ovarian cancer cells found that taxanes can promote a dose-dependent production of 

sTNF- α, which can contribute to their cytotoxicity (45). Additionally, a variety of 

structurally distinct chemotherapy agents can induce TNF- α release from breast and 

ovarian tumour cells (46). Taxane-induced TNF- α release has been reported in mouse 
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myeloid cells and it thought to be mediated through the activation of of toll-like receptor 

4 (TLR4) (44, 46).  

 Other mechanisms implicated in the ability of taxanes to inhibit tumour growth 

have been identified. Free radical generation is an inevitable process in all aerobic 

organisms. Reactive oxygen species (ROS) are reactive oxygen molecules, commonly 

thought to be toxic, that readily react with various cell constituents such as DNA, RNA, 

lipids, and proteins. The damage that the oxidative reactions cause damage to these 

important macromolecules can ultimately lead to cell death (47). In one study, the 

responses of apoptosis-proficient and apoptosis-resistant leukemia cells lines to docetaxel 

were compared and the roles of ROS were investigated. The study authors reported that 

docetaxel elicited ROS production, which resulted in the activation of apoptosis in 

apoptosis-proficient cells. In contrast, in apoptosis-resistant cells, docetaxel induced 

apoptosis via an ROS-independent or partially dependent pathway (48). In another study 

investigating treatment of heptacellular carcinoma cells with docetaxel, docetaxel was 

found to reduce the proliferation of the tumour cells, change cell morphology, and induce 

cell death via apoptosis. Additionally, docetaxel induced high ROS levels, suggesting its 

involvement in cell growth inhibition and apoptosis (49). 

 

1.2.2 Mechanisms of Resistance 
	
 Although vast improvements have been made in cancer treatment, many patients 

have or acquire tumours that are non-responsive to chemotherapy (i.e., are drug-resistant) 

(50). Drug resistance is thought to cause treatment failure in more than 90% of patients 

(18). Several mechanisms of taxane resistance have been proposed, with supporting 
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evidence stemming from the study of drug-resistant cancer cell lines or from clinical 

specimens of patients with drug-resistant tumours. One commonly identified mechanism 

of taxane resistance in cultured cell lines involves the overexpression of the multidrug 

resistance gene (MDR-1), whose product is the permability-glycoprotein (Pgp) (51). 

Cancer cells can become resistant to a drug by altering the drug’s target or by increasing 

DNA damage repair (if the drug is a DNA-damaging agent). After selection for resistance 

to a drug, the cells might also show cross-resistance to other mechanistically distinct 

drugs. This is known as multidrug resistance. Pgp is a 170-kDa plasma membrane 

glycoprotein and a member of the adenosine triphosphate (ATP) binding cassette (ABC) 

family of transporters and is often referred to as ABCC1 (52).  It is a broad-spectrum 

multidrug efflux pump that efficiently effluxes cytotoxic drugs, including taxanes, from 

tumour cells (52). In one study, it was found that in MCF-7 breast carcinoma cells, Pgp 

expression (encoded by the MDR1 gene) directly correlated with the level of tumour 

resistance to the Pgp substrates paclitaxel and doxorubicin (53). Additionally, during 

selection of MCF-7 cells for survival in increasing concentrations of docetaxel, there was 

a temporal correlation between the development of drug resistance and amplified 

expression of ABCB1 expression (54). In SKOV-3 and OVCAR8 ovarian cancer cells 

resistant to paclitaxel, ABCB1 was found to be overexpressed  in both cell lines 

compared to their drug-sensitive parental cell lines, with paclitaxel-resistant SKOV-3 

cells also showed a slight overexpression of ABCB4 (55). Docetaxel resistant A2780 

ovarian carcinoma cells also exhibited significantly increased expression of ABCB1 and 

ABCB4 related to wildtype A2780 cells (56). In a clinical study it was found that tumour 

Pgp expression correlated with an unfavourable prognosis and that negative expression of 
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Pgp in tumours expression was associated with an increased response to chemotherapy 

(57). 

 Several studies also suggest that taxane resistance mechanisms may also involve 

alterations in the expression, composition, and/or function of microtubules. Microtubules 

are the target of taxanes and are composed of α- and β-tubulin subunits. In one study, 

Han et al. demonstrated that paclitaxel resistance in lung cancer cells was associated with 

an overexpression in α-tubulin (58). On the other hand, examination of paclitaxel-

resistant Chinese hamster ovarian (CHO) cells revealed that these cells maintained less 

assembled α- and β-tubulin than wildtype CHO cells (59). One of the difficulties 

encountered in the study of changes in tubulin, specifically β-tubulin, is the presence of 

multiple tubulin isotypes. In humans six β-tubulin isotypes have been identified; class I, 

II, III, IVa, IVb, and VI (60). One study reported reported an increased expression of 

tubulin classes I, III, and IVa in paclitaxel-resistant ovarian cancer cells compared to their 

paclitaxel-sensitive counterparts (61). Another study showed that paclitaxel-resistant cells 

had mutated β-tubulin subunits and exhibited defective paclitaxel-induced tubulin 

polymerization (62) compared to wildtype cells. Together, these studies suggest that 

alterations in tubulin isotypes, either via changes in their expression or genetic mutations 

that alter their primary sequences, may lead to taxane resistance.  

 A third proposed mechanism of taxane resistance involves cytochrome p450 

(CYP). CYP450 constitutes a major enzyme family that can catalyze the 

biotransformation of many drugs. They also are important players in drug metabolism 

and activation of some drugs. CYP enzymes are expressed in several cancerous tissues 

and are involved in the inactivation of various anticancer drugs such as vinca alkaloids, 
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irinotecan, paclitaxel, and docetaxel (63-67). Paclitaxel and docetaxel are known to 

induce the expression of CYP450-member CYP34A in human hepatocytes (68). 

Additionally, it has been previously demonstrated that human colorectal cancer cells are 

capable of metabolically inactivating paclitaxel through the CYP3A4 and CYP2C8 

enzymes (69, 70). For cystadenocarcinomas, a common histological subtype of ovarian 

cancer, Murray et al. reported there to be a strong expression of a CYP450 protein 

(CYP1B1) in a small number of cases (71). In another study using immunohistochemical 

staining, investigators found that CYP1B1 was significantly overexpressed in human 

malignant ovarian cancer samples compared to benign ovarian tumours and normal 

ovarian tissue. They also found Paclitaxel induced CYP1B1 expression in some cell lines 

which resulted in drug resistance (72).  Furthermore, when investigating CYP1B1 

expression in Chinese ovary hamster cells, it was found that CYP1B1 inactivates 

docetaxel and the presence of CYP1B1 increases resistance of the cells to the cytotoxicity 

of docetaxel (73). Correspondingly, it has been identified that paclitaxel induces CYP1B1 

expression in ovarian cancer cells and this enhanced expression results in paclitaxel 

resistance (72). 

 

1.2.3 Assessment of Response  
	
 Despite the clinical success obtained by taxanes, many tumours develop drug 

resistance and this results in poor patient prognosis. Patients treated for ovarian cancer 

usually undergo a follow-up in order to detect recurrence of disease. This includes 

physical and gynecological examinations, ultrasound, diagnostic imaging, and an 

assessment of serum cancer antigen 125 (CA125) levels. CA125 has been identified as a 
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high molecular weight glycoprotein that is over expressed in a large proportion of ovarian 

cancers. CA125 has been widely adopted as a tool for the assessment of response during 

therapy; however, since not all patients show elevated tumour CA125 expression, it 

cannot be a sole definitive marker for response to chemotherapy (74). 

 Recently, the CAN-NCIC-MA.22 phase I/II clinical trial investigated the 

relationship between various biomarkers and treatment response for patients with locally 

advanced or inflammatory breast cancer treated with epirubicin and docetaxel (75). 

Additionally, tumour RNA integrity was assessed by capillary gel electrophoresis to 

generate an RNA integrity number (RIN). Interestingly, the trial reported that low RIN 

was associated with a high chemotherapy drug dose level and a pathologic complete 

response (pCR). The phenomenon of low RNA integrity in response to chemotherapy 

treatment was termed “RNA disruption.” Furthermore, high tumour RNA disruption was 

associated with the achievement of a pCR and significantly improved disease free 

survival (76). These studies revealed a novel biomarker for measuring response to 

chemotherapy in patients with cancer. Based on this work RNA Diagnostics, Inc. was 

founded and the company has since developed the RNA Disruption Assay (RDA), which 

uses a proprietary algorithm to quantify RNA degradation. RDA holds the prospect of 

enabling physicians to determine if chemotherapy is working. If so, the physician and 

patient can continue that particular treatment with confidence. However, if RDA analysis 

reveals that chemotherapy is not working, the healthcare team may consider a different 

treatment regime. This potentially offers significant benefits for patients since patients 

may be able to avoid significant harmful side effects from chemotherapy, such as hair 

loss, cardiotoxicity, and “chemo brain,” and consider alternate treatments that may 



12	
	

enhance patient survival (77). Furthermore, if RDA is validated in additional clinical 

studies, it could offer a benefit to healthcare systems by reducing the costs of 

chemotherapy drug administration in patients with chemoresistant tumours and the costs 

associated with treating short- and long-term negative side-effects from patient exposure 

to cytotoxic chemotherapy drugs. While current studies support the use of RDA as a 

useful tool in the clinical treatment of cancer patients with chemotherapy, the 

mechanism(s) of RNA disruption in response to chemotherapy treatment are not well 

understood. 

 

1.3 RNA Degradation Mechanisms 
	
 
1.3.1 mRNA and tRNA 
	
 The degradation of RNA is a ubiquitous process in all cells, employed to maintain 

nucleotide turnover, maturation, and to ensure quality control of RNA. RNA degrading 

enzymes called ribonucleases (RNases) interact with various co-factors such as helicases 

and polymerases to degrade messenger RNA (mRNA), transfer RNA (tRNA), and 

ribosomal RNA (rRNA) (78). For mRNA, there are three pathways that degrade different 

classes of aberrant mRNA: 1) Nonsense-mediated mRNA decay (NMD) eliminates the 

production of mRNAs that prematurely terminate translation (i.e., when mRNAs contain 

a premature termination codon). NMD evolved to protect cells from the potentially 

harmful effects of abnormalities in gene expression. This is because the resulting proteins 

may become nonfunctional or attain dominant-negative or gain-of-function activities 

(79). 2) Nonstop mRNA decay has been identified in yeast as a RNA surveillance 

mechanism that eliminates transcripts lacking a termination codon (80). 3) No-go mRNA 
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decay acts to target mRNAs that stall in translation elongation, with endonucleolytic 

cleavage (81). For tRNA, it has been reported that tRNA can degrade at a rate typical of 

mRNA decay through a mechanism known as rapid tRNA degradation. In a study 

directed at uncovering the functions of multiple tRNA modifications outside of the 

anticodon region found that rapid tRNA degradation can result from the lack of 

nonessential modifications (82). 

 

1.3.2 rRNA 
	
 Eukaryotic ribosomes are large macromolecular complexes of rRNA molecules 

and proteins responsible for the synthesis of proteins in cells. They are composed of two 

subunits, a large 60S subunit and a small 40S subunit, where “S” refers to the 

sedimentation coefficient in Svedberg units upon centrifugation. The large subunit 

consists of three rRNA molecules (28S, 5.8S, and 5S) and 46 proteins. The small subunit 

consists of one rRNA chain (18S) and 33 proteins (83). In 1993, Houge et al. 

demonstrated in rat myeloid leukemia cells that there is selective cleavage of 28S rRNA 

variable regions and that this cleavage coincides with DNA fragmentation, a hallmark of 

apoptosis (84). Furthermore, they reported that various apoptosis-inducing agents, such 

as okadaic acid and cycloheximide, can induce specific 28S and 18S degradation 

fragments in rat and human leukemia cells, rat thymocytes, and bovine endothelial cells 

(85). In oat cells, rRNA is specifically degraded during apoptotic cell death induced by 

victorin, a host-selective toxin produced by the fungus Cochliobolus victoriae (86). On 

the other hand, in mouse lymphoid cells treated with a calcium ionophore, rRNA 

degradation was observed in the absence of caspase activation, a key event in apoptosis. 
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Additionally, rRNA degradation was induced in a Bcl-2 independent pathway, suggesting 

that apoptosis may not be necessary for rRNA degradation to occur (87).  

 Early research in vitro has shown that cisplatin can inhibit rRNA synthesis in 

HeLa cells (88). In a study directed at investigating the effects of chemotherapy agents on 

ribosome biogenesis, the authors found that chemotherapy drugs can interfere with rRNA 

synthesis at various levels such as transcription and processing (89). In terms of 

chemotherapy-induced rRNA degradation, Narendrula et al. reported that various breast 

and ovarian cancer cell lines (MCF-7, SKBR-3, MDA-MV-231, CAOV-3, A2780) 

reproducibly demonstrate rRNA degradation induced by a variety of structurally distinct 

chemotherapy agents (90). Moreover, the investigators report the absence of rRNA 

degradation in drug resistant cells. Despite recent advancements in our understanding of 

rRNA degradation, the specific mechanism by which chemotherapy drugs induce rRNA 

degradation in vitro and in vivo is currently not well understood. 

 

1.4 Potential Mechanisms Associated with Chemotherapy-Dependent RNA 
Disruption 
	
 
1.4.1 Non-functional RNA decay 
	
 One potential mechanism associated with chemotherapy-induced rRNA 

degradation is Non-functional RNA Decay (NRD). NRD is a quality control mechanism 

of rRNA degradation, capable of detecting and eliminating defective or nonfunctional 

eukaryotic rRNAs. In a study involving yeast, LaRiviere et al. reported that rRNAs 

containing mutations in the 18S and 25S are degraded much faster than their WT 

counterparts (91).  Fuji et al. revealed that 25S NRD in yeast is dependent on the 
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ubiquitin ligase mms1p and its associated chaperone rtt101p (92). The proteasome is a 

protein complex that degrades damaged proteins that are ubiquitinated. The same 

research group found that the ubiquination of ribosomal proteins is reduced when there is 

a blockage of the proteasome. There was also an interference with the degradation of 

nonfunctional 25S rRNAs. On the other hand, 18S NRD was not affected by treatment 

with a proteasome inhibitor (93). These results suggest that 25S NRD is dependent on the 

proteasome but not 18S NRD. Interestingly, Cole et al. found that degradation of mutant 

18S rRNAs involves the same set of proteins as no-go mRNA decay (94). In no-go 

mRNA decay, there is a stalling due to a structural barrier in the mRNA and this prevents 

ribosome translocation. Conversely, in 18S NRD ribosome translocation is prevented due 

to stalling from a defect in the decoding center of the small ribosomal subunit. It is 

known that chemotherapy agents can stimulate the production of ROS (49). The ROS 

generated by the chemotherapy agents may potentially induce mutations in the rRNAs, 

rendering the ribosomes nonfunctional or stalling translation. This may result in the 

activation of the NRD pathway. 

 

1.4.2 RNase L 
	
 RNases, present in all organisms, constitute a superfamily of enzymes that 

catalyze the degradation of RNA. Interferons (IFNs) are a family of cytokines that are 

involved in innate immunity against a range of viruses and pathogens. One well-studied 

IFN-stimulated gene, RNase L (L for latent), is expressed in nearly every mammalian cell 

type (95, 96). RNase L is an effector for a major enzymatic pathway regulated by IFNs 

known as the 2-5A system. The 2-5A system is one of two antiviral pathways induced by 
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IFN, the other is mediated by the double-stranded RNA (dsRNA) protein kinase (PKR) 

(97). After activation by dsRNA, most frequently generated during viral infection, type I 

interferons are produced. Type I interferons stimulate the transcription of 2’,5’ 

oligoadenylate synthetases (OAS) which then convert ATP molecules to pyrophosphate 

and a series of small molecules known as 2-5A. 2-5A binds to RNase L with high 

affinity, converting the enzyme from its inactive monomeric state to an active dimeric 

state. Double stranded RNA (dsRNA) is required to activate OAS isozymes to produce 2-

5A, the activators of RNAse L. 

 RNase L can be inhibited by recruitment of an ATP binding cassette (ABC) 

protein called RNase L inhibitor. Although originally termed RLI, the gene is part of the 

ABC family of transporters and its gene symbol is ABCE1 (98).  ABCE1 forms a 

heterodimer with RNase L to inhibit binding of 2-5A molecules. If there is an increase in 

the production of 2-5A molecules, ABCE1 can be out-competed, resulting in the 

activation of RNase L. Once activated, RNAse L cleaves the viral and host cellular RNAs 

in order to block integration of viral RNA into the host genome and/or viral 

replication(95). 

 Interestingly, Han et al. demonstrated that HeLa cells transfected with an RNase 

L expression plasmid and treated with 2-5A exhibited rRNA cleavage products similar in 

pattern to virally-induced rRNA degradation (99). In addition to viruses, a broad range of 

other stressors can induce RNase L expression. Pandey et al. identified that in HeLa cells, 

RNase L expression is stimulated by chemotherapy agents such as cisplatin and 

doxorubicin, hydrogen peroxide, calcium chloride, TNF- α, and the synthetic dsRNA 

Polyinosinic:polycytidylic acid (Poly I:C). Moreover, induction of RNase L correlated 
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with inhibition of cellular proliferation, RNA degradation, fragmentation of chromatin-

DNA, and initiation of apoptosis (100). Another investigator, Siddiqui et al. reported that 

induction of RNase L stimulates autophagy via activation of the c-Jun N-terminal kinase 

and dsRNA-dependent protein kinase signaling pathways (101). In mouse embryonic 

fibroblasts, another team found that RNase L triggers autophagy in response to viral 

infections such as encephalomyocarditis (102). As a result, in addition to its antiviral 

function, RNase L plays an important in a cell’s stress response through RNA 

degradation, apoptosis, and autophagy. Recently, it was shown that the small dsRNAs 

produced by RNase L promote a switch from autophagy to apoptosis via caspase-

mediated cleavage of Beclin-1 (103). Cleavage of Beclin-1 inhibits autophagy and the C-

terminal fragment translocates to the mitochondria with the proapoptotic protein Bax. 

This causes a release of cytochrome C and the induction of apoptosis. Moreover, RNase 

L –induced autophagy accelerates apoptosis and inhibition of apoptosis promotes 

autophagy in a “cross-talk” type of mechanism (103). These results demonstrate a novel 

role of RNase L in modulating autophagy and apoptosis. On the other hand, there is 

published evidence describing the induction of RNA degradation independent of 

apoptosis induction. The researchers examined the role of caspase activation in 28S 

rRNA fragmentation by utilizing a general caspase inhibitor. They found in S49 Neo cells 

containing the caspase inhibitor, 28S rRNA degradation was not reduced when cells were 

treated with the apoptosis inducer calcium ionophore, suggesting induction of apoptosis 

can occur independently of RNA degradation (87). 

 

1.4.3 Autophagy  
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 Autophagy is a stress-induced degradation pathway that digests cellular 

components via lysosomes. This process recycles damaged organelles and non-functional 

cell molecules.  It is also induced to maintain cell survival during periods of starvation or 

stress by limiting energy expenditure by non-essential pathways (104). In the presence of 

stress, cytoplasmic organelles, damaged proteins, or other cellular components are 

engulfed within double-membrane autophagosomes, which fuse with lyososomes to form 

autophagolysosomes, where the contents are degraded/recycled. Beclin-1 has been shown 

to be involved in the formation of the autophagosomal membrane and is essential for 

recruiting several autophagy-related genes (ATGs) to the pre-autophagosomal structure. 

Expansion and closure of the membrane is largely dependent on Atg12 and microtubule-

associated protein light chain 3 (LC3) (104, 105).  

 In 2008, Kraft et al. identified a new type of selective autophagy of ribosomes in 

yeast, termed ribophagy (106). The investigators found that mature ribosomes are rapidly 

degraded by autophagy under nutrient starvation. Additionally, yeast starvation-sensitive 

mutants were screened for defects in their ability to translocate ribosomes to the vacuole 

upon nutrient deprivation. This revealed that the ubiquitin protease Ubp3p and its 

associated cofactor Bre5p are specifically required for ribophagy. Furthermore, the work 

by Kraft et al. revealed that inhibiting starvation-induced ribophagy accelerates cell death 

(106). This suggests a role for autophagy as a survival mechanism and a mechanism for 

rRNA degradation. 

 

1.4.4 Apoptosis  
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 Well studied forms of cell death include necrosis, mitotic catastrophe, and 

apoptosis. Kerr et al. first termed apoptosis in 1972 to describe a morphologically distinct 

form of programmed cell death (107). As a homeostatic mechanism to maintain cell 

populations in tissues, apoptosis normally occurs during development and aging. 

Additionally, apoptosis occurs as a defense mechanism when cells are damaged by 

disease or a variety of other stimuli, including irradiation and chemotherapy drugs (108). 

Microscopic techniques have revealed various morphological changes that occur during 

apoptosis such as cell shrinkage, cell rounding, pyknosis as a result of chromatin 

condensation, membrane blebbing, and karyorrhexis (108, 109). Other biochemical 

hallmarks of apoptosis have been discovered such as DNA fragmentation, activation of 

pro-apoptotic proteins, and the proteolysis and activation of a family of apoptosis 

regulatory proteins called caspases. Caspases are widely expressed in cells and once 

activated can activate other caspases, triggering an initiation of a caspase cascade. This 

amplifies the apoptotic signalling pathway and leads to rapid cell death (110). Apoptosis 

can be induced by two distinct mechanisms. 1) The extrinsic pathway involves 

transmembrane receptor-mediated interactions. In short, cytotoxic immune cells produce 

pro-apoptotic ligands such as TNF-alpha and TNF-related apoptosis-inducing ligand 

(TRAIL). Ligand binding results in the recruitment of the adaptor molecule Fas-

associated death domain (FADD) and activation of caspase 8. As a result, apoptosis is 

initiated by direct cleavage of downstream effector caspases, such as caspase-3. 2) The 

intrinsic pathway involves mitochondrial release of cytochrome c. Cellular stress 

activates p53 which in turn activates Bax. Bax permeabilizes the mitochondria, resulting 
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in cytochome c release into the cytosol. This sparks the formation of the apoptosome and 

initiation of the caspase cascade (111).  

 The association between RNA degradation and apoptosis was described by the 

early work of Houge et al. They found that degradation of 28S rRNA coincided with 

DNA fragmentation, a hallmark of apoptosis (84, 85). Furthermore, Nadano et al. 

reported that treating Jurkat cells with an anti-Fas antibody produced a pattern of rRNA 

degradation bands (112). Previous studies by our research group have indicated that a 

variety of chemotherapy agents can induce TNF- α production in breast and ovarian 

cancer cells (46). This results in the activation of TNFR1, initiator and effector caspases, 

and ultimately apoptosis via the extrinsic pathway. Alternatively, the production of ROS 

by chemotherapy agents may promote the release of cytochrome c from the 

mitochondria, effector caspase activation, and apoptosis through the intrinsic pathway. 

The induction of these apoptotic pathways may promote RNA degradation by stimulation 

of specific RNAses. Consistent with this view, Narendrula et al. demonstrated that 

treatment of cells with a caspase 3 inhibitor significantly reduces docetaxel-induced RNA 

disruption (90).   

 

1.5 Study Design and Hypothesis 
 

While studies have suggested that measuring tumour RNA disruption can be a 

useful tool in predicting clinical prognosis for patients after neoadjuvant chemotherapy 

treatment, the mechanism(s) involved in RNA disruption in response to chemotherapy 

treatment are not well understood. The aim of this study was to investigate potential 

cellular mechanism(s) associated with chemotherapy-induced RNA disruption. We 
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hypothesized that inhibition of the Nonfunctional RNA Decay pathway, by proteasome 

inhibition, will strongly reduce docetaxel-induced RNA disruption in A2780 cells. 

Additionally, we predicted the involvement of RNase L in the regulation of RNA 

disruption. Specifically, we hypothesized that treatment of A2780 cells with Poly I:C (a 

synthetic dsRNA used to mimic viral infections) and/or the RNAse L activator (a 

synthetic compound used to stimulate RNase L activity) will induce RNA disruption 

similar to that observed by docetaxel treatment. Furthermore, we predicted that RNase L 

inhibition by transfection of A2780 cells with an expression plasmid for ABCE1 will 

reduce docetaxel and RNase L activator-induced RNA disruption. Lastly, the 

relationships between autophagy and apoptosis and RNA disruption are not well 

characterized. We hypothesized that RNA disruption will be temporally associated with 

key events in autophagy and apoptosis, such as LC3-II production and PARP cleavage, 

indicating a potential relationship between the two processes. To address these 

hypotheses, five experimental objectives have been proposed. 

1) To inhibit the proteasome and the NRD pathway in the A2780 ovarian carcinoma cell 

line and assess the consequence of this inhibition on docetaxel-dependent RNA 

disruption. 

2) To activate RNase L-mediate rRNA degradation in A2780 cells by treating the cells 

with Poly I:C and RLA and assess whether they induce a dose- and time- dependent RNA 

disruption pattern similar to that induced by docetaxel. 

3) To assess whether A2780 cells transfected with an expression plasmid for the RNase L 

inhibitor ABCE1 exhibit significantly reduced docetaxel-induced RNA disruption. 
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4) To monitor the expression of known biomarkers for autophagy and apoptosis by 

western blot analysis in order to assess the potential relationship between RNA 

disruption, autophagy, and apoptosis. 

  

2.0 MATERIALS AND METHODS 
 
 
2.1 Cell Culture 
 

The A2780 human ovarian carcinoma epithelial cell line was purchased from the 

European Collection of Cell Cultures (ECACC, Salisbury, UK) and was used as an in 

vitro model of drug-sensitive ovarian cancer in this study. A2780 cells were maintained 

in RPMI-1640 medium (Gibco, Thermo Fischer Scientific, Waltham, Massachusetts, 

USA) supplemented with 10% Fetal Bovine Serum (FBS) (Gibco, Thermo Fischer 

Scientific, Waltham, Massachusetts, USA), and 1% penicillin/1% streptomycin (10,000 

units/mL Penicillin/10,000 ug/mL Streptomycin) (HyClone Laboratories, South Logan, 

Utah, USA). The docetaxel-resistant A2780 line (A280DXL) was used as an in vitro 

model of docetaxel resistant ovarian cancer. Armstrong et al. generated this cell line by 

selecting cells for survival in increasing doses of docetaxel (DXL) (56). In this study, 

cells maintained their resistance to DXL by being treated with 4.05 x 10-7 M DXL bi-

weekly. All cells lines were grown in T-75 cm2 vented tissue culture flasks (Corning, 

New York, USA) in a Forma Series II Water-Jacketed incubator (Thermo Fischer 

Scientific, Waltham, Massachusetts, USA) at 37°C with 5% CO2 (). Prior to 

subculturing, cells grew to 70-90% confluency.  
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2.2 Docetaxel Treatment 
 

In this study, DXL was used to induce RNA disruption. This was shown by 

Narendrula et al. 2016, who demonstrated that RNA disruption was most noticeable in 

A2780 cells treated with 0.2 uM DXL for 24-48 hr (90). DXL (10 mg/mL stock in 23% 

ethanol with polyethylene glycol and polysorbate 80) (Hospira Healthcare Corporation, 

Saint-Laurent, Quebec, Canada) was generously donated by the pharmacy at the 

Northeast Cancer Centre in Health Sciences North (Sudbury, Ontario, Canada). DXL was 

stored in 1 mL amber glass vials at 4°C and used within 2 weeks.  

 

2.3 Bortezomib Treatment 
 

In order to determine the optimal Bortezomib dosage for A2780 cells from a 1 

mM stock dissolved in DMSO (Cell Signaling Technology, Danvers, Massachusetts, 

USA), cells were plated at a density of 200,00 cells/well in a 6-well plate and incubated 

at 37°C with 5% CO2. Following 24 h, culture wells were treated with 3 mL of media 

containing the following Bortezomib concentrations: 0, 1, 10, 100, 1000, 10000 nM and 

incubated for an additional 24 h. Two sets of plates were used; one for cell counts and the 

other for RNA extraction. Following treatment, the media containing the floating cells 

was collected in a 15 mL conical tube and the tissue culture dish was washed with 1x 

PBS. Adherent cells were lifted with 0.05% trypsin (HyClone Laboratories, South Logan, 

Utah, USA) and then added to the 15 mL conical tube. Floating and adherent cells were 

centrifuged at 250 x g for 5 min and then counted using the Vi-CELL XR Cell Viability 

Analyzer (Beckman Coulter Inc, Mississauga, Ontario, Canada). 
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2.4 Polyinosinic:polycytidylic acid (Poly I:C) Transfection  
	

In order to determine optimal transfection conditions for Poly I:C treatment of 

A2780 cells 20 mg/mL low molecular weight product stock was dissolved in sterile 

physiological water (InvivoGen, San Diego, California, USA). Cells were plated at a 

density of 100,000 cells/well in a 6 well plate with 1.5 mL of DMEM medium (Gibco, 

Thermo Fischer Scientific, Waltham, Massachusetts, USA), supplemented with 10% 

FBS, and 1% Penicillin Streptomycin and incubated at 37°C with 5% CO2. Following 24 

h and 30 minutes before transfection, culture wells had a media change with fresh 1.5 mL 

DMEM, 10% FBS, and 1% Penstrep. Transfection mixtures (total volume 500 µL) were 

prepared in a 24-well plate; including a no-treatment control, a 6 µL PolyJet (SignaGen 

Laboratories, Rockville, Maryland, USA) control, and a 2.0 µg/mL Poly I:C control. The 

following Poly I:C concentrations were used: 0.01, 0.1, 1.0, 2.0, 6.0, 8.0, 10.0, and 20.0 

µg/ml.  All transfections were performed using 6 µl of PolyJet per transfection. The Poly 

I:C/Polyjet mixtures were pipetted into each well and gently mixed by swirling the plate. 

Following 12 hours, the media was changed in each well to complete DMEM, 10% FBS, 

1% Penicillin Streptomycin. Two sets of plates were used; one for cell counts and the 

other for RNA extraction. Following 12, 24, 48 hour incubations after the Poly I:C 

transfections, medium containing the floating cells was collected in a 15 mL conical tube 

and the tissue culture dish was washed with 1x PBS. Adherent cells were lifted with 

0.05% trypsin and then added to the 15 mL conical tube. Floating and adherent cells were 

centrifuged at 500 x g for 5 min and then counted using the Vi-CELL XR Cell Viability 

Analyzer. 
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2.5 RNase L Activator Treatment 
 
 A synthetic RNAse L activator dissolved in DMSO (25 mg/mL, 0.0841 M), called 

RLA, was synthesized by Snieckus Innovations at Queen’s University (Kingston, 

Ontario, Canada). The structure of the activator was derived from the original supplier, 

Calbiochem, EMD Millipore (see Figure 1 for structure). This compound is a slightly 

modified derivative of one of the small molecule RNAse L activators (C2) published by 

Thakur et al. In addition to C2, the group obtained six other compounds that activated 

RNAse L by performing a high-throughput screen on chemical libraries using the 

Fluorescence Resonance Energy Transfer (113). In the present study, A2780 cells were 

treated with 64 µM RLA for 12, 24, and 48 hours. Additionally, cells were treated with a 

0.2% DMSO control (Sigma-Aldrich, St. Louis, Missouri, USA). 

 

2.6 Bafilomycin Treatment 
 
 In this study, A2780 cells were treated with 10 nM Bafilomycin A1 (500 uM 

stock, dissolved in 70% ethanol (Wako Chemical Inc, Richmond, Virginia, USA) for 12, 

24, and 48 hours in order to assess it’s effect on  LC3-I and LC3-II in combination with 

DXL and RLA. The amount of LC3-II is correlated with the number of autophagosomes. 

However, LC3-II itself is degraded by autophagy, therefore Bafilomycin was used to help 

monitor autophagy since it prevents the maturation of autophagic vacuoles by inhibiting 

the fusion between autophagosomes and lysosomes, where LC3-II levels then fall and 

become undetectable. 

 

2.7 Bacterial Transformation 
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 As per Invitrogen transformation guidelines, 5 and 10 ng of ABCE1 expression 

plasmid DNA and a control vector PCMV3 DNA (Sino Biological, Bejing, China) were 

added to 50 µL of DH5α competent cells (Invitrogen, Carlsbad, California, USA). Tubes 

were incubated on ice for 30 minutes followed by a heat shock in a 42°C water bath for 

20 seconds. Tubes were placed back on ice for 2 minutes then 950 µL of warmed media 

was added to each tube. Tubes were incubated for 1 hour at 225 rpm (37°C). Volumes of 

50 and 100 µL from each transformation were spread on pre-warmed selective plates 

containing 100 µg/mL ampicillin. Plates were incubated overnight at 37°C. 

 

 

 

2.8 Plasmid DNA Isolation 
	
 From each plate, a single colony was inoculated in 5 mL of LB broth containing 

200 g/L ampicillin in a glass tube with a sponge topper. Tubes were shaken at 250 rpm 

overnight (37°C). After the overnight culture, 1.5 mL cells were placed in a 1.5 mL 

Eppendorf tube and centrifuged at top speed for 1 minute. Following aspiration of the 

supernatant, cells were resuspended in 100 µL GTE buffer (50 mM Glucose, 25 mM 

Tris-CL, 10 mM EDTA, ph 8). 200 µL of 0.2 M NaOH/1% SDS was added to the tubes 

and inverted 8 times. A volume of 150 µL of 5 M potassium acetate (pH 4.8) was added 

to the tubes and then centrifuged at top speed for 1 min. The supernatant was transferred 

to new tubes and the nucleic acids were precipitated with 0.5 mL isopropanol on ice for 

10 min. The nucleic acids were precipitated at top speed for 1 minute. The supernatant 

containing the isopropanol was aspirated off and the pellet was dissolved in 0.4 mL TE 
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buffer (10 nM Tris-CL, 1 mM EDTA, pH 7.5). Proteins were denatured by adding 300 

µL of PCIA (phenol/chloroform/isoamyl alcohol) to the tubes and vortexing for 30 

seconds. Phases were separated by centrifuging at top speed for 5 minutes. The upper 

aqueous layer containing the plasmid DNA was removed and transferred to a new 1.5 mL 

Eppendorf tube. Plasmid DNA was precipitated by adding 100 µL of 3 M sodium acetate 

and 1 mL of absolute ethanol on ice for 10 minutes. Plasmid DNA was then pelleted by 

centrifugation at top speed for 5 minutes. The ethanol supernatant was aspirated off and 

the pellet was washed with1 mL 70% ethanol, vortexed, and centrifuged at top speed for 

1 min (repeated 3 times). After the final ethanol wash, the DNA pellets were dissolved in 

50 µL DNase-free water. 

 

2.9 Plasmid Transfection of A2780 ovarian carcinoma cells 
 

A2780 cells were plated at a density of 3 000 000 cells per 100 mm x 20 mm 

tissue culture dish in RPMI-1640 medium and incubated at 37°C with 5% CO2. 

Following 24 h, 9.5 mL of fresh medium was added to the plates. All transfections were 

performed using 15 µl PolyJet and 5 ug of purified plasmid DNA per dish. The 

PolyJet/DNA mixtures were pipetted into each well and gently mixed by swirling the 

plate. Following 16 hours, media was changed in each plate to RPMI,10% FBS, and 

varying concentrations of Hygromycin B (100 mg/mL stock) (InvivoGen, San Diego, 

California, USA) for selection. Four different concentrations of Hygromycin B (50 

ug/mL, 250 ug/mL, 350 ug/mL, and 500 ug/mL) were tested to establish the cell’s range 

of sensitivity. A concentration of 350 ug/mL Hygromycin B was determined to be 

optimal. This concentration appeared to induce extensive cell killing, however there was 
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retention of hygromycin-resistant clones. Plates were monitored for “islands” of 

surviving cells and further propagated. 

 

2.10 RNA Isolation from Cells and RNA Integrity Analysis 
 
 Total RNA was isolated using the Qiagen miRNeasy Mini kit (Mississauga, 

Ontario). Following treatments, media containing the floating cells was collected in a 15 

mL conical tube for each treatment. The tissue culture dish was washed with 2 mL 

1xPBS and then added to the conical tube. Tubes were centrifuged at 500 x g for 5 

minutes and then the supernatant was aspirated. A volume of 700 µL of Qiazol lysis 

reagent was added to the tissue culture dish containing the adherent cells and the wells 

were scraped for 30 seconds using sterile cell scrapers (Fischer Scientific, Ottawa, ON). 

The lysis reagent containing the adherent cells were added to the conical tubes with the 

floating cells. The cells were then homogenized by being passed through a 20-gauge 

needle fitted syringe 10 times. The lysate was transferred to a new Eppendorf tube and 

left at room temperature for 5 minutes. A volume of 140 µL of chloroform was added to 

the tubes and then the tubes were vigorously shaken for 15 seconds. The homogenates 

were separated into aqueous and organic phases by centrifugation at 12,000 x g for 15 

minutes at 4°C. The upper aqueous phase containing the RNA was carefully added to a 

new tube and then precipitated by adding 525 µL of absolute ethanol. A volume of 700 

µL of the RNA solution was added to a miRNeasy Mini spin column and centrifuged at 

8000 x g for 15 seconds to bind the RNA to the column. Any potential proteins in the 

sample solution were denatured by adding 700 µL of miRNeasy RWT buffer to the spin 

column followed by centrifugation at 8000 x g for 15 seconds. Salts were washed from 
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the column by adding 500 µL of miRNeasy RPE buffer and centrifuging at 8000 x g for 

15 seconds. A second wash with RPE buffer was performed for 2 minutes. RNA was 

eluted by adding 50 µL of sterile RNase free water and then centrifuged at 8000 x g for 1 

minute. Quantity and integrity of isolated RNA was analyzed by capillary electrophoresis 

on Agilent RNA 6000 Nano chips obtained as part of Agilent 6000 Nano kits in the 

Agilent 2100 Bioanalyzer (Agilent Technologies Canada, Inc., Mississauga, Ontario). 

 

2.11 Protein Isolation 
 

Cells were plated in 10 cm tissue culture dishes and treated according to one of 

the above-described protocols (see sections 2.2, 2.3, 2.4, 2.5, 2.6, 2.7). Following 

treatments, the medium containing any floating cells was collected in a 50 mL conical 

tube. The tissue culture dish was washed with 10 mL 1 x PBS and then added to the 

conical tube. Adherent cells were lifted with 0.05% trypsin and then added to the 50 mL 

conical tube. Floating and adherent cells were harvested by centrifugation at 1200 x g for 

5 min and then the supernatant was aspirated. The pellets were washed with 10 mL 1 x 

PBS and centrifuged at 1200 x g for 5 min. The washes were repeated two more times. 

After the final wash, the pellets were resuspended in 1 mL of 1 x PBS and transferred to a 

1.5 mL tube. The tubes were centrifuged at 1200 x g for 5 min and the supernatant was 

aspirated. M-Per lysis buffer was prepared by mixing 10 µL HALT protease inhibitor 

(100 x stock) (Thermo Fischer Scientific, Waltham, Massachusetts, USA) and 1 mL M-

Per Mammalian Protein Extraction Reagent (Thermo Fischer Scientific, Waltham, 

Massachusetts, USA). An empty microfuge tube was weighed before adding cells in 1 ml 

of PBS and spinning the cells down into a pellet. After removal of the supernatant, the 
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weight of the pellet was obtained and pellets were resuspended in M-Per lysis buffer (100 

µL M-Per lysis buffer per 10 mg of pellet). Tubes were incubated at room temperature 

for 10 minutes with gentle mixing. The lysates were centrifuged at 14 000 x g for 15 

minutes to remove insoluble cellular debris. Following centrifugation, the lysates 

(supernatant) were transferred to a new 1.5 mL tube. The protein concentrations were 

determined using the Pierce BCA Assay Kit (Pierce, Rockford, Illinois, USA). 

 

2.12 SDS-PAGE  
	
 For each cell lysate, 20 µg of protein in a 2 x Laemmli buffer (1:1 ratio) was 

heated at 100°C for 3 minutes. Proteins were resolved on a 12.5% polyacrylamide gel for 

2 hours at 100 V using standard SDS denaturing gel electrophoresis using a BioRad 

Powerpac Basic Power Supply (Hercules, California, USA). 

 

2.13 Western Blot Analysis 
 

Proteins from the gels were transferred onto BioRad Immuno-Blot PVDF 

membranes (Hercules, California, USA) using a BioRad electrophoretic transfer unit. 

Following transfer, membranes were blocked for 1 hour at room temperature on a rocker 

with either a 5% milk solution in 1 x TNE buffer (50 mM Tris, 140 mM NaCl, 5 mM 

EDTA) containing 0.1% Tween-20 (FisherBiotech, Thermo Fisher Scientific, Waltham, 

Massachusetts, USA) or a 5% Bovine Serum Albumin (BSA) Fraction V (Thermo Fisher 

Scientific, Waltham, Massachusetts, USA) solution in a 1 x TNE buffer containing 0.1% 

Tween-20. Primary antibodies were diluted in either a 5% milk in 1 x TNE or a 5% BSA 

in 1 x TNE as per the manufacturer’s recommendations. Membranes were incubated with 



31	
	

the primary antibody overnight on a rocker at 4°C. In this study, membranes were blotted 

with primary antibodies against PARP, Beclin-1, LC3B, Caspase 8, Caspase 9, RNase L, 

ABCE1, and GAPDH. PARP (#9532), LC3B (#2775), Caspase 8 (#9746), Caspase 9 

(#9502), and GAPDH (#2118) antibodies were purchased from Cell Signaling 

Technology (Danvers, Massachusetts, USA). The Beclin-1 (NB500-266) antibody was 

obtained from Novus Biologicals (San Diegio, California, USA). The RNase L 

(ab191392) and ABCE1 (ab32270) antibodies were purchased from Abcam (Cambridge, 

United Kingdom). 

Following incubation with primary antibody, membranes were washed in 1 x 

TNE for 5 min on a shaker (repeated 5 more times). The membranes were incubated in 

secondary antibody diluted in 5% milk in 1 x TNE for 1 hour on a rocker at room 

temperature. The goat anti-rabbit IgG HRP (#7074) and the goat anti-mouse IgG HRP 

(#7076) secondary antibodies were obtained from Cell Signaling Technology (Danvers, 

Massachusetts, USA). The membranes were washed 5 times in 1 x TNE for 5 min on a 

shaker. Antibody-bound proteins were visualized using the enhanced chemiluminescence 

(ECL) method (Pierce ECL Western Blotting Substrate, ThermoFisher Scientific, 

Waltham, Massachusetts, USA). 

 

2.14 Statistical Analyses 
 
 Prior to performing the appropriate statistical analysis, parametric assumptions 

were tested. Microsoft Excel, Graph Pad Prism 5, and SPSS Statistics were used for all 

statistical analyses. For all RDI and densitometry data, the samples collected and treated 

in three separate experimental runs were considered dependent with results significant at 
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p < 0.05). This is because they are all derived from the same clonal population of A2780 

ovarian cancer cells; therefore, paired t-tests and repeated measures analysis of variance 

(ANOVA) were used to analyze the data. All data was tested for normality using the 

Shapiro-Wilk test in SPSS. The effect of Bortezomib treatment on chemotherapy-induced 

RNA disruption and the PolyJet/Poly I:C optimization experiments were tested using the 

repeated measures ANOVA and the non-parametric alternative Friedman test. The 

Bonferroni post hoc test was used to compare means between the treated and untreated 

samples at each time point. For non-parametric data, the Dunns test was used to compare 

means between treated and untreated samples at each time point. The remaining data was 

analyzed using the paired t-test or the Wilcoxon paired t-test for nonparametric data. 

 

Figure 1. Structure for synthetic RNAse L activator dissolved in DMSO (25 mg/mL, 

0.0841 M), called RLA. Synthesized by Snieckus Innovations at Queen’s University 

(Kingston, Ontario, Canada). The structure of the activator was derived from the original 

supplier, Calbiochem, EMD Millipore. 

 

3.0 RESULTS 
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3.1 Role of Nonfunctional RNA Decay in RNA disruption 
	

To determine if Non-functional RNA Decay (NRD) is involved in docetaxel-

dependent RNA disruption, experiments to inhibit NRD in A2780 cells were performed. 

Fuji et al. found that ribosomal ubiquination is reduced when there is a blockage of the 

proteasome, suggesting that 25S NRD is dependent on the proteasome (93). In this study 

Bortezomib was used to inhibit the proteasome and as a result, NRD, in order to 

determine if there was an effect on DXL-induced RNA disruption.  

 

 

3.1.2 Effect of Bortezomib Treatment on Docetaxel-Induced RNA Disruption 
	

Cells were treated with 1.0, 5.0, and 10.0 nM Bortezomib dissolved in DMSO 

with and without 0.2 µM DXL, and the corresponding DMSO controls for 24 hours. The 

effect of Bortezomib treatment on DXL-induced RNA disruption was determined using 

capillary electrophoresis on an Agilent 2100 Bioanalzyer (Figure 2 A) and subsequent 

quantification of RNA degradation using the RDA proprietary algorithm (Figure 2 B). A 

repeated measures ANOVA showed that compared to the untreated sample, no significant 

change in RDI value was observed after 24 hours for DMSO-treated cells (compared to 

untreated controls) and for Bortezomib-treated cells (compared to the corresponding 

DMSO controls) (Table 1). Significant increases in RDI at 24 hours were observed for 

samples treated with 0.2 µM DXL only (compared to the untreated control; p = 0.049), 

1.0 nM Bortezomib with 0.2 M DXL (compared to 1.0 nM Bortezomib alone; p = 

0.015), and 10 nM Bortezomib with 0.2 M DXL (compared to 10 nM Bortezomib 

alone; p = 0.025). However, samples co-treated with 5 nM Bortezomib and 0.2 M DXL 
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showed no significant change in RDI due to high variance (compared to the 5 nM 

Bortezomib alone; Table 1). Overall, it was found that there was no significant reduction 

in RDI in samples co-treated with both DXL and Bortezomib. Further, Bortezomib on its 

own appeared to induce RNA degradation. 

A)  B)  
 
Figure 2. Effect of varying concentrations of Bortezomib on Docetaxel-induced RNA 

disruption. A) Gel images documenting the effect of 0.2 µM DXL and varying 

concentrations of Bortezomib on RNA disruption at 24 hours. RNA from three biological 

replicates were isolated. B) RDI analysis of isolated RNA. Triangles denote a significant 

difference between samples treated with Bortezomib compared to the corresponding 

DMSO control. Crosses denote a significant difference between samples treated with 
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DXL alone compared to NT. Asterisks denote a significant difference between samples 

treated with DXL and Bortezomib compared to the corresponding DMSO control. Error 

bars represent ± SEM (repeated measures ANOVA, n=4, p < 0.05). 

Comparators 
Fold change in 

mean RDI p 
DMSO control for 1.0 nM Bortezomib compared to 
untreated -0.14 0.13
DMSO control for 5.0 nM Bortezomib compared to 
untreated -0.0079 0.48

DMSO control for 10.0 nM Bortezomib compared to 
untreated 0.54 0.14

1.0 nM Bortezomib compared to corresponding DMSO 
control -0.047 0.19

5.0 nM Bortezomib compared to corresponding DMSO 
control 0.27 0.11

10.0 nM Bortezomib compared to corresponding DMSO 
control 1.52 0.11
0.2 µM DXL compared to untreated 2.7 0.049

1.0 nM Bortezomib samples co-treated with DXL 
compared to corresponding Bortezomib alone treatment  1.41 0.015

5.0 nM Bortezomib samples co-treated with DXL 
compared to corresponding Bortezomib alone treatment  3.88 0.11

10.0 nM Bortezomib samples co-treated with DXL 
compared to corresponding Bortezomib alone treatment  2.52 0.025
 
Table 1. Effect of varying concentrations of Bortezomib on DXL-induced RNA 

disruption. Fold change in mean RDI values between the compared samples is 

represented. P values testing the significance of the observed difference in RDI value are 

noted. 

 

3.2 Role of double-stranded RNA induction of RNase L activity in RNA disruption 
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To determine if transfection of cells with double-stranded RNA, mimicking a 

viral infection, induced RNA disruption in a manner similar to DXL, A2780 cells were 

transfected with Poly I:C using the transfection reagent PolyJet.  

 

3.2.1 PolyJet Optimization 
	
 Initially, experiments were conducted in order to determine the maximum amount 

of the transfection reagent PolyJet that A2780 cells can tolerate, without affecting cell 

viability. These experiments were performed in collaboration with another member of the 

laboratory research group, Luc Lanteigne. Based on the manufacturer’s protocol, 0, 3, 6, 

9, 12, or 15 µL PolyJet were added to the cells and left for 24 and 48 hours. Following 

incubation with PolyJet, RNA disruption was determined using capillary electrophoresis 

on an Agilent 2100 Bioanalzyer (Figure 3 A, 4 A) and subsequent analysis of the 

electropherogram using RNA Diagnostics’ proprietary algorithm (Figure 3 B, 4 B). A 

repeated measures ANOVA showed that compared to untreated cells, no difference was 

observed in RDI values between untreated control cells and cells treated with 3, 6, 9, 12 

or 15 µL PolyJet for 24 hours or 48 hours (p > 0.05 in both cases). Samples treated with 

9, 12, or 15 µL PolyJet for 24 and 48 hours showed a trend towards higher RDI values 

compared to untreated samples, however this was not significant.  

A second set of optimization experiments was completed using the same volumes 

of PolyJet; however, incubation times were for 48 and 72 hours. After 48 hours, the 

ANOVA with repeated measures revealed a significant change in RDI for samples treated 

with 6 (p = 0.04), 9 (p = 0.038), or 12 (p = 0.024) µL PolyJet compared to untreated 

samples but not for samples treated with 3 µL PolyJet. At 72 hours, there was a 
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significant difference in samples treated with 15 µL PolyJet but not for the lower 

volumes of PolyJet (p = 0.024) (Table 2). Notably, some RNA disruption products began 

to appear at 6 µL of PolyJet and increased in intensity with increased volumes of PolyJet 

and over time. The findings of these PolyJet optimization experiments suggest that 

A2780 cells can best tolerate the lower volumes of PolyJet (3 and 6 µL) at 24, 48, and 72 

hours. As a result, further experiments involving transfection with Poly I:C used 6 µL of 

PolyJet. 
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A)  
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B)  
Figure 3. Effect of varying amounts of PolyJet on RNA disruption at 24 and 48 hours. A) 

Gel images documenting the effect on RNA isolated from three biological replicates. B) 

RDI analysis of isolated RNA. Asterisks denote a significant difference from NT. Error 

bars represent ±SEM (repeated measures ANOVA, n=3, p < 0.05). 
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A) 
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B)  
Figure 4. Effect of varying amounts of PolyJet on RNA disruption at 48 and 72 hours. A) 

Gel images documenting the effect on RNA isolated from three biological replicates. B) 

RDI analysis of isolated RNA. Asterisks denote a significant difference from NT. Error 

bars represent ±SEM (repeated measures ANOVA, n=3, p < 0.05). 

Time 
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PolyJet (µL) compared 
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Fold change in 
mean RDI p 
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3 -0.063
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6 0.52
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15 2.24

48 (#1) 
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3 -0.21 0.092 
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15 19.5 0.024 

72 
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9 0.47 0.092 
12 2.44 0.057 
15 12.5 0.026 

 
Table 2. Effect of varying amounts of PolyJet on RDI at 24, 48, and 72 hours. Fold 

change in mean RDI values between the compared samples is represented. P values 

testing the significance of the observed difference in RDI value are noted. 

 

3.2.2 Poly I:C Concentration Optimization 
	
 After selecting the highest concentration of PolyJet that A2780 cells can tolerate 

without significant loss of cell viability, experiments were conducted in order to 

determine whether Poly I:C can induce RNA disruption at the highest tolerated Polyjet 

concentration, and if so, what concentration of Poly I:C induces maximum RNA 

disruption. These experiments were performed in collaboration with another member of 

the laboratory research group, Luc Lanteigne. Based on the work by Siddiqui et al. 2015, 

where HT1080 cells were transfected with 2.0 µg/mL Poly I:C using the transfection 

reagent PolyJet, A2780 cells were transfected with a range of Poly I:C concentrations 

above and below 2.0 µg/mL for 48 and 72 hours. Similarly, the PolyJet reagent was used 

for introducing Poly I:C into the cells (103). Following treatment with Poly I:C, RNA 

disruption was monitored using capillary electrophoresis of isolated RNA on an Agilent 

2100 Bioanalzyer (Figure 5 A), with subsequent quantification of RNA disruption using 

RNA Diagnostics’ proprietary algorithm (Figure 5 B). Compared to PolyJet alone, a 

repeated measures ANOVA revealed a significant change in RDI in samples treated with 

1.0, 2.0, or 6.0 µg/mL Poly I:C with 6 µL PolyJet for 48 hours compared to the PolyJet 

only control [1.0 µg/mL (p = 0.0025), 2.0 µg/mL (p = 0.0025), and 6.0 µg/mL (p = 
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0.000076)] (Table 3). Compared to the untreated sample, there was a significant increase 

in RDI in samples treated with 0.2 µM DXL (p = 0.017). Furthermore, RNA disruption 

products were visibly strongest in samples treated with 1.0, 2.0, or 6.0 µg/mL Poly I:C 

for 48 hours. 

 In the 72 hour experiments, compared to the untreated sample the repeated 

measures ANOVA showed a significant change in RDI for samples treated with 2.0, 6.0, 

or 10 µg/mL Poly I:C with 6 µL PolyJet [2.0 µg/mL (p = 0.032), 6.0 µg/mL (p = 0.043), 

and 10 µg/mL (p = 0.024)] (Table 3). Based on these experiments, it was determined that 

the optimal concentration of Poly I:C required to induce RNA disruption similar to that 

stimulated by DXL is 2.0 µg/mL. 
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A)  
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B) 
 
Figure 5. Effect of 0.2 µM DXL or varying concentrations of Poly I:C on RNA disruption 

at 48 hours. A) Gel images documenting the effect on RNA isolated from three biological 

replicates. B) RDI analysis of isolated RNA. Asterisks denote a significant difference 

from NT (for DXL treatment) or PolyJet (for Poly I:C treatment). Error bars represent 

±SEM (repeated measures ANOVA, n=3, p < 0.05). 
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A)  
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B)  
Figure 6. Gel images documenting the effect of 0.2 µM DXL or varying concentrations 

of Poly I:C on RNA disruption at 72 hours. A) Gel images documenting the effect on 

RNA isolated from three biological replicates. B) RDI analysis of isolated RNA. 

Asterisks denote a significant difference in RDI compared to untreated (NT) cells (for 

DXL) or compared to PolyJet (for Poly I:C treatment). Error bars represent ±SEM 

(repeated measures ANOVA, n=3, p < 0.05). 

Time 
(hours) 

Poly I:C (µg/mL) compared to 6 µL 
PolyJet only 

Fold change 
in mean RDI p 

48 

0.01 0.0072 0.46 
0.1 0.054 0.093 

1 0.78 0.0025 
2 1.08 0.0025 
6 0.81 0.000076 

10 0.69 0.053 
20 0.4 0.06 

0.2 µM DXL compared to untreated 5.86 0.017 

72 
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10 0.12 0.024 
20 0.22 0.14 

0.2 µM DXL compared to untreated 4.05 0.085 
 
Table 3. Effect of 0.2 µM DXL or varying concentrations of Poly I:C on RDI at 24 and 

48 hours. Fold change in mean RDI values between the compared samples is represented. 

P values testing the significance of the observed difference in RDI value are noted. 

 

3.2.3 Induction of RNA disruption by Poly I:C 
 
 Based on the results of the PolyJet and Poly I:C optimization experiments, 6.0 µL 

of PolyJet and 2.0 µg/mL of Poly I:C were used in subsequent experiments in order to 

determine the potential role of the ds RNA-induced RNase L response in DXL dependent 

RNA disruption. A2780 cells were transfected with 2.0 µg/mL Poly I:C for 12, 24, and 

48 hours and their RDI scores were compared to cells treated with 0.2 µM DXL for 12, 

24, and 48 hours. Following treatment with Poly I:C and DXL, RNA disruption was 

determined using capillary electrophoresis on an Agilent 2100 Bioanalyzer (Figure 7 A, 8 

A) and subsequent quantification of RNA degradation via RNA Diagnostics’ proprietary 

algorithm (Figure 7 B, 7 C, 8 B). After 12 hours of DXL and Poly I:C treatment, some 

RNA disruption products began to appear however the change in RDI was not significant 

(p > 0.05; Table 4). At 24 hours, a significant increase compared to the no treatment 

control was detected in samples treated with 0.2 µM DXL (p = 0.033). Although not 

significant at 24 hours, some RNA disruption products are present in samples treated with 

2.0 µg/mL Poly I:C/6 µL of PolyJet (p > 0.05; Table 4). After 48 hours of DXL or Poly 

I:C/PolyJet treatment, the intensities of the RNA disruption bands increased. RDI values 

for cells treated with DXL were significantly higher than for control cells (p = 0.033) and 
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for cells transfected with both Poly I:C/PolyJet compared to the PolyJet alone control 

after 48 hours (p = 0.044). 

 

A)  B)  
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C)  
Figure 7. Effect of 0.2 µM DXL or 2.0 µg/µL Poly I:C on RNA disruption at 12 and 24 

hours. N represents no treatment, X represents 0.2 µM DXL, J represents 6.0 µL PolyJet, 

P represents 2.0 µg/mL of Poly I:C, and J+P represents 6.0 µL PolyJet with 2.0 µg/mL of 

Poly I:C. A) Gel images documenting the effect on RNA isolated from three biological 

replicates. B) RDI analysis of RNA isolated from cells treated for 12 hours. C) RDI 

analysis of RNA isolated from cells treated for 24 hours. Asterisks denote a significant 

difference from NT (for DXL treatment) or PolyJet (for Poly I:C treatment). Error bars 

represent ±SEM (t-test, one tailed, n=3, p < 0.05). 
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A ) B)  
 
Figure 8. Effect of 0.2 µM DXL or 2.0 µg/µL Poly I:C on RNA disruption at 48 hours. N 

represents no treatment, X represents 0.2 µM DXL, J represents 6.0 µLPolyJet, P 

represents 2.0 µg/mL of Poly I:C, and J+P represents 6.0 µL PolyJet with 2.0 µg/mL of 

Poly I:C. A) Gel images documenting the effect on RNA isolated from three biological 
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replicates. B) RDI analysis of RNA isolated from cells treated for 48 hours. Asterisks 

denote a significant difference from NT (for DXL treatment) or PolyJet (for Poly I:C 

treatment). Error bars represent ±SEM (t-test, one tailed, n=3, p < 0.05). 

Time 
(hours) Comparators 

Fold 
change 
in mean 

RDI p 

12 

0.2 µM DXL compared to untreated -0.22 0.06
6 µL PolyJet compared to untreated 0.68 0.07
2.0 µg/mL Poly I:C (µg/mL) compared to untreated 0.12 0.31

2.0 µg/mL Poly I:C (µg/mL) with 6 µL PolyJet 
compared to PolyJet alone 0.057 0.072

24 

0.2 µM DXL compared to untreated 0.91 0.033
6 µL PolyJet compared to untreated 0.52 0.008
2.0 µg/mL Poly I:C (µg/mL) compared to untreated 0.042 0.03

2.0 µg/mL Poly I:C (µg/mL) with 6 µL PolyJet 
compared to PolyJet alone 0.14 0.071

48 

0.2 µM DXL compared to untreated 4.89 0.033
6 µL PolyJet compared to untreated 0.41 0.14
2.0 µg/mL Poly I:C (µg/mL) compared to untreated 0.22 0.26

2.0 µg/mL Poly I:C (µg/mL) with 6 µL PolyJet 
compared to PolyJet alone 1.89 0.044

 
Table 4. Effect of 0.2 µM DXL or 2.0 µg/µL Poly I:C on RDI at 12, 24, and 48 hours. 

Fold change in mean RDI values between the compared samples is represented. P values 

testing the significance of the observed difference in RDI value are noted. 

 

3.2.4 Induction of RNA disruption by an RNase L Activator (RLA) 
	

The transfection of the double-stranded Poly I:C synthetic RNA showed that the 

A2780 cells could respond to the Poly I:C mimic of viral infection and induce RNA 

disruption. Since Poly I:C is known to activate RNase L activity and since the Poly I:C-

induced RNA disruption pattern was similar to the DXL-induced RNA disruption pattern, 
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this suggested that RNase L could be playing a role in DXL-induced RNA disruption. To 

further test this hypothesis, a specific activator of RNase L was used. RLA is a synthetic 

compound used to mimic 2-5A binding and specifically stimulates RNase L activity. 

RLA is a slightly modified derivative of one of the RNase L activators obtained by 

Thakur et al. 2007 (C2) (113). RLA dose and time optimization experiments were 

performed by another member of the research laboratory group, Justin Boudreau. His 

work determined that the optimal concentration of RLA to induce RNA disruption is 64 

µM, which was used in all subsequent experiments.  

To assess the effects of RLA on RNA disruption, A2780 cells were treated with 

64 µM RLA, a 0.2% DMSO control, or 0.2 µM DXL for 12, 24, and 48 hours. Following 

treatment, RNA disruption was determined using capillary electrophoresis on an Agilent 

2100 Bioanalzyer (Figure 9 A, 10 A, 11 A) and subsequent quantification of RNA 

degradation via the RDI proprietary algorithm (Figure 9 B, 10 B, 11 B). Intact RNA was 

evident in the 12-hour untreated sample, as well as the 12 hour DXL and RLA treated 

samples (Figure 8 A) (p < 0.05; Table 5). After 24 hours of DXL treatment, there was a 

statistically significant increase in RDI compared to the untreated samples (p = 0.025) 

(Figure 9 A). RNA disruption products appeared after 24-hours of RLA treatment (Figure 

9 A), although the increase in RDI was not statistically significant due to data variance (p 

= 0.067). RNA disruption bands increased in intensity over time, as shown in the 48 hour 

DXL and RLA treated samples (Figure 10 A). The increase in RDI for DXL compared to 

the untreated samples (p = 0.0085) and for RLA compared to the DMSO control (p = 

0.035) were statistically significant.  
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A) B)   
 
Figure 9. The effect of 0.2 µM DXL or 64 µM RLA on RNA disruption at 12 hours. A) 

Gel images documenting the effect on RNA isolated from four biological replicates. N 

represents no treatment, X represents 0.2 µM DXL, R represents 64 µM RLA, and D 
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represents the 0.2% DMSO control. B) RDI analysis of isolated RNA. Asterisks denote a 

significant difference from NT (for DXL treatment) or DMSO (for RLA treatment). Error 

bars represent ±SEM (t-test, one tailed, n=3, p < 0.05). 
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Figure 10. Effect of 0.2 µM DXL and 64 µM RLA on RNA disruption at 24 hours. A) 

Gel images documenting the effect on RNA isolated from three biological replicates. N 

represents no treatment, X represents 0.2 µM DXL, R represents 64 µM RLA, and D 

represents the 0.2% DMSO control. B) RDI analysis of isolated RNA. Asterisks denote a 

significant difference from NT (for DXL treatment) or DMSO (for RLA treatment). Error 

bars represent ±SEM (t-test, one tailed, n=3, p < 0.05). 
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A)  B)  
Figure 11. Effect of 0.2 µM DXL and 64 µM RLA on RNA disruption at 48 hours. A) 

Gel images documenting the effect on RNA isolated from four biological replicates. N 

represents no treatment, X represents 0.2 µM DXL, R represents 64 µM RLA, and D 

represents the 0.2% DMSO control. B) RDI analysis of isolated RNA. Asterisks denote a 
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significant difference from NT (for DXL treatment) or DMSO (for RLA treatment). Error 

bars represent ±SEM (t-test, one tailed, n=3, p < 0.05). 

Time 
(hours) Comparators 

Fold change in 
mean RDI p 

12 

0.2 µM DXL compared to 
untreated 0.077 0.19 

64 µM RLA compared to 0.2% 
DMSO control 0.0073 0.49 

24 

0.2 µM DXL compared to 
untreated 0.9 0.025 

64 µM RLA compared to 0.2% 
DMSO control 1.04 0.067 

48 

0.2 µM DXL compared to 
untreated 5.77 0.0085 

64 µM compared to 0.2% 
DMSO control 4.26 0.035 

 
Table 5. Effect of 0.2 µM DXL and 64 µM RLA on RNA disruption at 12, 24, and 48 

hours. Fold change in mean RDI values between the compared samples is represented. P 

values testing the significance of the observed difference in RDI value are noted. 

 

3.3 Role of RNase L in RNA disruption response 
 
 
3.3.1 Inhibition of RNAse L by ABCE1 inhibits RNA disruption by Docetaxel and 

RNase L Activator 

 
To provide further support for a possible role of RNase L in RNA disruption, an 

RNase L-inhibited A2780 cell line was generated by transfection of A2780 cells with an 

expression plasmid for the RNase L inhibitor, ABCE1. First, a western blot was 

performed to confirm expression of endogenous RNase L in A2780 cells untreated and 

treated with 0.2 µM DXL (Figure 12). Since RNase L is endogenously expressed in 
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A2780 cells, we continued to generate the RNase L-inhibited cell line. Plasmid DNA 

prepared from E. coli DH5α host cells was verified to be the correct construct by 

restriction digest analysis (Figure 13). Following transient transfection with the ABCE1 

plasmid and propagation of cells for 1 week, cells were investigated for overexpression of 

ABCE1 via western blot analysis. ABCE1 overexpression was increased almost two-fold 

compared to the wild-type (WT) A2780 cells (p = 0.0360) (Figure 14). Following 

propagation of the ABCE1-overexpressing (A2780ABCE1) and empty vector control 

A2780pCMV3 cells, the cells were treated with 0.2 µM DXL, 64 µM RLA, or a 0.2% 

DMSO control for 24 and 48 hours. Additionally, A2780 cells resistant to DXL 

(A2780DXL cells) were treated in parallel and RNA disruption in these cells compared to 

that induced by DXL in RNase L-inhibited (A2780ABCE1) cells as a control. Following 

treatment, RNA disruption was determined using capillary electrophoresis on an Agilent 

2100 Bioanalzyer (Figure 15 A, 16 A) and subsequent quantification of RNA degradation 

via RNA Diagnostics’ proprietary algorithm (Figure 15 B, 16 B).  

For each time point and treatment, all cell types (i.e., A2780DXL, A2780pCMV3, 

A2780ABCE1) were compared to their corresponding wildtype A2780 control cells. After 

24 hours of 0.2 µM DXL or 64 µM RLA treatment, no significant differences in RNA 

disruption were observed between A2780DXL, A2780PCMV, and A2780ABCE1 cells and 

untreated A2780WT cells (p > 0.05; Table 6). Despite no significance, there was a clear 

reduction in rRNA cleavage products in A2780DXL treated with DXL compared to 

A2780WT cells treated with DXL. There was a statistically significant reduction in RDI in 

RLA-treated A2780WT cells compared to the untreated WT cells (p = 0.041). 

Additionally, there was significantly less RNA disruption in A2780ABCE1 cells treated 
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with DXL than DXL-treated A2780PCMV3 cells (p = 0.002) (Figure 15 A,B). There was a 

statistically significant reduction in cleavage products and in RDI in A2780ABCE1 cells 

treated with RLA compared to RLA treated A2780PCMV3 cells (p = 0.049) (Figure 15 

A,B).  

After 48 hours of treatment with 0.2 µM DXL there was significantly lower RDI 

values for A2780WT cells treated with DXL compared to A2780WT cells (p = 0.037). 

Similarly, there was a reduction in RDI in A2780DXL cells treated with DXL compared to 

DXL-treated A2780WT cells (p = 0.040). A2780ABCE1 cells showed significantly lower 

RDI values compared to A2780PCMV3 cells when treated with DXL (p = 0.048). 

Following 48 hours of 64 µM RLA treatment, there was a reduction in RDI in 

A2780ABCE1 cells, as expected, although the result was not statistically significant likely 

due to variation in the data (p = 0.070) (Figure 16 A, B). 

 

Figure 12. Endogenous expression of RNase L in A2780 cells. An immunoblot assay was 

performed documenting the expression of RNase L in A2780 cells untreated and treated 

with0 .2 µM DXL for 24 hours. Protein extracts were prepared and probed for RNase L 

expression using an RNase L-specific antibody (84 kDa). 
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A)  

B)  
 
Figure 13. PCMV3 and ABCE1 Plasmid Quantification and Restriction Endonuclease 

Analysis. A) PCMV3 empty vector was digested with ApaI to verify the plasmid used in 

cellular transfections. Restriction digest was performed in collaboration with Luc 

Lanteigne. Lanes 1,2,4,5 were samples run from Luc Lanteigne’s separate experiment. 

Lanes 3 and 6 contain the empty vector pCMV3 plasmid. B) ABCE1 was digested with 

KpnI and NotI to verify the plasmid used in cellular transfections.  
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A) 
 

B)   
 
Figure 14. ABCE1 overexpression confirmation in ABCE1- transfected A2780 cells. A) 

Immunoblot assays documenting the expression of ABCE1 in A2780, A2780DXL, 

A2780PCMV3, and A2780ABCE1 cells. Three independent protein extracts for the three cell 

lines were prepared and probed for ABCE1 expression using an ABCE1-specific 

antibody (67 kDa). The first biological replicate shows expression in A2780, A2780DXL, 

and A2780ABCE1 cells. The second biological replicate shows expression in A2780 and 

A2780ABCE1 cells. The third biological replicate shows expression in A2780, A2780PCMV3, 

and A2780ABCE1 cells.  B) Means of triplicate A2780 and A2780ABCE1 densitometry 
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values. Asterisks denote a significant difference from NT. Error bars represent ±SEM (t-

test, one tailed, n=3, p < 0.05). 

 

A)  
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B)   

Figure 15. The effect of 0.2 µM DXL or 64 µM RLA on RNA disruption in WT A2780 

(W), A2780DXL (X), empty vector A2780PCMV3 (V), and ABCE-1 transfected 

A2780ABCE1 (A) cells at 24 hours. A) Gel images documenting the effect on RNA 

isolated from three biological replicates. B) RDI analysis of 24-hour isolated RNA. 

Crosses denote a significant difference between A2780WT samples treated with DXL 

compared to untreated A2780WT cells. Asterisks denote a significant difference between 

comparisons made within sets (i.e., untreated A2780WT vs. untreated A2780DXL, untreated 

A2780WT vs. A2780PCMV3, untreated A2780PCMV3 vs. untreated A2780ABCE1). Error bars 

represent ±SEM (t-test, one tailed, n=3, p < 0.05). 
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A)  
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B)   

Figure 16. Effect of 0.2 µM DXL or 64 µM RLA on RNA disruption in A2780 (W), 

A2780DXL (X), empty vector A2780PCMV3 (V), and ABCE-1 transfected 

A2780ABCE1 (A) cells at 48 hours. A) Gel images documenting the effect on RNA 

isolated from three biological replicates. B) RDI analysis of 48 isolated RNA. Crosses 

denote a significant difference between A2780WT samples treated with DXL compared to 

untreated A2780WT cells. Asterisks denote a significant difference between comparisons 

made within sets (i.e., untreated A2780WT vs. untreated A2780DXL, untreated A2780WT 

vs. A2780PCMV3, untreated A2780PCMV3 vs. untreated A2780ABCE1). Error bars represent 

±SEM (t-test, one tailed, n=3, p < 0.05). 

Time 
(hours) Treatment Comparators 

Fold change in 
mean RDI p 

24 

Untreated 

A2780DXL compared to A2780WT 0.22 0.38

A2780PCMV3 compared to A2780WT 0.089 0.42
A2780ABCE1 compared to 
A2780PCMV3 -0.59 0.099

0.2 µM 
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DXL-treated A2780DXL compared 
to DXL-treated A2780WT -0.62 0.28
DXL-treated A2780PCMV3 
compared to DXL-treated 
A2780WT 0.044 0.44
DXL-treated A2780ABCE1 
compared to DXL-treated 
A2780PCMV3 -0.55 0.002

64 µM RLA 

Untreated A2780WT compared to 
RLA-treated A2780WT 2.16  0.041

RLA-treated A2780DXL compared 
to RLA-treated A2780WT 2.09 0.11
RLA-treated A2780PCMV3 
compared to RLA-treated 
A2780WT -0.433 0.12
RLA-treated A2780ABCE1 
compared to RLA-treated 
A2780PCMV3 -0.59 0.049

Untreated A2780WT compared to 
DMSO-treated A2780WT 0.0096 0.49

48 

Untreated 

A2780DXL compared to A2780WT 0.25 0.33

A2780PCMV3 compared to A2780WT 0.032 0.36
A2780ABCE1 compared to 
A2780PCMV3 -0.27 0.19

0.2 µM 
DXL  

Untreated A2780WT compared to 
DXL-treated A2780WT 5.58  0.037

DXL-treated A2780DXL compared 
to DXL-treated A2780WT -0.79 0.040
DXL-treated A2780PCMV3 
compared to DXL-treated 
A2780WT -0.14 0.28
DXL-treated A2780ABCE1 
compared to DXL-treated 
A2780PCMV3 -0.65 0.048

64 µM RLA 

Untreated A2780WT compared to 
RLA-treated A2780WT 14.8  0.055

RLA-treated A2780DXL compared 
to RLA-treated A2780WT 0.9 0.073
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RLA-treated A2780PCMV3 
compared to RLA-treated 
A2780WT -0.14 0.38
RLA-treated A2780ABCE1 
compared to RLA-treated 
A2780PCMV3 -0.54 0.070

Untreated A2780WT compared to 
DMSO-treated A2780WT 1.62 0.86

 
Table 6. Effect of 0.2 µM DXL or 64 µM RLA on RDI in A2780 (W), A2780DXL (X), 

empty vector A2780PCMV3 (V), and ABCE-1 transfected A2780ABCE1 (A) cells at 24 

and 48 hours. Fold change in mean RDI values between the compared samples is 

represented. P values testing the significance of the observed difference in RDI value are 

noted. 

 

3.4 Association of Autophagy with RNA disruption 
 
 Immunoblot assays and corresponding densitometry were performed to examine 

whether DXL or RLA induces autophagy in A2780 cells and, if so, whether the time 

course of autophagy induction is similar to that of RNA disruption. Three independent 

protein extracts from the above cell lines treated with DXL or RLA for varying lengths of 

time were prepared and probed for expression of the autophagy-specific proteins Beclin-1 

and LC3. Graphs were generated by normalizing the density of each protein-of-interest 

band to that of the GAPDH loading control. The fold change in protein expression was 

calculated by dividing the intensity of each band by that of the non-treated (NT) band at 

each time point. These calculations were performed separately for the pro and cleaved 

form of Beclin-1 and LC3-I and LC3-II. RNA was isolated at the same time as the 

protein and the RNA results are shown in Figures 9, 10, and 11.  
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3.4.1 Effect of Docetaxel and RNase L Activator on Beclin-1 Cleavage 
 
 Beclin-1 is cleaved into 50, 37, and 35 kDa fragments. The 50 kDa fragment is 

generated by PI3KC3, whereas caspases 3,7, and 8 directly cleave Beclin-1 into 37 and/or 

35 kDa fragments (114). The 35 kDa fragment has been shown to accumulate at the 

mitochondria and sensitize cells to apoptosis. Expression of full-length Beclin-1 is 

necessary for the initiation of autophagy, therefore the level of Beclin-1 expression was 

determined following treatment with DXL or RLA. Upon treatment with 0.2 µM DXL, 

64 RLA, or the corresponding 0.2% DMSO control, the paired t-test showed there was no 

statistically significant difference in expression of full length Beclin-1 between treated vs. 

untreated extracts at 12, 24, and 48 hours (Figure 17 A, B, 18 A, B) (p > 0.05; Table 7).  

Upon treatment with 0.2 µM DXL, 64 µM RLA, or 0.2% DMSO, there was no 

evidence of a 50 kDa cleavage product, however two cleavage products between 25 and 

37 kDa were detected. Following 12, 24, and 48 hours of treatment, there was no 

significant change in the first higher molecular weight cleavage product compared to the 

corresponding treatment controls (p < 0.05; Table 7). Similarly, there were no significant 

changes detected in the second lower molecular weight product. Despite no significance, 

there appeared to be a reduction in the lower band after 12 and 24 hours of DXL and 

RLA treatment. 
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D)   E)  

F) G)  

Figure 17. Effect of 0.2 µM DXL or 64 µM RLA on Beclin-1 cleavage at 12 and 24 

hours. A) Immunoblot assays documenting the effect on three biological replicates that 

were probed for full length Beclin-1 (61 kDa) and cleaved Beclin-1 (37, 35 kDa). Panels 

I)II), IV)V), and VII)VIII) represent the same immunoblot, with the lower image being 

overexposed to show cleavage. B) Means of triplicate densitometry values for 12-hour 

full length Beclin-1. C) Means of triplicate densitometry values for 24-hour full length 

Beclin-1.  D)	Means of triplicate densitometry values for 12-hour cleaved Beclin-1 (37 

kDa product). E) Means of triplicate densitometry values for 12-hour cleaved Beclin-1 

(37 kDa product). F) Means of triplicate densitometry values for 12-hour cleaved Beclin-
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1 (35 kDa product). G) Means of triplicate densitometry values for 24-hour cleaved 

Beclin-1 (35 kDa product). The values were all normalized to the respective GAPDH 

volume intensity. These values were then normalized to the untreated control.  Asterisks 

denote a significant difference from NT (for DXL treatment) or DMSO (for RLA 

treatment). Error bars represent ±SEM (t-test, two tailed, n=3, p < 0.05). 

 

A)  
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B) C)  

D)  

Figure 18. Effect of 0.2 µM DXL or 64 µM RLA on Beclin-1 cleavage at 48 hours. A) 

Immunoblot assays documenting the effect on three biological replicates that were 

probed for full length Beclin-1 (61 kDa) and cleaved Beclin-1 (37, 35 kDa). Panels I)II) 

and IV)V) represent the same immunoblot, with the lower image being overexposed to 

show cleavage. B) Means of triplicate densitometry values for 48-hour full length Beclin-

1. C) Means of triplicate densitometry values for 48-hour cleaved Beclin-1 (35 kDa 

product). D) Means of triplicate densitometry values for 48-hour cleaved Beclin-1 (37 

kDa product). The values were all normalized to the respective GAPDH volume 
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intensity. These values were then normalized to the untreated control. Asterisks denote a 

significant difference from NT (for DXL treatment) or DMSO (for RLA treatment). Error 

bars represent ±SEM (t-test, two sided, n=3, p < 0.05). 

Time 
(hours) Comparators  

Fold change in 
mean  

densitometry 
value p 

Full Length Beclin-1 

12 
0.2 µM DXL compared to untreated ‐0.54  0.96
64 µM RLA compared to 0.2% DMSO 
control ‐0.1  0.52

24 
0.2 µM DXL compared to untreated -0.61 0.88
64 µM RLA compared to 0.2% DMSO 
control 3.06 0.3

48 
0.2 µM DXL compared to untreated -0.87 0.84
64 µM RLA compared to 0.2% DMSO 
control -0.089 0.83

Higher Molecular Weight  Beclin-1 Cleavage 

12 
0.2 µM DXL compared to untreated 2.74 0.72
64 µM RLA compared to 0.2% DMSO 
control 0.042 0.86

24 
0.2 µM DXL compared to untreated 7.43 0.33
64 µM RLA compared to 0.2% DMSO 
control 0.11 0.47

48 
0.2 µM DXL compared to untreated 1.38 0.94
64 µM RLA compared to 0.2% DMSO 
control -0.07 0.76

Lower Molecular Weight Beclin-1 Cleavage 

12 
0.2 µM DXL compared to untreated ‐0.67  0.18
64 µM RLA compared to 0.2% DMSO 
control ‐0.42  0.26

24 
0.2 µM DXL compared to untreated -0.66 0.18
64 µM RLA compared to 0.2% DMSO 
control -0.13 0.7

48 
0.2 µM DXL compared to untreated 0.76 0.42
64 µM RLA compared to 0.2% DMSO 
control -0.52 0.27
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Table 7. Effect of 0.2 µM DXL or 64 µM RLA on full-length Beclin-1 and Beclin-1 

cleavage at 12, 24, and 48 hours. Fold change in mean densitometry values between the 

compared samples is represented. P values testing the significance of the observed 

difference in densitometry are noted. 

 

3.4.2 Effect of Docetaxel, RNase L Activator, and Bafilomycin on LC3-II Production 
	
 In order to further investigate the relationship between RNA disruption and 

autophagy, cells were treated with DXL or RLA, in the absence or presence of 

Bafilomycin. Protein lysates were resolved by SDS-PAGE and immunoblots were probed 

for Microtubule-associated protein light chain 3 (LC3). The detection of LC3 conversion 

(LC3-I to LC3-II) is a common method to detect the induction of autophagy in cells. 

Furthermore, the amount of LC3-II is correlated with the number of autophagosomes. 

However, LC3-II itself is degraded by autophagy, therefore Bafilomycin was used to help 

monitor autophagy since it prevents the maturation of autophagic vacuoles by inhibiting 

the fusion between autophagosomes and lysosomes, where LC3-II levels then fall and 

become undetectable. Following treatment for 12 hours with 0.2 µM DXL, 64 µM RLA, 

or the corresponding 0.2% DMSO there was a significant reduction in LC3-1 in DXL 

treated samples compared to untreated samples (p = 0.0094). Samples treated with DXL 

in the presence of Bafilomycin showed a significant decrease in LC3-I levels compared 

to cells only treated with Bafilomycin (p = 0.028). Similarly, samples treated with RLA 

in the presence of Bafilomycin a significant decrease in LC3-I compared to Bafilomycin-

only treated cells (p = 0.05). No change was found in LC3-II after 12 hours of treatment 

(p > 0.05; Table 8). Despite no significance, there appeared to be an increase in LC3-II 
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expression in RLA treated samples and co-treated Bafilomycin/RLA samples compared 

to their corresponding controls (Figure 19). 

 After 24 hours of 0.2 µM DXL there was a significant reduction in LC3-I in 

compared to the untreated samples (p = 0.048).  There was a slight reduction in response 

to 24 hours of 64 µM RLA compared to the DMSO control, however the result was not 

significant (p = 0.14) (Figure 20 A, B) There was no significant change in LC3-II after 24 

hours in all treated samples compared to the corresponding controls (p > 0.05; Table 8). 

After 48 hours of treatment no significant change was found in either LC3-I after all 

treatments (Figure 21) (p > 0.05; Table 8). However, there was a significant increase in 

LC3-II after 48 hours of 0.2 µM DXL with Bafilomycin compared to Bafilomycin alone 

(p = 0.032). Despite no significance likely due to variance, there was a clear increased 

trend in LC3-II for samples treated with RLA alone and samples co-treated with 

Bafilomycin/RLA at 24 hours and 48 hours. 
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A)  

B ) C)  

Figure 19. Effect of 0.2 µM DXL, 64 µM RLA, or 10 nM Bafilomycin (BF) on LC3-II 

production at 12 hours. A) Immunoblot assays documenting the effect on three biological 

replicates that were probed for LC3-I (16 kDa) and LC3-II (14 kDa). Panels V) and V) 

represent the same immunoblot, with the lower image being overexposed to show 

cleavage. B) Means of triplicate LC3-I densitometry values for 12 hour treatments.	The 
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values were all normalized to the respective GAPDH volume intensity. Values for DXL, 

RLA, and DMSO were normalized to the untreated control and values for DXL, RLA, 

and DMSO with BF were normalized to BF value. C) Means of triplicate LC3-II 

densitometry values for 12 hour treatments.  Asterisks denote a significant difference 

from NT (for DXL treatment) or DMSO (for RLA treatment). Error bars represent ±SEM 

(t-test, two sided, n=3, p < 0.05). 

 

A)  
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B)  C)  

Figure 20. Effect of 0.2 µM DXL, 64 µM RLA, or 10 nM Bafilomycin (BF) on LC3-II 

production at 24 hours. A) Immunoblot assays documenting the effect on three biological 

replicates that were probed for LC3-I (16 kDa) and LC3-II (14 kDa). B) Means of 

triplicate LC3-I densitometry values for 24 hour treatments. C) Means of triplicate LC3-

II densitometry values for 24 hour treatments. The values were all normalized to the 

respective GAPDH volume intensity. Values for DXL, RLA, and DMSO were 

normalized to the untreated control and values for DXL, RLA, and DMSO with BF were 

normalized to BF value.  Asterisks denote a significant difference from NT (for DXL 

treatment) or DMSO (for RLA treatment). Error bars represent ±SEM (t-test, two sided, 

n=3, p < 0.05). 

NT
DXL

RLA

DM
SO NT

DXL
RLA

DM
SO

0

1

2

3

4

5

L
C

3-
I F

ol
d 

C
ha

ng
e

BF

24h Treatment

*

NT
DXL

RLA

DM
SO NT

DXL
RLA

DM
SO

0

2

4

6

L
C

3-
II

 F
ol

d 
C

ha
ng

e

BF

24h Treatment



80	
	

 

A)  

B)  C)  

Figure 21. Effect of 0.2 µM DXL, 64 µM RLA, or 10 nM Bafilomycin (BF) on LC3-II 

production at 48 hours. A) Immunoblot assays documenting the effect on three biological 

replicates that were probed for LC3-I (16 kDa) and LC3-II (14 kDa). B) Means of 

triplicate LC3-I densitometry values for 48 hour treatments. C) Means of triplicate LC3-

II densitometry values for 48 hour treatments.  The values were all normalized to the 

respective GAPDH volume intensity. Values for DXL, RLA, and DMSO were 
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normalized to the untreated control and values for DXL, RLA, and DMSO with BF were 

normalized to BF value. Asterisks denote a significant difference from NT (for DXL 

treatment) or DMSO (for RLA treatment). Error bars represent ±SEM (t-test, two sided, 

n=3, p < 0.05). 

Time 
(hours) Comparators 

Fold change in 
mean 

densitometry 
value p 

LC3-I 

12 

0.2 µM DXL compared to untreated -0.25 0.0045
64 µM RLA compared to 0.2% DMSO control -0.39 0.13
0.2 µM DXL with BF compared to BF alone -0.3 0.028
64 µM RLA with BF compared to BF with 
DMSO -0.59 0.05

24 

0.2 µM DXL compared to untreated -1.18 0.024
64 µM RLA compared to 0.2% DMSO control -0.36 0.073
0.2 µM DXL with BF compared to BF alone -0.041 0.45
64 µM RLA with BF compared to BF with 
DMSO -0.3 0.17

48 

0.2 µM DXL compared to untreated -0.73 0.22
64 µM RLA compared to 0.2% DMSO control -0.45 0.076
0.2 µM DXL with BF compared to BF alone 0.51 0.067
64 µM RLA with BF compared to BF with 
DMSO 2.32 0.35

LC-II 

12 

0.2 µM DXL compared to untreated -0.29 0.054
64 µM RLA compared to 0.2% DMSO control 0.45 0.35
0.2 µM DXL with BF compared to BF alone -0.18 0.15
64 µM RLA with BF compared to BF with 
DMSO 0.18 0.4

24 

0.2 µM DXL compared to untreated -0.087 0.22
64 µM RLA compared to 0.2% DMSO control 1.96 0.075
0.2 µM DXL with BF compared to BF alone 0.48 0.067
64 µM RLA with BF compared to BF with 
DMSO 1.93 0.35

48 
0.2 µM DXL compared to untreated -0.054 0.35
64 µM RLA compared to 0.2% DMSO control 1.18 0.074
0.2 µM DXL with BF compared to BF alone 0.68 0.032
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64 µM RLA with BF compared to BF with 
DMSO 4.81 0.067

 
Table 8. Effect of 0.2 µM DXL, 64 µM RLA, or 10 nM Bafilomycin (BF) on LC3-I and 

LC3-II at 12, 24, and 48 hours. Fold change in mean densitometry values between the 

compared samples is represented. P values testing the significance of the observed 

difference in densitometry are noted. 

 

3.4.3 Effect of Docetaxel, RNase L Activator, and Bafilomycin on RNA Disruption 
	

In addition to investigating LC3 turnover, RNA was isolated from samples treated 

with 0.2 µM DXL, 64 µM RLA, or 10 nM Bafilomycin and co-treated with 

Bafilomycin/DXL, Bafilomycin/RLA, or Bafilomycin/DMSO and monitored for RNA 

degradation. Intact RNA was evident in the 12-hour untreated sample, as well as the 12 

hour DXL, RLA, or Bafilomycin treated samples and co-treated samples (Figure 22 A, 

B). Correspondingly, the paired t-test showed no statistical difference was detected in 

RDI: DXL compared to untreated samples (p > 0.05; Table 9). 

After 24 hours of DXL treatment, there was a statistically significant increase in 

RDI compared to the untreated samples (p = 0.046) as revealed by the paired t-test 

(Figure 22 A). There was a statistically significant difference in RDI in samples co-

treated and Bafilomycin and RLA compared to Bafilomycin alone (p = 0.021) (Figure 

23). RNA disruption bands appeared to increase in intensity over time, as shown in the 48 

hour DXL and RLA treated samples (Figure 24 A). The paired t-test showed that the 

increase in RDI for DXL compared to the untreated samples (p = 0.0085) and for RLA in 

comparison to the DMSO control (p = 0.035) was statistically significant. The increase in 

RDI in samples treated with Bafilomycin with DXL compared to Bafilomycin alone (p = 
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0.039) and samples treated with Bafilomycin and RLA compared to Bafilomycin alone (p 

= 0.010) was also statistically significant. (Table 9). 

A) B)  

Figure 22. Effect of 0.2 µM DXL, 64 µM RLA, or 10 nM Bafilomycin (BF) on RNA 

disruption at 12 hours. A) Gel images documenting the effect on RNA isolated from four 

biological replicates. N represents no treatment, X represents 0.2 µM DXL, R represents 

64 µM RLA, and D represents the 0.2% DMSO control. B) RDI analysis of isolated 

RNA. Asterisks denote a significant difference from NT (for DXL treatment) or DMSO 

(for RLA treatment). Error bars represent ±SEM (t-test, one tailed, n=3, p < 0.05). 
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A) B)  

Figure 23. Effect of 0.2 µM DXL, 64 µM RLA, 0.2% DMSO, or 10 nM Bafilomycin 

(BF) on RNA disruption at 24 hours. A) Gel images documenting the effect on RNA 

isolated from three biological replicates. N represents no treatment, X represents 0.2 µM 

DXL, R represents 64 µM RLA, and D represents the 0.2% DMSO control. B) RDI 

analysis of isolated RNA. Asterisks denote a significant difference from NT (for DXL 

treatment) or DMSO (for RLA treatment). Error bars represent ±SEM (t-test, one tailed, 

n=3, p < 0.05). 
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A)  B)  

Figure 24. Effect of 0.2 µM DXL, 64 µM RLA, 0.2% DMSO, or 10 nM Bafilomycin 

(BF) on RNA disruption at 48 hours. A) Gel images documenting the effect on RNA 

isolated from four biological replicates. N represents no treatment, X represents 0.2 µM 

DXL, R represents 64 µM RLA, and D represents the 0.2% DMSO control. B) RDI 

analysis of isolated RNA. Asterisks denote a significant difference from NT (for DXL 

treatment) or DMSO (for RLA treatment). Error bars represent ±SEM (t-test, one tailed, 

n=3, p < 0.05). 
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Time 
(hours) Comparators 

Fold change in 
mean RDI p 

12 

0.2 µM DXL compared to untreated 0.077 0.34
64 µM RLA compared to 0.2% DMSO control 0.0073 0.49
10 nM BF compared to untreated -0.73 0.12
0.2 µM DXL with BF compared to BF alone 0.28 0.13
64 µM RLA with BF compared to BF with 
DMSO 0.24 0.18

24 

0.2 µM DXL compared to untreated 0.9 0.046
64 µM RLA compared to 0.2% DMSO control 1.04 0.095
10 nM BF compared to untreated 0.51 0.13
0.2 µM DXL with BF compared to BF alone 0.52 0.087
64 µM RLA with BF compared to BF with 
DMSO 3.46 0.021

48 

0.2 µM DXL compared to untreated 5.77 0.0085
64 µM RLA compared to 0.2% DMSO control 4.26 0.035
10 nM BF compared to untreated 1.37 0.016
0.2 µM DXL with BF compared to BF alone 1.79 0.039
64 µM RLA with BF compared to BF with 
DMSO 26.59 0.01

 

Table 9. Effect of 0.2 µM DXL, 64 µM RLA, 0.2% DMSO, and 10 nM Bafilomycin (BF) 

on RNA disruption at 12, 24, and 48 hours. Fold change in mean RDI values between the 

compared samples is represented. P values testing the significance of the observed 

difference in RDI value are noted. 

 

3.5 Association of Apoptosis with RNA Disruption 
	

Immunoblot assays and corresponding densitometry were performed to examine 

the association of apoptosis with RNA disruption. Three independent cell extracted were 

prepared from treated and untreated cells and the extracts probed for expression of PARP, 

Caspase 8, and Caspase 9 (and their cleavage products). Graphs were generated by 

normalizing the density of each protein-of-interest band to that of the GAPDH loading 



87	
	

control. The fold change in protein expression was calculated by dividing the intensity of 

each band by that of the non-treated (NT) band at each time point. These calculations 

were performed separately for the pro and cleaved form of PARP and the caspases. RNA 

was isolated at the same time as the protein and the RNA results are shown in Figures 9, 

10, and 11. 

Following treatment with 0.2 µM DXL, 64 µM RLA, or 0.2% DMSO for 12 and 

24 hours no significant change in full-length PARP was detected as revealed by the 

paired t-test (Figure 25 A, B) (p > 0.05; Table 10). However, DXL and RLA induced 

PARP cleavage after 12 and 24 hours of treatment (Figure 25 D, E). DXL-induced PARP 

cleavage was significant compared to the untreated samples after 12 (p = 0.046) and 24 

hours (p = 0.033). Additionally, RLA-induced PARP cleavage at 12 hours compared to 

the DMSO control (p = 0.047), however the cleavage at 24 hours in comparison to the 

DMSO control was not significant due to variance (p = 0.12). No change was detected in 

full-length PARP after 48 hours of treatment and no cleavage products were evident 

(Figure 26 A, B) (p > 0.05; Table 10). 
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Figure 25. Effect of 0.2 µM DXL or 64 µM RLA on PARP cleavage at 12 and 24 hours. 

A) Immunoblot assays documenting the effect on three biological replicates that were 

probed for full length PARP (116 kDa) and cleaved PARP (89 kDa). B) Means of 

triplicate densitometry values for 12-hour full length PARP. C) Means of triplicate 

densitometry values for 24-hour full length PARP. D) Means of triplicate densitometry 

values for 12-hour cleaved PARP. E) Means of triplicate densitometry values for 24-hour 

cleaved PARP. The values were all normalized to the respective GAPDH volume 

intensity. These values were then normalized to the untreated control Asterisks denote a 

significant difference from NT (for DXL treatment) or DMSO (for RLA treatment). Error 

bars represent ±SEM (t-test, one tailed, n=3, p < 0.05). 

A)  
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B)  

Figure 26. Effect of 0.2 µM DXL or 64 µM RLA on PARP cleavage at 48 hours. A) 

Immunoblot assays documenting the effect on three biological replicates that were 

probed for full length PARP (116 kDa). B) Means of triplicate densitometry values for 

48-hour full length PARP. The values were all normalized to the respective GAPDH 

volume intensity. These values were then normalized to the untreated control Asterisks 

denote a significant difference from NT (for DXL treatment) or DMSO (for RLA 

treatment). Error bars represent ±SEM (t-test, one tailed, n=3, p < 0.05). 

Time 
(hours) Comparators 

Fold change in mean 
densitometry value p 

PARP 

12 
0.2 µM DXL compared to untreated 0.49 0.24
64 µM compared to 0.2% DMSO 
control -0.29 0.13

24 
0.2 µM DXL compared to untreated 0.02 0.41
64 µM compared to 0.2% DMSO 
control 0.58 0.11

48 
0.2 µM DXL compared to untreated 0.17 0.34
64 µM compared to 0.2% DMSO 
control 0.36 0.27

Cleaved PARP 

12 
0.2 µM DXL compared to untreated 0.51 0.046
64 µM compared to 0.2% DMSO 
control 0.37 0.047

24 0.2 µM DXL compared to untreated 1.61 0.033
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64 µM compared to 0.2% DMSO 
control 1.28 0.12

 
Table 10. Effect of 0.2 µM DXL or 64 µM RLA on PARP and PARP cleavage at 12, 24, 

and 48 hours. Fold change in mean densitometry values between the compared samples is 

represented. P values testing the significance of the observed difference in densitometry 

are noted. 

Caspase 8 is an initiator caspase for the extrinsic apoptotic pathway. It directly 

cleaves and activates the effector caspases 3, 7 causing induction of apoptosis. Full length 

caspase 8 is 57 kDa in size and its cleavage involves a two-step proteolysis; the cleavage 

of caspase-8 to generate a 43 kDa (partially activated p43) fragment and a 12 kDa which 

is further processed to 10 kDa. The p43 fragment is then cleaved to yield p26 and the 

release of the active site containing p18 (full activation). In this study, cells were treated 

with 0.2 µM DXL, 64 µM RLA, or 0.2% DMSO for 12, 24, and 48 hours and full-length 

Caspase 8 along with both cleavage products (43 kDa and 18 kDa) were monitored by 

immunoblot. At 12 hours, the paired t-test showed there was a significant change in full-

length Caspase 8 in cells treated with DXL compared to the untreated cells (p = 0.011) 

(Figure 27 A, B) (Table 11). Additionally, there was a significant increase in 43 kDa 

Caspase 8 in cells treated with RLA in comparison to the DMSO control (p = 0.049). 

After 24 hours, the induction of the 43 kDa band by DXL and RLA was also significant - 

DXL compared to the untreated samples (p = 0.048) and RLA compared to the DMSO 

control (p = 0.049) (Figure 27 E).  

 After 48 hours of DXL there was an induction of Caspase 8 cleavage (43 kDa 

product) compared to the untreated samples (p = 0.041). There was an increase in the 18 

kDa Caspase 8 cleavage product in samples treated with DXL compared to the untreated 
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samples (p = 0.047) as shown by the Wilcoxon paired t-test. Lastly, samples treated with 

RLA compared to the DMSO control had an increased trend, however the results were 

not significant (p = 0.29) (Figure 28 D). 

 

A)  
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B)  C)  

D)  E)  

F)  G)  
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Figure 27. Effect of 0.2 µM DXL or 64 µM RLA on Caspase 8 cleavage at 12 and 24 

hours. A) Immunoblot assays documenting the effect on three biological replicates that 

were probed for full length Caspase 8 (57 kDa) and cleaved Caspase 8 (43 kDa). B) 

Means of triplicate densitometry values for 12-hour full length Caspase 8. C) Means of 

triplicate densitometry values for 24-hour full length Caspase 8. D) Means of triplicate 

densitometry values for 12-hour cleaved Caspase 8 (43 kDa product). E) Means of 

triplicate densitometry values for 24-hour cleaved Caspase 8 (43 kDa product). F) Means 

of triplicate densitometry values for 12-hour cleaved Caspase 8 (18 kDa product). G) 

Means of triplicate densitometry values for 24-hour cleaved Caspase 8 (18 kDa product). 

The values were all normalized to the respective GAPDH volume intensity. These values 

were then normalized to the untreated control.  Asterisks denote a significant difference 

from NT (for DXL treatment) or DMSO (for RLA treatment). Error bars represent ±SEM 

(t-test, one tailed, n=3, p < 0.05). 
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A) 
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B)   C)  

D)  

Figure 28. Effect of 0.2 µM DXL or 64 µM RLA on Caspase 8 cleavage at 48 hours. A) 

Immunoblot assays documenting the effect on three biological replicates that were 

probed for full length Caspase 8 (57 kDa) and cleaved Caspase 8 (43 kDa). B) Means of 

triplicate densitometry values for 48 hour full length Caspase 8. C) Means of triplicate 

densitometry values for 48 hour cleaved Caspase 8 (43 kDa product). D) Means of 

triplicate densitometry values for 48 hour cleaved Caspase 8 (18 kDa product). The 

values were all normalized to the respective GAPDH volume intensity. These values 

were then normalized to the untreated control Asterisks denote a significant difference 

from NT (for DXL treatment) or DMSO (for RLA treatment). Error bars represent ±SEM 

(t-test, one tailed, n=3, p < 0.05). 
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Time 
(hours) Comparators 

Fold change in 
mean RDI p 

Full Length Caspase 8 

12 
0.2 µM DXL compared to untreated -0.44 0.011
64 µM compared to 0.2% DMSO 
control 0.84 0.28

24 
0.2 µM DXL compared to untreated 0.34 0.12
64 µM compared to 0.2% DMSO 
control -0.15 0.12

48 
0.2 µM DXL compared to untreated 1.53 0.11
64 µM compared to 0.2% DMSO 
control 1.01 0.17

43 kDa Caspase 8 Cleavage 

12 
0.2 µM DXL compared to untreated 0.8 0.14
64 µM compared to 0.2% DMSO 
control 3.29 0.049

24 
0.2 µM DXL compared to untreated 2.3 0.048
64 µM compared to 0.2% DMSO 
control 2.01 0.049

48 
0.2 µM DXL compared to untreated 1.2 0.041
64 µM compared to 0.2% DMSO 
control 3.29 0.1

18 kDa Caspase 8 Cleavage 

12 
0.2 µM DXL compared to untreated 0.082 0.39
64 µM compared to 0.2% DMSO 
control -0.24 0.25

24 
0.2 µM DXL compared to untreated 0.52 0.15
64 µM compared to 0.2% DMSO 
control -0.28 0.13

48 
0.2 µM DXL compared to untreated 9.17 0.047
64 µM compared to 0.2% DMSO 
control 2.41 0.29

 
Table 11. Effect of 0.2 µM DXL or 64 µM RLA on Caspase 8 and Caspase 8 cleavage at 

12, 24, and 48 hours. Fold change in mean densitometry values between the compared 

samples is represented. P values testing the significance of the observed difference in 

densitometry are noted. 

Caspase 9 is an initiator caspase for the intrinsic apoptotic pathway. It generates a 

35 kDa product upon partial activation and a 37 kDa product upon full activation. Here, 
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cells were treated with 0.2 µM DXL, 64  µM RLA, or 0.2% DMSO for 12, 24, and 48 

hours and the amount of full-length Caspase 9 along with both cleavage products (35 kDa 

and 37 kDa) were monitored by immunoblotting. After 12 hours there was a significant 

induction of the 37 kDa cleavage product induced by DXL compared to the untreated 

samples (p = 0.046) as revealed by the paired t-test. RLA also induced a 37 kDa cleavage 

product, however the result was not significant due to variance (p = 0.12). (Figure 29 A, 

D). Furthermore, Caspase 9 cleavage (37 kDa product) was seen after 24 hours, however 

the results were not significant; DXL compared to the untreated samples (p = 0.16) and 

RLA compared to the DMSO control (p = 0.14) (Figure 28 A, E). There was no 

significant effect on the 35 kDa Caspase 9 product after 12 and 24 hours in all treatments 

Figure 29 A, D, G) (p > 0.05; Table 12). 

 After 48 hours of treatment, there was a significant induction of 37 kDa Caspase 9 

in response to treatment with DXL compared to the untreated samples (p = 0.049) and 

RLA compared to the DMSO control (p = 0.050) revealed by the Wilcoxon paired t-test 

(Figure 30 A, D). RLA induced a significant effect on 35 kDA Caspase 9 compared to 

DMSO control (p = 0.028) but not DXL (Figure 30 A, D). 
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D)  E)  

F) G)  

Figure 29. Effect of 0.2 µM DXL or 64 µM RLA on Caspase 9 cleavage at 12 and 24 

hours. A) Immunoblot assays documenting the effect on three biological replicates that 

were probed for full length Caspase 9 (47 kDa) and cleaved Caspase 9 (37, 35 kDa). B) 

Means of triplicate densitometry values for 12-hour full length Caspase 9. C) Means of 

triplicate densitometry values for 24-hour full length Caspase 9. D) Means of triplicate 

densitometry values for 12-hour cleaved Caspase 9 (37 kDa product). E) Means of 

triplicate densitometry values for 24-hour cleaved Caspase 9 (37 kDa product). F) Means 

of triplicate densitometry values for 12-hour cleaved Caspase 9 (35 kDa product). G) 

Means of triplicate densitometry values for 24-hour cleaved Caspase 9 (35 kDa product). 
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The values were all normalized to the respective GAPDH volume intensity. These values 

were then normalized to the untreated control. Asterisks denote a significant difference 

from NT (for DXL treatment) or DMSO (for RLA treatment). Error bars represent ±SEM 

(t-test, one tailed, n=3, p < 0.05). 

 

A)  



102	
	

B)   C)  

D)  

Figure 30. Effect of 0.2 µM DXL or 64 µM RLA on Caspase 9 cleavage at 48 hours. A) 

Immunoblot assays documenting the effect on three biological replicates that were 

probed for full length Caspase 9 (47 kDa) and cleaved Caspase 9 (37, 35 kDa). B) Means 

of triplicate densitometry values for 48-hour full length Caspase 9. C) Means of triplicate 

densitometry values for 48 hour cleaved Caspase 9 (37 kDa product). D) Means of 

triplicate densitometry values for 48-hour cleaved Caspase 9 (35 kDa product). The 

values were all normalized to the respective GAPDH volume intensity. These values 

were then normalized to the untreated. Asterisks denote a significant difference from NT 

(for DXL treatment) or DMSO (for RLA treatment). Error bars represent ±SEM (t-test, 

one tailed, n=3, p < 0.05). 
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Time 
(hours) Comparators 

Fold change in 
mean RDI p 

Full Length Caspase 9 

12 
0.2 µM DXL compared to untreated -0.06 0.34
64 µM compared to 0.2% DMSO 
control -0.31 0.091

24 
0.2 µM DXL compared to untreated -0.27 0.065
64 µM compared to 0.2% DMSO 
control -0.24 0.3

48 
0.2 µM DXL compared to untreated -0.14 0.19
64 µM compared to 0.2% DMSO 
control -0.18 0.26

37 kDa Caspase 9 Cleavage 

12 
0.2 µM DXL compared to untreated 6.31 0.047
64 µM compared to 0.2% DMSO 
control 6.05 0.15

24 
0.2 µM DXL compared to untreated 3.27 0.19
64 µM compared to 0.2% DMSO 
control 1.08 0.31

48 
0.2 µM DXL compared to untreated 1.72 0.049
64 µM compared to 0.2% DMSO 
control 1.14 0.05

35 kDa Caspase 9 Cleavage 

12 
0.2 µM DXL compared to untreated 0.01 0.37
64 µM compared to 0.2% DMSO 
control 0.0001 0.47

24 
0.2 µM DXL compared to untreated 0.21 0.13
64 µM compared to 0.2% DMSO 
control -0.48 0.17

48 
0.2 µM DXL compared to untreated -0.03 0.41
64 µM compared to 0.2% DMSO 
control 0.31 0.028

 
Table 12. Effect of 0.2 µM DXL or 64 µM RLA on Caspase 9 and Caspase 9 cleavage at 

12, 24, and 48 hours. Fold change in mean densitometry values between the compared 

samples is represented. P values testing the significance of the observed difference in 

densitometry are noted. 

 



104	
	

4.0 DISCUSSION 
	

Cancer is a significant public health problem worldwide, with ovarian cancer 

being the eighth most common cancer affecting women. Despite recent advancements in 

treatment and therapy options for patients with ovarian cancer, many patients have or 

develop tumours that are non-responsive to chemotherapy. Recently, the CAN-NCIC-

MA.22 phase I/II clinical trial by Parissenti et al. 2015 investigated the relationship 

between various biomarkers and response to chemotherapy (76). Other earlier studies 

reported that a large variety of chemotherapy agents can supress ribosome biogenesis 

(115). This clinical trial was the first study to reveal that chemotherapy agents such as 

DXL can induce RNA degradation in tumours. The phenomenon of low tumour 

ribosomal RNA integrity in response to chemotherapy treatment was termed “RNA 

disruption” by RNA Diagnostics, Inc. Results provided by the RNA Disruption Assay 

(RDA) can reveal whether a particular chemotherapy treatment is efficacious or if an 

alternative therapeutic strategy is indicated. Correspondingly, Narendrula et al. 2016 

assessed a wide variety of chemotherapy agents for their ability to induce RNA 

degradation in specific breast and ovarian tumour cell lines. Several cell lines, including 

the A2780 ovarian carcinoma cell line, exhibited significant dose and time-dependent 

RNA disruption in response to treatment variety of structurally and mechanistically 

distinct chemotherapy agents (90). This suggests that many chemotherapy agents 

ultimately promote the degradation of ribosomal RNA. While studies have shown that 

RDA may prove useful in chemotherapy management in cancer patients, the 

mechanism(s) by which chemotherapy agents induce RNA disruption in vitro and in vivo 
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are not well understood.  The objective of this study was to investigate potential cellular 

mechanism(s) that may be involved in chemotherapy-induced RNA disruption:   

1) Since activation of the proteasome is required for Nonfunctional RNA Decay (NRD), 

we assessed the possible role of NRD by treating A2780 cells with a proteasome inhibitor 

followed by monitoring the effects of the inhibitor on DXL-induced RNA disruption. 

2) Association of RNA disruption with RNase L was investigated by treating A2780 cells 

with Poly I:C or an RNase L Activator (both of which activate RNase L) and assessing 

whether they induce a dose- and time- dependent RNA disruption pattern similar to that 

induced by DXL. Furthermore, RNase L-inhibited A2780 cells were generated by 

transfection with the RNase L inhibitor expression plasmid (ABCE1) and observed 

whether RLA- or DXL-induced RNA disruption is ablated in the ABCE1-overexpressing 

cell lines.  

3) Lastly, the relationships between autophagy and apoptosis and RNA disruption was 

investigated by western blot analysis of known autophagic and apoptotic biomarkers in 

untreated, DXL-treated and RLA-treated cells, with or without ABCE1 overexpression.  

 

4.1 Role of Nonfunctional RNA Decay in RNA disruption 
	

Many known processes lead to the degradation of ribosomes in order to avoid 

errors in ribosome biogenesis and ensure quality control (116). Once assembled into the 

ribosome, rRNA molecules that are defective or damaged are targeted for degradation in 

a pathway called NRD. It has been shown in yeast that a group of proteins associated 

with non-functional ribosome particles are ubiquitinated prior to degradation. 

Furthermore, ubiquitination is highly specific to non-functional ribosomes where 
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conjugated ubiquitin might act as degradation signal for nonfunctional ribosomes (92). 

The same research group also found that ubiquitination of 25S ribosome associated 

proteins is reduced when there is a blockage of the proteasome, suggesting that 25S NRD 

is dependent on the proteasome (93). In this study, inhibition experiments were 

performed in order to determine if NRD is involved in DXL-dependent RNA disruption. 

Bortezomib was used to inhibit the proteasome in A2780 cells and cells were monitored 

for the effect on docetaxel-induced RNA disruption.  

A2780 cells were treated with a range of Bortezomib concentrations with and 

without DXL and RNA was isolated after 24 hours. No significant change in RDI was 

shown in samples treated with Bortezomib for 24 hours compared to their corresponding 

DMSO control; however, RNA disruption products were visible with the 10 nM 

Bortezomib treatment. A significant increase in RDI was observed for samples co-treated 

with Bortezomib (1.0 and 10.0 nM) and DXL for 24 hours compared to their 

corresponding DMSO control (Figure 2). We initially hypothesized that inhibition of the 

NRD pathway by proteasome inhibition, would strongly reduce docetaxel-induced RNA 

disruption in A2780 cells. However, here we show that proteasome inhibition did not 

prevent or significantly weaken the appearance of RNA disruption bands in A2780 cells 

treated with docetaxel. In fact, a synergistic effect on RDI between both Bortezomib and 

DXL appeared to occur. This suggests that the proteasome is not necessary for RNA 

disruption to occur. Numerous proteins are degraded by the proteasome, including 

proteins involved in cell cycle control, apoptosis, and stress. Therefore, multiple cellular 

processes can be affected by proteasome inhibition (117). One can postulate that 
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inhibiting the proteasome may cause various off-target effects. One potentially being the 

ability to augment RNA disruption.  

Notably, early studies on proteasomal function in cancer cells reported 

proteasomal inhibition causing increased cell death in lymphoma cells lines when 

compared to normal lymphoblasts (118). These observations suggested that rapidly 

proliferating cells like cancer cells have a greater requirement for proteasomal activity 

leading to the idea that inhibiting the proteasome may induce tumour cell death. 

Recently, Bortezomib was licensed as an anti-cancer agent for treatment of refractory 

multiple myeloma and mantle cell lymphoma (119). Furthermore, it is being examined as 

a treatment for other cancers and in 2006 Bazzaro et al. reported Bortezomib has having 

selective anti-tumour activity against ovarian cancer cells in vitro (120). Consistent with 

this, we observed in these studies that Bortezomib is another chemotherapy agent that can 

induce RNA disruption in A2780 cells, and Bortezomib-induced RNA disruption is 

amplified when cells are co-treated with DXL. As there was no reduction in DXL-

induced RNA disruption from Bortezomib treatment, our data does not support a role for 

the NRD pathway as implicated in chemotherapy-induced RNA disruption. However, 

since activation of the proteasome is necessary for NRD, it is important that in future 

investigations, experiments to assess whether Bortezomib did in fact inhibit the NRD 

pathway in our cells will need to be performed.  

Additionally, we may be able to more effectively assess the role of NRD in RNA 

disruption using the CRISPR-Cas9 system. Fuji et al. 2009 showed that functional 25S 

NRD in yeast is regulated by the activity of a ubiquitin ligase complex containing Mms1 

and Rtt101 (92). Interaction studies and sequence analysis have suggested that 
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Rtt101(Mms1) is the yeast counterpart of the mammalian CUL4(DDB1) ubiquitin ligase 

family (121). CRISPR/Cas9-mediated knockout of this target could be used to inhibit 

NRD and then to assess the consequence of this inhibition on chemotherapy-dependent 

RNA disruption. Although our experiment investigating NRD was indirect and NRD 

inhibition by Bortezomib would need to be confirmed, Bortezomib did not reduce or 

prevent chemotherapy-induced RNA disruption. For this reason, and to narrow the focus 

of this study, no further experiments were conducted to examine NRD. 

 

4.2 Role of double-stranded RNA induction of RNase L activity in RNA disruption 
	
 Ribonucleases (RNases) are RNA degrading enzymes present within cells that 

promote the degradation of various RNases, including mRNA, tRNA, and rRNA (78). 

One RNase, known as RNase L, is an effector for a major innate anti-viral pathway 

involving interferon-regulated 2-5A and has been associated with the cleavage of single-

stranded or unpaired RNAs, including viral RNAs and rRNA. In a study by Han et al., it 

was reported that HeLa cells co-transfected with RNase L and 2-5A showed a rRNA 

cleavage pattern similar to that induced by viruses (122). Earlier  Pandey et al. showed 

that RNase L is stimulated in HeLa cells treated with chemotherapy agents such as 

doxorubicin (100). These results suggested that in addition to viruses, a broad range of 

stressors can induce RNase L. Here, we hypothesized that treatment of cancer cells with 

chemotherapy agents can elicit a cell stress response that ultimately activates RNases to 

cleave rRNA. Specifically, we predicted that RNase L would be implicated in DXL-

induced RNA disruption in A2780 ovarian cancer cells as a way to cleave ribosomes and 

suppress protein translation in response to stress stimuli.  
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First, we investigated whether mimicking viral infections by treatment with the 

synthetic dsRNA Poly I:C would induce rRNA cleavage products in A2780 cells.  

Optimization experiments were conducted to determine the amount of the transfection 

reagent (PolyJet) that A2780 cells can tolerate in order to introduce an artificial synthetic 

double-stranded RNA (poly I:C) into the cells. A2780 cells were treated with a range of 

PolyJet amounts and RNA was isolated after 24, 48, and 72 hours. No change in RDI was 

found in A2780 cells treated with 3 and 6 µL PolyJet, suggesting that the cells can best 

tolerate the lower volumes of PolyJet (Figure 3,4). RDI was used to assess cell viability 

instead of a clonogenic assay due to findings of the work done by Narendrula et al. The 

study found that specific chemotherapy agents can induce cell death/growth arrest in a 

clonogenic assay, however this is also reflected in their ability to induce RNA disruption 

in cells (90). Next, experiments were performed to see whether Poly I:C can induce RNA 

disruption and at what optimal concentration. Cells were treated with a range of Poly I:C 

concentrations and RNA was isolated after 48 and 72 hours. Cells treated with 2.0, 6.0, 

and 10.0 µg/mL Poly I:C showed a significant increase in RDI (Figure 5,6). Subsequent 

experiments involving transfection with Poly I:C used 6 µL and 2.0 µg/mL Poly I:C.  

 The potential role of the dsRNA-induced RNase L response in DXL-dependent 

RNA disruption was further investigated by treating A2780 cells with the optimal PolyJet 

and Poly I:C concentrations for 12, 24, and 48 hours. These time points were chosen 

because they coincide with the onset of RNA disruption, which first occurs at 24 hours 

and becomes greater at 48 hours following DXL treatment. Siddiqui et al. reported the 

detection of specific cleavage products of the 18S and 28S rRNAs in HT1080 

fibrosarcoma cells on RNA chips following 6 hours of treatment with Poly I:C (103). It is 
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possible that DXL could induce RNase L expression prior to 24 hours of treatment with 

the drug in A2780 cells. However, at 12 hours, there was no significant change in RDI 

values for samples treated with DXL or Poly I:C/PolyJet. At 24 hours there was a 

significant increase in RDI in response to DXL treatment, but not Poly I:C/PolyJet 

treatment (Figure 7). After 48 hours, both DXL and Poly I:C with Polyjet-induced RNA 

disruption intensified and showed statistically significant increases in RDI (Figure 8). 

The optimization experiments and experiments involving treatment with DXL and Poly 

I:C at earlier time points support the hypothesis that treatment with the synthetic dsRNA 

Poly I:C can induce rRNA cleavage products in A2780 cells in a time-dependent manner. 

More generally, A2780 cells can respond to the Poly I:C mimic of viral infection 

inducing RNase L activity by disruption of rRNA. 

 

4.3 Role of RNase L in RNA Disruption 
 
 Our prior observations on the effect of Poly I:C on RNA disruption suggest that 

RNase L could be playing a role in chemotherapy-induced RNA disruption. However, the 

synthetic dsRNA Poly I:C activates the antiviral response pattern through receptors such 

as TLR3 and therefore induces signaling through multiple inflammatory pathways such 

as NF-kB and induces the interferon response (123). To determine if RNase L was truly 

playing a role in RNA disruption induced by chemotherapy treatment, cells were treated 

with a specific activator of RNase L (RLA) or with DXL, and RNA was isolated 12, 24, 

and 48 hours after treatment. After 12 hours of treatment with RLA, no significant 

change in RDI was detected in cells treated with either RLA or with DXL treatment 

(Figure 9). RNA disruption products appeared after 24 hours in the DXL and RLA 
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treated cells (Figure 10) and intensified after 48 hours, at which time both RLA and DXL 

induce significant amounts of RNA disruption (Figure 11). These results support the 

hypothesis that RLA induces an RNA disruption pattern similar to DXL and it occurs in a 

dose and time-dependent manner. However, due to potential off target effects, Poly I:C 

and RLA should be tested on RNase L knockout cells in future investigations. This was 

not performed in this study because A2780 RNAse L knockout cells were not available. 

Interestingly, a study by Li et al. found that upon transfection with Poly I:C or infection 

with various viruses in RNase L knockout cells, there was minimal synthesis of 2-5A and 

rRNA remained intact. This supported the idea that ribonuclease activity from Poly I:C 

transfection was due to RNase L (124). This study also reported a pattern of rRNA 

cleavage in adenocarcinomic human alveolar basal epithelial cells caused by RNase L 

activity that appears to be distinct from the pattern induced by DXL, Poly I:C, and RLA 

in the present A2780 cell experiments. Although the Poly I:C and RLA data from this 

thesis suggest a potential role of RNase L in chemotherapy-induced RNA disruption, 

further experiments needed to conducted for greater support of this hypothesis. 

To further investigate the potential role of RNase L in DXL-dependent RNA 

disruption, inhibition of RNase L and this effect on DXL and RLA-induced RNA 

disruption were examined. Endogenous expression of RNase L in A2780 cells was first 

confirmed by western blot (Figure 12), then the inhibition experiments were performed. 

RNase L can be inhibited by the recruitment of an ATP binding cassette protein called 

ABCE1. In addition to RNase L inhibition, ABCE1 can also bind to eIFα and eIF5 to 

form a pre-translation initiation complex, suggesting its role in cell growth and 

development (125). Interestingly, Yi Ren et al. reported a detection of high expression of 
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ABCE1 in human adenocarcinoma and metastatic lymph node tissues, which correlated 

with increasing clinical stages (126). In our study, A2780 cells were transiently 

transfected with an ABCE1 expression vector or with the empty vector (pCMV3), and 

then treated with DXL or RLA, in order to see the effect of ABCE1 expression on RNA 

disruption. A2780 cells resistant to DXL (A2780DXL cells) were grown in parallel as an 

experimental control, since these cells would be expected to lack DXL-induced RNA 

disruption. Following propagation of A2780, A2780DXL, A2780PCMV3, and A2780ABCE1 

cells, the cells were treated with the optimal concentrations of DXL or RLA, and RNA 

was isolated 24 and 48 hours after treatment.  After 24 hours of DXL or RLA treatment, 

there was a significant reduction in cleavage products in A2780ABCE1 cells compared to 

the DXL-treated or RLA-treated wild type cells (Figure 15). After 48 hours of DXL 

treatment, A2780ABCE1 cells showed less RNA disruption products in response to DXL 

treatment compared to DXL-treated wild-type cells.  Additionally, A2780ABCE1 cells 

showed less RNA disruption despite being treated with RLA for 48 hours compared to 

the RLA-treated wild type cells. However, the results were not statistically significant 

due to high variance in the data (Figure 16). The results of the ABCE1 overexpression 

experiments support our hypothesis that transfection of A2780 cells with the RNase L 

inhibitor expression plasmid (ABCE1) would be expected to exhibit reduced DXL- and 

RLA-induced RNA disruption. After 24 and 48 hours, a reduction in DXL- and RLA-

induced RNA disruption was evident in A2780ABCE1 cells and displayed a pattern similar 

to that seen by A2780 Docetaxel resistant cells treated with DXL.  The ability of ABCE1 

expression to inhibit RNA disruption supports a role for RNase L in the process of RNA 

disruption.  However, an alternate interpretation is that ABCE1 can indirectly inhibit 
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DXL and RLA-induced RNA disruption because of its functions in ribosome biogenesis 

and ability to promote protein translation (127) Interestingly, one study found that when 

downregulating ABCE1 via an siRNA approach, there was an improved effect of 

Fluoroacil on suppressing cell viability and proliferation in A549 lung cancer cells (128).  

Taken together, the Poly I:C, RLA, and ABCE1 data from this study support the 

hypothesis that RNase L plays a role in chemotherapy-dependent RNA disruption. In the 

future, it may be interesting to downregulate or knockout ABCE1 in A2780 cells via 

siRNAs and assess this effect on DXL and RLA-induced RNA disruption. Additionally, 

measuring RNAse L activity will act as an important control in all experiments using 

RLA and ABCE1. One method, described by Thakur et al. 2005  in Methods in 

Molecular Medicine describes a convenient and cost-saving approach known as the 

fluorescence resonance energy transfer (FRET) (129). To further examine the role of 

RNase L in RNA disruption, other experiments may involve monitoring changes in 

RNase L, OAS, and ABCE1 expression or activity in response to DXL or RLA treatment. 

Furthermore, earlier time points ranging from 1-12 hours can be investigated, should 

cellular levels of RNase L, OAS, and ABCE1 transcripts wish to be studied.  

 

4.4 Association of Autophagy with RNA disruption 
	
 It is known that cell death may occur during viral infection and in response to a 

variety of stressors such as chemotherapy agents. In terms of cancer biology, apoptosis 

has always been considered an important process by which some tumour cells die in 

response to chemotherapy. However, studies have shown that other types of cell 

responses such as autophagy can occur in response to chemotherapy (130). Recently, it 
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was reported that dsRNAs produced by RNase L promote a switch from autophagy to 

apoptosis via caspase-mediated cleavage of Beclin-2, demonstrating a novel role of 

RNase L in modulating apoptosis and autophagy (103). Based on this and the fact that the 

association between autophagy, apoptosis, and RNA disruption is not well characterized, 

experiments were performed to investigate these relationships. Similar to the previous 

experiments, A2780 cells were treated with the optimal concentrations of DXL and RLA, 

however both protein and RNA were isolated from treated and untreated cells after 12, 

24, or 48 hours of incubation with these agents. The expression of autophagic markers 

Beclin-1 and LC3 were then investigated by immunoblot analysis.  

Beclin-1 was used to provide insight into early autophagy as it is a part of a Class 

III PI3K complex that participates in the membrane nucleation of preautophagosomal 

structures. It also mediates the localization of other autophagy proteins to the membrane 

and is a dual regulator of both autophagy and apoptosis (131). Full-length Beclin-1 is 61 

kDa with the literature reporting that Beclin-1 gets cleaved into 50, 37, and 35 kDa 

fragments. The 50 kDa fragment is generated by a protease, while Caspases 3,7 and 8 

directly cleave Beclin-1 into 37 and/or 35 kDa fragments (114). Across all time points, 

there was no significant change seen in full length Beclin-1 after DXL and RLA 

treatments, although it appears that DMSO control alone and RLA may have showed an 

increased trend in full-length Beclin-1. Both the untreated and treated samples did not 

show a cleavage product at the 50 kDa size. Further, two lower cleavage product bands 

were visible; however, they were not at the expected 37 and 35 kDa sizes (both bands 

appeared between 37 and 25 kDa). Since these are a different cell type, it is possible that 

the Caspases cleave at other sites which would produce different cleavage product sizes.  
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Despite inconsistencies in the results across three biological replicates, there 

appears to be Beclin-1 cleavage in all untreated samples. This could be due to a constant 

background level of autophagy happening in the cells required for homeostasis (132). 

Following 12 hours of treatment, there was no significant change in the first higher 

molecular weight cleavage product compared to the untreated sample. The lower 

molecular weight cleavage product showed a decreased trend in expression in response to 

DXL, RLA, and DMSO treatments (Figure 17). After 24 hours, there was a visible 

reduction in both cleavage products induced by DXL. However, a clear increase in 

cleavage products was seen in RLA and DMSO treated samples (Figure 17). Following 

48 hours of treatment, there was a reduction in cleavage products in DXL and RLA 

treated samples, however an increase in the DMSO control (Figure 18). The changes seen 

in full-length and cleaved Beclin-1 in response to DXL and RLA treatment were not 

significant; therefore, we cannot draw any clear conclusions of the involvement of 

Beclin-1 in DXL and RLA-induced RNA disruption. However, based on the visible 

trends one can postulate some of the potential effects of DXL and RLA on Beclin-1. 

Cleavage of Beclin-1 is an important determinant of a switch from autophagy to 

apoptosis (103). This may suggest that after 12, 24, and 48 hours of DXL, autophagy is 

happening in the cells; however it is not being stopped in response to the drug. For RLA 

and DMSO treated samples, there is also a strong induction of the autophagic response at 

12, 24, and 48 hours. The presence of two clear cleavage products induced by RLA and 

DMSO at 24 hours is indicative of a potential switch to apoptosis; however, we cannot 

draw conclusions about RLA since its corresponding DMSO control appeared to be have 

a strong effect. DMSO is commonly used as a drug solvent, however on its own DMSO 
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is toxic and there are maximal concentrations suggested when using it in experiments. 

One study found that DMSO altered cell viability in a dose-dependent manner in 

embryonic stem cells (133). Although used as a control in this study and in a very dilute 

concentration, DMSO appeared to have a small effect on A2780 cells when looking at 

them under the microscope (i.e., visual appearance of some cell death). Therefore, it is 

not surprising that DMSO may also induce autophagy.   

The next marker investigated was LC3, as it is a robust cellular readout of 

autophagy levels (134). LC3 was originally identified as a protein that associates with 

microtubules assembled in the presence of microtubule-associated protein (MAP) 1A and 

1B in the rat brain (135). Microtubule-associated protein 1 light chain 3 (LC3) is a 

ubiquitin-like molecule that is a mammalian homologue of the autophagy-related protein 

Atg8 which is essential for yeast autophagy (134). Kirisako et al. 1999 reported Atg8 as 

being required for the formation of autophagosomes in late autophagy (136). Following 

translation, the unprocessed form of LC3 (proLC3) is proteolytically cleaved by At4 

protease resulting in the LC3-I form. Upon autophagy induction, LC3-1 is conjugated by 

other Atg proteins to generate LC3-II (137). LC3-II is the only well characterized protein 

that is localized during the autophagic processes of phagophore to autophagosome 

formation and lysosomal degradation (138). Based on the importance of LC3, antibodies 

to detect LC3-I and LC3-II are commonly used in immunoblotting to observe autophagy. 

However, since LC3-II itself is degraded by autophagy, inhibitors of late phase 

autophagy can be used so that LC3-II can accumulate and be easily detected.  

Bafilomycin A1 (Bafilomycin) is a known inhibitor of late phase autophagy and 

acts to prevent the maturation of autophagic vacuoles by inhibiting the fusion of 
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autophagosomes and lysosomes (139). In this study, A2780 cells were treated with DXL, 

RLA, or Bafilomycin for 12, 24 or 48 hours and then monitored for LC3-I to LC3-II 

conversion as an indicator of the onset of late autophagy. Following 12 hours of 

treatment, there was a significant decrease detected in LC3-I in DXL-treated samples 

compared to the corresponding controls and in DXL/Bafilomycin- and 

RLA/Bafilomycin-treated samples compared to the corresponding controls. No 

significant change was found in LC3-II after 12 hours, although there was a visible 

increase in LC3-II expression in RLA-treated samples and co-treated Bafilomycin/RLA 

samples (Figure 19). After 24 hours of treatment, there was a significant reduction in 

LC3-I in response to DXL treatment and a slight decreased trend in response to RLA 

treatment. There was an evident increased trend in LC3-II for samples treated with RLA 

alone and co-treated RLA/Bafilomycin samples at 24 hours, however the results were not 

statistically significant (Figure 20). Treatment with DXL, RLA, and Bafilomycin for 48 

hours did not result in significant changes in LC3-I and LC3-II. However, there appeared 

to be a decreased trend in LC3-I induced by DXL and RLA. There was an increased trend 

in LC3-II in samples treated with RLA alone and with RLA and Bafilomycin (Figure 21). 

The intent of using Bafilomycin was for more vigorous detection of LC3-II; however, 

accumulation of LC3-II appeared in all co-treated samples including the Bafilomycin 

alone and Bafilomycin with DMSO controls. Despite this, we can conclude that DXL 

alone, DXL with Bafilomycin, and RLA with Bafilomycin statistically significant 

decreases LC3-I at 12 hours. The changes in LC3-I in response to RLA at 12 hours, LC3-

II in response to DXL and RLA at 12 hours, and in LC3-I and LC3-II at other time points 

were not significant, however one can make some general observations about the trends.  
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It appears that RLA by itself and RLA with Bafilomycin decreases LC3-I and increases 

production of LC3-II at 12, 24, and 48 hours which may suggest that RLA promotes 

autophagy. There appears to be autophagy occurrence in the DXL-treated samples, 

however not as strong as RLA.  

In addition to LC3 turnover, RNA was isolated from the samples treated with 

DXL and RLA and the co-treated samples with Bafilomycin. Intact RNA was seen in all 

treated and co-treated samples. After 24 hours, both DXL and RLA induced RNA 

disruption. Moreover, samples co-treated with DXL/Bafilomycin and RLA/Bafilomycin 

showed a strong increase in RDI compared to Bafilomycin alone (Figure 23). After 48 

hours of treatment, RNA disruption further increased in the DXL, RLA, 

DXL/Bafilomycin, and RLA/Bafilomycin samples. In addition to the accumulation of 

LC3-II in all co-treated samples including the controls in the western blots, Bafilomycin 

alone induced RNA disruption (Figure 24). This suggests that the concentration used was 

too high and had cytotoxic effects. Also, there appeared to be a synergism between DXL 

and Bafilomycin, and RLA and Bafilomycin. Interestingly, Yuan et al. 2014 reported that 

in addition to the inhibition of autophagolysosome formation, Bafilomycin also induced 

the binding of Beclin-1 to Bcl-2 which further stopped autophagy and promoted 

apoptosis in pediatric B-cell acute lymphoblastic leukemia cells. They also showed that 

Bafilomycin specifically targeted cancerous cells while sparing normal healthy cells, 

suggesting Bafilomycin as a promising candidate for the treatment of pediatric B-cell 

acute lymphoblastic leukemia (140). In our study, we show that another agent, 

Bafilomycin, can induce RNA disruption and the effect is amplified when used in 

combination with DXL and RLA. Overall, based on the RNA disruption, Beclin-1, and 
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LC3 data, we can suggest that there is DXL and RLA-induced initiation of autophagy at 

12 hours and it continues at 24 and 48 hours. However, at 24 hours RLA-induced 

autophagy may trigger the onset of apoptosis. Lastly, strong RNA disruption manifesting 

at 48 hours reveals that there is a temporal overlap occurring between DXL and RLA-

induced autophagy and RNA disruption.  It remains unclear whether the two phenomena 

are causally related.  

 

4.5 Association of Apoptosis with RNA disruption 
	
 It is a known phenomenon that apoptosis-inducing agents often result in ordered 

laddering of DNA. Furthermore, Houge et al. found that the degradation of 28S rRNA 

into distinct fragments coincided with DNA fragmentation in rat myeloid leukemia cells 

(84). Interestingly, another study found that when treated S49 Neo cells with anisomycin, 

a protein synthesis inhibitor, there was an induction of 25S rRNA and DNA 

fragmentation (87). The final objective of the study was to assess the potential 

relationship between apoptosis and chemotherapy- or RLA-dependent RNA disruption in 

A2780 cells. The caspases (cysteine-dependent aspartate-specific proteases) are a family 

of evolutionarily conserved proteins that mediate apoptosis. There are 11 caspases that 

have been described in humans and have been categorized into the initiator, effector, and 

inflammatory caspases (141). Caspase 2, 8, 9, and 20 are categorized as initiator 

caspases, which act as upstream regulators of apoptosis. Caspase 3,6, and 7 are effector 

caspases, which serve to coordinate the execution phase of apoptosis by directly cleaving 

various apoptotic substrates (142, 143). Currently, there are two main pathways in 

apoptosis which involve the caspases: 1) the extrinsic apoptotic pathway and 2) the 
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intrinsic apoptotic pathway (144). The extrinsic pathway is activated when cell death 

signals such as Fas ligand and TNFα are specifically recognized by their corresponding 

death receptors Fas and TNFα receptor 1, respectively. Their binding will, in turn, 

activate death receptors. This interaction is associated with activation of Caspase 8. 

Caspase 8 cleaves downstream effectors including Caspase 3 and 7 and can also activate 

the intrinsic pathway via cleavage of BID (145, 146). The intrinsic pathway is stimulated 

during cellular stress (e.g., DNA damage), where proapoptotic proteins in the cytosol 

become activated.  This causes the opening of the mitochondrion permeability transition 

pores (MPTPs). As a result, cytochrome c localized in the mitochondria becomes released 

into the cytosol. This initiates activation of Caspase 9, which participates in the 

apoptosome and activates procaspase 3 and/or procaspase 7 cleavage, forming a positive 

feedback activation pathway (146). Despite the differences in the extrinsic and intrinsic 

apoptotic pathways, both end in caspase activation and the cleavage of cellular substrates 

resulting in the biochemical and morphological hallmarks of apoptosis, including cell 

shrinkage and DNA fragmentation (145). 

Previous work in our research group has shown that DXL-induced RNA 

disruption was temporally associated with increased Annexin V binding and caspase-3 

activity at 24 and 48 hours, suggesting an induction of apoptosis (90). To further 

investigate the relationship between apoptosis and RNA disruption, A2780 cells were 

treated with the 0.2 µM DXL or 64 µM RLA, and both protein and RNA were isolated 

after 12, 24, and 48 hours. The apoptotic markers PARP, Caspase 8, and Caspase 9 were 

investigated by immunoblot analysis.  
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Poly(ADP-ribose) polymerase (PARP) is a protein involved in DNA repair and 

apotosis. Cleavage of PARP is required for later events in apoptosis (147). PARP is a 

downstream target of the effector caspases 3 and 7, where upon activation, full-length 

PARP (116 kDa) is cleaved to produce an 89 kDa fragment (148). Here, following 12 and 

24 hours of treatment with DXL or RLA, no significant change was detected in full-

length PARP; however, PARP cleavage was induced by 12 and 24 hours of DXL or RLA 

treatment (Figure 25). No change was found in full-length PARP after 48 hours of 

treatment and there was no evidence of PARP cleavage (Figure 26). This trend in PARP 

cleavage suggests that there is an activation of apoptosis at 12 and 24 hours, but the 

process (or the creation of PARP cleavage products) wanes by 48 hours. To further 

examine this hypothesis, we wanted to further investigate whether other apoptotic 

markers representing the extrinsic and intrinsic pathways also wane by 48 hours. 

Caspase 8 is an initiator caspase for the extrinsic apoptotic pathway, which upon 

activation, directly cleaves and activates effector caspases 3 and 7. Full-length Caspase 8 

is 57 kDa and  is cleaved into a 43 kDa fragment (partially activated) and an active 18 

kDa molecule (149). After 12 hours of DXL treatment, there was a significant decrease in 

full length Caspase 8 compared to the untreated control samples. RLA induced partially 

activated cleaved Caspase 8, to a degree that was statistically significant, as shown by the 

43 kDa fragment. However, the level of 43 kDa cleaved Caspase 8 in DXL-treated 

A2780 cells compared to untreated cells was found not to be statistically significant due 

to variance in the data. There was no change in full-length Caspase 8 after 24 hours of all 

treatments; however, there was a significant induction of 43 kDa Caspase 8 in DXL and 

RLA treated samples (Figure 27). After 48 hours of DXL, there was a significant increase 
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in full-length Caspase 8. Further, there appeared to be an increased trend in full-length 

Caspase 8 in response to RLA but the result was not significant. Cleaved 43 kDa Caspase 

8 was present in both DXL and RLA treated cells after 48 hours (Figure 28). These 

observations suggest that Caspase 8 is significantly partially activated following 12 hours 

of RLA treatment and there is an increased trend in DXL treated cells. Following 24 

hours, Caspase 8 is significantly partially activated in both DXL and RLA treated cells. 

There is significant partial activation of Caspase 8 at 48 hours of DXL and an increased 

trend in RLA treated cells. Lastly, there is significant full-activation after 48 hours of 

DXL, and a weak signal for in RLA treated cells. 

Caspase 9 is an initiator for the intrinsic apoptotic pathway where it generates a 

35 kDa fragment upon partial activation and a 37 kDa band upon full activation (150). 

After 12 hours of DXL and RLA, no change was found in full-length Caspase 9, however 

there was a significant induction of the 37 kDa cleavage product in the DXL treated 

samples. There was an induction in RLA treated cells, however the results were not 

significant likely due to high variance. No change was found in full-length Caspase 9 

after 24 hours of treatment. After 48 hours of DXL and RLA, no change was detected in 

full-length Caspase 9, however there was significant induction of 37 kDa Caspase 9 in 

the DXL and RLA treated samples. The results of the Caspase 9 immunoblots suggest 

that there is significant full activation of Caspase 9 following 12 of DXL treatment and 

an increased trend in 37 kDa Caspase 9 in RLA treated cells. After 24 hours of DXL and 

RLA treatment, there appears to be full activation, however the result is not significant 

(Figure 29). Lastly, after 48 hours of DXL and RLA treatment, there is significant full 

activation of Caspase 9 (Figure 30). 
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Overall, the RNA disruption, PARP, Caspase 8, and Caspase 9 data suggest that 

there is DXL and RLA-induced apoptosis after 12 and 24 hours as described by PARP 

cleavage. Further, there appears to be partial activation of the extrinsic apoptotic pathway 

at 12, 24, and 48 hours of DXL and RLA, and also a weak signal for full activation at 48 

hours as shown by Caspase 8 cleavage. Partial activation and full-activation of Caspase 9 

after 12 and 24 hours of DXL and RLA indicate induction of the intrinsic apoptotic 

pathway. Lastly, RNA disruption at 24 hours and strong RNA disruption manifesting at 

48 hours suggests that DXL and RLA-induced RNA disruption are not concurrent with 

apoptosis.  It is important to note that it appears the intrinsic and extrinsic apoptotic 

markers wane by 48 hours (compared to RDA), therefore it can be difficult to determine 

cellular effects and response to the DXL and RLA stressors. In the future, it will be useful 

to investigate these autophagic and apoptotic biomarkers at earlier time points (i.e., 1-12 

hours) to provide greater insight into the time-frame involved in DXL and RLA-induced 

autophagy, apoptosis, and RNA disruption. 

The association between RNA degradation and apoptosis has been described by 

the early work of Houge et al. They found that treating rat myeloid leukemia cells with 

cAMP-dependent protein kinase I caused apoptosis and 28S rRNA cleavage. This 

ordered cleavage caused a termination of cellular protein synthesis (84, 85). The same 

laboratory group has also documented apoptosis in parallel with rRNA cleavage in 

human leukemia cells, rat thymocytes, and bovine endothelial cells (85). Furthermore, 

Nadano et al. reported that treating Jurkat cells with an anti-Fas antibody produced a 

pattern of rRNA degradation bands (112).  Mroczek and Kufel have shown that exposing 

yeast cells to agents known to induce apoptosis, such as hydrogen peroxide and acetic 
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acid, resulted in degradation of two large ribosomal subunits (151). Lastly, it has been 

reported that there is specific rRNA degradation in oat cells during apoptosis induced by 

victorin. 

Interestingly, while some research has shown that stress-induced rRNA 

degradation is dependent on apoptosis, it has also been documented that apoptosis can 

occur independently of RNA disruption. In human myeloid HL-60 cells treated with 

okadaic acid, there was an induction of DNA fragmentation without any signs of rRNA 

cleavage (152). Additionally, in another study involving lymphoid cells, 28S ribosome 

degradation occurred in the absence of caspase-dependent apoptosis (87). Domingo-Gil 

and Esteban reported that activation of RNase L (as an index of rRNA degradation) was 

an upstream event of apoptosis induction. Further, RNase L induced apoptosis in a 

Caspase 2, 8, and 9-dependent manner (153). 

These findings suggest that RNA degradation can occur with or without the 

induction of apoptosis. The results from this study suggest that there is DXL and RLA-

induced apoptosis in A2780 ovarian cancer cells within the same time frame (12-24 

hours). Further research to investigate the relationship between these pathways and RNA 

disruption could include inhibiting autophagy by treatment with chloroquine (154) and 

inhibiting the apoptotic pathway by using small inhibitory molecules (siRNAs) against 

key caspase proteins in apoptosis. Subsequently, the cells could then be monitored for the 

consequence of this inhibition on RNA disruption. Furthermore, to help determine 

whether there is a causal relationship, treating cells with autophagy or apoptosis inducers 

such as rapamycin and staurosporine on their own or in combination with DXL or RLA 

may provide valuable insight.  
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5.0 Conclusions 
	

The RNA disruption assay has shown to be a promising tool in predicting patient 

tumour response to neoadjuvent chemotherapy (76). Further research, in vitro, 

demonstrated that RNA disruption is reproducible in a number of different cancer cell 

lines using a variety of chemotherapy agents (90). Despite this, the mechanism(s) by 

which agents induce RNA disruption is not well understood. This aim of this study was to 

investigate the role of specific cellular pathways associated with RNA disruption 

including Nonfunctional RNA Decay (NRD), RNase L, autophagy, and apoptosis.  

The results of the experiments investigating the potential role of NRD in RNA 

disruption, revealed no reduction in DXL-induced RNA disruption from proteasome 

inhibition by Bortezomib treatment. Since activation of the proteasome is necessary for 

NRD, our findings suggest that the NRD pathway is not involved in RNA disruption, 

however further experimentation would need to be conducted for more definitive 

evidence.  

Experiments involving the transfection of the double-stranded Poly I:C synthetic 

RNA or the treatment with the small molecule RNase L Activator used to mimic 2-5A 

binding showed that the A2780 cells could respond to the mimic of viral infections, 

resulting in RNA disruption. This supports a potential role for RNase L in RNA 

disruption, in particular since RLA acts directly on RNase L to activate the enzyme. 

Further supporting a role for RNase L in RNA disruption, transfection of A2780 cells 

with an expression vector for the RNase L inhibitor ABCE1 strongly reduced RNA 

disruption in response to DXL and RLA treatment. In order to clarify the possible role of 
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RNase L in chemotherapy-induced RNA disruption, western blots of RNase L, in 

addition to RNase L and OAS expression at mRNA level would need to be monitored. Li 

et al. 2007 found that ribonuclease activity from Poly I:C transfection was due to RNase 

L in RNase L knockout cells transfected with Poly I:C (124). This study also reported a 

pattern of rRNA cleavage caused by RNase L activity that appears to vary from the 

pattern induced by DXL, Poly I:C, and RLA in the present thesis. As a result, 

experiments involving the transfection of Poly I:C and treatment of RLA in RNase L 

knockout cells would help provide more definitive support for the role of RNase L in 

chemotherapy-induced RNA disruption. 

The results from our autophagy experiments suggest that DXL and RLA can 

induce autophagy at 12, 24 and 48 hours. Since DXL and RLA induced RNA disruption 

can occur at 24 hours, and is strongest at 48 hours, RNA disruption and autophagy appear 

topartially overlap. The results from the apoptosis experiments suggest that there is DXL 

and RLA-induced apoptosis within the same time frame (12-24 hours), with involvement 

of both the extrinsic and intrinsic apoptotic pathways. However, since the above-

described apoptotic markers waned quickly after their appearance in our study (while 

RNA disruption persisted and increased over time), it would appear that RNA disruption 

may be the preferred indicator of chemotherapy response, as the window of time required 

to detect apoptosis activation is quite small.   

By elucidating the mechanisms of chemotherapy-induced RNA disruption in 

tumour cells and the sequence of events leading up to and following RNA disruption, we 

may be able to identify earlier events in RNA disruption to better predict RNA disruption 

as soon as possible after treatment administration. Chemotherapy-dependent RNA 



127	
	

disruption has also been shown in patient tumours; therefore, identifying the mechanisms 

involved in RNA disruption may improve the accuracy of the RNA Disruption Assay as 

chemotherapy management tool, possibly improving patient management and treatment 

outcomes. 
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