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Oxidation by reactive oxygen species is the major source of RNA damaging 

insult in living organisms. Increased RNA oxidation has been strongly implicated 

in a wide range of human diseases; predominantly neurodegeneration. Oxidized 

RNA should be removed from the cellular system to prevent their deleterious effect 

to the cells and organisms. In eukaryotic cells, mitochondria are the major 

intracellular sources of ROS and may cause greater damage to the mitochondrial 

RNA. In this study, we first investigated the RNA oxidation, by measuring the level 

of 8-hydroxy-Guanosine (8-oxo-Guo), inside mitochondria and cytoplasm in 

cultured human cells. We discovered that the mitochondrial 8-oxo-Guo is higher 

than its cytoplasmic counterparts under both normal growth and oxidative stress 

condition. Next, we explored the role of human polynucleotide phosphorylase 

(hPNPase) in controlling RNA oxidation inside mitochondria and cytoplasm. 

hPNPase binds to oxidized RNA with higher affinity, reduces the 8-oxo-Guo level 
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in total RNA and protects cells against oxidative stress. In this study, the molecular 

mechanism of hPNPase in 8-oxo-Guo reduction was investigated. First, the effect 

of hPNPase activities on the 8-oxo-Guo level in mitochondria and cytoplasm was 

examined. The knockdown of hPNPase increased both the mitochondrial and 

cytoplasmic 8-oxo-Guo, whereas overexpression had the opposite effect. Second, 

our study revealed that hSUV3, an RNA helicase that forms a functional complex 

with hPNPase in mitochondria, was dispensable in reducing 8-oxo-Guo levels. 

Furthermore, ribosomal RNA degradation intermediates were observed when 

hPNPase, but not hSUV3 was knocked down under oxidative stress. These results 

demonstrate that hPNPase controls RNA oxidation independent of its helicase 

partner. Finally, the domains of hPNPase in regulating 8-oxo-Guo levels were 

examined. Interestingly, the ability of hPNPase in controlling 8-oxo-Guo level was 

observed when one or the other domain of hPNPase was deleted. Taken together, 

this study presents hPNPase as an important molecular player in controlling 

oxidized RNA and hPNPase could be a novel therapeutic target in controlling RNA 

oxidation associated human diseases. 
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1. Introduction

*This chapter contains selected portions or full text from the following publication 

and is reproduced here with permission from the authors and the publisher* 

Li, Z., Malla, S., Shin, B., and Li, J.M. (2014). Battle against RNA oxidation: 

molecular mechanisms for reducing oxidized RNA to protect cells. Wiley 

Interdiscip. Rev. RNA 5, 335–346. 

1.1. Generation of reactive oxygen species (ROS), oxidative stress and 

oxidative damage to macromolecules 

1.1.1. ROS generation and metabolism  

Almost all life forms on earth depend on oxygen for their existence. During 

aerobic metabolism, a small fraction of oxygen consumed in cells is converted to 

reactive oxygen species (ROS). The term ROS embodies free and non-free 

chemical species containing oxygen molecules that include but are not limited to 

superoxides (•O2
 -), hydroxyl radical (HO•), hydrogen peroxide (H2O2), and singlet 

oxygen (1O2) (reviewed in Li and Trush, 2016). ROS can be generated from a 

variety of sources. Endogenously, the majority of the ROS is generated as a 

byproduct of oxidative phosphorylation and nitric oxide synthase reaction (Murphy, 

2009). In addition, peroxisomes, endoplasmic reticulum (ER), lysosome, and 

extracellular space also constantly produce ROS through several enzymatic 

reactions such as nicotinamide adenine dinucleotide phosphate (NADPH), 
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cyclooxygenases, and xanthine oxidases (Meo et al., 2016). Exogenous sources 

of ROS are air pollutants, hyperoxia, drugs, xenobiotic, heavy metals (Cd, Hg, Pb, 

Fe, and As), carcinogens, chemotherapeutics agents, ionizing, and ultraviolet 

radiations (UV) (Bhattacharyya et al., 2014).  

 Table 1. A general illustration of ROS and RNS formation 

 

In eukaryotic cell, mitochondria are the predominant intracellular source of 

ROS, which is produced as a byproduct of oxidative phosphorylation. It is believed 

that under normal conditions, approximately 0.1-0.2% of oxygen consumption is 

associated with electrons released from the ETC to produce ROS (reviewed in 

Tahara et al., 2009; Brand, 2016). ROS production is elicited by an iron-catalyzed 

Fenton reaction (Henle and Linn, 1997) and promoted by mitochondrial 
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dysfunction (Murphy, 2009; Filosto et al., 2011; Mailloux, 2015). Mitochondrial 

ROS may cause damage to its DNA. It may cause progressive respiratory chain 

dysfunction and increased ROS production, forming a “vicious cycle.” Alternatively, 

free electrons released from impaired electron transfer complexes (ETC) may 

further catalyze the reduction of molecular oxygen to highly reactive and 

deleterious hydroxyl (OH-) free radicals (Murphy, 2009; Bolisetty and Jaimes, 

2013). 

 
 
Figure 1. Generation of hydroxyl (OH•) radicals inside mitochondria 
through a Fenton reaction 
Electrons (e-), released due to impaired ETC, react with oxygen to produce 
superoxide radicals (O2•-). Through a series of reactions, including the iron-
catalyzed Fenton reaction, the superoxide radicals generate hydroxyl (OH•) 
radical.  

On the other hand, reactive nitrogen species (RNS) are derived from a 

nitrogen compound and can be classified into ions [peroxynitrite (ONOO−)] or non-

ions [nitric oxide (NO•)] (Bolisetty and Jaimes, 2013). As shown in Table 1, 

peroxynitrite (ONOO−) can be generated by the reaction of nitric oxide (NO•) with 

superoxides. NO•  is produced as a byproduct of biological processes in almost all 

the organisms (Roszer, 2012). Peroxynitrite may react with other biological 
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components to generate additional RNS such as nitrogen dioxide (•NO2)  and 

dinitrogen trioxide (N2O3) (Iovine et al., 2008; Jones, 2012).  

Physiological levels of ROS and RNS regulate a multitude of biological 

processes such as redox cell signaling and defense, gene expression, and cellular 

homeostasis (Fang, 2011; Collins et al., 2012; Vatansever et al., 2013; Holmström 

and Finkel, 2014; Cuypers et al., 2016; Zhang et al., 2016; Roy et al., 2017; Ali et 

al., 2018;). Conversely, it may cause deleterious actions to the cellular system, 

including cell death, chromosomal aberrations, carcinogenesis, and several other 

human diseases when its level exceeds the normal physiological range (Cerutti, 

1985).  

1.1.2. Oxidative stress  

Helmut Sies initially coined the term oxidative stress (OS) in 1985. OS refers 

to the imbalance between the intracellular ROS and the antioxidant defense 

mechanism (Sies, 2015). Such imbalance may arise either due to increased ROS 

production or reduced actions of antioxidants or a combination of both (Halliwell, 

2002; Zampelas and Micha, 2015). Inflammation, environmental hazards, and 

genetic conditions may trigger the production of excessive ROS (Uttara et al., 

2009). Essentially all organisms possess an antioxidant defense system, 

enzymatic and non-enzymatic, to control the deleterious effect of ROS (Karihtala 

and Soini, 2007; Nimse and Pal, 2015; Yu, 2017). Catalase, superoxide dismutase 

(SOD), and glutathione peroxidase (GPx) are the major enzymatic antioxidants 

(McCord et al., 1971). Ascorbic acid, lipoic acid, polyphenolic compounds, 

carotenoids, and tocopherols are non-enzymatic antioxidant compounds 
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(reviewed in Birben et al., 2012; Feng et al., 2017). SOD is the first identified 

antioxidant that can dismutate superoxides to hydrogen peroxides (H2O2) and 

oxygen molecules (reviewed in Fukai et al, 2011). GPx is the most abundant and 

soluble antioxidant present in the cell membrane (reviewed in Lubos et al., 2011). 

It reduces hydroperoxide to water and oxygen using glutathione as a substrate. 

Similar to SOD and GPx, catalase also detoxifies hydrogen peroxide to water and 

oxygen molecules. In addition to these three major enzymatic antioxidants, a large 

number of antioxidant enzymes have been identified and characterized (Karihtala 

and Soini, 2007). ROS may affect any of the cellular macromolecules when its 

level overwhelms the cellular antioxidant defense system. The extent of oxidative 

damage to cellular macromolecules may depend on a number of factors such as 

(1) the availability and richness of the target molecule, (2) the rate constant for 

reaction between oxidant and target, (3) proximity of ROS to the target, (4) the 

interplay of secondary damaging events such as propagation of chain reaction, (5) 

intra-molecular and inter-molecular transfer reactions, and (6) the possibility and 

extent of repair and oxidant scavenging reactions (Davies, 2016; Kalyanaraman et 

al., 2018). The following sections will highlight the oxidative damage to DNA, 

proteins, and lipids, as well as their consequences and control mechanisms.  

1.1.3. Oxidative damage to DNA, proteins, lipids and their general quality 

control mechanisms 

 ROS can oxidatively damage DNA and pose a significant threat to genetic 

integrity. DNA oxidation encompasses modification of its nucleobases, the 

formation of abasic sites, strand scission, and inter- and intra-strand DNA cross-
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linking (Cooke et al., 2003; Davies et al., 2017). More than 100 different types of 

oxidatively damaged DNA base lesions have been reported at this time 

(Dizdaroglu, 1992; Cooke et al., 2003; Cadet and Richard Wagner, 2013; Carriere 

et al., 2017). However, the number of oxidatively modified lesions reported in 

cellular DNA is very low which could be either due to the instability of oxidized 

nucleobases and/or lack of adequate assays/techniques to detect cellular DNA 

(Cadet and Davies, 2017). Similarly, lipids are other targets of ROS inside the cell. 

Both polar and non-polar lipids can be oxidatively modified when they are exposed 

to free radicals through a process called lipid peroxidation (Ayala et al., 2014). 

Lipid peroxidation consists mainly of three steps: 1) initiation, 2) propagation, and 

3) termination (Yin et al., 2011; Ayala et al., 2014). According to these reports, 

primary free radicals such as hydroxyl can abstract an electron from the reactive 

methylene groups of polyunsaturated fatty acids to make an unstable lipid radical. 

In the propagation step, this unstable lipid radical reacts with oxygen to form lipid 

peroxyl radical which can further oxidize another polyunsaturated fatty acid to form 

fatty acid hydroperoxide. The propagation phase can repeat many times as long 

as the oxygen supplies and unoxidized polyunsaturated fatty acid chains are 

available. Lipid peroxidation products such as malondialdehyde (MDA), and 4-

hydroxynonenal (4-HNE) are highly mutagenic and are associated with a range of 

human diseases (Esterbauer et al., 1990; Ayala et al., 2014). In addition to DNA 

and lipids, proteins are also another major target for ROS (Davies, 2016). Protein 

oxidation can result in the covalent modification of the protein, protein-

fragmentation, and protein-protein crosslinks (Berlett and Stadtman, 1997). More 
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recently, environmental factors such as particulate matter (PM) i.e. carbon black 

(CB), diesel exhaust particles (DEP), and urban dust have been shown to 

significantly oxidize protein (Lai et al., 2016). It is also reported that PM can directly 

produce ROS due to its unique physiochemistry (Lai et al., 2016).  

Oxidized macromolecules pose adverse effects to the cellular system 

including cell death and disease if they are left unrepaired (Cooke et al., 2003; 

Ayala et al., 2014; Feng and Stockwell, 2018). Several enzymes have been 

identified to mitigate the mutational effect of 8-oxo-dGuo in DNA. They are: 1) 

sanitization enzymes for oxidized nucleotides (MTH1, MTH2, MTH3, NUDT5), 2) 

repair enzymes (MUTYH, OGG1, Pol λ), and 3) enzymes that bypass lesions 

during replication (Krokan and Bjørås, 2013; Freudenthal, 2017; Markkanen, 2017; 

Shafirovich et al., 2016, 2019). Lipid oxidation can be controlled either by  inhibiting 

the propagation of chain reaction and/or by repairing oxidized lipids (Ayala et al., 

2014). The most commonly known enzymes involved in selective recognition and 

removal of oxidized lipids such as phospholipids are phospholipase A2 (Van Kuijk 

et al., 1987; Dennis et al., 2011) and glutathione peroxidase 4 (GPX4) (Ursini, 

2018; Stoyanovsky et al., 2019). The 20S and 26S proteasomes can recognize 

and degrade mildly oxidized proteins, thereby minimizing proteotoxicity (reviewed 

in Grune et al., 2001). Oxidized proteins are also tagged with ubiquitin signals that 

are subsequently sensed by ubiquitin-binding receptors to deliver them to 

proteasomes or autophagosomes (Grune et al., 2001). Also, phagocytic cells can 

engulf the heavily oxidized proteins and lipids which are often cross-linked or 

mixed-form aggregates. These aggregates can be eventually degraded by 
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autophagy (Cadet and Davies, 2017). Though oxidatively modified amino acids 

and proteins are mostly irreversible, oxidized cysteine and methionine are two 

known amino acids that can be repaired in an enzymatic way in mammalian cells 

(Höhn and Grune, 2014). 

Oxidative damage to macromolecules has been associated with cell cycle 

arrest, cell death, and human diseases such as Parkinson’s disease, Alzheimer’s 

disease, Muscular Dystrophy (Berlett and Stadtman, 1997; Hwang and Kim, 2007; 

Mroczek and Kufel, 2008; Sanders and Greenamyren, 2013). Though various 

experimental results support the fact that ROS triggers human diseases, clinical 

trials have not gone far enough.  Instead, these trials have produced controversial 

results which may be due to the pathophysiology of ROS (reviewed in Egea et al., 

2017). In-depth understanding of oxidative damage to macromolecules, their 

interplay of secondary damage, and downstream biological effect may provide a 

better insight into the molecular mechanism of human diseases and their 

therapeutic intervention.  

1.2. RNA metabolism, oxidation, and human diseases 

Although oxidation of DNA, proteins, and lipids has been extensively 

characterized, RNA oxidation research has just begun to be appreciated. This 

section describes RNA in general and its propensity to oxidative damage. 

According to the central dogma of molecular biology, RNA is described as an 

intermediate product that transforms the information encoded in DNA to proteins. 

During this process, the information in DNA is first transcribed to messenger RNA 

(mRNA), which are then translated into amino acid sequence in proteins. This is 
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accomplished through the harmonized endeavor of transfer RNA (tRNA), 

ribosomal RNA (rRNA), and protein factors. Besides these three major RNAs, a 

large pool of other RNA species has been characterized. RNAs involved in gene 

regulatory activities include long non-coding RNAs (lncRNA) (Rinn and Chang, 

2012) and small non-coding RNAs (for example, microRNA (miRNA), small 

interfering RNAs (siRNAs), small nucleolar RNAs (snoRNA) (Bartel et al., 2004; 

Kung et al., 2013; Burroughs et al., 2015). These regulatory RNAs perform a 

variety of biological functions and are widely related to human disease when their 

functions are dysregulated. Such RNAs are involved in important biological 

processes such as catalysis (Pyle, 1993), riboswitch (Vitreschak et al., 2004; 

Tucker and Breaker, 2005), epigenetic modulation through post-transcriptional 

silencing of retrotransposons and other genetic elements (Siomi et al., 2011). 

Importantly, RNA-based regulators and therapeutic interventions have been 

developed based on the mechanisms of function of many small RNAs, including 

antisense, ribozymes, siRNA, small guiding RNAs, etc. More recently, a new class 

of RNA called single guide RNAs (sgRNA) in association with CRISPR-Cas has 

been proven to be one of the highly specific and relatively facile methods for 

genome editing (Jinek et al., 2012; Cong et al., 2013).  

1.2.1. RNA metabolism and diseases 

The robustness of RNA function depends on their quality and integrity. As 

soon as RNA are transcribed, the nascent RNA transcripts undergo processing 

such as splicing, editing, modification, capping, polyadenylation, and assembly 

before becoming functional (Jonkhout et al., 2017). In eukaryotes, RNA molecules 
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transcribed from nuclear DNA are exported from the nucleus to the 

cytoplasm. RNA transcripts can be generated within or transported to 

organelles. RNA could be malformed during those processes due to mutation, 

abnormal processing or degradation, thus directly affecting their function. 

Alternatively, the RNA structure and function may also be threatened by various 

endogenous and exogenous agents during their synthesis to final usage under 

both normal physiological growth as well as pathological conditions (Li et al., 2006, 

2014, Wolin and Wurtman 2010). Since RNA plays a central role in fundamental 

biological processes, defective RNA could cause numerous maladies to the 

cellular fitness which eventually may lead to human diseases such as cancer, 

cardiovascular diseases, chronic neurodegenerative disorders (Li and Kollipara 

2007; Cooper et al., 2009; Liu et al., 2017; Kataoka et al., 2019; Nussbacher et al., 

2019). Defective or non-functional RNAs may be controlled by cellular processes 

such as RNA degradation or repair (Li et al., 2006, 2014; Simms and Zaher, 

2016; Yan and Zaher 2019). In addition, defined mechanisms such as non-stop 

decay, nonsense-mediated decay, and no-go decay may safeguard the fidelity and 

quality of mRNA molecules in eukaryotes (Isken and Maquat, 2007; Keiler, 

2008). The focus of the study in this dissertation is the damaging effect of ROS on 

mitochondrial and cytoplasmic RNA and control mechanisms by which cells reduce 

oxidized RNA. As discussed above, mitochondria are the primary site of ROS 

generation. Therefore, mitochondrial RNA metabolism and pathologies associated 

with dysfunctional mitochondrial RNA metabolism are discussed below. 
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The term “mitochondrion” is derived from the Greek words “mitos-thread 

and khondros-granules” (Ernster and Schatz.1981). It serves the essential function 

of energy supply through the synergistic actions of many mitochondrial proteins. 

Some of these proteins are also encoded in the nuclear genome and later imported 

to mitochondria. The mitochondrial genome consists of a circular double-stranded 

DNA (~16 kb in length), which is relatively very small and accounts for about 1–

2% of the total DNA in the cell (Anderson et al., 1981). It encodes 13 mRNAs, two 

rRNAs, and 22 tRNAs which are essential for oxidative phosphorylation and ATP 

synthesis (Anderson et al., 1981). The mitochondrial genome consists of two DNA 

strands: 1) heavy strand which is rich in guanine bases and encodes the majority 

of mitochondrial proteins (12 proteins), 2 rRNAs, and 14 tRNAs, and 2) light strand 

encodes for one mitochondrial protein and eight tRNAs. The transcription of these 

strands occurs inside nucleoid and in the mitochondrial RNA granules (MRGs) to 

produce two polycistronic transcripts thorough the coordinated effort of multiple 

proteins and factors (reviewed in Barchiesi et al., 2019). DNA-directed RNA 

polymerase (POLMRT), mitochondrial transcription factors A (TFAM), B1, and B2 

(TFB1M and TFB2M), elongation factor (TEFM), a single strand binding protein 

(SSBP), and the family of mitochondrial transcription termination factors (mTERF1-

4) are some of the well-characterized mitochondrial transcription factors (reviewed 

in Barchiesi et al., 2019). For the correct production of mitochondrial DNA encoded 

proteins, the polycistronic transcript has to go through several stages of 

processing, maturation, and degradation (reviewed in Nicholls et al., 2013). 

Primary RNA transcript is processed by RNase P and RNase Z to release 
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mitochondrial tRNA, mRNA, and rRNA through tRNA punctuation model 

(Holzmann et al., 2009; Brzezniak et al., 2011). Properly processed, modified, and 

matured mt-RNAs participates in translation whereas defective and damaged RNA 

are degraded in a D-foci which is located close to MRGs through degradosome 

complex (Barchiesi et al., 2019). This complex is primarily composed of hPNPase, 

hSUV3 and other factors such as mitochondrial poly (A) polymerase (mtPAP), 

GRSF1 (Borowski et al., 2013, Wang et al., 2014, Pietras et al., 2018).  

 Although the hSUV3/PNPase complex is the best described and a dedicated 

RNA degradosome complex, the RNA exonuclease REXO2 could be another 

protein that may be involved in the degradation of mtRNA (Reviewed in Barchiesi 

et al., 2019). REXO2 resides in the mitochondrial intermembrane space as well as 

in the matrix. It exhibits the exonuclease activity on small oligomers suggesting 

that the product of the hPNPase/hSUV3 complex may become a substrate for 

REXO2 (Bruni et al., 2013). Several other protein complexes such as 

LRPPRC/SLIRP have also been shown to involve in the regulation of stability and 

turnover of mitochondrial RNA (Baughman et al., 2009, Ruzzenente et al., 2012). 

The knockdown of LRPPRC in mice reduced the steady-state levels of 

mitochondrial mRNAs but not tRNAs and rRNAs. Interestingly, LRPPRC has also 

been shown to inhibit the degradation role of hPNPase and stimulate the activity 

of mitochondrial poly (A) polymerase (mtPAP) (Chujo et al., 2012). Human 2'-

phosphodiesterase (PDE12) is another protein found in the mitochondrial matrix 

which can specifically remove poly (A) extensions from mitochondrial mRNAs in 

both in vitro and cultured cells with a potential role in the turnover of mitochondrial 
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RNAs (Poulson et al., 2011, Rorbach et al., 2011). Perturbation in mitochondrial 

RNA metabolism may result to a large number of pathologies. These pathologies 

may be either due to mutation on mtDNA sequence or on nuclear-encoded 

proteins that prevent proper processing, modification, 

stabilization, polyadenylation, aminoacylation, surveillance and decay of mt-RNAs 

(Nicholls et al., 2013). Due to complex communication between mitochondria and 

other cellular components, mutations on mitochondrial gene may cause OXPHOS 

failure which could be associated with global defects including cell physiology. 

Mutations in one or the other proteins involved in mitochondrial RNA metabolism 

such as hPNPase, mtPAP, LRPPRC, pseudouridine synthase PUS1, tRNA 

synthetases etc. have been associated with spastic ataxia, encephalomyopathy, 

combined respiratory chain deficiency, hereditary hearing loss, French-Canadian 

type Leigh Syndrome, mitochondrial myopathy, lactic acidosis, sideroblastic 

anemia, hypertrophic cardiomyopathy, etc. (reviewed in Nicholls et al., 2013, 

Pearce et al., 2017). However, the molecular mechanism of how these pathologies 

are regulated remains largely unknown.  

1.2.2. RNA is a major target for oxidative damage 

RNA can be damaged during normal growth as well as stress condition (Li 

et al., 2014, 2006; Wurtmann and Wolin, 2010). Exogenous sources of RNA 

damage are carcinogens, chemotherapeutics agents (Bellacosa and Moss, 2003), 

ultraviolet radiation (Jäckle and Kalthoff, 1978; Sun et al., 2018), ionizing radiation 

(O’Neill, 2001; Tie et al., 2011), and cadmium stress (Chmielowska-Bąk et al., 

2018). Similarly, methyl halides, nitrosation of amines, and S-adenosylmethionine 
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can methylate RNA to cause alkylation damage (Ougland et al., 2004). Although 

methylation is a naturally occurring RNA modification, random alkylation may 

inhibit the base-pairing interactions (tRNA-rRNA and mRNA-tRNA) during 

translation (Yoshizawa et al., 1999; Ougland et al., 2004). Moreover, several other 

chemical modifications such as chlorination, nitration, oxidation, etc. can delimit 

the integrity and function of RNA (Prütz, 1996; Masuda et al., 2002; Reiter, 2006). 

My dissertation work is primarily focused on understanding the RNA damage due 

to reactive oxygen species (ROS), how cells distinguish the oxidized RNAs from 

the normal RNA, and how such defective RNAs are corrected by the cellular quality 

control mechanisms. 

As described previously, ROS and RNS are the major RNA damaging 

insults under both physiological and pathological conditions (Li et al., 2006, 2014; 

Wurtmann and Wolin, 2010). RNA oxidation levels have been shown to be higher 

than DNA oxidation levels under both normal and oxidative stress conditions. For 

instance, the normalized 8-oxo-Guo content in RNA was up to 20-folds of the 8-

oxo-dGuo level in DNA under similar conditions (Fiala et al., 1989; Shen et al., 

2000; Hofer et al., 2005, 2006; Liu et al., 2012). These studies suggest that RNA 

is highly susceptible to ROS than DNA for many reasons: 1) RNA is mostly single-

stranded, 2) its level is 4.4 times higher than DNA by weight in higher organisms, 

3) RNA associates with fewer proteins than DNA and are in close by to ROS, 4) 

the iron-binding affinity of ribosomal RNA could also make them more vulnerable 

to oxidative damage (Honda et al., 2005; Li et al., 2006; Hofer et al., 2008; 

Fimognari, 2015). However, RNA oxidation studies received very little attention 
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until recently as it was believed that normal turnover would control them. In fact, 

the half-life for most human mRNA and stable RNAs such as tRNA, and rRNA is 

hours to several days (Li et al., 2006; Defoiche et al., 2009). In contrast, oxidation 

of RNA occurs in minutes to be able to exert deleterious effects before being 

degraded by the normal RNA turnover process.  

1.2.3. Categories of RNA oxidation and methods of detection 

In theory, any of the RNA components such as a base, ribose sugar, or 

phosphate moiety can be targeted and oxidatively modified by reactive oxygen 

species. These modifications may alter the RNA’s structure, chemical properties, 

and biological functions. RNA oxidation can be broadly categorized into 1) 

oxidative modification, 2) strand scission, 3) abasic sites formation, 4) non-specific 

base interactions, and 5) RNA cross-links. As described previously, hydroxyl 

radical (OH-) can be generated intracellularly through iron-catalyzed Fenton 

reaction and hydroxyl induced oxidative modification is one of the most common 

forms of RNA oxidation (Kong et al., 2010). 

Fe2+ + H2O2→Fe3+ + ∙OH + OH- 

Among the four RNA nucleobases, guanine has the lowest redox potential 

[1.29 V vs. the normal hydrogen electrode (NHE)], thus it can be a major target of 

free radical (Steenken et al., 2000). Among the oxidized purines and pyrimidines, 

the two-electron oxidation 8-oxo-7, 8-dihydroguanine (8-oxo-Guo) is the most 

abundant and highly mutagenic base modification (Cooke et al., 2003). The 

mutagenic effect of 8-oxo-Guo has also been reported in reverse transcription as 
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both Adenine and Cytosine were incorporated opposite to 8-oxo-Guo (Alenko et 

al., 2017). The redox potential of 8-oxo-Guo is even lower than that of guanine 

(0.74 V vs. NHE) and is further modified to 5-guanidinohydantoin and 

spiroiminodihydantoin (Henderson et al., 2003; Steenken et al., 2000). The 8-oxo-

Guo in cellular RNA can be formed either by direct oxidation of the nucleobases 

or by re-incorporation of oxidized nucleobases during transcription. However, the 

latter is limited by RNA polymerase as it catalyzes 8-oxo-GTP incorporation at a 

much lower rate than it does for GTP (Taddei et al., 1997; Li et al., 2014). Oxidation 

of RNA can also cause RNA strand scission. For instance, fragmentation of total 

cellular RNA was observed when cells were exposed to oxidants (Renee et al., 

1995; Wu and Li, 2008; Liu et al., 2012). More recently, it was reported that the 

cleavage of 25S rRNA was observed in Saccharomyces cerevisiae under oxidative 

stress (Shedlovskiy 2017). It was later confirmed that that the cleavage is due to 

chemical, i.e. intracellular iron levels, rather than enzymatic degradation (Zinskie 

et al., 2018). Also, tRNA depurination and cross-linking were observed when tRNA 

oxidation was catalyzed by cytochrome c (Cyt-c) (Tanaka et al., 2012). 

 

Figure 2. Structure of guanine and 8-hydroxyguanine (8-oxo-G) (Li et al., 
2006) 
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The appropriate method of RNA oxidation measurement relies on the nature 

and availability of the biological samples and the desired scale of analysis (Li et 

al., 2006; Poulsen et al., 2012). In general, RNA oxidation can be measured and 

quantified on the basis of three major criteria: 1) oxidized nucleobase assay (8-

oxo-Guo being the most common), 2) abasic sites assay, and 3) reverse 

transcription assay (reviewed in Li et al., 2014). Oxidized nucleobases such as 8-

oxo-Guo can be detected and quantified using methods based on their chemical 

or antigenic properties. Nucleosides can be separated by HPLC and detected 

using an electrochemical detector (ECD) or a mass spectrometer (MS) in 

combination with a UV detector (Fiala et al., 1989; Shen et al., 2000; Hofer et al., 

2005, 2006). Alternatively, anti-8-oxo-Guo antibody can be used to quantify 8-oxo-

Guo in dot-blot (Honda et al., 2005), ELISA (Looi et al., 2008), northwestern blot 

(Shan et al., 2003; Honda et al., 2005; Shan and Lin, 2006), immunoprecipitation  

(Shan et al., 2003; Tanaka et al., 2006; McKinlay et al., 2012), and 

immunohistochemistry (Nunomura et al., 1999). However, the sensitivity and 

reproducibility of these techniques may vary. For instance, the detection of 8-oxo-

Guo in body fluids using ELISA was less sensitive than that of chromatographic 

techniques (Weimann et al., 2002; Barregard et al., 2013). A highly sensitive assay 

called aldehyde-reactive probes (ARP) has been recently developed to measure 

the level of abasic sites in RNA (Tanaka et al., 2011, 2012). Also, oxidized RNA 

impedes reverse transcription, and this rate may predict the extent of oxidized RNA 

(Rhee et al., 1995; Gong et al., 2006). A reduction on cDNA level was observed 

when RNA from H2O2 treated E. coli culture were examined (Gong et al., 2006). 
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1.2.4. Oxidized RNAs impair RNA functions  

The translation machinery can stall in the presence of defective RNA and 

aberrant protein components. The stalling may occur either in programmed fashion 

or randomly. An in vitro oxidized (H2O2/cytochrome) firefly luciferase mRNA assay 

showed a reduced luciferase activity and diminished protein level (Shan et al., 

2003). In a later study, it was reported that oxidized nucleobases in mRNA resulted 

in the stalling of the ribosome (Nunomura et al., 2007). Furthermore, oxidation of 

RNA reduced the level and the activity of encoded proteins and such proteins were 

mainly truncated, but the association of oxidized RNA with polysomes was 

unaffected (Tanaka et al., 2006; Shan et al., 2007). These observations suggest 

that oxidized mRNAs are accepted for translation which may result in the 

production of an aberrant and truncated protein. A recent study showed that mRNA 

containing 8-oxo-Guo reduced the rate of peptide bond formation (Calabretta et 

al., 2015; Simms et al., 2014). Also, a correlation between mRNA oxidation and 

defect in translation machinery was observed and such defects may result in the 

formation of Aβ-peptide in CHO cells (Dai et al., 2018). More recently, the effect of 

oxidized microRNAs in regulating translation was examined (reviewed in 

Nunomura et al., 2017). Upon oxidation of microRNA, it was ineffective in 

recognizing its target mRNAs (Wang et al., 2015). The presence of 8-oxo-Guo in 

RNA also affected the reactivity and specificity of certain ribonucleases (Herbert 

et al., 2018). For instance, RNase T1 failed to recognize the RNA containing 8-

oxo-Guo whereas RNase A effectively recognized and cleaved such sites (Herbert 

et al., 2018).  



 

19 

Ribosomal RNA occupies nearly 80% of total RNA and it can be a major 

target of ROS. Increased rRNA oxidation and a decline in protein synthesis were 

observed in the brain experiencing oxidative stress (Ding et al., 2005). rRNA has 

the highest redox-active iron-binding capacity and it may potentiate the increased 

oxidation of rRNA due to Fenton-reaction (Honda et al., 2005). Oxidized 

nucleobase at a specific position within the ribosome's catalytic center (50S 

ribosomes) had detrimental effects on protein synthesis by inhibiting different sub-

steps of the ribosomal elongation cycle (Willi et al., 2018). All these studies suggest 

an important aspect of ribosome function that may be immensely affected by 

oxidative stress and rRNA oxidation.  

Increasing studies have shown that RNA oxidation is deleterious to the 

cellular system that eventually causes cell death. RNA oxidation is not a 

consequence but an early event preceding to cell death as almost all the neuronal 

cells accumulating oxidized RNA were found to be dead after a certain time (Shan 

et al., 2007). RNA oxidation in both cultured HeLa as well as E. coli cells also had 

an inverse correlation to cell growth (Wu and Li, 2008; Wu et al., 2009; Liu et al., 

2012). Interestingly, PNPase that binds to oxidized RNA with high affinity 

(Hayakawa et al., 2001; Hayakawa and Sekiguchi, 2006) as well as degrades 

aberrant RNA (Li et al., 2002) was shown to protect cells by regulating the level of 

8-oxo-Guo during oxidative stress condition (Wu and Li 2008; Wu et al., 2008). 

Although the exact mechanism to show how oxidized RNA cause cell death is 

currently unknown, it is speculated that oxidized RNA becomes dysfunctional, and 

it may not be able to exhibit cellular process under such modification. As described 
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previously, the accumulation of 8-oxo-Guo in mRNA can cause a reduction in 

protein synthesis as well as may produce abnormal protein transcripts (Tanaka et 

al., 2007). Such erroneous proteins might accumulate in cells that may potentiate 

deleterious activities including cell death. More recently, Ishii and colleagues 

demonstrated a mechanism of cell death triggered by increased mRNA oxidation 

(Ishii et al., 2018). They reported that a Poly A binding protein (PCBP1) binds to 

heavily oxidized mRNA and induces the activation of apoptosis-related factors 

such as caspase-3 and poly (ADP-ribose) polymerase 1 (PARP-1) to cause cell 

death (Ishii et al., 2018).  

1.2.5. RNA oxidation in the pathogenesis of human diseases 

A strong correlation between RNA oxidation and a range of human 

diseases, predominantly neurodegeneration has been established (Nunomura et 

al., 2012; Poulsen et al., 2012). High levels of RNA oxidation were observed in the 

vulnerable regions of the brain from patients of Alzheimer’s disease (AD), 

Parkinson’s disease (PD), Amyotrophic Lateral Sclerosis (ALS), and Huntington’s 

Disease (HD), Bipolar 1 disorder (BD1) (Poulsen et al., 2012; Munkholm et al., 

2015; Jacoby et al., 2016).  

During the early stages of AD, PD, ALS, and other neurodegenerative 

diseases, mRNA and rRNA were found to be highly oxidized (Shan et al., 2007; 

Kong et al., 2008; Nunomura et al., 2012). These observations suggest that RNA 

oxidation could be a causative factor or at least a preceding event in the 

development of the diseases. Once the protective mechanisms that reduce 

oxidized RNA are overwhelmed or dysfunctional, oxidized RNA can be 
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accumulated to produce aberrant proteins (Castellani et al., 2008). In a study of 8-

oxo-Guo-containing RNA isolated from the vulnerable neurons in the frontal 

cortices of mild AD patients, up to 50% of mRNAs were found to be oxidatively 

damaged whereas it was only 2% in age-matched controls (Shan and Lin, 2006). 

Proteins encoded by oxidized mRNAs are related to the function of the brain, 

including free radical modulation, detoxification, and cell death pathway (Shan et 

al., 2003). Increased mRNA oxidation were observed in the motor neurons and 

oligodendrocytes of a pre-symptomatic stage ALS mouse model, suggesting that 

oxidation of mRNA species could be implicated in ALS pathogenesis (Chang et 

al., 2008).  

The indicators of RNA oxidation, i.e., 8-oxo-Gua and 8-oxo-Guo, can be 

used as markers in the identification and diagnosis of human diseases (Guo et al., 

2017; Shih et al., 2019). Increased risk of mortality is significantly correlated with 

increased urinary 8-oxo-Guo but not with 8-oxo-dGuo (Broedbaek et al., 2011). 

This work is among the very few in vivo human studies which demonstrate that 

RNA oxidation is indeed relevant for death and it could be a potential biomarker 

for mortality prediction (Broedbaek et al., 2011, 2013). A reduction in the levels of 

8-oxo-dGuo was observed by 30% at eight weeks in volunteers who consumed 

the plant extract-based supplement compared to the control group (Fragopoulou 

et al., 2018). This study implies that multi-micronutrients supplement containing 

vitamins, minerals, and phytochemicals could protect DNA and RNA against 

oxidative stress. Although the dietary supplement for controlling oxidation of 

biomolecules are underway, very little is known on cellular response against 
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oxidatively damage RNA. A large number of studies showing the presence of 8-

oxo-Guo in urine and other body fluids strongly insinuate that oxidized RNA could 

be removed from the precursor RNA pool by RNA surveillance and quality control 

mechanisms (Li et al. 2014). 

1.3. Molecular mechanisms against RNA oxidation 

Each human cell is subject to approximately 70,000 lesions per day (Lindahl 

and Barnes, 2000) and a majority of them arise due to oxidative stress. While 

quality control mechanisms and surveillance pathways in restoring genome/DNA 

integrity have been extensively studied (Lindahl and Barnes, 2000; Friedberg, 

2008), little is known on the quality control process of oxidized RNA. It has been 

widely recognized that RNA oxidation is high in cells than DNA oxidation. Since 

oxidized RNA are deleterious to the cell and are implicated in the pathogenesis of 

human diseases, living organisms need to cope against oxidized RNA. The 

existence of the quality control mechanism of oxidized RNA can be evidenced by 

numerous studies (Li et al., 2006, 2013; Simms and Zaher, 2016). For example, 

the 8-oxo-Guo level was initially elevated and then decreased after 24 hours when 

cultured human lung epithelial cells were pulse treated with H2O2 (Hofer et al., 

2005). Consistently, when HeLa cells were pulse treated with H2O2, the 8-oxo-Guo 

level was initially increased and later dropped to the basal level (Wu and Li, 2008). 

Not only cultured human cells, prokaryotes such as E. coli also displayed a sharp 

elevation on the 8-oxo-Guo level when they were subjected to H2O2 treatment. The 

level was quickly dropped to the basal level when these cells were transferred to 
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fresh medium (Liu et al., 2012). These observations suggest that cells must have 

developed a molecular mechanism against oxidatively damaged RNA. 

A large number of proteins and factors may be involved in the control 

mechanism of oxidized RNA (Fig. 3 and 4). We proposed a few models and 

molecular mechanisms against RNA oxidation which can be classified into: 1) 

repair of oxidatively damaged RNA, 2) identification and sequestration from the 

normal pool, 3) degradation of oxidized RNA, and 4) blocking the incorporation of 

oxidized nucleobases during RNA synthesis (Li et al., 2014). Although several 

repair enzymes against aberrant DNA have been characterized, such mechanism 

may be limited to damaged RNA due to their single stranded nature. However, 

studies on bacterial oxidative demethylase in repairing alkylation damage in both 

DNA and RNA provide the proof that RNA base damage is repairable (Aas et al., 

2003; Drabløs et al., 2004). It has also been shown that tRNA 

nucleotidyltransferase can repair truncated tRNA lacking a part or all of the 3’ CCA 

sequence (Deutscher, 1990). From these studies, one can speculate that the 

repair mechanism may exist in repairing oxidatively damaged RNA and such 

process remains to be investigated by future studies.  
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Figure 3. Molecular mechanisms for reducing oxidized RNA in cells 
RNA may become non-functional once it is oxidized. At the early stage after 
oxidation modification, the RNA may be reverted to normal, functional RNA by 
repair activities. Oxidized RNA is also subjected to degradation, which is 
responsible to irreversibly eliminate probably the majority of oxidized RNA. The 
oxidized nucleotides resulted from degradation are blocked from transcription, 
reducing the formation of oxidized RNA by synthesis. RNA molecules are shown 
as blue lines. Oxidized residues in RNA are marked by a red “X” (Li et al., 2014). 
 

1.3.1. Identification and sequestration of oxidized RNA 

The molecular mechanism involved in dealing with oxidized RNA must first 

be able to distinguish the oxidized RNA from the normal form. For this, the 

dysfunctional RNAs should be: 1) either dissociated from the functional assembly, 

or 2) formidable factors must exist that can bind and recruit them for degradation 
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and repair process (Fig. 4). The latter model could be more promising because a 

large number of proteins with high binding affinity to oxidized RNA or 

oligonucleotides are identified (Table 2). Some of the most commonly recognized 

oxidized RNA binding proteins are bacterial and human polynucleotide 

phosphorylase (Hayakawa et al., 2001; Wu and Li, 2008; Wu et al., 2009; 

Hayakawa and Sekiguchi, 2006) mammalian Y box-binding protein 1 (YB-1 

protein) (Hayakawa et al., 2002; Kohno et al., 2003), HNRNPD, SF3B4, HNRNPC, 

and DAZAP1 (Hayakawa et al., 2010). HeLa cells lacking HNRNPD and HNRNPC 

were also highly sensitive to H2O2 (Hayakawa et al., 2010). In a later study, it was 

demonstrated that HNRNPD (AUF1) eliminates oxidatively damaged RNA (Ishii et 

al., 2015). They demonstrated that when AUF1-deficient cells were treated with 

H2O2, mRNA degradation was reported to be 30% less than that of wild-type cells 

under similar condition. Poly(C) binding protein 1 (PCBP1) which is a subfamily of 

KH domain and RNA-binding protein also showed a robust binding affinity to 

oxidized RNA containing at least two 8-oxo-Guo at the interval of seven 

nucleotides (Ishii et al., 2018). PCBP1 binding was unique from the AUF1 binding 

as it did not bind to oligoribonucleotide containing single 8-oxo-Guo. These studies 

suggest that PCBP1 induces cell death when the messenger RNA is severely 

oxidized (Ishii et al., 2015, 2018). Ro autoantigen, a ring-shaped RNA binding 

protein binds to misfolded 5S rRNA in Xenopus oocytes (O’Brien and Wolin, 1994; 

Shi et al., 1996). Ro ortholog Rsr also exhibited a protective role against UV 

radiation in D. radiodurans (Chen et al., 2000). Rsr forms a complex with PNPase 

and degrades RNA by binding and delivering it to the PNPase (Chen et al., 2013) 
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suggesting that Ro protein may share a similar mechanism in binding and 

degrading oxidized RNA.  

 
 
Figure 4. Recognition and sequestration of oxidized RNA for elimination 
In the recognition step, oxidized RNA molecules can be marked by proteins that 
specifically bind them. After being recognized, oxidized RNA may be separated 
from normal RNA either physically or functionally in the sequestration step. 
Recognition and sequestration may help to recruit repair/degradation activities 
that will eventually eliminate oxidized RNA. RNA molecules are shown as blue 
lines. Oxidized residues in RNA are marked by a red “X.” Oxidized RNA-binding 
proteins are shown as light blue ovals (Li et al., 2014). 
 

As described previously, oxidized RNA can be recognized and sequestered 

by numerous factors, and they could be compartmentalized in a distinct locus 

inside the cell before being eliminated or reuse (Fig. 4 and Table 2). Treatment of 

HeLa cells with H2O2 and arsenite accumulated oxidized RNA (abasic RNA) in 

stress granules and P-bodies (Pourkalbassi and Li, unpublished data). Also, 

oxidized RNA were observed to be localized in distinct foci in the cytoplasm and in 

the pyrenoid of algal chloroplast which are different from stress granules and P- 

bodies (Zhan et al., 2015).  
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Table 2. Factors potentially involved in reducing oxidized RNA 
 

 

Abbreviations: APE1, apurinic/apyrimidinic (AP) endonuclease ; YB1, 
mammalian Y-box binding protein-1;  HNRNPD, Heterogeneous Nuclear 
Ribonucleoprotein D and it is also known as AUF1, AU-rich element RNA-binding 
protein 1 SF3B4, Splicing Factor 3b Subunit 4; HNRNPC, Heterogeneous 
Nuclear Ribonucleoprotein C; DAZAP1, DAZ Associated Protein 1; PCB1, Poly C 
binding protein (Adapted from Li et al., 2014 with new findings). 
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1.3.2. Degradation of oxidized RNA 

Degradation by ribonucleases could be one of the major processes in 

eliminating oxidized RNA (Fig. 3 and Table 2). Ribonucleases are the master 

regulators of stability and decay of RNA as they play an instrumental role in 

catalyzing the degradation of RNA (Deutscher and Li, 2000; Deutscher, 1993a, 

1993b). They can be classified into endoribonuclease and exoribonuclease 

depending upon their site of degradation. Endoribonuclease cleaves the single as 

well as double-stranded RNA molecule internally whereas exoribonuclease 

removes nucleotides from the 3’ or 5’ termini. Endonuclease and 3′ exonucleases 

have been identified and characterized in all domains of life whereas 5′ 

exonucleases are present only in higher organisms. Ribonucleases in association 

with multiple proteins control the RNA level, and regulate various physiological and 

pathological processes (Parker and Song, 2004). The multiprotein complex 

involved in the decay of prokaryotic RNA is known as degradosome and it is an 

exosome in eukaryotes (Carpousis et al., 1994; Commichau et al., 2009; Das et 

al., 2011; Henry et al., 2012). Moreover, RNA helicase and polyadenylation 

activities also facilitate exonucleolytic digestion of structured RNA (Deutscher, 

2006). In eukaryotes, the majority of the cytoplasmic RNA is controlled by the 

dynamic length of poly (A) tails. When the poly (A) tail is shorter than a critical 

length, then mRNA is decapped and degraded exonucleolytically in 5’     3’ direction 

or 3’     5’ direction by the exosome. Alternatively, eukaryotic mRNA may undergo 

endonucleolytic cleavage followed by exonucleolytic digestion (Kaplan and 
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Apirion, 1975). Inactivated mRNAs can be localized in the RNA processing body 

(P-body) containing multiple RNA degrading proteins (Parker and Sheth, 2007). 

RNA quality control activities are universally present to eliminate aberrant 

RNAs in living organisms. In E. coli, specific exoribonucleases and polyadenylation 

are involved in selective degradation of defective tRNA and rRNA (Li et al., 2002)  

whereas the trans-translation system inhibits the translation of aberrant mRNAs by 

rescuing ribosomes (Giudice and Gillet, 2013). In E. coli, it is reported that rRNA 

undergoes degradation under starvation similar to that of mRNA decay (Deutscher, 

2006; Zundel et al., 2009; Basturea et al., 2011; Sulthana et al., 2016). Similarly, 

tRNAs in eukaryotes have also been shown to be degraded under environmental 

stress condition (Nawrot et al., 2011). These cleaved tRNAs can be degraded or 

repaired which may provide a mechanism for shutting down cell growth either 

temporarily or permanently. Activities for degrading abnormal rRNA, hypo-

modified tRNA or tRNA with a 3’–CCACCA sequence have been reported in yeast 

and humans (Kadaba et al., 2004; LaRiviere et al., 2006; Chernyakov et al., 2008; 

Cole et al., 2009; Wilusz et al., 2011). It should be noted that RNA degradation 

enzymes may be shared between mRNA decay, degradation of stable RNAs, and 

RNA quality control although the activities on different RNA substrates may vary 

considerably (Deutscher, 2006; Zundel et al., 2009). The reduction rate of oxidized 

RNA is faster than what can be caused by normal RNA turnover, suggesting a 

selective mechanism that targets oxidized RNA for efficient degradation. 

Therefore, it is likely that oxidized RNA is recognized as aberrant RNA that can be 

sequestered for degradation. Several proteins and factors may participate in the 
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degradation of oxidized RNA (Li et al., 2006, 2014; Nawrot et al., 2011) and the 

search for these activities has started, although little is known about their 

involvement and function in degrading oxidized RNA. 

Mammalian apurinic/apyrimidinic (AP) endonuclease (APE) could be 

essential in the quality control process under oxidative stress (reviewed in Li et al., 

2014). The treatment of HeLa cells lacking APE1 with H2O2 increased 8-oxo-Guo 

levels whereas reduced the protein synthesis process (Vascotto et al., 2009). The 

interaction between APE1 and NPM1 was interrupted by H2O2 treatment 

suggesting that oxidative stress may activate APE1 activity by removing NPM1 

(Vascotto et al., 2009). Later, it was shown that the N-terminal lysine residue 

responsible for APE1/NPM1 interaction were acetylated under OS resulting in the 

dissociation of the protein (Lirussi et al., 2012).  

 
 
Figure 5. Predicted action of APE1 on oxidized RNA which is activated by 
oxidative stress 
Under normal conditions, APE1 interacts with NPM1 and RNA and accumulates 
in the nucleolus. APE1 activity on damaged RNA is inhibited by binding NPM1. 
Oxidative stress induces acetylation of lysine residues (marked by *) at the N-
terminus of APE1 resulting in the dissociation of APE1 and NPM1 and activation 
of APE1 on oxidized RNA. RNA and DNA molecules are shown as blue lines. 
Oxidized residues are marked by a red “X” (Li et al., 2014). 
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Preliminary work from our lab and others have demonstrated an essential 

role of hPNPase in reducing the level of oxidized RNA and cell protection under 

oxidative stress. The present study focuses on the molecular mechanism of 

hPNPase against RNA oxidation. 

1.3.3. Blocking the incorporation of oxidized nucleotides into RNA 

Oxidized nucleotides could be generated inside the cell either by the 

degradation of oxidized RNA or by the oxidation of newly synthesized nucleotides. 

The oxidized nucleotide could be incorporated during RNA synthesis. Such 

incorporation not only creates oxidized RNA but also introduces mutation. For 

instance, 8-oxo-Guo can be inserted at the positions where the opposite nucleotide 

in the template sequence is “A” or “U” or “G” (Shibutani et al., 1991; Taddei et al., 

1997). Therefore, it may be necessary for cells to block the incorporation of such 

oxidized/mutated nucleotides. During RNA synthesis, E. coli RNA polymerase’s 

efficiency in utilizing 8-oxo-GTP is reduced by ten-fold than that of GTP (Hayakawa 

et al., 1999). Human RNA polymerase II also incorporates 8-oxo-GTP at only 2% 

of the rate of GTP incorporation (Hayakawa et al., 1999). In E. coli, MutT 

hydrolyzes both 8-oxo-dGTP and 8-oxo-GTP, thus preventing their incorporation 

into DNA and RNA (Tajiri et al., 1995; Taddei et al., 1997; Ito et al., 2005; Sekiguchi 

et al., 2013). MutT1 and ADPRase in Mycobacterium tuberculosis have also been 

shown to degrade 8-oxo-dGTP, 8-oxo-GTP, and 8-oxo-GDP (Patil et al., 2013).  

Similarly, a human homolog of MutT, i.e., MTH1, can convert 8-oxo-GTP and 8-

oxo-GDP to 8-oxo-GMP (Hayakawa et al., 1999; Ishibashi et al., 2005). Also, 8-

oxo-GDP can be converted to 8-oxo-GMP by NUDT5  (Ishibashi et al., 2005), and 
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it may reduce the conversion of 8-oxo-GDP to 8-oxo-GTP. Also, MTH2 and MTH3 

(NUDT18) confer activities similar to that of MTH1 in degrading 8-oxo-dGDP and 

8-oxo-GDP (Takagi et al., 2012). A nucleoside-diphosphate kinase (NDK) or 

adenosine-diphosphate kinase (ADK) may convert 8-oxo-GDP into 8-oxo-GTP 

(Ishibashi et al., 2005; Sekiguchi et al., 2013). Therefore, it is vital that the former 

is not regenerated from its degraded product 8-oxo-GMP. Conversion of normal 

GMP to GDP is carried out by guanylate kinase (GK). This enzyme, however, does 

not carry out the conversion of 8-oxo-GMP to 8-oxo-GDP (Hayakawa et al., 1999).  

As discussed above, 8-oxo-GMP can be produced by direct oxidation of GMP, 

dephosphorylation of 8-oxo-GDP and 8-oxo-GTP, or degradation of oxidized RNA. 

Once 8-oxo-GMP is produced, it is trapped at this level without the ability to be 

phosphorylated. 8-oxo-GMP can finally be converted to 8-oxo-Guo and are 

eliminated out of the cell. Indeed, both 8-oxo-guanosine and 8-oxo-guanine are 

detected in urine (Weimann et al., 2002). All these findings strongly suggest 

various proteins and factors could have a critical role in the blocking and 

reincorporation of oxidized nucleobases during RNA synthesis. 

1.4. Role of human polynucleotide phosphorylase (hPNPase) in the 

quality control of oxidized RNA  

Polynucleotide phosphorylase (PNPase) has been increasingly recognized 

as a key player in the quality control process of oxidized RNA (Li et al., 2014). In 

search for E. coli proteins that can interact with oxidized RNA, PNPase showed a 

higher binding affinity to an 8-oxo-Guo containing oligoribonucleotide than to a 

normal oligoribonucleotide sequence (Hayakawa et al., 2001). Later it was shown 
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that D. radiodurans strains lacking PNPase were hypersensitive to UV and H2O2
 

(Chen et al., 2007). Similarly, E. coli cells lacking PNPase were also highly 

sensitive to oxidants such as H2O2  and increased 8-oxo-Guo level than that in the 

wild type strain (Wu et al., 2009). Interestingly, expression of PNPase on a plasmid 

rescued both the growth defect as well as reduced 8-oxo-Guo levels under 

oxidative stress (Wu et al., 2009). PNPase in Yersinia pestis also protects it against 

oxidative stress (OS) although the function seems to be dependent on the 

assembly of PNPase in the degradosome of Y. pestis (Henry et al., 2012). PNPase 

is present in bacteria, plants, and mammals except for few single cells eukaryotes 

such as yeast and trypanosomes (Leszczyniecka et al., 2004; Littauer, 2005; 

Almeida et al., 2008). The human homolog of PNPase, i.e., hPNPase also 

exhibited high binding specificity to 8-oxo-Guo containing RNA (Hayakawa and 

Sekiguchi, 2006). An inverse correlation between cell viability and the level of 8-

oxo-Guo was observed in HeLa cells, suggesting that hPNPase plays an important 

role in controlling RNA oxidation and cell-protective role under oxidative stress 

condition (Wu and Li, 2008). However, the molecular mechanism behind such RNA 

oxidation control and cell-protection remains to be largely unknown. This 8-oxo-

Guo reduction could be due to its high binding affinity to oxidized RNA followed by 

exonucleolytic degradation, thus protective them against the deleterious activities 

of oxidized RNA to the cellular system. 

1.4.1. Multifunctional role of PNPase in RNA metabolism 

In order to understand the molecular mechanisms of hPNPase in controlling 

RNA oxidation, it may be essential to understand the role of hPNPase in many 
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facets of RNA metabolism. PNPase was first identified in Azobacter vinelandii by 

Marianne Grunberg Manago and Severo Ochoa in 1955. In their study, the function 

of PNPase was reported to synthesize polynucleotides from nucleotide 

diphosphates (Manago and Ochoa, 1955). These polynucleotides were later 

identified to be RNA (Heppel at al.,1959). The primary function of hPNPase was 

to catalyze the breakdown of RNA (Spickler and Mackie, 2000; Mohanty and 

Kushner, 2002). PNPase uses its exonuclease activity to degrade at the 3′-termini, 

yielding nucleoside diphosphate (NDP) products. This process of phosphorolysis 

is more favorable in a higher level of inorganic phosphate (Pi). This Pi acts as a 

nucleophile which can attack RNA at 3’ end of phosphodiester linkage (Deutscher, 

2006). In addition to the polynucleotide and phosphorolysis roles, PNPase also 

exhibit polymerase activity (Mohanty and Kushner, 2002; Slomovic et al., 2008). 

The polymerase activity of PNPase is attributed to adding a heteropolymeric tail, 

which is contrary to the role of poly A polymerase (PAPI) that adds only the 

homopolymeric tail. These extensions may provide a platform for hPNPase or 

RNase R recruitment. After binding at its polymeric tail, PNPase then degrades 

RNA gradually by removing 6-7 nucleotides per pause (Fazal et al., 2015). The 

stem-loop structure in RNA, such as GC-rich RNA hairpins can inhibit PNPase’s 

degradation activity (Spickler and Mackie, 2000). Interestingly, a recent study 

demonstrated that hPNPase also possess the ability to degrade natural hairpins 

such as Rho-independent terminators (Bandyra et al., 2016).  

PNPase has evolutionary conserved two catalytic RNase PH and two RNA 

binding domains (Fig. 7). The catalytic domains, i.e. RNase PH1 (RPH1) and 
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RNase PH2 (RPH2), are located at the N-termini separated by α-helix whereas the 

RNA-binding domains (S1 and KH) are at its C-termini. In addition to the catalytic 

and RNA binding domains, plants and animal contain a chloroplast translocation 

signal  (cTP) and mitochondrial translocation signal (MTS) respectively at the N-

termini (Leszczyniecka et al., 2002, 2004; Piwowarski et al., 2003; Sarkar et al., 

2005; Symmons et al., 2000; Yehudai-Resheff et al., 2003). The function of 

PNPase as a whole could be attributed to the cumulative effect of its individual 

domain, which is described in the subsequent section. 

 
 

Figure 6. Domain organization of PNPase in different species 
PNPase from the human, plant, and bacteria showing the presence of two 
conserved catalytic RNase PH domains and two RNA-binding domains (KH and 
S1). Additionally, human and plant PNPase contain mitochondrial translocation 
signal (MTS) at its C- terminal end whereas it is a chloroplast translocation signal 
(cTP) in chloroplast PNPase (Sokhi et al., 2013). 
 

Crystal structure studies of Caulobacter crescentus and human PNPase 

show that PNPase is a ring-shaped homotrimer and has an active site in the central 

channel that can accommodate single-stranded RNA but not the duplex or 

structural RNAs (Hardwick et al., 2012; Lin et al., 2012). RNase PH domains form 
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the core of the trimeric ring, and the RNA-binding domains are on the opposite 

face of the ring. Mutations in the key residues of any one of these catalytic domains 

inhibited PNPase activity in bacteria (Jarrige et al., 2002). The chloroplast RPH1 

domain is highly active enzymatically, but RPH2 exhibited low RNA degradation 

activity on non-polyadenylated RNA (Yehudai-Resheff et al., 2003). The presence 

of at least one RPH1 domain can retain its functional identity similar to that of full-

length hPNPase (Sarkar et al., 2005). In C. crescentus, KH module of the trimer 

forms a narrow aperture where RNA can come in contact and thread through it to 

the central cavity (Hardwick et al., 2012). Both the KH and S1 play an essential 

role in binding to RNA. In another study, the phosphorylase and binding activities 

were decreased when the S1 domain was deleted (Stickney et al., 2005). Similarly, 

deletion of S1 and KH domains resulted in the reduction of PNPase activities by 

eight folds (Shi et al., 2008). Deletions of KH binding domains reduced both the 

RNA binding as well as RNA phosphorylase activity; however, S1 deletion had no 

such effect (Lin et al., 2012). Sarkar and colleagues showed that RNA degradation 

activity was still preserved even when both RNA binding domains (i.e. KH and S1) 

were deleted suggesting that RPH domains may also bind to RNA (Sarkar et al., 

2005). All these observations on the functional role of PNPase individual domain 

prompted us to study whether these conserved domains have any specific role in 

controlling or regulating RNA oxidation.   

PNPase exhibits RNA catalytic activities either alone or in association with 

RNA helicase or degradosome complex. The PNPase is approximately 3-5 times 

higher than RNase E.  In addition, 69% of the PNPase is mostly distributed in the 
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cytoplasm whereas 91% of RNase E is located near or on the cell membrane (Liou 

et al., 2001). Also, only a small fraction of the PNPase was found to form a trimer 

with RNase E (Carpousis et al., 1994). These observations suggest that PNPase 

can work independently of its degradosome or helicase partner. In E. coli 

degradosome, PNPase associates with endoribonuclease RNase E, the DEAD-

box RNA helicase RhlB, and glycolytic enzyme enolase. The PNPase executes its 

3’     5’ exoribonuclease activity upon endonucleolytic cleavage by RNase E. The 

components of degradosome may be different among species or even within the 

same organism. For instance, aconitase instead of enolase and RNase D instead 

of RNase E are present in C. crescentus (Hardwick et al., 2011; Voss et al., 2014). 

Similarly, RNase Y is present instead of RNase E in Gram-positive bacteria such 

as Bacillus subtilis (Commichau et al., 2009; Lehnik-Habrink et al., 2011). It binds 

to Y RNA in D. radiodurans, which helps to tether Rsr to PNPase in order to form 

a RYPER complex (Chen et al., 2013). It has been shown that Ro60 (Rsr) protein 

facilitates PNPase to degrade rRNA. mRNAs stabilized by PNPase were not 

affected by the loss of degradosome (Bernstein et al., 2004). PNPase also works 

independently of the degradosome in tRNA processing (Li and Deutscher, 1994), 

rRNA degradation (Smith et al., 2018; Zhou and Deutscher, 1997), and sRNA-

mediated gene regulation. It also promotes the regulatory RNAs (sRNAs) by 

altering mRNA transcription, stability, or translation (reviewed in Cameron et al., 

2018).  
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In higher organisms such as mammals, mitochondrial degradosome is the 

best-described degradation machinery inside mitochondria (Wang et al., 2009, 

Borowski et al., 2013). This complex consists of a combination of ribonucleases 

i.e., hPNPase (Leszczyniecka et al., 2002; Piwowarski et al.,2003; Lin et al., 

2012) and RNA helicase hSUV3 (Minczuk et al., 2002; Khidr et al., 2008; 

Szczesny et al., 2010). The activity of the degradosome is important for 

mitochondrial mRNA turnover (Borowski et al., 2013; Chujo et al., 2012), 16S 

rRNA decay (Tu and Barrientos, 2015), and exonucleolytic processing of the 3′-

end of ND6 mRNA (Jourdain et al., 2015). Many mt-ncRNA species were 

detected only when degradosome activity was inhibited (Szczesny et al., 2010). 

In a recent study, GRSF1, a mitochondrial ribosomal binding protein, was shown 

to cooperate with mitochondrial degradosome in order to control or decay of non-

coding mitochondrial transcript that forms G4 RNA structures (Pietras et al., 

2018). In the same study, it was revealed that GRSF1 facilitates hPNPase-

hSUV3 complex to degrade G4 RNA structures by melting them. hPNPase also 

forms a complex with mitochondrial poly (A) polymerase (mtPAP) and hSUV3, and 

the transient complexes modulate the length of mt-mRNA poly (A) tail lengths in 

response to cellular changes in low/high Pi/ATP ratio (Wang et al., 2014). These 

studies suggest that partners of hPNPase in the degradosome complex could 

facilitate the exoribonuclease activity of PNPase. In this study, we have examined 

the role of its helicase partner, i.e. RNA helicase (hSUV3), to see if/any 

involvement in controlling oxidized RNA. 
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Table 3. PNPase in RNA metabolism in E. coli, plants, and human 

 

 
Abbreviations: Rsr, Ro sixty related protein; Rhl B, RNA helicase; sRNA, small 
regulatory RNA; SUV3, suppressor of Var 1, 3; miRNA, microRNA; IMS, 
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intermembrane space; Hfq, host factor for phage Qβ. (Source: Cameron et al., 
2018 with new findings). 
 
1.4.2. Human polynucleotide phosphorylase (hPNPase)  

Human PNPase (hPNPase) was first identified in an overlapping pathway 

screening (OS) approach while screening for genes up-regulated during cellular 

differentiation and senescence (Leszczyniecka et al., 2002). It consists of 28 exons 

and 27 introns, spanning 54kb in the chromosome 2p15-2p16.1 (Leszczyniecka et 

al., 2003). Although hPNPase predominantly localizes in the mitochondrial 

intermembrane space (Chen et al., 2006; Piwowarski et al., 2003), Sarkar and 

colleagues showed that it also translocate to the cytoplasm when it is 

overexpressed and performs several RNA metabolic activities such as the 

degradation of c-myc mRNA and miRNAs (Sarkar et al., 2005). Alternatively, 

hPNPase translocation was also observed during early stages of apoptosis and 

triggers the decay of mRNAs and poly(A) non-coding (nc) RNAs at the 3' end (Liu 

et al., 2018). In another study, when hPNPase or hSUV3 was knocked down in 

HeLa cells, mitochondrial mRNAs encoding COX1, CYTB, ATP8/6, and ND5 were 

selectively stabilized (Chujo et al., 2012). These observations clearly suggest that 

hPNPase plays an important role in the degradation of RNAs both inside 

mitochondria and cytoplasm. The hPNPase also maintains poly(A) tail of 

mitochondrial mRNAs, probably through deadenylation (Nagaike et al., 2005). In 

addition, it imports numerous nuclear-encoded RNAs to mitochondria (Wang et al., 

2010; Jeandard et al., 2019). Although hPNPase is a mitochondrial 

exoribonuclease, it may translocate to the cytoplasm during oxidative stress 

condition and it could be instrumental in controlling RNA oxidation inside both 
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mitochondria and cytoplasm. hPNPase also forms 330kDa heteropentameric 

complex with hSUV3, and the complex plays an important role in degrading 

double-stranded RNA (Wang et al., 2009). Moreover, hSUV3 in the form of 

degradosome has been shown to regulate the stability of matured mRNAs, 

removes aberrantly formed mRNAs, and facilitates the degradation of non-coding 

processing intermediates (Szczesny et al., 2010).  

Interestingly, hPNPase also has been shown to regulate the cytoplasmic c-

myc-mRNA by specifically degrading them and inducing distinctive changes 

associated with senescence (Sarkar et al., 2005). Since c-myc is a proto-oncogene 

which is involved in a large number of cellular processes including proliferation, 

differentiation, and tumorigenesis, hPNPase could be a potential therapeutic target 

that could modulate the expression of c-myc gene and associated pathologies. 

hPNPase also degrades microRNAs (miR-221, miR-222, miR-106b, miR-103, 

miR-107, miR-193, miR-29B, miR-320) when it is overexpressed (Das et al., 2010). 

These microRNAs are well characterized in tumorigenesis suggesting that 

hPNPase could play a very important role in tumor suppression (Das et al., 2010). 

This could be achieved by examining the specific consequences on tumorigenic 

pathways as a result of miRNA regulation mediated by hPNPase.  

Mutations of PNPT1 gene encoding hPNPase have been associated with 

multiple mitochondrial abnormalities including multiple pathologic conditions. 

Homozygous 1424A-G transition resulted in the E475G substitution in the second 

RNase PH domain. This transition was associated with early onset hearing 

impairment in early childhood (Von Ameln et al. 2012). Similarly, homozygous 
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1160A-G transition in exon 13 of the PNPT1 gene resulted in Q387R substitution 

in the second RNase PH domain which was associated with severe hypotonia and 

movement abnormalities in late infancy with severe but non-progressive 

encephalopathy accompanied by elevated plasma and cerebrospinal-fluid lactate 

levels (Vedrenne et al. 2012). In vitro studies later confirmed that such a transition 

could make hPNPase hypofunctional, leading to disturbed PNPase trimerization 

and impaired mitochondrial RNA import. In addition, 1495G-C transversion 

resulted in G499R mutation, which was associated with hypotonia, abnormal eye 

movements, sensory neuropathy, deafness, and leukodystrophy (Dhir et al. 2018).  

In addition to the multifunctional role of hPNPase in RNA metabolism, 

hPNPase has also been shown to be involved in regulating oxidized RNA under 

oxidative stress condition. The combined activities of hPNPase and hSUV3 could 

play an important role in down-regulating oxidized RNA by similar shared RNA 

degradation mechanisms. The subsequent chapters focus on mitochondrial and 

cytoplasmic RNA oxidation and molecular mechanism of hPNPase and its helicase 

partner hSUV3 in controlling RNA oxidation under oxidative stress condition.   
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1.5. Objectives of the present study

Oxidation by ROS, perhaps, is the most common form of RNA damage in 

organisms. Accumulation of oxidized RNA is detrimental to cells and are implicated 

in the pathogenesis of a number of diseases. It is vital for the cellular system to 

specifically remove oxidized RNA and prevent the deleterious effect. This could be 

attained by characterizing RNA oxidative damage, and by uncovering the 

molecular mechanisms and quality control process against RNA oxidation. Several 

proteins such as hPNPase having a strong affinity to oxidized RNA have been 

recognized. Since mitochondria are the predominant source of intracellular ROS, 

we propose that mitochondrial RNA is perhaps the immediate target of ROS and 

exoribonuclease activity of hPNPase could be instrumental in controlling these 

oxidatively damaged RNA. The specific aims are: 

Aim 1: To characterize the RNA oxidation inside mitochondria and 

cytoplasm. We will approach this study by examining the content of 8-oxo-Guo 

level in cytoplasmic and mitochondrial RNA under normal growth as well as 

oxidative stress conditions. Also, the level of RNA damage will be examined at 

least in three different cell types, i.e., HeLa, HEK293, and Neuro-2a. 

Aim 2: To explore the role of hPNPase and its helicase partner hSUV3 in 

regulating RNA oxidation inside mitochondria and cytoplasm. Since 

hPNPase forms a functional complex with hSUV3 inside mitochondria, its effect on 

mitochondrial and cytoplasmic oxidized RNA could be different. In this study, we 

will examine the role of hPNPase and its helicase partner hSUV3 in regulating 8-

oxo-Guo levels. In addition, we will explore the role of hPNPase and hSUV3 in 
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eliminating RNA degradation intermediates under OS. The results from these 

studies will help to identify whether hPNPase alone or its helicase partner is 

equally important in controlling oxidized RNA. 

Aim 3: To understand the roles of conserved domains of hPNPase on RNA 

oxidation. hPNPase has two evolutionarily conserved RNase PH-like catalytic 

domains, two RNA binding domains, and a mitochondrial translocation signal 

(MTS) at its N-terminal end. The role of hPNPase in controlling oxidized RNA (Wu 

and Li, 2008) could be attributed to the synergistic effect of each domain. 
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2. Materials and Methods

2.1. Chemicals and reagents 

Diethyl pyrocarbonate (DEPC), tertiary butyl hydroperoxide (tBHP) and chelex-100 

were purchased from Sigma-Aldrich (St. Louis, MO). Actinomycin D and ethidium 

bromide were from Life Technologies (Grand Island, NY). Deferoxamine mesylate 

salt (DFOM) was purchased from Santa Cruz Biotechnology (Dallas, TX). 

Dulbecco’s modified Eagle’s media (DMEM), bovine growth serum (BGS), and 

penicillin-streptomycin solution were obtained from Hyclone (Hyclone, CA). 

Antimycin A and rotenone were purchased from Enzo Life Sciences, Inc. 

(Farmingdale, NY). Antibodies specific for hPNPase (H00087178-B01P), hSUV3 

(H00006832-B01P), and hGAPDH (H00002597-B01P) were purchased from 

Abnova (Taipei, Taiwan). Antibodies against human actin (sc-47778, Santa Cruz 

Biotechnology) and cytochrome C (ab13575, Abnova) were gifts from Dr. Michael 

Lu and Dr. Sarah Milton at Florida Atlantic University. Lipofectamine 3000, 

Lipofectamine RNAiMAX, Stealth siRNAs specific for hPNPase, hSUV3, and 

negative control Med GC) were obtained from Life Technologies (Grand Island, 

NY). HaltTM protease inhibitor cocktail and ECL western blotting substrate were 

obtained from Thermo Fisher Scientific (Grand Island, NY). Bradford reagent was 

purchased from Sigma Aldrich (St. Louis, MO). 2X Laemmli sample buffer was 

obtained from Bio-Rad (Hercules, CA). TRI Reagent-LS was obtained from 

Molecular Research Center, Inc. (Cincinnati, OH) and 8-hydroxyguanosine (8-oxo-
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Guo) was purchased from Calbiochem (La Jolla, CA). Oligonucleotides probes 

specific for 28S, 18S, 16S, and 12S rRNA were synthesized by Integrated DNA 

Technologies (Coralville, IA). DNA 3’-labeling kit, ULTRAhyb™-Oligo hybridization 

buffer, Biodyne B nylon membrane (0.45 µm) were purchased from Life 

Technologies (Grand Island, NY). IRDye 800CW streptavidin was obtained from 

Li-COR Biosciences (Lincoln, NE). 

2.2. Cell culture and treatment 

Cell culture conditions were maintained as previously described (Wu and Li, 2008). 

In brief, HeLa, HEK293, and Neuro-2a cultures were grown in Dulbecco’s modified 

Eagle’s media (DMEM) supplemented with 10% (v/v) heat-inactivated bovine 

growth serum and 1% penicillin-streptomycin at 37°C under a humidified condition 

containing 5% CO2. Cells were grown up to 70-80% confluency at the time of 

transfection with DNA/siRNAs or treatment with other oxidants. 

2.3. Construction of hPNPase domain-deletion mutants  

DNA constructs encoding the full-length hPNPase and its domain-deletion mutants 

were synthesized, sequenced, and inserted downstream of a CMV promoter in the 

pcDNA3.1 expression vector (Genscript, Piscataway, NJ). The amino acid 

sequences that were deleted in the mutant proteins were made in the same as 

reported previously (Sarkar et al., 2005). The resulting plasmids, pcDNA3.1-pnp, 

pcDNA3.1-∆MTS, pcDNA3.1-∆RPH1, pcDNA3.1-∆RPH2, pcDNA3.1-∆KH, and 

pcDNA3.1-∆S1, were used to express the encoded proteins in this study. For 

convenience, the DNA will be referred to as PNP, ΔMTS, ΔRPH1, ΔRPH2, ΔKH, 

and ΔS1 in the subsequent discussions.    
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2.4. Preparation of plasmid DNA 

High-efficiency NEB® 5-alpha competent E. coli cells were purchased from (New 

England Biolabs, Boston, MA) and the plasmids containing PNP and its mutants 

were transformed as per manufacturer’s instructions. Plasmid DNA was prepared 

from purified transformants using PureLink™ HiPure Plasmid Midiprep Kit (Thermo 

Fisher Scientific, Grand Island, NY) by following the manufacturer’s instructions. 

2.5. Expression of cloned hPNPase 

For the expression analysis of hPNPase and its mutants, cultured HeLa cells were 

transfected with PNP or domain deletion constructs using the Invitrogen’s 

Lipofectamine 3000 reagent (Thermo Fisher Scientific, Grand Island, NY) by 

following manufacturer’s protocol. Briefly, HeLa cells were cultured up to 70-80% 

confluency at the time of transfection. Lipofectamine reagent and plasmid DNA 

were diluted in serum-free Opti-MEM medium. Diluted Lipofectamine and plasmid 

DNA were mixed (1:1) followed by incubation for 15 minutes at room temperature. 

The mixtures were added to the cell cultures and harvested after 72 hours for 

further analysis. 

2.6. Preparation of mitochondria and cytoplasm fractions 

Mitochondrial and cytoplasmic fractions of cultured cells were separated by 

following a standard protocol (Bourens et al., 2014). Briefly, cells were collected 

and resuspended in TKMg buffer (10 mM Tris-HCl with pH 7.0, 10 mM KCl, 0.15 

mM MgSO4 and freshly prepared 1 mM DFOM followed by incubation on ice for 5 

minutes. Teflon coated glass homogenizer was used to disrupt/break cells. The 

homogenate was brought to a final concentration of 0.25 M sucrose and 
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centrifuged at 1,500 g for 3 minutes. The pellet was discarded whereas the 

supernatant was further centrifuged at 10,000 g for 10 minutes to obtain pellet as 

mitochondrial fraction and supernatant as cytoplasmic fraction. The pellet was 

washed with TKMg buffer supplemented with 0.25M sucrose and centrifuged at 

10,000 g for 10 minutes. The mitochondrial pellet was finally resuspended in 0.25M 

sucrose solution. RNA was isolated from mitochondrial and cytoplasmic fractions 

using TRI Reagent-LS by following the manufacturer’s instruction. Total RNA was 

isolated from cultured cells directly using TRI Reagent-LS.  

2.7. RNA isolation 

RNA was purified from mitochondrial and cytoplasmic fractions of HeLa 

homogenates using TRI Reagent-LS (Molecular Research Center, Inc., Boston, 

MA). The reagent was supplemented with freshly prepared DFOM at a final 

concentration of 1 mM to prevent artificial RNA oxidation. Purified RNA was 

dissolved in RNase-free water and was quantified using an ND 800 

spectrophotometer.  

2.8. Quantification of 8-oxo-Guo by reverse-phase HPLC  

Total RNA was digested into nucleosides using P1 nuclease followed by 

bacterial alkaline phosphatase (BAP) treatment. The 8-oxo-Guo levels were 

determined by HPLC as previously described (Wu and Li, 2008, Liu et al., 2012). 

The peaks of 8-oxo-Guo and Guanosine (Guo) were identified and their amounts 

were determined according to the retention time and peak sizes of chemical 

standard 8-oxo-Guo and Guo. The normalized levels of 8-oxo-Guo/105 Guo in RNA 

were calculated for each sample. 
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2.9. Transfection of siRNA into HeLa cells 

HeLa cultures were transfected with 2µg/ml DNA constructs (pCMV* and 

pCMV-pnp) using Lipofectamine 3000. Stealth siRNA constructs were transfected 

using Lipofectamine RNAiMAX for silencing hPNPase and hSUV3. The Stealth 

siRNA oligonucleotides HSS131758 (siPNP), HSS1110378 (siSUV3) and Stealth 

RNAi negative control Med GC (siCTL) were used at the final concentration of 20 

nM. The same siRNA constructs for hPNPase, hSUV3, and control were used at 

the same concentration in previous reports (Szczesny et al. 2010; Borowski et al. 

2013). Cells were collected/harvested after 72 hours of transfection for protein and 

RNA oxidation assays. 

2.10. Western blot analysis 

Mitochondrial and cytoplasmic fractions were prepared using TKMg buffer 

supplemented with 1X HaltTM protease inhibitor as described previously. Lysates 

of the mitochondrial and cytoplasmic fractions were prepared by mixing with an 

equal volume of 2X Laemmli sample buffer supplemented with freshly added ß-

mercaptoethanol, followed by boiling for 5 minutes in the waterbath. Protein 

concentrations were determined by the Bradford method. Sample lysates 

containing 20 µg protein were separated on a 6% stacking 10% resolving SDS-

PAGE in 1X Tris-glycine SDS buffer at 20V/cm. Separated proteins in gels were 

then transferred by electroblotting onto Low Fluorescence PVDF Transfer 

Membrane (Azure Biosystems). The membrane was blocked with 5% skim milk in 

Tris-buffered saline (TBS) supplemented with 0.1% Tween-20 for 1 hour and then 

incubated overnight at 40C using primary antibodies: mouse anti-hPNPase 
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(1:1000), mouse anti-SUPV3L1 (1:1000), mouse anti-hGAPDH (1:1000), mouse 

anti-actin (1:1000), mouse anti-cytochrome C (1:1000) . Primary antibodies were 

detected using goat anti-mouse horseradish-peroxidase-conjugated secondary 

antibody (Thermo Fisher Scientific). Images were visualized using ECL western 

blotting substrate (Thermo Fisher Scientific) in the Li-COR Odyssey Fc system. 

Signal intensities were quantified using Image Studio Lite for windows 10 software. 

2.11. Preparation and electrophoresis of RNA 

Total RNA from HeLa cells was prepared using Tri-Reagent - LS (TS 120, 

Molecular Research Center, Inc.). RNA pellets were dissolved in DEPC treated 

RNAase free water and mixed up with 2X RNA Loading buffer (R0641, Thermo 

Fisher Scientific, Grand Island, NY) followed by heat denaturation at 750C for 5 

minutes. The mixture was immediately chilled in an ice water bath, as described 

previously (Cheng and Deutscher, 2003). RNA was separated by electrophoresis 

on a 1.5 % agarose gel in 0.5X TBE buffer using a first at 60 V for 10 min and then 

at 100 V for 1 hour. The gel was stained with EtBr and visualized by Li-Cor odyssey 

Fc imaging system.  

2.12. Northern blot analysis 

Ribosomal RNA products were analyzed by northern blotting as previously 

described (Liu et al., 2012 and Odyssey Northern Blot protocol at 

https://research.pomona.edu/jane-liu/files/2012/08/LICOR-Northern.pdf) with 

slight modification. Briefly, 3 µg RNA samples were loaded and resolved on a 1.5 

% (w/v) agarose gel. The RNA samples were transferred to Biodyne B nylon 

membrane (Thermo Scientific) by electroblotting in 1 X TBE buffer (15 V/overnight 
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at 4°C). Transferred RNA on the membrane was UV cross-linked (UVP CL-1000 

ultraviolet crosslinker) at 600 mJ/cm2 for 2 min and blocked with Odyssey blocking 

buffer (Li-COR). The membrane was pre-hybridized in ULTRAhyb™-Oligo 

hybridization buffer at 42°C for 1 hour and hybridized overnight with biotin-labeled 

oligo probes at 52°C. Synthetic DNA oligonucleotide probes were 3’-labeled with 

biotin-11-UTP using Pierce Biotin 3’ End DNA Labeling Kit (Thermo Fisher 

Scientific). After the hybridization, the membrane was washed initially with low 

stringency wash buffer (2X SSC containing 0.1X SDS) at room temperature 

followed by high stringency wash buffer (0.1X SSC containing 0.1X SDS) at 50°C, 

respectively. After washing, the membrane was incubated in Odyssey blocking 

buffer containing 1% SDS for at least an hour. Finally, blots were developed using 

IRDye 800CW streptavidin in Li-COR Odyssey Fc system and bands were 

quantified using Image Studio Lite for windows 10 

The oligodeoxynucleotide probes (Appendix, Table 4) were 3’-labeled with 

Biotin-11-UTP using Pierce Biotin 3’ End DNA Labeling Kit by following the 

manufacturer’s instruction (# 89818, Thermo Fisher Scientific, Grand Island, NY). 

Briefly, 100 nM of oligos were labeled with 0.5 µM of Biotin-11-UTP in the presence 

of 0.15U/µl of Terminal deoxynucleotidyl transferase (TdT) in 50-µl reaction 

volume. The mixture was incubated for 30 minutes. After the labeling was 

completed, EDTA was added to stop the reaction. The final mixture was purified 

using chloroform and isoamyl alcohol to obtain a pure upper aqueous phase 

containing labeled oligos.  
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2.13. Stripping and re-probing of membrane 

The probe on the blot was stripped off and reprobed with multiple probes to 

detect the same or different RNA targets. For this, stripping buffer (0.1X SSC and 

0.5% SDS) was either boiled and poured the boiling solution to the membrane (the 

side with RNA facing up) for three times or allowed to stand at 950C for 15 minutes. 

The blot was stored in 0.1% SDS or 1X TE at 40C or hybridized with new probes. 

2.14. Image processing 

Brightness and contrast of all the blot images were optimized for clarity. 

Also, images were cropped, rotated, and framed for coherence, but no other 

manipulations were applied.  

2.15. Statistical analysis 

All experiments were carried out at least in triplicates. Results are presented 

as group means ± SD. Student’s t-test was used to analyze statistical comparisons 

of paired groups. Values of p<0.05 or p<0.01 were considered statistically 

significant. 
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3. Results

3.1. Characterization of mitochondrial and cytoplasmic RNA oxidation 

in cultured human cells 

*This chapter contains selected portions or full text from the following manuscript 

which is currently under revision to resubmit*  

Malla, S and Li, Z. Human polynucleotide phosphorylase (hPNPase) regulates 

RNA oxidation levels in both mitochondria and cytoplasm. Under revision in RNA.  

As described previously in chapter 1, endogenous reactive oxygen species 

(ROS) are the major damaging insults to the cellular RNA under physiological and 

oxidative stress conditions (Li et al., 2006, 201; Fimognari 2015; Wurtman and 

Wolin 2009). A large number of enzyme systems inside mitochondria have been 

identified to produce ROS and mitochondrial ETC) is, perhaps, the predominantly 

recognized intracellular source of ROS. (reviewed in Andreyev et al., 2015). The 

electrons leak during electron transport can reduce molecular oxygen to 

superoxide anion (•O2
 -). About 1-5% of total consumed oxygen is converted to 

superoxide anion under physiological conditions. Because superoxide anion is 

relatively membrane-impermeable, they are released either into the mitochondrial 

matrix or to the intermembrane space where they are converted to stable H2O2. 

These stable ROS can diffuse throughout the cell that may react with metal ions 
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such as Fe2+ to generate highly reactive hydroxyl free radical (HO•) through Fenton 

reaction (iron-catalyzed Fenton reaction).  

In consistence with the mitochondrial generation of ROS, it has been 

overwhelmingly shown that oxidative damage of mitochondrial DNA (mitoDNA) is 

more extensive than that of nuclear DNA (nDNA) damage in the experimental 

system and diseased tissues.  For instance, the levels of 8-oxo-guanine) in 

mitoDNA is higher than that in nDNA (Richter et al., 1988). It was reported that in 

a number of experiments, mitoDNA is more sensitive than nDNA to H2O2 or alloxan 

(Yakes et al., 1997; Ballinger et al., 1999; Sawyer et al., 2004;  Han and Chen, 

2013; Driggers et al., 1993) and persistent mitoDNA damage causes mitochondrial 

dysfunction (Yakes et al., 1997). Furthermore, oxidative stress has been shown to 

induce mitoDNA degradation to a higher level than nDNA degradation (Shokolenko 

et al., 2009). In human brain tissues (aged 42-97 years), mitoDNA was reported to 

be at least 10-times more susceptible to oxidative damage than nDNA; however, 

it was 15-times in human older than 70 years, suggesting that mitoDNA are the 

preferential target of mitochondrial ROS (Mecocci et al., 1993). Similarly, increased 

oxidative damage to DNA, predominantly located in the cytoplasmic compartment 

(mitoDNA), were observed in the chronic active plaques of multiple sclerosis (MS) 

patients (Lu et al., 2000). The increased level of mitoDNA oxidative damage can 

probably be attributed to its proximity to the ETC, lack of a histone protective shield 

covering the mitoDNA, and limited mitochondrial DNA repair mechanisms.  

Several studies have shown that cellular RNA undergoes higher oxidative 

damage than DNA. It was shown that RNA were more susceptible to oxidative 
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damage than DNA in rat liver when treated with a hepatocarcinogen, 2-

nitropropane (Fiala et al., 1989). Later, numerous studies show that RNA oxidation 

is much higher (up to 20 folds) than DNA oxidation when their oxidized nucleobase 

levels were examined under similar conditions (reviewed in Li et al., 2006, 2014). 

Importantly, increased RNA oxidation is associated with increased RNA 

dysfunction and cell death (Liu et al., 2012; Wu and Li, 2008, Wu et al., 2009). 

Furthermore, an increase in the levels of oxidative damage to RNA, but not DNA, 

have been reported in affected tissues of numerous human diseases, 

predominantly neurodegenerative disorders (Poulsen et al., 2012). It is becoming 

more and more apparent that coping with oxidized RNA maybe crucial for battling 

against diseases.  

Although it has been reasonably anticipated that mitoRNA may contain 

higher oxidation than RNA in other cellular compartments, this has never been 

demonstrated previously (reviewed in Prakash and Doublié, 2015). Since 

mitochondria are the predominant source of intracellular ROS, we hypothesize that 

mitochondrial RNA is possibly the immediate targets of ROS and they may harbor 

a higher steady-state level of oxidative damage than their cytoplasmic 

counterparts. As described previously in chapter 1, the ROS level is significantly 

increased when cells are treated with tertiary butyl hydroperoxide (tBHP) or 

hydrogen peroxide (H2O2). The electron leak from respiratory chain complexes I 

(NADH: ubiquinone oxidoreductase) and III (cytochrome bc1 complex; ubiquinol: 

cytochrome c oxidoreductase) are the major generator of superoxides within 

mitochondria. Inhibitors blocking these complexes have been shown to elevate the 
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levels of ROS (Fig.1). For instance, rotenone is a highly selective inhibitor of 

complex I (Sheerer et al., 2003; Li et al., 2003; Chen et al., 2007), and Antimycin 

A (Miyoshi, 2005; Lee and O’Brien, 2010) for complex III. The extent of oxidative 

damage in mitoRNA and cytoRNA could be elevated under oxidative stress 

compared to normal growth condition. In this study, we specifically aim to 

characterize the extent of mitochondrial and cytoplasmic RNA oxidative damage 

under 1) normal physiological growth condition, and 2) oxidative stress condition. 

The result from this study will help to understand the nature of RNA oxidation, and 

the potential consequence of RNA oxidation on mitochondria function and related 

diseases. 

3.1.1. Mitochondrial RNA contains a higher level of 8-oxo-Guo than 

cytoplasmic RNA under normal growth conditions 

First, we have set up to examine the levels of RNA oxidation in 

mitochondrial RNA (mitoRNA) and cytoplasmic RNA (cytoRNA) by measuring the 

normalized levels of the oxidized lesion 8-hydroxyguanosine (8-oxo-Guo) in the 

RNA. Towards this goal, and to examine whether any observed difference is 

generally true for different cells, we examined RNA-born 8-oxo-Guo in three cell 

lines from various sources such as cervical cancer (HeLa), human embryonic 

kidney (HEK293), and neuroblastoma (Neuro-2a). The ROS levels in different cell 

lines may differ depending on the number and quality of mitochondria and the 

antioxidant activities. Mitochondria and cytoplasm were fractionated and total 

mitoRNA and cytoRNA were isolated for determination of 8-oxo-Guo levels as 

described in Materials and Methods. 



 

57 

 

 

 



 

58 

Figure 7. The level of 8-oxo-Guo in mitoRNA is higher than that in cytoRNA 
under normal growth conditions 
A) Outline of mitochondrial and cytoplasmic RNA isolation from cultured human 
cells and 8-oxo-Guo analysis, B) Standard Guanosine and 8-oxo-Guo peaks 
detected by UV and electrochemical detectors respectively, and C) 8-oxo-Guo 
level in mitochondrial and cytoplasmic RNA in cultured HeLa, HEK293 and 
Neuro-2a cells. The mean and standard error of triplicate measurements were 
plotted. Values were analyzed for statistical significance by Student’s t-test.  
p<0.05 (*) and for p<0.01 (**) were considered significant. 
 

As shown in Fig. 7C, the basal level of 8-oxo-Guo in mitoRNA is higher than 

that in cytoRNA in all cultured human cells lines under normal growth conditions. 

More specifically, the level of 8-oxo-Guo in in cytoRNA range from 0.4 to 0.6 8-

oxo-Guo/105 Guo. 8-oxo-Guo level in mitoRNA is nearly two times of those in 

cytoRNA (Fig. 7C, compare Bar 1 with 2, Bar 3 with 4, and Bar 5 with 6). In contrast 

to the significant higher 8-oxo-Guo levels in mitoRNA compared with those in 

cytoRNA of each cell line, the differences among the cell lines are small and 
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statistically insignificant. Moreover, an elevated level of 8-oxo-Guo was also 

observed in mitoRNA of human lens epithelial cells (HLEB3) (M. Walker and Z. Li, 

unpublished result). These observations strongly suggest that a higher oxidation 

level of mitoRNA than that of cytoRNA is not a peculiarity of particular cell types, 

but a common feature exhibited by possibly all cell types of various source and 

origin. It is also worth to note that 8-oxo-Guo in cytoRNA in Neuro-2a is slightly 

higher than in the other two cells, suggesting a variation in RNA basal oxidation 

levels among different cells. 

3.1.2.  Oxidative stress increases 8-oxo-Guo levels in both mitoRNA and 

cytoRNA 

It is evident from our preceding study that the basal level of 8-oxo-Guo in 

mitochondrial RNA is higher than in cytoplasmic RNA under normal growth 

condition. The level of RNA oxidative damage inside mitochondria and cytoplasm 

both may aggravate under increased reactive oxygen species. Therefore, we next 

examined RNA oxidation when ROS levels rise For this purpose, different types of 

cultured human cells were incubated with or without reagents that are known to 

cause oxidative stress, i.e., tertiary butyl hydroperoxide (tBHP) and inhibitors 

targeting different complexes of ETC (Antimycin A for Complex III, and rotenone 

for Complex I). The concentration of the agents and length of treatment were 

determined according to previous work with HeLa (Reinecke et al. 2006; Han et al. 

2008; Wu and Li, 2008). The intracellular level of H2O2 and O2
- was maximum when 

HeLa cells were treated with 50 µM Antimycin for 2 hours (Han et al., 2008). 

Similarly, incubation of HeLa cells with 500 nM Rotenone for 24 hours significantly 
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increased ROS level while retaining the cell viability (Reinecke et al., 2006). Also, 

the ROS level also increased dramatically when HeLa cells were treated with 0.5 

mM of tBHP and reached the maximum level at 0.8 mM and 1 mM tBHP. However, 

along with increased ROS, cells were very sensitive to tBHP and viability was 

reported to be less than 20% at 0.5 mM tBHP treatment for 24 hours (Reinecke et 

al., 2006). Therefore, we have made adjustments to ensure that the majority of the 

cells were viable at the end of treatment.  
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Figure 8. Mitochondrial and cytoplasmic 8-oxo-Guo under oxidative stress 
condition 
Cultured HeLa (A), HEK293 (B) and Neuro-2a (C) cells were treated with or 
without Antimycin A (50 µM for 2 hours), Rotenone (50 µM for 24 hours), and 
tBHP (0.3 mM for 3 hours) as explained in Materials and Methods. All 
experiments were performed in triplicates. The 8-oxo-Guo level in cytoRNA and 
mitoRNA after treating with Antimycin A, Rotenone, and tBHP were compared 
with that of control cultures. The data were presented as mean ± SDs. Values 
were analyzed for statistical significance by Student’s t-test.  p<0.05 (*) and 
p<0.01 (**) were considered significant. 
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We first examined the effect of treatment with ROS generators on RNA-

born 8-oxo-Guo in HeLa. As shown in Fig. 8A, treatment with 50 µM Antimycin A 

for 2 hours causes no change in 8-oxo-Guo level in cytoRNA but significantly 

increases 8-oxo-Guo in mitoRNA (compare Bar 3 with 1, and Bar 4 with 2). 

Treatment with 50 µM rotenone for 24 hours results in an increased level of 8-oxo-

Guo in both RNA fractions, to almost doubled in cytoRNA (Fig. 8A, compare Bar 5 

with 1) and nearly 50% raise in mitoRNA (compare Bar 6 with 2). Remarkably, 

when HeLa cultures were treated with 0.3 mM of tBHP for 3 hours, RNA-born 8-

oxo-Guo levels were dramatically increased, to about 3 times in cytoRNA and 

almost doubled in mitoRNA (Fig. 8A, compare Bar 7 with 1 and 8 with 2).  

A similar effect was also demonstrated in other cell lines. Compared to 

control, Antimycin A treatment of HEK293 cultures causes no change in 8-oxo-

Guo level in cytoRNA and about 50% increase in mitoRNA (Fig. 8B, compare Bar 

3 with 1, and Bar 4 with 2), similar to the responses found in Hela cells. 

Interestingly, treatments with either rotenone or tBHP increases 8-oxo-Guo levels 

to more than doubled in cytoRNA (Fig. 8B, compare Bars 7 and 5 with 1) and by 

at least 50% in mitoRNA (Fig. 8B, compare Bars 8 and 6 with 2). The ROS 

generators also caused an increase of RNA-born 8-oxo-Guo levels in Neuro-2a 

cultures. Upon exposure to Antimycin A, 8-oxo-Guo doubled in cytoRNA but only 

slightly increased in mitoRNA with a p-value of 0.068 (Fig. 8C, compare Bar 3 with 

1 and 4 with 2). Rotenone induces a sharp increase of 8-oxo-Guo level to more 

than doubled in mitoRNA (Fig. 8C, compare Bar 6 with 2), however without a 

change in cytoRNA (Fig. 8C, compare Bar 5 with 1). Treatment with tBHP 
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increased 8-oxo-Guo levels to almost 4 times in both cyto- and mitoRNA (p<0.01) 

(Fig. 8C, compare Bar 7 with 1 and 8 with 2).  

 The results show that oxidative stress treatments may cause elevation of 

RNA oxidation to different levels in different cells. Interestingly, the 8-oxo-Guo 

levels in mitoRNA are consistently higher than those in cytoRNA under all 

treatment conditions. This result suggests that elevated ROS under oxidative 

stress may trigger increased oxidative damage RNA preferentially in the vicinity 

where ROS is present. While treatment with specific inhibitors of mitochondrial 

ETC consistently increases 8-oxo-Guo in mitoRNA in all cells tested, an increase 

in cytoRNA 8-oxo-Guo was also observed in half of the cases (Bar 5 in Fig. 8A, 

Bar 5 in 8B, and Bar 3 in 8C). These observations demonstrate that increased 

ROS inside mitochondria translocate to the cytoplasm to be able to damage 

cytoplasmic RNA. The extent of RNA oxidation in response to the treatments 

varies in different cell lines, suggesting differences in ROS metabolism and in RNA 

damage control among different types of cells. 

3.1.3. Discussion  

In this work, we have shown for the first time that the level of RNA oxidation 

in mitochondrial RNA is higher than cytoplasmic RNA in cultured human cells 

under both normal and oxidative stress conditions. Our results revealed the 

following. First, 8-oxo-Guo levels in mitochondrial RNA are relatively higher than 

those in cytoplasmic RNA under normal growth conditions. Second, 8-oxo-Guo 

levels elevate in response to oxidative stress treatments, being higher in mitoRNA 

than in cytoRNA. Finally, a higher level of 8-oxo-Guo in mitoRNA than that in 
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cytoRNA is not a peculiarity of a particular cell type but a common feature exhibited 

by all, as indicated by our results in three different cell types of different source 

and origin. A similar observation was also noted when 8-oxo-Guo levels were 

examined in HLEB cells (Walker and Li, unpublished data).  

A higher steady-state level of mitochondrial RNA oxidation, when compared 

to cytoplasmic RNA, could be attributed to several factors: 1) proximity of 

mitochondrial RNA to main sites of ROS generation, 2) presence of localized metal 

ions that may catalyze ROS generation through Fenton-reaction, and 3) 

stimulation of secondary ROS generation due to impaired ETC or through lipid 

peroxidation.  It has been previously shown that secondary ROS of this nature 

causes oxidative damage to mitochondrial DNA (Almeida et al., 2006; E. J. 

Anderson et al., 2012; Cao et al., 2006; Shokolenko et al., 2016). These ROS must 

also be able to cause damage to mitochondrial RNA. 

The basal level of RNA oxidation, higher in mitochondria than in cytoplasm, 

may not pose a threat to the cellular system. However, increased RNA oxidation 

may cause deleterious consequences in response to oxidative stress. Recent 

studies suggested that increased RNA oxidation is implicated in the pathogenesis 

of human diseases, predominantly neurodegeneration (Kong and Lin, 2010; Li et 

al., 2006, 2014, Nunomura et al., 2012, 2017; Poulsen et al., 2012). The exact 

detrimental effect of oxidized RNA on the function of mitochondrial and cytoplasmic 

processes remains to be studied. Such studies will help to understand the causes 

of various diseases that are currently poorly understood.  
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It is important for the cellular system to control oxidized RNA to prevent 

diseases. As discussed in Chapter 1, aberrant RNAs are eliminated by various 

RNA quality control processes and surveillance pathways (Cheng and Deutscher, 

2003; Doma and Parker, 2007; Houseley et al., 2006;  Liu and Chen, 2016). In 

eukaryotes, aberrant and dysfunctional mRNAs are processed by quality control 

mechanisms that include nonsense-mediated decay (NMD), no-go decay (NGD), 

non-stop decay (NSD), RNA turnover etc. (Baker and Parker, 2004; Behm-

Ansmant and Izaurralde, 2006; Frischmeyer and Dietz, 1999). The control 

mechanisms for oxidized RNA largely remains to be studied. In the subsequent 

sections, we will investigate the role of the human polynucleotide phosphorylase 

in eliminating oxidized RNA in mitochondria and cytoplasm.  

3.2.  hPNPase regulates 8-oxo-Guo levels in mitochondrial and 

cytoplasmic RNA under oxidative stress

Based on the studies discussed in the above section, it is evident that 

oxidative damage to mitochondrial RNA (mitoRNA) is higher than cytoplasmic RNA 

(cytoRNA) under both normal and oxidative stress conditions. The extent of 

damage was measured based on 8-oxo-Guo levels in RNA. Living cells must 

employ activities to eliminate oxidized RNA molecules to reduce any detrimental 

effect. hPNPase may be one of the major players in controlling oxidized RNA 

because it displays higher binding affinity to synthetic RNA containing 8-oxo-Guo 

than to RNA of normal sequence (Hayakawa et al., 2006). More importantly, it is 

responsible for reducing 8-oxo-Guo levels in cultured HeLa cells and for 

maintaining cell viability under oxidative stress (Hayakawa et al., 2006; Wu and Li, 
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2008). This section reports the role of hPNPase in controlling oxidized RNA inside 

mitochondria and cytoplasm. 

hPNPase is encoded by the nuclear DNA and translocate to mitochondria, 

where it performs several functions such as RNA metabolism, mitochondrial 

homeostasis, etc. In mitochondria, hPNPase and the RNA helicase hSUV3 forms 

a complex named mitochondrial degradosome which may also contain some other 

unstable members such as mitochondrial poly (A) polymerase (mtPAP). hPNPase 

alone and the mt-degradosome regulate a wide array of RNA metabolic activities 

including mitochondrial mRNA degradation, processing, decay, etc. (Szczesny et 

al., 2010, Wang et al., 2009, 2014, Borowski et al., 2013). Because hPNPase is 

predominantly localized inside mitochondria, its effect on the RNA-born 8-oxo-Guo 

level inside mitochondria and cytoplasm could be different. hSUV3 may also be 

involved in regulating 8-oxo-Guo levels in mitoRNA since its role in mt-mRNA 

decay and surveillance has been demonstrated (Szczesny et al., 2010; Borowski 

et al., 2013). Therefore, we have examined 1) the role of hPNPase on reducing 

RNA-born 8-oxo-Guo in mitochondria and cytoplasm, and 2) whether hSUV3 

participates in controlling oxidized RNA in any of the compartments.  

 

3.2.1. Depletion of hPNPase increases steady-state levels of tBHP-

induced 8-oxo-Guo in both mito- and cytoRNA 

To examine the potentially differential effect of hPNPase on the 8-oxo-Guo 

levels in mitochondrial and cytoplasmic RNA, Stealth siRNA specific to hPNPase 

(siPNP) was used to knockdown this protein in HeLa cultures as described in the 
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Materials and Methods. The same oligo siRNA was previously used in knocking 

hPNPase (Borowski et al., 2013). As shown by Western blotting in Fig. 9A, the 

level of mitochondrial hPNPase in cultures transfected with siPNP was depleted 

compared to that of siCTL-transfected cultures in repeated experiments. As 

expected, much less hPNPase is detected in the cytoplasm than in mitochondria, 

and the low cytoplasmic level was further reduced by siPNP. 
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Figure 9. Knockdown of hPNPase, but not hSUV3, increases tBHP-induced 
8-oxo-Guo levels in mito- and cytoRNA.  
HeLa cultures of 70-80% confluency was transfected with hPNPase (siPNP), 
hSUV3 (siSUV3) or scramble siRNA (siCTL). At 72 hours after siRNA 
transfection, cultures were added tBHP to 0 or 0.3 mM as indicated, and were 
further incubated for 3 hours, followed by preparation of the cytoplasmic and 
mitochondrial fractions and measurement of 8-oxo-Guo levels in cyto- and 
mitoRNA as described in Materials and Methods. A. Western blot showing levels 
of hPNPase and hSUV3 72 hours after transfection with siRNA. Actin and 
cytochrome P450 were blotted using their respective antibodies as loading 
controls for the cytoplasmic and mitochondrial fractions. B. 8-oxo-Guo levels in 
cyto- and mitoRNA. The experiments were performed in triplicates, and the data 
were presented as mean ± SDs. Values were analyzed for statistical significance 
by Student’s t-test. Values showing significant differences are marked * for 
p<0.05 and ** for p<0.01 significance levels. 

 
The siRNA- transfected cultures were treated with or without 0.3 mM tBHP 

for 3 hours before extracting cyto- and mitoRNA for analysis of 8-oxo-Guo levels. 

Under conditions without tBHP treatment, hPNPase knockdown does not cause 

any significant change in 8-oxo-Guo levels in the RNA compared to control. 

Specifically, in cultures transfected with siPNP, the 8-oxo-Guo levels in cyto- and 
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mitoRNA (Fig. 9B, Bar 3 and 4) were about the same as those resulting from siCTL 

transfection (Fig. 9B, Bar 1 and 2). As expected, treatment with 0.3 mM tBHP 

causes significant increases in 8-oxo-Guo levels in both cyto- and mitoRNA in 

cultures transfected with control siRNA (Fig. 9B, compare Bar 7 and 8 to Bar 1 and 

2). Remarkably, tBHP-induced 8-oxo-Guo levels went even higher in both cyto- 

and mitoRNA in siPNP-transfected cultures, with more pronounced elevation in 

mitoRNA at higher significance level (p < 0.01) (Fig. 9B, compare Bar 10 with 8) 

than in cytoRNA (p < 0.05) (Fig. 9B, compare Bar 9 with Bar 7). Overall, our data 

demonstrated that depletion of hPNPase in cultured HeLa cells led to an increased 

level of 8-oxo-Guo in both mitochondrial and cytoplasmic RNA. 

3.2.2. Overexpression of hPNPase reduces steady-state levels of tBHP-

induced 8-oxo-Guo in cyto- and mitoRNA 

Although the results from hPNPase knockdown are promising to suggest a 

specific role for this enzyme to act directly on oxidized RNA, the observed effect in 

Fig. 9B is also consistent with the idea that depletion of hPNPase may cause 

mitochondrial dysfunction, which in turn raise ROS and RNA oxidation levels 

indirectly. To provide more direct evidence, we examined the effect of hPNPase 

overexpression on the 8-oxo-Guo levels in cyto- and mitoRNA. The rationale is 

that if hPNPase acts directly on oxidized RNA, an elevated activity should reduce 

8-oxo-Guo levels in cyto- and mitoRNA under the oxidative stress conditions. In 

fact, such a role of hPNPase was previously suggested by the reduction of 8-oxo-

Guo level in total RNA from H2O2-treated HeLa cultures following the introduction 
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of pCMV-PNP containing a cloned PNPT1 gene under the control of the CMV 

promoter (Wu and Li, 2008).  

In the current study, pCMV-PNP and the control vector pCMV* (Wu and Li, 

2008) were transfected to HeLa cultures, and the hPNPase expression levels were 

assessed by Western blotting. As shown in figure 10A, the levels of hPNPase in 

cultures transfected with pCMV-PNP are 2-3 folds higher than those transfected 

with pCMV* after normalization using hGAPDH levels. The overexpression levels 

of hPNPase protein are consistent with the overexpression levels of PNPT1 mRNA 

from pCMV-PNP, as shown in the previous study (Wu and Li, 2008).    
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Figure 10. Overexpression of hPNPase decreases tBHP-induced 8-oxo-Guo 
in both cyto- and mitoRNA. 
HeLa cultures (70-80% confluency) were transfected with plasmids carrying 
PNPase gene (pCMV-hPNP) and the control vector (pCMV*). At 72 hours after 
transfection, cultures were treated with 0 or 0.3 mM tBHP for 3 hours, followed by 
preparation of cyto- and mitoRNA and determination of 8-oxo-Guo levels. A. 
Western blot showing overexpression of hPNPase with hGAPDH as a 
normalization control. B. The levels of 8-oxo-Guo in cyto- and mitoRNA. All the 
experiments were performed in triplicates, and the data were presented as mean 
± SD. Values were analyzed for statistical significance by Student’s t-test.  
Values showing significant differences are marked * for p<0.05 and ** for p<0.01 
significance levels. 

The effect of hPNPase overexpression on the 8-oxo-Guo level was first 

examined under normal growth condition. As shown in the figure 10B, 8-oxo-Guo 

levels in both cyto- and mitoRNA in cultures transfected with pCMV-PNP pCMV* 

(Fig. 10B, Bar 3 and 4) are similar to those transfected with pCMV* (Fig. 10B, Bar 

1 and 2). The results show that there is no adverse effect when hPNPase is 
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moderately overexpressed from pCMV-PNP and that more hPNPase is not 

required to maintain 8-oxo-Guo in RNA under normal conditions.  

As expected, tBHP treatment of pCMV* transfected cultures causes an 

elevation of 8-oxo-Guo levels, going up almost three times in cytoRNA and four 

times in mitoRNA, respectively (Fig. 10B, Bar 5 and 6). Interestingly, transfection 

of pCMV-PNP resulted in remarkable decreases in tBHP-induced 8-oxo-Guo 

levels compared to control, by almost 40% inside mitoRNA (Fig. 10B, compare Bar 

8 with 6) and a slight but significant reduction in cytoRNA (Fig. 10B, compare Bar 

7 with 5). These observations are consistent with our previous findings (Wu and 

Li, 2008), and suggest that hPNPase may directly act on oxidized RNA in these 

cellular compartments. 

3.2.3. The RNA helicase hSUV3 is dispensable for maintaining RNA-born 

8-oxo-Guo levels 

It has been briefly described in the earlier section that hPNPase forms a 

complex with the RNA helicase hSUV3 and possibly other proteins in the 

mitochondrial matrix. The role of hSUV3 in the mt-degradosome is similar to the 

RNA helicase partners in E. coli RNA degradosome and yeast exosome 

(Carpousis, 2007; Mitchell et al., 1997). Since hSUV3 appears to assist hPNPase 

in the turnover of mt-mRNA (Borowski et al., 2013; Chujo et al., 2012) we examined 

whether hSUV3 facilitates hPNPase or plays any role in reducing oxidized RNA in 

this study.  
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The effect of hSUV3 knockdown using a Stealth siRNA specific for hSUV3 

was confirmed by Western blotting (Fig. 9A) as described in Materials and 

Methods. As expected, hSUV3 protein was only detected in the mitochondria 

fraction. Also, the same siRNA oligo (HSS110378) was used previously to 

knockdown hSUV3 (Szczesny et al., 2010). The levels of 8-oxo-Guo in cyto- and 

mitoRNA were examined in cultures transfected with siSUV3. As shown in Fig. 9B, 

the RNA-borne 8-oxo-Guo levels in cultures transfected with siSUV3 were 

essentially the same compared to the control under both normal growth and 

oxidative stress conditions (Fig. 9B, compare Bar 5 and 1, 6 and 2). When the 

cultures were treated with 0.3 mM of tBHP for 3 hours, 8-oxo-Guo levels in both 

cyto- and mitoRNA were increased. However, no difference was identified in tBHP-

induced 8-oxo-Guo levels between siSUV3- and siCTL- transfected cultures (Fig. 

9B, compare Bar 11 with 7, 12 with 8). These data suggest that contrary to its role 

in mt-mRNA turnover, hSUV3 is dispensable for reducing 8-oxo-Guo levels even 

under oxidative stress conditions. hPNPase probably works independently of the 

helicase activity in reducing 8-oxo-Guo in mitoRNA.   

3.2.4. hPNPase knockdown slows down decay of tBHP-induced 8-oxo-

Guo 

It was previously reported that OS-induced 8-oxo-Guo level decreases over 

time after the oxidant is removed from the culture, suggesting that cells can 

selectively eliminate 8-oxo-Guo containing RNA depending on hPNPase (Wu and 

Li, 2008). Here, we further examined the role of hPNPase in 8-oxo-Guo decay in 

mitochondria and cytoplasm. hPNPase knockdown and control cultures were 
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pulse-treated with tBHP followed by addition of actinomycin D and ethidium 

bromide to inhibit new RNA synthesis (González-Cadavid and Pérez 1976; Zylbee 

et al. 1969; Bensaude O 2011). The levels of 8-oxo-Guo in cyto- and mitoRNA 

were determined in a time course. The role of RNA synthesis inhibitors is to 

observe the decay of 8-oxo-Guo in existing RNA without being affected by newly 

synthesized RNA.   

For this study, cultured HeLa cells were incubated with 0.3 mM of tBHP for 

an hour to induce oxidative stress. For stress recovery, cells were washed twice 

with PBS at the end of tBHP treatment and incubated in the complete DMEM 

medium and for different time points at 37°C. After one hour, cells were washed 

twice with PBS and incubated in the complete DMEM medium without tBHP in a 

time course in the presence of 1 µg/ml ethidium bromide (EtBr) and 2 µg/ml 

actinomycin D in order to block RNA synthesis in the mitochondria and nuclei, 

respectively. Cultured cells were washed twice with ice-cold PBS before 

harvesting for RNA isolation.  

As expected at time 0, 8-oxo-Guo level in mitoRNA is almost twice as much 

that in cytoRNA in both siCTL- and siPNP-transfected cultures Before (Fig. 11, 0 

hour). After addition of tBHP for 1 hour, 8-oxo-Guo levels in both RNA fractions 

were increased and reached the maximum level at the 2-hour time point (1 hour 

after removal of tBHP from cultures). The RNA-born 8-oxo-Guo levels in siPNP-

transfected cultures are higher than those in siCTL-transfected cultures, only 

slightly in cytoRNA and by nearly 30% in mitoRNA. Interestingly, 8-oxo-Guo levels 

in both RNA fractions dropped in control cultures in the last 2 hours (3 to 5 hours).. 
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However, 8-oxo-Guo levels in hPNPase knockdown cultures remained the same 

in cytoRNA and only dropped slightly in mitoRNA. These observations suggest 

that 8-oxo-Guo-containing RNA molecules are gradually and selectively eliminated 

in both cytoplasm and mitochondria by activities including hPNPase, possibly by 

the degradation of these RNAs.  

 

Figure 11. hPNPase knockdown slows down the decay of 8-oxo-Guo. 
HeLa cultures were transfected with siPNP and siCTL for 72 hours. Transfected 
cells were then treated with 0.3 mM of tBHP for 1 hour. The tBHP-containing media 
were removed and fresh media containing actinomycin D at 2 µg/ml and ethidium 
bromide at 1 µg/ml. Cells were harvested at the indicated time points, and the 8-
oxo-Guo levels in cyto- and mitoRNA were measured as described. 
 
3.2.5.  Discussion 

In this study, the role of human polynucleotide phosphorylase (hPNPase) in 

regulating 8-oxo-Guo levels in mitochondrial and cytoplasmic RNA has been 
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demonstrated. Knocking down of hPNPase causes the tBHP-induced 8-oxo-Guo 

level to be increased significantly in mitoRNA and moderately in cytoRNA. On the 

other hand, overexpression of hPNPase reduces tBHP-induced 8-oxo-Guo levels 

in both RNA fractions. Also, we have found that hSUV3 is dispensable in reducing 

the 8-oxo-Guo level in cultured Hela cells. 

Although hPNPase contains a mitochondrion targeting sequence (MTS) 

and was found predominantly in mitochondria, its function in the cytoplasm has 

been repeatedly reported. For instance, hPNPase is responsible for the 

degradation of cytoplasmic RNA, namely c-Myc mRNA and the microRNAs (miR-

221, miR-222, miR-106b), when it is overexpressed (Das et al., 2011) as well as 

during early stage of apoptosis (Liu et al., 2018). Our findings agree well with the 

notion that hPNPase functions in both mitochondria and cytoplasm in controlling 

oxidized RNA. The observed cytoplasmic function of hPNPase may be explained 

by the possible partial localization of the hPNPase in cytoplasm under the 

experimental conditions. Alternatively, some hPNPase may translocate from 

mitochondria to cytoplasm when cells are exposed to oxidants. Such phenomenon 

has been shown recently that hPNPase released due to mitochondrial outer 

membrane permeabilization (MOMP) causes decay of polyadenylated RNA and 

promotes apoptosis (Liu et al., 2018). In addition, hPNPase has also been shown 

to translocate to cytoplasm when hPNPase were induced by interferon  and 

degrades cytoplasmic c-myc-RNA and microRNAs (Sarkar et al., 2005). Since 

mitochondria contain only a few percent of total cellular RNA, it would require more 

activity of hPNPase to reduce 8-oxo-Guo in cytoRNA than that for mitoRNA, 
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although 8-oxo-Guo levels are lower in cytoRNA. Therefore, enough hPNPase 

must localize outside mitochondria either transiently or under certain conditions 

such as oxidative stress. The effect of knockdown hPNPase on the reduction of 8-

oxo-Guo in cytoRNA is somewhat surprising because many other RNA 

surveillance activities are expected to be available in the cytoplasm (see Chapter 

1), and our results suggest that hPNPase plays a uniquely important role in 

controlling oxidized RNA.  

It is likely that hPNPase controls RNA oxidation through a process that 

selectively degrades oxidized RNA. hPNPase is a 3’      5’ exoribonuclease having 

evolutionarily conserved catalytic domains (RPH1 and RPH2) and RNA-binding 

domains (KH and S1) (Sarkar et al., 2005). Importantly, hPNPase binds 8-oxo-Guo 

RNA with high affinity. One possible mechanism could be the exonucleolytic 

degradation of oxidized RNA (Li et al., 2014). hPNPase may first bind to oxidatively 

damaged RNA and sequester the bound RNA to RNA degradation assembly, and 

then participate in degradation. The degradation activities, as well as the roles of 

the individual domain of hPNPase, are investigated in the subsequent chapters.  

It is surprising that knockdown of the helicase partner (hSUV3) of hPNPase 

in the mt-degradosome showed the effect on 8-oxo-Guo levels in neither cyto- nor 

mitoRNA. It has been previously reported that hPNPase interacts with hSUV3 in a 

distinct focus to form mitochondrial degradosome, and both hPNPase and hSUV3 

are required for efficient degradation of mitochondrial mRNA (Chujo et al. 2012; 

Borowski et al. 2013). In these studies, it was shown that knockdown of either 

hSUV3 or hPNPase stabilized mitochondrial mRNAs, suggesting that hSUV3 
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plays an essential role in facilitating hPNPase to degrade mitochondrial mRNAs. 

In contrast, our data demonstrated that the loss of majority hSUV3 has no effect 

on tBHP-induced 8-oxo-Guo levels in cyto- and mitoRNA (Fig. 9B), suggesting a 

unique role for hPNPase in reducing 8-oxo-Guo in mitoRNA that is independent of 

the formation of a complex with its helicase partner. This is consistent with the 

independent role of hPNPase in reducing 8-oxo-Guo in cytoRNA since a complex 

with hSUV3 is not found in the cytoplasm.  
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3.3. hPNPase is required for elimination of RNA degradation 

intermediates under oxidative stress

RNA degradation is an important process for eliminating aberrant RNA and 

for regulating various physiological and pathological conditions (Deutscher, 2003, 

2006b; Houseley and Tollervey, 2009; Li et al., 2002b). Our results presented in 

the previous sections can be best explained that 8-oxo-Guo-containing RNA is 

eliminated by selective degradation. hPNPase may play a crucial role in selectively 

degrading oxidized RNA in both mitochondria and cytoplasm. In this work, we have 

examined the potential role of hPNPase in the degradation of ribosomal RNA 

(rRNA) under oxidative stress conditions. rRNA is the most abundant RNA in cells, 

comprising nearly 80% of total RNA and accounts for 50-60% mass of ribosomes. 

We have previously shown that in E. coli, rRNA are highly susceptible to oxidative 

damage. The level of 8-oxo-Guo in ribosomal RNA is much higher than that in non-

ribosomal RNA in response to H2O2 treatment, accompanied by the accumulation 

of rRNA fragments representing degradation intermediates (Liu et al., 2012). We 

anticipated that under oxidative stress, rRNA species in human cells might 

undergo similar oxidation. The oxidized rRNA may be degraded depending on the 

activity of hPNPase, and possibly hSUV3 as well.  hPNPase is an exoribonuclease 

that degrades RNA in 3’ → 5’ direction. If hPNPase participates degradation of 

oxidized RNA, it is unlikely that this RNase initiates the degradation of a long RNA 

molecule such as most large rRNA species (28S and 18S in the cytoplasm, and 

16S and 12S in mitochondria). Most RNA degradation pathways start with 

endonucleolytic cleavages that convert the RNA into fragments which are then 
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degraded to nucleotides (Cheng and Deutscher, 2003; Kaplan and Apirion, 1975) 

Therefore, we will test the hypothesis that degradation of oxidized rRNA is initiated 

by endonucleolytic cleavages that convert the RNA to fragments, followed by 

exonucleolytic digestions. If hPNPase is required in the exonucleolytic step, a 

reduction in hPNPase activity may cause an accumulation of fragments of oxidized 

RNA. Here we choose to examine whether such fragments would be detectable 

for the abundant long rRNA species under oxidative stress and would build up 

when hPNPase is inactivated.  

3.3.1. Oxidative stress causes accumulation of ribosomal RNA fragments 

We first examined whether oxidative stress induces detectable 

accumulation of rRNA fragments. Then we follow by knocking down hPNPase or 

hSUV3 and study whether the steady-state levels of rRNA fragments elevate under 

oxidative stress.  For this study, HeLa cultures were transfected with control siRNA 

and hPNPase- or hSUV3-specific siRNAs as described in Materials and Methods. 

At 72 hours after transfection with siRNA, cultures were treated with 0, 0.15 or 0.3 

mM tBHP for 3 hours before isolation of total RNA. The RNA was separated by 

electrophoresis, and the identity of full-length and fragmented rRNA was first 

analyzed by RNA staining in gels, and then by Northern blotting using specific 

oligodeoxynucleotide probes complementarity to different regions of the 28S, 18S, 

16S, and 12S rRNA, as described in Materials and Methods. 

We have examined RNA fragmentation in gels after tBHP treatment at 

various concentrations. Treatment with 0.3 mM tBHP or lower concentrations 

presents reproducible RNA fragmentation without causing the death of the majority 
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of cells. Therefore, we have chosen to treat cultures with 0.15 and 0.3 mM tBHP 

for 3 hours to show the effect of RNA fragmentation in the subsequent 

experiments.   

As shown in Fig. 12A, Lane 1-3, increased RNA products representing 

fragments of larger RNA are barely detectable in between 28S and 18S rRNA, 

below the 18S RNA band, and in the range of 4-6S RNA from tBHP-treated control 

cultures (compare Lane 2 or 3 with Lane 1). No significant differences were 

detected in the amounts of these products between treatments with 0.15 mM and 

0.3 mM tBHP. These products contain rRNA fragments as demonstrated by 

Northern blotting (see below).  

3.3.2. hPNPase knockdown causes moderate accumulation of tBHP-

induced 28S and 18S rRNA fragments 

Fig. 12A suggests that in hPNPase knockdown cultures, tBHP-induced 

RNA fragmentation increases to higher levels than those in the control cultures. 

The increased RNA fragments are mostly in the range of 4S to 10S. We have 

carried out Northern blotting to examine whether any of the increased RNA 

products are related to the 28S or 18S cytoplasmic ribosomal RNA. In cultures 

transfected with siPNP, 28S fragments in the range of 4-6S were moderately 

increased when cells were treated with 0.15 mM and 0.3 mM of tBHP (Fig. 12B, 

Lanes 5 and 6), compared to hPNPase knockdown cultures treated without tBHP 

(Fig. 12B, Lane 4). In contrast, these 28S fragments were barely detected in 

cultures transfected with siCTL and treated with tBHP at the same concentrations 

(Fig. 12B, Lanes 2-3). Similarly, accumulation of 18S rRNA fragments of 4-6S in 
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size were increased in cultures transfected with siPNP upon treatment with 0.15 

mM and 0.3 mM of tBHP (Fig. 12C, Lanes 5 and 6) but compared to cultures 

without exposed to tBHP (Fig. 12C, Lane 4), and to tBHP-treated control cultures 

(Fig. 12C, Lane 2-3). In the siPNP-transfected cultures, the levels of tBHP-induced 

fragments of 18S rRNA appear to be relatively lower than those of 28S rRNA when 

compared to the amount of the full-length RNAs. These results demonstrate a role 

for hPNPase in degrading OS-induced 28S rRNA and 18S rRNA fragments, 

probably by participating degradation of the fragments in the cytoplasm.  

 

Figure 12. Northern blotting analysis of 28S and 18S rRNA. 
Cultured HeLa cells were transfected with control siRNA (siCTL), siRNA specific 
to hPNPase (siPNP), and hSUV3 (siSUV3), and the cultures were incubated for 
72 hours before treatment with 0, 0.15 or 0.3 mM tBHP for 3 hours. Total RNA 
was isolated using TRI-Reagent. Equal amounts of RNA were separated on 
agarose gel. A. The gel was stained using EtBr and visualized using a Li-Cor 
Odyssey Fc imaging system. B. 28S- and C. 18S-related products were detected 
by Northern blotting using oligodeoxynucleotide probes complementarity to 
different regions of the rRNA.  

 

3.3.3. hPNPase knockdown causes massive accumulation of tBHP-induced 

16S and 12S rRNA fragments 

Next, the effect of hPNPase knockdown on the accumulation of the 

mitochondrial 16S and 12S rRNA products was examined. As shown in Fig. 13B, 
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two major RNA products at smaller sizes (product 1 and 2), along with other 

products with lower amounts, were detected in addition to the full-length 16S RNA 

in siPNP-transfected cultures treated with tBHP. These 16S fragments account for 

almost half of total 16S related RNA products, indicating massive degradation of 

mt-rRNA happens under oxidative stress. These products are not present in a 

detectable amount in control cultures under the same OS conditions (Fig. 13B, 

Lane 2-3), suggesting the hPNPase is essential for the elimination of these 

products. The 16S fragments are not observed in cultures without exposure to 

tBHP (Fig. 13B, Lane 4), confirming that degradation of mt-rRNA is triggered by 

oxidation. Intriguingly, the degradation intermediates Product 2 and 2 are 

accumulated at different abundance in response to tBHP at different 

concentrations:  Product 1 is relatively more abundant than Product 2 in the 

presence of 0.15 mM tBHP (Fig. 13B, Lane 5), whereas the relative intensities of 

the two products are reversed in the presence of 0.3 mM tBHP (Fig. 13B, Lane 6). 

 

Figure 13. Northern blot analysis of 16S and 12S rRNA. 
HeLa cells were transfected with siCTL, siSUV3, and siPNP for 72 hours. After 
transfection, cells were treated with 0.15 mM and 0.3mM tBHP 3 hours and 
purified RNA were separated on agarose gels and then subjected to Northern 
blotting using a mixture of oligo DNA probes for 16S rRNA. A. EtBr-stained gel 
showing purified RNA products. B. Northern blot of 16S rRNA. C. Northern blot of 
12S rRNA showing full-length 16S rRNA and its fragments Product 1 and 2.  



 

84 

Next, we also examined the role of hPNPase knockdown in the degradation 

of the 12S mt-rRNA. Similar to 16S rRNA, shorter fragments of 12S rRNA were 

also detected by Northern blotting in hPNPase knockdown cells exposed to tBHP. 

Again, these shorter 12S rRNA-related products are not present in control cells nor 

hPNPase-knockdown cells without exposure to tBHP. Similar to the case of 16S 

rRNA, the longer 12S rRNA fragments are more abundant in cultures treated with 

0.15 mM of tBHP than those from cells exposed to 0.3 mM tBHP (Fig. 13C, 

compare Lane 5 and 6). It is worth to note that relatively fewer fragments compared 

to the level of full-length were detected for 12S rRNA than those for 16S rRNA.  

These observations strongly suggest that hPNPase is responsible for the 

degradation of ribosomal RNA under oxidative stress conditions, having a 

predominant effect inside mitochondria. These results are consistent with our 

previous finding that hPNPase knockdown caused more pronounced accumulation 

of tBHP-induced 8-oxo-Guo in mitoRNA than in cytoRNA, probably due to the 

differential accumulation of degradation intermediates of oxidized RNA in these 

fractions.  

3.3.3. hSUV3 knockdown does not affect the level of tBHP-induced rRNA 

fragments  

Under the same tBHP-treatment conditions that cause accumulation of 

rRNA fragments in the hPNPase knockdown cultures, hSUV3 knockdown does not 

show any effect on the RNA fragments. No difference in the level of rRNA 

fragments was observed between siSUV3- and siCTL-transfected cultures with or 
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without tBHP for any rRNA species examined (Fig. 12B and 12C, compare Lane 

7-9 to 1-3, and Fig. 13B and 13C, compare Lane 7-9 to 1-3). These data suggest 

that hPNPase, but not hSUV3, is required for cleaning up RNA fragments under 

oxidative stress conditions. These data are consistent with our previous 

observation that hSUV3 plays no role in facilitating hPNPase for reducing tBHP-

induced 8-oxo-Guo in RNA and support the notion that hPNPase reduces oxidized 

RNA through degradation.  

3.3.3. Discussion 

  In this study, we have discovered that first, hPNPase plays an important 

role in degrading ribosomal RNA in both cytoplasm and mitochondria under 

oxidative stress conditions. When hPNPase is knocked down, degradation 

intermediates of cytoplasmic rRNA species accumulate moderately whereas those 

of mitochondrial rRNA accumulate massively. This is consistent with the notion 

that hPNPase is primarily localized in mitochondria.  

The degradation intermediates shown on gel images (Fig 12A, Lanes 5 and 6) 

most likely include fragments of the cytoplasmic 28S and 18S rRNA since 

fragments of such high levels must be derived from these abundant rRNA species. 

Intriguingly, only a small amount of these fragments are detected by 28S and 18S 

rRNA probes (Fig 12B and 12C, Lanes 5 and 6). This may be due to the sparse 

coverage of the large rRNAs by the few probes used in this work. The human 28S 

rRNA is 5,070 nt and 18S rRNA is 1,869 nt in length, leaving spaces in between 

the probe targeting regions that are too long for the 4-6S RNA fragments to be fully 

detected. 
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 Second, although hSUV3 forms a functional complex with hPNPase in 

mitochondria, intriguingly, hSUV3 knockdown has no effect on the degradation of 

OS-induced rRNA fragments. This observation has substantiated our earlier 

finding that hPNPase, but not hSUV3, is instrumental in reducing the level of 8-

oxo-Guo in RNA under oxidative stress. Our findings are consistent with a 

mechanism by which oxidized RNA is removed by degradation. The full-length 

oxidized RNA species in both cytoplasm and mitochondria may be first fragmented 

by endonucleolytic activities. Consequently, these fragments may undergo further 

exonucleolytic degradation depending on the activities of hPNPase and other 

RNases that convert them to mononucleotides. In the absence of hPNPase, the 

remaining activities may not be sufficient to degrade the degradation intermediates 

of oxidized RNA. Hence, they were accumulated as shown for the long rRNA 

species in our study (Fig. 13B and 13C, Lanes 5 and 6).  

Although hPNPase is predominantly localized inside mitochondria where it 

forms a complex with hSUV3 to degrade mitochondrial mRNAs, our present study 

shows that hSUV3 does not have any role in facilitating hPNPase to degrade 

mitochondrial rRNA under OS (Fig. 13B and 13C, Lanes 7-9). The same lack of 

function of hSUV3 was observed for reduction of OS-induced 8-oxo-Guo in 

mitoRNA. These observations provide strong support for the idea that 

accumulation of OS-induced 8-oxo-Guo and RNA fragments upon hPNPase 

inactivation are two sides of the same story: the accumulated RNA fragments are 

oxidized RNA containing higher levels of 8-oxo-Guo. hPNPase may eliminate 

oxidized RNA by carrying out the exonucleolytic degradation process. 
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3.4. Functions of conserved domains of hPNPase on RNA oxidation

*This chapter contains selected portions or full text from the following publication 

and is reproduced here with the permission from the authors and the publisher*  

 Malla, S and Li, Z. Functions of conserved domains of human polynucleotide 

phosphorylase (hPNPase) on RNA oxidation. Insights Biomed Res, 3 (1):62-67. 

Sep. 2019. ISSN 2642-4576 

PNPase is an evolutionarily conserved 3’   5’ exoribonuclease that 

participates in RNA metabolism and regulates diverse physiological processes 

including cellular senescence and homeostasis (Cameron et al., 2018; Das et al., 

2011; Leszczyniecka et al., 2004; Sarkar et al., 2005; Wang et al., 2010) 

(Symmons et al., 2000). The human PNPase (hPNPase) contains two RPH 

catalytic domains and an α-helix in between them occupying the N-terminal of the 

protein, and KH and S1 RNA binding domains (KH and S1) at the C-terminal. Also, 

a mitochondrial-targeting signal (MTS) is present at its N-terminal region which 

helps to translocate hPNPase to mitochondria (Piwowarski et al., 2003) 

(Leszczyniecka et al., 2002; Sarkar and Fisher, 2006; Sarkar et al., 2005; 

Symmons et al., 2000). The finding that hPNPase is primarily localized in 

mitochondria is consistent with its function in turnover of mitochondrial mRNA as 

well as RNA transport into mitochondria (Piwowarski et al., 2003; Shepherd et al., 

2017; Wang et al., 2014; Wang et al., 2010, 2012). Inasmuch as mitochondria is 

thought to be the primary generator of reactive oxygen species (ROS) in eukaryotic 

cells under physiological conditions, it is likely that hPNPase plays a role in 

reducing oxidation of mitoRNA. Furthermore, hPNPase has also been reported to 
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localize inside the cytoplasm (Liu et al., 2018; Sarkar et al., 2005) where it may 

help in reducing oxidized RNA in the cytoplasm.  

The function of hPNPase may be attributed to the combined activities of 

each domain of hPNPase. Crystal structure of PNPase in D radiodurans, 

Caulobacter crescentus, E. coli, and human show that PNPase has two 

evolutionarily conserved RNase PH-like domains separated by an alpha helix and 

KH and S1 binding domains (Hardwick et al., 2012; Lin et al., 2012; Nurmohamed 

et al., 2009; Z. Shi et al., 2008; Symmons et al., 2000). The functional PNPase is 

a torus-shaped trimer structure where two RNase PH-like domains form the central 

ring. The KH and S1 binding domains extend out from the central channel 

(reviewed in Cameron et al., 2018). The first RNase PH-like domain facilitates the 

binding of RNA, whereas the second RNase PH-like domain exhibits its catalytic 

activity to degrade RNA (Shi et al., 2008, Carzaniga et al., 2014). KH and S1 

binding domains are important for binding and capturing the RNA substrate 

(Hardwick et al., 2012; Stickney et al., 2005). These findings have prompted us to 

investigate the role of the individual domain of hPNPase in controlling oxidized 

RNA during oxidative stress condition. 
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B 

 

Figure 14. Structural and diagrammatic representation of hPNPase and its 
mutants 
A. Structural representation of hPNPase. B. Diagrammatic representation of 
hPNPase mutants (modified diagram using the reference from Cameron et al., 
2018). The amino acid (AA) sequences deleted in each of the domain-deletion 
mutants are the same as previously described (Sarkar et al., 2005, Sokhi et al., 
2013, Cameron et al., 2018). 
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hPNPase may reduce the levels of oxidized RNA through specific binding, 

sequestration, and subsequent degradation of RNA containing oxidized lesions (Li 

et al., 2014). These activities may be mediated separately by the enzyme’s specific 

catalytic and RNA binding domains. In this study, we examined the roles of these 

domains of hPNPase in regulating 8-oxo-Guo levels in cytoplasmic and 

mitochondrial RNA. The exogenously expressed hPNPase and its domain could 

affect its endogenous trimer structure. However, we aim to study only the change 

on the level of 8-oxo-Guo after the introduction of full-length hPNPase and its 

mutants hPNPase. Any difference in the level of 8-oxo-Guo due to the exogenous 

expression of full-length and mutant hPNPase may reveal the role of hPNPase 

individual domains in controlling RNA oxidation during oxidative stress condition. 

3.4.1. Expression of exogenous hPNPase reduces 8-oxo-Guo levels in 

both cytoplasm and mitochondria 

In order to examine the roles of individual domains of hPNPase in regulating 

RNA oxidation levels, we have constructed a full-length PNPT1 gene which can 

be expressed under the control of a CMV promoter in the vector pcDNA3.1. 

Mutants missing one of the domains were also constructed in the same expression 

system. The amino acid sequences that were deleted in each of these mutant 

proteins are described in Fig. 14.  Upon transfection of the PNP construct, HeLa 

expresses the encoded proteins at levels 2-3 folds of the endogenous hPNPase 

based on western blotting (data not shown). However, expression of most mutants 

could not be shown, presumably due to failure of binding by the antibody. The 

same phenomenon was observed in a previous report when the same mutant 
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proteins were subjected to western blot analysis (Sarkar and Fisher, 2006). 

However, based on that work, and the results below, the proteins were made and 

their function, if any, can be detected.  

We first investigated the role of full-length hPNPase on 8-oxo-Guo levels in 

mitochondria and cytoplasm. In cultures transfected with the vector (pcDNA3.1), 

8-oxo-Guo level in mitochondrial RNA is about 1.5 8-oxo-Guo per 105 G, nearly 

three times higher than in cytoplasmic RNA (Fig. 15, Bar 1 and 2).  This is also 

true in cells without transfecting the vector (data not shown).  The 8-oxo-Guo levels 

in both mitochondria and cytoplasm increased significantly when cells were treated 

with 0.3 mM of tBHP for 3 hours, going up almost 3 times in cytoplasm and 2 times 

in mitochondria, respectively (Fig. 15, Bar 3 and 4). 
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Figure 15. The 8-oxo-Guo level of mitochondrial and cytosolic RNA in 
response to full-length and mutant hPNPase. 
Cultured HeLa cells were transfected with the vector (pcDNA3.1), full-length 
hPNPase (PNP), and mutants (pcDNA3.1-∆MTS, ∆RPH1, ∆RPH2, ∆KH, and ∆S1) 
for 72 hours. After transfection, cells were treated and untreated with 0.3 mM of 
tBHP for 3 hours. Total mitochondrial and cytoplasmic RNA was isolated using Tri-
reagent LS. RNA samples were digested into nucleosides using nuclease P1, and 
the resulting nucleosides were separated by HPLC and detected by UV and ECD 
detectors. The number of 8-oxo-Guo per 105 Guanine (G) in the RNA sample was 
calculated according to the retention time of standard 8-oxo-Guo and G. The data 
represent the means ± SD from three independent experiments. Values were 
analyzed for statistical significance by Student’s t-test. p<0.05 was considered 
significant. 

 

As anticipated, the introduction of DNA encoding the full-length hPNPase 

(PNP) caused a decrease of the level of tBHP-induced 8-oxo-Guo in both 

mitochondrial and cytoplasmic RNA in response to 0.3 mM tBHP treatment (Fig. 

15, Bar 5 and 6). While the level of 8-oxo-Guo in cytoplasmic RNA (Fig. 15, Bar 5) 

is reduced by nearly 30% compared to that with vector DNA (Fig. 15, Bar 3), slightly 

more reduction in 8-oxo-Guo level was found in mitochondrial RNA when 

compared to that with vector DNA (Fig. 15, compare Bar 6 with Bar 4). This result 

is consistent with our earlier finding that hPNPase reduces the level of 8-oxo-Guo 

in total RNA in HeLa cells when it is overexpressed, and vice versa (Wu and Li, 

2008). 

As described below, results of 8-oxo-Guo levels following the introduction 

of DNA encoding a domain-deletion mutant will be compared to those resulting 

from the introduction of the vector or the PNP DNA encoding full-length hPNPase. 

Introduction of PNP caused a reduction of 8-oxo-Guo in both cytoplasmic and 

mitochondrial RNA. If a mutant loses the ability to reduce 8-oxo-Guo in RNA of any 
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fraction, it would suggest a role of the specific domain in eliminating oxidized RNA 

in that cellular fraction.  

3.4.2. MTS is required to reduce tBHP-induced 8-oxo-Guo in mitoRNA 

As described previously, higher organisms such as mammals and plants 

have an N-terminal peptide sequence that is responsible for the enzyme’s 

translocation to mitochondria and chloroplast, respectively (Piwowarski et al., 

2003; Yehudai-Resheff, 2003). We were interested in exploring the effect of MTS-

deleted hPNPase on 8-oxo-Guo levels of mitochondrial and cytoplasmic RNA. The 

rationale of this particular study is that hPNPase will not be able to translocate to 

mitochondria upon deletion of its MTS domain and it may not be able to function 

inside mitochondria. Consequently, the level of mitochondrial 8-oxo-Guo may not 

be effectively reduced by the introduction of the ∆MTS construct, compared to the 

introduction of wild type hPNPase.  Towards this goal, fully conserved amino acid 

residues of the MTS domain (1-45) were chosen as targets for mutagenesis, as 

shown in Fig. 14. The resulting construct ∆MTS was transfected to cultured HeLa 

cells, and its effect on 8-oxo-Guo levels in RNA was compared to those transfected 

with the PNP DNA encoding full-length hPNPase to reveal the specific role of MTS.  

Upon introduction of ∆MTS, tBHP-induced 8-oxo-Guo level in cytoplasmic 

RNA (Fig. 15, Bar 3) is reduced to the same level as it did following the introduction 

of PNP (Fig. 15, Bar 5). This observation indicates that the ∆MTS protein was 

expressed and functional to a similar level as the PNP protein. Remarkably, the 

introduction of ∆MTS showed a higher tBHP-induced 8-oxo-Guo level in 

mitochondrial RNA (Fig. 15, Bar 8) compared to those transfected with PNP DNA 
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(Fig. 15, Bar 6).  After the introduction of ∆MTS, the level of 8-oxo-Guo in 

mitochondrial RNA is almost the same as the introduction of vector DNA (Fig. 15, 

Bar 4). This observation suggests that exogenously expressed hPNPase may not 

be able to translocate to the mitochondria when its MTS domain is deleted. The 

result presents further evidence that hPNPase is a significant player of oxidized 

RNA control mechanism.  

3.4.3. Either of the RPH1 or RPH2 domains is sufficient to reduce 8-oxo-

Guo levels in RNA under oxidative stress conditions 

Next, we examined the potential roles of RPH1 and RPH2 catalytic domains 

in reducing 8-oxo-Guo levels in RNA. For this purpose, the ∆RPH1 and the ∆RPH2 

constructs were generated by deleting the amino acids residues of RPH1 (52-183) 

or RPH2 (366-501) domains as described in Materials and Methods (Fig. 14). 

Surprisingly, the introduction of either construct caused reductions in tBHP-

induced 8-oxo-Guo levels (Fig. 15, Bar 9, 10, 11 and 12) that are similar to those 

caused by PNP DNA (Fig. 15, Bar 5 and 6). Consistent with the finding of a 

previous report using domain-deletion constructs of the same nature (Sarkar et al., 

2005), the results shown here indicate that either of the RPH domains may support 

the activities of full-length hPNPase to reduce the level of oxidized RNA during 

oxidative stress condition.  

3.4.4. S1 but not KH RNA-binding domain is responsible for reducing 

tBHP-induced 8-oxo-Guo levels  

hPNPase binds to oxidized RNA with high affinity (Hayakawa and 

Sekiguchi, 2006). This important activity of hPNPase may be related to its function 
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for reducing oxidized RNA in HeLa cells (Wu and Li, 2008). It is likely that 

hPNPase’s high binding affinity to oxidized RNA is attributed to its conserved RNA 

binding domains. As described previously, hPNPase has two RNA binding 

domains, i.e., KH (605-667) and S1 (676-750) at the C-terminal end 

(Leszczyniecka et al., 2002; Sarkar et al., 2005; Symmons et al., 2000). These 

RNA binding domains play an important role in various biological processes 

(Sarkar et al., 2005). To examine the role of KH and S1 binding domains in oxidized 

RNA control mechanism, DNA constructs encoding hPNPase lacking KH or S1 

domains, i.e., ∆KH and ∆S1, were introduced to HeLa cell cultures, and the levels 

of tBHP-induced 8-oxo-Guo in mitochondrial and cytoplasmic RNA were 

examined.  

Upon introduction of ∆KH, the levels of 8-oxo-Guo in mitochondrial and 

cytoplasmic RNA (Fig. 15, Bar 13 and 14) were essentially the same as those with 

the introduction of PNP DNA encoding the full-length hPNPase (Fig. 15, Bar 5 and 

6) in response to tBHP treatment. This suggested that the KH domain is 

indispensable for reducing 8-oxo-Guo levels in either cytoplasmic or mitochondrial 

RNA. In contrast, the introduction of the ∆S1 DNA caused a partial loss in the ability 

to reduce 8-oxo-Guo in cytoplasmic RNA (Fig. 15, Bar 15), and a total loss in the 

ability to reduce 8-oxo-Guo in mitochondrial RNA (Fig. 15, Bar 16). This result 

indicates that S1, but not KH, is essential for hPNPase to reduce 8-oxo-Guo levels 

in RNA.  Whether the S1 domain directly contributes to the binding of oxidized 

RNA at high affinity requires further analysis in the future.  
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3.4.5. Discussion  

 In this study, we have examined the roles of various functional domains of 

hPNPase in controlling the levels of an RNA oxidation marker (8-oxo-Guo) in both 

cytoplasmic and mitochondrial fractions. In particular, hPNPase mutants lacking 

specific functional domains, i.e., mitochondrial translocation signal (MTS), catalytic 

domains (RPH1 and RPH2) and RNA binding domains (KH and S1), were 

exogenously expressed in cultured HeLa cells, and their effects on the levels of 8-

oxo-Guo were analyzed in comparison with the results following the expression of 

full-length hPNPase. Our data showed that: 1) MTS is required for hPNPase to 

reduce 8-oxo-Guo in mitochondria, but not in cytoplasm, 2) either RPH1 or RPH2 

domain alone is able to support the full activity of hPNPase in reducing 8-oxo-Guo 

during oxidative stress, and 3) the S1 RNA-binding domain, but not KH, is required 

for hPNPase to reduce  8-oxo-Guo under oxidative stress. Taken together, these 

results imply that hPNPase controls oxidized RNA in both cytoplasm and 

mitochondria, presumably by binding and degrading oxidized RNA depending on 

its individual functional domains. 

Data presented here suggested that hPNPase may play a multifunctional 

role in controlling RNA oxidation during oxidative stress condition. We have 

previously proposed that various factors may bind and sequester oxidized RNA, 

and eventually eliminate the RNA within cells, thus preventing the deleterious 

effect of oxidized RNA (Li et al., 2014). Our present findings are consistent with 

the idea that hPNPase binds oxidized RNA specifically and participate in the 

degradation. 
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The S1 domain is likely important for binding of oxidized RNA. Deletion of 

S1 completely abolished the activity of hPNPase in reducing mitochondrial 8-oxo-

Guo and partially affected its cytoplasmic activity.  This result suggests that the S1 

domain may first bind to oxidized RNA before the catalytic domains could 

participate in degradation. Conversely, when this binding domain is missing, then 

hPNPase may not bind to oxidized RNA, and the downstream activities such as 

degradation and elimination could be impeded. In the cytoplasm, hPNPase may 

be less dependent on S1 to recruit oxidized RNA due to the possible presence of 

other auxiliary factors. Interestingly, the KH binding domain has no role in reducing 

oxidized RNA as evidenced by the unaltered 8-oxo-Guo level when this particular 

domain is obliterated. This observation is contrary to the earlier findings where the 

integrity of KH and S1 domains in E. coli PNPase are instrumental in normal RNA 

binding, degradation, and polyadenylation activities (Fernández-Ramírez et al., 

2010). Moreover, the crystal structure analysis of the S1 and KH domains of 

hPNPase revealed a conserved GXXG motif in KH  has an active role in binding 

to normal RNA (Lin et al., 2012). They also reported that KH pore traps the long 

RNA 3’ tail to deliver them to RPH channel for further degradation. It remains to be 

studied the mechanisms how S1 domain, but not KH domain, is specifically 

involved in eliminating oxidized RNA. It is likely that hPNPase binds oxidized RNA 

differently from binding normal RNA. A possible role for S1 domain to specifically 

bind oxidized RNA remains to be elucidated.  

Deletion of either RPH1 or RPH2 domain does not seem to affect the activity 

of hPNPase in dealing with oxidized RNA as the levels of mitochondrial and 
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cytoplasmic 8-oxo-Guo were similar when expressing PNP, ∆RPH1 or ∆RPH2 

(Fig. 15). This finding insinuates that the presence of any one of these domains 

are enough for hPNPase to eliminate 8-oxo-Guo in oxidized RNA. This behavior is 

contrary to what was known for the RPH domains of bacterial and chloroplast 

PNPase in the degradation of normal RNA. It was shown that mutation in the key 

residues of any one of these catalytic domains inhibited PNPase activity in bacteria 

(Jarrige et al., 2002). Similarly, the chloroplast RPH1 domain is highly active 

enzymatically, but RPH2 exhibited low RNA degradation activity of non-

polyadenylated RNA (Yehudai-Resheff et al., 2003). However, our findings closely 

resemble the work on hPNPase which showed that the presence of at least one 

RPH1 domain can retain its functional identity similar to that of full-length hPNPase 

(Sarkar et al., 2005). Interestingly, they also showed that RNA degradation activity 

was still preserved when both RNA binding domains (KH and S1) were deleted 

suggesting that RPH domains may also bind themselves to RNA (Sarkar et al., 

2005). Future studies should be directed toward understanding the role of 

hPNPase in controlling oxidized RNA when both catalytic domains and RNA 

binding domains are inactivated.  

The activities of hPNPase for selected elimination of oxidized RNA in 

cytoplasm and mitochondria rely on its localization in both cellular compartments, 

which depends on MTS and may be regulated under particular conditions. The 

localization of hPNPase has been debated among various groups. Some reported 

that hPNPase is a mitochondrial intermembrane protein, whereas others claimed 

that it is predominantly localized in the mitochondrial matrix (Chen et al., 2006b; 
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Wang et al., 2014, 2012). More recently, it is shown that hPNPase forms a complex 

with various other proteins, including RNA helicase hSUV3, GSRF1 protein, and 

mitochondrial poly (A) polymerase in distinct foci in mitochondria matrix in the form 

of degradosome. These complexes are responsible for various activities such as 

RNA processing, degradation, and import into mitochondria (Borowski et al., 2013; 

Wang et al., 2009, 2014). Our present work suggests that MTS is required for 

hPNPase function in reducing 8-oxo-Guo in mitochondria, but it is dispensable in 

the cytoplasm. This data is consistent with the expected function of MTS for the 

protein’s predominant localization in mitochondria. However, hPNPase must be 

present in cytoplasm since its function in degrading cytoplasmic RNA has been 

repeatedly identified (Liu et al., 2018; Sarkar et al., 2005). In concord with this idea, 

a reduction in the cytoplasmic 8-oxo-Guo as was observed in this work (Fig. 15) 

when PNP or ∆MTS were introduced. It remains to be examined whether 

endogenous hPNPase translocate between cytoplasm and mitochondria, 

especially in response to certain conditions such as oxidative stress.
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4. Conclusion and future direction

Reactive oxygen species (ROS) is one of the major intracellular sources of 

RNA damaging insults. In higher organism such as eukaryotes, ROS is primarily 

produced as a byproduct of oxidative phosphorylation. Although ROS have been 

associated with the regulation of various cellular processes such as cell signaling 

and hose defense, they cause deleterious activities to the cellular systems and its 

components including RNA when their level exceeds the normal physiological 

level. RNA oxidation has become an increasingly recognized problem because it 

is strongly implicated in the pathogenesis of numerous human diseases. It is 

imperative for the cellular system to develop molecular mechanisms to specifically 

eliminate oxidized RNA and prevent their deleterious activities.  

In this study, we first characterized the RNA oxidation level inside 

mitochondria and cytoplasm. Our data revealed that 8-oxo-Guo levels in 

mitochondrial RNA are relatively higher than those in cytoplasmic RNA under 

normal growth conditions. Also, mito- and cyto 8-oxo-Guo levels were further 

elevated when cultured cells were treated with oxidants, the 8-oxo-Guo level being 

still higher in mitoRNA than in cytoRNA. We found that a higher level of 8-oxo-Guo 

in mitoRNA than that in cytoRNA is not a peculiarity of a particular cell-type but a 

common feature exhibited by most eukaryotic cells at least those were tested in 

our experimental conditions. However, the detrimental effect of oxidized RNA on 
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mitochondrial function and on cytoplasmic processes should be examined. 

Second, we investigated the role of hPNPase and its helicase partner, 

hSUV3 on mitochondrial and cytoplasmic RNA oxidation. We approached this 

study by examining the effect of hPNPase and hSUV3 on: 1) regulating the 8-oxo-

Guo level inside mitochondria and cytoplasm, and 2) eliminating RNA degradation 

intermediates under oxidative stress condition. Here, we found that hPNPase, but 

not hSUV3, is instrumental in regulating 8-oxo-Guo inside mitochondria and 

cytoplasm. Overexpression of hPNPase reduced the level of 8-oxo-Guo inside 

mitochondrial as well as cytoplasm; however, knockdown of hPNPase had the 

opposite effect. Our data also show that 8-oxo-Guo containing RNA molecules are 

selectively and gradually eliminated in both cytoplasm and mitochondria by 

hPNPase, perhaps by the selective degradation of these oxidized RNAs. In 

addition, when hPNPase was knocked down, degradation intermediates of 

cytoplasmic rRNA species accumulated mildly whereas those of mitochondrial 

rRNA accumulated massively. Although the probes specific for 28S and 18S rRNA 

might be limiting factor in detecting all the 28S and 18S rRNA intermediates, the 

current observation is consistent with the fact that hPNPase is primarily localized 

inside mitochondria. Our findings suggest that oxidized RNA could be eliminated 

mainly by degradation. The full-length rRNA species in both cytoplasm and 

mitochondria could be first fragmented by endonucleolytic activities. These 

fragments may undergo further degradation depending on the activities of 

hPNPase under oxidative stress condition. Although hSUV3 is known to form a 

functional complex with hPNPase in mitochondria, our study revealed that hSUV3 
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knockdown has no effect on the 8-oxo-Guo level. Moreover, hSUV3 also does not 

affect the degradation of rRNA intermediates either in cytoplasm or in 

mitochondria. These observations strongly suggest that hPNPase eliminates RNA 

degradation intermediates that is independent of its helicase partner hSUV3. 

However, it remains to be studied by future studies on how such RNA degradation 

intermediates are formed under OS. Various enzymatic factors including 

endoribonucleases and chemical process (Zinskie et al., 2018) could be involved 

in such process. In addition, the identity of such fragments, i.e. the specific sites of 

cleavage, would further delineate the molecular mechanism in handling the 

oxidatively damaged RNA. 

Finally, we examined the roles of individual domains of hPNPase in binding 

and eliminating oxidized RNA in mitochondria and cytoplasm. Our data 

demonstrated that mitochondrial translocation signal (MTS) is responsible for 

hPNPase function in regulating 8-oxo-Guo level inside mitochondria, but not in the 

cytoplasm. We also found that either of the catalytic domain alone is sufficient to 

support the degradation of oxidized RNA. The S1 RNA-binding domain, but not 

KH, may be required for binding of oxidized RNA. Taken together, our results show 

an essential and independent role of hPNPase in controlling RNA oxidation. It 

could also be used as a potential therapeutic target against a multitude of human 

diseases that are associated with RNA oxidation. The dramatic alteration on the 8-

oxo-Guo level in response to various domains of hPNPase suggest that each 

hPNPase domain has an important role in regulating oxidized RNA that includes 

but not limited to, specific recognition, binding, and degradation. The molecular 
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characterization of each hPNPase domain, preferably at the specific amino acid 

residues, on oxidized RNA remains to be examined by future studies. Mutations in 

the gene encoding hPNPase have been shown to be associated with multiple 

human pathologies due their defect in RNA processing activities such as 

mitochondrial RNA import and degradation. hPNPase could be an important 

therapeutic target in controlling human diseases through its RNA metabolic 

activities.
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