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Abstract 

Although there have been clear advances in understanding the cause for side effects of antiretroviral therapy, a 

true understanding is still lacking. The nucleoside reverse transcriptase inhibitors (NRTIs), in particular, have 

been extensively studied. The majority of research, however, revolves around the polymerase-  theory which 

has recently been shown to not encompass the complete story behind NRTI adverse events. In this study we 

use transcriptomics and hypothesis guided experiments in Caenorhabditis elegans to approach the causes for 

NRTI thymidine analogue toxicity. We show that zidovudine (AZT) had distinctly different directional regulation 

of differentially expressed genes (DEGs) compared to Stavudine (d4T) and Alovudine (FLT), which were 

strikingly similar. KEGG pathway analysis of DEGs showed that thymidine analogues predominantly induce 

changes in genetic information processing and metabolism. We propose that genetic information processing 

pathways, specifically mitosis, are enriched by thymidine analogue induced changes in nucleoside 

pharmacokinetics, in particular that of replicating tissues. The strong enrichment in metabolic pathways, in 

particular those involving fatty acids, supports the standing hypothesis that the mitochondria are especially 

susceptible to NRTI induced toxicity. The most significant finding of this study is the observation that mtDNA 

encoded transcript quantity remained unchanged in the face of thymidine analogue induced mtDNA copy 

number decline. It has become clear that compensatory mechanisms exist that can keep both mtDNA copy 

number and mtDNA related transcripts at sufficient levels under pressure of thymidine analogue exposure and 

polymerase-  inhibition, at least in C. elegans. Some of these results are in contradiction to the polymerase-  

theory and provide a solid foundation and incentive for further research into mechanisms of NRTI related 

toxicity. 
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1. Introduction 

1.1 The antiretroviral drug burden 

Since the discovery of HIV-1 as a cause for AIDS, many antiretroviral pharmaceuticals have been developed to 

target viral replication. The first to be developed and prescribed as singular therapy was zidovudine (AZT) in 

1987. Therapy with one drug however led to viral resistance and ineffective treatment. Nowadays cocktails of 

antiretrovirals has become standard therapy and has led to the near successful inhibition of viral replication, 

and as a consequence, to a momentous decrease in morbidity and mortality of HIV-1 patients 6. 

Overshadowing this celebrated success, however, is the problem that near complete inhibition of viral 

replication demands that patients continue daily therapy for the rest of their lives so as to prevent rapid viral 

rebound 29. Besides this pill burden, HIV-1 infected patients are afflicted with drug induced adverse events, 

some of which can be life threatening 30,31. Typical initial adverse events include hypersensitivity reactions such 

as rash and gastrointestinal toxicity, which mostly abate after time. Chronic drug exposure, however, can lead 

to more severe symptoms such as lipodystrophy, myopathy, neuropathy, hepatic steatosis, hepatitis, 

hyperlactatemia and lactic acidosis, insulin resistance, neutropenia, and an increased risk for myocardial 

infarction 19,32. Patients suffering from (severe) adverse events are required to alter their therapy regime, likely 

only to delay the reoccurrence of new or similar adverse events. To make matters worse, even with successful 

and tolerated regimes, HIV-1 patients receiving antiretrovirals can show signs of premature and accelerated 

ageing 2. 

1.2 Nucleoside Reverse Transcription Inhibitors  

A modern antiretroviral regime typically consists of three drugs from at least two classes, two nucleoside 

reverse transcription inhibitors (NRTIs) combined with a protease inhibitor (PI) or non- nucleoside reverse 

transcription inhibitor (NNRTI). Although other drug classes exist (see Introduction, 2.0), the above three are 

most commonly used 19. Due to the complexity and variety of possible drug combinations, such multi-drug 

regimens are preferably referred to as highly active antiretroviral therapy (HAART). 

The backbone of HAART is made up of NRTIs, which comprises AZT, making it the first and consequently most 

studied class of antiretroviral drugs (Table 1). NRTIs are analogues of endogenous 2’-deoxy-nucleosides, 

however, they miss the 3’-hydroxyl group on the ribose moiety which is necessary for chain elongation during 

reverse transcription. In this way they act as chain terminators, suppressing the viral reverse transcriptase and 

consequent viral RNA to viral DNA transcription 13. 
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Table 1. The nucleoside reverse transcription inhibitor (NRTI) class. The approval date indicates FDA approval date 6. ٭ FLT trials were 

stalled in phase II due to potential side effects relating to bone marrow toxicity. However, FLT has shown to be very effective in suppressing 

NRTI-resistant HIV-1 mutants and trials have been resumed 22. The NRTIs used in this study (zidovudine, stavudine & alovudine) are 

highlighted. 

Nucleoside analogue Drug name Other names/Abbreviations Approval date 

Purine 

Adenosine 
Tenofovir disoproxil fumarate TDF; 2-Cyclopentene-1-methanol, 4-(2-

amino-6-(cyclopropylamino)-9H-purin-9-yl)-, 
(1S-cis)- 

2001 

Guanosine 
Abacavir ABC; 2-Cyclopentene-1-methanol, 4-(2-

amino-6-(cyclopropylamino)-9H-purin-9-yl)-, 
(1S-cis)- 

1998 

Inosine Didanosine ddI; 2’,3’-dideoxyinosine  1991 

Pyrimidine 

Cytidine 
Emtricitabine FTC; 2'-deoxy-5-fluoro-3'-thiacytidine 2003 
Lamivudine 3TC; 2',3'-dideoxy-3'-thiacytidine 1995 
Zalcitabine ddC; 2’,3’-dideoxycytidine  1992 

Thymidine 
 

Alovudine FLT; 3’-deoxy-3’-fluorothymidine ٭ 
Stavudine d4T; 2’,3’-didehydro-2’,3’-deoxythymidine 1994 
Zidovudine AZT; 3’-azido-3’-deoxythymidine 1987 

 
1.3 Thymidine analogue induced adverse events 

Older NRTIs and in particular thymidine analogues are considered to induce more adverse events than newer 

drugs 32. For example, lipoatrophy, which is characterized by subcutaneous wasting of white fat in the face, 

extremities, gluteal region and abdomen, can affect up to approximately 80% of patients and is predominantly 

caused by AZT and d4T 31,114. Moreover, the majority of patients that are forced to switch antiretroviral 

regimen due to toxicity, received either AZT or d4T, and the occurrence of regimen switching due to toxicity is 

much higher for thymidine analogues than other NRTIs 209. 

As the first drug to be developed and one that is still prescribed, AZT was linked to adverse events as early as 

1990 340. Patients with long-term AZT use, frequently display toxicity in the form of hepatic steatosis, myopathy 

and lactic acidosis. d4T is a highly potent inhibitor of HIV-1 replication in vitro, yet despite its effectiveness, 

approximately 12% of patients receiving d4T suffer from debilitating peripheral neuropathy 19. d4T is also 

commonly associated with pancreatitis, lactic acidosis, hepatic steatosis, insulin resistance and diabetes 

mellitus 341,342. FLT is the only thymidine analogue that is not actively used in the clinic today and therefore little 

is known about its toxicity profile. This is because development was stalled in phase II trials due to potential 

severe side effects relating to bone marrow toxicity. However, FLT has been shown to be very effective in 

suppressing NRTI-resistant HIV-1 mutants and trials have been resumed 13,22. 

1.4 NRTI related mitochondrial toxicity 

Many adverse events related to NRTIs resemble hereditary mitochondrial disorders, which led to the idea that 

NRTIs are toxic to mitochondria 33,34. Indeed, upon further examination it became apparent that NRTIs directly 

inhibit the mitochondrial polymerase gamma ( ) in vitro, albeit with varying affinity 31,204. Polymerase-  is 

responsible for mitochondrial DNA (mtDNA) replication and repair, and inhibition results in reduced mtDNA 

integrity and copy number 47. As mtDNA encodes for essential components of the mitochondrial respiratory 

chain, depletion in mtDNA quality and quantity likely impedes mitochondrial oxidative phosphorylation and 
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consequently mitochondrial function. Lower ATP levels, diminished mitochondrial membrane potential and 

elevated reactive oxygen species (ROS) have frequently been shown to result from exposure to NRTIs in vitro 53. 

This mechanism behind NRTI induced mitochondrial toxicity is more commonly known as the polymerase-  

theory 30. 

1.5 Toxicity beyond the polymerase-  theory 

Although the polymerase-  theory clarified many of the adverse events witnessed in patients receiving NRTIs, a 

large body of evidence has accumulated over the years which suggests that there are modes to NRTI induced 

mitochondrial toxicity that lie beyond simple inhibition of polymerase- 32. Initial doubt was placed in the 

polymerase-  theory because affinity with, and concurrent inhibition of, polymerase-  by NRTIs does not 

linearly correlate with clinical manifestations of mitochondrial toxicity. AZT for example does not have the 

highest potential to inhibit polymerase- , yet it is considered as the NRTI that causes the most mitochondrial 

related adverse events. Moreover, newer NRTIs which have low affinity for polymerase-  can still cause mtDNA 

depletion and mitochondrial dysfunction 13. In light of this, NRTIs have been proposed to interfere with 

mitochondrial function through other mechanisms. For instance, NRTI phosphorylation and pharmacokinetics 

likely interfere with normal nucleoside homeostasis and function 343. Altered expression of mtRNA and 

mitochondrial proteins have been found in the absence of mtDNA depletion 57,58. NRTIs can also directly inhibit 

mitochondrial enzymes 72 and are known to enhance the generation of ROS 86,87 (for a comprehensive review 

see 32). 

1.6 Searching for the causes of NRTI toxicity 

Studying the causes for antiretroviral related adverse events were stimulated by the proposal of NRTI induced 

mitochondrial toxicity in 1995 30. Advances, however, have been slow and mostly revolve around the 

polymerase-  theory. Nonetheless, a large body of data has been produced linking specific drugs to clinical 

adverse events 19,31. The mechanisms behind drug toxicity remain difficult to interpret though, especially when 

only patient data is considered. Most patients receiving antiretroviral medication do so in regimen form 

(HAART), or/and have switched regimes before, which hinders relating clinical readouts to the effect of a single 

drug. Furthermore, many patients fortify their diet with vitamin and mineral supplements in an attempt to 

bolster health and postpone adverse events, which can complicate analysis further 296–298. 

In vivo approaches like mice or rat models have clarified many consequences of antiretroviral therapy, 

particularly those in support of the polymerase-  theory 186,203. These approaches, however, are often costly, 

time consuming and ethically questionable. To circumvent these problems, efforts have been made to study 

drug specific responses in vitro and diverse cell cultures have been used with varying success to clarify 

mechanisms behind NRTI related toxicity. Unfortunately though, it has become apparent that no clear link can 

be made between mitochondrial toxicity effects in vitro and symptoms from patients in the clinic. Tissue-

specific cell cultures also show no marked differences between specific NRTIs in their potential to inhibit 

mtDNA replication or cause mitochondrial dysfunction. Additionally, the immortality of some cell-lines places 
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doubt on the advantages of such in vitro approaches. This is especially the case for undifferentiated cell lines 

because their mitochondria strongly differ in metabolism from differentiated cells 204. 

1.7 Using Caenorhabditis elegans as a model system 

To simplify studies and facilitate more rapid advances in understanding NRTI induced mitochondrial toxicity we 

previously established C. elegans as a suitable model system to study antiretroviral adverse events. We were 

able to show that different NRTIs can be separated on their potential to induce mitochondrial toxicity. FLT, for 

instance, showed severe mtDNA depletion, altered mitochondrial morphology and diminished oxygen 

consumption levels 52. 

Over the years, C. elegans has proven itself one of the most versatile model organisms for the elucidation of 

molecular pathways implicated in many human diseases, including those of the mitochondria 210,211,344. 

Moreover, this short lived nematode has frequently been used to study mitochondria and drug specific effects 
37,213,216,345,346. 

1.8 Aim of this study 

In this study we implement C. elegans and full transcriptome analysis to shed light on all possible mechanisms 

behind mitochondrial toxicity of three major NRTIs, namely the thymidine analogues AZT, d4T and FLT. It is 

increasingly important to understand the mechanisms behind NRTI toxicity because there are limited prospects 

for alternative therapies to combat HIV/AIDS, the number of HIV-1 infected continues to grow, and 

importantly, due to the prolonged lifespan of HIV-1 patients receiving antiretrovirals, the incidence of 

antiretroviral related toxicities will continue to rise. Furthermore, the possible introduction of FLT into the 

physician’s arsenal to battle HIV-1 resistance, besides the continued prescription of AZT and d4T, demands that 

mechanisms of toxicity for these compounds are addressed 13,205. Through a better understanding of the 

cellular response to antiretroviral drugs, a search for means to diminish drug toxicity and support physicians 

and patients alike can be expedited. 

With the approach used in this study we attempt to verify current theories of NRTI related toxicity and observe 

gene expression changes both related and unrelated to mitochondrial dysfunction or the polymerase-  theory. 

Moreover, we address two theories which have arisen in previous chapters in this thesis, the first being; the up-

regulation of compensatory mtDNA replication mechanisms that keep mtDNA levels at quantities compatible 

with life during NRTI inhibition of polymerase-  (Chapter 2 & 3), and second; the induction of mitohormetic and 

longevity pathways in response to NRTI induced inhibition of the mitochondrial respiratory chain (MRC) and 

increased production of ROS, in C. elegans (Chapter 3). 

2. Results & Discussion 

Thymidine analogues are the NRTIs most toxic to mitochondria and specific side effects have been allocated to 

them as a group and individually 32. In vitro enzyme-activity assays of AZT, d4T and FLT show that they differ in 

their potential to inhibit polymerase- 31,204, and in nematodes they each show distinct toxicity profiles (Chapter 

1) 52. To gain a better understanding of thymidine analogue adverse effects and, in particular, discover and 
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verify mechanisms underlying their toxicity, full transcriptome analysis of single drug exposures at two time 

points was assessed using the validated model system C. elegans. 

2.1 Thymidine analogues alter gene expression in C. elegans 

The Principal Component Analyses (Figure 1) showed that global gene expression changed in response to 

specific drug exposures and drug exposure time. Using the first and second principal components, which 

contain 31.5% and 14.7% of sample variance respectively, three clusters can be distinguished for the 24h 

exposure samples (squares); 1: Unexposed and AZT; 2: 0.033% DMSO; and 3: d4T and FLT. For the 72h 

exposure samples (circles) two clusters can be distinguished, 1: AZT, and 2: Unexposed, 0.033% DMSO, d4T, 

and FLT. Using the third principal component which contains 7.1% of the sample variance, FLT and 0.033% 

DMSO after 72h exposure could be separated from the Unexposed and d4T samples (data not shown). 

 

Figure 1. Principal component analysis of drug exposures and drug 

exposure times. Unexposed = black, 0.033% DMSO = blue, AZT = red, 

d4T = green, FLT = yellow. Squares indicate 24h exposure and circles 

indicate 72h. All biological triplicates are shown with the exception of 

d4T (24h) which had two biological replicates. 

 

 

 

 

To construct data sets of genes specifically influenced by treatments, differential gene expression of 

Unexposed samples was compared to antiretroviral treatments and DMSO prior to analysis. As all antiretroviral 

drugs are dissolved in DMSO, a representative concentration of 0.033% was used as a control. Drug treatment 

and DMSO genes found to be differentially expressed after comparison to the Unexposed samples were then 

compared. After filtering out gene expression change as a result of DMSO exposure in the antiretroviral 

samples, and then selecting genes with an adjusted P-value of <0.01, filtered data sets were obtained and used 

for the drug specific gene expression change analysis (Table 2). 

Table 2. Number of drug specific differentially expressed genes (adjusted P-value <0.01) compared to DMSO at time points 24h & 72h. 

Arrows indicate either the up (↑) or down (↓) regulation of genes. 

AZT d4T FLT 
Total ↑ ↓ Total ↑ ↓ Total ↑ ↓ 

24h 1201 777 424 5593 3170 2423 1940 746 1194 
72h 6459 3434 3025 774 434 340 1060 584 476 
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After 24h of antiretroviral exposure, AZT showed the least amount of differentially expressed genes (DEGs), yet 

after 72h exposure showed the most DEGs (Table 2). Of all the thymidine analogues, AZT-triphosphate (TP) is 

least likely to be incorporated into mtDNA by polymerase- yet once incorporated is ineffectively removed by 

the polymerase-  exonuclease 50. In accordance with the pol-  theory, our results indicate that the initial 

response to AZT exposure is small, and perhaps explains its preference above d4T in regimens for treatment-

naïve HIV-patients 19,347. In line with the inefficiency of AZT removal during mtDNA replication, we observed 

that the number of DEGs increased approximately 5-fold over 48h. Additionally, polymerase-  exonuclease 

function is known to be effectively inhibited by AZT-monophosphate (MP), which likely results in lower fidelity 

of polymerase-  and an increase in mtDNA mutations over time 47. 

In the case of d4T and FLT the number of DEGs after 24h exposure was larger than that after 72h. This was 

particularly the case for d4T which showed an approximate seven-fold reduction in the number of DEGs (Table 

1). d4T and FLT have been shown to be more potent inhibitors of polymerase-  compared to AZT, which may 

explain the large amount of genes differentially expressed by d4T or FLT compared to AZT after 24h exposure 
25,40. Compared to AZT in the clinic, however, d4T has been shown to be well tolerated over the short term 348. 

In vitro studies and animal studies focusing on bone-marrow toxicity have also shown that d4T is the least toxic 

of the thymidine analogues during short-term exposure 205. FLT remained the most toxic of the thymidine 

analogues 145. Our results that showed an approximate 7-fold decrease of DEGs for d4T over 48h is also notable 

considering that d4T is renowned for its long-term toxicity in patients, and is therefore infrequently used 19. An 

explanation for this discrepancy may be that d4T has been shown to be more effective than AZT in decreasing 

mtRNA synthesis during 7 days exposure in cell lines 63.  

2.2 Mitochondrial toxicity & dysfunction 

The primary cause for thymidine analogue induced adverse events is mitochondrial toxicity 47. As a starting 

point in this investigation we evaluated the extent of thymidine analogue induced mitochondrial dysfunction 

by comparing DEGs with a previously published C. elegans mitochondrial proteome data set 37. Using a shotgun 

proteomics approach with purified mitochondria from young adult nematodes raised in liquid media, Li et al. 

identified 1117 proteins that were localised in the mitochondria. Although a linear correlation between mRNA 

quantity and protein abundance cannot be made easily, the comparison of DEGs with the mitochondrial 

proteome database may give some insight into the way and extent to which thymidine analogues affect 

mitochondrial function. Only 24h exposure to AZT showed significant overlap with the mitochondrial proteome 

data set. Specifically, metabolic processes were affected (Table 3), indicating an adaptation in energy 

metabolism. AZT has been proposed to directly inhibit the mitochondrial respiratory chain complex I, (NADH 

dehydrogenase), complex II (succinate dehydrogenase), and complex V (F1,F0-ATPase) 68–70, which may drive 

these changes in gene expression. Overall, NRTI thymidine analogues appear to have little impact on 

mitochondrial function which challenges the polymerase-  theory. 
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Table 3. Overlap between AZT DEGs at 24h and a C. elegans mitochondrial proteome data set. Our data was considered enriched with an 

unadjusted P-value of <0.05. Mitochondrial proteome data set and annotation of functional description (category) were taken from Li et al. 
37. 

Thymidine 
analogue 

Exposure 
time Category P - value Number 

of hits 
Number in 
category 

AZT 24h 

Dicarboxylic acid metabolic process 0.012094818 3 4 
Glycolysis 0.021007466 4 8 
Glucose catabolic process 0.048493954 4 10 
Hexose catabolic process 0.048493954 4 10 
Monosaccharide catabolic process 0.048493954 4 10 

 

2.3 Thymidine analogue class effects on gene expression 

To gain a more detailed and unbiased insight into effects of thymidine analogues as a class, differential gene 

expression change was compared between each thymidine analogue (Figure 2 & Table 4). Thymidine analogues 

as a class at 24h had 323 genes, and at 72h 113 genes which were commonly expressed (Figure 2).  

 

Figure 2. Venn diagrams showing the number of genes differentially expressed by each thymidine analogue. A: 24h, and B: 72h. 

Differentially expressed genes with an adjusted P-value of <0.01 in comparison with the DMSO control. 

The direction of gene expression change in the overlap group for all drugs at 24h was identical for d4T and FLT, 

with approximately three quarters of these genes having higher fold changes from exposure to FLT (Table 4). 

AZT showed almost complete opposite gene direction changes compared to d4T and FLT, with only 43 genes (9 

UP and 34 DOWN) having similar directional change. Conversely, in the overlapping group for all drugs at 72h, 

AZT and d4T had identical changes in gene expression direction, with approximately 97% of genes showing 

higher fold changes from exposure to AZT. Additionally, in the 72h overlap group, only three genes were 

directionally differentially regulated by FLT exposure compared to AZT and d4T (with approximately 87% of the 

genes which had similar directional change showing higher fold changes from exposure to AZT compared to 

FLT), namely tufm-2, hoe-1 (E04A4.4) and K04F1.9. tufm-2 and hoe-1 were up-regulated by FLT and down-
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regulated by AZT and d4T. tufm-2 encodes the C. elegans ortholog of the mitochondrial TU elongation factor 

(EF-Tu) and loss of TUFM-2 activity activates the mitochondrial unfolded protein response 349,350. hoe-1 encodes 

a putative metal-dependent hydrolase orthologous to human ELAC2 which is involved in germ line proliferation 
351. K04F1.9 was up-regulated by AZT and d4T and down-regulated by FLT, and is involved in immune responses 

that contribute to longevity 351,352. Taken together, these results indicate that d4T and FLT induce very similar 

gene expression profiles, which after 24h exposure are distinctly different to AZT. Additionally, thymidine 

analogues as a class cause similar changes in gene expression after 72h exposure, with AZT causing the largest 

fold changes. 

Table 4. Change in gene expression direction of common elements uniquely shared between exposure conditions of differentially 

expressed genes (adjusted P-value <0.01). The number of genes shared by each thymidine analogue is given. Arrows indicate either up (↑) 

or down (↓) regulation of genes. 

 

 AZT d4T FLT  
 ↑ ↓ ↑ ↓ ↑ ↓ Grand total 

24h 

AZT & d4T 91 165 134 122 - - 256 
AZT & FLT 87 0 - - 87 0 87 
d4T & FLT - - 663 718 663 718 1381 
AZT & d4T & FLT 280 43 18 305 18 305 323 

72h 

AZT & d4T 272 229 262 239 - - 501 
AZT & FLT 179 191 - - 202 168 370 
d4T & FLT - - 15 11 4 22 26 
AZT & d4T & FLT 96 17 96 17 97 16 113 

 

Of the DEGs in overlapping groups between two analogues at 24h, approximately two thirds of those in the AZT 

and d4T group showed opposite directional regulation. Of those which had similar expression direction, no 

distinctly stronger regulation by one analogue or the other could be found. In the AZT and FLT overlap group, 

however, almost all the genes showed complete opposite directional regulation, with but one unannotated 

gene, namely C56E6.9, which was similarly down-regulated. In the d4T and FLT overlap group, which had the 

largest shared group of DEGs (1704), all the genes showed identical directional changes, with approximately 

60% of the genes being more strongly regulated by d4T (Figure 2 & Table 4). 

In the overlapping groups between two analogues at 72 hours, the AZT and d4T overlap group showed almost 

identical changes in gene expression direction, with only 12 genes being directionally differentially regulated. 

Of the genes which had similar directional changes, approximately 98% of them had larger fold changes for 

AZT. The AZT and FLT overlap group also showed similar directional gene regulation, with 39 genes being 

directionally differentially regulated. Of those genes that had similar directional changes, no distinctly stronger 

regulation by one analogue or the other could be found. In the d4T and FLT overlap group, approximately 42% 

of the genes showed differential regulation in direction. Of the genes that shared directional change, no 

distinctly stronger regulation by one analogue or the other was found. 

Collectively, these results show that thymidine analogues, as a distinct NRTI group, induce expression of a large 

amount of similar genes, albeit the analogues differ in the directions they change expression. At 24h the 

directional change in gene expression response for AZT was considerably different to d4T and FLT, which 
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showed very similar responses to each other. The marked overlap between d4T and FLT at 24h may indicate 

that these analogues also share similar causes for toxicity and that initial adverse events in patients may be 

comparable (see Chapter 1). At 72h the directional change in overlapping gene expression induced by 

thymidine analogues was similar, and AZT shared more overlap with d4T and FLT than d4T did with FLT 

(approximately 96%, 89%, and 41%, respectively). 

2.4 Functional analysis of thymidine analogue induced gene expression change 

To better get to grips with the functional changes related to gene expression, the Gene Ontology (GO) analysis 

is often used. GO analysis, however, has one major limitation, namely that GO terms do not correspond directly 

to known pathways 353. We therefore decided to proceed with functional analysis of the thymidine analogue 

induced changes in gene expression by using the Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway 

analysis. 

2.4.1 KEGG pathway analysis 

Making use of DAVID Bioinformatics Resources 354,355, overlapping DEGs shared between all three analogues at 

24h were categorized using KEGG analysis. Because the number of genes that were collectively either up or 

down-regulated by all the analogues was so small, no KEGG pathway was found to be overly represented. 

When KEGG pathway mapping was done without discretion to directional regulation, 4 pathways were found 

to be enriched, namely ‘DNA replication’, ‘alanine, aspartate and glutamate metabolism’, ‘amino sugar and 

nucleotide metabolism’, and ‘arginine and proline metabolism’ (Table 5). 

Table 5: KEGG pathway analysis of overlapping differentially expressed genes for all thymidine analogues at 24h, independent of 

directional regulation. Pathways were considered relevant if they showed an unadjusted P-value of <0.1. 

 

Term P Value Number 
of genes % Benjamini 

DNA replication 0.0039 6 1.86 0.17113 
Alanine, aspartate and glutamate metabolism 0.0094 5 1.55 0.20347 
Amino sugar and nucleotide sugar metabolism 0.0577 4 1.24 0.61399 
Arginine and proline metabolism 0.0748 4 1.24 0.60668 

 

Because the directional regulation of genes in the overlapping set for all analogues at 24h was distinctly 

different for AZT versus d4T and FLT, KEGG pathway mapping was done separately for these two categories. 

280 genes were up-regulated by AZT at 24h, and they mapped to ‘DNA replication’, ‘alanine, aspartate and 

glutamate metabolism’, ‘amino sugar and nucleotide sugar metabolism’, and ‘progesterone-mediated oocyte 

maturation’ pathways. 43 genes were down-regulated by AZT at 24h and when mapped showed enrichment in 

the ‘glycine, serine and threonine metabolism’ pathway (Table 6). 

 

 

 

 

 



501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith

   RNAseq analysis of NRTI thymidine analogue effects 
 

103 
 

Table 6: KEGG pathway analysis of overlapping differentially expressed genes for AZT, and d4T & FLT at 24h. Pathways were considered 

relevant if they showed an unadjusted P-value of <0.1. 

 

Direction change 
KEGG pathway P Value Number 

of genes % Benjamini 
AZT d4T & FLT 
UP DOWN DNA replication 0.0020 6 2.22 0.06987 
UP DOWN Alanine, aspartate and glutamate metabolism 0.0361 4 1.48 0.48441 
UP DOWN Amino sugar and nucleotide sugar metabolism 0.0399 4 1.48 0.38615 
UP DOWN Progesterone-mediated oocyte maturation 0.0925 4 1.48 0.58269 

DOWN UP Glycine, serine and threonine metabolism 0.0233 2 22.22 0.22876 
 

 d4T and FLT had identical directional regulation of gene expression at 24h. 18 genes were up-regulated by d4T 

and FLT, and 305 genes were down-regulated by d4T and FLT. Due to the almost complete opposite directional 

regulation of d4T and FLT compared to AZT at 24h, the d4T and FLT regulated genes mapped to the same 

pathways as AZT (Table 6). Because the overlap in genes that are either up or down-regulated between all 

thymidine analogues at 72h was small, no KEGG pathway was found to be overly represented.  

2.5 Singular thymidine analogue pathway enrichment analysis 

To analyse the effects of each thymidine analogue individually, DEGs from singular analogues were mapped 

using KEGG pathway analysis (Table 7). KEGG pathways showed a strong enrichment for d4T and FLT at 24h 

compared to AZT 72h. d4T regulated the most pathways of all the thymidine analogues at 24h, and AZT the 

most at 72h. Predictably, d4T and FLT at 24h showed prominent overlap in the pathways. AZT on the other 

hand, showed almost complete opposite directional regulation (Table 7). This suggests that at 24h AZT has 

opposite effects to d4T and FLT, and may indicate why short-term adverse events in patients taking either AZT 

or d4T are distinctly different 348. Moreover, from these results we can predict that FLT induced short-term 

adverse events are likely similar to those induced by d4T. 

2.6 Examination of KEGG pathway mapped genes 

The KEGG pathways reflected the almost complete opposite expression of genes regulated by AZT compared to 

d4T and FLT. At 24h, the d4T and FLT regulated genes map to the most pathways, which is not surprising 

considering the large amount of DEGs at this time point. At 72h, AZT had by far the most enriched pathways 

which, interestingly, showed identical directional change compared to d4T and FLT regulated pathways at 24h. 

Moreover, d4T and FLT showed very few enriched pathways at 72h. This difference is remarkable and may 

reflect the differences in thymidine analogue structure and pharmacokinetics, such as phosphorylation 

dynamics (see Chapter 1, 2.1). AZT has a prominent azide group on its ribose moiety which has been proposed 

to strongly influence its potential for toxicity, in particular the generation of ROS 162.  

Compared to d4T, AZT is known to be phosphorylated into its mono-phosphate and di-phosphate forms more 

rapidly than into its tri-phosphate forms, reflecting an enzymatic bottleneck that occurs with AZT 25. This 

delayed phosphorylation into the biochemically most active form of AZT, suggests that AZT’s toxicity profile 

may be delayed compared to d4T and FLT. Indeed, this was reflected in the KEGG pathway enrichment analysis. 
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Table 7. KEGG pathway analysis of singular thymidine analogue effects at 24h and 72h. Arrows indicate up (↑) or down (↓) regulation of 

pathways regulated by each individual analogue. ↕ indicates pathway enrichment independent of DEG directional regulation. Pathways 

were considered relevant if the unadjusted P-value <0.1. 

 

Pathway Group KEGG Term 
24h 72h 

AZT d4T FLT AZT d4T FLT 
Genetic 
Information 
Processing 
 

Replication and 
repair 

DNA replication ↑ ↓ ↓ ↓   
Mismatch repair  ↓ ↓ ↓   
Nucleotide excision repair   ↓ ↓   
Base excision repair   ↓ ↓   
Homologous recombination  ↓ ↓ ↓   
Non-homologous end-joining    ↓   

Transcription Basal transcription factors  ↓  ↓   
Spliceosome  ↓  ↓   

Translation Aminoacyl-tRNA biosynthesis  ↓ ↓ ↓   
Folding, sorting 
and 
degradation 

RNA degradation ↑  ↓    
Proteasome ↑ ↓ ↓ ↓   
Ubiquitin mediated proteolysis  ↓ ↓ ↓  ↓ 

Metabolism Nucleotide 
metabolism 

Pyrimidine metabolism    ↓   

Amino acid 
Metabolism 

Selenoamino acid metabolism   ↑ ↑   
Arginine and proline metabolism ↓ ↑  ↑   
Glycine, serine and threonine metabolism ↓ ↑ ↑ ↑   
Alanine, aspartate and glutamate metabolism ↓ ↑ ↕  ↓  
Cysteine and methionine metabolism  ↑ ↑ ↑  ↑ 
Tryptophan metabolism ↓      
Phenylalanine metabolism  ↑  ↑   
Tyrosine metabolism ↓ ↑ ↑ ↑ ↓  
Glutathione metabolism   ↑ ↑   
Phenylalanine, tyrosine and tryptophan 
biosynthesis    ↑   

Carbohydrate 
Metabolism 

Pyruvate metabolism ↑      
Pentose and glucuronate interconversions  ↑     
Glycolysis / Gluconeogenesis ↑      

 Amino sugar and nucleotide sugar metabolism       
Lipid 
Metabolism 

Biosynthesis of unsaturated fatty acids ↓      
Fatty acid metabolism  ↑     
Glycerophospholipid metabolism  ↑    ↑ 

Metabolism of 
terpenoids and 
polyketides 

Limonene and pinene degradation 
     ↑ 

Glycan 
biosynthesis 
and 
metabolism 

Glycosylphosphatidylinositol (GPI)-anchor 
biosynthesis    ↓   

N-Glycan biosynthesis    ↓   
Glycosaminoglycan biosynthesis - HS/Hep    ↓   

Metabolism of 
cofactors and 
vitamins 

Retinol metabolism  ↑  ↕   
Ubiquinone and other terpenoid-quinone 
biosynthesis    ↑   

Energy 
metabolism 

Nitrogen metabolism  ↑ ↑ ↑   

Xenobiotic 
metabolism 

Drug metabolism - other enzymes  ↑  ↑   
Drug metabolism - cytochrome P450  ↑ ↑ ↑   
Metabolism of xenobiotics by cytochrome P450  ↑ ↑    

Environmental 
Information 
Processing 

Signal 
transduction 

Calcium signalling pathway  ↑  ↑   
Wnt signalling pathway  ↑    ↓ 
TGF-beta signalling pathway  +    ↓ 
Notch signalling pathway    ↓   
mTOR signalling pathway   ↓    
MAPK signalling pathway  ↑  ↑   

Signalling 
molecules and 
interaction 

ECM-receptor interaction    ↑   
Neuroactive ligand-receptor interaction    ↑   

Cellular 
processes 

Transport and 
catabolism 

Lysosome    ↑  ↓ 

Organismal 
systems 

Endocrine 
system 

Progesterone-mediated oocyte maturation  ↓ ↓ ↓   
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Because there are too many pathways to discuss in detail, pathways that were enriched in the overlapping 

group of DEGs for all thymidine analogues at 24h are focused upon (Table 6 & 7). These include the ‘DNA 

replication’ pathway, the ‘progesterone-mediated oocyte maturation’, the ‘amino sugar and nucleotide sugar 

metabolism’ pathway, and the amino acid metabolism pathways; ‘arginine and proline metabolism’, ‘glycine, 

serine and threonine metabolism’ and ‘alanine, aspartate and glutamate metabolism’. Additionally, the 

pathways that were commonly represented upon exposure to singular thymidine analogues at 24h will also be 

discussed (Table 7). These include the ‘tyrosine metabolism’ pathway, and the ‘proteasome’ pathway. 

2.6.1 DNA replication 

The ‘DNA replication’ pathway was found to be enriched in the thymidine analogue overlapping DEG group and 

is up-regulated by AZT and down-regulated by d4T and FLT at 24h (Table 6). The genes mapped to DNA 

replication specifically encode for DNA-2: the C. elegans ortholog of the yeast and vertebrate Dna2 replication 

helicase, which is involved in DNA replication and (double-strand break) repair; CRN-1: the Cell-death-Related-

Nuclease-1 which is a 5’-3’ exonuclease and endonuclease and is involved in Okazaki fragment maturation; 

PCN-1: the Proliferating Cell Nuclear Antigen (PCNA) homolog which is essential for DNA replication and repair; 

and MCM-2, 3 and 7 which are MCN helicase complex proteins and are necessary for proper regulation and 

replication licensing during accurate DNA replication 356. DNA-2 and CRN-1 have been directly implicated in 

mechanisms of (double strand break) DNA repair and cell cycle checkpoint progression, specifically in 

embryonic viability control and morphogenesis of late-stage embryos 357,358. Thymidine analogues are known to 

affect dNTP pools and imbalanced dNTP pools can lead to genomic instability through defective replication and 

double stand breaks. Mitochondrial function plays an important role in the balance of dNTP pools, and 

thymidine analogues therefore likely influence DNA replication and repair pathways by unbalancing dNTP pools 
79. In addition, although affinity of polymerase-  is highest for NRTIs, polymerase-  which is involved in DNA 

replication and repair, can also be inhibited by thymidine analogues in vitro, albeit with much higher 

concentrations than needed to inhibit polymerase-  40. PCN-1 is an essential component in early embryogenesis 

and germ-line development and MCM-2-7 are also required for early embryonic development in C. elegans 359. 

At 24h, progeny development in C. elegans is fully engaged, which may have enhanced the likeliness that these 

genes were affected. Taken together, the regulation of DNA replication genes suggests that thymidine 

analogues strongly affect cell division. The role of DNA replication genes in C. elegans’ embryonic development 

and viability suggests that disturbance of cell division by thymidine analogues in C. elegans may be 

phenotypically conveyed by altered fecundity. 

2.6.2 Progesterone-mediated oocyte maturation 

The ‘progesterone-mediated oocyte maturation’ pathway is enriched in the overlapping group of DEGs at 24h, 

and is up-regulated during AZT exposure and down-regulated during d4T and FLT exposure. Genes specifically 

differentially regulated in this pathway include: lin-45, which is an ortholog of the vertebrate RAF protein and is 

required for larval viability, fertility and the induction of vulvar cell fates; cyb-3 which encodes for one of the 

four C. elegans cyclin B family members and is essential for embryonic viability; plk-2 which is one of the three 

C. elegans polo-like kinases and is required for early embryo chromosome dynamics, and mpk-1; which is a 
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mitogen activated protein (MAP) kinase and is involved in a myriad of developmental processes and acts 

downstream of lin-45 raf kinase in the let-60 Ras signalling pathway 356. Each of these genes encodes proteins 

that collectively regulate meiotic maturation in oocytes, which supports the hypothesis that disruption of cell 

division processes by thymidine analogues alters fecundity in C. elegans. 

2.6.3 Arginine and proline metabolism, and glycine, serine and threonine metabolism 

The ‘arginine and proline metabolism’ pathway was only found to be enriched in the overlapping set of DEGs 

independent of directional regulation, at 24h (Table 6). Three of the genes that encode for proteins involved in 

this pathway also function in the ‘alanine, aspartate and glutamate metabolism’ and the ‘glycine, serine and 

threonine metabolism’ pathways which were found to be enriched in the both the overlapping set of DEGs at 

24h (Table 6) and in the DEG sets from each thymidine analogue: up-regulated for AZT and down-regulated for 

d4T, and down-regulated for AZT and up-regulated for d4T and FLT, respectively (Table 6 & 7). From the 

overlapping set of DEGs, the two genes that mapped to the ‘glycine, serine and threonine metabolism’ 

pathway, T09B4.8 and K01C8.1, are both uncharacterized protein coding genes 356. The fourth gene 

represented in the ‘arginine and proline metabolism’ pathway, namely C10C5.4, was down-regulated by all 

thymidine analogues. C10C5.4 encodes an aminoacylase with similarity to vertebrate aminoacylase-1, and by 

homology is predicted to hydrolyse N-acetyl amino acids into the free amino acid and carboxylate 356. 

Interestingly, aminoacylase-1 has been found to be up-regulated during adipogenic differentiation of 3T3-L1 

cells and its down-regulation has been related to metabolic disorders and obesity 360. Thymidine analogues are 

known to suppress autophagy and adipogenesis which are likely causes for peripheral fat loss 361. It is therefore 

feasible that aminoacylase-1 plays an important role in NRTI related metabolic disorders such as lipodystrophy. 

Upon analysis of the extent to which C10C5.4 is down-regulated, we found that d4T induces the strongest fold-

change, followed by FLT and lastly AZT (data not shown). Interestingly, patients taking d4T have a higher 

incidence of lipodystrophy than patients taking AZT 44. 

2.6.4 Alanine, aspartate and glutamate metabolism, and amino sugar and nucleotide sugar metabolism  

The genes mapped to the ‘alanine, aspartate and glutamate metabolism’ pathway were found to be enriched in 

the thymidine analogue overlapping DEG group and were up-regulated during AZT exposure and down-

regulated during d4T and FLT exposure (Table 6). However, when mapping the DEGs regulated by each 

analogue separately, FLT only showed enrichment of this pathway when the direction of gene regulation was 

undefined (Table 7). Nonetheless, the ‘alanine, aspartate and glutamate metabolism’ pathway included the 

following genes which encode for the proteins: Glutamine-Fructose 6- phosphate Amino Transferase 1 and 2 

(GFAT-1, -2) which are predicted to catalyse the first, rate-limiting, step of the hexosamine pathway 362; and 

Glutamine synthetase (glutamate-ammonia ligase) 5 and 6 (GLN-5, -6), which are involved in the conversion of 

L-Glutamate into L-Glutamine 356. The importance of the hexosamine pathway is underscored by the 

representation of gfat-1 and gfat-2 in the ‘amino sugar and nucleotide sugar metabolism’ pathway, which was 

down-regulated by AZT and up-regulated by d4T and FLT. Moreover, a putative UDP-N-acetylglucosamine 

pyrophosphorylase (C36A4.4) and the ortholog of UTP-glucose-1-phosphate uridylyltransferase (K08E3.5) also 

map to the ‘amino sugar and nucleotide sugar metabolism’ pathway.  
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gfat-1 gain-of-function mutations have been found to result in resistance to endoplasmic reticulum stress and 

increased longevity as a result of increased activity of protein quality control mechanisms, such as proteasomal 

activity and autophagy. Moreover, increased synthesis of N-glycan precursors can alleviate pathologies of 

neurotoxic diseases 362. Hypothetically, the gfat-1 and gln-5 & -6 down-regulation by d4T may indicate why 

peripheral neuropathy is common in patients receiving this thymidine analogue 19, and may in part explain why 

AZT treated nematodes show increased longevity (Chapter 3). 

2.6.5 Proteasome 

Proteasome component encoding genes were up-regulated by AZT and down-regulated by d4T and FLT at 24h. 

AZT regulated 10 genes, d4T regulated 20 genes, and FLT changed the expression of 13 genes. Only three of 

these genes were altered by all three analogues, namely rpt-2, rpn-1, and rpn-2. rpt-2 is an ortholog of human 

PSMC1 (proteasome 26S subunit, ATPase 1) and has ubiquitin protein ligase binding activity. rpn-1 and rpn-2 

encode non-ATPase subunits of the 26S proteasome's 19S regulatory particle base sub-complex, and their 

activity is essential for embryonic, larval, and germline development. By homology, RPN-1 and RPN-2 are 

predicted to function in unfolding and recognition of protein substrates and/or recycling of ubiquitin moieties 

during protein degradation 356. Unsurprisingly, d4T and FLT shared an additional 10 genes (data not shown) 

which, interestingly, almost all encode subunits of the 19S regulatory complex and affect fertility and 

embryonic viability in C. elegans 356. AZT and d4T shared 3 genes, and 4 genes were specifically regulated by 

either AZT or d4T. Of these 11 genes, 6 encode proteins with are known to affect fertility and embryonic 

viability in C. elegans.  

Upon comparison of the DEGs at 24h and 72h with known genes in C. elegans that encode for proteins involved 

in proteostasis and protein quality control 349,363,364, we found significant enrichment (Table 8), specifically in 

the ubiquitin proteasome system (UPS) and the mitochondrial unfolded protein response (UPRmt). The UPS is 

the principal mechanism for the degradation of unwanted and damaged or incorrectly folded proteins, and 

regulates important cellular processes such as cell cycle regulation and apoptosis 364. The UPRmt is an important 

mitochondrial surveillance mechanism that assists in mitochondrial protein folding and MRC complex assembly 
365. A failure to produce sufficient mitochondrially encoded subunits due to a depletion of mtDNA by thymidine 

analogues for instance, can lead to aberrant assembly of MRC complexes and activation of the UPRmt. 

Interestingly, there is considerable cross-talk between pathways that control the UPR and mitochondrial 

biogenesis 349, which may link embryogenesis and larval development in C. elegans to the UPRmt. A likely reason 

for the altered regulation of both UPS and UPRmt upon exposure to thymidine analogues is an increase in 

oxidative stress (Chapter 3). Oxidative stress is known to affect the levels of mature functional proteins in the 

mitochondria, thus prompting activation of the UPRmt 366, and oxidized proteins are degraded by the UPS 367. 
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Table 8. Thymidine analogue induced enrichment of genes that encode proteins involved in proteostasis and protein quality control. 

DEGs from both single thymidine analogue exposures and overlapping groups (i.e. d4T & FLT) were analysed. Gene data sets were taken 

from 349,363,364, and compared to DEGs regulated by thymidine exposure. Categories were considered relevant if they had an unadjusted P-

value <0.05. 

 Analogues Category P-value Number of hits Number in category 

24h d4T & FLT Ubiquitin Proteasome System 0.024217 17 104 
FLT Ubiquitin Proteasome System 0.000283 6 104 

72h AZT Ubiquitin Proteasome System 0.044671 49 104 
d4T Mitochondrial Unfolded Protein Response 0.013070 3 57 

 

Taken together, the large proportion of proteasome component encoding genes that are known to affect 

fertility and embryonic viability supports the hypothesis that replicative tissues are strongly affected by 

thymidine analogues and, furthermore, that fecundity and brood size are likely altered in C. elegans upon 

exposure to thymidine analogues. Further research is needed to unravel the ways in which thymidine 

analogues induce the UPS and UPR. These cellular surveillance and quality control mechanisms have been 

implicated in many human diseases such as ageing and neurodegenerative disorders, and may point towards 

specific mechanisms behind thymidine analogue induced adverse events. 

2.6.6 Tyrosine metabolism 

In total, 11 genes encoding tyrosine pathway constituents were collectively down-regulated by AZT and up-

regulated by d4T and FLT at 24h. Specifically, AZT regulated 3 genes, d4T regulated 9 genes, and FLT changed 

the expression of 3 genes. 1 gene showed altered expression by all three analogues, namely T09B4.8 which is 

an ortholog of human mitochondrial AGXT2 (alanine-and glyoxylate aminotransferase 2). Based on protein 

domain information, T09B4.8 is predicted to have transaminase activity and pyridoxal phosphate binding 

activity 356. Multiple substrates and products of AGXT2 have been implicated in the pathogenesis of 

cardiovascular, renal, haematological and neurological diseases 368. Interestingly, patients receiving thymidine 

analogues are known to suffer from these diseases 19,32, suggesting that altered expression of AGXT2 may be a 

major culprit. Additionally, RNAi knock-down of T09B4.8 is known to reduce fat content in C. elegans 369, 

possibly linking thymidine induced altered expression of T09B4.8 to lipodystrophy. 

T09B4.8 was also represented in the ‘phenylalanine metabolism pathway’ and the ‘alanine, aspartate and 

glutamate metabolism pathway’ gene sets (data not shown). The ‘phenylalanine metabolism pathway’ also 

shared the ‘tyrosine metabolism’ pathway genes got-2.2, and alh-5. As tyrosine is produced in cells by 

hydroxylation of the essential amino acid phenylalanine, this is no surprise. got-2.2 is an ortholog of the human 

mitochondrial GOT2 (glutamic-oxaloacetic transaminase 2), and alh-5 is an ortholog of the human aldehyde 

dehydrogenase 3 and is predicted to have aldehyde dehydrogenase [NAD(P)+] activity. The other thymidine 

analogue regulated genes that encode components of the tyrosine pathway are all predicted to have 

oxidoreductase activity or in some cases specifically dehydrogenase activity 356. 

Taken together, the enrichment of metabolic pathways strongly suggests that thymidine analogues alter 

metabolism in C. elegans. Mitochondria are known to stand central in cellular energy metabolism and mediate 
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many common metabolic disorders such as ageing, diabetes, and cardiovascular disease 179. Thymidine 

analogue induced mitochondrial dysfunction has frequently been associated with these metabolic disorders 
19,32, and further analysis based on our results may help identify underlying metabolic changes. 

2.7 Verification of KEGG annotations with gene ontology term analysis  

Although KEGG pathway annotation can be very informative, KEGG analysis does not give detailed information 

on the possible localisation of the affected biological process or the specific reaction that the gene products 

regulate. To gain more understanding of the biochemistry underlying thymidine analogue toxicity we analysed 

the overlapping group of DEGs from each analogue using gene ontology (GO)-term analysis. 

2.7.1 Shared thymidine analogue effects independent of directional regulation 

DAVID Bioinformatics Resource 354,355 assisted functional annotation clustering, using the DAVID trimmed ‘FAT’ 

GO-term database, of overlapping genes whose expression was significantly altered by all analogues at 24h, 

showed enrichment in 7 clusters (Table 9). By their ontology alone, three of these clusters, namely ‘germline 

cell cycle switching, mitotic to meiotic cell cycle’, ‘morphogenesis of an epithelium’, and ‘mitosis’, indicate that 

the biological process of cell division are likely affected. Additionally, genes encoding for cellular components in 

the cluster ‘nuclear pores’ and genes which were annotated in the biological process of ‘protein import into the 

nucleus’ are known to be involved in mitosis 356.  

Specifically, xpo-2 encodes IMB-5, an importin-beta-like protein orthologous to mammalian cellular apoptosis 

susceptibility (CAS) proteins, and is predicted to function in nuclear transport of proteins required for mitotic 

progression or apoptosis. In C. elegans IMB-5 is essential for embryogenesis and is required for normal 

pronuclear envelope dynamics 356. IMA-2 is also essential for normal germline embryonic mitosis, specifically 

for proper chromosome segregation and nuclear assembly 370. npp-10 is orthologous to the human gene 

NUCLEOPORIN, 98-KD (NUP98) which plays a crucial role in the mitotic entry checkpoint 371. imb-1 and imb-2 

encode an ortholog of human karyopherin (importin) beta 1 and transportin 2, respectively, and are involved in 

embryo and larval development, and reproduction. Additionally, imb-1 is involved in mitotic spindle 

organization 356. Collectively, we can infer that the introduction of thymidine analogues disturbs cell division 

and that this in theory would disrupt embryogenesis and oocyte development in C. elegans. Although this is 

likely a C. elegans specific response, the disturbance of cell division by thymidine analogues is very relevant for 

humans, as we maintain continuous cellular replication in many tissues. 

Noteworthy is the finding that the five genes clustered in ‘magnesium chelatase activity’ all play roles in these 

processes. cdc-48.1 & cdc-48.2 encode AAA ATPases that act in conjunction to regulate ER-associated protein 

degradation and are essential during embryonic development 356. mcm-2 encodes an ortholog of human 

minichromosome maintenance component 2 and is involved in embryo and larval development, reproduction 

and determination of adult lifespan 356. mcm-3 encodes a protein with similarity to the human DNA replication 

licencing factor and affects embryonic viability, and finally, mcm-7 encodes an ortholog of the MCM7 member 

of the MCM complex which is involved in the initiation and regulation of DNA replication 356. 
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Table 9. GO term clustering, by biological process (BP), cellular component (CC) and molecular function (MF), of overlapping DEGs from all 

analogues, independent of directional regulation, at 24h. The hierarchically most defined ‘child-term’, as ordained by DAVID, using the 

highest stringency and an enrichment threshold for unadjusted P-values of 0.05, is presented. 

 

GO Term (BP, CC or MF) Number 
of genes % P Value Benjamini 

Germline cell cycle switching, mitotic to meiotic cell cycle (BP) 7 2.17 4.93E-05 0.00122 
Nuclear pore (CC) 5 1.55 4.88E-05 0.00185 
Magnesium chelatase activity (MF) 5 1.55 4.93E-05 0.01123 
Adenyl nucleotide binding (MF) 43 13.39 8.87E-04 0.03982 
Protein import into nucleus (BP) 4 1.24 0.001394 0.01797 
Mitosis (BP) 7 2.17 0.006929 0.06787 
Morphogenesis of an epithelium (BP) 18 5.57 0.007111 0.06839 

 

Also represented in the overlap group of the thymidine analogues was a large amount of genes annotated by 

the ‘adenyl nucleotide binding’ GO term. Using KEGG pathway analysis, these genes could be mapped to the 

‘DNA replication’ pathway, the ‘progesterone-mediated oocyte maturation’, and the ‘MAPK signalling’ 

pathways. Interestingly, when analysing these selected genes using the DAVID INTERPRO protein domain 

annotation tool, 4 were found to have integral membrane type 1 ABC transporter domains, of which 2 

specifically multi drug resistance-associated protein domains. This correlates with observations by Weiss et al. 

who demonstrated that second generation NRTIs can inhibit ABC transporter function 65, and Papp et al. who 

found that AZT and d4T increased transcription of the multidrug resistant gene MDR-1 60. Upon comparison of 

the overlapping genes from all thymidine analogues with all known genes that encode for ABC transporters and 

cytochrome P450 proteins in C. elegans 372–374, we found that there was a considerable enrichment (unadjusted 

P-value = 0.038230; data not shown), of mrp-4, mrp-7, haf-9, and pmp-5. More research is needed to 

understand the effects of thymidine analogue induced expression changes of drug transport systems. The 

expression of active drug transport systems, which in turn can adjust drug absorption, elimination, and tissue 

distribution, may significantly alter thymidine analogue induced adverse events. Moreover, drug transport 

systems are attractive drug targets and may aid in boosting NRTI efficacy or in diminishing adverse events. 

2.7.2 Shared thymidine analogue effects dependent on directional regulation 

The 9 up-regulated genes shared by all analogues at 24h gave no overly represented FAT GO-terms. Using the 

highest stringency and a lower enrichment threshold of 1.0, the 34 down-regulated genes shared by all 

analogues at 24h could be clustered by their molecular function into two categories; ‘adenyl nucleotide 

binding’ and ‘ATP binding’ (data not shown). The ‘adenyl nucleotide binding’ category includes the genes: 

Peroxisomal Membrane Protein (pmp)-5 which encodes an ortholog of human ATP-binding cassette D-4 and 

based on its protein domain function is predicted to be involved in ATP coupled transmembrane movement of 

substances; the uncharacterized protein coding genes F54D5.12 and F32D8.12; and mtk-1 which encodes a 

mitogen-activated (MAP)-kinase pathway factor known to be involved in embryo development and RNA-

interference 356,375. The ‘ATP binding’ category shares overlap with genes from the nucleoside & nucleotide 

binding category, with the exception a gene encoding an uncharacterized helicase (C28H8.3). 

Due to the small amount (9) of specifically down-regulated genes for AZT and up-regulated genes for d4T and 

FLT in the overlapping group of DEGs at 24h, no functional annotation clusters were found. The 271 genes that 



501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith

   RNAseq analysis of NRTI thymidine analogue effects 
 

111 
 

were specifically up-regulated by AZT and down-regulated by d4T and FLT at 24h could be clustered into 5 

categories (Table 10). ‘Porphyrin biosynthetic processes’ was the only cluster which was not previously found 

to be enriched in the DEG analysis independent of directional regulation (Table 9). ‘Porphyrin biosynthetic 

processes’ included the previously described genes mcm-2, mcm-3, mcm-7, cdc-48.1, and cdc-48.2, which are 

all involved in embryonic viability and larval development. The exact function of porphyrins in C. elegans and 

their roles during exposure to thymidine analogues is unclear. On the basis of their function in oxidative 

metabolism as the prosthetic group of cytochrome c oxidase (MRC complex IV), it is possible that heme 

biosynthesis is adversely affected by thymidine induced mitochondrial dysfunction 376. We can, however, 

predict that fecundity in C. elegans is likely reduced by d4T and FLT, and enhanced by AZT. 

Table 10. GO term clustering, by molecular function (MF), of up-regulated genes from AZT and down-regulated genes from d4T and FLT at 

24h. The hierarchically most defined ‘child-term’, as ordained by DAVID, using the highest stringency and an enrichment threshold for 

unadjusted P-values of 0.05, is presented. 

 

GO Term (BP) Number 
of genes % P Value Benjamini 

Germline cell cycle switching, mitotic to meiotic cell cycle 7 2.59 2.88E-05 6.31E-04 
Porphyrin biosynthetic process 5 1.85 1.42E-04 0.00224 
Morphogenesis of an epithelium 18 6.67 0.002721 0.02709 
Protein import into nucleus 4 1.48 0.001057 0.01262 
Mitosis 7 2.59 0.004377 0.03871 

 

GO-term analysis of all overlapping genes whose expression was significantly altered by all analogues at 72h, 

showed enrichment in 2 clusters (Table 11). GO-term analysis for the 95 up-regulated genes in the 72h overlap 

between all analogues showed enrichment in the same 2 categories; ‘moulting cycle, protein-based cuticle’ and 

‘nematode larval development’ (data not shown). For the 15 down-regulated genes in the 72h overlap 

between all analogues, no GO-terms were found to be overly represented. Similar to gene expression changes 

at 24h (Table 10), thymidine analogue exposure during 72h shows enrichment in GO term categories related to 

larval development. This enrichment strengthens the likelihood that disruption of mitosis precedes a disruption 

of embryogenesis and larval development. 

Table 11. GO term clustering, by biological process (BP), cellular component (CC) and molecular function (MF), of overlapping DEGs from all 

analogues, independent of directional regulation, at 72h. The hierarchically most defined ‘child-term’, as ordained by DAVID, using the 

highest stringency and an enrichment threshold for uncorrected P-values for unadjusted P-values of 0.05, is presented. 

 

GO Term (BP or MF) Number 
of genes % P Value Benjamini 

Moulting cycle, protein-based cuticle (BP) 8 7.34 0.001998 0.27678 
Nematode larval development (BP) 21 19.27 0.019922 0.47898 

 

2.8 Hypothesis-driven experiments into the mechanisms behind thymidine analogue 

toxicity 

The data interpretation by means of KEGG and GO term analysis showed that many processes were distinctly 

and frequently represented upon exposure to thymidine analogues. These include mitosis, embryogenesis and 
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oocyte maturation, amino acid metabolism and fatty acid metabolism. We therefore used these results to 

perform hypothesis-driven experiments into the mechanisms induced by thymidine analogue treatment. 

Furthermore, in the following section we question the polymerase-  theory and address the hypotheses that a 

compensatory mtDNA replication mechanism becomes up-regulated upon NRTI inhibition of polymerase-  

(Chapter 2 & 3), and we assess if NRTI inhibition of the MRC and increased production of ROS regulates 

mitohormetic and longevity pathways in in C. elegans (Chapter 3). 

2.8.1 Mitosis and germ line proliferation, embryogenesis, and oocyte maturation 

Mitosis pathways were found to be enriched upon exposure to thymidine analogues (Table 9 & 10). Because 

the germline is the only proliferating tissue in an adult C. elegans, we surmised that the changes in mitosis 

would affect fecundity in C. elegans. In line with this, genes involved in germ line proliferation, embryogenesis, 

and oocyte maturation were also frequently found to be differentially expressed upon exposure to thymidine 

analogues. Specifically at 24h, the directional regulation of these genes differed per analogue; AZT exposure 

resulted in up-regulation and d4T and FLT exposure resulted in down-regulation (Table 10). We therefore 

surmised that the number of viable progeny from C. elegans treated with AZT would be larger than d4T or FLT. 

Indeed, nematodes grown in the presence of AZT showed significantly higher progeny numbers, and 

nematodes grown in the presence of d4T and FLT showed lower numbers of progeny, significantly so for d4T 

(Figure 3).  

 

Figure 3. Total number of progeny during NRTI thymidine 

analogue exposure. NRTI concentration = 100μM. Statistics were 

calculated using a two sided student’s t-test assuming unequal 

variance, compared to control. ** = P<0.01, *** = P<0.001. 

 

From our observations we propose that thymidine analogues cause an imbalance in nucleoside and nucleotide 

pools and induce S-phase arrest, leading to decreased mitosis. Nucleoside and nucleotide pool imbalance has 

been proposed as a major cause for NRTI induced toxicity 77,78,343, and toxicity of thymidine analogues has 

frequently been shown to be most evident in tissues with high turnover such as epithelium and bone marrow 
205.  

Remarkably, cells exposed to a high concentration of thymidine undergo S-phase arrest, a phenomenon known 

as the “thymidine block”. Thymidine is a strong allosteric inhibitor of ribonucleotide reductase which converts a 

fraction of the cellular pool of ribonucleotides into deoxyribonucleotides. In this way thymidine reduces the 

affinity of ribonucleotide reductase for its pyrimidine ribonucleotide substrates; uridine diphosphate and 

cytidine diphosphate. Inhibition of cytidine diphosphate conversion to deoxycytidine diphosphate depletes 

deoxycytidine triphosphate pools, thus causing S-phase arrest. Moreover, activation to the triphosphate form 
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of AZT, d4T and FLT by thymidine kinase 1 (CeTK1) preferably occurs in mitotically active cells as TK1 is 

expressed only during S phase 75,76. Haematopoiesis in bone marrow and thymus is especially sensitive to 

thymidine block at physiological concentrations of thymidine, causing replication stress in proliferating T-cells, 

B-cells and erythroid precursors 85. It is not surprising then that bone marrow toxicity and neutropenia are 

common adverse events in patients receiving thymidine analogues 19,32.  

Interestingly, since mitochondrial deoxyribonucleotide triphosphate pools linearly correlate with cytoplasmic 

pools in cycling cells 77, imbalances in cytosolic deoxyribonucleotide triphosphate pools cause mitochondrial 

replication stress which manifests as embryonic lethality and growth retardation 85. Mitochondrial dysfunction 

has been shown to lead to a decrease in deoxynucleoside pools which causes a delay of replication fork 

progression and double strand breaks causing genomic instability, such as chromosomal translocations and 

rearrangements 79. Additionally, the size of nucleoside pools has been proposed to be rate limiting for mtDNA 

replication 281. Collectively, these observations suggest that imbalances in nucleoside and nucleotide pools may 

chronologically precede the observed changes in gene expression clusters related to mitosis and altered 

embryogenesis. Importantly, these results show that nucleoside and nucleotide pool imbalance is a principal 

mode of action behind thymidine analogue induced adverse events beyond the polymerase-  theory. 

2.8.2 Nucleoside pharmacokinetics  

Nucleoside and nucleotide transporters in the mitochondrial and plasma membrane differ in their affinities for 

specific analogues, therefore affecting cellular compartmentalization of these drugs 50. Additionally, although 

there are discrepancies between the ability of these compounds to inhibit polymerase- , the ability of 

nucleoside analogues to inhibit mtDNA synthesis and be transported depends on their efficiency to be (tri-

)phosphorylated either in the cytoplasm or the mitochondria 76,80. We therefore screened a selection of genes 

known or predicted to encode proteins that function in nucleoside phosphorylation or transport (Table 12; 

Chapter 1, 2.1 25,67,75,377–379). 

At 24h, d4T and FLT showed the most DEGs known or predicted to encode proteins that function in nucleoside 

phosphorylation or transport. At 72h, AZT showed by far the most DEGs, which coincides with the large amount 

of AZT regulated DEGs (Table 2) and the down-regulation of the ‘pyrimidine metabolism’ pathway by AZT at 

this time point (Table 7). The widespread regulation of genes related to nucleoside phosphorylation or 

transport by AZT at 72h may be induced by nucleotide pool imbalance caused by the strong accumulation of 

AZT-MP compared to AZT-TP, which has been suggested to underlie AZT cytotoxicity 380. The complete lack of 

d4T at 72h to induce gene expression changes may result from d4T’s efficient conversion to its phosphorylated 

forms compared to AZT 381. 
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Table 12. Analysis of genes known or predicted to encode proteins that function in nucleoside phosphorylation or transport. DEGs with 

an adjusted P-value of <0.01 at 24h and 72h were screened for directional regulation of selected genes. Arrows indicate up (↑) or down 

(↓) regulation of genes regulated by each individual analogue. Genes were taken from 25,67,75,377–379. 

 

C. elegans gene Functional description 
24h  72h 

AZT d4T FLT  AZT d4T FLT 
ent-1 Nucleoside transporter   ↓  ↓   
ent-2 Nucleoside transporter     ↑  ↑ 
ent-3 Nucleoside transporter  ↑   ↑   
ent-4 Nucleoside transporter     ↑  ↑ 
ent-5 Nucleoside transporter  ↓ ↓  ↓   
ent-6 Nucleoside transporter     ↓   
ent-7 Nucleoside transporter  ↓ ↓     
slc-28.1 Sodium dependent nucleoside transporter     ↑   
rnr-1 Ribonucleotide Reductase ↑ ↓ ↓  ↓  ↓ 
rnr-2 Ribonucleotide Reductase     ↓   
hpo-12 Mitochondrial deoxynucleotide carrier     ↓   
upp-1 Uridine (& thymidine) phosphorylase     ↓   
thk-1 Thymidine Kinase     ↓   
ndk-1 Nucleoside diphosphate kinase   ↑      

 

Interestingly, RNAi knockdown of the equilibrative nucleoside transporter genes, ent-1 and ent-2 in C. elegans, 

resulted in drastically reduced brood sizes and vulva protrusion phenotypes 377. We have previously observed 

vulva protrusion phenotypes upon prolonged exposure of C. elegans to FLT (Chapter 3). The observations here 

that ent-2 is up-regulated after 72h exposure to FLT may indicate that ent-2 is expressed as a mechanism to 

equilibrate the FLT induced imbalance of nucleoside pools.  

Taken together, the considerable amount of nucleoside phosphorylation or transport related genes regulated 

by the thymidine analogues supports the hypothesis that nucleoside and nucleotide pool imbalance play an 

important underlying role in NRTI toxicity. Further research is needed, however, to fully understand the 

consequences of thymidine analogue induced nucleoside and nucleotide pool imbalance, and elucidate this 

insufficiently investigated research area of NRTI toxicity 24. 

2.8.3 Alterations in amino acid metabolism 

Metabolism pathways were particularly well represented by the thymidine analogue DEGs, particularly those 

related to amino acid metabolism (Table 7). Both essential and non-essential amino acid metabolism pathways 

were enriched and the ‘nitrogen metabolism’ pathway was also found to be represented, reinforcing the 

observation that altered amino acid metabolism is likely a major consequence of thymidine analogue exposure. 

In light of this we quantified amino acid profiles from nematodes exposed to thymidine analogues for 24h, 48h, 

and 72h (Figure 4).  

Although the results need further verification, thymidine analogue exposure induced small yet noticeable 

changes in amino acid concentrations at 24h, 48h, and 72h. At 24h, AZT appeared to slightly increase the 

concentration of phenylalanine, tyrosine, and leucine, and decrease glycine concentrations. d4T also decreased 

glycine, as well as valine concentrations. Additionally, d4T increased glutamic acid concentrations. FLT showed 

a decrease in valine, glycine, and lysine concentrations (Figure 4A, Table 13). At 48h the changes for FLT were 

more pronounced. FLT increased alanine concentrations and slightly decreased concentrations of glycine, 
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valine, leucine, isoleucine, and glutamic acid. At 48h AZT caused phenylalanine alanine, and glutamine 

concentrations to slightly increase. d4T appeared to decrease glycine, valine, leucine, glutamine, and 

asparagine concentrations whilst increasing aspartic acid concentrations (Figure 4B). At 72h, the thymidine 

analogue induced changes in amino acid concentrations became much more wide spread. AZT appeared to 

decrease alanine, glycine, valine, leucine, isoleucine, and glutamic acid concentrations. d4T increased 

phenylalanine, tyrosine, glutamine, asparagine, lysine, and serine concentrations, and valine concentrations. 

FLT at 72h decreased phenylalanine, alanine, methionine, glycine, valine, leucine, isoleucine, lysine, arginine, 

proline, and glutamic acid concentrations, and increased glutamine concentrations (Figure 4C, Table 13). 

Long-lived mitochondrial respiratory chain mutants, also known as mit mutants, have deficiencies in oxidative 

phosphorylation and share similar phenotypes as those presented by nematodes exposed to thymidine 

analogues (Chapter 3). Interestingly, complex I mit mutants have upregulated KEGG pathways in ‘tyrosine 

metabolism’, ‘glycine, serine and threonine metabolism’, ‘tryptophan metabolism’, ‘phenylalanine 

metabolism’, ‘alanine and aspartate metabolism’, ‘arginine and proline metabolism’, ‘selenoamino acid 

metabolism’, and glutathione metabolism’ 382, which is strikingly similar to KEGG amino acid metabolism 

pathways that were found to be enriched by d4T and FLT at 24h, and AZT at 72h (Table 7). Additionally, the 

long-lived complex I mit mutant gas-1 and complex III mutant isp-1, and the short-lived complex II mutant mev-

1, have altered concentrations of amino acids compared to controls. Remarkably, these mit mutants showed 

almost completely opposite amino acid profiles compared to thymidine analogues (Table 13) 382. Only 

glutamine and glutamic acid concentration changes appear to be similar in the complex I mit mutant gas-1 and 

thymidine analogues. Theoretically, the almost completely opposite amino acid profiles may be caused by the 

difference between a knock-out of a MRC complex constituent compared to the likely (partial) inhibition of 

MRC complex function by thymidine analogues (Chapter 3). For example, RNAi knock-down of MRC complex 

components that are identical to mit mutant deficiencies, have been shown to have distinctly different 

metabolic profiles than mit mutants, as RNAi knock-down is never complete 294,313. Nonetheless, these results 

warrant further investigation into the changes in metabolism induced by thymidine analogues and may help 

shed light on many adverse events related to thymidine analogue exposure.  

Table 13. Comparison of free amino acids profiles in mit mutants and after thymidine analogue exposure. Mit mutant profiles adapted 

from 382. Thymidine analogue profiles are inferred from Figure 4. 

 

Amino acid 
Complex mutant  24h  72h 

I (gas-1) II (mev-1) III (isp-1)  AZT d4T FLT  AZT d4T FLT 
Phenylalanine ↓ ↑   ↑     ↑ ↓ 
Tyrosine ↓    ↑     ↑  
Alanine ↑  ↑      ↓  ↓ 
Glycine ↑ ↑ ↑  ↓ ↓ ↓  ↓  ↓ 
Valine ↑ ↑ ↑   ↓ ↓  ↓  ↓ 
Leucine ↑ ↑ ↑  ↑    ↓  ↓ 
Isoleucine ↑ ↑ ↑      ↓  ↓ 
Glutamine ↑ ↓ ↓       ↑ ↑ 
Lysine ↓  ↓    ↓   ↑ ↓ 
Arginine ↓          ↓ 
Glutamic acid ↓ ↓ ↓      ↓  ↓ 
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Figure 4. Quantification of measureable amino acids during thymidine analogue exposure. A: 24h, B: 48h, & C: 72h exposure. Thymidine 

analogue concentration = 100μM. Amino acids with undetectable values were excluded from graphical presentation. 

 

2.8.4 Thymidine analogue effects on genes encoding tricarboxylic acid cycle enzymes 
AZT and d4T at 24h show enrichment in the glycolysis and pyruvate metabolism pathways (Table 7). Together 

with the changes in amino acid profiles (Figure 4), these results suggest that, much like mit mutants 382, 

thymidine analogues induce changes in the expression of genes encoding tricarboxylic acid cycle enzymes. This 

notion is supported further by the thymidine analogue induced changes in pathways that provide substrates to 

the tricarboxylic acid cycle, such as the ‘fatty acid metabolism’ pathway. We therefore screened the DEGs from 

thymidine analogues with C. elegans genes that encode for enzymes that regulate tricarboxylic acid pathway 

metabolism (Table 14). 
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Table 14. Directional regulation of genes by thymidine analogues that encode regulators of the tricarboxylic acid cycle. Thymidine 

analogue induced DEGs with an adjusted P-value of <0.01 at 24h and 72h are shown. Arrows indicate UP (↑) or DOWN (↓) regulation. 

Genes that encode enzymes that regulate the tricarboxylic acid cycle were taken from 382. 

 

Gene 
24h  72h 

AZT d4T FLT  AZT d4T FLT 
acly-2 ↑ ↓ ↓  ↓ ↓  
sdha-2  ↓ ↓  ↓   
C01G10.7  ↓   ↓   
aco-1     ↑   
idh-2  ↑      
idha-1 ↑       
idhg-1  ↓      
suca-1  ↑      
sucl-1  ↑      
sucl-2  ↓      
dld-1 ↑       
mdh-2 ↑       

 

Two genes were found to be differentially expressed upon exposure to all the thymidine analogues, namely 

acly-2 and sdha-2. acly-2 is an ortholog of human ACLY (ATP citrate lyase), and was up-regulated by AZT and 

down-regulated by d4T and FLT at 24h, and down-regulated by AZT and d4T at 72h. ACLY catalyses the 

synthesis of acetyl-CoA and plays an important role in linking energy metabolism from carbohydrates to fatty 

acid production 383, indicating that fatty acid metabolism in C. elegans is also likely affected by thymidine 

analogue exposure. sdha-2, was down-regulated by all the thymidine analogues, albeit not uniformly at one 

time point. sdha-2 encodes one of two C. elegans flavoprotein subunits of the mitochondrial succinate 

dehydrogenase complex (Complex II). One way to maintain redox balance and generate ATP in the absence of 

respiration is fermentation, for instance via malate dismutation. In long-lived mit mutants knock down of 

fumarate reductase, which acts in the malate dismutation pathway to catalyse the NADH/FADH2 dependent 

reduction of fumarate to succinate, caused further lifespan extension, indicating that metabolic rerouting has 

major impact on longevity 294. For thymidine analogue exposure, down-regulation of sdha-2 may have similar 

effects. Coincidently, AZT at 72h also showed down-regulation of a fumarate reductase (F48E8.3). 

Overall, it is hard to draw any conclusions from how the tricarboxylic pathway enzyme encoding genes are 

regulated upon thymidine analogue exposure. Down-regulation of tricarboxylic acid genes, however, is known 

to block mitotic entry in the C. elegans early embryo 384. In particular, d4T and FLT showed decreased 

expression of tricarboxylic acid genes which supports the knowledge that replicating tissues and tissues of high 

energy demand are particularly sensitive to the thymidine analogues 19,32.  

2.8.5 Thymidine analogue induced lipodystrophy and alterations in fatty acid metabolism 

Prolonged exposure to thymidine analogues has been found to cause lipoatrophy, lipohypertrophy, and 

dyslipidemia in approximately 50% of HIV-1 patients 19,32,361. The suppression of autophagy and adipogenesis by 

AZT and d4T is a likely cause for lipoatrophy, which regularly manifests as peripheral fat loss in HIV-1 patients 
361. Autophagy can be modulated by inhibition of the nutrient sensing pathway TOR (target of rapamycin), and 

we found that FLT down-regulated the mTOR signalling pathway at 24h. Additionally, we found altered 
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regulation of lipid metabolism pathways for all the thymidine analogues (Table 7). Because of these 

observations we hypothesised that fatty acid profiles may be affected upon exposure to thymidine analogues 

and we therefore quantified fatty acids in nematodes treated with AZT, d4T and FLT after 24h, 48h, and 72h 

exposure (Figure 5). 

Although these results require additional experimental verification, thymidine analogues induced changes in 

fatty acid profiles at 24h, 48h, and 72h. There were noticeable decreases in C17:1 and C19:1 fatty acid 

concentrations for all the thymidine analogues at 24h. C18:1 fatty acid concentrations were higher than 

controls for d4T and FLT, and the concentration of C18:2 was also higher for d4T. Additionally, AZT and FLT 

appeared to cause a small decrease in C15:0 concentrations (Figure 5A). At 48h, C15:0 concentrations 

normalised for d4T and increased for FLT. FLT at 48h also caused an increase in C17:0 and a decrease in C18:0 

fatty acid concentrations. C18:1 fatty acid concentration was increased for all the thymidine analogues and 

C18:2 concentrations were also higher for d4T and FLT at 48h, which was accompanied by a small decrease in 

C20:3 and C20:4 fatty acid concentrations (Figure 5B). 72h exposure to thymidine analogues showed the most 

changes in fatty acid concentrations, with FLT having the overall strongest effect. FLT increased the 

concentrations of C14:0, C15:0, C16:0, C16:1, C17:0, C17:1, C18:0, C19:0, and C19:1. d4T showed an increase in 

C18:1 and C18:2 concentrations, and together with AZT showed a slight decrease in C16:0 concentrations 

(Figure 5C). 
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Figure 5. Quantification of measureable fatty acids during thymidine analogue exposure. A: 24h, B: 48h, & C: 72h exposure. Thymidine 

analogue concentration = 100μM. Fatty acids with undetectable values were excluded from graphical presentation. 

 

These changes in fatty acid profiles suggest that thymidine analogue exposure disrupts fatty acid metabolism. 

Fatty acids are one of the major sources to maintain metabolic homeostasis, particularly for the generation of 

energy via β-oxidation in the mitochondria 385. NRTI induced mitochondrial dysfunction, particularly in the liver, 

has been proposed to reduce β-oxidation and thus increase fatty acid concentrations 386. Conversely, one study 

in mice showed that AZT and d4T increase fatty acid oxidation 387. Our observations that fatty acid 

concentrations generally increase at 48h and 72h as a result of d4T and FLT suggest that β-oxidation becomes 

decreased upon prolonged exposure to these thymidine analogues. The generally lower concentrations of fatty 

acids for AZT, d4T and FLT at 24h may indicate that β-oxidation is temporarily increased in an attempt to 

maintain metabolic homeostasis during the thymidine analogue induced pressure upon mitochondrial function. 
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To investigate the extent to which thymidine analogues alter the expression of genes involved in fatty acid 

metabolism, we screened fatty acid CoA synthase encoding genes for their altered expression. At 24h, d4T 

significantly changed the expression of a large number of fatty acid CoA synthase encoding genes, of which 

most are up-regulated. At 72h, AZT regulated the most CoA synthase encoding genes (Table 15). acs-4 is the 

only gene that is differentially expressed by all analogues at 24h. acs-4 is an ortholog of the human ACSL3 (acyl-

CoA synthetase long-chain family member 3) and ACSL4 (acyl-CoA synthetase long-chain family member 4). The 

upregulation of acs-4 may explain why the long-chain fatty acids C17:1 and C19:1 are lower for all the 

thymidine analogues at 24h (Figure 5). 

Table 15. Directional regulation of fatty acid CoA synthase encoding genes by thymidine analogues. Thymidine analogue induced DEGs 

with an adjusted P-value of <0.01 at 24h and 72h are shown. Arrows indicate UP (↑) or DOWN (↓) regulation. Fatty acid CoA synthase 

encoding genes were taken from WormBase 356. 

 

Gene 
24h  72h 

AZT d4T FLT  AZT d4T FLT 
acs-1     ↑   
acs-2  ↓ ↓     
acs-3 ↓    ↑   
acs-4 ↑ ↓ ↓  ↓   
acs-5     ↑   
acs-7  ↑   ↑   
acs-10  ↑      
acs-11  ↑   ↓   
acs-12  ↑      
acs-13     ↓   
acs-15  ↑      
acs-18  ↑ ↑  ↑   
acs-19 ↑ ↑   ↓ ↓  
acs-20  ↑   ↑   
acs-22 ↓ ↑      

 

Besides genes that encode for proteins that regulate fatty acid metabolism, there are a large number of genes 

known to encode for proteins that control fat storage and mobilisation in C. elegans 369. We compared our 

DEGs at 24h and 72h versus a comprehensive list of C. elegans fat regulatory genes (Table 16) 369. The 

overlapping group of DEGs from all thymidine analogues showed enrichment of 3 genes at 24h for fat increase, 

and 6 genes at 24h for fat decrease (Table 16). At 72h the overlapping group showed enrichment of 2 genes for 

fat increase and 1 gene for fat decrease (Table 16). Interestingly at 24h, d4T showed by far the most 

enrichment in both fat increasing and fat decreasing genes. In support of these observations, patients taking 

d4T are known to have a higher incidence of lipodystrophy than patients taking AZT 44. At 72h, however, AZT 

showed by far the most enrichment in fat increasing and fat decreasing genes. This is likely caused by the 

considerably large number of DEGs that are regulated by AZT compared to d4T and FLT at 72h. 

 

 

 

 

 



501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith

   RNAseq analysis of NRTI thymidine analogue effects 
 

121 
 

Table 16. Analysis of C. elegans fat regulatory genes. Overlap indicates genes that are differentially expressed by all thymidine analogues 

with an adjusted P-value <0.01. Fat regulatory genes taken from 369. 

 

 24h  72h 
Fat genes AZT d4T FLT Overlap  AZT d4T FLT Overlap 
Increase 10 37 17 3  42 8 6 2 
Decrease 14 95 36 6  110 15 12 1 

 

Taken together, thymidine analogues showed changes in gene expression for lipid metabolism and fatty acid 

CoA synthase encoding genes. We propose that the disruption in fatty acid metabolism is secondary to the 

thymidine analogue induced mitochondrial dysfunction, specifically inhibition of the MRC (Chapter 2 & 3) 385. 

Further research is needed, however, to further elucidate the exact mode of action by which thymidine 

analogues induce changes in mitochondrial energy metabolism and fatty acid profiles. The relationship 

between mitochondrial metabolism and fat storage and mobilisation is an important field of investigation, as 

the incidence of lipoatrophy, lipohypertrophy, and dyslipidemia in HIV-1 patients treated with thymidine 

analogues is very high 19,32,361. As a starting point we propose the use of the lipid droplet dye Nile Red (5H-

benzo[ ]phenoxazine-5-one, 9-diethylamino) to visualize fat storage droplets in living worms 369. 

2.8.6 Polymerase-  inhibition, mtDNA copy number and mtDNA encoded transcripts 

mtDNA copy number has been shown to change upon exposure to thymidine analogues in vitro and in patients 

using antiretrovirals 19,53. As a marker for NRTI related mitochondrial toxicity, patients can be monitored for 

altered mtDNA copy number in the clinic 146. There is, however, accumulating evidence that mtDNA copy 

number cannot accurately predict NRTI toxicity (Chapter 3) 32,52. For example, altered mitochondrial gene 

transcription and impaired respiratory chain activity have been observed in the absence of mtDNA depletion 

during NRTI exposure 57,58. 

We have previously demonstrated that mtDNA copy number in nematodes exposed to NRTIs rapidly changes 

and continues to fluctuate over time (Chapter 3) 52. To analyse the extent of mtDNA replication inhibition at the 

same time points (24h and 72h) and using the identical drug concentration (100μM) as the RNAseq analysis, we 

quantified mtDNA copy number using a quantitative PCR. To better interpret the changes in mtDNA copy 

number at 24h and 72h we also quantified mtDNA copy number at 48h and 96h. As we have observed before, 

mtDNA copy number varies depending on the analogue administered. AZT showed no significant change at all 

time points. d4T showed no change at 24h but significantly lowered mtDNA copy number at 48h, followed by 

less drastic but significantly lower levels at 72h, and no change at 96h. FLT showed a significant reduction in 

mtDNA copy numbers at all the time points (Figure 6). 
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Figure 6. Mitochondrial DNA copy number per worm during thymidine analogue exposure. Nematodes were exposed to 100μM NRTIs 

from L4. Error bars show the 95% C.I. (df = 51). Significance was determined using a two-tailed student’s t-test assuming unequal variance. 

** = P-value < 0.01, *** = P-value <0.001. Thymidine analogues were compared to control animals of that same time point. 

The observed variation in mtDNA copy number between analogues gave us a unique opportunity to assess if 

NRTIs induce events as proposed by the polymerase-  theory. Namely, that NRTIs inhibit polymerase-  perturb 

mtDNA replication and repair, which results in a decrease of mtDNA copy number and thus a decline in mtDNA 

encoded transcripts 30. According to the polymerase-  theory and our mtDNA copy number data, the quantity 

of mtDNA encoded transcripts should be comparable to the control for AZT at both 24h and 72h, comparable 

to the control for d4T at 24h, and different compared to the control for d4T at 72h, and FLT at 24h and 72h. To 

attest whether the proposed polymerase-  inhibition by thymidine analogues results in any expression changes 

of mitochondrial encoded genes, mtDNA transcripts were analysed (Table 17).  

Table 17. Thymidine analogues did not cause a widespread change in mtDNA gene expression. mtDNA encoded gene expression log fold-

change upon exposure to thymidine analogues in comparison to the DMSO control. * = FDR is significant with an adjusted P-value <0.01. 

Human 
homolog C. elegans ID Complex 24h  72h 

AZT d4T FLT AZT d4T FLT 
ND1 nduo-1 (MTCE.11) I -0.42573 -1.05511 -0.66934  -0.25361 0.35934 -0.34958 
ND2 nduo-2 (MTCE.16) I -1.25422 * -1.37317 * -0.80080  -1.86339 * -0.47305 -1.20325 
ND3 nduo-3 (MTCE.34) I -1.19201 -0.65056 -0.40210  -1.23112 -0.20839 -1.76806 
ND4 nduo-4 (MTCE.25) I -1.16082 -1.63184 -0.84974  -0.57371 -0.25438 -0.00287 
ND4L ndfl-4 (MTCE.4) I 0.03412 0.55962 0.95190 *  0.36284 1.24670 -0.45206 
ND5 nduo-5 (MTCE.35) I -0.70114 -1.28552 -0.35662  -0.08929 0.31196 0.59446 * 
ND6 nduo-6 (MTCE.3) I 0.00838 -0.31033 0.38270  0.56053 1.63872 0.56924 
Cyt b ctb-1 (MTCE.21) III -0.88291 -1.46072 -0.91151  -0.49122 * -0.09158 -0.42350 
COI ctc-1 (MTCE.26) IV -0.88480 -1.13439 -0.46156  -1.03782 -0.45925 -0.65667 
COII ctc-2 (MTCE.31) IV -0.99487 -1.03472 -0.96629  -0.57633 * 0.01629 -0.96274 * 
COIII ctc-3 (MTCE.23) IV -1.13078 -1.09029 -0.70935  -1.49938 -0.30849 -1.12089 
ATPase6 atp-6 (MTCE.12) V-F0 -0.98015 -1.19536 -0.77510  -0.49239 * 0.08167 -0.63568 * 
23s rRNA MTCE.33  -1.10129 * 0.64710 * 0.21408  -0.43277 -0.48702 -1.61504 * 
18s rRNA MTCE.7  -0.74677 * 1.05668 * 0.82044  -0.54627 -0.47150 -1.17621 * 
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Thymidine analogues did not cause a widespread expression change in mtDNA encoded transcript quantity 

compared to the DMSO control (Table 17). Even d4T at 72h and FLT at both 24h and 72h showed no 

widespread change. Additionally, our results show that fold-changes are generally not large, and of the genes 

that show considerable expression change, no logical order can be found between the initiation of sequence 

transcription and the distance from the mtDNA displacement loop; the genes that show expression changes are 

randomly scattered over the mitochondrial genome. Moreover, not one MRC complex appears to be 

specifically affected. These results are in line with observations in adipocytes exposed to d4T and AZT, where 

lowered mtDNA copy number did not result in a decrease of mtRNA quantity 32, and they directly oppose the 

polymerase-  theory. 

2.8.7 Compensatory mtDNA replication mechanism expression upon thymidine analogue 

exposure 

Due to the lack of widespread changes in mtDNA transcript expression (Table 17) we surmised that the mtDNA 

maintenance and transcription machinery may be differentially regulated upon exposure to thymidine 

analogues and thus keep mtDNA transcript expression stable. We have previously proposed that compensatory 

mechanisms may operate during exposure to NRTIs in an attempt to keep mtDNA, mtRNA, or mitochondrially 

encoded protein content at a sufficient level (Chapter 3) 52. Additionally, mitochondria are known to adapt 

transcription to keep the MRC functioning optimally, independent of changes in mtDNA level 57. 

d4T and FLT exposure after 72h showed no changes in mtDNA maintenance and transcription gene expression. 

24h exposure, however, showed that for d4T approximately half of the genes are differentially expressed. 

Although the mtDNA level decrease for FLT is more pronounced than d4T, FLT showed fewer genes to be 

differentially expressed at 24h. Exposure to AZT showed a few changes in mtDNA maintenance and 

transcription gene expression at 72h and one differentially expressed gene at 24h, notably polymerase-  (polg-

1; Table 18). Of all the mtDNA maintenance and transcription genes showing considerable differences in 

expression for all the thymidine analogues, the majority (~66%) were down-regulated. These results suggest 

that mtDNA maintenance and replication genes are not widely or strongly regulated in response to thymidine 

analogue exposure. 

To verify our RNAseq results we quantified polg-1 mRNA quantity after 24h exposure to 200μM FLT using a 

mRNA qPCR. Additionally, we used RNAi to knock-down polg-1 and then quantified mtDNA copy number at 24h 

and 72h, to investigate the relationship between depleted polg-1 transcripts and mtDNA copy number. mRNA 

quantity after 24h exposure to FLT showed a reduction of approximately 50% (Figure 7A) which is stronger than 

a 20% reduction seen in the RNAseq results. The concentration of FLT, however, in the mRNA qPCR is twice 

that of the RNAseq, which may explain this difference. RNAi treatment of nematodes showed that polg-1 

knock-down after 24h resulted in increased mtDNA copy numbers, and after 72h showed decreased copy 

numbers (Figure 7B). The short-term (24h) decrease in polg-1 transcripts appeared to stimulate mtDNA copy 

number replication. This is supported by the reduction of polg-1 transcripts (Table 18) and the trend towards 
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increased mtDNA copy number (Figure 6) upon 72h exposure to AZT. Continued polg-1 mRNA depletion, 

however, appeared to inhibit mtDNA replication causing a decline in mtDNA copy number (Figure 7B). 

Table 18. Thymidine analogues did not cause a widespread change in mtDNA maintenance and transcription machinery expression. 

Gene expression log fold-change upon exposure to thymidine analogues in comparison to the DMSO control. * = FDR is significant with an 

adjusted P-value <0.01. Genes were selected from 213. 

 

Human 
homolog C. elegans ID 24h  72h 

AZT d4T FLT AZT d4T FLT 
Pol-  polg-1 (Y57A10A.15) 0.20992 0.16837 -0.20869  -0.67693 * -0.29952 -0.08945 
TFAM hmg-5 (F45E4.9) -0.35646 -1.95818 -0.67627  -0.67287 0.18099 0.02996 
SSBP1 mtss-1 (PAR2.1) -0.02228 -1.53465 -0.29221  -0.44195 0.34366 0.32440 
ANT2/3 ant-1.2 (W02D3.6) 0.88185 1.54644 1.44524  0.58489 0.02899 0.92783 
ANT2/3 ant-1.4 (T01B11.4) 0.14353 3.90307 * 2.90088 *  2.85950 0.52987 0.26333 
ANT2/3 C47E12.2 -0.07525 -1.70805 -0.35429  -1.08926 -0.05785 0.98483 
SHMT2 mel-32 (C05D11.11) 0.01493 -0.68565 * -0.78941 *  0.00931 -0.00071 -0.04085 
HSPA1 hsp-6 (C37H5.8) 0.51805 -0.30243 -0.00600  -0.35167 -0.26127 1.38071 
PEO1 F46G11.1  0.52077 2.36117 * 1.16219  1.96964 * 0.87159 0.84292 
CLPX D2030.2  -0.30185 -0.84538 * -0.60818  -1.17438 -0.56447 -0.18134 
POLRMT rpom-1 (Y105E8A.23) -0.18082 -0.47176 * -0.66748  -0.80577 * -0.34321 0.22787 
DNAJA3 dnj-10 (F22B7.5)  0.01246 -0.84108 * -0.30994  -0.49467 -0.09233 0.30701 
CPS1 pyr-1 (D2085.1)  0.27947 -0.68106 * -0.80454 *  -0.58494 -0.01460 -0.55464 
ATADA3 atad-3 (F54B3.3)  -0.06622 -1.18146 -0.50337  -0.06882 -0.07548 0.40358 
IMMT immt-1 (T14G11.3)  0.29926 0.52186 0.08952  0.06888 0.01336 -0.56251 
IMMT immt-2 (W06H3.1)  0.17929 -0.58167* -0.85511*  -0.68996* -0.25036 -0.02147 
MTHFD2 dao-3 (K07E3.3)  0.24785 1.70825 1.58707  0.43065 -0.23445 -0.24942 
ACAT1 kat-1 (T02G5.8)  0.23034 0.12624 -0.19151  0.55074 -0.00931 -0.10741 
ATP5A1 phi-37 (H28O16.1)  0.57673* 0.39035* -0.22051  -0.20375 -0.23580 -0.01642 

 

 

Figure 7. Verification of RNAseq results. A: Relative fold change of polg-1 mRNA quantity compared to control after 24h FLT exposure. 

Error bars indicate standard error. B: mtDNA copy number after RNAi knock-down of polg-1 at 24h and 72h post-treatment, compared to 

the RNAi control vector H115. Error bars show the 95% C.I. (df = 51). Significance was determined using a two-tailed student’s t-test 

assuming unequal variance. ** = P-value < 0.01, *** = P-value <0.001. 

One possible reason for the observed lack of extensive expression changes in mtDNA transcripts or mtDNA 

maintenance and replication genes is the existence of heteroplasmy, which also exists in C. elegans 345. 

Although mtDNA copy number (Figure 6) and likely also mtDNA quality declines during thymidine analogue 

exposure 45, the amount of intact mtDNA copies may be sufficient to produce adequate amounts of transcripts. 
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Another explanation could be that mitochondrial morphology adapts upon exposure to thymidine analogues 

and in this way compensates for the decline in mtDNA copy number by distributing mtDNA transcripts between 

organelles. Mitochondrial fusion has been shown to be required for mtDNA stability 226, and we previously 

demonstrated that mitochondrial morphology becomes more tubulated upon exposure to FLT and d4T, and 

more fragmented by AZT after 72h exposure in C. elegans 52. Using the DEGs from this study we observed an 

enrichment (unadjusted P-value = 0.013215) in mitochondrial morphology genes upon 24h exposure to d4T 

and FLT (data not shown) 180,388. Finally, it is also possible that the cell compensates for the decrease in mtDNA 

with increased stability of mitochondrial mRNA or by storing mRNA in so-called P-bodies, from which they can 

re-enter translation 389.  

Taken together; mitochondrial mtDNA copy number does not adequately reflect mitochondrial toxicity, and the 

polymerase-  theory does not entirely explain the mode of action behind NRTI induced mitochondrial toxicity. 

Altered expression of genes known to encode proteins involved in mtDNA replication and maintenance is likely 

not a compensatory mechanism used by C. elegans in an attempt to keep mtDNA levels at sufficient levels 

during thymidine analogue exposure. More research is needed to elucidate the mechanisms behind mtDNA 

copy number regulation and NRTI related mitochondrial toxicity. 

2.8.8 Expression of signalling pathways that regulate ageing upon exposure to thymidine 

analogues 

Although antiretroviral medication has enabled HIV-1 infected patients to live without the onset of AIDS, 

patients receiving antiretrovirals are estimated to live 10-30 years less than the uninfected 126. HIV-1 patients 

show signs of premature and accelerated ageing that may be caused by adverse effects of antiretroviral drugs, 

specifically those that affect the mitochondria 2. Nematodes exposed to thymidine analogues, however, 

showed mitochondrial dysfunction that coincided with mitohormetic like phenomena such as lifespan 

extension (Chapter 3). In chapter 3 we suggested that NRTI induced MRC inhibition and increased ROS 

production lead to mitohormetic responses that cause lifespan extension similar to the modes of action shown 

to cause prolonged longevity in mit mutants. To attest this hypothesis we mapped our thymidine analogue 

DEGs to pathways which have been proposed to be responsible for the lifespan extension seen in mit mutants. 

Additionally, we analysed pathways involved in mitohormetic ROS signalling. 

2.8.8.1 Lifespan extension in mit mutants 

C. elegans long-lived mit mutants display a spectrum of phenotypes that are typically unified by reduced rates 

of development, ageing and behaviour 246. The extended lifespan of clk-1 and isp-1 mutants has been proposed 

to depend on the hypoxia-inducible transcription factor HIF-1, which is activated by a mild increase in ROS 293. 

In this way, HIF-1 links respiratory stress in the mitochondria to a nuclear transcriptional response that 

promotes longevity 272. Besides HIF-1, the C. elegans p53 homolog, CEP-1, is also known to modulate longevity 

in mit mutants 246. Moreover, Yee et al. demonstrated that the intrinsic apoptosis pathway response to MRC 

inhibition in mit mutants is responsible for the increased longevity of these animals 290. 
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HIF-1 has been found to regulate 63 genes during hypoxia 390, and CEP-1 has been found to regulate 3404 

genes (1374 up-regulated, 2030 down-regulated) in isp-1 and mev-1 mutants 391. A comparison of HIF-1 

regulated genes with DEGs from thymidine analogues showed very little overlap (Table 19), indicating that 

thymidine analogues do not induce a HIF-1 mediated longevity response. The overlap between CEP-1 regulated 

DEGs and thymidine analogue regulated DEGs, dependent on expression direction changes, showed that only 

AZT appeared to have a considerable proportion (~16.5%) of genes that overlapped. This considerable overlap 

may suggest that CEP-1 longevity signals initiate the life span extension seen in nematodes exposed to AZT 

(Chapter 3). Apoptotic initiators, such as loss of mitochondrial membrane potential and increased 

mitochondrial ROS production, have been observed in human umbilical vein endothelial cells upon exposure to 

AZT without the occurrence of apoptotic events 188. FLT, on the other hand, has been found to induce apoptosis 

in a human lymphoblastoid cell line 143. Our observations of the extent to which FLT exposure induced changes 

in CEP-1 mediated genes do not suggest that apoptosis in C. elegans is initiated, although further experiments 

are needed to verify this. 

Table 19. Overlap of thymidine analogue induced DEGs with genes known to be regulated by HIF-1, CEP-1 and SKN-1. The expression 

direction (Up or Down) of thymidine analogue DEGs, with an adjusted P-value <0.01, at 24h and 72h, are compared to respectively Up or 

Down regulated genes from the different conditions taken from 390–393. The numbers of genes that overlap per condition (see Table 2) at 

each time point are given with their representative percentage of thymidine analogue regulated genes between brackets. 

 

Condition 
Expression 
direction 

24h  72h 
AZT d4T FLT  AZT d4T FLT 

HIF-1  3 (0.2%) 23 (0.4%) 9 (0.5)  17 (0.3%) 6 (0.8%) 7 (0.7%) 
CEP-1 Down 69 (16.3%) 59 (2.4%) 26 (2.2%)  50 (1.7%) 25 (7.4%) 20 (4.2%) 

Up 130 (16.7%) 112 (3.5%) 28 (3.6%)  116 (3.4%) 10 (2.3%) 16 (2.7%) 
SKN-1 (ALL) Down 2 (0.5%) 9 (0.4%) 4 (0.3%)  11 (0.4%) 3 (0.9%) 5 (0.4%) 

Up 5 (0.6%) 71 (2.2%) 31 (4.2%)  86 (2.5%) 8 (1.8%) 7 (1.2%) 
SKN-1 (ROS)  6 (0.5%) 15 (0.3%) 12 (0.1%)  17 (0.3%) 2 (0.3%) 2 (0.2%) 

 

2.8.8.2 Oxidative stress induced mitohormetic signalling 

Oxidative stress responses are frequently governed by the redox sensitive transcription factor SKN-1. SKN-1 

also acts in multiple longevity pathways 246,288,289. Under normal conditions SKN-1 has been found to regulate 

386 genes (323 up-regulated, 63 down-regulated) 393. Many transcripts have been found to alter upon oxidative 

stress, of which 45 have been found to be significantly regulated by SKN-1 392. Thymidine analogue DEGs show 

very little overlap between all SKN-1 regulated genes, albeit specifically regulated by ROS or not (Table 19). This 

strongly suggests that the thymidine analogue induced lifespan extension in nematodes is not dependent on 

SKN-1 regulated longevity signals. 

It has been suggested that mit mutants acquire their longevity via an increased production of ROS, as a 

substantial amount of genes are similarly regulated in both mit mutants and nematodes exposed to a low dose 

of paraquat 290. To attest the similarity of gene expression between the mit mutants isp-1 and nuo-6, paraquat 

exposure, and thymidine analogues, we quantified the overlap in gene expression changes. On average, 

independent of their directional regulation at 24h, approximately 10% of the thymidine analogue induced DEGs 

are similar to the DEGs found in isp-1 and nuo-6 mit mutants (Table 20). At 72h, this percentage drops for AZT 
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and d4T. FLT, however, shows an increased percentage of overlapping DEGs (on average, approximately 21%). 

Although rigorous statistical testing is needed to verify these results, this may indicate that thymidine 

analogues, in particular FLT, cause similar effects as mit mutants.  

Paraquat is known to increase longevity through an increased production of ROS which leads to mitohormetic 

responses 290. When comparing thymidine analogue induced DEGs to DEGs regulated by 100μM paraquat, AZT 

at 24h showed considerable overlap. In particular the upregulated genes from AZT at 24h showed a 56% 

overlap, which strongly suggests that AZT induced a ROS dependent mitohormetic response (Table 20). At least 

for AZT, this observation verifies our results from chapter 3 where we showed that MRC inhibition and an 

increase in ROS production may result in a mitohormetic longevity response. This longevity signal may be 

mediated by the CEP-1 pathway 290. Moreover, we also observed that mitochondrial morphology changes 

induced by AZT were highly similar to those induced by paraquat 52, which supports these results. 

Table 20. Overlap of thymidine analogue induced DEGs with mit mutants and paraquat (PQ) regulated DEGs. The expression direction 

(Up or Down) of thymidine analogue DEGs, with an adjusted P-value <0.01, at 24h and 72h, are compared to respectively Up or Down 

regulated genes from the different conditions taken from 290. The numbers of genes that overlap per condition (see Table 2) at each time 

point are given with their representative percentage of thymidine analogue regulated genes between brackets. PQ = paraquat. 

 

Condition 
Expression 
direction 

24h  72h 
AZT d4T FLT  AZT d4T FLT 

isp-1 Down 40 (9.4%) 119 (4.9%) 63 (8.4%)  96 (3.1%) 14 (4.1%) 21 (4.4%) 
Up 99 (12.7%) 222 (7.0%) 49 (6.6%)  231 (6.7%) 18 (4.1%) 107 (18.3%) 

nuo-6 Down 44 (10.4%) 221 (9.1%) 119 (10.0%)  216 (7.1%) 17 (5.0%) 28 (5.9%) 
Up 121 (15.6%) 324 (10.2%) 55 (7.4%)  314 (9.1%) 21 (4.8%) 141 (24.1%) 

100μM PQ Down 88 (20.7%) 76 (3.1%) 20 (1.7%)  40 (1.3%) 18 (5.3%) 26 (5.5%) 
Up 435 (56.0%) 168 (5.3%) 22 (2.9%)  171 (5.0%) 39 (9.0%) 53 (9.1%) 

 

2.8.8.3 The mitochondrial retrograde response 

Mitochondrial dysfunction has been found to induce a ‘retrograde’ response, which can be defined as a 

communication between mitochondria and nucleus, and can influence many cellular activities, including 

lifespan 394. The retrograde response has been particularly well studied in yeast, however, in C. elegans a 

similar mitochondria to nucleus communication has been reported, specifically upon impaired mitochondrial 

respiration as observed in the mit mutant clk-1 267. Mitochondrial retrograde signalling in yeast is known to 

function through Ca2+ dynamics and is linked to TOR signalling, which together generally culminate in a 

reorganisation of metabolic and stress related pathways. Importantly, the mitochondrial retrograde response is 

distinctly different to mitochondria initiated apoptosis signalling 394. The mitochondrial retrograde response 

may be a mechanism by which thymidine analogues induce changes in the cell, as we found changes in lipid 

and amino acid metabolism (Figure 4 & 5), and in particular for d4T; upregulation of the Ca2+ signalling 

pathway. We previously suggested that Ca2+ signalling may be a way by which the cell alters the expression of 

nuclear encoded MRC genes and regulates increased mitochondrial biogenesis upon thymidine analogue 

induced mtDNA replication stalling and depletion (Chapter 3) 185. Perhaps for d4T, which showed the largest 

fluctuations in mtDNA copy number (Figure 6), the mitochondrial retrograde response is a mechanism by which 

d4T induces longevity signals. 
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It is altogether likely that, although the nature of the response to thymidine analogue exposure is similar in 

terms of lifespan extension, the specific genes that are affected and the extent to which they are up-regulated 

or down-regulated varies between them. It is also probable that varied activation of many different pathways 

culminates in the same outcome 267. We therefore assessed the overlap between thymidine analogue DEGs 

with a comprehensive dataset of genes known to be involved in ageing 395. Only AZT at 24h had a significant 

overlap of 48 out of 724 genes (unadjusted P-value = 0.019328; data not shown). 

2.8.9 Points to consider 

C. elegans is a powerful model system. However, it is possible that in some cases our results reflect a C. elegans 

specific response to thymidine analogue exposure. This is likely particularly the case where stress and longevity 

are concerned 396,397. Nonetheless, C. elegans is an ideal first proxy for studies in other model systems that 

more closely resemble human responses. It is also important to note that specific cell-types have been shown 

to be more susceptible to NRTIs and consequent toxicity than others 89,398,399. In this study the transcriptome of 

entire synchronised worm cultures was used (see Materials and Methods), meaning that tissue and cell specific 

responses cannot be discerned.  

Besides cell specific responses, NRTIs are known to induce drug concentration dependent effects (Chapter 3) 
400. In previous experiments (Chapter 2 & 3) we have used 200μM of NRTIs, instead of the 100μM used in this 

study, to ensure we induced robust responses. We specifically chose 100μM for this transcriptome analysis as 

we did not want to induce major stress response pathways that may convolute the finer essential reactions to 

exposure of thymidine analogues. Moreover, pharmacokinetic responses to NRTIs are known to be dependent 

on dose 65,400. For instance, the phosphorylation of thymidine analogues determines their 

compartmentalisation and efficacy in inhibiting polymerase-  23.  

3. Conclusion 

In C. elegans, 24h and 72h exposure to thymidine analogues induced considerable changes in gene expression. 

The overlapping DEGs from each analogue at 24h showed that AZT had distinctly different directional 

regulation than d4T and FLT, which were strikingly similar. After 72h, AZT DEGs were similar to d4T and FLT at 

24h. Mitochondria are considered to be the main site of thymidine analogue induced toxicity. However, the 

differential expression of genes encoding for mitochondrially localized proteins upon exposure to thymidine 

analogues was not considerably high. Only AZT at 24h showed significant overlap, specifically, metabolic 

processes were affected. 

KEGG pathway analysis of overlapping genes from each analogue showed that as a class, thymidine analogues 

induce changes in mitosis and metabolism. Individually, thymidine analogues showed the most prominent 

changes in genetic information processing, metabolism, and signalling pathways. We propose that genetic 

information processing and mitosis pathways are enriched by thymidine analogue induced changes in 

nucleoside pharmacokinetics, in particular that of replicating tissues. Changes in thymidine content upon 

exposure to NRTI thymidine analogues may lead to stalling of mitosis, which in C. elegans is epitomised as 
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altered fecundity and brood size. Nucleoside pharmacokinetics is a relatively unexplored research area and falls 

outside the scope of the polymerase-  theory. 

The strong enrichment in metabolism pathways, in particular those involving amino acids and fatty acids, 

supports the standing hypothesis that the mitochondria are especially susceptible to NRTI induced toxicity. 

Moreover, the amino acid and fatty acid profiles of thymidine analogue treated C. elegans verify the 

observations in gene expression changes. A large proportion of patients receiving thymidine analogues are 

known to suffer from metabolic disorders, and further research into these afflictions - with the aid of C. elegans 

- may help elucidate the exact causes for these severe adverse events. 

The consequences of enrichment of signalling pathways, however, remain unclear. It is likely that these are 

triggered as a secondary effect of exposure to thymidine analogues. Additional exploration into these signalling 

pathways may help explain the mechanisms behind some adverse events. In this study we have briefly 

addressed the phenomenon of premature and accelerated ageing, and propose that AZT causes lifespan 

extension in C. elegans through ROS induced mitohormetic signalling. AZT showed strikingly similar changes in 

gene expression to those induced by low doses of paraquat and long-lived mit mutants. 

The most significant finding of this study is the observation that mtDNA encoded transcript quantity remained 

unchanged in the face of thymidine analogue induced mtDNA copy number decline. Moreover, the expression 

of genes encoding vital mtDNA transcription or maintenance machinery was also not altered. It has become 

clear that compensatory mechanisms exist that can keep both mtDNA copy number and mtDNA related 

transcripts at sufficient levels under pressure of thymidine analogue exposure and polymerase-  inhibition, at 

least in C. elegans. These results are in contradiction to the polymerase-  theory and provide a solid foundation 

and incentive for further research into mechanisms of NRTI related toxicity beyond the polymerase-  theory. 
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4. Materials & Methods 

4.1 Nematode culture and drug exposure 

Gravid wild type (N2) nematodes were treated with alkaline hypochlorite to extract eggs, where after the eggs 

were placed in M9 buffer overnight to hatch and facilitate a more synchronous culture. L1 larvae were then 

placed on NGM plates with an OP50 bacterial lawn until L4, and transferred to plates containing the drug of 

interest for 24 or 72 hours. Bacteria and eggs were removed from the culture using a 1μm pore mesh before 

immediately freezing the samples at -80oC until RNA extraction. 72 hour cultures were moved to fresh plates 

every day after meshing. 

4.2 Thymidine analogues 

2ʹ,3ʹ-Didehydro-3ʹ-deoxythymidine (D1413 Sigma-Aldrich), 3ʹ-Azido-3ʹ-deoxythymidine (A2169, Sigma-Aldrich) 

and 3’-deoxy-3’-Fluorothymidine (361275, Sigma-Aldrich) were dissolved in Dimethylsulfoxide (D4540 Sigma-

Aldrich) to stocks of 300mM. A final concentration of 100μM was added to the NGM media before pouring. 

Besides unexposed nematodes, a representative DMSO concentration (0,033%) was used as a control. 

4.3 RNA extraction, library construction and sequencing 

RNA was extracted from worm pellets using the Direct-zol RNA MiniPrep kit (Zymo Research, R2052) as 

described by the manufacturer. RNA integrity and quality were analyzed using the Agilent 2100 Bioanalyser 

(G2938A) before Illumina Sequencing (BaseClear B.V., Leiden, The Netherlands). Sequencing was carried out 

using the Illumina TruSeq library preparation kit, sequencing with 20 million reads per sample. 

4.4 Data processing and statistics 

FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc) was used to check the quality of the raw 

reads. No samples were omitted from statistical analysis because of bad quality. The sequence reads were 

trimmed using Trimmomatic v0.32 401. The trimmed reads were aligned against the C. elegans genome 

(Ensembl, WBcel235.75) using TopHat (v2.0.8) 402/Bowtie (v2.1.0) 403. HTseq 404 was used to quantify gene 

expression. Statistical analysis was performed in R/Bioconductor, and the DESeq package 405 was applied for 

differential gene expression analysis. Overrepresentation of GO terms in sets of differentially expressed genes 

were tested using the DAVID website 354, and the goseq package in R 406, taking into account the impact of 

possible biases. 

KEGG pathway analysis was performed using a cut-off (EASE) of 0.1, and GO Term analysis was performed using 

a cut-off (EASE) of 0.05 and using the Highest Classification Stringency, unless otherwise mentioned. Venn 

diagrams were created using Venny; An interactive tool for comparing lists with Venn's diagrams. Oliveros, J.C. 

(2007-2015). http://bioinfogp.cnb.csic.es/tools/venny/index.html. Protein domain analysis was performed with 

the InterPro database using a cut-off (EASE) of 0.1. 
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4.5 Quantitative real time PCR 

mtDNA copy number 

Quantitative real time PCR was performed as described by de Boer 52. In short, synchronized wild type (N2), 2h 

post L4 molt, young adult worms were transferred to OP50 seeded FUdR NGM plates containing PIs (300μM). 

Five adult worms were collected at predetermined time points during drug exposure and lysed in Lysis buffer 

(50mM KCl, 10mM Tris (ph 8.3), 2,5mM MgCl2, 0,45% NP-40 (IGEPAL), 0,45% Tween-20, 0,01% Gelatin, 

20mg/mL Proteinase K). Before detection in the PCR, the solution was diluted 40 times and 2 μl was used as 

input in the PCR reaction. Primers specific for cytochrome c oxidase subunit I (COX1) were used for the 

determination of mtDNA copy number. PCRs were performed using the Taqman® universal cycling conditions 

with amplified products being detected using a Taqman® probe for CeCOX1. Fluorescent signal intensities were 

determined using the 7300 Real-Time PCR System (Applied Biosystems) with software SDS (version 1.9.1). To 

quantify the absolute quantity of mtDNA per worm, a standard curve was generated from a plasmid with a 

fragment of the cox1 gene. After PCR the total mtDNA copies per worm were calculated. mtDNA quantitative 

PCR was performed with at least three biological and two technical replicates. 

mRNA copy number 

Worms were synchronized and hatched overnight in M9 on a shaker at 20°C and grown on NGM plates seeded 

with E. coli OP50 at 20°C. After reaching the L4 stage, they were transferred to NGM plates containing FUdR 

and the compounds assessed. At time points 2, 6 and 24 hours after exposure, worms were washed from the 

plates with M9 buffer, filtered over a SEFAR NITEX® 31μM pore mesh (03-31/24) to remove debris and E. coli, 

pelleted, and immediately stored at -80°C. RNA was extracted with the Direct-zol™ RNA MiniPrep kit from 

Zymo Research, using TRIzol, according to the manufacturer’s instructions. RNA concentration was determined 

using Nanodrop® and quality and purity were assessed with RNA ScreenTape®. Primers were designed using the 

Applied Biosystems Primer Express™ V2.0 software and, where possible, designed to be intron spanning 

(Chapter 6). All primers were checked for specificity by the NCBI Primer Blast website and verified using PCR. 

qRT-PCR analysis was adapted from Lezzerini & Budovskaya (2014) 407 using the Power SYBR Green™ RNA-to-Ct 

1-Step Kit (Applied Biosystems, Foster City, CA, USA, Part #4389986). mRNA copy numbers were calculated 

with a standard curve using Vector pD4H1 using mCherry-forward AGGGTTTTAAGTGGGAACGC and mCherry-

reverse GCATAA CAGGTCCATCCGAG primers. Biological duplicates and technical duplicates of each condition 

were measured. 

4.6 Progeny assay 

Synchronized L4 staged wildtype (N2) hermaphrodite nematodes (N≥2) were picked to Escherichia coli OP50 

pre-seeded NGM plates with 100μM of NRTI or without drug exposure (control). Progeny (eggs and L1 larvae) 

were counted every 24hrs for 4 days. Adult animals were transferred to fresh plates every 24hrs to avoid 

crowding and to facilitate progeny counting. Brood size was determined at 20oC for at least three biological 

replicates. 
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4.7 Amino acid and fatty acid quantification 

Synchronized L4 nematodes were placed on live E. coli seeded NGM agar plates containing 100μM of each 

thymidine analogue. Nematodes were washed daily with M9 buffer using a 1μm pore mesh to rid cultures of 

eggs and larvae and after 24h, 48h, and 72h exposure, were washed three times and collected in M9 buffer, 

and immediately stored at -80oC until analysis. A minimum of two samples per condition from individual 

experiments was analysed. First pellets were lyophilised and the dry worm pellet was re-suspended in ice-cold 

0.9% NaCl solution and homogenized using a TissueLyser II (Qiagen; 2x2.5 min, 30 times/sec). Then the 

homogenate was sonicated twice (energy level: 40 joule; output: 8 watts) and the protein concentration was 

quantified using a BCA assay. 

Fatty acids were extracted from worm protein lysates similar to the procedure described previously 408. In 

short, fatty acids from up to 150μg of worm lysate were hydrolysed at 90°C for 2h in acetonitrile (ACN) / 37% 

hydrochloric acid (HCl) (4:1, v/v), in the presence of deuterium-labelled internal standards (d5-C18:0, d4-C24:0, 

and d4-C26:0). Following hydrolysis, fatty acids were extracted using hexane and the upper layer was 

transferred to a fatty acid-free glass tube and evaporated at 30°C under a stream of nitrogen. Fatty acid 

residues were then dissolved in 150μL chloroform-methanol-water (50:45:5, v/v/v) solution containing 

0.0025% aqueous ammonia solution. Fatty acids were then measured using ESI-MS as described 408. 

To extract the amino acids, up to 50μg of worm protein was used for deproteinization with 80% ACN, while 

20μL internal standard mixture was added as well (containing d4-alanine, d3-glutamate, d3-leucine, d5-

phenylalanine, d8-valine, d3-methionine, d4-tyrosine, d5-tryptophan, d3-serine, d7-proline, d7-arginine, d5-

glutamine, d4-lysine, 13C-citrulline, d6-ornithine, 13C6-isoleucine, and d5-aspartate). Samples were then 

centrifuged for 10min at 16,200 g at 4°C, and the supernatant was evaporated under a stream of nitrogen at 

40°C. After evaporation, 220μl of 0.01% heptafluorobutyric acid (v/v in MQ water) was added to dissolve the 

residue, and used for HPLC-MS/MS analysis as described 409–411. 

 




